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Ӑׁשṅ ὑ ZPHI ứ√ ֥(FIT)ᾼẒ ᾌ ᶾ (Dual-

wavelength technique)Ȳ֯ч ​ М Ѭᵶ (Liquid water content, LWC)

ế ᴷ (Radar estimate size, RES)П ϩȴṳ∂ӴϚṆԝ QC☼ Ȳ

Ẕ ч ὨЛ ứἤПḂ ȴ ṷ ᾌ ᶾ ᵓӣ Xᾌ◕ếKᾌ

◕ Ἤ ẞᾼ ế (Path-integrated attenuation, PIA)ẃᴷ ḕϚ П

(Specific attenuation, A)ȴ֯ МȲӐׁשṅṿӣ​

￼֣ ẃ П ᾌ ֫ᾌ ȴ Ὠ ӱȲ ₇ ч

Ὠ ꜙ ȴ ᴷFITᾎч П ȲіϤ ZPHI Ӕ ᴏѫ

(Mie scattering)ӔȲ ṿMAPE 32.3%ϯ ᴟ25.9%ȴѩ Л֝ч Ѡ

ᾎПῶ Ȳ LWCἨRESȲZPHIᾎꞋ Ɫ ֥ ᾼиӁ ȲѿLWC

ⱢẂȲẔ צ ᾼד … (0.84)ц ᵅᾼRMSE(0.11 g m-3)Ȳᴖᴏѫ

Ӕ☼ ю и֪ ᾌ￼֣ ⇔ ᴖ ᾼ֫ᾌ ⇔ ȴ 

֯ ȲӐׁשṅṿӣ2021דừ ​ (YESR 2021)

ү ​ ế (TAHOPE)ПTEAM-R MRR-PROᾌ 

ᴩч ȴṳиᵑ ​ Ὠ NCAR S-PolП ч

Ὠ ᴩ ȴ Ὠ ӱȲ ὑҠ֯ḕ ᵂ ᾼ … ȲZPHIᾎ

ч ПLWC-Z RES-Z … Ɫ Ȳ֯ ϱ S-Pol ч ὨḆ

Ғᵭ֥ȲẔ иӁ ѩ иᵑⱢ42ц47%ȴṿӣӐׁשṅ П ֝ ц

ᴏѫ Ӕ ₇ ☼ ∟Ȳ צ юч ὨП иӁȲẔМϭѿ

FITᾎ ὨПḂ ⱢὙ ȴѩ Ẓ П Ѭ ἤ ȲYESRч ПLWC

TAHOPEⱢ ȲRES⁄ ЊȲч ҍủ ☼ц ​ ☼П Ѭ

ἤ ȴ 
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ABSTRACT 

This study investigates the capabilities of two dual-wavelength techniques, the 

ZPHI-based method and the power-law fitting (FIT) method, in retrieving liquid water 

content (LWC) and radar estimate size (RES) in cloud-rain regions. These techniques 

utilize path-integrated attenuation (PIA) obtained from X- and K-band radar to estimate 

specific attenuation (A) at each grid point. This study also establishes a series of data 

quality control (QC) processes to test the effectiveness in improving the uncertainty of 

retrievals. In the ideal simulation experiments, distrometer data and T-matrix 

backscattering simulations were used to generate simulated reflectivity fields. The 

results demonstrate the significant impact of data quality on the retrievals. Evaluating 

the A errors in the FIT method, the introduction of basic ZPHI attenuation correction 

and Mie scattering correction reduces the mean absolute percentage error (MAPE) from 

32.3% to 25.9%. Comparing the performance of different retrieval methods, ZPHI 

method exhibit better agreement with the distribution characteristics of the truth for 

LWC and RES fields. For example, the LWC field shows a higher correlation 

coefficient of 0.84 and lower RMSE of 0.11 g m-3. The Mie scattering correction 

process reduces the error in reflectivity caused by the weakening of backscattering 

intensity. 

In the case study, the retrieval was conducted using dual-wavelength observations 

from TEAM-R and MRR-PRO during the Yilan Extreme Storm Observation 

Experiment 2021 (YESR 2021) and Taiwan Heavy Rainfall Observation and Prediction 

Experiment (TAHOPE). The results were validated against simulated distrometer data 

and dual-pol retrievals from NCAR S-Pol RHI. The results indicate that, benefiting 

from adjustable constant coefficients at each grid point, the ZPHI method exhibits better 

statistical agreement with the S-Pol retrievals. The overlapping probability distribution 
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ratios of the LWC-Z and RES-Z relationships is 42% and 47%, respectively. After 

applying the data synchronization and Mie scattering correction processes, the 

anomalous distribution in the retrievals is effectively reduced, with the most significant 

improvement observed in the FIT method. Comparing the precipitation characteristics 

between two cases, the LWC retrieved from YESR is higher than those from TAHOPE, 

while the RES is smaller. It reflects the differences in precipitation characteristics 

between shallow convective events during winter and deep convective events during 

the Mei-yu season. 
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1 Ϛ   

￼ṅשׁ 1.1  

ᶾ ӣὑЄ Бצ ϫדȲ ὑẔ Ὲ έ⇔ᾼ ἤȲ

Ҡ Мѐ⇔ ѬṆ ᴩᵛ Ȳ ẁϢ צ Ѭ ⇔ᾼ ȴᴖ о

ḆṿӣѬӂц₣᾿ оᾼ ᾌȲ Ѭ ІЄЊ ἤȲ ϚḔ сứ

Ѭᴷ ᾼ ⇔ȴ ᴖȲ֯ ​Ṇ ᾼ МȲ ѬⱢד М∟ П ȲẔἤ

ạắ ᾬ ȲҔᵶ (Condensation)ȳ ֥(Collisional coalescence)ȳ

(Evaporation)ȳи (Breakup)ȴ ֯ Ѭ Ӣ›ȲϠ ​Ṇ П ᾬ

Ȳ― Ѭ ἤȲ ϚḔ ứ Ѭ ẃᵗ ȴ 

֯ ׂ ᵓ (Rayleigh scattering) Ԉϯ( ᾬЄЊ Њὑ ᾌ )ȲѬ Ϥ

ᾌᾼ￼֣ (Backscattering cross section)Ҡѿ(1.1)הῶӱȸ 

 „ ȿὑ ȿὈ  ( 1.1 ) 

ẔМ‗Ɫᾌ ȳὑ ⱢѬᾼЮ … (Dielectric factor)ȳὈⱢѬ ᾿ ȴהױ Ȳ

ᾬᾼ᾿ ЊȲ ᾌ  ᾼ ᾌ Ȳ ậ ֵᾼ￼֣ ȴӭ› ᾛṿ

ӣᾼ ȲẔ ᾌᾌ ּ10֯פеи(Sᾌ◕)ᴟ3еи(Xᾌ◕)Ȳѻ ӣ֯

ѬṆ Ȳ Њ​ (Drizzle)Ἠ╥ ᾼ ⇔ЛṾȴ֯ ᾼ ϱȲ ṿӣ ᴏ

ȲẔᾌ Юὑ1еи(Kaᾌ◕)ᴟ0.32еи(Wᾌ◕)ȴ ᾌ  ᾼ Ḇ ֥

ȳԜ ᾼѬ І(Hydrometeor)ȲᵀϷắẞ ֵ Ԉ ạȴ ᾌ֯Ὲ

М Ȳ ắẞ ϱ ᾬ ᾼ Ȳ ֫ᾌ(Reflectivity, Z)⇔ϯ ȴ

Ẕ (Specific attenuation, A) Ϡ ϱᾼЄ ᾭ ( )ȳ Ѭᵶ  

(Liquid water content, LWC)( צ( ȲϷ ᾌᾌ כчѩȴ ᴏ ѩὑד

еи ȲẔ ắẞḆ ᾼ (Kollias et al. 2007)ȴ 

ҵȲӦὑZױ Ѭ І᾿ П6װѠכӔѩȲ ᴏᾌ ​ ֥

ȲZП ὔắю Њ​ ѻ Ȳ ᾎ ῶ ПLWCֵ Ȳ ᵛЊѬ ᾼ֯׀Ȳ
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ПZ-LWC …ȴOguchi (1983)ц֯ ᵓ ᾼ ԈϯȲA֪Ɫ (Moment)

ῺȲד LWCᾼϚ ἤ ȴῶ 1.1 ṓᾬ Ѭ І᾿ П …ȲҠѿ

ȲLWC ​ ᾿ ᾼ פӔѩȲAּכѠװ3 ​ ᾿ ᾼ 3ᴟ4װѠכӔѩȲ֪ױ

ᵓӣAẃᴷ LWCȲ֯ ϱ ѩṿӣZḆҒ ȴ 

֯еи ȲA ṿӣ ᴯד (Differential phase shift, ɮ ױ( о

ᵂᴷ Ȳѿ ֫ᾌᵂ ϚḔᾼ Ӕȴᵀ ὑ ἨЊѬ П ȲẔ ῺӔ

Пᶮ ṳ ᾎṿ о Ӣ ȴ֪ױȲ ṿӣ ᾌ  Ṇ ᵂⱢᴷ Aᾼ ḟѠ

ȴ ṿӣẒЛ֝ᾌ ᾼ ᾌ █ ᴩ Ȳ ᾌ ​ Ȳ ᾌ ᾼ

ᾌȲ ⇔  ᾌ Ὑ ȲẒ῏ᾼ֫ᾌ ⇔―ҏ ȴ ѩ ᾌ֫ױ

ᾼ оȲ―Ҡᴷ ҏ ᾌ  ᾌ֯ḕ έ (Resolution volume)МᾼAȴ֯ ᵓ

ᾼ ϯȲA ᾼLWCצṏֻᾼӔד ἤȲṳѹ Лắ​ иӁ(Drop 

size distribution, DSD)ᾼ о (Oguchi 1983)Ȳ֪ױҠѿᵂⱢ LWC цẔ҃ ч П

ӣȴ 

ⱢϠ с ᾬ П Ȳѿ ​ П ⇔Ȳӻ МҶ ᶝБ

ẓׁשṅἤ П ᴏ ᾌ  ȴ֯ ∂ ›Ȳᴞѻ ד ч ᶾ Ȳ

Ɫ ӑẃּד ṅ П ◕ȴӐׁשṅѻ ӭᾼⱢ ᴷẒ ч Ѡᾎ֯ᴷ

ᾬ Пῶ ȲҔᵶṿӣ ứ√ ֥ᾼFITᾎ(Ellis and Vivekanandan 2011)ц

ӣZPHI…ᾼZPHIᾎ( ḂᴞRyzhkov et al. (2014))Ȳṳѹ ӭ›ү Пצ ᾌ 

ϚṆԝ ₇ (Quality control, QC)☼ Ȳѿ Ḃ ч Ὠȴ 

1.2 ѝ  

ᾌ ᶾ (Dual-wavelength technic)Ȳ╓ᾼ╥ᵓӣẒ Л֝ᾌ ᾼ Ȳ ֝Ϛ

ᾼ ȲἬ ҏᾼד ᶾ ӣȴנ ӣ֯Ԝ ᾼ (Sulakvelidze, 

1965, 1968)Ȳᵀ ֪ ᾌ ֫ᾌᾼ ᴖ ᴷԜ ЄЊȴⱢϠ ḟױ Ȳ›

Ϣ(Eccles 1979; Jameson and Heymsfield 1980)ṿӣ ᾌ ѩ(Dual-wavelength ratio, DWR)

ᾼ Ȳ ֥ҏ ᾼẗ ẃᴷ ᾌ ֫ᾌᾼ ȴDWRⱢЛ֝ᾌ ֫
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ᾌ Пѩ Ȳ֯иṙ(Decibel)ᴯϯȲד ὑЛ֝ᾌ ᾼ֫ᾌ Ȳ ṓ3.1.1

П ὙȴTuttle and Rinehart (1983)ҏ ᾼ ֥ѠᾎȲṿӣZ AП ᾼ ứ√(Power 

law)…ẃ ḕ ᾼ Ȳױ …ᾼה… Ҡ Л֝ᾌḇᴖ Ȳ ֪​

DSD Ἤ ᾼכ ȴ 

ᴷ ᾌ ᾼ ϠҠѿ ᵗḆ ֮ᴷ Ԝ ЄЊȲױ ϷҠѿӣẃᴷ

LWCȴױ Ἐ ӦAtlas (1954)ҏȲנ ӣὑᴷ ​ ᾼLWCȴEccles and Mueller 

(1971)⁄∂ Ϛ ᴷ LWCᾼ ▐ Ȳ ṿӣ Ɫ3 10 GHz(S-X)ᾼ

Ṇ ȴ֯ ӣϱȲMartner et al. (1993)ȳVivekanandan et al. (1999)

Vivekanandan et al. (2001)Ꞌṿӣẃᴞּר ◦ Є (National Oceanic and 

Atmospheric Administration, NOAA)ּדᶾ ⅍(Environmental Technology Laboratory, 

ETL)Ἤ∂ ᾼ10 35 GHz (X-Ka)ᾼ ᾌ  Ṇ Ȳẃ ᴷ ​ ᾼLWCȴ

Hogan et al. (2005)⁄ṿӣ35-94 GHz (Ka-W)₣᾿╓֣ Ȳ (Stratocumulus)

ᾼLWCиӁȲ Ὠ ӱ ᾌ (Radiometer)Ἤ ᾼ Ѭ (Liquid water path, 

LWP)צṏֻᾼϚ ἤȴEllis and Vivekanandan (2011)ҏҫϚ ᴷ  LWC ᾼѠᾎȲױ

ᾎ Tuttle and Rinehart (1983)ҏᾼ ֥Ѡᾎ ᴿȲԒ ḕ ◕(Ray segments)

ᾼӂᶁ ӂᶁ֫ᾌ ⇔( ᾌ  ᾼ֫ᾌ)Ȳן Є ∟∂ӴẒ῏П ᾼ

ứ√ …Ȳԛṿӣ֫ᾌ ⇔ ḕ ϱᾼ Ȳ ∟ᵓӣ ה… Ɫ 

LWCȲױ Ɫה… ⇔ᾼẗ (Vivekanandan et al. 1999)ȴױѠᾎ ӣּ֯ר Є שׁ

ṅМї(National Center for Atmospheric Research, NCAR)ᾼS-PolKaᾌ  Ṇ ȲẔ

ч Ὠ ᴿȲṳҠ֯ד Ὲ ϱ ӱ LWC Ѭד ІЄЊ

ᾼ оȴ 

֯ṿӣ ᾌ  ч ᾬ Ȳ֝ Ϸắẞ ֵᾬ ц Ԉ ạȲ

Ӣᴷ ȴEccles and Mueller (1971)ᴷ צ׀֯ ᾼᾭᾓϯȲЛ֝

ӂᶁѠᾎἬ ẞᾼ ЊҠ LWC Л ứἤȴMartner et al. (1993)֯ṿӣ Ḇ

ᾼ10 35 GHz (X-Ka)ᾼ ᾌ  ẃч LWC Ȳ  ᾌױ ᾼ ֣

Њ (ḕg m-3ᾼLWC dB km-1ᾼ֫ᾌ 1.5כ ⇔ )Ȳ֯ ᾼ Ȳ
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ὑ4еṭᾼ צ  ⇔И צ ᾼᴷ ȴṳѹЄ​ Ἤ ‍Пכ ᵓ ȳXᾌ◕

ᾼ ⇔Ꞌ LWCᾼч ȴҫҵȲṿӣ ᾼ​ Ȳ

Martner et al. (1993)Ь35%צᾼ ╥ẃᴞὑ ᴷ ᾼ LWCᾼ Ȳױ

҅ῶ DSD ⇔Ἤ ᾼכ ȴHogan et al. (2005)ṿӣ ᴷ Ȳ

35-94 GHz (Ka-W)ᾌ  ֥ᾼ֫ᾌ Ȳṿӣ1и ᾼ ӂᶁц150 mᾼ ӂ

ᶁ∟ȲLWCᾼ ⇔Ҡ ẞ0.04 g m-3ȴ ṿӣ10-35 GHz (X-Ka)ᾼᾌ  ֥Ȳ

⇔ ϯ ᴟ0.34 g m-3Ȳѻ֪ⱢЛṜᾼ ᴯ ȴ 

Williams and Vivekanandan (2007)Ṇ ἤᾼ ҏ ᾌ  ֯ᴷ МLWCᾼ

ẃ Ȳѻ Ҕᵶȸắ ᾼ Ѭ … ȳẒ έ ᾼ

Лп ȳᴏѫ ȳ ц Ѡᾎ( и)ᾼ ȴ 

Kollias et al. (2007)⁄ Ϡ ᴏᾌ ᾼ ҭȳ цӑẃ ȴӦὑ ᴏᾌ

П֫ᾌ ⇔ ֝ ắ ‍ ᵓ Ȳ Ғ ὑ ​Ṇ ᾼ έᵺ

⇔ȲKollias et al. (2007)╓ҏṿӣҔᵶ ᴏᾌ ᾼ ᾌ  Ṇ Ȳ ẁḆֵ

ѿ ᵗч ᾬ ȴ 

 ṅѠ֣שׁ 1.3

Ӑׁשṅӭ ╥ ὑү ӭ›צ П ᾌ  Ȳṳ֝ ṿӣ Ȳ

ᴩѿϯϮ ѻ ᾼ ȸ 

Ϛȳѩ Л֝LWCч Ѡᾎᾼῶ ȴ 

ϡȳ ᴷ ᾌ  Ṇ ч LWCП ẃ Ȳ ҏ ӔѠᾎȴ 

Ϯȳ Л֝ QC ⇔ ч ὨᾼḂ ⇔ȴ 

Ӑׁשṅ Ϛ Ɫ Ȳ ᾌ  П цד ӣȴ ϡ Ю ṅМṿӣשׁ

ᾼ ц ȴ Ϯ Ὑч ц QCѠᾎȴ ҳ ᵧ П

▐ ч Ὠȴ Х Ẓ ᾼ ₇ ☼ ч ὨȲṳѿ

Ẕ҃ ᴩ ȴ г Ɫ цӑẃ ȴ 
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2 ϡ   

Ӑׁשṅ֝ ṿӣ Ȳ ᴷ ᾌ  ч Ѡᾎᾼῶ Ȳѿ

ϯЮ Ẓׁשṅѻ ṿӣẞᾼ ȴẔМȲ2.1Ю МȲἬṿӣᾼ​

Ӣ ֫ᾌ П☼ Ȳ2.2Ю ṿӣᾼ ȴ ὑ

ᾼ ▐ Ȳ иᵑὑ ҳ Х ᴩ Ὑȴ 

2.1  

ṿӣ ​ה (Joss-Waldvogel disdrometer, JWD) (Joss and 

Waldvogel 1967)ПDSD Ȳױ ҔᵶDSD ȳLWCȳ ​ Ȳ

ҠᵂⱢ (Truth)֯ ◕ ч ѩד ȴDSD ∟ ᴩT-matrixᾌ￼֣

(Vivekanandan et al. 1991)Ȳ֯ ứ ϯȲ ᾌ DSDᾼ֢

ἤȲ∂Ӵ DSD ד ᾼ ᾌ ȴⱢϠ

ᴿᾼד иᵉ ἤ(₣᾿ )Ȳ֯ МȲ› П ѿ₣᾿ ᾼѠ

ה ᴩ ԝȲẔ έ⇔Ɫ50еѐȲṳ ԝП ד֣ Ȳ҅ῶ ϱᾼ оȴ

ὑ ᾼ Ȳ ὑ ҳ ὨϚẆ Ὑȴ 

​ה 2.1.1  

Ӑׁשṅṿӣᴯὑ ӴМҶЄ ỉᾼJWD Ȳ Ɫ2005

11ѣȲד1ѣᴟ2015ד έ⇔Ɫḕ6и Ϛ DSD ȴ֯QC☼ Мҟ

​ Њὑ1 mm hr-1ᾼ ∟Ȳ 29413DSDצ ȴJWDɔ ӣ​ ᴟ

Ἤ Ӣᾼ ☼ ẃи ​ ЄЊȲ П​ ᾿ Юὑ0.3ᴟ5.6 mmȲ

ṳиⱢ20Л Ȳиᵑ П​ ȴ‍ ᾼDSD ∟ṿӣ

ᾎ(Moment method)(Kozu and Nakamura 1991)֥Ȳ ẞ иӁᾼGammaɲה DSD 

(Ulbrich 1983)ẔDSD ȲиᵑⱢМ ᾿ (Median volume diameter, D0)ȳ

(Intercept parameter, N0) ᶮᾭ (Shape parameter, ‘)Ȳֽ(2.1)הἬӱȲṳҠ Ϛ

Ḕ и LWC ​ ȴ 
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 ὔὈ ὔὈ ÅØÐσȢφχ‘  ( 2.1 ) 

2.1.2 T-matrixᾌ￼֣  

֯ ᵓ ϯȲDSDᾼ ᾌ ἤҠ᾿ Ӧ ҏȲֽ(2.2)הцה

(2.3)иᵑⱢ Z AПѠ  ȴה

 ὤ ᷿ ὈὔὈὨὈȠ   άάά  ( 2.2 ) 

 ὃ τȢστσρπ
ȿ ȿ

᷿ ὈὔὈὨὈȠ   Ὠὄ Ὧά  ( 2.3 ) 

ẔМN(D)ⱢGammaɲהDSD((2.1)ה)Ȳ‗Ɫ ᾌᾌ Ȳ‐ⱢѬᾼЮ … ȲⱢϚ

(‐ ‐ Ὦ‐)ȴᵀ֯ Ȳ ᾌ ἤ ắ ⇔ȳϤ Ṕȳ​

ᶮᾭ ֪ Ȳ ὑᾌ  П ᾌȲϷ Ӣ ֵᾼ‍ ᵓ Ȳ ᾎṿӣ(2.2)ה

ц(2.3)הȴ֪ױӐׁשṅṿӣT-matrixᾌ￼֣ ȲẔҠ֯ ứDSDȳ

ᾌᾌ ȳ ᾌ ԊṔȳ ⇔ȳ​ ѩ …ȳ​ Ṕ⇔ѿц

ϯȲ ᾌ DSD∟Ἤ П֢ о ἤȴӦὑӐׁשṅ

МṿӣП Ɫ₣᾿ (Vertical pointing)₤Ȳ֯ױ Ϸṿӣ֝דᾼ

ứȲ ᵛ ᾌ ​ Ἁ Ϥ ȲẔϤ Ṕ Ɫ90⇔ȴ ⇔ ứⱢ ѫ10⇔Ȳױ

⇔ Ὼ2021ừ ​ ֯ о ѿϯПӂᶁ ⇔ȴ​ ѩ(Axis ratio)

…ṿӣBrandes et al. (2002)Ȳṳ Xᾌ◕ Kᾌ◕ ᴩ ȲṿӣZ AẒ ҏ

Ȳᾌ◕ᾼ ṿӣᾼ ᾌ  ȴẔ֝ד ứ ṓῶ

2.1ȴ 

2.2  

2.2.1 Ю  

֯ МȲṿӣẒ ᾼ ȲиᵑⱢ 2021ừ ​

(2021 Yilan Experiment for Severe Rainfall, YESR 2021)П ϡ (Intense 

Observation Period, IOP)ѿц ​ (Taiwan-Area Heavy rain 
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Observation and Prediction Experiment, TAHOPE)П Ϯ ȴẔ П ѬṆ

иᵑ҅ῶϠҍủ ​ủП Ѭ ἤȴYESR 2021 IOP2 ȲӦ 2.1П֮ щ Ҡ

Ȳү Җ ֮ ѻ ắЄ ᵐ Ἤ ẃПὧҖ Ȳ֯Ὸ ừ ֮  צ

═ ἤᾼ ѬȲϭắ ☼ ֮ᶮПӻФᵂӣȲṿ Ѭ Ӣ ȲӐ Мṿ

ӣ ​═  ᾼ 11ѣ 26ѡц 11ѣ 28ѡП Ȳṳѿ YESR ҅

ȲẒѡПѡ ѬиӁиᵑ ӱὑ 2.2(a)ȳ(b)ȴTAHOPE IOP3 Ɫ 2022

ד 6ѣ 6ѡᴟ 12ѡȲӦ 2.3П֮ щ Ҡ Ȳױ ү ֮ ѻ ắẞ ​

Ȳṳ֯ᴫҖ צ ᾼ ѬȴӐׁשṅṿӣᾼ Ɫ Ӣ ​

 ᾼ6ѣ7ѡȳ8ѡц11ѡȲṳѿTAHOPE ҅ ȲϮѡПѡ Ѭ

иӁиᵑ ӱὑ 2.4(a)ȳ(b)ȳ(c)ȴ 

2.2.2 Ю 

YESRц TAHOPE ᶁṿӣ ה о Ϭ (Taiwan 

Experimental Atmospheric Mobile Radar, TEAM-R) ᾌ Ѭ (Micro Rain Radar PRO, 

MRR-PRO)ᾼ ᴩ ᾌ  ч ȴὑTAHOPEṳṿӣּר Є ṅМשׁ

ї(National Center for Atmospheric Research, NCAR)ᾼSᾌ◕ о Ϭ (S-Pol)

ᴩ ȴѿϯиᵑ Ϯ П ἤ ᵂЮ ȴ 

1. MRR-PROᾌ Ѭ  

MRR-PROⱢϚ₣᾿╓֣הᾼ ᾌ(Frequency Modulated Continuous Wave, 

FMCW) Ȳᾌ Ɫ1.238еиȲᾌ◕ ὑK-bandȲ έ⇔ ᾌḇ иᵑⱢ50е

ѐц1.5⇔ȴ֪Ẕ ᵅᾼ∂ ӐцҠכ ἤȲ ᾛӣὑứ Ѭᴷ Ѭᾬ

ד ᾼׁשṅȴӐׁשṅМṿӣᾼ ₇Ɫӑ Ӕ∟ᾼד ֫ᾌ(Attenuated 

equivalent reflectivity factor, Zea)ȴ֯YESR Ȳױ ὑừ ᾼ ᴂ

Є Ȳ Ἰ ױⱢ400еѐȴ֯TAHOPEȲפּ⇔ ὑ Ӏ

ᾼӘׄ Ȳ Ἰ Ɫ22еѐȴẒפּ⇔ МꞋ TEAM-Rד ṳ (Collocated)Ȳ

ֽ 2.5Ἤӱȴ 
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2. TEAM-R ה о Ϭ  

TEAM-RⱢ ӴМҶЄ Є דּ Ṇὑ ∂ד2008 ᾼṞ ה Ȳᾌ

 Ɫ 3.109еиȲᾌ◕ ὑ X-bandȲ έ⇔ ᾌḇ иᵑⱢ 50еѐц 1.2⇔Ȳ

MRR-PROדῺȴⱢϠ MRR-PRO֝דצᾼ ȲӐׁשṅṿӣẔ֯₣᾿ ה

ᾼ Ȳ֯YESRTAHOPEᾼ иᵑּפⱢ6и30ּהц12и30ּהȴ 

3. S-Pol о Ϭ  

S-PolⱢNCARἬ∂ П֮ ה о Ϭ ȲṳẓצҠὊ ᴟ ֮

ᾼ ȴẔ ᾌ Ɫ 10еиȲᾌ◕ ὑ S-bandȲ έ⇔ ᾌḇ иᵑⱢ 150

еѐц0.92⇔ȴ֯TAHOPEȲױ ὑ ᴎӀ Ѝ ᾼ ⁮ (

2.6)ȴ֯ӐׁשṅМȲ ṿӣױ ֣MRR-PRO TEAM-RѠ֣(ѠᴯṔ30⇔)П₣᾿

(Range height indicator, RHI)( 2.7)ȲṳậTEAM-RἬ֯ᴯ 21.8еṭ

П₣᾿ ȲᵂⱢ Ӵ Ȳ ᾌ ч Ὠᵂ ȴ֯TAHOPE IOP3 ᾼ

Ɫ12 иפּ ȴӦὑṳ‍₣᾿ П ȲҠṿӣ ᴩ ₇

DSD ч Ȳṳ ϚḔѿ І(Operator) ᾌ ч ѩ Пᾬ ȲLWC

RESȴ ṓ3.4ȴ 
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3 Ϯ  Ѡᾎ 

ӐׁשṅПӭᾼҔᵶ ᴷ ᾌ ч ᶾ ᾼῶ Ȳѿц ϚṆԝ

ПQCѠᾎȴ3.1 ὙẒ ᾌ  ᴷ ᾎПᴷ ȴ3.2∂Ӵч QC

МἬ П …ȴ3.3 Ἠ ֵ ᾼ ẃ ӔѠᾎ ᴩ

ᾼ ȴẔӭᾼⱢ ᵅẔ҃ ᴷ ⇔ᾼ֪ Ȳ Ṿоч Ὠȴ3.4⁄

ὙṿӣS-Pol П ᴩ ᾬ ч ПѠᾎц☼ ȲẔ Ὠ ὑ Х

ṿӣȴ 

3.1 ὑ ᾌ  Ṇ П ч Ѡᾎ 

ױ  ὙẒ ᴷ ѠᾎПᴷ ȲẒѠᾎꞋ A ZП Ɫ

ứ√ …ȲẔ((3.1)ה)… Л֝ᾌḇӼἨ╥ оȲ֪ױч ὨḆ ч╣

DSDП ἤȴ 

 ὃ ὥὤ  ( 3.1 ) 

3.1.1 FIT ᴷ ᾎ 

ᾎױ ӦTuttle and Rinehart (1983)ҏȲӭᾼⱢנ Ӕ֯ ᾌ ֫ᾌᾼ Ȳ

ѿ֯S Xᾌ◕ ᾌ Ṇ МḆֻᾼ Ԝ ȴEllis and Vivekanandan (2011)ױ

ᾎ ӣὑᴷ Kaᾌ◕ᾼ ȴӦὑẔѻ Ἐ╥ ֥(Fitting)ӂᶁ A ZП ᾼ

ứ√ …ȲӐѝМѿFITᾎᵂⱢ ȴ֯FITᾎМȲḕ ᾼA╥Ӧ(3.2)ה ȸ 

 ὃ άȟὲ ὥÍ ὤz άȟὲ  ( 3.2 ) 

ẔМὃⱢḕ П ᾌ  ᾌ Ȳ ᴯⱢ dB km-1ȴ ứ√Мᾼ a… Ҭ

ᾌḇ(Beam)ᴖ оȲ֯֝Ϛ ᾌḇМ(m)Ɫứ Ȳn⁄Ɫ П (Range)ȴ ứ√

Мᾼb… ֯ч МⱢứ Ȳ ֯ч ☼ ῴ ֥ ҏȴὤⱢ ᾌ ֫ᾌȲ ᴯ

Ɫmm6m-3ȴױᾎ Ԓ ḕ ᾌḇᾼ ᾌ  ֫ᾌȲ ᾌḇМ ᾌ ᾼӂᶁ ὤѿ

ц ᾌ ᾼӂᶁ ὃȴֽ(3.3)הἬӱȲὃ╥ ᴞ ֥ (Path-integrated 

attenuation, PIA)ᾌḇ ⇔ᾼѩ Ȳ  ᾌ ֫ᾌᾼ Њὑ ᾌ Ȳ⁄Ẓ
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֯ᾌḇӒ ᾼ֫ᾌ ⇔ Ҭẃᴞ ᾌ  ᾌᾘ ᾼ (PIA)ȴӦ

ὑẒ П֫ᾌ ⇔Ҡ Ṇ֯׀ ȲױṆ ҠӦᾌḇ› ᾼ֫ᾌ

ṳל Ȳ֪ױPIAП Ȳ╥ӦᾌḇẒ П ᾌ ѩ(Dual-wavelength ration, DWR)

ҏȴDWRⱢЛ֝ᾌ ֫ᾌПѩ Ȳ֯иṙ(Decibel)ѐ⇔ϯȲד ὑЛ֝ᾌ ᾼ

֫ᾌ ȴӐׁשṅМȲDWR̔ ῶ ᾌ ֫ᾌ ᾌ ֫ᾌᾼ Ȳֽ(3.4)הἬӱȲẔ

ᴯⱢdBȴ 

 ὃ ά
ὖὍὃά

ὒά

ὈὡὙάȟὲ ὒ ὈὡὙάȟὲ π

ὒά
 ( 3.3 ) 

 ὈὡὙάȟὲ Ä"ὤάȟὲ Ä"ὤ άȟὲ ( 3.4 ) 

3.1Ɫ ֯ П ᾌ ֫ᾌцDWR֯ ᾌḇМᾼиӁȴ ПDWR

֪ ȳᴏѫ ȳ ѿцẒ П έ (Resolution 

volume)ӑᶙԓ ֥ ֪Ȳ ᾌ֫כ ᾼ Ȳṳῶ ὑDWRᾼᾌ ȴ ṿӣ

ӂᶁ Ѡᾎӂ DWR Ȳ צ ᵅ ȲᵀϷ ᵅᴷ ᾼῈ έ⇔Ȳ כ

έ⇔ᾼч Ɫᵺ (Williams and Vivekanandan 2007)Ȳ֪ױFITᾎṿӣӂᶁ ᵂ

֥Ȳ юч П ἤȴ 

ᾼḕϚ ᾌḇ ȲҠ ҏὤ ὃᾼ ᵉ Ȳֽ 3.2ἬӱȲױ

Ҡᵓӣ ЊӂѠᾎ(Least squares method)ᴩ ֥Ȳѿậ ứ√ …Мᾼb… ȴױ…

֯Z-A …МҠ ῺᴿⱢ (Tuttle and Rinehart 1983)Ȳᴖa… ⁄ ᾌḇᴖ оȴ

ȲϯϚḔױ֪ Ɫ ḕϚᾌḇПὤ ὃȲ҅Ϥ(3.2)ה ҏ ᾌḇПa… ȴ ∟Ȳ

֯ḕϚ ᾼ Ȳ╥Ӧ֝דᾼb… ȳ֪ᾌḇᴖד ᾼa… ѿц П ᾌ 

ZἬ ҏȴ֯Ӑ МȲᴷ ПA ϚḔṿӣ І ⱢLWCѿц ᴷ

(Radar estimate size, RES)ȲẔ ᴯиᵑⱢg m-3цmm ((3.11)הц(3.5)ה)ȴA-LWC

П І╥Ӧ JWD T-matrix ֥ᴖ Ȳ ṓ 3.2ȴRES╥᾿

ӦZцLWCẒ Л֝ Ἤ ҏᾼ ІЄЊȲẔ ╥Л ԉᴶDSD ȲẔ

DSDМ Єᾼ​ Ȳ֪ױ Єὑ D0 ӂᶁ᾿ (Mass-weighted 

mean diameter, Dm)Ȳ ὑ(3.5)הᾼ цRES D0ȳDmП …Ȳ ṓ  ȴ 
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 ὙὉὛπȢπψπφὤὒὡὅϳ Ⱦ ( 3.5 ) 

3.1.2 ZPHI ᴷ ᾎ 

Ryzhkov et al. (2014)ṿӣ ᴯד (Differential phase shift, ɮ )П о ᴷ

Ȳṳ ϚḔᴷ ​ ȴӐѝ Ẕ Ḃ ӣᴟ ᾌ  Ṇ Ȳṳ ⱢZPHIᾎȲ

Ẕѻ Ἐ╥ ᾌḇᾼPIAȲ ὑ֯Z-A ứ√ …М ứᾼb… Ȳ Ϛи ᴟḕ

ȴ ПѠ ȲẔѠ(3.6a)הֽה ᶮה ӼⱢ ứ√ȴהМ Ϛ М╗Ἅד ὑ

ứ√Мᾼa… ȲѹⱢ ᾼẗ ȴI(r1, r2)ⱢᾌḇМ Ϛ ֫ᾌ ᴟ ∟Ϛ ֫ᾌ

П и ȲI(r, r2)Ɫ((3.6b)ה) П ᴟ ∟Ϛ ֫ᾌ П и ה)

(3.6c))ȴC(b, PIA)֯ ϚᾌḇМⱢứ ȲṳắPIAạ(ה(3.6d))ȴ֪Ryzhkov et al. (2014)

ṿӣ о ᵂ ​ ᴷ ȲẔPIA╥Ӧɮ ᾼ о ᵂᴷ ṅשȴ֯Ӑׁ((3.6e)ה)

МȲṿӣ ᾌ  Ȳ֪ױ PIA╥ӦᾌḇẒ П DWR ҏ((3.7)ה)Ȳậ҅ה

(3.6e)ȴ֯ה(3.6a)МȲὤ҅ῶ ϱБ П ᾌ ֫ᾌȲ FITᾎ(3.2)הМ

ṿӣᾼ ᾌ ֫ᾌЛ֝Ȳ֪ױⱢϠ ὤ ᾼ Ȳה(3.6a)М Ϛ М╗ἍП

ᴖ оȴᴖb… ᾎМỆứⱢױ֯ ֥ 0.83Ȳױ ֥ᴞT-matrix

П ȲⱢ Kᾌ◕ ᴷ Ἤṿӣᾼ… Ȳ ṓ3.2.1ȴ FITᾎṿ

ӣ ӂᶁ ֥b… ᾼѠᾎד ȴ ∟Ȳᵓӣױᾎᴷ Пὃ֝ І Ɫ

LWCцRES((3.11)הц(3.5)ה)ȴ 

 ὃ ὶ
ȟ

ȟ ȟ ȟ
ὤ ὶ  ( 3.6a ) 

 Ὅὶȟὶ πȢτφὦ᷿ ὤ ί Ὠί ( 3.6b ) 

 Ὅὶȟὶ πȢτφὦ᷿ ὤ ί Ὠί ( 3.6c ) 

 ὅὦȟ0)!ÅØÐπȢςσὦ0)!ρ ( 3.6d ) 

 0)!ὶȟὶ ‌  ὶ   ὶ  ( 3.6e ) 

 0)!ὶȟὶ $72ὶ $72ὶ  ( 3.7 ) 
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3.2 ∂Ӵ ứ√ … 

Ӧὑ Ѭᵶ ȳ ц֫ᾌꞋⱢ​ ᾿ ᾼ ȲиᵑӔѩὑ Ѡȳ3ᴟװ3 4

Ѡȴ֯Gamma DSDᾼװѠѿц6װ ϯȲϮ ἒױП ᾼ …Ɫ ứ√ȲṳҠ᾿

ҏ П ȴᵀ֯ה… МȲױ … ắẞ DSD ἤ ȲẂֽ֯ד

֝ Ἠ Ѭᵶ ȲЄ​ ᾼ֫ᾌ ⇔ ЄὑЊ​ ȴ֪ױȲ

Ϛ֮  ᾼ DSD ἤȲ ᴩᾬ П ứ√ ᾼה… ֥ȴѿ֯ ϱḆֻ

ᾼ ᾬ ἒױᾼ …ȴ֯ӐׁשṅМȲ3.3.1 ZPHI Ӕ 3.1.2ZPHI

ᴷ ᾎȲиᵑ ṿӣ Zx-Ax(ὑ Xᾌ◕П֫ᾌ …) Zk-Ak ứ√ …

ȴFITZPHIᾎчה ∟ᾼ Ȳ⁄ ṿӣAk-LWCᾼ ᵂה… П ᾼ ȴ 

3.2.1 Z-A  ה…

֥ἬṿӣПDSD ᾌ ȲⱢ֝ד2.1 ӴМҶЄ JWDּ10פ

ᾼDSDד ȲṳṿӣT-matrixᾌ￼֣ ᴩX Kᾌ◕П ȴ

ᾼ ֥ ȲֵװṿӣᴞᵗἼ ᾎ(Bootstrapping method)ᴩи Ἴ

Ȳѿ ᵍ ֥ Ὠ֯ ֵᾼ ֫ᾌ צ ᾼ ȴ 3.3Ɫ Xᾌ◕Z-

A … ᴩ1000װᴞᵗἼ ᾎ ֥П… ⇔иӁȲẔМ a bиᵑⱢ ứ√ …

Мᾼ ╓ … ȴ М Ɫ… ӂᶁ Ȳּמ Ɫ ⇔ П… Ȳ ⁄ⱢPark 

et al. (2005)ҏᾼ… ȴ ֥ Ὠ֯╓ … ᾼ оҠ 0.55ᴟ0.92ПֵȲ֪ױӐ

ṅשׁ ϚḔṿӣ 4.2.1 Ἤ ԝᾼ ֫ᾌ Ȳ Л֝… ӣ֯

ZPHI Ӕ(3.3.1)ϱᾼ ȴ 

3.4 ZPHI ӔП Ӕ (RMSE) ᾼ оȲ(a)Ɫṿӣ ֥

ὨМ ⇔ П… Ȳ(b)⁄ⱢPark et al. (2005)ȴ МҠ ҒȲṳ

ѹṿӣPark et al. (2005)П… צ Њᾼ Ȳ֯4.25еṭѿϯӂᶁ Ғ Ɫ

χȢψςρπ Ä" ËÍ ȴ֪֯ױӐׁשṅМṿӣױ… ҅ῶ Xᾌ◕ Z-AП ᾼ …Ȳֽה

(3.8)Ἤӱȴ 

 ὃ ρȢσφχρπὤ Ȣ  ( 3.8 ) 
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Kᾌ◕ᾼZ-A …Ȳṿӣ֝דᾼѠᾎ Ḗ … ȴ 3.5Ɫ ᴩ10000װᴞ

ᵗᾎ ֥П… ⇔иӁȲẔ╓ … Юὑ 0.73ᴟ 0.92П ȴṿӣ… ӂᶁ

⇔ П… ᴩ ȲẔ Ὠ ὑ 3.6(a)ȳ(b)ȴṿӣ… ӂᶁ ᾼ ὨȲ

֯4.25еṭѿϯ Ғ Ȳצ ᵅᾼ (0.266 dB km-1)Ȳᵀ֯ Ὼ3еṭ Ὑצ

ᾼ ҏ ȴױ Ɫ֯ ᴩ ZPHI Ӕ Ȳצю ᾌḇҏ Л ứ Ӕ

ὨȲ ῶ ȴ֯ װ ∟Ȳ 3.6(c)ӱ ∟… П ῶ

ȴױ… ⇔ П… ῺȲד Ғ ϷדῺȲ֯4.25еṭѿϯӂᶁ

Ғ ⱢπȢςφυ Ä" ËÍȲᵀṳ ҏ 3.6(a)П Ȳ֪֯ױӐׁשṅМṿӣױ… ҅ῶ

Kᾌ◕Z-AП ᾼ …Ȳֽ(3.9)הἬӱȴ 

 ὃ υȢωσρπὤ Ȣ  ( 3.9 ) 

Xᾌ◕Z Kᾌ◕AᾼZx-Ak …Ȳṿӣ֝דᾼѠᾎḖ … ȴ 3.7Ɫ

ᴩ ᴞᵗᾎװ10000 ֥П… ⇔иӁȲẔ╓ … Ɫ ᾼиӁ Ɫ 0.55ᴟ

0.65ȴ ⇔ П  Ἤӱȴ(3.10)הֽה…

 ὃ φȢσψρπὤ Ȣ  ( 3.10 ) 

3.2.2 A-LWC  ה…

›Ϛ ṿӣ֝דᾼ ѠᾎȲ 3.8Ɫ ᴩ10000װᴞᵗᾎ ֥П…

⇔иӁȲẔ╓ … Юὑ 0.75ᴟ0.95П ȴӐׁשṅṿӣ… ӂᶁ ҅ῶ LWC Kᾌ

◕A П ᾼ …Ȳֽ(3.11)הἬӱȴ 3.9ѩ Ϡṿӣᴞᵗᾎ ᵡᾼ ֥ ȴד

ὑ П ⇔иӁ Ȳ װ ֥ԓ ᾼ Ὠ( ) ᾼ LWC

ӢᵅᴷȲᵀ֯ ᾼϚֻ−צ ἤȴṿӣᴞᵗᾎᾼ Ὠ(ּמ чȲ֯ד⁄(

צ ֻᾼῶ Ȳᵀ֯  ᵅᴷLWCᾼᾭᾓȴצ

 ὒὡὅ σȢχσρπὃ Ȣ  ( 3.11 ) 

3.3 ₇ Ѡᾎ 

 Ӑ Ю ֯ӐׁשṅМ ӣᾼ ₇ ѠᾎȲẔМ ZPHI Ӕ ᴏѫ



14 

Ӕ֝ ӣὑ ( ҳ ) ( Х )ȴẔ ѠᾎҬ ӣὑ

Ȳ Ӕӣὑ ᴷ МȲẒ ֯ ϱ╥ᵡצ ȷ

Ӕӣὑ П ṳСѿל ȷ ӔⱢ֯ МȲ

MRR-PROἬ ╟ᾼQCѠᾎȴ 

3.3.1 ZPHI Ӕ 

ӐׁשṅМȲXᾌ◕Ɫד ὑKᾌ◕ắ Њᾼᾌ ȲⱢϠ ֥֯ ᾌ 

ᴷ ᾎМȲ ᾌ ֫ᾌ Њᾼ Ȳ Xᾌ◕֫ᾌ ᴩ ӔȴϚ

֯ о МȲ ṿӣɮ ᴩ ᾼᴷ ӔȲ Ɫ ZPHI ӔȲ֯

Ӑׁשṅᾼ МȲӦὑṿӣ₣᾿ Ȳṳ ᾎ ᴯד ᾼ Ȳ֪ױṿӣ

Ɫ оПZPHI ӔᾎȲ ᵛҬṿӣZᾼ ⇔ᵂ ᴷ ц Ӕȴ ὑḕ Ȳ

ҠӦ(3.12)ה ȴẔМᾌḇМ Ϛ П ὃὶȲ―Ӧ ֥ᾼXᾌ◕Z-A

Ḗה…  ȴ((3.9)ה)

 ὃὶ
ȟ

 ( 3.12a ) 

 Ὅὶȟὶ πȢτφὦ᷿ ὤ ί Ὠί ( 2.12b ) 

צ ZPHI Ӕᾎᾼ Ӕ Бὑ3.2.1ᴩứ ᴷ Ȳṿӣ2.1.4

ᾼ֫ᾌ Park et al. (2005)ᾼ… Ȳ֯4.25еṭѿϯᾼӂᶁ Ғ Ɫ

χȢψςρπ Ä" ËÍȲ֪֯ױӐׁשṅМȲ ZPHI ӔᾼXᾌ◕֫ᾌҠῺᴿⱢ

ᾼ ᾌ ֫ᾌȲ ֥ ᾌ ч ᶾ ᾼ ȴ 

Ӑׁשṅὑ3.1.2Ю ПZPHI ᴷ ᾎ((3.6)ה)Ȳ Ӑ ᾼ ZPHI

Ӕ((3.12)ה)ȲꞋ ὑTestud et al. (2000)Ἤ ҏᾼZPHIᾎ ᴩ ḂȴZPHI ᴷ ᾎ

ӣὑ ᾌ Ṇ МȲᴷ ᾌ  ᾌ(Kᾌ◕)ᾼ Ȳṳ ᴩ∟ ᾬ П

ч ȲẔ☼ ṿӣẞ ᾌ ֫ᾌ ᾼ PIAWⱢ ạȲ֯ӐѝМ Ɫ ZPHIᾎȴ

ᴖӐ Ἤ ὙП ZPHI ӔȲ֯ӐׁשṅМ ӣὑ ᾌ  ᾌ(Xᾌ◕)ᾼ

ᴷ ӔȲṿ֫ᾌ ῺᴿⱢ ȴ☼ МҬṿӣXᾌ◕֫ᾌ ⇔ ֥ᾼXᾌ

◕Z-A ȴẒѠᾎ((3.9)ה)ה… ֤ ᴿȲ֯ד ӣϱЬצ דֵ П ȴ 
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3.3.2 Ӕ 

ᾌ֯Є М Ἤắẞᾼ Ȳѻ ẃᴞѬ ȳ ц ȲẔ ϭ

ắᾌ ȳ ȳ ц ⇔ (Williams and Vivekanandan 2007)ȴ֯ ᾌ  Ṇ МȲ

ПPIA֝ ҔᵶLWC Ȳ֪ױ ᴷ Ẓᾌ  ᾌᾼ

ṳ ᴩ ӔȲѿ юч LWCᾼ ȴӐׁשṅМȲṿӣ Ɫ оᾼ ₤ Є ₣

᾿ ȴ ֯ Ȳ о ѿϯПᵅ Є ҠῺᴿⱢ ếѹ ⇔ѿ

Ȳ⁄Ҡᵓӣ֮ ц ⇔ ҏ Є П ȳ ⇔ц ⇔иӁȴ 3.10(a)

(b)Ȳ Ϡ֯ױ ϯȲ5еṭѿϯᾼ ȳ ⇔ц ếѩ оȲ(a)҅ῶYESR

ᴯὑ ᴯ ПЄ Ȳ֮ ц ứⱢ20⇔ц970ᴍἂȷ(b)

҅ῶ TAHOPE ᴯὑ ᴯ ПЄ Ȳ֮ иᵑ ứ

Ɫ ѫ25⇔ц1013ᴍἂȴ 3.11Ɫ202111דѣ26ѡ03ừ П Ὲ Ȳ

3.12Ɫ20226דѣ27ѡ06 ᴎ П Ὲ ȲẒ ꞋậᴞМ ѝоЄ Є דּ

Ṇщ ȴ П Ὲ Ҡ Ȳ5еṭѿϯЄ Ὼ ếѹ ⇔ о

Є ᵧ Ȳ ӐׁשṅМ П  ᴿȴד

ПЄ ∟ṿӣ ‒ (International telecommunication union, ITU)

ПЄ ₤(Sector 2013)X Kᾌ◕П ȲṳṼ

ᾼᾌḇ ⇔Ȳ ȴѿTAHOPE ⱢẂȲ4.25еṭ ᾼᾌḇȲẔӒ

dBП 2.66צ Ȳᴖ֯YESR Ȳ3.45еṭ ᾼᾌḇȲẔӒ  1.69צ⁄

dBП ȴ֯FITZPHIᾎПч МȲӦDWR ҏᾼPIAꞋ ל

Ȳṳѹ PIAɑὑ ᾼᾌḇ ὑч ѠᾎҵȲױ ᾌḇ

ṿӣ Z-A … ה ᴩ ȴ֯ FITᾎМЬ ṿӣ(3.2)ה ֥П ה…

Ȳᵀa… ⱢẔ҃ᾌḇ ҏᾼӂᶁ ȲZPHIᾎ⁄ṿӣ(3.9)הȴ 

3.3.3 ᴏѫ Ӕ 

І᾿ Єὑ ᾌᾌ ᾼϫиПϚȲẔ ἤ Ϥᴏѫ ȴ

Ӣᴏѫ Ȳ І￼֣ П ᵓ ⱢᵅȲ֪ױ ẞᾼ֫ᾌ ⇔Ϸ
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ȴⱢϠ ᴏѫ ὑDWRᾼ ȲӐׁשṅṿӣ Ϛ ІᵂT-matrix￼֣

Ȳѿῶ Л֝ЄЊ​ ֯  ᾌ (Xᾌ◕) ᾌ (Kᾌ◕)ᾼ֫ᾌ ⇔Ȳֽ

3.13ȴ֯Ẓᾌ◕иᵑ Ӣᴏѫ ᾼ​ ЄЊП (1.24ᴟ3.11ᴏ)ȲҠ K

ᾌ◕ᾼ֫ᾌ Xᾌ◕Ɫ ȴױ › ᴏѫ ֫ᾌ ᾼ ἤṳЛ ֥ȲẔ ֪ẃ

ᴞὑKᾌ◕֯ᴏѫ ›◕ПԚ (Resonance effect)Ȳṿ֫ᾌ֯ ›Ȳצ и

⇔ Ғᾼ ȴ Ϡṿӣ Ϛ І ȲӐׁשṅϷṿӣМЄ ןד ᾼ DSD ᴩ

T-matrixᾌ￼֣ Ȳṳ DWR D0П ⇔иӁȲֽ 3.14ȴ МϷ֝

ӱȲЄ иПDSD ȲẔ ПKᾌ◕֫ᾌꞋЄὑXᾌ◕Ȳᶮכ ᾼᴏѫ

ȴ 3.15Ɫ DSDᾼ иᵉ ȲẔМ Ɫ ᾿ ѠҒװ3 ȲӔѩὑLWCȴ

иᵉҠ Ȳ​ ᾿ 1ᴟ 3 ᴏ╥ LWC ᾼ Ȳ ῶὙ ṿӣ

DWR PIAṳ ϚḔч A LWCȲ ᴕ ᴏѫ ὑ֫ᾌ ⇔ᾼ ȴ 

ḕϚ ᾼ֫ᾌ Ȳ ᴷ Ẕᴏѫ Ȳ⁄ Ḗ ПDSD

иӁȲᵀױӭ ֯ ϱצ׀ᵺ Ȳ ṿ Ḗ DSDȲϷЛԛ ᾌ ᶾ ᴩ

ᾬ Пч ȲҠ᾿ DSD ᴩиέȴ֪ױȲӐѝ ṿӣ ѠהȲ Ӕᴏѫ

Ἤ ᾼṆכ ἤ ȴ 3.16(a)Ɫ ᾼXᾌ◕֫ᾌ DWRП ⇔иӁ Ȳ

ẃ ֝ ⱢМЄ ןד ᾼDSD ȴ ᴥ ◕Ɫ Xᾌ◕֫ᾌ ПDWRМᴯ Ȳ

ᴥמּ ◕⁄Ɫ ֥Мᴯ П Ӕפ Ȳѿ Ӕ ϱ ҏ ᾼ ȴפױ ֯20

ᴟ35 dBZП ѿ3ֵװ ה ֥Ȳ֯35ᴟ55 dBZП ѿ2ֵװ ה ֥Ȳѿ ẞ

Ὼᾼ ֥ Ὠȴᴏѫ Ӕᾼ ӔѠ ἬӱȲ(3.13)הֽ Ἠ П Xᾌ◕֫

ᾌЮὑ20ᴟ55 dBZȲ― ṿӣהױ ᴩ ᴷ Ȳṳ֯ч ◕ ӔKᾌ◕П֫ᾌ

ȴ 

3.16(b)Ɫ Ӕᾼ Xᾌ◕֫ᾌ DWR ⇔иӁ Ȳּמᴥ Ɫד ὑ 0

ᾼѠᶁ (Root-mean-square deviation, RMSD)ȴ ᴏѫ Ӕ∟ȲDWR ֫ᾌ

оП RMSDꞋᵅὑ Ӕ›( 3.16(a)◦ּמᴥ )Ȳѹ֯ 40 dBZѿϯП RMSDɑὑ 1 

dBȴ 3.17(a)ȳ(b)ᴏѫ Ӕ›∟ȲDWR ⇔П ⇔иӁȲ֫ᾌ ԝѠהṿ

ӣ4.2.1П ứȴѩ Ẓ ȲҠ ֯ Ӕ› Ὼᾼ ȲẔDWR ֪ᴏѫ
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ᴖЊὑ Ȳᴖ Ӕ∟ȲЄ иᾌḇᾼDWRḆ Мὑ ȴ 

Ὢὼ

                                                                                                    πȟὼ ςπ

ρȢωψσρπὼ ρȢςυσρπὼ πȢρρσχὼ ρȢρπφȟςπ ὼ συ

                                      ρȢτσωρπὼ ρȢπχωὼ ρψȢσφȟσυ ὼ υυ
                                                                                            πȟὼ υυ

 ( 3.13 ) 

› ᾼ Ӕ ὨȲ ֯ DWR ϱ ṏֻᾼ Ӕ Ȳᵀֽ 3.1ἬЮ Ȳ

FIT ZPHIᾎꞋ╥ṿӣᾌḇᾼ PIAWⱢч ᾼ Ϥ Ȳᴖ PIA╥ ᴞᾌḇ ᶠ

DWRП Ȳ֪ ױ ᴏѫ Ӕ֯ ᾌḇ Zכ оᾼ Ȳѿ ᴷ Ӕᾎ PIA

ᾼ ȴ 3.18Ɫҳ ᾌḇПXᾌ◕֫ᾌȳKᾌ◕֫ᾌȳᴏѫ Ӕ∟ПKᾌ◕֫ᾌȳ

PIAȳDWR ᴏѫ Ӕ∟П DWRȴ ᴏѫ ӔҬ ᾌḇᶠ Ȳֽ 3.18 (a)Ἤ

ӱȲ ҒױᾌḇᾼPIAȲ Ӕ ӐЛ֥ ᾼ PIAȴ ᴏѫ ӔҬ ᾌḇ Ȳ

ֽ 3.18 (b)ἬӱȲ юPIAȲᵀẔ ( ᴥ )ḆҒ Ὼȴ ᴏѫ

ӔҬ ᾌḇП ᶠẒ ӼἨ╥Ҭ М◕Ȳֽ 3.18 (c)ȳ(d)ἬӱȲ⁄Л ᾌ

ḇPIAᾼ ȴ 

3.3.4 Ӕ 

֯YESRцTAHOPEПМȲTEAM-RцMRR-PROẒ Ꞌד ȲᵀӦ

ὑMRR-PROצ ᾼ έ⇔(30ּה)ȲṿẒ П צ׀ ПҠ ἤȴ

ӐׁשṅѿTEAM-R₣᾿ П֫ᾌ ᶧԝⱢ Ȳ ֯ ϱ ПMRR-

PRO֫ᾌ Пד … Ȳṳѿ Є Ἤ֯ᴯ Ɫ П Ӕ ȲẔ ᴯⱢ30ּהᾼ

ȴ Ὠ ӱȲ֯ ᴩ 3.3.5П Ӕѿц Пה150ּ ӂᶁ

∟ȲTAHOPE П Ӕ ה60ּ Ɫ ȲYESRה0ּ П

Ӕ ה60ּ Ɫ30ּהȲẒ П צ׀ ȲҠ ֪Ҕᵶ ѬṆ ᾼ

Ѭἤ ȳ ѬṆ ѿц ȴ 

3.3.5 ₣᾿ Ӕ 

3.19(a)ȳ(b)иᵑⱢTEAM-RцMRR-PRO֯ TAHOPE Ȳ6ѣ8ѡ

П ֣ ᶧԝ Ȳ ⇔Ɫ4ᴟ6еṭȴӦὑṿӣ₣᾿ Ȳ֯ Ѭ МȲ
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☼ᾼϱс ☼ Ȳ ֣ ҠῺᴿὑ Ѭ Іᾼ ȴԜד І֯ Ϥ

⇔ ὑԜ ᾼ Ȳ ֪ оⱢ Ѭᴖ ᵅῈ  ϩȲ ᴖ Ғ ȴ Мּמ

ᴥ Ɫḕ ₣᾿ МȲ ЄП ⇔ȲӐׁשṅМ ױ ⇔ứ Ɫ о ⇔ȴ

ᴖ ᴥ ◕⁄ Ὑ ᴎ ῈἬ ѫ0⇔П ⇔ȴѩ Ẓ Мּמᴥ ᴥ ◕П

ᴯ …ȲTEAM-RἬ ᾼ о ⇔Єֵᵅὑ Ὲ0⇔ ȲᴖMRR-PRO П

⇔⁄Ὑ ὑ Ὲ0⇔ Ȳ∟῏Ὑ ⱢЛ֥ П ȴ ֯Ӑ МἬṿӣПMRR-

PROȲ֯ ᾼ ứϯȲẔῈ έ⇔֯׀ Ȳ ЄὑẔ ᾼ50еѐȴ 

Ӑׁשṅ ϯẃṿӣẒ П֫ᾌ ᴩד … иέȲ ֫ᾌ ᶧԝ ᴩ

⇔Ѡ֣ Ȳѿ ֢ ⇔ П֫ᾌ ᶧԝדᴿ⇔ ᾼ ȴ Ὠ ӱȲ֯

TAHOPEȲMRR-PROᾼ έ⇔ּפⱢTEAM-Rᾼ107.5% (53.75еѐ)Ȳ֯ YESR

⁄Ɫ107.8% (53.9еѐ)ȴⱢϠ ᵅױ έ⇔ Ἤ П֫ᾌכ ⇔ ȲӐׁש

ṅṿӣϱ ѩ MRR-PROП֫ᾌ ᴩв ȴ 3.20иᵑⱢв ›∟Ȳ Ẓ

о ⇔ ᾼ᾿Ѡ ȲҠ ֯в ∟ȲẒ ᾼ о ⇔иӁȲᵧ Ḇדᴿᾼ

иӁȴᴖ 3.21⁄иᵑ ӱв ›∟ȲDWR оП ⇔иӁ ȴ 3.21(a)Мὑ

о  Ὼצ׀ Ὑ ᾼDWRᾌ Ȳױᾌ ὑ₣᾿ П‐ (Bright band)

⇔ ȴ Ӕ∟Ȳ 3.21(b)ᾼDWRиӁḆҒӂ Ȳṳ ứ ᴖ ҒȲ ӱ₣

᾿ ӔП ȴ 

3.4 S-Pol ч LWC Ѡᾎ 

ֽ 2.2.2 Ἤ ȲӐׁשṅ֯ TAHOPE иȲ ṿӣ S-PolѠᴯṔ 30⇔П

RHI ᴩDSDч Ȳ ᾌ ᶾ Пч Ὠ ᴩ ѩ ȴѿϯ ẔQC

ц ᾬ ч Ѡᾎȴ 

S-Pol ПRHI Ԓ ד … (Cross-correlation ratio, ” )Њὑ0.9ц‒

ѩ(Signal noise ratio, SNR)Њὑ0 dBᾼ Ȳ ᵍ֮ ᾌ П ȴ ☼QCױ

ПѬӂ о֫ᾌ ⇔(Reflectivity factor at horizontal polarization, ZHH) ч

(Differential reflectivity, ZDR) ∟ṿӣ(3.14)הц(3.15)ה DSD ȲҔᵶDm
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о (Normalized interception, Nw)ȴẒהꞋіӣᴞ (2018)ȲẔṿӣ2008דᴫ

⁮ ☼ (Southwest Monsoon Experiment / Terrain-Influenced Monsoon Rainfall 

Experiment, SoWMEX/ TiMREX)ֵ ​ DSD T-matrixὨȲ

ᴩֵ ה ֥ᾼ Ὠȴ ∟в ᴟқה (Cartesian coordinate)ȲẔѬӂѠ֣ έ

⇔ ứⱢ150еѐȲ₣᾿Ѡ֣ ứⱢ50еѐȲѿ TEAM-RцMRR-PRO₣᾿ έ⇔

ᵭ֥ȴTEAM-R ֮ ᴯὑS-Pol ѠᴯṔ30⇔RHI П21.85еṭ Ȳ֪ױậӣ

Ὼױ П₣᾿ ȲᵂⱢ ᾌ ч ὨП ϮѠ ȴ ᾃ ᾼ╥Ȳ

Ӧὑ֮ ᾌ иᾌḇắ (Partial beam blockage)Ȳױ Лắ ᾼ ᵅ Ɫפּ⇔

1.2еṭȲᴖЛắ о ᾼ ∟֯ױⱢ4.2еṭȲ֪פּ⇔ ᾼѩ иέϱȲ ᾌ

 ч Ὠ ч ὨꞋҬṿӣױ ⇔ вᾼ ȴ 

 Ȣ πȢπτχχ ὤ πȢρττυ ὤ πȢυψτφ ὤ πȢψςτπ ( 3.14 ) 

 ÌÏÇ Ȣ πȢςτυρ ὤ ρȢςςτφ ὤ ςȢψσωυ ὤ ςȢψςφψ ( 3.15 ) 

DmцNw ϚḔ ᴩLWC RESП ȴ Ԓ Єὑ3 ПDmц

Nw Ȳѿ ȴ ∟ṿӣ(3.16)הц(3.5)ה LWC RESȲ(3.5)הМ

ᾼZ ḂṿӣS-Pol П֫ᾌ ⇔ȴ ∟ԛװ Єὑ3 ПLWC Ȳ

ȴ 3.22(a)ц(b)иᵑ ч ПLWCцRESὑ20226דѣ8

ѡᾼ₣᾿ ᶧԝȴ 

 ὒὡὅ ρπ╝◌”“
╓□  ( 3.16 ) 
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4 ҳ   

Ҡ֯Лᴕ Ẕ ֪ϯȲ іϤП ֪ ὑч Ὠᾼ

ȲṳҠṿӣ ᵂ ᾼứ ᴷ ȴӐ ᴩẒ ȲẔ ԝ▐ Ꞌ╥ѿ

₣᾿ ᾼ ᶧԝᵂῶӱȲᵀ֪ ӭᾼ ᴖ ᴟẒ Л֝ ᶧȴ4.1Ɫ

₇ ὑч ὨПῶ Ȳ ṼJWDן DSDᾼ ᶧ ԝȴ4.2Ɫ

ѩ ZPHIFITч Ѡᾎᾼῶ Ȳ ṿӣ ᾼ֫ᾌ ᵂ ԝȴӐ

ṳЛᴕ ȳ ц Ṇ ȲṳѹẒ֫ᾌ П ֯

цῈ ϱⱢᶙԓ ֥Ȳ в ȴ 

4.1 ₇ ὑч ὨПῶ  

4.1.1  

Ӑ ПӭᾼȲⱢ ắẞЛ֝ ∟Ȳὑч ὨП Ȳѿцṿӣ

ᴩ ӔѠᾎ∟Ȳ ὨПḂ ⇔Ȳ֪ױЛ ֫ᾌ ứ ԝȲѿ​ Ở

ᾼ DSD ᶧᵧ Ȳṿḕ ᾌḇꞋצṜ ᾼ ȴү ֮ ӂᶁП о

Ɫפּ⇔ 5еṭȲӐ ṿӣ֝דᾼᾌḇ ⇔Ȳ֯ 50еѐ έ⇔ϯȲḕ ᾌḇԚצ

100 ȲѹḕϚ Ꞌ֫צᾌ ȴѿױ ⁄ ԝἬ ӢП ∟X Kᾌ◕֫ᾌ

ֽ 4.1(a)(b)ἬӱȲԚ294צᾌḇȴᴖẔDWR Ɫ 4.1(c)Ȳ֯Ἁ Ҡ ֪Kᾌ

◕ᴏѫ ἬᶮכП DWR Ȳᴖ ҒȲDWR ắ Ȳ

ⱢӔ ȴ Ἤṿӣᾼ֫ᾌ иⱢХ ȲK_trueṿӣӑ ᵂӣПKᾌ◕֫ᾌц

∟П Kᾌ◕֫ᾌ ᴩ ч ȲẒ֫ᾌ П צ Kᾌ◕ ȷX_trueṿ

ӣӑ ᵂӣПXᾌ◕֫ᾌц ∟ПKᾌ◕֫ᾌȲẒ֫ᾌ П ד K_true

ҒϠЛ֝ᾌ П ἤ ȷObs ṿӣ ∟П Xᾌ◕֫ᾌц ∟П Kᾌ◕

֫ᾌȲױ ֯ М Ɫ Ὼ ἤȲҔᵶϠẒᾌ  ᾼ

ἤ ȷX_ZPHIṿӣ ZPHI ӔПXᾌ◕֫ᾌц ∟ПKᾌ

◕֫ᾌȲ юϠ֯Xᾌ◕ᾼ ȷCorrṿӣ ZPHI ӔПXᾌ◕֫ᾌ
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цᴏѫ Ӕ∟ПKᾌ◕֫ᾌȲẔӭᾼⱢ ᴏѫ ӔѠᾎ ὨПḂ ⇔Ȳ

Ҡ ›ҳ ѩד ȴХ ֫ᾌ ṿӣFITᾎ ᴩ ч Ȳṳ ПKᾌ◕

ᴩѩ Ȳ ὑFITZPHIᾎПч Ὠѩ Ȳ ֯4.2ᵧ ȴ 

4.1.2 Ὠ 

4.2ⱢХ Л֝ Ȳ FITᾎч ∟Ȳ ѩПד ⇔иӁ ȴ

ױ Ҭѩ ῶ ȲҠ ᵍA-LWC ה… ἬіϤᾼ ȴK_true( 4.2(a))

ӦὑꞋṿӣKᾌ◕ᾼ ὨȲ╝Ẕ ч Ὠ דῺȲד … (Pearson 

correlation coefficient, CC)Ҡ 0.98Ȳӂᶁ ᴍиѩ (Mean absolute percentage error, 

MAPE)Ɫ24.8%ȴX_true( 4.2(b))֯ ҒX Kᾌ◕П ∟Ȳч ὨὙ

ắ ȲẔMAPEҒᴟ29.4%ȴᴖObs ( 4.2(c))ṿӣ ∟ПXᾌ◕֫ᾌȲד

X_true ҒϠ֯ ᾼ֫ᾌ ἤȲ֪ױẔ ὨⱢҳ ПМ ⱢЛ ᾼȲ

MAPEⱢ 32.3%ȴX_ZPHI( 4.2(d)) Xᾌ◕֫ᾌṿӣ ZPHI ӔȲẔ

Ὠ֯ и ϱצὙ ᾼḂ Ȳ Ὼṿӣ Xᾌ◕֫ᾌᾼ X_trueȲ Ὑṿӣ

ZPHI Ӕ צ ᵅXᾌ◕ ȴCorr( 4.2(e))⁄ Ғ Kᾌ◕ᾼ

ᴏѫ ӔȲẔῶ ЮὑK_true X_trueП Ȳ҅ῶᴏѫ Ӕ юXᾌ

◕ Kᾌ◕П ᾼ ᾌ ἤ ȴ ֥ẃ ȲХ ֯ Њὑ0.5 dB km-

1 Ȳ Ɫ ῺȲᵀ ҒȲꞋҏ Ὑ ᾼᵅᴷȴХ ṿӣFITᾎ

֥Ȳᴷ ПA-Z ứ√ …b… иᵑⱢ0.725/0.612/0.603/0.604/0.650Ȳ 3.2

֥П …ѩ ȲK_trueK П b… ᵅὑ Zk-Ak …ᾼ 0.83( 3.5)ȲᴖẔ

ҳ ᾼ ⁄ Zx-Ak П ⇔иӁדᴿȲֽ 3.7ἬӱȲҠ b… и

ᵉᾼ ꜜὑ0.55ᴟ0.65П ȴ 

4.2 ч Ѡᾎ ὑч ὨПῶ  

4.2.1  

֯ ϡ ԝѠᾎМȲDSD ᾌ ѿ ᾼ֫ᾌ ᵂ ԝȲѿ
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ᴷ֯ ֫ᾌиӁᾭ ϯȲч Ѡᾎᾼῶ ȴẔ ☼ ֽ 4.3Ἤӱȴ

֫ᾌⱢTEAM-RὑTAHOPE IOP3Ȳ֯20226דѣ7ѡȳ8ѡ 11ѡ

П₣᾿ ᶧиӁȴ ὑ ц ПЮ Ȳ ṓ2.2ȴ› П֫ᾌ Ȳ

ѿ ПXᾌ◕֫ᾌ ᵂ ԝȴ ẂᴖṕȲ █Ϛ П֫ᾌ ⇔Ɫ30 

dBZȲᵛ МXᾌ◕֫ᾌЮὑ29.5ᴟ30.5 dBZᾼDSD Ȳ Ϥד

ᾼ ȴ ПӭᾼⱢῶ DSD֯Ὲ Мᾼ ἤȴṼױḔ ᶙכПXᾌ◕цK

ᾌ◕ ֫ᾌ Ȳ ᴩ ᵂӣȲѿḆҒ ֥ ȴӐ иⱢẒ ȲX_ZPHI

ṿӣ ZPHI ӔП Xᾌ◕֫ᾌц ∟П Kᾌ◕֫ᾌ ᴩ ч ȷ

Corr⁄ṿӣ ZPHI ӔП Xᾌ◕֫ᾌцᴏѫ Ӕ∟П Kᾌ◕֫ᾌȴ

Ẓ Ꞌ ṿӣ FITᾎц ZPHIᾎ ᴩ Aц ᾬ Пч Ȳ › П ᵂѩ

ȴ 4.4ⱢṼױᾎ ԝП ∟Xᾌ◕֫ᾌ ȳ ∟Kᾌ◕֫ᾌ цDWRȴ 

4.2.2 Ὠ 

4.5иᵑ ӱ(a) ȳ(b)FITᾎ (c)ZPHIᾎч П LWC Ȳ ᴯⱢ g m-3ȴ

֯Ӑ МȲ П DSD Ɫ ậȲ֪֝ױϚ ᾌḇМᾼ LWC ⇔

Ȳ ᾼ ѿ ZPHIᾎᾼ ⇔ ṾȲFITᾎᾼ Ὠ Ɫӂ ȴ ẃ ȲẒѠᾎ

֯ LWC ᵅᾼ ȲẔч Ꞌצᵅᴷᾼ ȴ ϚḔ ч Фדѩ Ȳ

⇔иӁ Ȳֽ 4.6ἬӱȲẔМ(b)ȳ(d)Ɫ ᴏѫ Ӕᾼ Ὠȴѩ (a)ȳ

(c)Ҡ ȲZPHIᾎᾼ ὨиӁȲד ὑ FITᾎḆ Ὼ Ṕ Ȳ҅ῶϚ ἤḆ ȴᴖ

Ẓ Ѡᾎ֯ ᴏѫ Ӕ∟Ȳ֯ и ϱꞋצ иᾼḂ Ȳד … ֯FIT/ZPHI

ᾎ 0.81/0.842ϱсᴟ 0.826/0.864ȴ֯ҳ МȲѿ ᴏѫ Ӕ∟ᾼ ZPHIᾎȲ֢֯

и ϱῶ ֻȲҔᵶӂᶁ (Mean absolute error, MAE)ȳRMSECCȴ 

4.7 ᴿȲᵀѩד4.5 ᾼ ⱢRESȲ ᴯⱢmmȴ иӁ֝ ӱȲZPHI

ᾎ ч ҏRES֯֝Ϛᾌḇ ᾼ ȴᴖ 4.8П ⇔иӁѩ Ϸ ᴏѫ

Ӕ ὨᾼḂ Ȳ֯RESᾼ ὨМϭѿZPHIᾎ ⱢὙ ȴ ẃ Ȳ֯

МȲ ╥ LWCἨ RESȲꞋ╥ṿӣ ZPHIч Ѡᾎ ᴏѫ ӔȲ
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Ṿᾼч Ὠȴ 
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5 Х   

Ӑ Ԓ Ẓ ᾼ ₇ ☼ Ȳṳ֯ṿӣЛ֝ᾼ ₇’ ⇔

Ἠ ᾌ  ч ѠᾎϯȲѩ ч ὨȲ ϮѠ Ἠ ᴩ ȴ֝ иέ

ч П ᾬ ֯₣᾿Ὲ ᾼ о ȴ5.1Ю Ẓ ᾼ QC

☼ Ȳֵ ὑ Ϯ Ю П QCѠᾎ ӣὑ ȴ5.2Ɫ YESR Пч

ὨȲṿӣ​ П иӁ ᴩ ȴ5.3Ɫ TAHOPE Пч ὨȲ

ṿӣS-Pol ч Ὠ ᴩ Ȳṳ ᾬ ֯₣᾿Ὲ ᾼ о ȴ5.4

ѩ Ẓ ч П иӁ ȴ 

5.1 ₇ ☼  

֯ МȲ ắẞ ֵ֪ Ȳ ạҠ ᴩч ᾼ ȴ ԒȲӦ

ὑԜד І ὑ ᾌᾼ ἤ ​ ד Ȳѹ о ᾼ֫ᾌ‐ ᴷ

П иӁȲ֪ױӐׁשṅ ᾃὑ о ѿϯ Ȳ‐ ѿϱП֫ᾌ Лṿӣ

ᾌ ᶾ ᴩч Ȳױч ⇔ϱꜜ֯YESR Ɫ3.85еṭȲ֯TAHOPE

Ɫ4.27еṭȴᴖTEAM-R֫ᾌ ֯Ὼ֮ῶ500еѐắ֮ Ȳ֪ױч

ПϯꜜⱢ ֮ῶ500еѐȴ 

5.1Ɫ П ☼ ȴӐׁשṅ Ṽ ₇ Ӕ ⇔иⱢẒ Ȳи

ᵑⱢ ₇ ☼ (Basic_QC) ₇ ☼ (Adv_QC)ȴ֯ ₇ ☼ МȲTEAM-R

П₣᾿╓֣֫ᾌ Ԓҟ Њὑ-10 dBZП ֫ᾌȲ ∟ ᴩѠᴯṔӂᶁȳṆ

Ӕ Xᾌ◕ ZPHI ӔȲ ẞῺᴿ П֫ᾌ₣᾿ ᶧԝȲֽ

5.2(a)ἬӱȴTEAM-R֫ᾌПṆ ὑYESR Ɫ-5.8 dB ȲὑTAHOPE

⁄Ɫ-4.75 dBȴ Xᾌ◕П ZPHI Ӕᾎ ṓ3.3.1ȴMRR-

PRO⁄ṿӣERUO (Enhancement and Reconstruction of the spectrUm for the MRR-PRO) 

(Ferrone et al. 2022)֫ᾌ Ȳҟ ᾼ ц ᾼ ⇔ȴ Ӕ

∟П֫ᾌ ᶧԝֽ 5.2(b)Ἤӱȴ֯ ₇ ☼ МȲ ₇ ☼ ᾼ֫ᾌ
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ԛ ᴩ ֝ (Data synchronization)☼ ᴏѫ (Mie scattering) Ӕȴ ֝

ПӭᾼⱢ ҒẒ ֫ᾌ ᾼϚ ἤȲҔᵶ ᴩ Ӕ(Time lag 

correction)ȳMRR-PRO П₣᾿ Ӕ ӂᶁȲ ṓ3.3.4ᴟ3.3.5ȴẔ

М ӂᶁṿӣ Пה150ּ ӂᶁȲҠ ю MRR-PRO ᾼ ц

ȴẒ ᾌ  ч ᾎ∟ȲẔ Ὠ ṿӣPIAȳ​ ( YESR)

цS-Pol ( TAHOPE)ᴩѩ ȴ 

5.2 YESR 2021 IOP2  

5.2.1 ч Ὠ 

5.3иᵑⱢFITᾎ ZPHIᾎ֯202111דѣ26ѡПLWCч ὨȲṿӣᾼ

Ꞌ ᴏѫ Ӕц ֝ ☼ (Adv_QC)ȴѩ Ẓч Ѡᾎᾼ ȲFITᾎ֯

​ ᾼLWCּפⱢ0.1ᴟ0.3 g m-3ȲZPHIᾎ⁄Ɫ0.05ᴟ0.15 g m-3ȴᴖ֯ ​ ◕Ȳ

ZPHIч П Ὑ ЄὑFITᾎȲ ӱẔ ᾼ ⇔ȴ 5.4⁄ⱢRESч ὨȲ

ᴖṕѿZPHIᾎч П ЄȲּפⱢ0.4ᴟ1.4 mmȴ ᾃ ᾼ╥ȲẒѠᾎПч

Ὠ֯ ứ Ꞌҏ ȲẂֽ04:10ȳ07:1012:40ҿҢꞋч ҏ ᾼRESȲ

֯ 07:0509:10⁄ҏ ᵅ ȴ Ẕ ֪Ȳ›῏ѻ֪Ɫ֯ ᾼ֫ᾌ ϯצ ᵅ

ᾼ PIAȲӦὑẔRESּפⱢ5 mmȲ ⱢЛ֥ П ȲҠ ᾼ ֪ⱢẒ П

Ἠ ȴ∟῏⁄Ҡ ֪ὑ TEAM-R֯ ắẁ ᾼ Ȳ

5.5ⱢTEAM-R ᾼ֫ᾌ ⇔ ᶧиӁȲҠ ֯› Ẓ Ὑצ П֫ᾌ ȴ 

5.2.2 ​ ч ѩ  

ױ֯ МȲӦὑ֯Ϯ Ὲ Мḥצ ֥ᾼ ϮѠ ᵂⱢч Ὠᾼ Ȳ

Ӑׁשṅ ѿ иᵉᾼṔ⇔Ȳ МЄJWD DSD T-matrixᾼ ᴩѩ

ȴ 5.6иᵑⱢFITᾎ ZPHIᾎч ПLWCȲ Xᾌ◕֫ᾌП ᾼ ⇔иӁȲẔМ

ᴥמּ Ɫ П ⇔иӁȲӦҵᴖвиᵑⱢ0.05ȳ0.1ȳ0.2ц0.3%ȴFITᾎṿӣ

֥Пb… ц֯֝Ϛᾌḇ֝דᾼa… Zx-Ak …ȲᴖLWC֯ ӐׁשṅМҬⱢAk
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ᾼẗ Ȳ֪ ֯ױ 5.6(a)МȲẔ ⇔иӁᵧ ӂᴩ П Ȳ Ellis and Vivekanandan 

(2011)П ∂ᴿȴZPHIᾎἬד12 ᾼa… ֯֝ϚᾌḇМ ֪֫ᾌ ᴖ Ȳ֪֯ױ

5.6(b)МȲẔиӁ Ɫ ѹ ȴ JWD Ὠדѩ Ȳ֯֝דᾼ֫ᾌ ϯȲẒ

ᾎꞋᵧ Ὑ ᾼ ᴷȴӦὑJWDҬ ᴟ֮ῶП Ѭ ІȲ ╥ ᾼDSDӼἨ

╥ ֥∟ᾼGammaɲהDSDȲҠ ἕ ὑ LWCц֫ᾌ П ȴ֯ ​

֥ᾼ МȲLWC Ɫ ȲױⱢ чכ ᾼҠ ֪ȴױҵȲױ

ѻ ừ ҍủ ☼ ѬȲDSD ἤ МЄJWCП  Ἤצ

Ȳ 5.7ⱢFITᾎ ֥ПӂᶁZx-Ak …ȲẔb… 0.22Ȳ ӱױ П

֫ᾌП ⇔ ᵅȲ҅ῶ֫ᾌ ᴖצ LWC Ȳ ᾭ Ѭ​ Њᴖ ֵ

П ἤד ֥ȴѩ ч LWC-Zx …П ֥ѩ ȲѿZPHIᾎПῶ ṾȲּפ

19%ᾼצ ֥( 5.6(b))ȴ 

5.3 TAHOPE IOP3  

5.3.1 ч Ὠ 

5.8иᵑⱢFITᾎ ZPHIᾎ֯20226דѣ8ѡПLWCч ὨȲṿӣᾼ

Ꞌ ᴏѫ Ӕц ֝ ☼ (Adv_QC)ȴӦὑױ TEAM-Rᾼ Ể

ױȲ(ה12и30ּפּ)  ᶧԝṳ ᾎὙ έϚ ѬṆ ֮ᾼ Ѭ ἤ

оȴиέẒѠᾎᾼч Ὠ ȲZPHIᾎ֯ Ѭ ◕ᾼч ȲẔ ◕П₣

᾿ ȲẒѠᾎч ᾼLWC иӁדᴿȴ 5.9⁄ⱢRESч ὨȲẒѠᾎПч

Ὠד ȲRꞋҠ צ∟20:00֯ Ὼ2Њ ᾼ ѬȲẓצRESЄὑ1.5 mmᾼ ȴ 

5.3.2 PIA иέ 

ᾼч Ὠ ᴷȲ Ԓѩ ᾼDWR ч ᾼPIAП

ᾼϚ ἤȲ›῏᾿ ẃᴞὑ֫ᾌ ᾼ ╥⁄῏∟Ȳ((3.4)ה) ч ᾼ Ȳᾘ

иᴖ  ȴ((5.1)ה)

 ὖὍὃὶ ᷿ὃίὨί ( 5.1 ) 
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5.10ц 5.11иᵑ ӱ֯20226דѣ8ѡȲDWR PIAᶧиӁȲẔМPIA

Ɫ иᴞ ZPHIᾎᾼч ὨȴӦὑ TEAM-R ֪ Д Ȳ0.5 km ѿϯ

֯QC ◕ᵛ ȲᵀῺ֮ ᴟױ ⇔ П Бצ ӢȲ֪ױDWR  0.5פּ֯

km ṳ‍ ȴӐׁשṅṿӣᾼ ᾌ ч ᶾ ȲꞋṿӣ DWR֯ ᾌḇẒ ᾼ ẃ

PIAȲ֪ױẒ ֫ᾌṆ ἤᾼ ṳЛ ч Ὠ Ὑכ ᾼ ȴ DWR

PIAדѩ Ȳ ⇔иӁѩ Ȳֽ 5.12ἬӱȲ М ϠиⱢFITᾎ ZPHIᾎ

ч ὨȲϷиⱢBasic_QCAdv_QCẒ QC ȴѩ Л֝ч Ѡᾎ( 5.12(a)ȳ

(c))ȲFITᾎ֯ ​( ) ᵅᴷ PIAȲᴖ ZPHIᾎᾼ Ὠ ḆҒᵭ֥ȴ֯

֝ ᴏѫ Ӕ∟( 5.12(b)ȳ(d))ȲẒѠᾎᾼDWRꞋḆ Мὑ ᴥ ◕Ȳ

ᵛ ḆҒ ῺȲѹFITᾎ֯ Пᵅᴷ ᶮϷצḂ ȴ 

5.3.3 S-Polч Ὠѩ  

֯TAHOPE Ȳч Ὠ֝ Ϸ S-PolП ч Ὠדѩ

(3.4)ȲӐׁשṅ Ԓѩ ч ᾿₣ῺПד ӂᶁ ȴ 5.135.14иᵑ ӱ

Basic_QCAdv_QCПч Ὠȴ ᵉ МП Пᴯ ҅ῶS-Polч ӂᶁ (X )

ᾌ ᶾ ч ӂᶁ (Y )ȲṳṼ иⱢẒ Ȳ ᴥ ҅ῶTEAM-R

S-Pol Њὑ180ּהȲ ᴥ ҅ῶЄὑ180ּהȲӦὑTEAM-R

ױȲ֪הⱢ12и30ּפּ Ҡ ҵȲⱢϠױȴה375ּ ᵅ֯ ᾼ

ч Л ứἤȲ МҬ ӂᶁ֫ᾌЄὑ 15 dBZП Ὠȴ иӁ Ȳ

ṿӣᴶ QC ⇔ ӼἨ╥ч ѠᾎȲ ᾌ ᶾ ч ПLWC֯ LWC Ꞌצ

ᵅᴷᾼ ȲRES֯Є​ ⁄Ὑ ᴷȴ 

ѩ Л֝ѠᾎПч Ὠ( 5.13(a)(b)ȳ 5.13(c)(d))Ȳ ╥ѿ LWCἨ╥

RESWⱢѩ ᾼ Ȳ֯ứ П и ϱȲFITᾎПῶ ZPHIᾎ Ȳ S-Polᾼ

ч Ὠ ῺȴѿṿӣBasic_QCד ч LWCⱢẂȲד … ֯FITZPHIᾎи

ᵑⱢ0.6550.61ȴѩ Л֝ ₇ Ӕ ⇔Пч Ὠ( 5.13 5.14)ȲҠ

֝ ᴏѫ Ӕ☼ Ȳ ẒᾎПч ὨצὙ ПḂ ȲѿLWCⱢẂȲFIT
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ZPHIᾎ S-Polч ὨПד … сᴟ0.7220.695Ȳӂᶁ 0.197/0.207

иᵑϯ ᴟ0.186/0.192ȴиᵑ5.6%צц7.2%ПḂ ȴ 

ױ П Ὠ ц› П ὨṳЛϚ ȲⱢFITᾎ֯ ϱצḆֻᾼῶ

ȲҠ ᾼ ֪ẃᴞὑ ֯ Ὲ ϱᾼ (Mismatch)ȴ֯ ϱȲ Ӑׁשṅ

Бṿӣ Л ὑ3и П ᴩ и Ȳѩ ᵉ Л֝ ᴥᾼ

ȲϷ ӱ Њᾼ ӱ ᵅᾼ ⇔ȴᵀ֯ TAHOPE ☼

ᶶ П ϯȲױ ╥Ҡ ṿ П ​ Ὑצ ȴӦὑ ZPHI

ᾎПч Ὠ ⇔ FITᾎ ( ὑҠ П a… )Ȳױ Є ᵅ ZPHIᾎ

S-Polч ὨПϚ ἤȴ֯Ὲ ϱȲẒ ד 22еṭȲѿפּ ֮2еṭП Ɫ

ẂȲS-Pol֯ ᴩRHI ȲẔ֯TEAM-Rᴯ П έ Ɫ1.44*107ӴѠеѐȲפּ

ЄὑTEAM-R₣᾿ П έ 6.89*104ӴѠеѐȲS-PolἬч Пᾬ Ȳ

ϱ҅ῶḆ ᾼӂᶁᾭ Ȳ ᾌ ч ὨἬ҅ῶᾼ צ ȴ֪ױȲӐׁשṅḂ

ѿѩ ֯ Ȳ ПLWC-Z / RES-Z Ȳױᾎ―Лắ П ȴ 

5.15Ɫ S-Polч ὨП ⇔иӁ Ȳ(a)Ɫ LWC-Z …Ȳ(b)Ɫ RES-Z

…Ȳױ ὨҠѿ ᾌ ч ᶾ ᾼ Ὠדѩ ȴ 5.16ц 5.17иᵑⱢ

Basic_QCAdv_QCПч ὨȲṳиⱢЛ֝ч Ѡᾎц ᾬ Ȳ Мּמᴥ

Ɫ S-Polч ὨМ иᵉᾼ ȴ֯ Basic_QCМȲFITᾎἬч П LWC-Z

RES-ZиӁ Ɫ М( 5.16(a)ȳ(b))Ȳѹ֯LWCᾼ ( )Ὑ ЊὑS-Polч

Ὠȴ֯ ᴏѫ Ӕц ֝ ☼ ∟ȲẔч ПLWC-Z RES-Z …Ὑ S-

Polч Ὠ Ɫᵭ֥( 5.17(a)ȳ(b))ȴẒ ⇔иӁἬ ᾼ (Overlapping area)ҜѩȲ

֯LWC 37%ϱсᴟ44%ȴZPHIᾎפ31%ϱсᴟ36%Ȳ֯RESּפּ ὑẔ֯ḕ

ꞋҠ П ȲẔ ⇔иӁ Ɫ Ȳ S-Polч ὨדѩȲ Ḇצ ᾼ

ѩ Ȳ֢֯ МꞋ ὑFITᾎȴ ֥֢ ᾼ ὨȲ֯דᴿᾼ֫ᾌ ⇔ϯȲ ᾌ ч ᶾ

ч ᶾ ч ҏ ᵅᾼ LWC ᾼ RES Ȳṳѹ Ɫ ѽ 15 dBZ

ѿϯ ֫ᾌᾼч ὨȲҠ ᾼ ֪ҔᵶẒч ᾎ֯ Ӑ ϱᾼЛ֝ѿц

⇔ᾼ ȴѩ Л֝ QC ⇔ ὨП ȲAdv_QC ч Ѡᾎᾼῶ Ȳ
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яẔ ὑFITч ᾎȴ 

5.3.4 ₣᾿ о иέ 

Ѭ І֯ М ֢ ᾼ ᾬ ȲӦч П ᾬ о Ầᵗᵒ

Ҡ ѻ ᾼ ȲẂֽLWCᾼ ҒҠ ҅ῶ (Condensation) Ȳ юῶӱ

(Evaporation)ȷᴖRESᾼ Ғ҅ῶӦ ֥(Collisional coalescence)ѻ ᾼ Ȳ

юῶӱи (Breakup)ȴӐ иέ ᾌ ᶾ ч ֯₣᾿Ѡ֣ϱᾼ оȲ

έẔҠ ҅ῶᾼ ᾬ ȴṿӣᾼ Ꞌ Adv_QC☼ ȴ 

5.18 ὑTAHOPE Ȳ ᾌ ᶾ ч ᾬ ₣᾿

о П ᵉ ȲṳиⱢ ☼ἤ(Convective)ц‍ ☼ἤ(Non-convective)ȴӦὑ S-Pol

Ҡӣ П ⇔ ạ(ṓ 3.4)Ȳױ Ἤ╓П₣᾿ о ҅ῶ֯Ϛч ₣᾿ МȲ

֮1.2-2.2 km ӂᶁ 3.2-4.2 km ӂᶁ П Ȳṳѹ֢ ⇔ Мᾼצ

ѩẂ Єὑ50%Ȳֽ(5.2)הἬӱȲӔ ҅ῶ֯ М ᾬ ҒȲ ҅ῶ

М ᾬ юȴ ☼ἤ ứ Ɫ₣᾿ ֯ о ѿϯ Ȳ Є֫ᾌ

⇔Єὑ35 dBZȲẔ Ɫ‍ ☼ἤ ȴ 

 Ў,7# ,7#Ȣͯ Ȣ ,7#Ȣͯ Ȣ  ( 5.2a ) 

 Ў2%32%3Ȣͯ Ȣ 2%3Ȣͯ Ȣ  ( 5.2b ) 

иέϮ ȲS-Polᾼ иӁὑ ϡ ֵȲ ᵛ LWCᾼ ю RESᾼ ҒȲ

צ ֵᾼ₣᾿ ȲẔ ᾬ ѿ ѻ ȴ ☼ἤ ПиӁד ‍ ☼ἤ

Ɫи ȴFITᾎ⁄╥ᵧ Ӕ֣ד ᾼLWC RESо иӁȴ ֥иέȲϮ῏ᵧ ᾼ

ὨЛꜙ Ȳ ☼ἤ ‍ ☼ἤ₣᾿ П ᾬ оȲṳḥצ Ὑ ᾼ

ȲᴖẔҠ ֪ҔᵶϯԝẒ ȸ 

1. ֯FITᾎМȲZx-Ak …ᾼaȳbה… ֯֝Ϛ ᾌḇМⱢỆứ -ȲAk((3.2)ה)

LWC …֯ӐׁשṅМӼⱢỆứ чױȲ֪((3.11)ה)… ПLWCⱢZᾼẗ ȴ

ᴖRES╥ LWC Z Ȳ╝RESӼⱢZПẗ((3.5)ה) ȴ֯֝Ϛ ᾌḇ

МȲLWC RESἒױṳ‍ Ӵ оПᾬ Ȳ Z֝Ḕ ȴᴖS-Pol
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DSDч ṿӣ ZHH ZDRẒ Ӵ ᴩч ȲẔ П LWC

RESᴞӦ⇔ ȴ 

2. Ẓ П ἤꞋⱢᶶ П ☼Ȳ П₣᾿ ҔᵶЛ֝ ◕

ѬṆ ПѬ ІȲẔ ᾼ ᾬ ϷЛ֝ȴẂֽ █֫ᾌ₣᾿ Ȳ

Ẕ ἤⱢϱ ֫ᾌЄὑἉ ȲẔҠ ֪ ϠМ Ὲ Ϥ Пכ ᵂӣȲ

ϷҠ ҅ῶϚБ ҏ П ѬṆ ȲẔ ѬЬᴯὑἉ Ȳ Ӕ

֯ ϤП ѬṆ Ȳ Ѭ ϱ Ở ȴ֪ױ ԉᴶ ạὑϚ П

ч ȲҔᵶӐׁשṅМᵂ ПӣᾼS-Pol DSDч ȴ 

ӦὑS-PolTEAM-RП ṳЛϚ ȲⱢϠѩ ֯֝Ϛ вᾼч

Ὠ ȲӐׁשṅ ϚḔ ч ӂᶁ₣᾿ о Ȳ֯ ϱᾼӂᶁ оȴὑTAHOPE

Ȳṿӣ 20и ᾼ Ȳḕ 5и Ϛװ вצ ᾼ₣᾿

ȲẔч ᾬ П₣᾿ о ȴֽ(5.3)הἬӱȴ 

 Ў,7#Î ,7# Ȣͯ Ȣ 
 ͯ ,7# Ȣͯ Ȣ 

 ͯ ȟÔ Î ρ υz ÍÉÎȢ ( 5.3a ) 

 Ў2%3Î 2%3 Ȣͯ Ȣ 
 ͯ 2%3 Ȣͯ Ȣ 

 ͯ ȟÔ Î ρ υz ÍÉÎȢ ( 5.3b ) 

5.19Ɫ ᾌ ч ᶾ (FITȳZPHI) ч (S-Pol)ч Пӂᶁ ᾬ

о ѩ ȴᴖ LWC о Пѩ Ȳ 5.19(a)ȳ(c)Пד … (r) Ὼ Ȳ ӱ

FIT/ZPHIS-Polч Ὠ о П Ѿḥדצ ἤȴѩ RESо Ȳ 5.19(b)ȳ

(d)Пד … ⁄ ῺМ⇔Ӕד Ȳѹѿ FITᾎᾼῶ ⱢṾȴ ֥ѩ ϯȲS-Polч П

о Ꞌ FITZPHIᾎЄȲ ᵉ ὑX ᾼиӁ Y и ȴ 

› П о Ṽ֫ᾌ ⇔ ᴩи Ȳ 5.20 ֢ М о Єὑ П Ҝ

ѩȲ᷉ ⁄ῶӱ֢ ȴ LWC о Єὑ ПҜѩ( 5.20(a))ȲFITц

ZPHIᾎ֯ӂᶁ֫ᾌЊὑ15 dBZᾼ ᵑȲ ӱּפϮכХᾼҜѩȲ҅ῶ ֵᾼч ὨȲ

ẔLWC ֯Ἁ ϱ ᵅȴ ӂᶁ֫ᾌ ҒȲLWC о Єὑ ПҜѩ Ғᴟּפ

ϝכȴϱ П ϷҠὑRESч Ὠ ( 5.20(b))ȲϭѿFITᾎᾼ Ғ ḆⱢὙ

ȴ ϱ Ȳ֫ᾌ ᾼ ϯȲLWCцRESП₣᾿иӁ ἤ ֣ ⇔ ю

ᴖ Ғȴ ᴖȲ S-Polч Ὠѩ ȲҠ ὑLWCᾼч ṳЛϚ Ȳ֯ӂᶁ
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֫ᾌЄὑ35 dBZᾼ ᵑȲLWC о Єὑ ПҜѩ ХȲכϚפּ Њὑ FIT/ZPHIᾎ

ῺϝכᾼҜѩȴӐ◕ Ὠ ӱȲ֯ Ὲ Пӂᶁ∟Ȳ ю ᾼ

Лп Ȳ ᾌ ч ᶾ ч ὨЬצὙ ᾼ ȴ 

5.4 ѩ  

5.21ѩ YESRTAHOPE ֯֫ᾌЄὑ 30 dBZᾼ ϯȲFITᾎ

ZPHIᾎч LWC RESП ᾭ Ȳч ☼ ϯᾼ ᾬ ἤȴ М

Ҡ ȲYESR ч ПLWCꞋ TAHOPEⱢ ȲֵѹRESЊȴ ῶ ҏYESR

ᾼ Ѭ І ἤⱢ Њ ѹ ֵᾼ​ Ȳ ֥ҍủ ☼ᾼ Ѭ І ἤȴᴖ

TAHOPEᾼ Ѭ І ἤⱢ Є ѹ юᾼ​ Ȳ ֥ ​ ☼ᾼ Ѭ

І ἤȴ 
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6 г  ӑẃ  

6.1  

ӐׁשṅⱢү ṿӣṳװ ₣᾿֝Ḕ ᾼ ᾌ  (TEAM-R

MRR-PRO)Ȳ֯YESR 2021 IOP2TAHOPE IOP3Ẓ МȲ ᴩ ᴷ

ᾬ ч ȲҔᵶ Ѭᵶ (Liquid water content, LWC) (Radar estimated 

size, RES)Ẓ Ȳṳ ᴩ ᾬ ᾼиέȴṿӣᾼч ѠᾎҔᵶ ֥

(Specific attenuation, A)֫ᾌ(Reflectivity, Z)П ứ√ …ᾼFITᾎȲѿц ḂᴞZPHI

ӔᾎᾼZPHIᾎȴ ṷ ᾌ ᶾ Ꞌᵓӣ Xᾌ◕ếKᾌ◕ Ἤ ẞᾼ

ế (Path-integrated attenuation, PIA)ẃᴷ ḕϚ П AȲṳ ϚḔѿ І

(Operator) ᾬ ȴắ ὑ ₤ ₇ ȲӐׁשṅ ֝ цᴏѫ

₇ ☼ ȲḂ ч ὨȲṳṿӣ​ цS-Pol ч Ὠȴ֝כ

ȲӐׁשṅϷṿӣ​   T-matrixᾌ￼֣ Ȳ∂Ӵ

Ȳ ₇ ч Ὠᾼ ⇔ȲѿцFITᾎцZPHIᾎᴷ ᾼῶ

ȴ 

ὑ ᾌ  Ṇ ᾼ ч ᾎ ᾌ   ᾼ֫ᾌῺᴿӑ ȲӐׁשṅṿ

ӣ ZPHI Ӕᾎ ӔXᾌ◕ ȴ Ӕ⁄ᵓӣ оᾼЄ ₤

Є ᾌᾼ Ȳ юẔ Ѭ ᴷ ᾼ ȴ ᴏᾌ П֫

ᾌ ⇔Ҕᵶ​ П‍ ᵓ ȲӐׁשṅ֪ױѿ Ṕ⇔∂Ӵᴏѫ ӔѠ ȲṆ ἤ

Ӕ ᾼ֫ᾌȴᴖ TEAM-R MRR-PROẒ Ȳ֯ Ὲ ϱꞋ֯׀

ᴯȲҠӦ Ӕц₣᾿ Ӕẃ ȴ 

Ӧ Ҡ Ȳ ₇ ч Ὠ ꜙ ȴ ᴷFITᾎч П

ȲіϤ ZPHI Ӕ ᴏѫ ӔȲ ṿMAPE 32.3%ϯ ᴟ25.9%ȴ

֥ẃ Ȳ ᾼ ȲFITᾎᾼч ֢֯ Ꞌҏ ᵅᴷᾼᾭᾓȴѩ Л֝ч

ѠᾎПῶ Ȳ ╥ LWCἨ╥ RESȲZPHIᾎꞋ Ɫ ֥ ᾼиӁ ȴѿ
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LWC ⱢẂȲZPHIᾎПч Ὠ צ ᾼד … (0.84)ц ᵅᾼRMSE(0.11 

g m-3)Ȳᴖᴏѫ Ӕ☼ ю и֪￼֣ ⇔ ᴖ ᾼ֫ᾌ ⇔ Ȳ

ZPHIᾎ Ȳ Ṿᾼч Ὠȴ 

Ӧ YESR 2021 IOP2 П Ҡ Ȳ ᾌ ᶾ ч П LWC ​

Ὠצ ᴷᾼ Ȳ Ϡ​ ἕ ὑ LWCц֫ᾌ П Ȳ

Ѭ ἤ   П ȲӼⱢ כ ᾼ֪ ȴ֯TAHOPE IOP3

МȲӦὑ έ П ц ☼Ṇ ᶶ Ӣ ᾼ Ȳ ᾌ ᶾ ч

Ὠ S-Pol ч Ὠ֯ Ὲ ϱὔ Ӣ Ȳ כ ȴ֯Ḃѿ

ПLWC-Z / RES-Z ⇔иӁẃиέ ∟Ȳ ᴿᾼ֫ᾌד֯ ⇔ϯȲ ᾌ ч ᶾ

ч ᶾ ч ҏ ᵅᾼLWC ᾼRES Ȳṳ ѽ15 dBZѿϯ ֫

ᾌᾼч ὨȴҠ ᾼ ֪ҔᵶẒч ᾎ֯ Ӑ ϱᾼЛ֝ѿц ⇔ᾼ

ȴ ֥Ẓ ᾼ ὨȲZPHIᾎ ὑҠ֯ḕ ᵂ ᾼ a… ȲZPHI

ᾎч ПLWC-Z RES-Z … Ɫ Ȳ֯ ϱ JWDцS-Pol ч Ὠ

ḆҒᵭ֥ȴ֯ṿӣϚṆԝ QC☼ ∟Ȳ צ ю ZPHIᾎч ὨП иӁȲ

ṳ֯FITᾎᾼч Ὠצ ⱢὙ ᾼḂ ȴ 

иέч П ᾬ ֯₣᾿Ѡ֣ᾼ оȲFITᾎ֯RESᾼ₣᾿ о Ȳד ὑ

ZPHIᾎȲ S-Polч Ὠצ ᾼד … ȴᴖ֯ ӂᶁȲṳṼ֫ᾌ ⇔и

∟ȲӐׁשṅ ֯֫ᾌ ◕(>35 dBZ)ȲFITZPHIᾎꞋч ҏLWC RES

⇔ юᴖ Ғᾼ Ȳױ Ҝ  ȴכгᴟϥפּ

ѩ YESRTAHOPE ч ὨП Ȳ֯֫ᾌЄὑ30 dBZᾼ

ϯȲẒ ᾌ ч ᶾ ὑ YESR ч П LWC TAHOPEצ ᾼ Ȳѹ

RESᵅȴ ӱYESRᾼ Ѭ І ἤⱢ Њ ѹ ֵᾼ​ Ȳ ֥ҍủ ☼

ἤȴᴖ TAHOPEᾼ Ѭ І ἤⱢ Є ѹ юᾼ​ Ȳ ֥ ​

☼ ἤȴ 
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6.2 ӑẃ  

֯ МȲṿӣП ᾌ ṳ ֝Ḕ ᾿₣צ ₤ Ȳѹ

έ⇔ЛṜȲ ạ ѬṆ Ḇ ᾼ έȲӑẃ ṿӣ ҵ П ᾌ 

ᴩч ȲẂּֽר (U.S Department of Energy, DOE)Є

(Atmospheric Radiation Measurement, ARM) ᾼWᾌ◕ (W-band Scanning ARM 

Cloud Radar, WSACR) Kaᾌ◕ (Ka-band Scanning ARM Cloud Radar, KASACR)ȴ

ֽ4.3.4Ἤ ȲӐׁשṅṿӣᾼ ᾌ ч ᶾ Ȳ֯Ӑ ϱꞋ╥ ᾌḇП (PIA)

Ṽ֫ᾌ ⇔и ᴟḕϚ Ȳ֪֝֯ױϚ ᾌḇ(₣᾿ ϱ)ч ПLWC RES

Ꞌ ⇔ ֫ᾌ ד⇔ Ȳṳ‍ᶙԓ Ӵч П ȴ Ḃѿ ᴩч Ȳ֯

₣᾿Ѡ֣ϱḕ ПZ-A ẃᴞЛ֝ᾌḇᾼч╥ה… ὨȲ Ḇצᵓὑ ᾬ

ᾼ₣᾿ оȴױҵȲ֯ ╚ ϱȲ Ԓ ⱢᶁлиӁѹṆ ᾼ

ѬṆ Ȳ ю֯₣᾿Ѡ֣ϱиӁПDSDṳ‍ẃᴞ֝Ϛ ѬṆ ᾼ ȴ 

ӐׁשṅМȲч Ἤṿӣᾼ …… (Z-A A-LWC)ȲꞋṿӣᴯὑМҶЄ

ỉ​ П  ᴩ ᾌ￼֣ Ȳӑẃ ṿӣ

П​ ȲѿḆ Ὼ ᾼDSDиӁ ἤȴ 

Ҕᵶ ᴏᾌ ᾼ ᾌ  Ṇ Ȳ֯ ᵓ ᾼ ϯȲ ᵓӣ ᴷ

​Ṇ МᾼLWCȲד ὑ ṿӣ֫ᾌ ⇔ᴷ Ȳ ᵍ֪Њ​ ѻ ֫ᾌ ⇔Ȳ

ᵅᴷ ⇔ᾼᾭᾓȴ Ṇױ еи ᴩṳ Ȳ∟῏ ᵓӣ о

ᴩ​ ᾼứ Ѭᴷ (Quantitative precipitation estimation, QPE)Ȳᴖ›῏⁄ ᴷ

LWCȲ֪֯ױЊ​ᾼ ϯ( ᵍыֵ‍ ᵓ )ȲẒ῏Пᴷ ҏ

֯Ϯ Ὲ М ᾼLWCȲ ὑ Ӣ Ѭ Мᾼ ᾬ έצ Єᾼ ȴt 

֯ ₣᾿ Њᾼ ϯȲ ᾌ  Ṇ Ϸ ṿӣ₣᾿ иᵑה έ

ȳЊ​ (Drizzle) ​ П LWCȴ LWCṿӣ ᾌ ᶾ ᴩч ȲЊ​

​ Ѭ І⁄Ҡṿӣ​ ᾿ П …Ȳᵓӣ ֣ ч DSDȲDSD

ᵛҠ Ѭ ІПLWCȲ ϚḔ ᾼLWCȴӑẃ ϚḔṿӣTEAM-R₣᾿
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ᾌ  Ṇ Ṝצ П ⇔Ȳ Ϸ Ὼ֮ ᴩ

ᾬ ᾼч Ȳ ᾼ έȴ Ὲ έ⇔ᾼ ἤȲϷ

ᾼиӁ ᴩ ᾼ Ȳ ẁḆֵ ᵗ ӻ ׄԓᾼ ᴷȴ 
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RESП  

Ѭᵶ ứ ⱢЄ ḕ ᴯ Мᵶצᾼ Ѭ Ȳ֯ ӐׁשṅМ ᴯⱢg m-3Ȳ

ҠӦה(A1.1)ῶӱȸ 

 ὒὡὅ ᷿ “ ”ὔὈὨὈ ( A1.1 ) 

ẔМDⱢ​ ᾿ Ȳ ᴯⱢmmȷ”Ɫ Ѭ ⇔Ȳ ᴯⱢg mm-3Ȳ֯ӐׁשṅМⱢứ

10-3ȷN(D)Ɫ​ иӁȲ ᴯⱢ# m-3ȴ 

֯ ᵓ ϯȲ֫ᾌ ⇔⁄ҠӦה(A1.2)ῶӱȲ ᴯⱢmm6 m-3ȸ 

 ὤ ᷿ ὈὔὈὨὈ ( A1.2 ) 

DSDП ⁄Ӧה(A1.3)ứ Ȳ ᴯⱢmmx m-3ȸ 

 ὓ ᷿ Ὀ ὔὈὨὈ ( A1.3 ) 

ZⱢDSDᾼױ֪ г (6th moment)ȲᴖLWCҠӦ Ϯ ῶӱȸ 

 ὒὡὅ ”ὓ  ( A1.4 ) 

RES̔ ῶ ӂᶁᾼ​ ЄЊȲ ᴯⱢ mmȲҠӦ DSDП г Ϯ Ȳ

ṳҠ ϚḔѿZ LWCῶӱȴ 

ὙὉὛ
Ⱦ

Ⱦ

ρπ
Ⱦ Ⱦ

ḙπȢπψπφ
Ⱦ

 ( A1.5 ) 
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RES D0ȳDm …  

DSDⱢgammaɲהȲ⁄ה(A1.3)Ҡῶ Ɫȸ 

 ὓ ᷿ Ὀ ὔὩ ὨὈ ὔ  ( A2.1 ) 

ẔМ N0Ɫ (Intercept parameter)ȷɤⱢ (Slope parameter)ȷ‘Ɫᶮᾭ

(Shape parameter)ȲɜⱢGammaѠ ȴ֪ױRESҠῶ Ɫȸ 

 ὙὉὛ
Ⱦ

Ⱦ

ɤ
Ⱦ

ɤ Ὢᴂ‘ ( A2.2 ) 

ϭD0 Dm ɤиᵑצѿϯ …ȸ 

 ɤὈ σȢφχ‘ ( A2.3 ) 

 ɤὈ τ ‘ ( A2.4 ) 

ױ֪ RES D0 DmП ᶙԓậḟὑ‘П Ȳṳѹ֯ ṓ‘ ϯȲRES

Єὑ D0 Dmȴ A1.1 ‘ ֯-1ᴟ 5ᾼ вȲD0ȳDm RESПѩ ȲҠṓ

D0ȳDmϚ ⱢRESП0.9ᴟ0.7ȲϮ῏ПЄЊ ᶧⱢRES>Dm> D0ȴ 

 ὙὉὛ
Ȣ

 ( A2.5 ) 
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 ῶ 

ῶ1.1 ṓᾬ ​ ᾿ П … 

Moment (Dm) Physical meaning 

1 Drop Size 

3 LWC 

3.67 Rainfall rate (RR) 

~4 Specific attenuation (A) 

6 Reflectivity (Z) 

 

ῶ2.1 T-matrixᾌ￼֣ ứ 

 

ῶ4.1 и - Ṽ Ở ᶧ ԝ 

ᾌ  X(3.109еи)ȳK(1.238еи) 

⇔ ѫ10⇔ 

​ ᾿  0.01ᴟ0.8еиȲḕ0.01еиⱢ  

Ѭ І  Ѭ(​ ) 

​ ѩ … Brandes et al. (2002) 

ᾌ ԊṔ 90⇔ 

Іӂᶁ Ṕ⇔ 0⇔ 

І Ṕ⇔П  1⇔ 

и ֤  K_true X_true Obs X_ZPHI Corr 

ṿӣП֫

ᾌ  

ӑ Kᾌ

◕ 

ӑ Xᾌ

◕ 
Xᾌ◕ 

ZPHI

ӔXᾌ◕ 

ZPHI

ӔXᾌ◕ 

Kᾌ◕ Kᾌ◕ Kᾌ◕ Kᾌ◕ 
ᴏѫ

ӔKᾌ◕ 
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ϡ  

 

  

(a) (b) 

11ѣ(a) 26ѡ (b) 28ѡ Пѡד2021 2.2 ​ ȴ 

11ѣ26ѡ8ד2021 2.1 П֮ щ ȴ 
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6ѣ7ѡ8ד2022 2.3 П֮ щ ȴ 

(a) (b) (c) 

6ѣ(a) 7ѡ (b) 8ѡ (c) 11ѡ Пѡד2022 2.4 ​ ȴ 
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2.5 TAHOPEȲTEAM-R MRR-PROṳ ὑ Әׄ ᴩ ȴ 

2.6 TAHOPEȲS-Pol ὑ ᴎ ⁮ ᴩ ȴ 

2.7 TAHOPEȲS-PolTEAM-R/MRR-PROד ᴯ ȴ 
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3.1 П ᾌ ֫ᾌц ᾌ ѩ оȴ 

3.2 ӂᶁZ-A …Ȳ ҅ῶᾌḇӂᶁ ȴ 

3.3 ѿᴞᵗἼ ᾎֵװ ֥Xᾌ◕Z-A ứ√ …Пaȳb… ⇔иӁȴ 
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(a) (b) 

3.4 ZPHI ӔП Ӕ (RMSE) П оȲXᾌ◕ (a)ṿӣ ֥ Ὠ

М ⇔ П…  (b)Park et al. (2005)П… ȴ 

3.5 ѿᴞᵗἼ ᾎֵװ ֥Kᾌ◕Z-A ứ√ …Пaȳb… ⇔иӁȴ 

(a) (b) 
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3.8 ѿᴞᵗἼ ᾎֵװ ֥LWC Kᾌ◕A ứ√ …Пaȳb… ⇔иӁȴ 

3.6 ZPHI ӔП Ӕ (RMSE) П оȲKᾌ◕ (a)ṿӣ ֥ Ὠ

Пӂᶁ…  (b)ṿӣ ֥ ὨМ ⇔ П…  (c) П… ȴ 

(c) 

3.7 ѿᴞᵗἼ ᾎֵװ ֥Xᾌ◕Z Kᾌ◕A ứ√ …Пaȳb

… ⇔иӁȴ 
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3.9 Kᾌ◕A-LWC ⇔иӁ Ȳּמᴥ ◕Ɫṿӣᴞᵗᾎֵװ ֥Пӂᶁ… Ȳ ᴥ

◕⁄Ɫ װ ֥ԓ ᾼ Ὠȴ 

3.10 (a) YESR 2021 IOP2 (b)TAHOPE IOP3 ὑ ᴯ ПЄ ₣᾿и

ӁȲ Ɫ ếѹ ѿ ȴ 

(a) (b) 
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11ѣ26ѡ03ὑừד2021 3.11 П Ὲ Ȳ ѱ

ậᴞМ ѝоЄ Є דּ Ṇщ ȴ 

6ѣ27ѡ06ὑד2022 3.12 ᴎ П Ὲ Ȳ ѱ

ậᴞМ ѝоЄ Є דּ Ṇщ ȴ 
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3.13 X Kᾌ◕֫ᾌ Ϛ​ І᾿ …ȴ 

3.14 ṿӣ DSD ПDWR D0 ⇔иӁȴ 

3.15 ПDSD иᵉȲ GammaѠ ֥Ȳ ᴥ

◕Ɫ ​ ᾿ ѠҒװ3 Ȳ LWCכӔѩȴ 
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  (a) (b) 

3.16 ᴏѫ Ӕ (a)› (b)∟ ПXᾌ◕֫ᾌ DWR ⇔иӁȴ 

(a) (b) 

3.17 ᴏѫ Ӕ (a)› (b)∟ȲDWR ⇔П ⇔иӁȴ 
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  (a) (b) 

(c) (d) 

3.18 МȲҳ ᾌḇПXᾌ◕֫ᾌ( )ȳKᾌ◕֫ᾌ( )ȳᴏѫ

ӔПKᾌ◕֫ᾌ( )ȳDWR ( )ȳӦ Ở֫ᾌ ПDWR( )ȳ

ᴏѫ ӔПDWR( )ȴẔМDWR Ɫ ᴞ ПKᾌ◕ ȴ 

(a) 
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(b) 

3.19 (a)TEAM-R (b)MRR-PRO ὑ20226 דѣ8ѡȲ ֣ ὑ4ᴟ6еṭП ᶧ

ԝ Ȳ֯ Ѭ МȲ₣᾿ П ֣ ҠῺᴿⱢ ȴּמᴥ Ɫḕ ₣᾿

МȲ Єᴯ ȴ ᴥ ◕Ɫ ᴎ ῈἬ ѫ0⇔ ⇔Ȳ Ὲ╟Ὅ Ɫ6

Њ ȴMRR-PRO֪ ứ ἤȲצὙ (Folding)Ӣȴ 

(a) (b) 

3.20 (a)в › (b)в ∟ TEAM-R MRR-PRO П о ⇔иӁ᾿Ѡ ȴ 
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(a) (b) 

3.21 (a)в › (b)в ∟ DWR ⇔ оП ⇔иӁ ȴ 

(a) 

(b) 

6ѣ8ѡS-Polɔӣד2022 3.22 ч П(a)LWC (b)RES ₣᾿иӁ

ᶧԝ Ȳṿӣ 21.9 kmПRHI ȲѠᴯṔⱢ30⇔ȴ 
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(a) 

(b) 

(c) 

4.1 П(a)Xᾌ◕֫ᾌ(b)Kᾌ◕֫ᾌ(c)DWR ₣᾿ Ȳ

ṼJWDן П Ở ᶧ ԝȴ 
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(a) (b) 

(c) (d) 

(e) 

4.2 (a)K_true (b)X_true (c)Obs (d)X_ZPHI (e)Corr Х ֫ᾌ ֥Ȳ FITᾎ

ч ∟Ȳ ѩПד ⇔иӁ ȴ 
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(a) 

(b) 

(c) 

4.4 П(a)Xᾌ◕֫ᾌ(b)Kᾌ◕֫ᾌ(c)ᾌ ѩ ₣᾿ Ȳ Ṽ

TAHOPE IOP3ПXᾌ◕֫ᾌ ԝȴ 

4.3 МȲ Ṽ ֫ᾌ ԝП ☼ Ȳ

DSD ᾌ ѿ ᾼ֫ᾌ ᵂ ԝȲṳиⱢX_ZPHI

CorrẒ Ȳ∟῏ ϚḔṿӣᴏѫ Ӕȴ 
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(a) 

(b) 

(c) 

4.5 (a)  (b)FITᾎ (c)ZPHIᾎч ПLWC ȲṿӣП֫ᾌ ֥ⱢX_ZPHIȴ 

(a) (b) 

(c) (d) 

4.6 ч LWC ѩПד ⇔иӁ ȴ (a)X_ZPHI֫ᾌ ṿӣFIT

ч ᾎ (b)Corr֫ᾌ ṿӣFITч ᾎ (c) X_ZPHI֫ᾌ ṿӣZPHIч ᾎ 

(d) Corr֫ᾌ ṿӣFITч ᾎȴ 
































