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𝑍𝐻
(dBZ)

Horizontal reflectivity

Rain: 25~60 dBZ Snow: -10~35 dBZ Wet snow: 20~45 dBZ

Hail: 50~65 dBZ Wet hail: 45~80 dBZ

𝑍𝐷𝑅
(dB)

Differential reflectivity

Rain: 0.5~4 dB        Snow: -0.5~1 dB        Wet snow: 0.5~3 dB

Hail: -1~0.5 dB        Wet hail: -1~6 dB

𝐿𝐷𝑅
(dB)

Linear depolarization ratio

Mixed phase, random orientation, irregular shape → high LDR

Zrnic and Rythkov (1999)

Polarimetric variables

𝑍𝐻 = 10 log𝑍ℎℎ

𝑍𝐷𝑅 = 10 log
𝑍ℎℎ
𝑍𝑣𝑣

𝐿𝐷𝑅 = 10 log
𝑍ℎ𝑣
𝑍ℎℎ
𝑜𝑟 10 log

𝑍𝑣ℎ
𝑍𝑣𝑣
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𝜌𝐻𝑉

Co-polar correlation coefficient

Rain: > 0.95        Snow: > 0.95        Wet snow: 0.5~0.9

Hail: 0.9~0.95        Wet hail: > 0.9        Ground clutter: < 0.5

𝜙𝐷𝑃
(°)

Differential phase

Increase as the radar beam penetrates oblate hydrometeors

𝐾𝐷𝑃
(°/km)

Specific differential phase

Rain: 0~20 °/km Snow: -1~1 °/km Wet snow: 0~1 °/km
Hail: -1~2 °/km Wet hail: 0~20 °/km

Zrnic and Rythkov (1999)

Polarimetric variables

𝜌𝐻𝑉 =
𝑓𝑎
∗𝑓𝑏

𝑓𝑎
2 𝑓𝑏

2

𝜙𝐷𝑃 = 𝜙ℎℎ − 𝜙𝑣𝑣

𝐾𝐷𝑃 =
1

2

𝑑𝜙𝐷𝑃
𝑑𝑟



Capabilities of polarimetric radar data

 Quantitative precipitation estimation  Hydrometeor classification

 Verification of numerical simulation  Data assimilation

𝑹 𝑲𝑫𝑷

𝑹 𝒁𝑯, 𝒁𝑫𝑹

Fuzzy

logic

Observation

operator
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𝑁 𝐷 = 𝑁0𝐷
𝜇𝑒−Λ𝐷

𝑁0、𝜇 𝜇
Λ 𝑁0、Λ 𝑁0、𝜇、Λ
𝑞 𝑞、𝑁𝑡 𝑞、𝑁𝑡、𝑍𝐻

Bulk microphysical schemes

 Gamma drop size distribution:

Single-moment              Double-moment             Triple-moment

Fixed parameters:

Variable parameters:

Prognostic variables:



Scheme
Prognostic

𝑞
Prognostic

𝑁𝑡

Constant 𝑁0
(m−4)

𝜇
Constant 𝜌
(kg m−3)

Lin

𝑞𝑐 𝑞𝑟 𝑞𝑖
𝑞𝑠 𝑞𝑔(ℎ)

𝑁0𝑟: 8e6 𝑁0𝑠: 3e6
𝑁0𝑔: 4e6

𝜇𝑟𝑠𝑔ℎ: 0

𝜌𝑟: 1000 𝜌𝑠: 100
𝜌𝑔: 400

WSM6
𝑁0𝑟: 8e6 𝑁0𝑠: 2e6
𝑁0𝑔: 4e6 (𝑁0ℎ: 4e4)

𝜌𝑟: 1000 𝜌𝑠: 100
𝜌𝑔: 500 𝜌ℎ: 700

Goddard
𝑁0𝑟: 8e6 𝑁0𝑠: 1.6e7
𝑁0𝑔: 4e6 (𝑁0ℎ: 2e5)

𝜌𝑟: 1000 𝜌𝑠: 100
𝜌𝑔: 400 𝜌ℎ: 917

WDM6 𝑁𝑛 𝑁𝑐 𝑁𝑟
𝑁0𝑠: 2e6 𝑁0𝑔: 4e6

(𝑁0ℎ: 4e4)

𝜇𝑟: 1
𝜇𝑠𝑔ℎ: 0

𝜌𝑟: 1000 𝜌𝑠: 100
𝜌𝑔: 500 𝜌ℎ: 700

Morrison
𝑁𝑟 𝑁𝑖 𝑁𝑠
𝑁𝑔(ℎ)

𝜇𝑟𝑠𝑔ℎ: 0

𝜌𝑟: 997 𝜌𝑠: 100
𝜌𝑔: 400 𝜌ℎ: 900

Milbrandt

-Yau

𝑞𝑐 𝑞𝑟 𝑞𝑖
𝑞𝑠 𝑞𝑔 𝑞ℎ

𝑁𝑐 𝑁𝑟 𝑁𝑖
𝑁𝑠 𝑁𝑔 𝑁ℎ

𝜌𝑟: 1000 𝜌𝑠: 100
𝜌𝑔: 400 𝜌ℎ: 900

Examples of bulk microphysical schemes



Prognostic 𝑞 𝐹𝑚𝑎𝑥,𝑠 𝐹𝑚𝑎𝑥,𝑔 𝐹𝑚𝑎𝑥,ℎ

𝑞𝑟 𝑞𝑠 𝑞𝑔 0.5 0.4

𝑞𝑟 𝑞𝑠 𝑞ℎ 0.5 0.3

𝑞𝑟 𝑞𝑠 𝑞𝑔 𝑞ℎ 0.35 0.25 0.2

Melting ice model

 Rain-snow (rain-graupel, rain-hail) mixture exists when rain and snow (graupel, hail) coexist.

 The fraction of rain or snow in the mixture form: 𝐹 = 𝐹𝑚𝑎𝑥 min  𝑞𝑠 𝑞𝑟 ,  𝑞𝑟 𝑞𝑠
0.3

 The mixing ratio of the rain-snow mixture: 𝑞𝑟𝑠 = 𝐹 𝑞𝑟 + 𝑞𝑠

 The water fraction within the rain-snow mixture: 𝑓𝑤 =  𝑞𝑟 𝑞𝑟 + 𝑞𝑠

 The density of the rain-snow mixture: 𝜌𝑟𝑠 = 𝜌𝑟𝑓𝑤
2 + 𝜌𝑠 1 − 𝑓𝑤

2

Mixed-phase hydrometeor species 𝑞𝑟𝑠, 𝑞𝑟𝑔 and/or 𝑞𝑟ℎ are created.



 Dry/wet snow/graupel/hail:

1. Rayleigh scattering 

approximation

2. Drop axis ratio = 0.75

 Rain:

1. T-matrix method

2. Function of:

 Wavelength

 Temperature

 Drop size

 Drop axis ratio

)(mmaDf aa

 )(mmbDf bb



3 ba 

|fa| & |fb| of wet snow

Backscattering amplitudes for H & V polarizations

Horizontal:                                             Vertical:

|fa| & |fb| of wet hail

|fa| of rain |fb| of rain



Rain

Snow

Wet snow

Graupel

Wet 

graupel

Hail

Wet hail
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Backscattering amplitudes for H & V polarizations

)(mmaDf aa

 )(mmbDf bb

Horizontal:                                             Vertical:



Mean of canting angles SD of canting angles

Rain

Snow

Wet snow

Graupel / 

hail

Wet 

graupel / 

wet hail

 0  0

 0  20

 0  60

 
 1-

,
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,,

kg g 0.2when  0.8  

 kg g 0.2when  4


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rhrg
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q

qqc 0

 wcf 160

 0  20
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Consider the cants of hydrometeors



 Gamma function:

 Total number concentration:

 Mixing ratio:

Single-moment scheme:

Double-moment scheme:
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Diagnose gamma distribution parameters



Calculate ZH, ZDR and KDP
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Simulation: 8/7 1200 – 8/8 0200 UTC

Typhoon Soudelor (2015)

RCWF polarimetric radarRainfall: 8/7 1600 – 8/8 0400 UTC

CWB best track

Composite reflectivity: 8/7 2000 UTC



Simulation domains

RCWF polarimetric radar

280 × 280

331 × 331

Model: WRF V3.9

 2-way interaction

 45 vertical levels

 Cumulus: Kain-Fritsch (D01)  

 LSM: Noah

 PBL: YSU

DA scheme: LETKF

 40 members

 Observation error:

Vr: 1 m/s               ZH: 2 dBZ

ZDR: 0.2 dB          KDP: 0.5°/km
 Localization radius:

12 km (horiz.)      4 km (vert.)

 Multiplicative inflation factor:

1.08 (fixed)



Simulation period

0200 UTC 8 Aug



NoDA with various microphysics: ZH

Obs. Thompson M-Y

Morrison WDM6 NSSL

WDM6 gives the least over-forecasting of 𝑍𝐻 with a clear structure of spiral rainbands.



Obs. Thompson M-Y

Morrison WDM6 NSSL

NoDA with various microphysics: ZDR

Similar result with respect to 𝑍𝐷𝑅.



Obs. Thompson M-Y

Morrison WDM6 NSSL

NoDA with various microphysics: KDP

Similar result with respect to 𝐾𝐷𝑃. WDM6 is selected for DA experiments.



DA experiments

Assimilated radar variables

NoDA ——

V 𝑉𝑟

VZ 𝑉𝑟 𝑍𝐻

VD 𝑉𝑟 𝑍𝐷𝑅

VK 𝑉𝑟 𝐾𝐷𝑃

VZD 𝑉𝑟 𝑍𝐻 𝑍𝐷𝑅

VZK 𝑉𝑟 𝑍𝐻 𝐾𝐷𝑃

VZKD 𝑉𝑟 𝑍𝐻 𝑍𝐷𝑅 𝐾𝐷𝑃



Quantitative precipitation forecasting (QPF)

 Generally speaking, radar DA greatly improves QPF in the first 3 hours, but deteriorates 

that in the following 3 hours.

 Additional assimilation of 𝑍𝐻 is beneficial for any combination of the rest variables.

 𝐾𝐷𝑃 plays a more important role than 𝑍𝐷𝑅.
 Assimilating all variables (VZKD) is a good choice.



Quantitative precipitation forecasting (QPF)

8/7 2000 –

8/7 2300 UTC

8/7 2300 –

8/8 0200 UTC

Obs.                       NoDA VZ                        VZKD

 In the first 3 hours:

Radar DA leads to more accurate intensity and distribution of QPF in northern Taiwan.

 In the following 3 hours:

The deterioration results from the over-forecasting in southern Taiwan using the 

analysis ensemble mean beyond RCWF’s coverage.



Summary

 An observation operator for 𝑍𝐻, 𝑍𝐷𝑅 and 𝐾𝐷𝑃 is incorporated into a WRF-LETKF 

system and tested with a typhoon case.

 WDM6 is found to give the least over-forecasting with a clear structure of spiral 

rainbands in this typhoon case.

 Preliminary results:

1. With the limited coverage of RCWF, radar DA greatly improves QPF in northern 

Taiwan for 3 hours.

2. However, the analysis ensemble mean beyond RCWF’s coverage results in worse 

QPF than NoDA in southern Taiwan.

3. It is a good choice to assimilate all variables, among which 𝑍𝐻 and 𝐾𝐷𝑃 are more 

important than 𝑍𝐷𝑅.

 Sensitivity tests in future prospects:

1. Assimilation of other observations, including radars in southern Taiwan

2. Assimilation strategies

3. Source of the background ensemble

Thank you very much!


