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FORMULATION OF THE VERTICAL PROFILE OF DSD

By Katsuhiro NAKAGAWA, Eiichi NAKAKITA, Torw SATO and Shuichi IKEBUCHI

Synopsis

Radar rain gage can observe rainfall instantancously and widely. But the rainfall
intensity on the ground is not equal to the rainfall intensity estimated from radar rain
gage. To improve accuracy in the radar-estimated rainfall, we observe and analyze the
vertical profile of the rain drop size distribution (DSD), and utilize the results into the
new formulation of the vertical profile of DSD.

The vertical profile of DSD is observed by a vertical pointing VHF Doppler radar
in Japan named MU (Middle and Upper) radar. The MU radar can detect vertical pro-
file of Doppler spectrum that are composed of both the rain drop itself and air move-
ments. The DSD on the ground is observed by Disdrometer.

Firstly, a new formulation of DSD which holds among rainfall type, rainfall intensi-
ty and DSD observed Disdrometer is developed. Secondly, the analysis of vertical pro-
file of DSD in rainfall type are carried out to investigate the possibility of finding rela-
tions in DSD.
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2. BamE

2.1 BAERB :

BEEREEETORBAYBERERNEL Y ¥ —D MU L— -8l icBW T EIZBITAN
BRAED OB, B LUREHAOREOHTEED Ky 79 —ZARY Mh LIHEREI T HETE
B AEBEEREME L ¥ —®O MU L —%— (Middle and Upper Rader) 2L A8 % ER L 72,
BRHER L LCRUTDEBDTH D,

* Disdrometer |2 & AR RS OA (1 S OfEER)

o KR AR X AR OB (30 M OFEH M)

o eFRFERNC L 2R OB (1 M OMREEM)

B AXFREFNC & ABEMMEOB (60 9HO7T— 5 2 Hv5)

o MU L — %=L A KRDMERE L WHHOETHED K v 77— A7 MASMOBM (3 7Rk

W EOTERESTOBER 7 4 7OERILC R L CEICEITIBW D87 — # 1%, Disdrometer &6
SATEECTH B, Ehl~ AANBECBIM L7 — 7 e\ NEFOREF ~ v 7 £ LTHW A,

Table 1 Rainfall cases and rainfall types for ground surface observation.

Start time End time | Hours Rainfall type

1 11994/07/07/17:.00 | 07/08/01:59 9 Baiu front

2 | 1994/07/08/21:00 | 07/09/01:59 5 Baiu front

3 1994/07/23/00:00 | 07/23/03:59 4 Typhoon

4 | 1994/07/24/01:00 | 07/24/05:59 5 Typhoon

5 | 1994/07/30/04:00 | 07/30/10:59 7 Low pressure

6 |1994/08/21/17:00 | 08/21/23:59 7 Atomospheric instability
7 1994/09/16/00:00 | 09/16/13:59 13 Autumn rain front
8 | 1994/09/16/20:00 | 09/17/01:59 6 Autumn rain front
9 | 1994/09/17/09:00 | 09/17/16:59 8 Cold low

10 | 1994/09/29/01:00 | 09/30/07:59 31 Typhoon
11 | 1994/12/09/03:00 | 12/09/13:59 11 | Cold front

12 | 1994/12/11/07:00 | 12/12/02:59 17 Cold front

13 | 1994/12/26/17:00 | 12/26/22:59 6 Cold low

Table 2 Rainfall cases observed by MU radar.

Start time End time Hours | Rainfall type

1 |1994/07/07/17:00 | 07/08/01:59 9 Baiu front
10 | 1994/09/29/01:00 | 09/30/07:59 31 Typhoon

2.2 MATISINE |

BRI 1994 4 6 ATAIL VEMLTHD, TEXTRACBIN S 17— 5 2RV CRIFHABINES 1T
VAR A RE L, MRS EEOREBIN S T 5 b ORERL, BTSN E IuE L,
Table. 1 1245 b12 5513 5 AR ORI 7RIS £ W/ 5 £ 7%, Table. 2 12MU
L= ¥ 12 & BAE AR OB 7 MO X OV 5 4 7 47, MR8 4 7D
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FUWTICBI LTI, STHIRA TR O noit EO RS BT o 72,

2.3 Disdrometer (Z 2T

i b COFEORIRS AR 2 BT A7 DI\ -HiEEHE, Disdrometer RD69 THh b, ZDMWiEEIE~
£ 207+ YEICIRE O — » CRERAEZE S 4 BB R OV ABEICEELL, FOME L TBW - HiEhE
AT BAMA E 2o TWvib, 0.3mm~5.0mm T TO 19 DR L 5.0 mm DL EDORROGT 20 DERE
TEHI S N WiEOEEIE SN L, SRR CER S NATHHEOEZRIE Table. 3 IZRTEBY THbH,
B X N TE OB & WBkARS N (D) [(m™°mm™"] 12253 5 121X

ND) = 5 - anI(/z,-)(D,-) SAD, e————— s (1)

THAVB, 22T,

N(D) :BMEZEEP IS T AEED OMEOEE (m>mm™)
D HEOBEZED (mm) (FRROEZEOHIE)

AD; Bk ONZEORRIE

n(i) I Tops (sec) BFMIPIZERN S M7z i DFIHOMEL

S . disdrometer DEHFEROEKEME (5000 mm?)

Tows - BBIEFRT (60 sec)

Vi(Dy) (TREOETHE (K(Q2)

‘(‘\%50
Table 3 Drop size channels of the Disdrometer.

Channel | Diameter of rain drop | Channel | Diameter of rain drop
1 0.313mm~0.405mm 11 1.748mm ~2.077mm
2 0.405mm~0.505mm 12 2.077mm~2.441mm
3 0.505mm~0.596mm 13 2.441mm~2.727mm
4 0.596mm~0.715mm 14 2.727mm~3.011mm
5 0.715mm ~0.827mm 15 3.011lmm~3.385mm
6 0.827mm~0.999mm 16 3.385mm~3.704mm
7 0.999mm~1.232mm 17 3.70dmm~4.127mm
8 1.232mm~1.429mm 18 4.127mm~4.573mm
9 1.429mm~1.582mm 19 4.573mm~5.145mm
10 1.582mm~1.748mm 20 > 5.145mm

M DO%E TEE Vi (D) 120 W T4 R ARE SN TV 5T [12]MU L — ¥ — TEIB S 172
DETHED K 9 7T =27 WL LHMRESN FHEET HBICH VS Sato et al. [9] 2P LT
NI X228 Gunn and Kinzer [13] 12 & 28R #HAWVWTCWLOT, 2 TiEHRKIZ Gunn and
Kinzer OFRER, ;

V,-(D) = — [9.65 — 10.3exp (_. GD)] ............................................................. (2)

RS,

2.4 MUL—45—(20T
MU b— ¥ — 3B 103 m OEEEMAICER 3 EF/AKT v 7+ 2 475 REF L7KROET LA T V7
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FEHVIVAF FOE/ AT 954 v 7 + 78IVAL—#— (monostatic pulse radar) TH 1, 1984 F 7
VT CEADKTEANRAAR L — 77— & U TEHiAFBSBEENZEt & — 0 X D B R PRV RETIC
BRRENI MU V=¥ =& 7 7R TEICEREZERLEE LETHICENEET) 77 7 4
T« T 2AXF s TLA « Y AF 4 (active phased array system) ZIHRALTHY, SHOY — LERED
WHETH B,

A5, MU V—%—i3, VHFFED Ky 75— L —¥—THhb/:%, UHF B LU SHF HOREF »
TG LS LB BRI OKRER, LD — L fiEd O D0 —HERH R RETH 5,
L7255 CRABENBH LT —/87 — A7 MVERIENT§ 5 2 LI & ) B R AL ELITEEE & [ R0
BB RF LB TRORNES 2 e T HZ EATE D,

3. WEIHTHMBENESN

3.1 WEREIHBOERXE
AR Ci, FIRAESA N (D) ® 0> <5A

N(D) = NoD* exp (_ AD) ............................................................................ (3)

THEMT 5, BE%5, MU L—%—%5 Sato et al, [0] D 7I)ILT1) X A% 8 L THE S N AWHIRRESD
AH VS A THBI L, SOITREIEY eSO S KRB Du=00E%) ThHh/:
OThHhb,

RET B8 A —%1ENo, o, A THbhH, TNERETHOCHLI I R ELE

INN (D) = InNg gD — AD  ceeverermesserem (4)

Lk THAPLRADABRELACTITIA=F N, g, ARFAET 2o ATENZ/3T7 A5 D) LN
5 4 TOREE SRR OBBART /ST A= 5 1L, g, A LELSNBOT, FIINE0/55
A=y, AZOWTKER Y 4 THORIEET .

3.2 RAKRSLVER

3. 2.1 MHKNEINEBRR®E

KFATESTOBERE L L, BB~ ARXMESTOBRT—7 & 7 BOBER RIS, SHENOREN
BB LULHMOBRRIC OV CHE T 572, FOMR%E Fig. 1 I3, Fig.1(a) 37 A7 HOMHE
WA, () 127 A U BOGEMEOBERTH A, I VEBRRETIIHLTPICERHL L 00D, REE
FITEEL L, RFEAGESHC L AEMMEDF - IBEMICRELRVWEE X b, BFANETHIL A5
WWENT— 713 1 FEHETH LT, BEEOD L L — 7 —BHIOMED S b FHEF TRl S h
72 1 B OMETNIREE % BT 1TV 5,

3. 1 CTRLZFHESAOENLEER 7 4 78 L ORI & o TIT) S EATEETH AP LR
572912, Disdrometer 12 & » TEHll S N /- AR OMMNES N, AN EFTCBill s hiong
IS 7R LM% Fig. 2 ~Fig. 7 [O83, AR LUBBERE S IC1HHETSH 5, £
AOFRNENR TS &, SHOEETabLR(3) DA NTENETMOIFHERL b LER
SNEDT, DTICHERARSAOME X BT AN LER L R~<5,

ZRETROTMERAES A% LB B L, BIFREOXESVEN (Fig. 3 (AR, Fig.5 GKEATH,
Fig. 6 (GREM) % SRR 15 mm/h DL L2 ET/HMW) (2 EREOREVREEH RE4mn~5mm)
REATEY, K@) OHr~FHDA JHE) ZAEL LD, MENEFHOEEITKEVIHIZIE<RS
&, (FIZRRREE /NS VIEIC R 5, L2 LTS 10 mm/h LT CH 525, KEN 4 mm DREVFE
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Wrats, FEMROBEIINELRDBEELH S, 2D L) I ETEE & RRHES MR OBURAT<TH
REm ot U C— B3R LCH 6T, WlhEs A L ERME/ZTCHET A Z L IXE#ETH Y N & 1
FIZOWT S RRBUEN D B, '

$72, Fig. 2 (EHETE * Fig. 4 (BEE) 0L —HWICERRENAE (Lo TV ABOMN
WRES AL L, EFL LD THETINA LTS, THIERBEORIVHOZETHD &
ZZoN5, BREWHEDT 10 mm/h DL OFERERES A & FEREREADT 10 mm/h BT % b B OFHEAESfi &
Fig. 8, Fig. 9 (IR . THOHOEM S EFIZG NS L, —BHINAEVuTIcE200TH
LT ENDHL, —F, BREED 10 mm/h DL EORERESFICEBT AL, Ffflmm PITO4~5FF
BOTEDOEADL R oTHY, RB) O/ 2FHDOp ZEDER LB, THDXHIERS 1 7R
7  BEFRTRE Oy (10 mm/h PAE) BEOREBHRES M IS 5,

199407/07/17:00 - 07008/1:59

1934/0724/1:00 - 07124/5:59
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{a) Baiu front . (b) Typhoon

Fig. 1 Comparison between observations by optical rain gage and tipping bucket.
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Fig. 4 (a) DSD observed by Disdrometer
and (b) time series 1-minite rainfall
observed by the optical rain gage
(07/30/4:00, Low).
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Fig. 6 (a) DSD observed by Disdrometer
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Fig. 8 DSD for all time and when rainfall intensity is more
than 10mm/h (Baiu front).
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Fig. 5 (a) DSD observed by Disdrometer
and (b) time series l-minite rainfall
observed by the optical rain gage
(09/16/20:00, Autumn rain front).
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Fig. 7 (a) DSD observed by Disdrometer
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observed by the optical rain gage
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BRIl - e - fERE - i RS O SMEEEOERL 307

3.2.2 NI A—ZAEDEHOEFER

Disdrometer 2 & 2 FHMAALHAIX 1 FRIBE I N-DDTH Y, KBRBREIIEE4 K4 L 2L LR
DADELLTD, FEENE/IT A~ I h WL ZABLT DEROEE 2T L, ZOEHY A 72
LSRR T ADYEEE L 22 b, FICHRMY 4 7RO PR T 572012, 35125 ABED}
TINEEEDTDIH DIREOHRE T — ¥ 2 BRI TG A=y 2 FETAUENH L L EZ, LHEEH
IAC) 214826155 TLoToMmMEE, K@) DT XA—F N, g, ARFET 5, LM
(IAC) ZHWIMEEDHLFAEEND/$T X — FHAS, BROBAH L & L BILORBLZT 2 %Y, B
EAVNE LD B HEIZIEET B EEZOND, TRIBREMICOWTHEERN (AC) #iEmsY
BE, BREOWEEED S HHEIICR UINENES R OFHOWIFRL 25 E2 b0, ThHDIE
o RERBECRIE SN/ 8T X — ¥ {EOEEE L UTRIGHESHFD L OB >V THET S, 7
EENST X — FEOEENE, 3. 1 THR2 L S IZER Y 1 76 & UTREE OB i TR
BB ARSI A —F n, AITDWTITH, 2B, LHHEEH (AC) &, FFIFEIZBWTIIERED
HHL—F—BEDOHEDL, BNEEERNTHhLEER S,

Bl s /92— A LIATEE OBEE Fig. 10 (a) 12, RE3NT 2 — % y L EFSEDORM
%% Fig. 10 (b) (IR T, T BEMEFEILS 5T, ERHBED 55 THETH 5, HPORED LA 5
IR 4 4 THNETRRE, MR, SREE, SR, BRETH), TNLORPLRESNI/NT
A—% A, p \IERGREIVNS OB, FRCEFRBEAT 1 mm/h LLTORE ST X — ¥ OERBIHFKRENI 5%
Pbh, UL, BRBREAIVNSWVE, T2bbLMENIE A LB STl VB R RN
FA—FRFAELTWALDEEZI NS, FRIZETIXL — ¥ —WEHI L ABRIBER Lx BEYE LT
BDT, BAICHWAST— 7121 HFHOBRREEI 1 mm/h &) TRIEZEIT/Z, $hbb, /N5
A— ¥ DEBIZOVTIE, 1 5HEFHOBRREREAS L mm/h ML EEEI S hCh ABORBRE M v
5

RIZ, BEREHESHICBWTHEONIVELPS8EE WiE1.232mm~1.429mm), 9FH (RfF
1.429 mm~1.582 mm) DERIZB T LMFOBEBOBEALE, BMizky, (FXE - GME) OEOCE
B2 @7z, TR (AC) 10X % (B - (B/ME) DEOEEI* KL 7:H% Fig. 11 (TR7, 8%F
H, 9FBOBRIIER L0, HEOKEVERTIIMEOEEL A% {, EHEE (AC) IKL5%
CFHRTHLIIRBTHENPLTHD, RATFICL - CEREDHLLOD, 8%FH, IFHOBHE D
EREHE (AC) H549C (FKE) - (B/ME) DEENCEL, MR ESAOEIEE L TV RanZ &
Ginho UEXEEYTBHE, /35 2 — B LUTEHES M & EEER JAC) DRE,S/$T X — 5 DFE

70 T T ! T 70 ¢ T T T T
60 ga@u : N 60 Baiu °
+
50 Typhoacl':lg a 50 Typrsa%lr'.: o ]
© 40 Typhoon % ] 40 Tiphoon » 7]
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10 - 10 .
) - - o - - .
-10 . 10 .
-20 { i | L _20 I 1 i 1
2 4 ] 8 10 V] 2 4 6 8 10
Rainfall Intensity (mm/h) Rainfall Intensity (mm/h)
(a) Relation between A and rainfall intensity (b) Relation between g and rainfall intensity

Fig. 10 Relations between parameters and rainfall intensity.
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10F = 10 F E
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Fig. 11 Relations between the width of DSD at channel 8 9 and accumula-
tion time.

FBILELT— ¥ QLR (AC) X540 ThorEEZOLN, 3.3 THRNBMENY 4 TRIOFRAES
DEDRILIITEFRERE JAC) 254&T 5,

3.3 BRYM7THNORBHEITOERL

R & 4 TORERES A DOERICIC OV TIHRBHIC, BTV ATEAES A B L ORERGREIC
DWTERTLEUTOE S I2% 5,

o BRI 1 S OREFMSEAY L mm/h LLEOERO S D2HV 5,

« BRI T B, ThbD, FHESAB L ORI 5 S THO L DE W5,
3.2.1% Fig. 8, Fig. 9 TRLA LD ICHEMMEE 10 mm/h L EORERRSA IS 5 2 LT
N, 3. 2.2 TRLZ: Fig. 10 225 363 TH L HTERMEIVIN S VR8T X — ¥ EOEEIHK
XV, X o THEFME 10 mm/h DA EOBRMIZDOWTKER 7 4 7OWBHEIHOERNLEZE X 5o MR
AR E L 2 BIZDNST A — F{HiE, Table. 4 {IRTMHEICIET 5, LA L, FEMEE 30 mm/h BLE
TOHICREIZITIED D b, TSR 2 BERRED/8F X — 7 2 CERLT 5 2 L IXREETH 5, B
5 4 THOIRE S ZET HLENDH S, BERIGRE 15 mm/h U B2 ST 2R TREE S hz
)35 X — ¥ DILEfE%L Table. 5 (27”3, Table. 5 L WFEIEEIN//3T A — ¥ RPEWME L EWS 1 7T
ST AH L35 A — 5 OPGEDEDTRIZAL IS - Tnh,
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BN RS2 ERALT B0 T A — Y ROMBEERE L/ 739X —F AL yu DBER, InNy & A
DEFEO—BI% Fig. 12, Fig. 13 (TR

:n6®E#6N§X—ﬁAk%1mhkA®ﬁKuﬁ%®ﬁ%ﬁmﬁLfméo%:f%%mtbw
NCAVE TP 45l E Y

A= ap B T T T T T T TR T (5)

InN, = D B ol AT T (6)
L5, MESNIITA—F A, p i SHBORRSE TSI LITERINIZESNTEY, RFx-%
A, p DEL S HAEHETHFEEON V8 b 2 EASERENTVS [10]. InNo & &, InNy & A
ITEBIMRAAL T B T EIABT L D&, b LAARBERIIERSY 1 I Lo TRR B, T4b
B, KG) 25 RK(6) Da,b,c,d BERSY 1 2L > TELR B, MIBRESHOERLTIING X — 5 X
NHEL VD, £/39 X — Y EOBRERGRERERY 1 THICEZ 5,

AL p DBFERTIE, KB) DA =ap + b IZBWCTHEREH T o DEAT], GEMETe OfIZ1.3~1.4
LEDONL, 72771, BEMETIIHEEREAT0.6~0.75 LEVy, A & InN, DEIRTIE, K(6) D InN, =
eA + d BV THERETRE Tld c D], d D3 4.7, BEMETIX c DEAT0.8~1, d DIEHT6~T7.6, Fk
TR Cld c DEATL, d OfEAT5.3~6.5 LBHOND, LLExTLdb s, RELYEDLNNTA—F
ELTI}, Akpy, AL N, DBRDTER S 4 THICEZ SNBLZENB ATV S, L7zhT->TRM)
IZBWT 12K (), N 2R (6) 2RALEHET L L

L AL AL
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o 14t . 0 18 o i
Bt 1 Z16} * |
_<Eg‘g C 1 “up s -
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(a) Relation between pzand A (b) Relation between A and InN,

Fig. 12 Relations amoung parameters (07/08, Baiu front).
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Fig. 13 Relations amoung parameters (94/09, Autumn rain
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Table 4 The value of the parameter of
rainfall intensity is more than 10
mm/h.

A u InN 0

R=10mm/h ~8 [1.5~8| 9~15
R220mm/h | 3~6 2~7 19~13.5
R230mm/h | 3.5~5.5| 3~7 | 9.5~13

w

Table 5 Value of the parameters when rainfall intensity
is more than 15 mm/h and rainfall type.

Rainfall type A u InNo
7/7 Baiu front 3~4|3~4| 8~10
7/24 Typhoon 5~7 | 3~4 |11~14
7/30 Low 5~6 | 3~5 | 11~12

8/21 | Atomospheric instability | 4~6 | 2~5 | 10~13
9/16(1) Autumn rain front 4~6 | 2~7 | 9~13
9/16(2) Autumn rain front 4~5 | 3~4 | 10~12

Table 6 Value of the parameters a, b,¢,d, A depending on rainfall type.

Rainfall type a b c d A
Baiu front 1.0 1.6~2.7 1.0 4.7 3~4
Typhoon 1.3~1.4 | -0.3~3.2(0.8~1.0 | 6.0~7.6 | 4~7
Autumn rain front | 0.6~1.3 | 2,2~3.2 1.0 5.3~6.5 | 4~6
_ A—b
IWND) = A+ d) +T'IHD—A'D ....................................................... (7)

EhBe (T DINF A =% b,c,d, Al Table. 6 IR X 5 BEIRHEY A 7NEE Ao a,b,c,d, A
DfEIE, RS A 712 E - CQHEIZIENS B0FEBO L — ¥ —-FEI O ERE 2 HEET LRI, o,b,¢,
d, ADEZERY A 7T LIIRETBLEPSH D, €T, BWY A THNIED/28F 2~ F a,b,¢,d, A
A LR L EROTRRENM & OREEITY, B TERTH A HOBEREZE/L, B
YA TIIRE L9 X =% a,b,¢,d, A ¥ BET LUENH B,

K7 2HCEITE, BEY A 72HETS Z LWERRICR D, RS A 7I3REARDSHE LT
BY, EBROV—F—WEFHIEPT HBIIE, F4EFE CRAWBRESS OREME, SRS 1 7
THIETL, ZORMY A 725,

4. FAENESHORNEWBE

4.1 WMEREIHOREBE

BRI IZ MU L — =2 & » THRAES OB SN T A DL, Table, 2 (SRS HERN AR &
LGN E BRI ORRTH 5, BllS N-THERES M O—F% Fig. 14, Fig. 15 (2”7, Fig. 14 &
7 A 7 BOMERRIRIZ L AEMT, Fig. 15 (29 A 29 BOBEMOBRRTH L, BMISN-FEOE T ®
DRy 77 =27 P HHERE S NARHHES M IRQE) ICBIIBT 2 OITA~F A, p,
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BE70y LD TH D,
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Fig. 14 Vertical profile of DSD observed by MU radar (Baiu front).
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A =0.796 « HF 26.82  coovererererotutiutiiiimittiiiottiiititiiiiiioiiiiiciiiciicsisiieirsieisees ®
0=0.21-A-5.17 e (9)
INp = 0.54 « /1 — 6,01 cormrereemenmtmt it sttt e et e s s e e (10)
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Fig. 15 Vertical profile of DSD observed by MU radar (Typhoon).
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Fig. 16 Regression lines with the height dependencies of A and relation-
ships among parameters.
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Fig. 17 Influences of parameters on the rainfall.
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Fig. 18 Influences of parameters on the rainfall.
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Fig. 19 Relation between N
and height.
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Fig. 20 Relations between two parameters.
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Fig. 21 Influences of parameters which are expected from the unusual
values on the rainfall.
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