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Rainfall Network Evaluation and Augmentation
Using Geostatistics — An Example in Taipei City
Tsung-Hsun Lien™ Cheng-Chia Lian™ Yii-Chen Wu? Ke-Sheng Cheng
Tsung-Yi Pan®!  Li-Yuan Huang®

ABSTRACT The intensity and spatial variability of storm rainfalls play an essential role in
occurrences of debris flows. Thus, understanding and characterizing the spatial variability
of storm rainfalls is a prerequisite for debris flows mitigation. In this study, we investigate
the spatial variabilities of rainfalls induced by different storm types using geostatistics.
Summer convective storms are found to exhibit higher degree of rainfall spatial variability
than typhoons, Mei-Yu and winter frontal systems. The semi-variogram of hourly rainfalls
of convective storms was then used to assist in evaluation and augmentation of an existing
raingauge network in Taipei.
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Fig. 1 The rain gauge locations of Danshuie River over Taipei basin.
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Table 1 The common theoretical model of semi-variogram.
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Fig. 7 The values of PA based on different kriging variances.
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Fig. 8 The contour of PA of hourly May-yu rainfall.

B RETEHEANEE

RIIFE 2 R BRI 36 AR HIs B F AR > Epr B r s @85 5 (H
JE @A, > 37 (B E sUM ik ZILTHBUN TH/E KA TAZERE 27 [ERR S, At T2 26 {Erk SRk ;
JKFIE 11 {EP &L » 51 106 ¥ -

R R AR RACHE RIS EECRRER /D IR 22 B R AT A B B I 2
WHE=r2 DL RRRED 71 @RS RSN BREE - DUETREZEMERT > RIEREE
TEHEER AR 1998 45 1 HZ 2012 4F 12 HfH 106 ik 2 RS & RHETT /1T (1998 LR A
B=50r2 ZHIBEATREER - AWSesHE&FREEm 11 24 H - BRSE 6 5 -RE7E 10 5
RRBFAMZ BREM: - EFER 7 E 10 AR - iR 222 AR

FEFA PR 2 22 5] 88 A M PT RE R PRI SR A T B 8 - AR SR S e BB Bk ~ o ~ /NZFER
B SFERAEPR S W DA ILIE (5555 466920)(F Ry bk BRI EXE NS - FFLIZIENE 1998 2 2012
2R REENTELGHENE 7 RN - 1R~ BeEPR 5 = 2R 57 PR T fERE R A - 4gt
iEVURERE R > H = 2R E QB UATR - B 24605 iR 2 2R E th BB ER 2R 0.25
0.5-0.75 7 Hl& » A LARTZL ZHE#% N 0.075 (RF/N ~ o ~ KIFRIS(H RS EEE - 41%
ZFUR e

WRTAEE S R E — L N AR EACH A RE AR/ - $41H - f9Rk B m SE B R — B % T2
WHE =5y DL FRIE(7 1 (EHIS) R AL > FERRE RN A EE i 2 FER B ARR ) Hit
PREEERIZ DUE—FEZ N 2/0F 5y 2 — DL G (53 {EDHIS) e Z bk > PR E R A R E /T - &
g T SETHIPR LA/ NE R 26 /NKF > IR 59 /NEE  KEE: 238 /NIE MRS/ INE AR 17 /N -
IR 47 NEF > KRB 125 /N 5 BEEFRIEA/ NEME 8 /NEE » FRER(: 42 /NI - KR 73 /NI
HRERRIEA/ NE(F 5 /N > R 3 /NEE » REE( 32 /N -

HEFEH(E/ N 106 (&I 2 PR & S {E A 22 2 B S AE A - - nTE HH LB (% > FlE
I AR R R S 2 PR RSP R R 2 R E AR MR - (AR PR RS O - HF%
PRI ZE S E AT AT ROR - PLEIELBIRE - B TLEIE - RN B R DA (R 2= (F R E
K/INERK 2 S BEHER > AH9E 2 B EERHME S pialopk i > PORERE PRSAUR FR B B &R o Jell
NS 1998 % 2012 X & FH(E - FRLL 1998 £ 2012 £ 7 B BAEE(R 2 - ARG EM
UG PO [ PRI TR S 2 A LRt (PR R ) PE R 2 LR BIRRE A R B - BITRk DASHE 4 N e S



THEDAE NP EEK - (REFEEE 102 EE g

VAR T 2R fms > DUHPRIEMN B A/ NG Z 2 E -

#
=
3
B%
= |
S
I
| — HEHRE
~ — EWHE:
o 7 — EEHFE
— HRHRE
T T T T T
0 100 200 300 400

EFER(mm)

[ PURERERGERAY . H R 2 R E

Fig. 9 Cumulative probabilities of daily rainfalls based on 4 rainfall types.
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B —+— SdbmfTE & AR E AT R AR LS T iR
Fig. 21 The PA of each districts of Taipei city based on all rain gauges.
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Table 4 The result of deleting rain gauges of Taipei area.

BB Y o o ff v
= EL * ik #* ¢ » 7

B 5 (km?) (%)
1 57 | ALAD8 | +#1dgme | A4RFFEe | A& | 17176 | 63.67
2 85 AlAA8 KA1 AR W Fre R 171.82 63.69
3 80 AlAA3 KA1 AR R LR d A 171.85 63.70
4 47 | AIAC8 | ¥ 1 f2se (LR EF| £49 | 171.87 | 63.71
5 16 COA680 | # % & A 3+t Ix Rrat 171.90 63.72
6 6 COA520 | # % & p 3+ oL i Rrat 171.90 63.72
7 7 COA530 | # % /& p 3*= ik Rrat 171.90 63.72
8 8 COA540 | # % /& p 3+= T &ﬁ Fratw 171.90 63.72
9 9 COASL50 | # % /& p 3++ ? T Fratw 171.90 63.72
10 10 COA560 | # % & p 3= Ag b Rrat 171.90 63.72
11 11 | COA570 | # % k& p 3*3 18 Arabd | 171.90 | 63.72
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FEEE | Rl ‘ A | BN
B % ik 3z B 7

B 5 (km?) (%)
12 15 | COABBO | # # h A 3*+ s Frad | 17190 | 63.72
13 17 | COA710 | # %k A 3*= o Frad | 171.90 | 63.72
14 31 |COAC60| # % /& p 3*= ERLY A4 | 17190 | 63.72
15 35 |COADOO| # % % p 3*= B Frad | 17190 | 63.72
16 36 |COADI0| # % & B 3*+ ~ 8 Frad | 17190 | 63.72
17 39 |COAD4O| # % /& p 3*= g Fra | 17190 | 63.72
18 40 |COADS0| # %k f 3*= B o Arad | 171.90 | 63.72
19 41 |[C1A630 | # %k f 3*= T2 Arad | 171.90 | 63.72
20 97 | 01A190 Ak H Fra | 17190 | 63.72
21 98 | 01A200 kA1 % X g Arad | 171.90 | 63.72
22 99 | 01A210 kA1 % * ) Fra% | 171.90 | 63.72
23 100 | 01A220 kA1 % Y Frad | 17190 | 63.72
24 101 | 01A380 kA% = (2) AFrabs | 171.90 | 63.72
25 104 | 01A430 kA1 % gL (3) Fra% | 171.90 | 63.72
26 105 | 01A440 kA1 <L Fra% | 171.90 | 63.72
27 96 | 00A130 kA1 7 72(2) a4 | 17190 | 63.72
28 34 |COACAO| # % & p 35 i Frae P 171.90 | 63.72
29 14 | COAB50 | § % & b 3*+ N Fra-® | 171.90 | 63.72
30 12 | COAS580 | § % & b 3*+ Ry & P4 | 171.87 | 63.71
31 1 | 466880 | § % bk Bt | A A | 171.84 | 63.70
32 38 |COAD30| # % & p 32k Ew Arad | 171.78 | 63.68
33 2 466900 | F % & b Bk ok Arad | 17170 | 63.65
34 18 | COAS860 | # % & p 3k X Frad | 171.61 | 63.61
35 21 | COA990 | # %k p -k | < Bk 4% | 17148 | 63.56
36 69 | ALA9S | ki1 Az W F) £ 4% | 17129 | 63.50
37 13 | COA640 | # %k p 33k F L Fra 171.11 | 63.43
38 5 466930 | F %k kb Bk S 4% | 17085 | 63.33
39 61 | AIAGS | ¥ 12k | ¥ L&lEL | A4F | 17055 | 63.22
40 56 | ALAD7 | “*¥1fere | 3B AEF | £A4F | 17012 | 63.06
41 29 | COAQIL | # % & p 3*2k = £ Arad | 169.61 | 62.87
42 88 | ALIABL | kfla1ferke P £% | 169.10 | 62.68
43 106 |1140P16 Ak A E A Arad | 168.44 | 62.44
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e E | R ‘ A | B A
B % ik 3z B 7
B 5 (km?) (%)
0
44 68 DF042 | *:1dfefke | pA@*EE | 447 | 167.76 | 62.18
45 3 466910 | # % b b sk regn £ 4% | 167.09 | 61.94
46 94 | AIAB7 | kAl f2rie + A £ 4% | 16641 | 61.69
47 43 | ALACA | *¥1fEfe | Y ldps 2 | 449 | 16573 | 6144
48 65 DFO11 | =% 142/ |M3#-kEHRE L43 | 16477 | 61.08
49 84 | ALAAT | kI f2rie AR a4+ | 163.74 | 60.70
50 77 | ALAAO | kI3 f2ri Z®R ] a4+ | 16270 | 60.31
51 37 |COAD20| # % /& p 3*= S a5 | 161.59 | 59.90
52 102 | 01A410 kA% Ly 44+ | 160.35 | 59.44
53 33 |COAC80| # % /& p3*= 2l 44+ | 159.00 | 58.94
54 67 DF024 | = # 142/ = fham a4+ | 15751 | 58.39
B

55 60 |AIAGA | ¥ ifehk | BHReEL | A4F | 15596 | 57.81
56 19 | COA870 | # % ki p 3+ I4ph a5 | 154.33 | 57.21
57 44 | ALACS | *¥1ftie | 2 EEEZ | L4 | 15220 | 56.42
58 20 | COA980 | # % /& p 3*= i 44+ | 150.02 | 55.61
59 55 | ALAD6 | = ¥ 142 R 449 | 14770 | 54.75
60 63 | ALAG7 | “¥ 1fek | 2 Liingrg | AAaP | 14524 | 53.84
61 87 | ALABO | k{1 f2r AR ¢ £4% | 14297 | 53.00
62 58 | AIAG2 | *#ifek | p@dipZ | 415 | 14034 | 52.02
63 45 | AIAC6 | *¥ 142fie | 3# 442 | £4F | 13762 | 5101
64 25 |COA9DO| # % & p 3*+ A Frats | 134.92 | 50.01
65 86 AlAA9 k13 f2 ke #ER) R 132.15 | 48.98
66 90 | A1AB3 | k{1 feri o A4 | 12927 | 47.92
67 71 | ALAQU | kI3 f2rie PR R £ 4% | 12634 | 46.83
68 30 |COACA40| # % /& p 3*= < Fratd | 123.66 | 45.84
69 48 | AIACY9 | < ¥ 1z | LHELZ | A pF | 12064 | 4472
70 22 |COA9AQ| # %k p 3+ < E 4% | 11761 | 43.60
71 91 | AlAB4 | k{1 f2ri AR A% | 11451 | 42.45
72 89 | AlAB2 | k{1 f2rie i) £4% | 11135 | 41.28
73 4 466920 | F % &b kB i R 108.15 | 40.09
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R B » A | B A
B % ik 3z B 7
B 5 (km?) (%)
74 51 | A1AD2 1A | AEHF | A4T | 10497 | 3891
75 70 | ALA9T | kAla ferie R 4% | 10167 | 37.69
76 59 | A1AG3 PafERe | ARFEEL | At 98.39 | 36.47
77 72 | ALAQV | kI3 fRsi AR ] i p 95.83 | 3552
78 76 | ALIA9Z | kAl f2rie ¢ R i p 9252 | 34.30
79 42 | CLA730 | # %/ p3*= o4 4 89.15 | 33.05
80 74 | ALAOX | kI3 f2 i * TR X 86.17 | 31.94
81 26 | COA9EO | # % & p 3*+ 44k i 82.63 | 30.63
82 23 |COA9BO| # % & p 3*+ 7% R 78.92 | 29.26
83 73 | ALAOW | kI3 f7 i B e 75.04 | 27.82
84 92 | ALAB5 | k{1 42 EEey X 7131 | 26.43
85 53 | ALAD4 | < ¥ 1dedke | ARl wE | L4 68.74 | 25.48
86 103 | 01A420 kA1 % BERER) | Aa 64.80 | 24.02
87 50 |ALADL | *¥1dedk | LHREFH | L4 61.16 | 22.67
88 49 | ALADO | 4 ¥ idgf | LikFLZ | Aa 58.69 | 21.75
89 79 | ALAA2 | kI3 fRri T 5 R ) R 54.63 | 20.25
90 78 | AIAAL | kfla ek BRE R 51.15 | 18.96
91 24 |COA9CO| # % /& p 32 x4 g 4721 | 1750
92 93 | ALAB6 | k{1 f2rie R X 4354 | 16.14
93 66 DF021 < 1A% i J—Wfi i A 41.02 15.20
+ 5

94 95 | ALABS | k{1 f2rie g% X 3762 | 13.95
95 54 | ALAD5 | *¥afed | ¢ Lélak | EaD 3468 | 12.85
96 64 |AIAG8 | ¥ 1ifed | pAhGL | EaT 3157 | 11.70
97 27 |COA9FO | # % & g 32k mo R 27.86 | 10.33
98 75 | ALA9QY | kI3 fer L4 1 p 24.58 9.11
99 81 | AIAA4 | kfla ek ¥R i p 20.44 7.58
100 52 ALAD3 | -~ ¥ 18k | pAE 32 R 16.39 6.08
101 82 | AIAAS | k{1 ferk Lo R ) 4 13.85 5.13
102 28 |COA9GO| # % & p 3*+ @ i X 11.06 4.10
103 83 | ALAAG | kI f2rie ¥R R 8.59 3.18
104 32 |COACTO| # % /& A 3 & £ 4 4.75 1.76
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h 5 * R 3+ 2 57
B B (km?) (%)
2 & 4F X L
105 46 A1AC7 LB AR . 3 A 2.37 0.88
A
106 62 Al1AG6 LB 1 fR R < A L g A 0.43 0.16

AT TS R B RS - FRE L aRUEERR ~ (IO B RE RSV E B SR
1 FARRA (i B LA E e vA e B 2 s - s Z MURE A — R > 5 17 (RS - g
10 &S R B RIE LA © R ARTTE BRI & - ALl SR Pl B b Wa » SMaEer
EUEE 2 AL RS n] g 2 SR E A = FR o SR E R R R AR > FER 0.82
DIz g CRfglmish) St R il e 52 Z ik - &5 ZILhim(269.76 ¥ AH)Z
72.89%(196.648 - J5 A H) $EFHERAI A 26 {lF Sk AT Ry He(h 2 H2E i~ IR 9.3% -

(b) V&%) (@) EEFE

F_:I/TIX/

2785000

2780000

2775000

© S SRR R

1 AERTE AT EWWE

TM2 Northing (m)
2770000

2765000

T T f T
300000 305000 310000 315000

TM2 Easting (m)

(c) BB HUNE

2785000

2780000

: fﬁgﬁ‘l it

. 1 Mlif‘?&%ﬁﬁr’ﬂz%ﬁﬂ‘é

- iﬁ;r%fif‘§ﬁ*§r’ﬂzﬂ‘“‘i&i&
5} QEW%K@WWZ e

TM2 Northing (m)

IR A
U B
" ESERERTERAL IR

2775000

2770000

2765000

T T f T
300000 305000 310000 315000

T T f T
300000 305000 310000 315000

TM2 Easting (m)
TM2 Easting (m)

il - ERAL T LR R S S P B SR (s )
Fig. 22 The suggested locations (yellow points) of adding rain gauges for Taipei slopeland.
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B 4= SdbmT BN SRR ATRe e ft 2 AR AR (85 G R g vl s k)
Fig. 23 The PA of each districts of Taipei city after adding rain gauges for blue locations.
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Table 5 The suggested location of adding rainfall gauges for Taipei slopaland.

weE | mER @S | wE | &E | eE ERHE
1 | BlEe 87-1 |309167| 2777606
e M ER LR TR REE
YRS 424 309102 2777682
4 |PlEm TUEEIRASNE | 407-1 3088052764239 |
HEHE “UNER| 314 |308826|2764251|
6 |FlEig 296 |308254 | 2762574
R B E B )s REE
YRS 15 308483 | 2762640
8 B " 33-1 |301187 2781330
E2HEE BRERNE—/NE& RiEE
33 |301152] 2781380




THEDAE NP EEK - (REFEEE 102 EE g

It

9 EEERS
JEEE FmERTREER—/INER

i
i

425 |310945| 2771785 |fREE(FE
349 |311031| 2771765 [iE1 k&)

143 |312968| 2769590

B
10 |2z msepA®g—/) & 305-1 |314605|2769100 | (2EE
11 s B "
zEEsz | BSEBT/NE| 223 |308810| 206692 REE
14 SELERAR
BEEy LR EMME /NG| 44 303797 | 2786521 | = =
15 | \ 181 |305895| 2785924 [BAALLER A H|
BEETE | LR B R —
179 305898 | 2785946 58
6 || _ 143-4 |312950 | 2769622 .
BEZR FHEEAER=/NEE REE

E. & @

(—) AR K= AL UK PRI > S8
(1)§%T : 7 (h)=1.24[1-exp(-h/23064.86)]+0.44
(Q)#§F : 7 (h)=1.38[1-exp(-h/23065.42)]+0.38
(3)H&/E, : 7 (h)=1.57[1-exp(-h/23072.14)]+0.31
@EZE7 ¢ 7 (h)=1.17[1-exp(-h/18456.56)]+0.39

DAF R TR BT T AR R 2 R B AT s 2 HE A PR 2= A > P EAAEATT AR S nh s et R a T
15 TAEE E PR 2 PR ERMSE 775 - BRI OMESERERE - BBEEE - TIEENEEIEER
2EET > EEREER I ZPIMEE - B aHEREL ZMA MR EEE - W B
2R -

(Z)QPESUMS #fli B se Ml 7 A bt AT B FREEAHEZR > TR ERE
12 R[E(QPESUMS M EHHEHER AP R RS AR EN f ) > BEAR SRR ED E K] [ER 2
“E TR R UL EECIE RS QPESUMS TR EHE(L &R} -

(Z) KT H A FER AT e PR SE LT - (H K FEEFEAEILT EN  RZIA - BER=
JETF BB AL T BUN S EMHRERE - R R Enha B ES © pe N eX B B TR s » DARS S 1
B EMNTERL

(T AW WP AT L VB Em ~ LI B 5% RV S B R SE A R B B b 2
FHEE > W ARG ERE S T W FE 2 B > ERE T 10 (EhEL A B ENREArE » LA
RTHERAELE 26 (Ei S b EAR R 2 5B~ IR 9.3% -

BE 3K

L R - RALE - REEED 0 (2013) 0 TAEEBEEEBENRPIEAERIHENS T, » RASHTA
T > PIASS -

2. BUFIE - FE BEGH  EAYC MOk (2013) 0 T EEIGEHIE E BRI R L
KA > PRARE -

22



THEDAE NP EEK - (REFEEE 102 EE g

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

SRR MR - BRBEEE - SRR (2012) 0 THIAFRTZZMEREN , - RESTTHETE
Wt e o PRS-

KOREKAZ - (2009) » T SOKIRAE S AL ~ 2 0RA - DRERA AR R i /KB B [ S a4 -
KOBEKAZ > (2009) - T EZKE SRR A LA E MR KBS B S et -

FREGEE - (2006) » " ERAREHIE AP BUEMERGT 29T ) BIILEE R A VIR S TAZH
ZEAThE 5

BEAIE ~ #5ekE - (2003) - TEEEER T Bukddaest 2 Bmmikat, - 2EKH > £ 51 %
%24 pp. 10-21 -

ey (2000) - IS LER O S B S PR B R L PR B IR ARG T 2R L 0 BB
=S M2t Lo o B

WS FIESS (1997) T BN 2 B3 ) » SEEVKH]» 55 45 %555 2 11 pp. 38-46 -
BFyeAR - FFEUE - FEE 0 (1996) 0 TR E NG B — @IS LR B R e, 2EK
F 54445 & 1 H] > pp. 16-25 -

MES > (1993) - THREZEMD MR ) - B EERE LR TARHZETH L5 -
SPEME - (1993) - T PREZERHS R RUERGT 2T ) - Bl SIS R TAZER RS prt
AL

Lai, Y., M. Chou, and P. Lin, “Parameterization of topographic effect on surface solar
radiation,” J. Geophys. Res., 115, D01104, doi:10.1029/2009JD012305, 2010.

WMO, “WMO Field Inter-comparison of Rainfall Intensity Gauges,” WMO -Td. 1504. pp
290, 2009.

WMO, “Guide to Meteorological Instruments and Methods of Observation,” WMO -No.8.
pp681, 2008.

Cheng, K.S., Lin, Y.C., Liou, J.J., 2008. Raingauge network evaluation and
augmentation using geostatistics. Hydrological Processes, 22(14): 2554-2564. DOI:
10.1002/ hyp.6851.

André, S. H., Ouarda, T. B. M. J, Lachance, M., Bobée, B., Gaudet, J.and Gignac, C.,
“Assessment of the impact of meteorological network density on the estimation of basin
precipitation and runoff: A case study,” Hydrological Processes, Vol. 17, pp. 3561-3580,
2003.

Prudhomme, C. and Reed, D.W., “Mapping extreme rainfall in a 108 mountainous
region using geostatistical techniques. A case study in Scotland,” International Journal
of Climatology, Vol. 19, pp. 1337-1356, 1999.

Pardo-Igtzquiza, E., “Comparison of geostatistical methods for estimating the areal
average climatological rainfall mean using data on precipitation and topography,”
International Journal of Climatology, Vol. 18, pp. 1031-1047, 1998.

Prudhomme, C. and Reed, D.W., “Relationships between extreme daily precipitation
and topography in a mountainous region. A case study in Scotland,” International
Journal of Climatology, Vol. 18, pp. 1439-1453, 1998.

Krstanovic, P. F. and Singh V. P., “Evaluation of rainfall network using entropy: 1.
Theoretical development,” Water Resources Management, Vol. 6, pp. 279-293, 1992.
Krstanovic, P. F. and Singh V. P., “Evaluation of rainfall network using entropy: II.
Application,” Water Resources Management, Vol. 6, pp. 295-314, 1992.

Kassim, A. H. M. and Kottegoda, N. T., “Rainfall network design through comparative
kriging methods,” Hydrological Sciences-Journal-des Sciences Hydrologiques, Vol. 36,
No. 3, pp. 223-240, 1991.

Amorocho, J; Esplidora, B., “Entropy in the assessment of uncertainty of hydrologic



THEDAE NP EEK - (REFEEE 102 EE g

systems and models,” Water Resources Research . v. 9 p. 1522-1551. 1973.
25. Shannon, C. E. and Weaver, W., “Mathematical theory of communication,” University
of Illinois Press, IL, 1949

24



