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Abstract

The observed rainfall may be different along with the altitude of rain gauge, resulting in the fact that the characteristics of
rainfall events occurred in urban or mountainous areas are different. Due to the mountainous effects, in higher altitude, the
uncertainty involved in the rainfall observation gets higher so that the density of rain gauges should be more dense.
Basically, a methodology for the rain gauge network evaluation, considering this altitude effect of rain gauges can account
for the mountainous effects and becomes an important step for forecasting flash flood and calibrating of the radar rainfall.
For this reason, in this study, we suggest a methodology for rain gauge network evaluation with consideration of the rain
gauge’s altitude. To explore the density of rain gauges at each level of altitude, the Equal-Altitude-Ratio of the density of
rain gauges, which is based on the fixed amount of elevation and the Equal-Area-Ratio of the density of rain gauges, which
is based on the fixed amount of basin area are designed. After these two methods are applied to a real watershed, it is
found that the Equal-Area-Ratio generates better results for evaluation of a rain gauge network with consideration of rain
gauge’s altitude than the Equal-Altitude-Ratio does. In addition, for comparison between the soundness of rain gauge
networks in other watersheds, the Coefficient of Variation (CV) of the rain gauge density by the Equal-Area-Ratio is served
as the index for the evenness of the distribution of the rain gauge’s altitude. The suggested method is applied to the five
large watersheds in Korea and it is found that rain gauges installed in a watershed having less value of the CV shows
more evenly distributed than the ones in a watershed having higher value of the CV.
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Fig. 1. Schematic diagram of a methodology for rain

gauge network evaluation considering the altitude
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Table 1. Areas by altitude and the number of rain gauges in the sample watershed

Sample Watershed Case 1 Case 2
. Area No. of rain Altitude Criteria Area Criteria
Altitude(m)
(km?) gauges (m) (km?)
0-10 1000 10 0-10 1000 class 1
10-20 600 4 10-20 600
class 2
20-30 400 4 class 1 20-30 400
30-70 500 2 30-70 500
70-100 300 2 70-100 300 class 3
100-120 200 1 100-120 200
120-160 400 1 lass 2 120-160 400
160-180 200 1 + cass 160-180 200 s 4
180-200 200 1 180-200 200 s
200-220 200 1 200-220 200
220-260 300 1 class 3 220-260 300
260-300 250 0 260-300 250
300-350 200 1 lass 4 300-350 200 lass 5
350-400 200 0 s 350-400 200 cass
400-450 30 1 class 5 400-450 30
450-500 20 0 450-500 20
Sum 5000 30
Table 2. Rain gauge densities depending on the Equal-Altitude-Ratio and the Equal-Area-Ratio
Case 1 Case 2
Equal . Density . Density
. Area # of rain Equal Area Area # of rain
Altitude (kim?) # R.G/ Rati (kar?) # R.G/
auges io auges
Ratio gaug km2) gaug kin?)
0-100 2800 22 0.0079 0-10 1000 10 0.0100
100-200 1000 4 0.0040 10-30 1000 8 0.0080
200-300 750 2 0.0027 30-120 1000 5 0.0050
300-400 400 1 0.0025 120-220 1000 4 0.0040
400-500 50 1 0.0200 220-500 1000 0.0030
5000 30 5000 30
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0.010

0.005

Density(station/km?)

0.000
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A Methodology for Rain Gauge Network Evaluation Considering the Altitude of Rain Gauge

Table 3. Subbasin characteristics and the density of rain gauges

Five large river . Area # of Rain Density
N Subbasins
basins (k) Gauges (km¥# R.G.) # R.G./km?)
Hansubl 6705.0 55 121.9 0.0082
Hansub2 5702.6 40 142.6 0.0070
H:
o Hansub3 75432 43 175.4 0.0057
River
Hansub4 3114.9 31 100.5 0.0100
Hansub5 3199.2 18 177.7 0.0056
Naksubl 4584.8 37 123.9 0.0081
Naksub2 4972.9 37 1344 0.0074
Nakdong
. Naksub3 73229 47 155.8 0.0064
River
Naksub4 3478.5 33 105.4 0.0095
Naksub5 3342.8 21 159.2 0.0063
Geumsub1 3566.2 41 87.0 0.0115
Geum
. Geumsub2 3302.1 21 157.2 0.0064
River
Geumsun3 3046.7 20 152.3 0.0066
Youngsan
. Youngsan 3469.4 19 182.6 0.0055
River
Sumjin ..
. Sumjin 4914.3 39 126.0 0.0079
River
Sum/Ave. 68265.5 502 136.0 0.0074
FHANE F s0270e) B3uSat ARl 9 selel] ofedPul, WA WgRe 54 wgB
o, HFH9l AAUEE 136.0 km¥BFH4/0lth A 7NZEAE7 D Aotk
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Table 4. Examples of rain gauge density depending on the Equal-Altitude-Ratio and the Equal-Area-Ratio (Naksub4)

Case 1 Case 2
. . Area # of . . Area # of
Altitude Altitude Area Rati Rai Densit Altitude Altitude Area Rati Rai Densi
@) Dff () () atio ain ensity @) Diff.(m) (kar®) io ain ensity
(%) gauges (%) gauges
0-200 1703.74 49.0 17 0.0100 6- 39 33 352.15 10.1 5 0.0174
200-400 706.61 203 7 0.0099 39-76 37 353.93 10.2 3 0.0108
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600-800 268.32 7.7 2 0.0075 113-156 43 350.53 10.1 3 0.0109
800-1000 159.04 4.6 1 0.0063 156-211 55 351.62 10.1 4 0.0043
200
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1600-1800 4.29 0.1 0 0.0000 545-778 233 348.88 10.0 3 0.0109
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Fig 5. Comparison of the rain gauge density by the Equal-Altitude-Ratio and the Equal-Area-Ratio (Naksub4)
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Table 5. The values of the CV for each subbasin using
the Equal-Area-Ratio

Subbasins ()%
Hansubl 0.709
Hansub2 0.650
Hansub3 0.749
Hansub4 0.749
Hansub5 0.777
Naksubl 0.570
Naksub2 0.668
Naksub3 0.594
Naksub4 0.237
Naksub5 1.005
Geumsubl 0.681
Geumsub2 1.060
Geumsub3 0.969
Youngsan 0.961
Sumjin 1.095
Max. CV 1.095
Min. CV 0.237
Ave. CV 0.765
0.016
-
S 0012
$
E 0.008 -
'EI 0.004 1
a
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I > 8 o N
PP EPS PSS

R S S Y Y
I IR G S

Altitude(m)
(a) Good distribution : Naksub4

Ji Ho Lee - Hwan Don Jun

15

1.0

0.5

Coefficient of Variation

Subbasins

Fig. 6. Comparison of the rain gauge densities between
the subbasins using the CV

Naksub4)} o= 11
(59 Sumjin)E s
TE7F 5% SR
t 15 ARt

2 g 5 9

It} Fig. 7(a)e AL
%!

:
&
iy
it
o
Ga
D
G
o

Ho
19 2
2
o
.
Ml
I
)
tlo
k
>,
_Lu
o

ol
©

-3
s
o
r O
=}
H
N
)
o
ofy
fo
oX,
o
o)
i)
i)

o

32
N
=)
0
0,
L
o
fru
ogw ;&L
i
o i)
Ho fl ‘E‘ o
=
rd
ofy
o
18
g
7]
&
B

o,
T
e UL
(o o
od, o
I3
)
N
N
Y
N
e
o%
s
ol
R

Sfe)

N

o
I
o
)

ol
o1
i)

o
¥ >

o

dol7|% Bt} UE AbEl7E 1998 7€9] HF
T2 3 32419 AFANET 12 50022 Aaty)
a7} A3 7-9-o|tHNEMA, 1999). o] &2 <18 AHA]
A9 g owl AR FdARE 9d B B
o]
o

A5 27F AAEHJA] Wi Aoz getEd

1o ke
>,

0.032

0.024 A

0.016 A

0.008 -

Density(station/im’)

0.000 *
PP PSP P PP
& o p ) / 4 A
LA R AR i
Altitude(m)

(b) Poor distribution : Sumjin

Fig. 7. Comparison of rain gauge density by the altitude

SI2EA|sS|X| ® 162 M1E (2014) 121



A Methodology for Rain Gauge Network Evaluation Considering the Altitude of Rain Gauge

N

—
o
=

KR

K
i)

oo=e] A 2 ARl AT @45 9l

z:y_}_.

—_—

t}h o]&

& 7ot wepy

e

|50l Sict whehA

A%

2 Al

==
-

H oA

2
=

oM ¢

of #1x]ell ltt. Z12fut Fig. 8(a)°l

bol A oRRE Wt ke

=g
5 ©

o] Axr} o

A7e

bol %

3

A5E olg

10

(are)

]
5]

0.2 A

Ausuag aAlD|3Y

0.0

1.0

0

A

=

o

=} =] (=} o
(a/p) Aysuaq aAyp| 2y

0.0

0.2 0.4 0.6 0.8 1.0
Relative Area (a/A)

0.0

0.4 0.6 0.8 1.0
Relative Area (a/A)

0.2

0.0

: Sumjin

(b) Poor distribution

(a) Good distribution : Naksub4

Fig. 8. Examples of rain gauge densities based on the hypsometric curves

KR
Y

), 1< Sumjin
A7k A A= A

4 Agke

A7y 7}

4o
ol

5

)

M4

R

B

¢

j—

0

ojp
NI

A3}, TH79 Naksub4> WA G7)

3}
=

w

sk ohed B

3

Dz

7ol 2o] ek el 25

3

[e) = T
SASY ¥

oF
2]

1

~ Nr
w®
T
N
z B
LU
3
L
4 =
N
CoNCy
KK
70 ™
il wrrt
Ce
3
oE 7!
— A
X 0
Wy
=R
U
Mo
Ao
BL
Ex
~ Wﬁ
o
To &a
loR
W
o o
olo
> v
puc}
] _
w2
TN
B OB
Do o
T
el i
o
M oF
ﬂo

122 Journal of Wetlands Research, Vol. 16, No. 1, pp. 113-124 (2014)



Hﬁ]%% ]E‘!L‘E' E‘%o]ﬂ- O]—E— _7;‘4.7;3‘_ Od:[L-ﬂ]—X‘“i ‘T:LJD}
5 B 7| AAEA FREES AeaS
o] HFrtethd Hrp #AAQl A5 Hrt 7t
s Aotk
Wie) 2
B 97E ZEREHI Zdeal SR nEY)

==,
“37}%011 A %%A]éﬁf& 4718208715
AIFoyel 2]3k ApA )% ]
1| 2]l o] TffEElMJtl old] A= HYtt,

Reference

Al-Zahrani, M and Husain, T (1998). An algorithm for
designing a precipitation network in the south-
western region of Saudi Arabia, J. of Hydrology,
205, pp. 205-216.

Caselton, WF and Husain, T (1980). Hydrologic networks:
Information transmission, J. of Water Resources
Planning and Management Division, 106, pp. 503-
529.

Chapman, TG (1986).
hydrologic data uncertainty and model performance,
J. of Hydrology, 85, pp. 111-126.

Daly, C, Neilson, RP and Phillips, DL (1994). A
statistical mapping
climatological precipitation over mountainous terrain,
J. of applied meteorology, 33(3), pp. 140-158.

Donley, DE and Mitchell, RL (1939). The relation of

rainfall to elevation in the southern appalachian

Entropy as a measure of

topographic ~ model  for

region, Transactions of the American Geophysical
Union, 20, pp. 711-721.

Kim, DK and Chun, HY (2000). A numerical study of
the orographic effects associated with a heavy rainfall
event, J of the Korean Meteorological Society,
36(4), pp. 441-454. [Korean Literature]

Kim, KW, Yoo CS and Jun, KS (2004). Orographic
effect estimation of rainfall in han river basin - 3.
Regionalization, J. of Korea Society of Civil
Engineers, 24(5B), pp. 461-468. [Korean Literature]

Kim, MJ and Lee, DK (1998). The study on local
circulation and orographic precipitation over the
southwestern Korean peninsula, J. of the Korean

Meteorological Society, 34(1), pp. 128-146. [Korean

Ji Ho Lee - Hwan Don Jun

Literature]

Krstanovic, PF and Singh, VP (1992). Evaluation of
rainfall networks using entropy: II. Application, J.
of Water Resources Management, 6, pp. 295-314.

Langbein, WB (1947). Topographic characteristics of
drainage basins, U.S. Geological Survey, Water-Supply
Paper 968-C, pp. 125-157.

Lee, JH, Byun, HS, Kim, HS and Jun, HD (2013).
Evaluation of a rain gauge network considering the
spatial distribution characteristics and entropy : A
case study of Imha dam basin, J of Korea Society
of Hazard Mitigation, 13(2). pp. 217-226. [Korean
Literature]

Lee, JS (2006). Hydrology, Gumi Publisher. [Korean
Literature]

Naoum, S and Tsanis, IK (2004). A multiple linear
regression GIS module using spatial variables to
model orographic rainfall, J of hydroinformatics,
6(1), pp. 39-56.

National Emergency Management Agency (NEMA).
(1999). Disaster annual report. [Korean Literature]
Peck, EL and Schaake, JC (1990). Network design for
water supply forecasting in the west, Water Resources

Bulletin, 26, pp. 87-99.

Rodda, J.C. (1951) An objective method for the
assessment of areal rainfall amounts, Weather, Vol.
17, pp. 54-59.

Seo, KH and Lee DK (1996). Analysis and simulation
of orographic rain in the middle part of the Korean
peninsula, J. of the Korean Meteorological Society,
32(4), pp. 512-533. [Korean Literature]

Stidd, CK and Leopold, LB (1951). The geographic
distribution of average monthly rainfall, Hawaii,
American Meteorological Society, 1(3): pp. 24-33.

World Meteorological Organization (WMO). (1994).
Guide to hydrological practices, Fifth edition, WMO-
No. 168.

Yoo, CS and Jung, KS (2001). Estimation of area
average rainfall amount and its error, J. of Korea
Water Resources Association, 34(4), pp. 317-326.
[Korean Literature]

Yoo, CS, Jun, KS and Kim, KW (2004a). Estimation of
orographic effect on precipitation in the Han river
basin - I. Regression analysis-, J. of Korea Society

24(1B), pp. 33-39.

of Civil Engineers, [Korean

SI2EA(skE|X| M 16 M1Z (2014) 123



A Methodology for Rain Gauge Network Evaluation Considering the Altitude of Rain Gauge

Literature] Yoon, YN (2007). Hydrology, Chungmoongak Publisher.
Yoo, CS, Jun, KS and Kim, KW (2004b). Estimation of [Korean Literature]

orographic effect on precipitation in the Han river Yun, HS, Um, MJ, Cho, WC and Heo, JH (2009).

basin -II. EOF analysis-, J. of Korea Society of Orographic  precipitation analysis with regional

Civil  Engineers, 24(1B), pp. 41-46. [Korean frequency analysis and multiple linear regression, J.

Literature] of Korea Water Resources Association, 42(6). pp.
Yoo, CS, Kim, IB and Ryu, SR (2003). Evaluation of 465-480. [Korean Literature]

rain gauge density and spatial distribution: A case

2014 01 01
20143 01€ 09
29 : 2014 02€ 05

study for Nam Han river basin, J. of Korea Water
Resources Association, 36(2), pp. 173-181. [Korean

O O O
o o rf
>
1o

Literature]

124 Journal of Wetlands Research, Vol. 16, No. 1, pp. 113-124 (2014)





