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Development of Hierarchical Bayesian Spatial Regional Frequency
Analysis Model Considering Geographical Characteristics
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Abstract

This study developed a Bayesian spatial regional frequency analysis, which aimed to analyze spatial
patterns of design rainfall by incorporating geographical information (e.g. latitude, longitude and altitude)
and climate characteristics (e.g. annual maximum series) within a Bayesian framework. There are disad-
vantages to considering geographical characteristics and to increasing uncertainties associated with areal
rainfall estimation on the existing regional frequency analysis. In this sense, this study estimated the
parameters of Gumbel distribution which is a function of geographical and climate characteristics, and the
estimated parameters were spatially interpolated to derive design rainfall over the entire Han-river
watershed. The proposed Bayesian spatial regional frequency analysis model showed similar results
compared to L-moment based regional frequency analysis, and even better performance in terms of
quantifying uncertainty of design rainfall and considering geographical information as a predictor.
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Fig. 1. A Conceptual Diagram for Spatial Regional Frequency Analysis Based on Hierarchical
Bayesian Model
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Fig. 2. A Map Showing Eighteen Weather
Stations Across Han River Watershed

Table 1. Deviance Information Criterion according to Different Combinations of the Geographical Factors

D P DIC
Case 1 640.23 35.144 675.37
Case 2 646.81 8.059 654.87
Case 3 641.59 7.958 649.55
Case 4 637.25 9.963 647.21
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Table 2. Geographical Characteristics of Eighteen Weather Stations Operated by Korea Meteorological

Adminstration (KMA)
Station Latitude (°) | Longitude (°) |Altitude (El.m) Station Latitude (°) | Longitude (°) |Altitude (EL.m)
Suwon 37.2723 126.9853 34 Wonju 37.3376 127.9466 149
Sokcho 38.2509 128.5647 18 Icheon 37.2640 127.4842 78
Gangneung 37.7515 128.8910 26 Yangpyeong 37.4886 127.4945 48
Yeongju 36.8719 128.5170 211 Inje 38.0599 128.1671 200
Mungyeong 36.6273 128.1488 171 Chuncheon 37.9026 127.7357 78
Boeun 36.4876 1277341 175 Hongcheon 37.6836 127.8804 141
Cheongju 36.6392 127.4407 57 Seoul 37.5714 126.9658 86
Daegwallyeong 376771 128.7183 T3 Ganghwa 37.7074 126.4463 47
Jecheon 37.1593 128.1943 264 Incheon 37.4776 126.6244 68
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Fig. 3. Goodness—of-fit Test Through Gumbel Probability Plot
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Table 3. Basic Statistics of Annual Maximum Rainfall Series Used in this Study

Mean Stan. Dev. . Minimum | Maximum Period
(mm) (mm) Skewness Kurtosis (mm) (mm) (year)
Suwon 1455 63.1 1.0 3.6 58.5 333.2
Sokcho 1487 58.8 1.1 3.6 79.2 314.2
Gangneung 164.0 1324 4.1 22.0 66.8 870.5
Yeongju 121.4 45.8 1.1 39 58.9 259.5
Mungyeong 106.0 30.8 0.3 2.4 50.8 173.3
Boeun 126.5 69.2 2.3 8.9 50.8 407.5
Cheongju 118.8 48.2 1.7 6.2 61.5 293.0
Daegwallyeong 177.8 1115 3.0 14.7 72.7 7125
Jecheon 133.6 55.1 0.9 3.4 40.5 276.5 1973-2011
Wonju 1389 57.2 1.0 34 65.8 305.0 (39)
Icheon 1449 61.8 0.9 3.0 65.0 304.0
Yangpyeong 154.3 70.7 0.9 3.2 52.0 346.0
Inje 1314 54.1 0.7 2.8 435 2758
Chuncheon 144.0 60.1 0.8 3.1 53.5 308.5
Hongcheon 1374 54.4 0.7 2.8 55.0 276.0
Seoul 161.1 71.6 0.8 2.6 61.2 332.8
Ganghwa 169.6 74.2 2.0 9.1 68.5 481.0
Incheon 139.8 66.5 0.8 2.6 54.3 3025
Sigma(corr = 0.47586) Sigma(corr = 0.056878) os Sigma(corr = 0.31615)
T T ‘ 5 .
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Fig. 4. A Relationship between Scale Parameter and Geophysical Characteristics (KMA & MOLIT)
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Fig. 8. Posterior Distribution of Model Parameters Associated with Geographical Characteristics

Table 4. Credible Interval of Model Parameters Derived from Posterior Distribution
Parameters Mean Std 2.5% Median 97.5%
o 0.80 0.02 0.76 0.80 0.84
0 0.03 0.01 0.01 0.03 0.06
oy -0.02 0.01 -0.05 -0.02 0.00
oy -0.07 0.03 -0.13 -0.07 0.00
oy 0.03 0.01 0.01 0.03 0.05
By -1.13 0.05 -1.24 -1.13 -1.03
Ba 0.08 0.04 0.01 0.08 0.15
B -0.08 0.03 -0.14 -0.08 -0.02
B4 -0.10 0.08 -0.26 -0.11 0.06
By 0.05 0.03 0.00 0.05 0.11
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Table 5. The Estimated Design Rainfall and Uncertainty Bounds according to Return Periods

o, | Return [HBRFATHBRFATHBRFA] L- ot | Return [HBRFATHBRFATHBRFA] 1~
Period | (25%) | (50%) |(97.5%)|Moment Period | (25%) | (50%) |(97.5%) | Moment
10 | 2149 | 2300 | 2476 | 2295 10 | 2023 | 2139 | 2269 | 2190
30 | 2647 | 2853 | 3095 | 2864 30 | 2490 | 2648 | 2829 | 2734
Su-won | 50 | 2873 | 3105 | 3379 | 3123 | VO [T 50 | 2702 | 2880 | 3085 | 298.1
100 | 3179 | 3446 | 3762 | 347.3 1 100 | 2087 | 3195 | 3429 | 3315
200 | 3484 | 3786 | 4145 | 3822 200 | 3272 | 3507 | 377.4 | 3648
10 | 2027 | 2268 | 2570 | 2344 10 | 2100 | 2215 | 2344 | 2284
30 | 2467 | 2800 | 3222 | 2925 30 | 2587 | 2745 | 2920 | 285.1
Sok-cho | 50 | 2666 | 3041 | 3520 | 3190 | Icheon | 50 | 2807 | 2986 | 3184 | 3109
100 | 2037 | 3368 | 3923 | 3548 100 | 3108 | 3312 | 3538 | 3458
200 | 3205 | 360.3 | 4326 | 390.4 200 | 3406 | 3636 | 3893 | 3805
10 | 2258 | 2399 | 2553 | 2586 10 | 2209 | 2335 | 2478 | 2433
30 | 2792 | 2983 | 3196 | 3227 30 | 2729 | 2901 | 309.8 | 3036
Gang- Yang-
rotng 50 [ 3033 [ 3248 [ 3491 | 8519 | S0 | 50 [ 2066 [ 3159 [ 3882 | 3811
100 | 3359 | 3608 | 3890 | 3914 100 | 3286 | 3508 | 3764 | 3682
200 | 3685 | 3966 | 4286 | 4307 200 | 3604 | 3856 | 4145 | 4052
10 | 1743 | 1855 | 1987 | 1915 10 | 1867 | 2084 | 2325 | 2072
30 | 2122 | 2276 | 2458 | 2390 30 | 2282 | 2572 | 2901 | 2585
Yeong-ju| 50 | 2295 | 2468 | 2672 | 2606 | Inje 50 | 2471 | 2796 | 3164 | 2819
100 | 2527 | 2728 | 2964 | 289.8 100 | 2724 | 3097 | 3520 | 3135
200 | 2760 | 2986 | 3253 | 3189 200 | 2978 | 3396 | 3878 | 3450
10 | 1602 | 1715 | 1845 | 167.1 10 | 21565 | 2278 | 2417 | 2270
30 | 1939 | 2091 | 2268 | 2085 30 | 2656 | 2825 | 3015 | 2834
Mun- Chun-
oveong | 00| 2091 | 2262 [ 2463 | 2274 | (0| 50 [ 2883 | 3074 | 3288 | 3090
100 | 2295 | 2493 | 2725 | 2529 100 | 3191 | 3410 | 3658 | 3436
200 | 2501 | 2723 | 2086 | 2783 200 | 3498 | 3745 | 4025 | 3782
10 | 1467 | 1601 | 1761 | 1995 10 | 2080 | 2204 | 2340 | 2167
30 | 1765 | 1941 | 2161 | 2490 30 | 2564 | 2733 | 2919 | 2704
Boeun 50 | 1899 | 2097 | 2343 | 2715 Ijg:fn_ 50 | 2783 | 2974 | 3184 | 2949
100 | 2080 | 2308 | 2589 | 3019 100 | 3080 | 3300 | 3541 | 327.9
200 | 2261 | 2517 | 2834 | 3322 200 | 3376 | 3624 | 3897 | 3609
10 | 1706 | 1866 | 2053 | 1872 10 | 2191 | 2325 | 2473 | 2540
30 | 2064 | 2279 | 2535 | 2337 30 | 2702 | 2884 | 309.1 | 317.0
Cheong-ju| 50 | 2226 | 2467 | 2756 | 2548 | Seoul | 50 | 2934 | 3139 | 3374 | 3457
100 | 2446 | 2722 | 3055 | 2834 100 | 3247 | 3485 | 3753 | 3844
200 | 2662 | 2976 | 3353 | 3119 200 | 356.1 | 3829 | 4134 | 4230
10 | 2372 | 2785 | 3343 | 2802 10 | 2285 | 2469 | 2679 | 2674
Dae 30 | 2933 | 3493 | 4272 | 3498 30 | 2822 | 3073 | 3359 | 3338
gwal 50 | 3184 | 3816 | 4692 | 3814 G;\r;i_ 50 | 3065 | 3347 | 3669 | 3640
lyeong | 100 | 3527 | 4252 | 5267 | 4242 100 | 3393 | 3717 | 4089 | 4048
200 | 3866 | 4685 | 5837 | 466.8 200 | 3656 | 3893 | 4157 | 4454
10 | 1820 | 1978 | 2171 | 2106 10 | 2182 | 2296 | 2420 | 2203
30 | 2226 | 2441 | 2703 | 2629 30 | 2695 | 2852 | 3020 | 2750
Cfl‘;n 50 | 2411 | 2654 | 2948 | 2866 Cir;n 50 | 2929 | 3104 | 3295 | 299.9
100 | 2659 | 2039 | 3278 | 3188 100 | 3243 | 3446 | 3664 | 3335
200 | 2907 | 3222 | 3605 | 350.8 200 | 3557 | 3786 | 4032 | 367.0
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Table 6. A Comparison of 100-year Areal Design Rainfall for Han-river Watershed between HBRFA and
L-Moment Based Regional Frequency Analysis Model

HBRFA
Return period L-moment
2.5% 50.0% 97.5%
100year 339.90 309.26 372.11 442.37
480 BEKEREEHIE



Sick. 53], A5ARE ko] AelH AP ol @y 0w 9l
s SHE7gEE APA AEAe] dolE Bile] EAlE

R =}

th e 718 Agtelals Gl v Fgelt
] af] 7 _?_

[e

tor o ofh %E:I
I [
T o F‘Nq A
Eraw
ilh)
Lo
= A o
i oX,
s =
fait
) rl
R om o B
au T
o
g S
ruiﬁ s
+ bop >
Mo R e
ol L +
o2 N

to 9
fd

> S, ol\
o
i)
Lok
Ml oX
ol

doy )y o onl

N
9
3
off
lo

re ©
1
=2
X

2)

)
N

N L rfr MU o
]
a
o

Yo

oo
;8:
S o
X
et
)
1o Jm
o,
T
I
ok
Ho
1%
i
=X
N

oX 18
=2
=

(E
]
B
By
]
e A
I ¥
,
[
3
fatod
ftlo

Ho
12
2,
=
__(‘;g
o
B
)
N
ol
a2
[
oX,
o ™
fols
&
a2
o

)
i
)
>

3)

R
)

S oo HUoroh ol
ok, o
r 2
SO T
i

N,
&

W
tlo
i
ol
S
ilh)
A
N
i
DY
ol

T O

nj

e &

9

rE

k

e

o

A

ol

i

ot

10w

s

o

2,

o,
T

fot
W
oN
&
;

g o] s

of
|
-

ol
2
[o
g
18 e
Jm Lo
ogl ﬂl%
[0 ox
TR
® oK
o W
Q2 o
=P
18
e
k
:?l:,"
>
= o
fu)
o ;g
Joy Ok
w2
oy &L

X
rlr % o
8
Lo lg B
FPE :lo

T il
EORL
o

bl

=
-
>

N
al
)

-

=2 o
i
s
o
o
N
2 18
ny)
o
_Q,
B

&
o
9

fo
£

i ofx
S
2 &
i
(LU
N
ST O

=Y
e ot

9

>~
=

B AT SR AuE/|EE0A A o

BATE HE5UE 20144 5H

FH]A QL1715 200020 913 A=A 2
TE FEHER AYAFN FEAYY W FEWER

871 ER &l A=t
References

Basist, A., Bell, G.D., and Meentemeyerm, V. (1994).
“Statistical relationships between topography and
precipitation patterns.” Journal of Climate, Vol. 7, No.
9, pp. 1305-1315.

Berg, A, Meyer, R., and Yu, J. (2004). “Deviance Infor-
mation Criterion for Comparing Stochastic Volatility
Models.” Journal of Business and Economic Statistics,
Vol. 22, pp. 107-120.

Burns, JI (1953) “Small-scale topographic effects on
precipitation distribution in San Dimas experimental
forest.” American Geophysical Union, Vol. 34, No. 5,
pp. 761-768.

Carlo, G., and Matteo, G. (2007) “A hierarchical model
for the analysis of spatial rainfall extremes.” Jowrnal
of Agricultural Biological and Environmental Statistics,
Vol. 12, No. 4, pp. 434-449.

Daniel. C., Douglas, N., and Philippe, N. (2006) “Bayesian
Spatial Modeling of Extreme Precipitation Return
Levels.” Journal of the American Statistical Associa-
tion, Vol. 102, No. 479, pp. 824-840.

Greenwood, J.A., Landwehr, J.M., Matalas, N.C,, and
Wallis, JR. (1979) “Probability weighted moments:
Definition and relation to parameters of several dis—
tributions expressible in inverse form.” Water Resources
FResearch, Vol. 15, No. 5, pp. 1049-1054.

Han, JW., Kwon, HH., and Kim, T.W. (2009). “Reli-
ability Evaluation of Parameter Estimation Methods
of Probability Density Function for Estimating
Probability Rainfalls.” Jowrnal of the Korean Society
of Hazard Mitigation, Vol. 9, No. 6, pp. 143-151.

Hosking, JRM.,, Wallis, J.R., and Wood, EF. (1985). “An
appraisal of the regional flood frequency procedure in
the UK Flood Studier Report.” Hydrological Sciences
Journal Vol 30, Issue 1, pp 8-109.

Hosking, JRM.,, and Wallis, JR. (1986a). “Paleoflood
hydrology and flood frequency analysis.” Water
FResources Research, Vol. 22, pp, 543-550.

481



Hwang, S.W., Park, SW., Jang, M.W., and Cho, Y.K.
(2006). “Spatial Distribution Modeling of Daily
Rainfall Using Co-kriging Method.” Journal of Korea
Water Resources Association, KWRA, Vol. 39, No.
8, pp. 669-676.

Katz, R.W., Parlange, M.B.,, and Naveau, P. (2002).
“Statistics of extremes in hydrology.” Water Resources
FRecsearch, Vol. 25, pp. 1287-1304.

Kim, G.S., and Kim, J.P. (2011). “Characterization of the
Variability of Summer Extreme Precipitation Accor—
ding to the Local Features.” Journal of Korean Society
of Civil Engineer, KSCE, Vol. 31, No. 2B, pp. 129-146.

Koh, DK., Choo, T.H., Maeng, S.]., and Trivedi, C.
(2008). “Regional Frequency Analysis for Rainfall
using L-Moment.” Journal of Korea Contents Asso—
ciation, Vol. 8, No. 3, pp. 252-263.

Kwon, HH., Moon, Y1, Kim B.S., and Yoon, S.Y. (2008).
“Parameter Optimization and Uncertainty Analysis of
the NWS-PC Rainfall-Runoff Model Coupled with
Bayesian Markov Chain Monte Carlo Inference
Scheme.” Journal of Korean Society of Civil Engineer,
KSCE, Vol. 28 No. 4B, pp. 383-392.

Lee, D.J., and Heo, J.H. (2001). “Frequency Analysis of
Daily Rainfall in Han River Basin Based on Regional
L-moments Algorithm.” Jowrnal of Korea Water
Resources Association, KWRA, Vol. 34, No. 2, pp.
119-130.

Lee, ]J.J., and Kwon, HH. (2011). “Analysis on Spatio-
Temporal Pattern and Regionalization of Extreme
Rainfall Data.” Jowmnal of Korean Society of Civil
Engineer;, KSCE, Vol. 31, No. 1B, pp. 13-20.

Marquinez, J., Lastra, J., and Garcia, P. (2003). “Estima-
tion models for precipitation in mountainous regions:
the use of GIS and multivariate analysis.” Journal of
Hydrology, Vol. 270, pp. 1-11.

Schermerhorn, W.C. (1967) “A determination of the
effect of topography upon precipitation.” American
Geophysical Union, Vol. 28, pp. 285-290.

Spiegelhalter, D.]., Best, N.G., Carlin, B.P., and van der
Linde, A. (2002). “Bayesian Measures of Model Com-
plexity and Fit (with discussion).” Journal of the Royal

482

Statistical Society - Series B, Vol. 64, No. 4, pp. 583~
639.

Spreen, W.C. (1947). “A determination of the effect of
topography upon precipitation” 7rans Amer. Geophys.
Union, Vol. 28, pp. 285-290.

Tao, Y., Chong, Y.X,, Quan, X.S., and Xi, C. (2009)
“Regional flood frequency and spatial patterns an—
alysis in the Pearl River Delta region using L-moments
approach.” Stochastic Environmental Research and
Risk Assessment, Vol. 24, No. 2, pp. 165-182.

Um, M.J,, Jeong, CS., and Lee, T.S. (2012). “The Optimal
Spatial Analysis of Precipitation in the Region of
Gangwon.” Journal of the Korean Society of Hazard
Mitigation, Vol. 12, No. 1, pp. 179-192.

Woltling, G., Bouvier, C., Danloux, J., and Fritsch, J.-M.
(2000). “Regionalization of extreme precipitation dis—
tribution using the principal components of the topo—
graphical environment.” Jowurnal of Hydrology, Vol.
233, pp. 86-101.

Yin, S., Li, W., Chen, D., Jeong. J.H., and Guo, W. (2011)
“ Diurnal vatiations of summer precipitation in the
Beijing area and the possible effect of topography and
urbanization.” Advances in Atmospheric Sciences,
Vol. 28, No. 4, pp. 725-734.

Yoo, C.S., and Jung, K.S. (2001). “Estimation of Area
Average Rainfall Amount and Its Error.” Journal of
Korea Water Resources Association, KWRA, Vol. 34,
No. 4, pp. 317-326.

Yoo, C.S., Jun, KS., and Kim, KW. (2004). “Estimation
of Orographic Effect on Precipitation in the Han River
Basin-I. Regression Analysis.” Journal of Korean
Society of Civil Engineer, KSCE, Vol. 24, No. 1B, pp.
33-39.

Yun, H.S., Um, M.]., Cho, W.C., and Heo, J.H. (2009).
“Orographic Precipitation Analysis with Regional
Frequency Analysis and Multiple Linear Regression.”
Journal of Korea Water Resources Association,
KWRA, Vol. 42, No. 6, pp. 465—40.

A3 14-033 A9 2014.04.07
FALRE 2014.04.23 AAEE: 2014.04.23

BEKERBEMNE



