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Abstract

A stochastic weather generator based on a generalized linear model (GLM) approach is a commonly used
tools to simulate a time series of daily weather. In this paper, we propose a multi-site weather generator
with applications to historical data in South Korea. The proposed method extends the approach of Kim et
al. (2012) by considering spatial dependence in the model. To reduce this phenomenon, we also incorporate
a time series of seasonal mean precipitations of South Korea in the GLM weather generator as a covariate.
Spatial dependence was incorporated into the model through a latent Gaussian process. We apply the
proposed model to precipitation data provided by 62 stations in Korea from 1973-2011.
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1. M2
Stochastic weather generator= B2 2 122 7|4 o 7]_‘;1 HE o] 83l AAow & 7
2o 9 B/ Lo} AL B9FE AAe U BAH malolt Ea o] ZAE A4 B AF A

HE 2 JHE downscalingsh= A7 F shbel 7| = st} (Wilkse} Wilby, 1999). S} % o] &
Fe B4 548 2o DA FATNE A2 AY BASHEE 22 448 IAE ol8T AL
5494 A AA B5E ARE FAFY GAFESF BY S LA (Maraun 5, 2010; Wilks,
2010).

ZZofl= o]#]38t Stochastic weather generatorE 3|4 LWs}A ¥ 2 3 (Generalized linear model;
GLM)o| o] aeisdl, o] By 7|5 AZE EAS AYsta 44 IR0 43S nd 3
£ A7 @4 (o, delx @4, ATF2ds d4 5)S A3 dsted W F&sith (M-
Cullagh®} Nelder, 1989; Furrer®} Katz, 2007). 3FA|%+ o]#] st GLMo]| 7]Z& 3}t Stochastic weather
generator= B8Z T3 A3 AZE SAFEY At AAl B5H AEE EATREY BEARET
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o2 M F4HE FAZE 7HA2 Aot (Buishand, 1978; Katz2} Parlange, 1998). ©]#{3gt
A overdispersion©| 2}l 3=t FZoll= GLME ©]-83F weather generator7} #&3E THge] &
B3] 2 7% MES e UES 3k Zo] 43l T8 o]47t H gttt (Katze} Zheng, 1999).
5 (2012)2 ©]# 3t overdispersiondA-E Z0]7] 3] 7]&2] GLM weather generatorol] #23
o AEE B AeES TSR ARSI S AEE SR E o8 E 7R A3
o] A=
|

flo

2 F71EQ0 HE5S By Attt o, AEE S FAFE IUE By
FoojAte] & 7|15 W53 WA 7| underdispersion @AS 2] YA AEE &
A%S smoothing #]2]3te] o] A1L31th & =& A+ LOESS(locally weighted scatterplot
smoothing; Cleveland, 1979; Hastie2} Tibshirani, 1990) 7] {2 o]§3}o] A 2 ¥ 5 A & smoothing
Agstdrt. FE thE o2 7}A] smoothing7] o] 12E 4% rh Wilks (1989)% I 792
o &St By Y S 0|83 Hansen®} Mavromatis (2001)+= overdispersion @4-& &
o]7] 954 GLM weather generator?] A4+E Yol2 23T
27 7 Hof 7123 Stochastic weather generator= I A o) Tk EH 2] EAL & THAFIA T o
g G IRE A AAst=dAE AT k. 53] ER e FHAEQ1 AHAAE A5l
A3 SEoHA dth oyt AE FESY] HsiA B =RoAe FHTERE K=
weather generators A7l TE of7)dME TR E 7| BP0 F&3H A7 U T o
TFZE 53| Stochastic weather generator®] R Aol ZHEZRE a/5k= v Akt 1
g3 At BES EvEre] 627 A9 4 el g8ttt 2 A fsiA 19739 F
B 201197kA] 399 ko] fejvet 2 A9 dd A9 A5 7F AMHE AL, overdispersion #A4F
= Eo17] S8l &4 2 BHT [FASE 71 o] ARE AT B =22 o) o] 3"
273 e dd 739k &3 GLM weather generatorS 7] 2708kt o} 7)ol A overdisper-
sion A Helr] A3 A B AeES FHSE ARRES 28a 3CA = e TRE
T3 TR E 7FXE= GLM weather generatorg HojFa1, 4o A& Ut 6271 A HdA &
59 4 ZeArsol Aldd By 8t By S S/, v T O R 500X o] =
FolA Aloket W] 28-S AAEY E o] Hasf ok & Aol &3l =2 st upEE] 3l

n

tochastic

2. 2l Zteeky]| st GLM weather generator

Furrer2} Katz (2007)0] &J3iA 27ME dukst AP R 3o] 7]%3t stochastic weather generator:
Richardson (1981)¢] Ago& A3t By F 7P 2dst Jejoivt. © 2AE &2 Furrerst
Katz (2007)1} JALO]E http://www.image.ucar.edu/ eva/GLMwgen/ & Zz23ld ). Furrers}
Katz (2007)°] ol3)] 479 729 ST 29 Ao &3 GLM weather generator= =202 =
Stern¥} Coe (1984)9] 23} -2 Zloly| 252 Z3° 2471 €d £7]5 7FA+ chain-dependent
processS ©]-&3to] A 7o F3E GLM B HEtt. YollA F7k AF3 vlel 2o down-
scaling 7|2 JFH 7t ARSEE Bt dAFd INE A AT EHFA B S Shtolth
TEZF Z 71888 AG9A FR7T 22 ER 9 AFAZIEA O B o Fo] AR ThE F A4t
A oShehE 715 E ATV 53 FAA downsealing® 2 2] 4B 2L 2o YA
Rpolol RHE BA ek Aol A AR Kim 5 (2012)€ LOESS smoothing® A28 714
EAAZE 7129 GLM weather generatoro] S7PA4E 1 To 2R AU X A 3o FH3 23
AL Yol “overdispersion” @4 A AT ATE £ =AML Atd E¥HE F3) downscaling”]

WS GLM weather generatorol] AFAAHA = Y5t} et
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o] JIHL & FEY AHHUTE A2 R TEHgo] A4 Ao X T A dE =

o], 2 &9 71T} tF /B T2 Ul A87HA A7t €Y FeEFoA S E ARSH

o} B =FoA A|otH GLM weather generatore= AdY & 793 o] R3] 22 7ro 947}
7

ooz Basle A8y} A9 overdispersione A3 Fc) TS 9d FouAyz) o2k A4
=k
-0

J(s)E s ARAA ¢ RS BB HUE GeRdnkE S (F, M7t 98 Ji(s) = 1
o Ji(s) = 0°] AH). p(s)= " 5A s ARl HIZF & FFE (pe(s) = P{Ji(s) = 1
1 —pi(s) = P{Ji(s) = 0}o] Ath& Asrt. 2 o ezl vz o]dY Aejol] T

|91(Markov chain)3} 0], o= EXdof v7} & 52 I A
Ji—1(s)oll &= vk webs s A9 ¢ ARA Y] iAol tieh 232 thet 2ol

32
N
o
1% o

In (%) = a(s) + B1(s)Je—1 + B2(s)Ct + B3(s) St + Ba(s)CiJe—1(s)
+ B5(8)SeJi—1(8) + Bo(s) [ P (s) + Br(s)(1 — L) P (s). (2.1)

A=l A B2 7t AT M (F, Ji(s) = DstelA Bae w(s) 2 7= A=
7Hgsted, o] Ha el v 2E2 D}Eﬂr 2ot

In(pe(s)) = als) + 71(8)Cr +72(8) St + 73 () [P (5) + () (1 = L) P (s),

71olA Cp = cos(2r(t — 181)/365)°]1L Sy = sin(27(t — 181)/365)°|tt. Bi(s)S L
A Rl wet e 29y S ojwal Bt eAE L, fa(s)9) Bs(s)
£ A0 Aol g aejste] BT FFo) et 718 Uehlle SINE 419 943 3
ok 283 Ba(s)S} Bs(s)E olE et F7] ARyt 1 A ZeA fFol S
th. PP(s)% PV (s)E s AHe] A7 49 FS LOESS7| YL = %s} AR E4
ARl T dHAA dLATHFS B8] A FohE AH Evﬂ downscaling % &3} S-A) o]
overdispersion A% s Asks Waolt). L AR A hTOM %, 17k 101 $7](49-99
o) %431 PY(s)7} B9l A MAT, 17} 001 271102 3] P (s 7t Agan, 2oz
AT ()2 y2(s)e B 293l g 715 Yehf= SINE 349 943} 1=%S A3
12, B9 7S FeiA BE A9 ZFEF 4 smoothing BFEA 0.3& /\}Jla]—oﬂl;} w3}l _¢
7} 240 A smoothing B2 WS} we} overdispersion Z3}7} robust -2 &213}53 T}

Figure 2.1-2 1961WHE 20119714 51 ko] Mg Ao AdE 2743
Z+Z- LOESS smoohthlng AFE HolE Aoty F1E LOESS 7|He AFIARY 49 7+
AT vAPRY FHY FATE Al 7HA= smoothing 71 5 shld] 53] o] thg
robust 3t ZHS 7HA Zlo g A ALbE A SHME FES 7R AL )
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3. B EE JHAl= GLM weather generator

27| A 270E 7122l GLM weather generatoro] &7F-ZE A2317] YA Ho] x|k oA B
o] AFEE = UE1ZE o839 th o] H35l Stochastic weather generator®] B8 Ao F7HLZ
£ 7+ i F A2 E JHEeth 3RS 18T wis ASAETE g AR dgt A5
o] AR3tn g 4] (2.1)-(2.2)04 3T A Qe Z-HE LOESS7|HES 183t AZE S4X=E AMES}
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Figure 2.1. Optimal smoothed aggregated covariates of seasonal total precipitation during summer (left) and
winter (right) seasons at Seoul. Dashed lines: corresponding observed values of the data series
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Figure 3.1. Optimal smoothed aggregated covariates of global seasonal total precipitation during summer (left)
and winter (right) seasons. Dashed lines: corresponding observed values of the data series

£ Al A7 23S LOESSA 3 AZE §A44 PPet PYE 2y 283k
e ) = a(s) + B1(s)Ji-1(5) + Ba()Ce + Ba(5)Se + a(5)Culi-1(5)
+ B5(8)Se Je1(s) + Bo ()L P + Br(s)(1 — 1) P, (3.1)
In(et(s)) = 8(s) 4+ 71(5)Ct +72(5)Se +v3(s) . PE + ~a(s)(1 — L) P . (3.2)

Figure 3.1+ 1961358 2011\d7kA] 51 524 A= ALY 225 719 A7 wet 2
Z} LOESS smoohthing3t 235 Hoj& ot}

°]Zl GLM weather generator®] E Aol 70125 7= ARRAREZE 7MY koAt sty &, @
a3 3= als)2 o(s)oll el A Bol p, o psol L FEA FFZE Col-,- )R Cs(-,- )5 Z
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Figure 4.1. Locations of 62 observing stations
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Table 4.1. Estimated coefficients (Coef.) and standard error (SE) values for all components of the stochastic
weather generator with aggregated climate statistics as covariates at Seoul. Note: in precipitation models for
convenience to make the results easy to present in a compact format, daily mean rate is used as a covariate instead

of precipitation total at Seoul.

Covariate Precipitation Occurrence Precipitation intensity (mm)
category Term Coef. SE Term Coef. SE
Constant I —2.68 0.079 0 1.74 0.118
Summer LIPS 0.18 0.014 LIPS 0.09 0.019
Winter (1-1)PYW 0.32 0.083 (1-I)PYW 0.28 0.115
Autocorrelation Ji_1 1.06 0.041 - - -
Seasonality Ct 0.65 0.059 Cy 0.74 0.073
St 0.21 0.031 St 0.31 0.034
Interaction CeJe_1 0.18 0.057 - - -
StJe—1 0.11 0.054 - - -
o o
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Figure 4.2. Boxplots of simulated Sd of annual, summer and winter total precipitation(mm) based on the original
model (left) and with smoothed seasonal covariates (right). Horizontal solid lines: corresponding observed values

of the data series.
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Figure 4.3. Distributions of observed dry spells (dashed line) and simulated dry spells (solid line) during summer
season over the 39 years.
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Figure 4.4. Modeled transition probabilities p11(t) (left) and p01(t) (right) with smoothed aggregated covariates.
Dots: empirical transition probabilities, i.e. frequencies of observed transitions calculated separately on each day
of the year.
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Table 4.2. Estimated parameters of spatial covariance functions for all coefficients in the precipitation occurrence

and intensity models

Precipitation Occurrence Precipitation intensity

Coefficient Spatial Parameters Coefficient Spatial Parameter
scale range smootheness scale range smootheness
« 1.02 0.63 0.31 « 0.99 0.44 0.29
51 1.00 0.45 0.33 Y1 1.02 0.34 0.24
B2 1.05 0.42 0.32 Y2 1.01 0.21 0.31
B3 0.98 0.54 0.45 Y3 1.04 0.46 0.59
Be 1.01 0.49 0.46 Ya 1.08 0.55 0.35
B 1.00 0.61 0.55

Figure 4.5. Posterior means of coefficients («, 81, B2, 83, 86, and B7) in the precipitation occurrence model.

p01(t) P{J; =1|Ji-1 = 0}2.2 3E 4 t}. Figure 4.49014 Foz HH3E AL A4 39dX 7
Zo] HolFES vt Tejzoln AAE BN AAHE 3] Ho|FEe] Fws UEhd FA o]

‘3}. IAA & 5 o] R AAEE 3 AAIZS] siE o] vttt

37 478 FHZRE 7= GLM weather generators 2lUe} 767 A FollA 3937+

H g s AEA50 HE359 T ZZ Table 4.200 4= ZF 28 9] Al tjst 324 gk

¥ Jl)u
O oX,

Bl gk FAgEo] FoF o Figure 4.5004 49 F-EARZE F AT o, b1, B2, 85, Bo
223 Brofl gt AR gEolth AT 7 s A Feld 5 e, FAeAE
BEE A7 HRE 334 548 B welA £4 Hagee AV o e SA4S Bde &
< Stk Figure 4.600 A= 23l e 2y 435 HojErh of7|dA = gt vdl
e Hol Frh o]FA @l FUAHEE o]&ste] AFARTE fle Al diF FeRFS A4
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Figure 4.6. Posterior means of coefficients (8, v1, v2, v3, and 74) in the precipitation intensity model.
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Figure 4.7. Model checking in the views of overdispersion and dryspell.

&+ Aot

npR| et 2 A otH F7HRE 7FX+ GLM weather generator 7} AA| X 92 EAAS 2 AY3=AE
glatr] i AAR FeFE F5A 2 A Gl sl At BT G RYo] AHs
A ST 5 A AJN7EE JAs B 227 dok. B =RoAE x4 3 A9 2 A5E AA
5, ¥ Aqe FHE o] &l FAT I A AFE EAA SAF] AA AS5E AL A
g duintE A=A Gt AH A ABE 54X SAF 5 overdispersion #/4S <l
g e AR S 245 A2 7)17H(dry spell)oll thet =4S vl sttt (Figure 4.7).
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5. 28

2 =EA fEl& 372 E 7= GLM weather generatorE A703F AL At 23-E f-2vhet
767 A FollA 39T SHE I T ASA5 0 ALt 7€ 23 L F3 smoothing® Al
A F7Foleke A7) dde] 4 Aeitolets T A4t of®Al TS nAEAE Yotk
gttt o]& &3 gulr o g GLM weather generator7} 712 = Al@YE £7-939] overdispersion &
Ae EFRAo AT 4 Ytk 2 TR E 0|83t 7|&9 GLM weather generatorol] &
HHZE 2708t o]& 913 Stochastic weather generator®] R AGo| FHEZE 7HX]= b

AFEEE

74Tt ol B4 EAATY F04 545 A1 4 St LOESSoA A

J= 8 AR Ao AZE 24Tl Y| ARG olets HRAA A3
= © B2 overdispersionFAS A AT 4 9= o2 2o B3I F71A ¢ A7)
o3k 3 RS 7|29 GLM weather generatorol] 2-8-3l= ol tfst A= AT ojof

References

Buishand, T. A. (1978). Some remarks on the use of daily rainfall models, Journal of Hydrology, 47, 235-249.

Cleveland, W. S. (1979). Robust locally-weighted regression and smoothing scatterplots, Journal of the
American Statistical Association, 74, 829-836.

Furrer, E. M. and Katz, R. W. (2007). Generalized linear modeling approach to stochastic weather generators,
Climate Research, 34, 129-144.

Hansen, J. W. and Mavromatis, T. (2001). Correcting low-frequency variability bias in stochastic weather
generators, Agricultural and Forest Meteorology, 109, 297-310.

Hastie, T. J. and Tibshirani, R. J. (1990). Generalized Additive Models, Chapman and Hall, New York.

Katz, R. W. and Parlange, M. B. (1998). Overdispersion phenomenon in stochastic modeling of precipitation,
Journal of Climate, 11, 591-601.

Katz, R. W. and Zheng, X. (1999). Mixture model for overdispersion of precipitation, Journal of Climate,
12, 2528-2537.

Kim, Y., Katz, R. W., Rajagopalan, B., Furrer, E. M. and Podestd, G. (2012). Reducing overdispersion in
stochastic weather generators using a generalized linear modeling approach, Climate Research, 53,
13-24.

Maraun, D., Wetterhall, F., Ireson, A. M., Chandler, R. E., Kendon, E. J., Widmann, M., Brienen, N., Rust,
H. W., Sauter, T., Themegl, M., Venema, V. K. C., Chun, K. P., Goodess, C. M., Jones, R. G., Onof,
C., Vrac, M. and Thiele-Eich, I. (2010). Precipitation downscaling under climate change: Recent devel-
opments to bridge the gap between dynamical models and the end user, Reviews of Geophysics, 48,
doi:10.1029/2009RG000314.

McCullagh, P. and Nelder, J. A. (1989). Generalized Linear Models. 2nd ed., Chapman and Hall.

Richardson, C. W. (1981). Stochastic simulation of daily precipitation, temperature, and solar radiation,
Water Resources Research, 17, 182—-190.

Stern, R. D. and Coe, R. (1984). A model fitting analysis of daily rainfall data, Journal of the Royal
Statistical Society A, 147, 1-34.

Wilks, D. S. (1989). Conditioning stochastic daily precipitation models on total monthly precipitation,
Water Resources Research, 25, 1429-1439.

Wilks, D. S. (2010). Use of stochastic weather generators for precipitation downscaling, Wiley Interdisci-
plinary Reviews: Climate Change, 1, doi:10.1002/wcc.85

Wilks, D. S. and Wilby, R. L. (1999). The weather generator game: A review of stochastic weather models,
Progress in Physical Geography, 23, 329-357.



Multi-Site Stochastic Weather Generator for Daily Rainfall in Korea 485

| —
Zfo|xa . 212ph!
coLtrfsty SHE, PAL sty SH St

(20144 3% 72 R4, 20144 42 282 £A 2014 52 82 X EH)

=

Q of
dutksl AR (GLM)ol 71x3 352 IH A 7] (Stochastic weather generator)+= 48 EXNE AAsH=t
73 dutA o g2 ARRE = B oIt B =RoE tEFXRE 0])3 o] 7|E&9 GLM weather generatore] &7+
FZE At AEE E7-39] overdispersion FAS B o7 A A7) Al smoothing® A EH
EHS By AL FUHHRE 270517] Y8lA] Stochastic weather generator®] 28 Algof F7HHZ
E 7= thAE AFEZE HEacnt 22l Alokd Z7FZE 7HAE= GLM weather generator 232 9
et 767 A GollA 39Uzt EHE dE e A5A s ALt
TREN: U2, UveMAdRY, USAIE M| LT,

(No. 2012-011113).

o] =2 20129 % AR (v F 2T APo 2 AT 7|2 AFAIE S A DS ol 3 H A7
LA A 2L (702-701) thE3

Al B3 gtz 80, AEU S A 8. E-mail: kim.1252@knu.ac.kr



