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ABSTRACT

GCM (Global Circulation Model) is a basic and fundamental tool for predicting
future climate conditions. Unfortunately, its output is so coarse in space and time
that it cannot be directly applied to application fields. Currently, there is a large
amount of research focused on closing the gap between resolutions of GCM output
and application data. This process, called downscaling, produces climate data of
high resolution from coarse GCM outputs. Downscaling schemes have mainly been
studied in two approaches - dynamical and statistical downscaling. Dynamical
downscaling is based on RCM (Regional Circulation Model), which is a dynamical
circulation model with higher spatial resolution and more detailed regional
topography than GCM. Thus, it can produce climate data of fine resolution adapted
for a target basin. On the other hand, statistical downscaling is based on statistical
models describing basin weather and its relation with climate predictors. Since
it can rapidly downscale GCM output without expensive computational costs, it has
been employed in a variety of application fields. Recently, a hybrid approach has
been studied to further increase the spatial resolution of dynamically downscaled
data and correct the distributional bias using observation data.

In this report, we concentrate on statistical downscaling. There are several
approaches for statistical downscaling. One of the most prominent approaches is
a regression model which links basin weather variables with climate predictors
so that climate prediction can be reflected on the basin weather. Since climate
prediction is provided in coarse spatial resolution, it is viewed as spatial

disaggregation. Another approach employs a weather generator, which generates



weather scenarios day to day by using a statistical model for basin weather. As
such, it can be viewed as a tool for temporal disaggregation.

This report focuses on weather generators. Many weather generators have already
been developed. Since weather generators are based on statistical models for basin
weather, statistical modeling is the most prominent factor in developing a new
weather generator. One of the most widespread models was proposed by Richardson,
His model deals with precipitation, daily maximum/minimum temperatures, and
solar radiation; it is a multivariate but site-specific model. The modeling approach
is fully parametric: the precipitation model assumes that wet/dry-spells follow a
first-order 2-state Markov model and rainfall amount is distributed according to
a gamma distribution. In the temperature model, the daily mean trends are estimated
by fitting Fourier series and the anomalies are modeled by the Vector AR
(AutoRegressive] process that can describe their correlation structure. The
precipitation model was modified by Racsko et al. As the parametric model may
have model bias, the discrepancy between real world model and assumed model,
thus non-parametric approach, is often employed. Racsko et al. adopted a
wet/dry-spell alternation scheme instead of the Markov model. Moreover, rainfall
amount is modeled by a semi-empirical distribution. Now in many publications,
Richardson and Racsko models are called WGEN and LARS-WG, respectively. The
site-specific model has been extended to a multi-site one for covering an entire
basin rather than a specific site. Since a multi-site model is definitely more
complicated than a site-specific one, non-parametric approach is preferred to
parametric due to its flexibility. Apipattanavis et al. proposed a multi-site multivariate
weather generator that assumes a parametric Markov model for wet/dry-spells
but adopts the k-NN method for simulating conditional distribution of weather
variables, which is a non-parametric resampling method.

In this study, we aim to develop a new weather generator for statistical downscaling



of climate prediction. For the purpose, the weather generator is required to have
the following abilities:

e covering multiple sites;

® being linkable with climate predictors.

For spatial disaggregation of climate prediction, the weather generator has to
be capable of simulating multi-site weather. Furthermore, for producing climate
data of high resolution, spatial interpolation is applied to weather scenarios retaining
spatial correlation. The second ability above is related to the inter-annual variation
of climate. Typically, weather generator models are calibrated for generating
climatological weather that ignores the inter-annual variation of climate. Thus, for
such variations to be reflected, the weather generator has to be linkable with climate
predictors. Motivated by these demands, we have developed a new multi-site
multivariate weather generator for statistical downscaling. The weather generator
deals with precipitation and daily maximum/minimum temperatures.

Now, we introduce the underlying statistical models of the proposed weather
generator. First, the precipitation model is described in detail. As in the LARS-WG
precipitation model, wet/dry-spells are simulated by a wet/dry-spells alternation
model where each spell is generated independently. Especially, the lengths of
dry-spells are generated by using a corresponding empirical distribution. As
mentioned before, this method allows us to circumvent the model bias problem
arising in Markov modeling. Generating wet-spell is more complicated than dry-spell
since multi-site rainfall generation is involved. In particular, at-site distribution
of rainfall amount is discontinuous at zero amount and multi-site distribution is
far from multivariate normal. Thus, we take into account copula models that provide
a general framework for modeling multivariate distributions. Actually, two
approaches are considered for copula modeling: semi-empirical and Gaussian. The

semi-empirical approach can be viewed as a multi-site version of the semi-empirical



distribution method of LARS-WG. As it is flexible, model fitting is rather simple.
However, as the number of sites under consideration increases, it suffers from
sparsity. On the other hand, Gaussian model is parametric, and thus sparsity problem
vanishes but model bias may be involved.

In rainfall amount modeling, it is important to deal with extreme precipitation
because it has enormous impacts on application fields. For appropriate extreme
rainfall generation, extreme value models are employed; generalized Pareto
distribution is fitted to extreme rainfall data at every site and Spatial Gaussian
Extremes Modeling is adopted for describing inter-site coherence of extreme
precipitation.

Next, the temperature model is described. The daily mean trends are estimated
by local polynomial regression method instead of with Fourier series. The local
polynomial regression seems to estimate mean trends more accurately than Fourier
series. It is also notable that the daily mean is affected by precipitation. WGEN
temperature model estimates daily mean trends of wet and dry days, separately,
thus the magnitude of the effect is determined by whether the day is wet or dry.
However, actual daily mean is observed to respond to rainfall intensity too: as
the intensity gets stronger, daily mean falls down much more. This observation
motivates the use of a regression model for mean down-shift against the intensity
of precipitation that differentiates the proposed model from WGEN model.
Temperature anomalies are obtained from standardization as in WGEN model, but
they exhibit autocorrelation in space as well as time. To capture the correlations,
we also consider the Vector AR model. Note that in multi-site model, the Vector
AR model gets more complex (the number of parameters estimated is large) as
the number of sites increases, thus we need to consider dimension reduction. It
can be accomplished by EOF analysis, which provides a suitable set of principal

component series. The Vector AR model is fitted to the vector series of the principal



components rather than anomalies directly. This enable us to capture the correlation
structure efficiently.

We evaluated the performance of the proposed weather generator by carrying
out a case study focusing on the Nakdong basin in the Korean peninsula. ASOS
(Automatic Synoptic Observation System) daily data is readily available and 14
observation stations are located nearby. A 26 year observation period was used
(January 1, 1988 - December 31, 2013). We fit the models described above to the
ASQS data and generated 1,000 sets of simulation data, whose period is from January
1 to December 31. The performance was measured by the similarity between
statistical characteristics of observation and simulation data. In the evaluation, we
took the following characteristics into consideration: daily distribution; spatial
correlation, temporal correlation of temperatures; correlation between maximum
and minimum daily temperatures; monthly accumulation and maximum of
precipitation; wet-day frequency; and monthly averages of temperatures. As the
result, most of characteristics were reproduced well by the proposed weather
generator, except monthly averages of temperatures where the synthetic averages
revealed a narrower spread than observations. In calibrating the weather generator
model, inter-annual variation of climate was ignored but significantly detected in
real climate. We guess that excluding this variation causes the flaw in the monthly
averages of temperatures. In future studies, we will investigate climate predictors
and link them to weather generators for piping inter-annual variation of climate

to basin weather.
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g A2E oA EAA AA|E 7|HOo R HASH= hybrid 7|HE 2 Qo) (cf,
Guyennon et al,(2013)).
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i i;

Regional Climate Madel
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Social Systems

Ocean
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R=(R,¥,)¥, + -+ (R.¥,)V¥, @)
oz gALLY, 7|4 A4S 2o HEo] HyATt
<R!p1>!p1++<R7 > p? p<d (3)
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Spatial Mode in Nakdong Basin, June

Spatial Mode in Nakdong Basin, June

— 3rd Mode (4%)
— 4th Mode (2%)
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oA A ZEF Alo]] A (nearness)= il
g 2ok £ gy

welZ
suR eyyEsle] 2T A

of Zof FrF AE &
o3 Holc}. o] 2AAe
&5 R Ryof disfiA,
» 1/2
pRR) = { 3R, (R @
i=
2 20}, o]t WYH JrUBRRE Aole] FRARAY A,
2.1.2 Copula 2
5171 Y8l RY spectral 23l (2)5 L8513 AT
Beepe) RGO
28t copula = Evijge

lz:]
AR, 2 MR FHo] ofy7] e, thAl
Zyesef AL o)l

o] 7
<R’W1>v"
& o ot fee o974 ox ) A
Copula®t RE FHIEEZ7} 0} 1A}0]9] FUEZ (uniform d1str1butlon) o]
chae o] EAoltt, Sklar (1959)0] T, WE chis BEE 149 T4
E5329} copulad] o R AT 4= At hAH 7T R= (R(sy),-+,R(sy)) Oﬂ
el o]& #8314,
Fi(z|lw)=Pr(R(s;) < z| wet day) rER, j=1,-,d (5)
o] Z+ A9 F-99] H5EY(wet day)o] theh 2FSEREEZE YEld o, oH
= C(F (W), -, Fy(z,ylw)), (6)
HEE

,R(s;) < 2, wet day )

copula C o djjsf
o] thek mEgoll A A3 ShEtEet 4

PT(R(51) = Xy,
T, T ER,
7 Ageitt ol HAE e B el
Bio] mge THY 4 98 oulatt o tobh, molAel AL,
(Ulv' 7Ud)~C (7)
S g ), R*(s,) = £ (U,lw), j=1,.d 2k Foh, (R* (s,), R * (s,))]
= RO S5l digt 2RSSR} Eh o7 A,
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F (ulw):=min{z: F(zlw)=u}, 0<u<l, (8)

o

o7 B4 s (quantile function)o]gtal FE2c)

28]= copula Co 3] th2 F 714 3L agsich:

i . #7984 (semi—empirical) Copula 2&: $-2= (0,1]'& A2 HXA] = dxY
EREEE

B(lla"'ald):(bl,ll—pbul]x"'x(bd,ld—pbdjd]a l1a"'=lde{1='“7k’+ 1}
O 8 Useth ©, 124 ke Noj| s,
0=b,y<b, <<by =1, j=1,.d, 9
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Z;:=o '(U,) (10)

(Zy..Z4) ~ N(0,2). (11)
oA7|A, o= FEAHFEEY BELFE SATH

T8 A P2 LARS-WGE| =i AR R 78 8 21 2E23E(semi—empirical
distribution)®419] thx|H o2 7HEEF 4~ Q) (cf. Racsko et al, (1991)).
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L Fi(zlw)e z=0014 EA%ol7] wjFof, Gaussian
copula 29| (Z,,---,Z,)7F S48 TSEct, 24 11)9 ¥ FHof o3t

USRS WG3foF sk, AR RS F5olA 2ot

ofi
57

Olt

2.1.3 2c1Zt B

A, THAIR Z5pe] B AR UEEP) SIeiA copula BRL AXSHAL,

2
sl o5 wao] IutadlolAe] BtERE B4 AYslr|ol: HHs)

OFrS- 4= gt} olof tinlstr] Y&, F=gE E3E(spatial extremes distribution)
2 weRich af A 37 SRR GO Fejl cheat 2t

Gy, -+ y,) = exp

—f max flwisy) R f(w;sd))dw}, 12)

wER? Y1 Ya

o]7] A, fi oFsk(positive function)EA], HE A& sof thalA]

2 WS} (5 G 9 ‘profile UL HER, G 9} FAA & 4= Yk (U,,-.U,)
o] Frtaolol o] SEELE HWs7] AalA,

Y, =—{log Uj}*1 (14)

olgtal T2k I (Y,---,Y,) 7} max—stability 272 TS 7%, ©JH profile

Sk f7F A8k, min(y,,--,y,)—c d W,
Pr(Y, >y, or - or Y;>y,) ~1—=G(y, ,y,)- (15)

ol (Y, Y )9 %L?_}"“é‘?qjoﬂﬁ SEREZVL G E AP ol FEEgE
3of gt ARAISE W8-S Resnick (1987), Smith (1900), Coles et al. (2001)

Davison and Gholamrezaee (2012) & *alsl7]|& vt}



profile @4+ 1= Fe4e] FUH BAS Hgshr] R, [ 3
B BACIA Y F At RRoleh, IR, 9] 2L SshAE 2 e
Yet A9 wHol Basth o7l HEHC RO Gaussian WHS A7
(cf. Smith (1990)). o] BFoIA {7} chzk FpEme] Wwdsoleti sHgak

v L s
flw;s)= 27T\/mexp{ Q(w $) X (w s)} (16)
Smiths o] 2% sjolA] LS 0|83 29| ALAFFAL TeAskAT, P2
L Smithe] 2799 AL B4 peak ARE ol§F FPUL TefET ANT F

AL BEA AHEt

FololA] T BAZ USRS S HUHE 5 5 o BEo| F4
oldsh e Faelel s Baksel 27 A7)

wlojlct, -2l olo] that hulBO. QNS Pareto
A5l 7) o) oFA], Ut} Pareto -3 (Generalized Pareto distribution)E 7Fghs]
ASHLA ghek, o] BolA] O % Qlo] Aulel Pareto REL 71£] Pareto R
2 Spso] Qo SHEMEO|, EEge] Wejs

0, z < 0;
2\ 1 z
- - = ) —> )
GP(z;007) =11 (IJF7 ) 220 1% >0 17)
z
>0, =<
1, z >0, 1+’yJ_O,

o7 T 7|9 B4 (parameter) 0 > 09} veR S XYL Qih © 4] (1)9] S
A y=04d A= —0d of S3Q1 1—expl—2z/0] &2 7531}

0, z < 0;
GP(z;0,0):= {1_exp(_ 1), 2> 0, (18)
o
ZF e Byskao| A Aetef whel, o= HE RS (scale parameter), v FHE|E

4~(shape parameter)i B3 ot FejrEgl 47F 0BTt 2 H L7} Pareto &3
ol}, Z4ere] Aol M, F mao] Zro] AW AU T ]} Y eol
== AS oujgit
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UHS} Pareto &> F£01%] threshold 9] 3 A+ HEHEFQ Zulgfo] ZAMA 02
URES} Pareto HEE wErh= 85 0|29 7|Qlghth (Coles et al, (2001) Theorem

4.1 %), Z5] T threshold z, THalA]

2TREN  Gp o ayin). 05w G= Lo (19)
1= Fy(zylw) SR eRh e S
= WSSz 0, > 09 ;€ RO EA5k= Zlo] A UL, 1o FARZ 7k AR

= Asks) Ak 4] 192, £ (- 1w ZARE (- Iw)S 78 4 ok

F; (ulw) (20)
Fi(ulw), u < by
o 7)1 A], g4 BC( - ;v)+= Box—Cox HHZ}
y' —1 .
BC(y;v)={ M 770 y >0, (21)
log(y), ~v=0,

& ekt 0,9 5,2 AeERoR Syt 242 AT PES Coles et
al, (20009] 4.3.2.780] 27=lo] ek, LA AFFHAROL, £ (+ w) ARl
BEESRR Y AE RGN YREsk olak, B (- w2l A
o BEHESSR 2T AYS B o,
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a3, L= (L(sy),L(s,)) 22 ARt of7]4, S48= b, & #4383

copula oA =A% A Zolth (A (9)& Fx.) 2 BiuMoAE= Lis)E AH

sO ', 83 LE ‘eEdE gkl Aelch a8, o A Hof|A] =E0] k+1

A5 I Olﬂh HEoh 24 E4 copula Eoﬂow TwE L 7ike =
% =

£7% 384 Copula EF5AN 57| B EazE
A BE77 A 587] Rty +1),-+, Rt +m) S FAYRE =31}
WS o] &3 i=1,---,mo] tiaA], R t0+i)94 nearest neighbor
R(t;)E A=t of7|4, ZHEASER WE
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Z
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CF-O.2 Gaussian Copula BFOIH £67] A4 SeZES Aokt 2482
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7|22 5% AF719] £8FAIE XYL ok TEjA, 72 BES o] AFT]
L3NS 451, o] FA|E AATH anomaly S FoR=d|A] ARSI} 3k5A|

—5,‘—@3}‘—;— HFH O & ]ocal polynomial regressione 1123} (cf, Cleveland et

l

. (1992): T(s,t)7F A 59 ¢t Fi B HATS UEhdta & o,
E{T(s,t)} = t&] g2 el il WHEE= v A FAE =E27] g,
H| ;=2 "FA1Q] local polynomial regression©] Ag}slth, WEo] ArH=Z A
Julian day& 2123t} ¢+ € Q] Julian day 7(t)+= &3 dfjof| A oH A& 5 AHukelz
HolETyo) Eah, FA} e MRS ekstol, 1, Aat 1,9 7 AAE ofelet 2
o] £33 Ej(circular form)= A&}

7(t,) —7(ty), () = 7(t,)| < 365 —Ir(t,) — 7(t,)};

dlty.ty) = {sign{f(tQ) () }365 (1) —r(t)]). Ir(ty) —r{t,)] > 865 —Ir(t,) —{t, ).

I, Fo ¢, Lo E{T(s,t,)} =, ZA3t kernel $H= Ker 2} h > 00] tf3]] &3

=A<
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_] -

. o]| 4] local polynomial regression 4]0 & —T—Xj
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Max Daily Temperature in Andong
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T(s,t)=E{T(s,t)}+ A{R(¢) }+ (error) 27

AA|, 59 7120 gk g3l A5A S Kol =1 ok 1 72 ke A
FRE B HojFal ok SR 2013
AL AL local polynomial regression ®& (23)0.2
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Max Daily Temperature in Andong in 2013

A --- QObservations
L/ b — Mean trend (climatology)
— Mean adjusted by Precipitation

Max Daily Temperature in Andong (degress Celsius)
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Spatial Mode in Nakdong Basin, June
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Andong April Daily PRCP Q-Q plot Tawbaekk April Daily PRCP Q-Q plot
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Andong June Daily TMAX Q-Q plot Yeongcheon June Daily TMAX Q-Q plot
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Andong January Daily TMIN Q-Q plot Tawbaekk January Daily TMIN Q-Q plot
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Andong July Daily TMIN Q-Q plot Tawbaekk July Daily TMIN Q-Q plot
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Spatial Correlation PRCP in Jan
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Spatial Correlation PRCP in May
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Spatial Correlation PRCP in May
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Correlation between daily TMAX and TMIN in Jun
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