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3- General Circulation Model
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7- Conditionalresampling statistical downscaling model
8- Generalized linear model for daily climatetime series
9- Non-homogeneous hidden Markov model

10- Pearson partial correlation
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1- Weather pattern approaches

2- Stochastic weather generators
3- Predictands

4- Predictors

5- Multiple Linear Regression

6- Canonical Correlation Analysis
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6- Validation
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1- Single-site generalized linear model plus K-nearest
neighbor

2- Multi-site generalized linear model

3- Decision trees and Ensembles

4- National Center for Environmental Prediction:NCEP
5- Calibration
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Table 1- Geographic and statistical information ofmeteor ological stations over the study area
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Established Station naitud bl Altitude Period Daily Data of Station
Year LO”(gE';”de L atitude (N) (m) (Year)
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Rasht Precipitation, Temperature
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Figure 1- Multi-site ASD model architecture
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Table 2- NCEP variablesonCGCM3.1 grid for two nodes

NO. oo NOEP i WSt N s NOEP s 0558 e
variableNCEP Predictor variableNCEP Predictor

1 ncepmslpgl -1.dat U yioddaw jllaus gie L2 27 nceppd_vgl-l.dat  Julesa Ad- (¢ kdlias s
2 ncepmslpgl.dat Mean sea level pressure 28 ncepp8_vgl.dat 850hPa Meridional velocity
3 ncepp500g! -1.dat JSlgiSa 0+ Juniliygss 29 ncepp8_zgl -1.dat Il g Ad+ s g

4 ncepp500gl.dat 500hPa Geopotential 30 ncepp8_zgl.dat 850hPa Vorticity

5 nceppSthgl -1.dat JSulgiSa de v b e 31 ncepprepgl -1.dat JCE I

6 ncepp5thgl.dat 500hPa Wind direction 32 ncepprepgl.dat Accumulated precipitation
7 nceppSzhgl -1.dat JSubgSa dr e o),Sl; 33 ncepp_thgl -1.dat JbgSa Yoo v sl capn

8 ncepp5zhgl.dat 500hPa Divergence 34 ncepp_thgl.dat 1000hPa Wind direction

9 nceppS_fgl -1.dat by 0+ oL sy 35 ncepp_zhgl -1.dat JSobgisa Voo e 15

10 ncepp5_fgl.dat 500hPa Wind speed 36 ncepp_zhgl.dat 1000hPa Divergence

11 nceppS_ugl-l.dat  JKubgSes 8-+ glapsb cae pu 37 ncepp__ fgl -1.dat JSligiSan Ver e ol Cae s
12 ncepp5_ugl.dat 500hPa Zonal velocity 38 ncepp__fgl.dat 1000hPa Wind speed

13 ncepp5_vgl -l.dat  JiSubgSa 8+ (5)lkillivs cas yu 39 ncepp_ ugl -1.dat JSlgiSa Ve e e clasl ey
14 ncepp5_vgl.dat  500hPa Meridional velocity 40 ncepp__ugl.dat 1000hPa Zonal velocity
15 nceppS_zgl -1.dat JSal g B+ iy 41 ncepp_ vgl-l.dat  JiSubgSa Ve v v (o)ledllciiai cue o
16 ncepp5_zgl.dat 500hPa Vorticity 42 ncepp__vgl.dat 1000hPa Meridional velocity
17 ncepp850gl -1.dat JSl S Ad+ il 55 43 ncepp__zgl -1.dat ISl g+ + v sy

18 ncepp850gl.dat 850hPa Geopotential 44 ncepp__ zgl.dat 1000hPa Vorticity

19 ncepp8thgl -1.dat JSlsiSa Ad+ ol caa 45 nceps500gl -1.dat JSligSade + o Cusbs,
20 ncepp8thgl.dat 850hPa Wind direction 46 nceps500gl.dat 500hPa Specific humidity
21 ncepp8zhgl -1.dat JSl S Ad- 0,51 47 nceps850gl -1.dat ISl giSaAd 039 Cugls,
22 ncepp8zhgl.dat 850hPa Divergence 48 nceps850gl.dat 850hPa Specific humidity
23 ncepp8_fgl -1.dat ISl Ab+ 3 s yuo 49 ncepshumgl -1.dat JSlgiSa) e v+ os Cusb)
24 ncepp8_fgl.dat 850hPa Wind speed 50 ncepshumgl.dat 1000hPa Specific humidity
25 ncepp8_ugl-l.dat  Jiubgsa Ade lasl sy 51 nceptempgl -1.dat Cre ¥ el 5 o glod
26 ncepp8_ugl.dat 850hPa Zonal velocity 52 nceptempgl.dat Screen air temperature (2m)
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4- Root-Mean-Square Error: RMSE
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1- Forward
2- Backward
3- Partial F-test
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Table 3- Precipitation indices

ol oy KES ovbio
Index Definition Unit Scale
5L pSile
MEAN o o (mm/day) (Monthly)slals
Mean precipitation
STD 3l > mm (Monthly)alale
Standard deviation
pag Sao | S5 i)k b 2lejy, Sl !
PERCENTILE ) , mm (Monthly)«lale
90th percentile of rain day amount
CDD . e i s, S "5 b Days  (Monthly)slsl
Maximum number of consecutive dry days
Wet-day by slajs) 2o % (Monthly)&lale
Percentage of wet days
b s yad i -£ Joio
Table 4- Temperatureindices
sl oy ) ol
Index Definition Unit Scale
MEAN o> xSk °C  (Monthly)slsk
Mean temperature
STD il Sl °C  (Monthly)alle
Standard deviation
PERCENTILE pySae °Cc (Monthly)slal
90th percentile of daily temperature
MAX oM e les b °oC  (Monthly)alale
Maximum recorded temperature
MIN ok &b slod Jo °c  (Monthly)all

Minimum recorded temperature
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Table 5- The most commonly

used predictor variables (NCEP) in ASD multi-site model

R?2  (Selected predictors) bl oS gw yim W siol,b
(Maximum temperature) iSlas ¢ls 089 2 17 21 22 39 40 42 48 50 51
(Mean temperature) ko s> 0922 2 17 27 40 42 43 48 49 50 51
(Minimum temperature) sl s> 0855 10 11 17 27 39 44 48 49 50 51
(Precipitation) 5,0 0336 15 16 17 26 29 37 39 43 49 352
s ol oas 03lizwl RMSE I Jae ¢8> it (slp g2yl 5 Led sla Jae NCEP (slaodls I odlitwl b caond ol 5

1- Root-Mean-Square Error
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Table 6- Results of multi-site precipitation and temperature models during calibration and validation using NCEP data

1 (s RM SE
Pa:;r;éa ‘I-’r:ex Ol st
Calibration Validation
MEAN (°C) 0.00665 1.45
STD (°C) 0.0145 0.303
Maximum temperature ;Sls <le> 90" PERCENTILE (°C) 0.706 1.56
MAX (°C) 3.92 3.42
MIN (°C) 3.06 2.69
MEAN (°C) 0.000648 0.483
STD (°C) 0.00786 0.189
Mean temperature ;,5ke (slod 90™ PERCENTILE (°C) 0.37 0.496
MAX (°C) 1.8 3.51
MIN (°C) 1.64 1.41
MEAN (°C) 0.00654 0.964
STD (°C) 0.013 0.473
Minimum temperature J8li> s> 90" PERCENTILE (°C) 0.483 0.475
MAX (°C) 1.59 2.43
MIN (°C) 2.82 1.73
MEAN (mm) 0.244 234
STD (mm) 1.38 3.9
Precipitation 3l 90" PERCENTILE (mm) 1.97 8.06
Wet-day (%) 0.897 9.09
CDD (days) 1.76 2.13
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Table 7- Results of multi-site precipitation and temper ature models during calibration and validation period usingGCM

Al b m RM SE
Parﬁ;rrjéer ‘IJ::ex OselndS st
Calibration Validation
MEAN (°C) 0.00417 0.959
STD (°C) 0.222 0.482
Maximum temperature gShs gl 90" PERCENTILE (°C) 0.747 1.46
MAX (°C) 3.71 2.52
MIN (°C) 3.81 3.2
MEAN (°C) 0.0048 0.808
STD (°C) 0.706 0.826
Mean temperature ke (slos 90" PERCENTILE (°C) 0.948 1.41
MAX (°C) 2.85 2.91
MIN (°C) 2.14 2.47
MEAN (°C) 0.00522 1.16
STD (°C) 1.18 1.59
Minimum temperature J3la s> 90™ PERCENTILE (°C) 43 5.46
MAX (°C) 2.55 2.6
MIN (°C) 43 5.46
MEAN (mm) 0.838 1.39
STD (mm) 1.06 1.29
Precipitation )L 90th PERCENTILE (mm) 9.5 8.43
Wet-day (%) 10.4 10.6
CDD (days) 2.38 3.51
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Figure 6- Bar plots of mean for precipitation for monthly
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Figure 11- Bar plots of mean for minimum temperature for
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30
251 4
20} 4
=)
e
= 15t 1
m
@O
=
10} 1
I ©Gs ( 1961-2020)
5t I GCM (2011-2040 ) _
[ GCM ( 2041-2070)
[ 1 GCMm (2071 -2100)
Jan Feb Mar Apr MayJun Jul AugSep Oct NovDec
Manth
SBesa Jao 33 (11Kbe slod aildle (1Sl il pupii—Y ¢ S
CGCM3.1A2 sodld U suwd wislw

Figure 10- Bar plots of mean for mean temperaturefor
monthly multi-site model using CGCM3.1A2 predictors

Ok sl (gilwand )3 Sexa Jue ol @S -A Jgsa
Table 8- Prediction of multi-site models for precipitation indices

uaét.w &> 30 0590 & Comnd D.\.a.)j dub)sb ‘5‘)4 l.huaél.w geve ) ul).ﬁ.o bJ.\gj &;‘.‘5‘ ‘_gl.hb)sb
Index  Therateof indicesfor future periods compared to the based period  Future Periods
(Reduction of 0.29 mm per day)js, ;> yie Juo +/YA e 45 ialS 2011-2041
MEAN (Reduction of 0.30 mm per day);s, ,» yio leo +/Y+ (50 4 ialS 2041-2070
(Reduction of 0.15 mm per day) ;s , yio o +/V0 (500 4 ialS’ 2071-2100
(Reduction of 6 percent)is > & e 4 Lials 2011-2041
Wet-day (Reduction of 6.5 mm percent)ss s £/0 e 4 yials 2041-2070
(Reduction of 7.25 mm percent).as s /YO e 4 Lials 2071-2100
(Reduction of 0.8 day) g, «/A ;lise 4 ialS 2011-2041
CDD (Reduction of 0.6 day)jg, «/& ;ljse 4 LialS 2041-2070
(Reduction of 0.45 day)js, +/¥0 (\lje 4 ials 2071-2100
lod gl 5ol (5lwamed )3 (Feiar Jso (2l @l -1 g
Table 9- Prediction of multi-site modelsfor mean temperature indices
ol 820 093 4 G 03091 18 0,93 (12 N0 (S S B0 pig] a8l g5 y9
Therate of mean temperature for future periods compared tothe .
Parameter : Future Periods
based period
. (Increase in the amount of 1.22 © C)al Sl 43 3 WYY lise 4 Liul38l 2011-2041
) C e L (Increase in the amount of 2.14 © C)al Sl 43 )3 YV lise 4 il38l 2041-2070
Maximum temperature . - .
(Increase in the amount of 3.17 © C)al Sl 43 3 YWY lise 4 il38l 2071-2100
. (Increase in the amount of 0.85° C)sl Sslw a3 +/Ad ()30 4 Lil33l 2011-2041
C ol b (Increase in the amount of 1.6 © C)al Kb 45 )3 V& e 4 il 2041-2070
Mean temperature . _ .
(Increase in the amount of 2.5° C)al Kusls 4,3 Y/Q ()50 4 y2ol531 2071-2100
o (Increase in the amount of 0.76 © C)sl,Kcslo 45,5 +/V& liee 45 ol 2011-2041
o C Jol> Lo (Increase in the amount of 1.6 ° C)al Kusls a3 3 V/E ()l3e 4 (58 2041-2070
Minimum temperature . _ .
(Increase in the amount of 2.8 © C)al Kol a3 )3 Y/A ()30 4 (i 358 2071-2100

syl 4y o el ol ol wlibes) (ST

s oo dlal 5> odlitul BB la g5 opl &S bl )



\FAY

(LS (5990 axlllan) SlSouiz 5 bl (o lodwldio sy 9 42 el ol puosd Sl ool

A5 39l 1 Lso )93 dy G Vo VN=Y Vo0 093
sloJse la g 4l ol s (sbrodls oad &) o)
bl jlcwl oS iy plojen job 4 0)5 iz 3 Sl wil
0,5 93 5 I3l g sy olStus) 3 slaodly I adllas pl yo a8
5 LanolSKiuw] 51 ool el oais odliiwl CGCM3 oS5
Cpiads Db o e ol ] CLidss ) i (clamo,S
2liee Jheo (92 (Jad (ASD) (aleiplidersy (o) (nlusgine
035 g3l Jie (g Lod g ()b (sodmy syl
by slaJas by pols 4ol ol () p sl p3Y Ll
Slagbyy 9345 e ilwdie 1503 laglw 5 ilie
M8 oy 2)90 aluslapac g Wgd dumlia ;0S5 b (5LsS

=

LS

Caled 3 9 sy pols adlate )3 Lo g ()1 asles (ulilgn
oalswl l_i ASD )L;S )2 MATLAB )1)9‘P)J )0 wy.}s S8
¢l e (oyll oles wliey, CGCM3.1A2 claosls
3 oo a8l Sl g ad plosl (Jplan g cud)) olpl 5l el
Lz sl (Ssad (59,505 5 L Jae o 5 sl S
CJL» u»Lwl » S )&»j o.\»T JL.» Voo d‘)) uLn)o.tb )9.\a) cuKn
ol yd alS e oyt c@alllae 390 4l 4D ool Cans
ol slopadld als g 59) )3 yie e /Y lade 4 (3L
Lo (60590 4 Cauaad duo)d VIYD o boye (slajsy o yd wiilo
Sl gy (Sl (e ls o oli8l oy iy o (VAZV-VARY)
20,8 Bl an p YIA g Y0 XY sy 4 Jils 5 :Ske

&l

1-  Gaitan C.F., Hsich W.W., and Cannon A.J., 2014. Comparison of statistically downscaled precipitation in terms of
future climate indices and daily variability for southern Ontario and Quebec, Canada. Climate Dynamics, 43:3201-
3217.

2-  Gangopadhyay S., Clark M., Rajagopalan B. 2005. Statistical downscalingusing K-nearest neighbors. Water
Resources Research, 41:W0202:1-23.

3-  HarphamC. and Wilby R.L. 2005. Multi-site downscaling of heavy daily precipitation occurrence and amounts.
Journal of Hydrology, 312:235-255.

4- Hessami M., Gachon P., Quard, T.B.M.J., and St-Hailaire A. 2008. Automated regression-based Statistical
Downscaling tool. Environmental Modeling and Software, 23(6):813-834.

5-  IPCC. 2007. IPCC Fourth Assessment Report, Cambridge University Press.

6- Jeong D.I., St-Hilaire A., Ouarda T.B.M.J., and Gachon. P., 2013. Projection of future daily precipitation series
and extreme events by using a multi-site statistical downscaling model over the great Montréal area, Québec,
Canada. Hydrology Research, 44.1:147-168.

7-  Khalili M., Nguyen V. and Gachon P., 2013. A statistical approach to multi-site multivariate downscaling of daily
extreme temperature series. International Journal of Climatology, 33:15-32.

8- KimJ.W.,, Change J.T., Baker N.L., Wilks D.S., and Gates W.L.1984. The statistical problem of climate inversion:
determination of the relationship between local and large-scale climate. Monthly Weather Review, 112:2069-77.

9- Mehrotra R., Sharma A., Nagesh Kumar D., and Reshmidevi T.V., 2013. Assessing future rainfall projections
using multiple GCMs and a multi-site stochastic downscaling model. Journal of Hydrology, 488:84-100.

10- Murphy J. 1999. An evaluation of statistical and dynamical techniques for downscaling local climate. Journal of
Climate, 12:2256-2284.

11- Richardson C. 1981. Stochastic simulation of daily precipitation, temperature, and solar radiation. Water
Resources Research, 17:182-190.

12- Liu W, Fu G, Liu C., and Charles S.P., 2012.A comparison of three multi-site statistical downscaling models for
daily rainfall in the North China Plain. Theoretical and Applied Climatology, 113(3):585-600.

13- Wigley T.M.L., Jones P.D., Briffa K.R., and Smith G. 1990. Obtaining sub-grid-scale information from
coarseresolution general circulation model output. Journal of Geophysical Research, 95:1943-1953.

14- Wilby R.L., Hay L.E., and Leavesley G.H., 1999. A comparison of downscaled and raw GCM output: implications
for climate change scenarios in the San Juan River basin, Colorado. Journal of Hydrology, 225:67-91.

15- Wilby R.L., Dawson C.W., and Barrow E.M., 2002.SDSM A decision support tool for the assessment of regional
climate change impacts. Environment Model Software, 17(2):145-57.

16- World Meteorological Organization (WMO). 1988. General Meteorological Standards and Recommended
Practices, Technical Regulations Basic documents, WMO: 49.

17- Lu Y., and Qin X.S., 2014. Multisite rainfall downscaling and disaggregation in tropical urban area. Journal of

Hydrology, 509: 55-65.



Journal of Water and Soil (6329LiS qalio 9 psle) S g O @ i
Vol. 30, No. 5, Nov.-Dec. 2016, p. 1686-1699 i VFAF-15A o ATAD 3 — 55T ojled e ul>

Projection of Climate Change Based on Multi-Site Statistical Downscaling over
Gilan area, Iran

V. Afzali¥’- M. R. Hessami K ermani?
Received: 05-07-2015
Accepted: 14-03-2016

Introduction: The phenomenon of climate change and its consequences is a familiar topic which is
associated with natural disasters such as, flooding, hurricane, drought that cause water crisis and irreparable
damages. Studying this phenomenon is a serious warning regarding the earth’s weather change for a long period
of time.

Materials and Methods: In order to understand and survey the impacts of climate change on water
resources, Global Circulation Models, GCMs, are used; their main role is analyzing the current climate and
projecting the future climate. Climate change scenarios developing from GCMs are the initial source of
information to estimate plausible future climate. For transforming coarse resolution outputs of the GCMs into
finer resolutions influenced by local variables, there is a need for reliable downscaling techniques in order to
analyze climate changes in a region. The classical statistical methods run the model and generate the future
climate just with considering the time variable. Multi-site daily rainfall and temperature time series are the
primary inputs in most hydrological analyses such as rainfall-runoff modeling. Water resource management is
directly influenced by the spatial and temporal variation of rainfall and temperature. Therefore, spatial-temporal
modeling of daily rainfall or temperature including climate change effects is required for sustainable planning of
water resources.

Results and Discussion: For the first time, in this study by ASD model (Automated regression-based
Statistical Downscaling tool) developed by M. Hessami et al., multi-site downscaling of temperature and
precipitation was done with CGCM3.1A2 outputs and two synoptic stations (Rasht and Bandar Anzali)
simultaneously by considering the correlations of multiple sites. The model can process conditionally on the
occurrence of precipitation or unconditionally for temperature. Hence, the modeling of daily precipitation
involves two steps: one step, precipitation occurrence and the other step precipitation amounts and the modeling
of daily temperature is performed in one step. The choice of predictor variables is one of the most influential
steps in the development of statistical downscaling scheme because the decision largely determines the character
of the downscaling results. It is essential to remember that predictors relevant to the local predict and should be
adequately reproduced by the host climate model at the spatial scales used to condition the downscaled response.
To test this approach over the current period and to compare the results with observed data, temperature and
precipitation, from 2 stations, model is evaluated and calibrated by using NCEP (National Center for
Environmental Prediction) reanalysis data before the use of GCMs as input variables. Then climate was
predicted for three periods which each period consist of thirty years in the future, 2011-2040, 2041-2070 and
2071-2100. ASD reduces the problem of predictor selection and it is capable of performing all steps of statistical
downscaling automatically. In order to select dominant predictors in multi-site modeling backward stepwise
regression method was used; so that some predictors like 850 hPa geopotential, 850 hPa specific humidity, 1000
hPa specific humidity, screen air temperature (2m) were the most important variables for temperature models,
and 850 hPa geopotential, 1000 hPa zonal velocity, 1000 hpa specific humidity, and screen air temperature (2m)
played a main role in temperature modeling. For downscaling of precipitation, the amount of explained variance
(R?) is 0.336 for NCEP data and it is 0.89, 0.922 and 0.855for maximum, mean and minimum temperature,
respectively. The results underlined certain limitations to downscale the precipitation regime and its strength
compared to downscale the temperature regime. To evaluate the performance of the multi-site statistical
downscaling approach, several climatic and statistical indices were developed. For instance, based on daily total
precipitation, two precipitation indices was used including percentage of wet days, maximum number of

consecutive dry days. The results showed the increase of the average temperature and precipitation decreases for
future mainly. In this case study, the decrease of 0.30 mm day™ in the average rainfall on the second period of
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future, 2041-2070, and the reduction of 7.25% on the 3rd period, 2071-2100, in climate index of the percentage
of wet days was predicted, compared to the based period. However, the results illustrated an increase in the mean
of maximum, mean, and minimum temperature, 3.17, 2.5 and 2.8 °C, for the 3rd period of future from 2071 to
2100, respectively.

Conclusion: The aim of applying this new method is to demonstrate the importance of multi-site models and
developing a suitable context to calculate the uncertainty of climate predictions. Further works are needed to
evaluate in depth the fundamental assumption of multi- site statistical downscaling, i.e. the stability of the
relationships between predictors and predict and in altered climate and test their plausibility and consistency.
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