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Abstract. To investigate the character of daily rainfall vari- Leroux, 1998). The general circulation models (GCMs)
ability under present and future climate described via globalforced by carbon dioxide (C£) and other trace gases may
warming a suite of diagnostic statistics was used. The rainprovide predictions of climate and hydrologic cycle for any
fall was modeled as a stochastic process coupled with atlevel of these gases.

mospheric circulation. In this study we used an automated However, the present generation of GCMs and higher res-
objective classification of daily patterns based on optimizedolution limited area models (LAMs) of the climate system
fuzzy rules. This kind of classification method provided cir- are restricted in usefulness due to their coarse spatial and
culation patterns suitable for downscaling of General Cir-temporal resolution especially for variables pertaining to hy-
culation Model (GCM)-generated precipitation. The pre- drologic cycle. In this respect, the emergence of statistical
Cipitation diagnostics included first and second order mo-“downscaling” methods can satisfy the need for interpola-
ments, wet and dry-day renewal process probabilities andion of regional-scale atmospheric predictor variables (e.g.
spell lengths as well as low-frequency variability via the stan-area averages precipitation, temperature) to point-scale me-
dard deviation of monthly totals. These descriptors were apteorological series (Wilby et al., 1998). Fundamental to this
plied to nine elevation zones and entire area of the Mesoapproach is the establishment of a stable empirical relation-
chora mountainous catchment in Central Greece for obship between atmospheric processes occurring at disparate
served, kCO, and 2<CO, downscaled precipitation. The temporal and/or spatial scale. In the recent past, many such
statistics’ comparison revealed significant differences in therelationships have been developed. Mesoscale weather pat-
most of the daily diagnostics (e.g. mean wet-day amountterns have been used to model a variety of meteorological
95th percentile of wet-day amount, dry to wet probability), variables such as precipitation occurrence (Hughes and Gut-
spell statistics (e.g. mean wet/dry spell length), and low-torp, 1994), space-time daily rainfall patternsa(Bossy and
frequency diagnostic (standard deviation of monthly precip-Plate, 1992), extreme precipitation events and drought condi-
itation total) between warm ¢2CO,) and observed scenario tions (Hay et al., 1991), and sea level anomalies (Maochang
in a progressive rate from lower to upper zone. The differ-et al., 1995; Heyen et al., 1996).

ences were very greater for the catchment area. In the light The theory, practice and limitations of downscaling for
of these results, an increase in rainfall occurrence with di-present and possible future climates (global warming) are ex-
minished rainfall amount and a sequence of less consecutivgénsi\,(_ﬂy described in the literature (e.g. Giorgi and Mearns,
dry days could describe the behaviour of a possible futurejggy: Leavesley, 1994; Wilby and Wigley, 1997; Wilby et
climate on the examined catchment. al., 1999). The aim of this paper is more specific, namely, to
compare the performance in downscaled daily rainfall vari-
ability between “observed” and “present day” (1961-2000)
simulations for XxCO, as a means of verifying the latter
and then, “present day” and “perturbed” (2061-2100) sim-
The continued rise in concentrations of “greenhouse” gased/lations for 2<CG; in order to assess the possible changes
in the atmosphere plus remote forcings associated with se§u€ t0 CQ doubling. The rainfall was modeled as a stochas-
surface temperature anomalies have already created an evollf¢ Process coupled with atmospheric circulation. The auto-

ing climate of the Earth (BAHC Core Project Office, 1993; mated objective classification method of daily patterns based
on optimized fuzzy rules (&dossy et al., 2002) was un-
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in a locally specific functional form ensuring so the depen- 21012 21028
dence between large-scale atmospheric circulation and pre
cipitation which is necessary for precipitation downscaling. ..
The use of fuzzy rules accepts overlapping boundaries in at- *®*°
mospheric pressure patterns (e.g. high pressure, low pres
sure, etc.) providing so the capability of capturing the non-
linearity of climatic system.

For the performance of rainfall variability a suite of diag-
nostic statistics were used including first order and second
order moments, wet and dry-day renewal process probabili-
ties and spell lengths, and low-frequency variability, via the 3w
standard deviation of monthly totals. These descriptors were
applied to nine elevation zones and entire area of the Meso-
chora mountainous catchment in Central Greece for down- V7 o
scaled daily precipitation series of observed, and ECHAMA4
GCM-produced “present day” (COy) and. “perturbed” T e
(2xCOy) climate scenarios.
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2 Methodology Fig. 1. Elevation contour map and meteorological stations of Meso-

: o . ., ch tchment.
The modeling of precipitation downscaling from a GCM grid chora catchmen

to a regional resolution of a few square kilometers includes
two parts. The first part constitutes the classification method |, order to find the best possible rules for the description of

of daily circulation patterns that is capable to be implementeq 5| hrecipitation two types of objective functions were used
for present or future climates (here, precipitation). The SeCy, maagyre the classification performance. The first deals
ond part reflects the precipitation downscaling model linked, i the precipitation probability on a given day, and the sec-
to the classified circulation_ patterns. .A brief description of ond with the precipitation amount in order both to define the
method and model operation of the first and second part ig4ingy)| variability (very wet and very dry conditions). The
presented here. algorithms of the optimization functions are fully described

in Bard t al. (2002).
2.1 Classification method in Bardossy etal. ( )

The classification method selected was the fuzzy-rules base%‘2 Precipitation downscaling model
approach (Brdossy et al., 1995) combined with the simu- h in difficulties h ical modeli  dail
lated annealing algorithm @Bdossy et al., 2002). It consists The main difficulties in mathematical modelling of daily pre-

of three steps: (1) data transformation; (2) definition of thecipitatio_r) are its space—time.intermittence, the occurrence
fuzzy rules, and (3) classification of observed data. The clasProPability of dry days, the rainfall amounts on wet days, as
sification is carried out using normalized pressure anomalied/€!l @s the clustering of wet and dry day occurrence that has
¢(i, 1) and daily data with geo-potentialgtands for the grid- great |mp_acts on the CPs pers_lgtence. _Taklng into acc_ount
point andr for the day). The purpose of the classification is (N€S€ major problems, a modified version of space- time
to identify unusually wet or dry local conditions from the model of Bardossy and Plate (199,2) dgveloped by Stehlik
large scaled pressure distribution. The pressure data used afgd Bardossy (2002) was adopted in this work. -
obtained from the NMC grid-point data set for different win- [N this respect, le&={a,...¢, ] be a set of possible atmo-
dows over Europe with a grid resolution 6f:565°. spherllc' circulation patterns amd,' be.the ra}ndom .varl'able
Each CP is described with a fuzzy rulerepresented by ~ d€scribing the actual atmospheric circulation taking its val-
a vectorv(k)=(v(1)®. .. v(nf¥), wheren is the number of ~ U€S fromA. Also, let the daily precipitation amount at time

grid-points for which the air-pressure data are available. The?d Point in the regionU be modeled as the random func-
v(i)® are the indices of the membership function describ-tion Z (z, u).. The distribution of rainfall amounts at a se-
ing the anomalies corresponding to the selected location{&cted location is skewed. In order to relate it to a simple nor-
and CP. Five possible types of anomalies described with theif"@lly distributed random functioW (z, u) (for any locations
membership functions were considered. These are very low1: - - % the vector Wz, ua),..., W(z, u,)) is a multivariate
medium low, medium high, very high, and the case that thenormal random vector) the following power transformation
anomaly at the specific location has no influence on the cPelationship is introduced.

The membership functions and the calculation of the degree

of fulfillment DOF of the rules are explicitly described in 7z, ) =

{ 0 ifw@,u) <0
Bardossy et al. (2002).

WE@, u) ifW(t,u) >0 1)



D. Panagoulia et al.: Daily rainfall variability in an evolving climate 351

e ~
4w~ ; +
+45 4 +
PO ‘+ ‘IH'*‘\

e - ¥ . / k-
¥ >
*u gyt ¥y

LAY
i

W
I+

W

i /)
> N
| 77
+
+

Fig. 2. Mean normalized distributions of 700 hPa geopotential fields of 01 (left) and 09 (right) circulation pattern (CP). (CPs are precipitation-
optimized over 1982-1992 with 700 hPa data and 12 stations of Mesochora catchment).

Where, is an appropriate positive exponent. By this way based on the automated objective optimization procedure for
the mixed (discrete-continuous) distributionfz, «) is re- precipitation. As an example, for the Vakari station cited at
lated to a normal distribution. As the procesg, u) depends the middle of the lower half of the catchment, the CPQ09 is
on the atmospheric circulation pattern, this can be applied tahe most frequent (37.20% average over the year) and also
W (t, u). The reason for this transformation is that multivari- driest contributing to precipitation by 4.0 mm daily amount
ate processes can be modeled much easier if the processasd probability 22.50%. At the same station, the CP0O1 is a
normally distributed. The intermittence can also be handledypical wet CP (second in wet day amount-14.0 mm yearly)
by this way, as the negative valuesfare declared as dry with high precipitation probability (65% yearly) and low oc-
days and dry locations. The exponghts needed because currence frequency (5.9% yearly). Figure 2 shows the dis-
the distribution of precipitation amounts is generally consid- tributions of the mean (1982-1992) normalized 700 hPa geo-
ered more skewed than the truncated normal distribution.  potential fields anomalies for the CP01 and CPO09.

Equation (1) establishes the link betwéiir) and rainfall A spatial correlation function using time series cross cor-
Z(t) as a multi-site process. The parameter¥af) depend relations was assessed for interpolation of point precipitation
on the CP and the day of the yearThe annual cycle of the data to a regular grid and was subsequently integrated to 9
parameters is described by using Fourier series. zones and the entire area. For this purpose external drift

kriging (Ahmed and de Marsily, 1987) was used. The zon-
ing distribution of precipitation showed that the precipitation
3 Study catchment and observed data sets increases slightly with increasing elevation.

The Mesochora catchment drained by Acheloos’ river has a

great significance for Greece due to partial diversion of the4 Calibration with observed data sets

river at the outfall of the catchment to irrigate the arid Thes-

saly plain. The catchment with an area of about 633 kes In the calibration procedure the observed daily precipita-
in the central mountain region of Greece (Fig. 1) and extendsion series for all the available periods were used to esti-
nearly 32 km from north (3%2) to south (3925) with an mate the precipitation coupling parameters, which describe
average width of about 20 km. The mean elevation is 1390 mthe stochastic links between CPs and point measurements.
while the elevation from the highest point to the catchmentUsing these attained parameters the precipitation time series
outlet ranges from 2200 m to 780 m. The climate of the areavere simulated (generated). It was shown that the stochas-
is dominated by cold and wet winters, as well as by warm andic model simulates time series very well in comparison to
dry summers and the soils have been formed from decay ofhe measured ones. As an example, for the Vakari station,
hard limestones and flysch (clayish, psammitic and mixed). observed (4.34 mm/day) and simulated (3.95 mm/day) aver-

The precipitation stations are installed within and aroundage daily mean precipitation in a yearly basis agree enough
the catchment. The most of the stations are cited at the lowewell. Standard deviations of these quantities 3.40 mm/day
half of the catchment over a range of elevations from 780 to(observed) and 2.27 mm/day (simulated), also show a good
1160 m. Daily values of precipitation were available at 12 agreement. Similar or slightly better values are reflected for
stations for the period of 1967-1992. the mentioned quantities at the other 9 stations.

The precipitation variability at the stations was determined Variability and average behavior of precipitation is well
by conditioning on CP types. It was found that the 700 hPadescribed over the annual cycle and in the spatial structure
data in the window 20W-50C° E and 20—65° N provided the  too. As an example, Fig. 3 shows the mean annual cycle
best results, while the optimal number of CPs defined to 12of observed and simulated rainfall at Vakari station over the
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Fig. 3. Mean annual cycle of precipitation at Vakari station. Ob- Fig. 4. Mean annual _cycle_z of normalize(_:i precipitation (simulated /
served and simulated rainfall for the period 1967-1992. observed) at Pertouli station for the period 1967-1992.

The statistics’ comparison (Table 1) revealed a decrease in
mean, median, standard deviation, 95th percentile of wet-day
mount (measured in mm) and dry-to dry probabilipgd)
r the warm scenario (2CO, case) progressively from the

period 1967-1992. It is very clear from Fig. 3 that the daily
rainfall in the dry periods of growing and fall seasons is
in good agreement with the measured values. A less goo

agreement is appeared for annual maxima between model . .
g PP ower (zone 1) to the upper zone (zone 9) in relation to the

and observed profiles. In another example, Fig. 4 shows th b d The d i the ab tatistics i ;
normalized precipitation annual cycle (simulated/observed)o served case. The decrease In the above stalistics 1S greater

at Pertouli station over the period 1967-1992. It is obvious®V€" the catchment area.

from the Fig. 4 that for a single realization of simulated pre- 1N Probabilities in wet-to-wet day{) and wet-to-dry
cipitation the values may vary strongly, but in the averageday (r10) showed an unstable and no significant increase or

(moving average on the Fig. 4) the values are around 1. decrease among the 9 zones. In contrast, the probability in
dry-to-wet day po1) and the unconditioned probability on a

wet day fr,,) reflected a stable increase among the 9 zones

rising to 82% and 22% respectively for the catchment area.
5 Rainfall variability in evolved climate Concerning the dry spell statistics, the mean dry-spell

length (L, in days), the standard deviation of Bnd the 90th
Beyond the downscaled precipitation over the Mesochorgpercentile ofL,; decreased for the most of the zones marking
catchment for the period 1967-1992, downscaling was als@ general decrease by 50% over the catchment area. The wet
carried out for ECHAM4 GCM-generated circulation pat- spell statistics, i.e. the mean wet-spell length, (in days),
terns. The analysis was based on daily values at the aforesatéle standard deviation df,,, and the 90th percentile df,,
sector 20 W-50 E and 20-65 N over the 700 hPa pressure were reduced slightly or remained constant for the most of
fields for 1xCO, and 2<CO, scenarios for the correspond- the zones reflecting so to the entire area an increase by 4% in
ing periods 1961-2000 and 2061-2100. L, and 14% in 90th percentile df,,.

Applying the classification method described for the ob- The low-frequency diagnostic i.e., the standard deviation
served data the geo-potential fields at the 700 hPa of botlef monthly rainfall total (measured in mm) decreased for the
scenarios were classified. With the attained parameters of lower zones and increased slightly to the other zones, pro-
the stochastic precipitation model for the observed data andiding so a decrease of 1% to the catchment area.
forcing the model by the two cases of classified GCM-CPs
precipitation, time series were generated responding to cli-
mate scenarios. 6 Summary and conclusions

The daily rainfall variability responding to the evolved cli-
mate (1967-1992, 1961-2000, and 2061-2100 periods) foA multivariate stochastic downscaling model (Stehlik and
zones and catchment area is given below via a suite of diagBardossy, 2002) coupled with atmospheric circulation was
nostic statistics. The adopted descriptors give an overview oEmployed to generate daily precipitation series for an evolv-
the character of daily rainfall variability and enable the vari- ing climate. The fuzzy rule-based automated objective clas-
ous changes to be evaluated in the evolving rainfall. The di-sification method of Brdossy et al. (2002) was used to clas-
agnostics describe the daily variability via first order and sec-sify both observed CPs and GCM-produced CPs fo€D,
ond order moments, wet and dry-day renewal process proband 2<CO; climate scenarios. The so resulted daily precip-
abilities, spell lengths, as well as low-frequency variability itation series was used for identifying differences between
via the standard deviation of monthly totals. present and future climates.
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Table 1. Diagnostic statistics’ results for observed, 1££ahd 2CQ downscaled daily precipitation over zones and catchment area.
. . Zone 1 Zone 2 Zone 3 Zone 4 Zone 5
Diagnostics oy 1cg 20, Obs. 1CQ 2CO, Obs. 1CQ 2C0, Obs. 1CQ 2C0, Obs. 1CQ  2CO,
Mean wet-day amount: ~ 9.25 9.63 8.68 7.56 753 682 734 717 653 775 750 698 854 855 8.08
Standard deviation of wet-day amount: ~ 14.05 1431 1298 1141 1151 1036 1077 1077 978 1094 1098 1017 11.97 1205 11.36
Median wet-day amount: 390 410 380 310 310 290 300 300 280 330 320 310 400 390 3.80
95th percentile of wet-day amount: ~ 36.29 3820 33.72 2960 29.90 26.80 2891 27.90 25.80 3022 29.30 26.82 3250 3270 30.50
Py 076 062 059 074 057 053 074 058 053 073 061 057 072 064 062
P 075 071 073 079 077 079 079 077 078 074 073 074 068 067 069
P 024 038 041 026 043 047 026 042 047 027 039 043 028 036 038
P 025 029 027 021 023 021 021 023 022 02 027 02 032 033 031
7y 049 057 060 055 065 069 055 065 068 051 059 062 047 052 055
Ly 414 265 244 378 233 213 378 236 212 365 255 234 351 281 262
Ly,: 402 348 367 479 436 478 471 43 463 38 367 386 315 306 3.19
Standard deviation of;: 46 232 207 38 192 169 387 196 169 387 22 191 382 257 222
Standard deviation of,; 416 397 394 523 49 545 527 475 525 369 388 407 28 299 308
90th percentile of. 4 9 6 5 8 5 4 8 5 4 8 5 5 8 6 5.2
90th percentile oL.,,: 9 8 8 1 10 1 1 10 1 8 8 9 6 7 7
Standard deviation of monthly precipitation total:  124.84 130.61 121.72 106.03 1114 10252 96.38 1025 9426 89.04 9587 8852 8851 956 88.74
Table 1. Continued.
. . Zone 6 Zone 7 Zone 8 Zone 9 P Area
Diagnostics s 1cg 200, Obs. 1CQ 2C0, Obs. 1CG 2CO, Obs. 1CG 2CO, Obs. 1CQ 2CO,
Mean wet-day amount:  9.35 959 918 1041 1088 1051 11.62 11.98 1158 1267 1316 1285 709 679 6.36
Standard deviation of wet-day amount:  13.22 1324 1263 1477 1469 1419 1625 1596 1547 1778 1741 1699 11.25 1109 10.38
Median wet-day amount: 440 450 430 5.10 5.30 5.00 5.80 6.10 5.70 6.30 6.70 6.40 299 279 261
95th percentile of wet-day amount:  35.99 36.20 3458 39.10 40.75 3926 4350 4450 42.80 47.02 4890 4759 30.06 29.48 27.57
Py 071 067 064 071 069 066 071 07 067 071 071 068 072 054 049
P. 064 064 065 06 061 062 05 06 061 054 059 059 081 079 081
P 029 033 036 029 031 034 029 03 033 029 029 032 028 046 051
Py 036 036 035 04 039 038 044 04 039 046 041 041 019 021 019
7y 045 048 051 042 044 047 040 043 046 039 041 044 060 069 073
Ly 342 3 276 341 319 294 342 334 303 344 342 312 357 235 197
Ly: 278 28l 286 248 259 263 227 252 254 218 245 246 514 482 512
Standard deviation of;: 371 275 241 37 289 258 371 303 266 372 315 278 363 195 151
Standard deviation of,;  2.42 262 258 205 231 227 181 222 219 172 211 208 617 544 607
90th percentile of. 4 8 6 6 8 7 6 8 7 6 8 7 7 8 5 4
90th percentile oL,,: 6 6 6 5 5 6 4 5 5 4 5 5 1 11 125
Standard deviation of monthly precipitation total:  92.17 99.49 9258 96.94 104.23 98.05 103.63 110.71 104.37 11056 117.28 11112 9159 97.99 90.71

The comparison of daily rainfall variability for observed, ical characteristics to the examined one. Diversity could be

present (kCO,) and future (XCOp) climate over the 9

probably noticed by applying the followed methodology to

zones and the entire area of the Mesochora catchment inther GCM outputs.
Central Greece by using a suite of diagnostic statistics re-
vealed that: (a) there is a general decrease in the values dfcknowledgementsThe authors would like to thank the reviewer,
the first order and the second order moments as well as i- Lykoudis for his constructive comments.
the values of the dry-to-dry day renewal process probabili- _ _
ties over zones and entire area, (b) the wet-to-wet/dry day reEdited by: V. Kotroni and K. Lagouvardos
(e ; : (lj?ewewed by: S. Lykoudis

newal process probabilities remain substantially unchange
for zones and total area, (c) the values of dry spell statistics
decrease, (d) the values of wet spell statistics do not changﬁ
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