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ABSTRACT 
A stochastic approach is developed to estimate at three locations (catchment elevation 
zones) the effect of climate change on daily precipitation. The approach is based on the 
use of daily atmospheric circulation patterns (CPs) and the linkage between types of CPs 
and daily precipitation. Historical data and 10-year outputs of the Max Planck Institute 
general circulation model for the I xC02 and 2xC02 cases are used. Nine Cp'types for 
the winter and summer half years are obtained to characterize large-scale climatic 
forcing in Mesochora catchment in Central Greece. Under the continental climate of 
Mesochora catchment the effect of the 2xC02 case on elevation zone precipitation is 
variable and significant: the probability of daily precipitation slightly increases, whereas 
the mean and variance decrease considerably during the summer season. 
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llEPIAH'PH 
AvunwO'O'sTat Evu O'TOXUO'LtKO npoO'o!1oiw!1u ytU vu SKLt!1TJO'St O'S TpStC; Sltt<pUVStSC; (mI'Q
!1STptKEC; Srovsc; AsKUv11C;) LtC; S1tt1t1:roO'StC; T11C; KAt!1ULtKTJC; aAAUYTJC; O'LO l1!1SPTJO'tO KUTUKPTJ
!1VtO'!1u. To npoO'o!1oiw!1u UVUAUSt TOUC; wnouc; T11C; UT!100'<patptKTJC; KUKAo<popiuc; Kat 
LOUC; O'UvMst !1S TO l1!1SPTJO'tO KUTUKpTJ!1VtO'!1u. XP11O't!1onOtOuvTat /)s/)O!1EvU to'LOptKU Kat 
10-STOUC; l£Spto/)ou l£OU npoEKU\j1uV Ul£O TO npoO'o!1oiw!1U YSVtKTJC; KUKAO<popiuC; TOU Max 
Planck Institute yta LtC; O'StPEC; 1 xC02 Kat 2xCOz. ESsTusovrat SVVEU TUl£Ot UT!10O'<patpt
KTJC; KUKAO<popiuC; ytU T11 9SPlVTJ Kat XSt!1sptVTJ nspio/)o O'T11 AsKUV11 T11C; MsO'oXropuC;. flu 
TO 11nStpWLtKO KAi!1u T11C; AsKUV11C;, LO O'SVUplO 2xCOz uUUSSt O'l1!1uVLtKU TO l1!1SPTJO'tO 
KUTUKPTJ!1VtO'!1U; 11 ltt9UVOLl'JTU S!1<PUVtO'l1C; UUSUVSTat svro 11 !1EO'l'J Lt!1TJ Kat 11 O'KE/)UO'l'J 
!1StroVOVTat O'l1!1uVLtKU O'T11 9sptvTJ l£spio/)o. 
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1. INTRODUCTION 

Atmospheric general circulation models (GCMs) are currently the only global models 
which can be used to estimate the effects of increasing greenhouse gases on climate. 
Results from GCMs suggest a globally averaged temperature increase of 1 to 4 degrees 
Celsius eC) in the next 40-60 years, but do not agree with the spatial distribution of 
increases in temperature and changes in precipitation [5]. 

For water resource management purposes, predicted changes in precipitation from 
GCMs cannot be reliably translated into specific changes in precipitation over a 
watershed. Computational requirements limit the spatial resolution of GCMs to nodal 
spacing of several degrees latitude by longitude. A resolution increase of a factor 10 or 
more would be needed in the present GCMs to give realistic regional projections of 
future climate. This increase in resolution may not be available for another 20 years, 
emphasizing the need the GCM outputs to be down scaled (disaggregated to a small 
spatial extent) for use in predictions of regional climate change. 

This study examines the time series of daily GCM-produced atmospheric circulation 
patterns (CPs), to estimate local precipitation under climate change. The daily 
precipitation assessed for three elevation zones (upper, middle, lower) of the Mesochora 
catchment over the period 1972-1986 is considered [7]. The climate change is analyzed 
through GCM outputs for 1 xC02 and 2xC02 evaluated in a regional scale with a 
downscaling technique. The semi-empirical down scaling approach is used. This is based 
on the stochastic modeling of daily atmospheric Circulation Patterns (CPs) and the 
linkage between CP types and local precipitation. The outputs of atmospheric 
component (ECHAM T21) of the coupled ocean-atmosphere GCM of the Max Planck 
Institute for Meteorology (MPI), Hamburg, Germany [3] are used. 

The classification and statistical modelling of daily circulation patterns are described in 
the next section. Then, daily CPs are classified and analysed for historical and GCM 
produced data for lxC02 and 2xC02 scenarios. The space-time precipitation model is 
presented. The methodology section is followed by the analysis of results., A discussion 
and conclusions section integrates the paper .. 

2. CLASSIFICATION AND STATISTICAL MODELING OF DAILY 
CIRCULATION PATTERNS 

Three types of daily CP data are used [6]. 
(a) Historical data are represented by the Meteorological Center (NMC) grid point 

analyses of the height of 500 hPa pressure fields available from the National 
Center for Atmospheric Research (NCAR). The analysis is based on daily values 
(12 00 UT) at 35 points on a grid covering the sector 30° -70° N, 20° W _40° E for 
the period January 1948 - June 1989. 

(b) A 10-year long data series for the same pressure level was obtained from the output 
ofthe MPI GCM corresponding to the I xC02 scemario, 

(c) An equivalent series was obtained from the 2xC02 scenario. 
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Classification schemes of spatial meteorological variables are often based on macrocir
culation patterns characterized by the spatial distribution of either sea level air pressure 
field or low or middle tropospheric pressure heights. One frequent classification ap
proach is the so-called objective classification method [4]. Objectivity means here that a 
given algorithm automates the data processing although the choice and application of a 
given algorithm is subjective. 

The periods from April to September (summer half year) and from October to March 
(winter half year) were examined separately and pressure height values at each grid 
point were standardized to exclude the annual cycle. Nine CP types in both half years 
were defined using principal component analysis coupled with k means clustering 
technique. Motivation of these techniques and the choice of the number of CP types are 
described in Matyasovszky et al. [6]. The nine CP types for winter and summer seasons 
are presented in the Appendix (Figures 1-2). 

A statistical model of daily CP types should reproduce the relative frequencies and the 
persistence properties of the various types. These properties are described by a Markov 
chain model. Such a model is characterized by a transition probability matrix, that is, in 
the present case, the matrix of transition probabilities from one CP type to another. Let a 
random variable At at time t taken on states al> az, ... , aI, where I is the number of 
circulation pattern types. T~e trans~ion proba~ili~ fr.OJ~ !a~~rn aj to a; is written as: 

qij-P(At-a;IAH-aj ) l,}-I, ,/ 

If the duration of CP types is exponential, as it appears to be the case here, then a 
Markov chain is obtained. Otherwise, a more complicated semi-Markov chain must be 
used as in Bardossy and Plate [I]. 

3. SPACE-TIME PRECIPITATION MODEL 

To reproduce the space-time statistical structure of local precipitation, a suitable model 
should be chosen. Autoregressive processes represent a well-developed and commonly 
used tool to model time series. They have been developed principally for Gaussian 
processes, but precipitation does not usually follow a Gaussian distribution. Therefore, it 
is desirable to construct a transformation establishing a relationship between the 
distribution of a local precipitation and a normal distribution. Let the vector 
Z(t) = (Z(t,u\),Z(t,u\),. .. ,Z(t,uK )) represent a daily precipitation at locations Uh U2, ••• 

UK and time t and let Wet) be a K-dimensional normal random vector at time t. The time 
dependency of Wet) is described using first-order autoregressive (AR(I)) processes. The 
transformation of a precipitation series into normal vector Wet) is described and 
discussed in detail in Matyasovszky et al. [6]. 

The Markov chain model for CP type sequences, the AR(l) process and the inverse of 
transforming of the precipitation element into Wet) were used to simulate the time series 
of precipitation amounts. Statistical properties of the precipitation data series were 
compared to the properties of historical data sets and a good reproduction was found [2]. 
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Figure I. Atmospheric circulation 
pattern types CPI-CP9 for Winter 
(October-March) 
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Figure 2. Atmospheric circulation 
pattern types CP1-CP9 for Summer 
(April-September) 
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4. CONSIDERATIONS OF THE PRESSURE FIELD HEIGHT 

Within each CP type, daily precipitation depends on the actual spatial average height z 

of the 500 hPa pressure field. This relationship can be used to estimate the effect of 
climate change on local precipitation. Thus, the spatially averaged pressure height is 
included in the analysis and the annual cycle of the pressure height is considered as an 
analogy of the difference between present and 2xC02 climates. The relationship 
between the probability distribution of daily precipitation and spatial average height is 
described using historical data. 

Because the average heights of (a) the lxC02 and 2xC02 cases for every type and (b) 
the historical and 1 xC02 CPs for several CP types, may change, the local precipitation 
statistics reflecting the 2xC02 scenario were estimated in two steps. First, the differ
ences of the Fourier coefficients between 1 xC02 and 2xC02 cases were calculated and 
secondly the Fourier coefficients obtained from the historical data were corrected using 
the above differences to arrive at the probability distribution reflecting the 2xC02 

scenario [6]. 

5. RESULTS 

Four data series are compared in order to evaluate the local effect of climate change on 
precipitation over three elevation zones (upper, middle, lower) of the Mesochora 
catchment. The first is the historical data set, the second is a simulated data set based on 
the precipitation model, and the third and fourth are simulated data sets corresponding to 
1 xC02 and 2xC02 cases respectively. 

The results for the probability of daily precipitation occurrence are summarized in Table 
1. The simulation based on historical data very slightly over- or under-estimated the 
probability, but these differences are not considerable. This discrepancy may be 
attributed to the use of different data sets for the parameter estimation and simulation. 
Simulated probabilities corresponding to the 1 xC02 and 2xC02 cases were almost 
statistically unchanged, except for the probability estimated for the upper zone 1 xC02 

case in summer season. 

Table 2 shows the simulation of historical data resulted in a systematic small under
estimation of the daily mean rainfall. The lxC02 simulation produced a considerable 
decrease in both seasons, while the 2xC02 simulation generated a significant decrease 
for three elevation zones only in summer season. 

Table 1 Probability of daily precipitation occurrence estimated for historical data and 
simulated data corresponding to historical, 1 xC02 and 2xC02 cases. 

Precipit Winter (October-March) Summer (April-September) 
Zone precipitat Simulated Simulated Simulated Historical Simulated Simulated Simulated 

historical IxC02 2xC02 historical IxC02 2xC02 

Upper 0.541 0.539 0.530 0.538 0.386 0.397 0.282 0.446 
Middle 0.598 0.624 0.600 0.654 0.449 0.485 0.371 0.441 
Lower 0.695 0.670 0.692 0.684 0.496 0.470 0.374 0.477 
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TABLE 2. Mean of daily positive precipitation (mm) estimated for the historical data 
and simulated data corresponding to historical, 1 xCOz and 2xCOz cases. 

Precipitat Winter (October-March) Summer (April-September) 

iZone Historical Simulated Simulated Simulated Historical Simulated Simulated Simulated 
historical IxC02 2xC02 historical IxC02 2xC02 

Upper 13.1 12.3 10.7 13.0 7.7 7.0 5.4 6.8 
lMiddle 12.3 11.4 10.0 11.0 7.1 6.3 4.9 6.3 
Lower 11.1 11.0 8.9 10.3 5.2 5.5 3.2 4.8 

Table 3 shows that the historical simulation and 1 xCOz case resulted in reduced 
dispersions of daily rainfall amount. The 2xCOz case decreased the dispersions, except 
for the Upper zone in the winter. 

Tables 4 and 5 summarize the results of the correlation matrices of daily mean 
precipitation in two seasons (winter and summer).The stochastic model appears to 
simulate well the spatial dependency of the precipitation. 

6. DISCUSSION AND CONCLUSIONS 

A space-time precipitation model was coupled with the stochastic simulation of daily 
CPs to generate time series of daily precipitation occurrence with and without climate 
change at three elevation zones (subareas of the Mesochora catchment). To this end, in 
addition to historical data, daily large-scale atmospheric pressure outputs of the GCM of 
the Max Planck Institute in Hamburg, Germany, for the 1 xCOz and 2xCOz cases were 
used. The approach is based on the statistical relationship between daily CP types and 
daily precipitation. The application results indicate a spatial variable and a considerable 

TABLE 3. Dispersions of daily precipitation (mm) estimated for the historical data and 
simulated data corresponding to historical, 1 xCOz and 2xCOz cases. 

Precipitat Winter (October-March) Summer (April-September) 

iZone Historical Simulated Simulated Simulated Historical Simulated Simulated Simulated 
historical IxC02 2xC02 historical lxC02 2xC02 

IUpper 17.0 15.8 14.7 17.3 10.9 9.4 7.2 8.3 
lMiddle 16.5 15.2 13.7 15.9 10.4 9.4 8.5 8.6 
Lower 16.6 15.9 13.9 15.2 9.2 12.6 5.6 7.5 

TABLE 4. Correlation matrix of daily mean precipitation in winter. (The (i,j)-th element 
of the diagonal matrix shows the correlation between i-th andj-th precipitation zones) 

Historical Simulated historical Simulated I xCOz Simulated 2xCOz 
1.0 0.680 0.718 1.00 0.628 0.475 1.0 0.608 0.447 1.0 0.592 0.439 
0.680 1.0 0.922 ~.628 1.0 0.773 ~.608 1.0 0.736 0.592 1.0 0.746 
0.718 0.922 1.0 ~.475 0.773 1.0 P.447 0.736 1.0 0.439 0.746 1.0 
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TABLE 5. Correlation matrix of daily mean precipitation in summer. (The (i,j)-th 
element of the diagonal matrix shows the correlation between i-th and j-th precipitation 
zones) 

Historical Simulated historical Simulated 1 xC02 Simulated 2xC02 

1.0 0.716 0.678 1.00 0.500 0.386 1.0 0.387 0.324 1.0 0.406 0.280 
0.716 1.0 0.913 0.500 1.0 0.649 0.387 1.0 0.680 0.406 1.0 0.630 
Q.678 0.913 1.0 0.386 0.649 1.0 0.324 0.680 1.0 0.280 0.630 1.0 

effect of climate change on the distribution of daily precipitation in the Mesochora 
elevation zones. 

The following conclusions can be derived: 
• A Markov model can describe the occurrence of daily CP; the difference between the 

relative frequencies and Markov properties of CPs corresponding to 1 xC02 and 
2xC02 cases are not greater than the differences between estimates from historical 
data and the 1 xC02 case. 

• The stochastic climatological model reproduces local precipitation conditions. 
• The local response to climate change varies in the three elevation zones. 
• Time series of local precipitation under climate change can also be generated. The 

summer season precipitation is characterized by a significant decrease of mean and 
variance. 

• A slight increase can be observed in the probability of precipitation occurrence. 
• For the Mesochora catchment a more variable precipitation climate is detected for 

the 2xC02 scenario. 
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