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Abstract. In this paper, the characteristics of the long-term precipitation 
series at Athens (1858-1985) have been statistically analyzed. This study covers 
both the history and the analysis of the data. The ten-year mean amounts, the 
monthly and annual amounts averaged over the intervals 1858-1890, 
1891-1985, 1951-1980, 1858-1985, the mean number of hours of precipitation 
and the precipitation intensity are given. The analysis of long-term time series of 
climatic data (in particular precipitation) is a useful tool for the study of past 
climate. Different statistical techniques are used in order to depict monthly, 
seasonal and annual variations, as well as trends, periodicities and recurrence 
intervals of the amount, intensity and number of precipitation days. The analysis 
reveals many interesting characteristics. These characteristics of the precipitation 
regime are extended to a time scale from seasonal variation to a semi-secular 
trend. The study of such long-term series may be helpful not only in practical 
applications of rainfall, but also for explaining the possible physical or anthro- 
pogenic mechanisms of chmatxc fluctuations and tendencies. The series of 
precipitation at Athens is one of the longest in south-eastern Europe. 

1. Introduction 

Climatic  change is of  inest imable impor tance  to the h u m a n  race. The  cl imate 

has de te rmined  the areas of  the world in which the major  civil izations have 

developed,  and any  change in cl imate will necessarily impose  changes in the 

way of  life of  the people  affected. The  impor tance  of  cl imate change grows with 

t ime, for as popula t ions  have grown, crop product ion  has been max imised  by 

developing specialised species which are best suited to the prevail ing cl imate,  

and which are therefore more  sensitive to any changes in climate.  

Many  scientific efforts have been devoted in recent years to a bet ter  under-  

standing of  the cl imatic system and to unravel ing the history of  regional and 
global climates.  Al though m u c h  progress has been made  there still remains  a 
n u m b e r  of  unsolved problems.  In the field of  research of  cl imatic change, and in 

approach ing  a forecasting of  the tendency to be expected in the future, one must  
distinguish between effects acting on different t ime scales, e.g. short- and long- 

te rm cl imatic  changes due to natural  causes, and changes at tr ibuted to anthro-  

Climatic Change 14: 263-290, 1989. 
�9 1989 Kluwer Academic Publishers. Printed in the Netherlands. 



264 B.D. Katsoulis and H. D. Kambetzidis 

pogenic activity (Spar and Ronberg, 1968; Reidat, 1971; Khemani and Ramana, 
1973; Ackerman and Changnon et al., 1978; Seibel, 1980; Witter, 1982; Flohn 
and Fantechi, 1984). For example, the impact of precipitation on climate and 
history is not only limited to extreme events remote in space and time, e.g. end 
of civilizations attributed to famines caused by drought conditions (Carpenter, 
1966; Camuffo, 1984), but is also responsible for many modern changes of the 
natural environment. 

In recent years several studies concerning analyses of long-precipitation series 
from single stations have been published by some researchers (e.g. Wales-Smith, 
1971; Manley, 1973; Goldreich and Manes, 1979; Palumbo and Mazzarella, 
1980; Hameed et al., 1983; Camuffo, 1984; Colacino and Purini, 1986). A 
renewed interest has been expressed in sun-weather relationships (Herman and 
Gordberg, 1978; Mitchell et al., 1979; Currie, 1981a; Gregory, 1982; Gilliland, 
1982; Gribbin, 1982; Pittock, 1983). The reconstruction of past climates is also 
based on a variety of evidence, such as archeological, geological (Shuurmans, 
1980). However, the data obtained from long climatological measurements are 
an important source of information. So, an increasing interest is being shown in 
the climatic historical studies by some authors (Peczely, 1974; Granger, 1977; 
Colacino and Rovelli, 1983; Camuffo, 1984; Brazdil et al., 1985). This is more 
evident with reference to the development of mathematical models, whose vali- 
dation requires the proper use of quantitative data on climatic variations. 

Precipitation measurements are known to have been made in the city of 
Athens for well over 140 yr. A few papers are available on aspects of Athens 
precipitation (Livathinos, 1933, 1934; Karapiperis, 1957; Katsoulis et al., 1976). 

Some historical and instrumental series exist in Greece (e.g. Athens, Thessa- 
loniki, Heraklion, Larissa, Corfu) and a few of them have been analysed by 
Greek Climatologists (Eginitis, 1907; Mariolopoulos, 1938, 1960; Flocas, 1974; 
Metaxas, 1974; Repapis, 1986). 

This paper follows an analysis of the air-temperature in Athens (Katsoulis 
and Theoharatos, 1985, Katsoulis, 1987) and studies the precipitation series 
collected by the Meteorological Institute of the National Observatory of Athens 
(hence-forth MINOA). For the precipitation record, an attempt is first made to 
assess the following factors: 

(i) Homogeneity of the record. The data have been taken at several different 
sites over the period of record. 

(ii) Quality of the observations. The measuring period had different 
observers. 

(iii) Change in the environment near the recording site. The station has 
distinct changes in the immediate surroundings, e.g. tree growth and urbaniza- 
tion. 

(iv) Type of instrumentation. Early observations at some places are taken 
with non-standard instruments. 

The basic aim of this study is to investigate characteristics of the precipitation 
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regime and the feasibility of predicting long-term changes of rainfall in Athens. 
In order to obtain further information about recent microclimatic changes in the 
urban area, an analysis of the secular variations of rainfall intensity has been 
worked out. 

In particular, this paper is devoted to the history and the analysis of the data: 
after a short review on the data set used, a first series of results is shown based on 
standard statistics. Then, trends, periodicities and other variations of precipita- 
tion are discussed. Filtering is also applied and the resulting trends are com- 
mented. Finally, spectral analysis shows the existence of several cycles. 

2. History of the Long-Term Series of Precipitation at Athens 

Precipitation measurements over the city of Athens have existed since 1839. 
Continuous and systematic observations though, did not start until 1858. The 
period therefore, for which there exist continuous and regular precipitation 
observations is from 1858 to date (128 yr) (see Appendix). Since 1839 the obser- 
vations were taken at different locations within Athens all of which were within 
2 km of each other, as indicated in Table I and Figure 1. No change of the site of 
measurements took place between 1890 and to date (1986). Since 1890, the 
precipitation measurements have been carried out at MINOA on a hill 
(~0 = 37 ~ 58' N, 2 = 23 ~ 43' E, h -- 107m). 

The unbroken series of rainfall was accurately documented in the registers of 
the original data and observers' diaries and notebooks and was reviewed by some 
authors, most of whom had worked in (MINOA) where the registers are kept 
(Peytier, 1837; Fraas, 1847; Vouris, 1848; Papadakis, 1857; Schmidt, 1884; 
Vourlis, 1889; Eginitis, 1907; Mariolopoulos, 1960). The history can be sum- 
marized as follows: The observations during the years 1858-1862, were per- 
formed by the German Astronomer Schmidt and appeared in "Publications de 

TABLE I: Periods, locations and altitudes of the precipitation measurements 

Period Location Altitude 
(m a.m.s.1.) 

1839-1842 
1847-1848 Meteor. Institute 
1853-1858 Meteor. Institute 
1858, Dec. 2-1859, Aug. 12 
1859, Aug. 13-186l, Sept. 6 
1861, Sept. 7-1863, Sept. 12 
1863, Sept. 13-1871, May 15 
1871, May 16-1871, Aug. 15 
1871, Aug. 16-1877, Sept. 8 
1877, Sept. 9-1866, Oct. 1 
1866, Oct. 2-1890, Sept. 10 
1890, Sept. 11-to date Met. Inst. 

Aghia Irene h = 79.1 
National Observatory of Athens (MINOA) h = 107.1 
National Observatory of Athens (MINOA) h = 107.1 
Hotel Byzantine (center of city) h = 84.1 
Dedes Garden (center of city) h = 77.0 
Anagnostakis Garden (near Palace) h = t 03.3 
Skapessos Garden (Lykabetus str., center of city) h = 102.7 
Demopoulos Garden (center of city) h = 110.9 
Igglessis Garden (North of Palace) h = 103.1 
Schmidt Garden (near Lykabetus Hill) h = 109.6 
Vourlis Garden (near Lykabetus Hill) h = 124.1 
National Observatory of Athens (MINOA) h = 107.1 
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Fig. 1. Map of the Athens area showing the locations of the early precipitation stations (the dots near 
MINOA) in Athens (period 1858-1890) and the station of the Meteorological Institute of the 
National Observatory of Athens (MINOA) (1890-to day). The 100 m (dashed), 200 m (solid) and 
500 m (heavy solid) contour lines are also indicated. 

l'Observatoire d'Athens, Ileme Serie, Vol. I, II, Ill, 1884". For the period 1863 
to 1870, the observations as well as their processing and archiving were done by 
professors A. Vourlis and D. Eginitis; they were taken by the German Govern- 
ment and were kept in the archives of the Potsdam Observatory. From 1871 to 
1884, the observations were performed by five different observers; after they had 
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TABLE II: Mean monthly and annual values of precipitation (mm) for the old sites (1858-1890), 
the permanent site (MINOA) (1891-1985), and the current 30 year (1951-1980) values, at Athens 

J F M A M J J A S O N D Y 

Oldsites 51.8 37.0 34.3 20.7 19.6 17.2 7.3 9.2 14.1 43.5 73.3 61.6 393.3 
Permanent site 56.1 41.2 35.9 21.9 21.6 13.0 5.8 7.7 15.3 47.6 64.1 69.6 399.8 
Current 55.5 42.9 37.9 23.3 23.2 8.7 3.8 5.2 15.8 61.6 55.8 65.2 398.8 

been analysed by those observers, they were also kept at the Potsdam Observa- 
tory. 

During the years 1884 to 1890, the observations were made by two observers 
and were published in the 'Greek Government Paper'. Since 1890 the meteoro- 
logical observations (and among these the precipitation measurements) have 
been taken at MINOA. 

These long precipitation records need to be adjusted because errors in the 
data were caused by non-standard measuring techniques, urbanization, shelter- 
ing, relocation of the station etc.. Table II gives the monthly means and annual 
totals for all old sites, the permanent site, and the currently used (1951-1980) 
values. 

The effect of removal on the precipitation records (1858-1890), has been 
determined by the mean differences obtained between the old sites and the new 
permanent site (1890-1985) period. It was found to be 6.5 mm, annually. No 
corrections for removals of the station have been applied in the statistics given 
in the sections below because it is felt that corrections are small, insufficiently 
known. 

The first precipitation gauge used in Athens (1858-1890) consisted of a 
square metal vessel with catchment area of a French square foot (32.5 cm 
inside). During the period 1891 to 1892, a gauge with a cylindrical metal vessel 
was introduced. This gauge had a circular collecting area of 200 cm 2. The obser- 
vations were taken twice a day. 

Since 1893, a new rain-gauge with a circular rim was used, with a catchment 
area of 1000 cm 2 (Tonnelot type) and a Richard-type rain-gauge recorder as 
well. A comparison between all types of rain-gauges has been carried out by 
Mariolopoulos (1938), who concluded that the measurements with smaller gauges 
were as accurate as those with the larger ones. It was found that the new gauges 
with a rounded rim collected about 2% more rain than the old one, and 4% 
more snow and hail. The heights of the rim of the gauges above ground varied 
between 1.20 m to 1.70 m. 

The time interval of 1894 to date (92 yr) during which the precipitation 
observations are taken at the same site, using both instruments of direct 
measurements as well as a recorder, can be regarded as a period of homogeneous 
observations, the only variables being the observers, and some changes in the 
environment near the recording site, such as tree growth and urbanization. 
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In order to test the homogeneity of the series, the well-known "Run Test" has 
been applied. The test showed that the precipitation amount and the intensity 
series are homogeneous, but precipitation days are inhomogeneous (at a 95% 
significance level). 

3. Precipitation Characteristics 

3.1. Monthly and Seasonal Variations 

Precipitation in Athens, on the southeastern part of the Greek Peninsula, is 
characterized by a great temporal (and spatial) variability. This is due to the 
complicated physical processes of its origin, which are influenced by synoptic 
circulation, geographical and local topographical factors (mountains, plains and 
the sea) and their effects on the mesoscale circulations. It is not what one would 
expect on the basis of the tracks of the synoptic disturbances only. During the 
summer, fair weather generally prevails in southern Greece, due to the Azores 
anticyclone, or because of the Siberian high pressureextension. Showers and 
thunderstorms occur rarely during the daytime, especially in the afternoon, 
when the insolation produces strong superadiabatic lapse rates and instability 
phenomena. In winter, the weather is characterized by travelling weather dis- 
turbances which pass north of the area of Athens causing cold and warm fronts 
to sweep alternately across the Greek Peninsula. Southern Greece and Athens in 
particular, have a modal rainfall course during the year with maximum in late 
autumn and early winter and minimum in summer. It appears that the climato- 
logical amounts of precipitation result mainly from the winter and autumn 
precipitation. The number of precipitation days (N) and the amount (P) at 
Athens, together with their variances a2(N)and a2(p) are shown in Figure 2. 
One can note that a2(N) and N are in phase and experience a similar annual 
march. They have one maximum falling in December and January. Particularly, 
the number of precipitation days experiences the minimal variability in the 
warm season which is characterized by the regularity of the Azores anticyclone 
and/or the 'Etesian winds system' (Weather in the Mediterranean, 1965; Furlan, 
1977). The other seasons are more subject to the occurrence of synoptic distur- 
bances. Similarly, a 2 (P) has one maximum (in October and November). This is 
also in phase with P and seems to have a very high variance during October and 
November, because of the active change of season. 

The correlation between pairs of months is very low, so that in the course of 
the year it is difficult to make any prediction on the basis of the knowledge of 
the past amount of precipitation, as shown in Table III. The insignificant corre- 
lation between pairs of months can be attributed to the relative independence 
among the synoptic conditions characterizing the precipitation in each season. 
This is clearly shown by the low values of the correlation coefficients, sometimes 
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TABLE III: Correlation between the amounts P of the precipitation, for the different pairs of 
months (r) 

J 1.00 
F 0.08 1.00 
M 0.06 0.18 1.00 
A 0.04 0.05 -0.08 1.00 
M -0.04 0.05 -0.07 0.03 1.00 
J 0.07 0.06 -0.07 -0.15 0.06 
J 0.00 0.03 0.01 0.04 0.06 
A 0.01 0.04 0.00 0.17 -0.04 
S -0.08 -0.06 -0.11 0.01 -0.08 
O -0.01 -0.04 -0.08 0.14 0.25 
N -0.06 -0.04 0.01 0.08 -0.05 
D 0.08 0.11 0.09 0.04 0.01 

J F M A M 

Significance levels 
r0,05 = 0.20 
r0.01 =0.26  

1.00 
0.05 1.00 
0.02 0.02 1.00 
0.06 0.08 0.02 1.00 
0.03 0.01 0.07 0.04 1.00 
0.05 0.08 -0.05 0.02 0.14 1.00 

-0.07 0.02 -0.04 -0.04 -0.10 -0.03 1.00 
J J A S O N ~ D 

slightly higher for pairs of consecutive months showing only a modest steadiness 
of the same synoptic situation. 

3.2. Hours of Precipitation and Intensity 

The period of hourly records chosen for analysis was 1951-1980. The average 
annual number of hours during which 0.1 mm or more precipitation per hour 
fell is 330 hr; simple arithmetic shows that it rains (mean annual) only 4% of the 
time. The mean number of hours of precipitation and also the least and most for 
each month (unadjusted for the varying number of hours of the months) are 
given in Table IV. 

TABLE IV: Hours of precipitation (1951-1980) 

Month J F M A M J J A S O N D Annual 

Mean 63 42 46 23 18 5 3 3 10 29 36 52 330 
(%) of 
hours 19 13 14 7 6 2 1 1 3 9 11 16 
Least 28.5 2.4 12.3 2.3 1.3 0.2 0 0 0 0.6 4.4 16.0 
Most 93.1 93.8 72.5 68.1 61.0 22.0 14.7 24.3 27.8 88.3 66.8 115.1 

Examining the average annual intensity per hour for the 30-yr period of 
1951-1980, we find the minimum intensity to occur at 11.00 hr while the maxi- 
mum one at 16.00 hr (Figure 3). A noticeable feature is that the maximum 
frequency of occurrence comes at the hour ending at 16.00 for most months. 
The minimum occurs at 11.00 or 12.00 hr and an almost as definite minimum 
at 02.00. 

Harmonic analysis of the 24 values of hourly precipitation frequency showed 
a modulation of the precipitation with both a diurnal and semidiurnal period. 
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Fig. 3. Hourly intensity of precipitation in mm (1951-1980). 

The hourly precipitation events were divided into three intensity categories; 
from 0.25 to 0.50 ram, 0.51 mm to 2.25 mm and more than 2.25 ram; winter 
(November-March), summer (June-September) and the total year. Each com- 
bination of the intensity and seasonal categories was harmonically analyzed. 
The first harmonic has a maximum at 23.00 hr and a minimum at 11.00 hr. The 
second harmonic has two maxima, one at about 05.00 hr and the other at 17.00 
hr, while the two minima are at 11.00 and 23.00 hr, respectively. Although indi- 
vidual data samples show some scatter away from these hours, there seems to be 
no systematic phase shift as a function of intensity or season. Table V below 
gives the ratios of the amplitudes of the first and second harmonics to the 
number of precipitation events. This Table shows that the moderate precipita- 
tion intensity is modulated in time more strongly than the heavier events. 

Figure 4, displays the curves of precipitation intensity (mm h -1 ) as well as the 
30-yr running means of this quantity, for the quality data period 1894-1985. 
The figure shows that there is a climatic trend of intensity towards decreasing 
values. Specifically, the mean hourly precipitation for the year indicates that 
there has been a noticeable though irregular decrease of intensity at MINOA 
through 1920. The climatological peaks in the annual intensity occurred in the 

TABLE V: Amplitudes of 1st and 2nd harmonic 

cl mean c2 mean 

0.25-0.50 mm 0.17 0.16 
0.51-2.25 mm 0.20 0.17 
more than 2.25 mm 0.08 0.04 
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Fig. 5. The 30-yr running means of rainfall intensity for the four typical months. 

end of 1910's and 1930's, and in the beginning of 1980's. Figure 5, shows the 
plots of intensity for the four typical months of the seasons. The general patterns 
are similar to the annual trend, with the exception of January, where one can see 
a sudden increase in precipitation intensity from the 1920's up to until the 
1950's, followed by a decreasing trend in recent years. The October intensity 
seems to have peaked in the early part of the 20th century, followed by a 
declining trend until the 1960's, and then it is rising up again today. This is in 
accordance with the annual trend of Figure 4. The April and July intensities are 
rather of constant rate, fluctuating around a mean value. 

4. Trend Analysis 

4.1. Methods of Investigation 

The secular variations of the precipitation time-series were studied by statistical 
methods, e.g. simply from the monthly and yearly values, by means of running 
means, and numerical low-pass filtering techniques. In the first procedure, the 
data were collected as daily totals from which the monthly and yearly mean 
values were obtained; then multiples of 30-yr running means with a 30-yr pass 
are plotted. This method is only partially successful in removing the oscillations 
completely. Despite some limitations, the running means comprise a practical 
method to smooth a time series and to show cyclical patterns. In the second 
procedure the trends were further studied by means of a numerical filter in order 
to eliminate the high frequency components. The application of the above 
methods leads to the following information. 
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Fig. 6. Annual precipitation (solid line) and 30-yr running mean (dotted line) at MINOA. 

4.2. Mean Annual Precipitation Amounts and Precipitation Days 

T h e  present precipitat ion m e a n  for 1 9 5 1 - 1 9 8 0  period is 398 .8  m m  and it falls 
on  an average o f  104 days. Us ing  the data for the w h o l e  period 1 8 5 8 - 4 9 8 5  the 
m e a n  annual  a m o u n t  was found to be 400 .6  m m ,  which  falls on an average o f  
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104 days. Following Conrad and Pollack's (1952) methodology, the mean devia- 
tion of precipitation for the whole 128-yr period is 71.1 mm, the standard devia- 
tion is 88.9 mm, and the relative intersequential variability 25%. 

Figure 6 shows the annual variation of precipitation at Athens. The annual 
amount of precipitation varies greatly from year to year (1883 had about 846 
mm, while 1898 had less than 116 mm). In the same figure are shown the 30-yr 
running means of the annual precipitation. There is a trend towards decreasing 
precipitation up to about 1905, then an increasing trend until 1925, and after 
that time remains relatively constant with small deviations from the mean 
annual value of the period. Figure 7 shows the seasonal (through the four 
months typical of each season) contributions to the 30-yr running means of 
annual precipitation. The amounts of precipitation for autumn and winter 
follow a somewhat different trend, but the winter precipitation trend resembles 
slightly the annual trend of Figure 6. On the other hand, the spring and summer 
precipitation amounts are much lower. 

The amounts show some long-term changes as illustrated by the 10-year 

TABLE VI: Ten year means (mm) 

1858-1864(7 yO 373.8 
1865-1874 407.4 
1875-1884 440.4 
1885-1894 389.1 
1895-1904 347.8 
1905-1914 421.9 
1915-1924 391.7 
1925-1934 394.7 
1935-1944 415.4 
1945-1954 402.6 
1955-1964 379.0 
1965-1974 383.7 
1975-1984 398.3 
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means given in Table VI. Of the 13 pairs of t-test statistics computed between 
the 10-yr means and the long-term mean, the last nine show that the differences 
are significant (at the 95% level), implying that a real difference existed. 

The effects of the urban environment upon the amount  of precipitation are 
difficult to show with the precipitation amount  time-series of this study. One 
can imply, based on the Athens records (even though precipitation trends 
obtained from single stations are unreliable) that there has been a climatic trend 
towards a slight increase of precipitation through at least the first 60 yr of the 
20th century, followed by a decrease in recent years. 

The occurrence of precipitation days was estimated by searching for those 
days when the daily precipitation was greater than 0.0 mm. Figure 8 shows the 
number  of precipitation days (N) for each year. There is a t r end  towards 
increasing precipitation days, from the first part of the 20th century until the 
1950's. This period is followed by a decrease towards recent years. This is also 
shown in the curve for the 30-yr running means plotted in the same figure. The 
frequency of precipitation days ranges from 71 (in 1912) to 135 days (in 1936). 
By dividing the whole period of 128 yr into two equal sub-periods, one can see 
that the second period (1922-1985) recorded more precipitation days than the 
first one (1858-1921). This may be due to urbanization. 
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The distribution of the number of precipitation days shows an approximate 
65 year oscillation with two maxima in the early 1880's and 1940's, and two 
minima in the early 1900's and 1980's. Beginning from 1858 one can note an 
increase of the variability. The variability of N has higher values during the 
periods between 1860 to 1900 and 1915 to 1955. The lower values appear 
during the last decade of the last century and during the most recent 20 yr. 
Figure 9 shows the 30-yr running means of precipitation days for January, 
April, July, and October. The numbers for April and October are almost the 
same and follow similar trend. The winter (January) precipitation days are most 
numerous and are almost twice those of the transitional seasons represented by 
the months of April and October. The summer contribution to the annual preci- 
pitation days is very low, being due to the local thunderstorm activity of this 
season. Because of the fact that precipitation shows a marked seasonal character, 
a monthly analysis has not been attempted by this method (except that of Figure 
9). In general, the precipitation amount trends seem to be similar to those of 
precipitation days, but with different periods. From the figures one can note that 
nothing can be said at the beginning and the end of the series, where the trends 
suffer from the truncation of the data. For this reason, it is difficult to draw 
conclusions about the effects of the general increase of the condensation nuclei 
in the urban atmosphere of Athens, due to the increased anthropogenic activity 
during the most recent years. 

The existence of real trends of precipitation has been examined by applying 
the Mann-Kendall ('c-test) test. The annual values of precipitation intensity, and 
the annual number of precipitation days show significant trends. However, there 
is no significant trend in the annual and seasonal precipitation amount. For the 
most recent period (1951-1985) the annual amounts show some noteworthy 
significant negative trends indicating a general tendency to decreasing values. 
The increasing tendencies of precipitation of the transitional seasons, which are 
the unstable parts of the rainy period, seem to be indicative of an urban effect. 
These slight tendencies of precipitation, may support the theory of the heat 
island effect, and particularly the mechanical effect of an extended urban area 
on rainfall enhancement by promoting atmospheric instability. These effects 
seem to play a role rather than the increasing air-pollution, which may add con- 
siderable amounts of condensation nuclei. 

4.3. Trend Analysis Using Low-Pass Filters 

For a detailed description of the time scale characteristics of the Athens precipi- 
tation time series, a numerical low-pass filtering technique was applied. By using 
this technique the trend was further studied in order to estimate the high 
frequency components. The filtered sequence x~ was obtained by the substitution 
of each point xt of the original time series with the weighted mean of the l 
samples preceding and of the l samples following it. If N is the number of the 
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samples of the annual precipitation (N is the length of the time-series), the trend 
obtained by the filtering procedure is defined by the expression, 

t 
Xt= ~ hkXt_ k t = l , 2 , . . . , N ,  

k=-l 

where hk is the weight of the Xt_k sample. The filter hk applied in the analysis 
here is defined by the expression (Ormsby, 1961): 

hk = sin(2=f~kAt)sin(2nf2kAt) 

2kZflf2(kAt) 2 

with f~= 1/2(fr+f~) and f2 = 1/2(fi-f~),  where fr and fc are the roll-off and 
cut-off frequencies, respectively. In this case, At= 1 yr. The main advantage 
of this filter is that it has unit gain and zero phase shift. It does not modify 
both the signal amplitude and the phase shift among the different components. 
In order to achieve high filtering accuracy it is recommended to select l using 
the relation, 
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where f u  = 112 At is the Nyquist frequency. Consequently, in this case, if we 
require the elimination of fluctuations with a period of less than 10 yr, we select 
fr = 1/10 cycles per year and fc = 1/100 cycles per year, which give l~  11 yr. 
Finally, it must be emphasized that the results of this filter analysis are less 
accurate at the initial and final part of the series as the weighted means are 
affected by the lack of data preceding and following the recording period. 

The trend characteristics obtained by this numerical faltering are shown in 
Figure 10. The presence of dry and wet epochs can be seen, with the maximum 
around the year 1880. After the year 1905 the wet period tends to be smoothed 
and this effect was recorded at a South European scale (Goldreich and Manes, 
1979; Rao, 1980; Camuffo, 1984; M. Colacino and Purini, 1986). Finally, while 
in works dealt with air temperature analysis a visible effect of the urban growth 
on the minimum air temperature time series was detected (e.g. Dettwiller , 
1970a, 1978; Oke, 1979; Nkedirim et al. 1981; Colacino and Rovelli, 1983; 
Katsoulis, 1985, 1987), from Figure 10 the urban island effect is not evident on 
the precipitation amount which presents a pattern affected by the synoptic 
systems behaviour. 

5. Periodicities of Precipitation 

The periodicities of the Athens precipitation time-series were attempted by a 

4xi03 [ o - - -~  95~ upper l imit 

I ~ Power spectral  estimates /~ 
e----e 95~ lower limit /.~ 

2X1031 /~  /~ ,///~. ~ ,P 
,' \ / / ~ ,~//~/~ /' 

~ ,A, ,o,/, lli ~ / L 
~o, I_ /,,~,~/~\ ~ , /  v / ' I  ~/i !', , ' f f  

/ " ' A / / ~ ' \  ~ " "  / ~ ',~f' I , / / /  " ,Y/',,~,, /.~// il; ib,~---~/, ' 
~_-5,,loJ ,, ~,,v>,,.,, "7 ill~, ,,,I~'~--, -..//, 
4-~ 2 ill ill 

i ~l tl! 

50 ,, I I I 
1 i0 10 2 10 3 3x10 3 

Period (months) 

Fig. 11. Precipitation amount power spectrum for all the monthly data, at MINOA. 



Analysis of the Long-Term Precipitation Series 281 

i 0  -~ 

500 

20( 

~E 
lO 2 

"7~ 

-~ 50 
% 

g 

20 

10 

I 

/ 

1 

o---~ 95% u p p e r  limit 

�9 , Power spectral 
estimates 

e---e 95~ lower limit 

P / 
I 

~".~ i I 

~\ i I / 
\\ / / 

 \vU 
~ ~\\ V III 

\ I 
\ I 
v 

I f, I 

3 5 I 0  20 50 102 103 

Per iod  (years )  

Fig. 12. Power spectrum of  precipitation amount  for all the yearly data, at MINOA.  The upper  and 
lower lines indicate the 95% confidence limits. 

few climatologists in the past (Livathinos, 1934, Mariolopoulos, 1937; Kara- 
piperis, 1942, 1957) with controversial results. The doubts have to be attributed 
to restricted computing capabilities, methods of research, and absence of well- 
marked oscillations with constant phase. Except for a few irregular correlations 
with the sunspot cycle showing some spectral peaks in certain regions, any direct 
relationship with the precipitation remains in doubt (Karapiperis, 1949, 1953; 
Katsoulis, 1976). On the other hand, non-linear effects due to other astrogeo- 
physical phenomena, may be responsible for single oscillations rather than true 
periodicities. 

The spectral analysis of the data using a Fast Fourier Transform (henceforth 
FFT) technique was used to reveal cycles in the series. The analysis was applied 
to both precipitation amount and intensity. 

All the monthly data were analyzed first and the derived spectrum shows 
peaks around 11.7 and 3.5 yr (Figure 11). The periods are probably related to 
the solar cycle and to the quasibiennial oscillation (QBO) of the zonal wind. 

The corresponding spectrum of yearly averaged data shows cycles at about 
23.8, 8.7, and 3.1 yr (Figure 12). The 3-yr period can be related to the QBO of 
the zonal wind, while the 8 yr period is not clearly related to any astro- 
geophysical phenomena (possibly produced by interaction of the '10-12 yr' 
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cycie with the longer-term cycles (Tabony, 1981; Vines, 1986). Finally, the 
23-yr period is usually associated with the double solar cycle (22.2 yr). It must 
be stressed, however, that the connection between atmospheric phenomena and 
solar cycle is not generally accepted and is very controversial (Pittock, 1978). 
Concerning the precipitation behaviour two different findings exist: the first 
states that no relevant effect of 11-yr solar cycle is present in precipitation data, 
the second claims instead that the solar cycle disturbance is present (King, 1975; 
Pittock, 1983; Colacino and Rovelli, 1983; Vines, 1984; Colacino and Purini, 
1986). 

The analysis was also applied to precipitation amount and intensity data for 
all months. The results for four typical months and the yearly data are given in 
Table VII. Generally, the results presented in Table VII show some prominent 
peaks at 2.0-3.0 and 9.0 yr, but no regular periodicities were found. There were 
a number of cycles that appeared and disappeared, the most important of which 
are 3.1 and 23.8 yr in precipitation amount, and 2.4 and 33.3 yr in intensity. 

TABLE VII: Significant spectral peaks. Typical results for the monthly data of January, April, 
July, October and all the yearly data (1860-1985). Level of significance 95% 

Precipitation amount cycles (yr) Precipit. intensity cycles (yr) 

J 2.3 4.5 12.2 34.1 2.4 4.4 9.1 33.3 
A 3.2 9.2 33.1 2.4 4.3 9.0 17.1 32.2 
J 2.2 9.3 23.8 44.8 2.3 6.3 32.5 
O 3.1 6.2 23.8 3.2 6.4 24.8 
Annual 3.1 8.7 23.8 3.2 8.8 

Consequently, it can be concluded that despite the fact that the periods 
detected are of low significance, they show similarities to those reported by other 
workers suggesting they may, indeed, be real (and possibly explicable in terms of 
solar effects, etc.). There also were found periodicities (e.g. 4.5, 6.3, and 8.0 or 
9.0 yr) which are not clearly related to any astrophysical phenomenon. 

6. Some Concluding Remarks 

A long period precipitation record for (MINOA) Athens was examined to look 
for characteristics, trends, and periodicities that could be extrapolated into the 
future. Analysis of the data indicates that although trends in single station rain- 
fall are often unreliable our results do suggest a certain stability in the rainfall 
patterns of SE Europe during the last century. The detailed analysis allows the 
following brief conclusions: 

(i) The precipitation series is one of the longest in south-east Europe and has 
been recorded without interruption since 1858. The original data were checked 
and are archived in MINOA. 
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(ii) The station changed sites nine times from 1858 to 1890, but the station 
has practically not changed since 1890 to date. Homogeneity tests show that 
quality of the data is found to be good from 1890 to 1985. 

(iii) The characteristics and the types of the rain-gauges are known; the 
observers and their operational procedures are also known. 

Some problems may arise concerning the representativeness of the site in the 
recent years because of the rapid growth of the city. However, the long-time- 
series of the data and their quality makes their analysis quite interesting. 

(iv) The seasonal distribution of the precipitation is simple with the maxi- 
mum in late autumn and early winter and the minimum in summer. The 
seasonal series are homogeneous throughout the recent 90 yr. Persistence and 
repeatability of the meteorological conditions influencing precipitation are not 
all significant. 

(v) The precipitation pattern is typical of the Mediterranean climate. This 
pattern is closely related to large-scale systems rather than to local effects. 

(vi) It rains only 4% of the time. There is one maximum and one minimum 
of intensity during the day and a decreasing trend of precipitation intensity. 

(vii) The annual amounts and the annual number of precipitation days are 
variable. Fairly wide variations occur in monthly values. 

(viii) There is no significant trend in the annual rainfall data. The trend 
analysis gives a 65 yr wave for the number of precipitation days. This wave has 
no statistical significance and thus cannot allow predictions. The precipitation 
amount shows a different trend, giving a 60 yr wave, which is not in phase with 
the number of precipitation days. It is very hard to extrapolate conclusions on 
the general climatic context. However, the analysis indicated the stable aspect of 
the precipitation climate of Athens. 

(ix) There exist some periodicities. Periods of 2.3, 9.0 to 12.0 and 23.8 yr are 
frequently occurring and could probably be related to the general circulation 
index and to the solar cycles. There exist also unexplained cycles (except for the 
seasonal cycle). 

(x) Precipitation in towns is one of the most complex problems of analysis in 
the whole field of urban climatology. The main difficulty is to separate the 
purely urban controls from the much stronger influences of synoptic climatol- 
ogy and topography within the built-up area. Reliable predictions of the poten- 
tial impact of human activities on climate will only be made when a better 
understanding of the mechanisms of climatic change is achieved in addition to 
the development of climate models. 

The above results can be regarded as partially conclusive until comparisons 
will be done with long-time precipitation series existing in other south European 
cities. 
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