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Examination of the cyclic properties of 110-year-log precipitation time
series

Csaba llyé$, Endre Tura?, Péter Stics’ andJanos Zsugé

In the hydrological cycle of the Earth, the peribdomponents play an important role in that procétssould be a great importance
for groundwater management reasons to get to knetteibthe cyclic properties of the meteorologicaremes, affecting the hydrological
cycle. The cyclic parameters of the annual, mondimlgt daily precipitation values have been calcuai®m precipitation data from four
different meteorological stations in Hungary. Thele parameters of these datasets have been deetrosing a period of 110 years of
precipitation data, through the determination oé tirequency, amplitude and phase angle with anyaicaversion of Discrete Fourier-
Transformation (Meskd 1984). The values obtainethfthe four stations have been compared, and tiemal or the national cycles have
been defined for the Carpathian-basin. Using théyddatasets, examination of the changes in thesdr-cycle and the changing of
the longest cycle (cycle with the longest periotiroé) have been carried out. In our examinatioa,showed the presence of the one-year-
long and the half year long cycle as well as thiedttmost dominant 5-year-old one, and the 12-yddr-the longest period of time.
According to our research, the period of time ahd amplitude of the longest cycle has significaddgreased, which is important new
information.

Keywords:precipitation, cycles, cyclic parameters, spectablysis, climate change

Introduction

On the Earth, approximately 400 000 kwolume of water is being transported annuallytie tynamic
water cycle, which is affected by the changing alien(Hartai, 2014) and the meteorological extresipresent
in recent years (Szs, 2012).

In Hungary, 95 % of the drinking water is produdemin groundwater aquifers. Therefore, the effedts o
a changing climate and even the slightest changéei water cycle can have a strong effect to tlaggefers.
Therefore, these are important task-related questio the Carpathian Basin. The changes in thereaiti
precipitation have an impact on the groundwatesueses through the recharge, so it is importaninderstand
better the nature of the precipitation and the blgdyic cycle.

In recent years, the World Water Council showedséveral studies that the hydrologic cycle is
accelerating, the number of meteorological extrimsiincreased the ratio of wet and dry seasondegeming
much more diverse. Now the wet seasons will han®si the same amount of precipitation as previgumsly it
will fall within a short time period. It increas#é®e runoff and causes a decrease in the groundvestiearge, and
the dry seasons will have a longer period withawt measurable rainfall. Thus, less amount of waitreach
the water table, so the decrease in groundwateuress is predictable (Szoéllési-Nagy, 2015).

At the University of Miskolc, several types of raseh were carried out examining the climate changd,
its effect on groundwater resources on several kaarpas. This effect is mostly present in the aegh of these
aquifers. The recharge of shallow groundwater wasipusly examined with environmental isotopes itinae
span of 60 years of data (85 et. al., 2015), as well as measurements ofgitatton and karst water level in
the Bikk Mountains. It showed that the range ofrtfeximum and minimum values of precipitation valaes
karst water levels have become broader (Szegetliaé,e2015).

There are several methods to examine the perigdifia time series based on the Fourier-transfaomat
such as the Lomb-Scargle periodogram (Nason etl299), the Wavelet Time Series Analysis (Kovacsk,
2010). These two methods were used before in desteidies to examine precipitation in Californiaf@dan,
2004), at the Sanjiang Plain (Liu et al., 2009) anannan County, China (Zheng et al., 2014)hla paper,
we used an analytic version of the discrete Fourarsformation, which was used previously to exami
precipitation in the Bikk and Matra Mountains ofridgary (Kovacs et. al., 2015) and the rainfalls ehtcal-
America (Hastenrath, 1964).
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Based on former studies, this paper examined 146-glel precipitation time series from four Hungaria
cities. Discrete Fourier-Transformation method wasd to examine the annual, monthly and daily pitdion
datasets from Budapest, Debrecen, Pécs and Szahbéig. 1).
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Fig.1. The location of the examined cities in @apathian-basin.

Theoretical Background

The long term hydrometeorological data sets aresidened to be time series so that we can apply time
series analysis via mathematical methods.

There are two ways to examine a time series, thssial statistical method is the trend analysis
(Monsteller et. al., 1977), and the other way & spectral analysis. These two methods complenaeiit ether;
the trend analysis examines the long-term lineampzments of a time series, while the spectral ambearches
for the periodic components in a dataset. In thectspl examination, we use harmonic functions tbnde
the periodicity of a time series.

These precipitation datasets contain several abgiercomponents. Therefore, we chose to examinglit
spectral analysis, based on the Fourier-TransfaomgiMesko, 1984; Panter, 1965). Working with hanico
functions in the analytic Fourier Transformationc@mplex Fourier-spectruri(f) is obtained, which can be
divided into a real and an imaginary part. TheRRB] real part of the spectrum can be written as:

RF(f)]= j f (t) cos@rft)dt @
The imaginary part as:

Im[F(f)]=- j f (t)sin(27ft)dt )
The complex Fourier-spectrum ca_r°1c be written as thightwo spectra:
F(f)=Re[F(f)]+ jxIm[F(f)] ®3)

The F(f) complex spectrum can also be defined in an expga@ieform, by introducing two other real
spectra:

F(f)=A(f)e™" “

where theA(f) spectrum is called the amplitude, while t#€f) spectrum is called the phase spectrum.
The amplitude and phase spectrum are defined bretle@nd imaginary spectra:
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A(T) = RE[F ()] +Im?[F(f)] 5)
_ Im[F(f)]
d(f) _arCtg—Re[F(f)] (6)

The amplitude spectrum gives the weight in the #iom of the signal of the harmonic component rfigfli
into a frequency band unit around any frequencye phase spectrum shows, what part of the periogthen
the maximum of this harmonic component shifts latien to the maximum of base function costp

The relative amplitude spectrum defined as thellosaximum value of the amplitude compared to
the absolute maximal amplitude found in the tintéese

In spectral analysis, there are two different weygxamine the time series. The first is the deiistic
way; the other is the stochastic way, where weymesthere are various random effects in the sé@asdy,
1985).

Basically, these meteorological processes are astich but in this paper, we searched for detestimi
components in our datasets with the criteria, tihattime series has no significant trend and thepsiag rate is
equidistant.

For these analyses, a self-made software for cymimponents was used, the graphs were made by
OriginPro.

Results

To determine the cyclic, parameters we used the fdatm the OMSZ (Hungarian Meteorological Service)

online database (HMS 2015), which contains 110syemeteorological parameters for five cities afrigary.

The locations of the chosen meteorological statipraperly represent the weather of the Carpathisirb
Budapest represents the middle part of the coumtnythe banks of the Danube River, Debrecen shows
the weather of the eastern part of the Great Rlaththe country. Pécs was chosen to represenobtitieesn part

of the country, close to the Adriatic Sea. Szomélgtlocated on the western side of the basin, eafdbthills of

the Alps Mountains. The database contains theofi§zeged, but because of missing data, it hae tirbpped,

not fulfilling the criteria of equidistance.

After defining the cyclic parameters, the amplitutiee phase angle and the frequency, the cyclds wit
the relative amplitude spectrum over 50 % werengefias major (dominant) cycles and cycles withtikeda
amplitude spectrum between 20 % (in some cases) Enhé650 % were defined as additional (minor) cycle

Annual Precipitation

At first, we chose to examine the annual preciitat The registration period is 1901 — 2010. Thus
the length of the registration period.gf110 years, the sampling rate is 1 year, and tinebets of samples are
110 from each city. The Nyquist frequency is 2 ge@eskd 1984). The Nyquist-frequency shows theimmah
length of the period of time that can be calculatedrectly by this examination method. The resuits
the spectral analysis, the cycles, and its relaiwplitude are shown in Table 1.

The graphs show the amplitude (left) and the natadimplitude (right) at different period of timelwas. To
show the dominance of a cycle, the relative amghéitoan be used. Most of the graphs show an incigasirt at
the end of the graph without reaching a local maxnmvalue, meaning there can be even longer peiiods
the dataset, but not measurable with these reti@sirperiods and methods.

In Budapest, 21 cycles were detected (Fig. 2), méshem (15) are major cycles, and 6 of them are
additional cycles. The most dominant cycle wasS#year-long with almost 100 % relative amplitudespum
(AY(Thay, followed by the 3.6-year-old with the secondykst amplitude.
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Tab. 1. Cycles in precipitation from four diffeteities of Hungary.

Budapest Debrecen Pécs Szombathely

T AY(T)ma [%] T AY(T)ma [%] T AY(T)m [%] T AY(T)ma [%]
[year] AY(T)2 [year] AY(T)2 [year] AY(T)2 [year] AY(T)2
2.8 45.65 3.1 41.11 2.9 88.95 2.8 50.20
3 48.83 34 56.89 3.2 61.44 3 44.10
3.3 47.93 3.6 100.00 3.6 95.02 35 71.06
3.6 90.15 4.3 71.45 3.9 64.36 3.9 54.00
3.9 29.79 4.6 28.36 4.1 82.77 4.2 55.97
4.3 41.42 5 77.45 4.5 100.00 4.5 21.06
4.5 40.03 5.6 55.18 5 99.50 5 52.84
5 90.88 6.1 61.87 5.6 55.28 55 30.80
53 32.98 6.5 49.59 6.1 66.19 6.3 47.78
5.7 41.75 7 30.45 6.7 32.68 6.8 32.11
6.2 33.63 7.7 24.24 7.6 60.27 7.8 40.63
6.6 33.23 104 26.52 9.9 67.53 8.5 51.41
7.5 30.02 135 69.34 12 54.49 9.5 47.53
8.3 40.12 21.8 43.45 14.3 65.71 10.4 49.95
10.6 53.15 31.6 77.77 18.1 43.87 11.8 80.05
12.4 60.56 51 27.46 31.6 73.43 13.3 61.30
14 57.74 51 55.10 15.6 72.15
19.8 59.76 26.7 100.00
24.4 40.03 36 80.94
31.3 17.05 59 65.26
47 47.17
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Fig. 2. The amplitude and relative amplitude irdBpest between 1901 and 2010.

In Debrecen, 16 cycles were calculated (Fig. 3),nijor cycles, and 10 additional cycles. In thity ci
the 3.6-year-long cycle was the most dominant, witactly 100 % relative amplitude, the other cydiese
a smaller amplitude between 77 - 27 %.
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Fig. 3. The amplitude and relative amplitude irbBecen between 1901 and 2010.

In Pécs, 17 cycles were determined (Fig. 4), 1hefn are major, and only 1 is an additional cy€les
means that the cycles are much more dominant iprisgpitation time series in Pécs than in any otity. We
can describe the precipitation in Pécs with fewt, deminant cycles. The most dominant 4.5-year-lopge
followed by the 5-year-long, with almost the samfative amplitude value, and the third is the 3e@sylong
with more than 90 % relative amplitude.
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Fig. 4. The amplitude and relative amplitude irc®&etween 1901 and 2010.

In Szombathely, 20 cycles were determined (FigMs)st of them cannot be compared to the otheri8s;it
mostly because of its geographical location (cltsethe Alps). This area has the most precipitation
the country. Therefore, its cyclic parameters diffeom the other ones. The most dominant cycle is
the 26.7-year-long, and as seen in Table 1. Alciwes with higher relative amplitude are in thage of 10 to
60 years. This means that the longer cycles deterrfie weather of the city, and because of thereifit
meteorological parameters of the area, the short ¢gcles are less dominant, the variability is dwant.
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Fig. 5. The amplitude and relative amplitude iot8bathely between 1901 and 2010.

After the spectral analysis, the four results wetamined together. We found 7 cycles that wereepitds
all datasets, which are the following with the ags relative amplitude spectrum;

5-year-long

3.5 — 3.6-year-long
11.8 — 13.5-year-long
2.8 — 3.1-year-long
6.1 — 6.3-year-long
4.5 — 4.6-year-long
7.5 —7.8-year-long

AY(T)ax= 80.17 %

AY (Tw= 71.25 %
AY (F)x= 66.11 %
AY (T = 57.27 %
AY (T = 52.36 %
AY (T = 47.36 %
AY (T = 38.79 %

The geographical location of these meteorologitzlans represents the whole country, so thesesyzn
be called national, or Central-European regionales; because the collected data from the fouescitan be
representative for the whole Carpathian Basin.

Monthly Precipitation

The registration period is January 1901 — Decen®@10, the length of the registration period,
Te1320 months, the sampling rate is 1 month, and rihmbers of samples are 1320 from each city,

the Nyquist frequency is 2 months.

In Budapest, 71 cycles were detected (Fig. 6). mbet dominant was the half year long, with a reéati
amplitude spectrum of 100 %, the second was theat-png with 76,63 % relative amplitude value. In
the 71 cycles, 3 were major cycles, with relativeptude over 50 %, and the other were additionalles.
The additional dominant cycles were the 3, the 1862 month long ones, along with 43 others wélative

amplitude range between 20 and 50 %.
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Fig. 6. The amplitude and relative amplitude irdBpest between January 1901 and December 2010.
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In Debrecen, 43 cycles were detected (Fig. 7)his tase, the 1-year-long cycle had the 100 %ivelat
amplitude spectrum, and the half year long hadréfegtive amplitude spectrum of 57.64 %. The othales
were additional cycles. The additional dominantlegcwere the 59, 14.7, 378 month long ones, most of
the minor cycles have the relative amplitude ramgger the 20 % value but were considered as impootiaes
in the precipitation dataset.
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Fig. 7. The amplitude and relative amplitude irbBeEcen between January 1901 and December 2010.

In Pécs, 65 cycles were detected (Fig. 8). Theat-lmng cycle had the relative amplitude of 100 %;
the half year long had 66.53 %. All of the otheesrwere additional cycles, with relative amplitugege
between 14-50 %. The dominant minor cycles are5tbe 54, 12.2, 60 month long ones, with 22 otheith w
the relative amplitude values between 20 and 50 %.
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Fig. 8. The amplitude and relative amplitude irc®®&etween January 1901 and December 2010.

In Szombathely, only 19 cycles were detected (Bip. and the only major cycle is the 1-year-long,on
with 100% relative amplitude value. The half yeard cycle had only 23.71 % relative amplitude, \hiceans
the 6 month long cycle of the weather is not asidant as seen in the other 3 stations, and albther minor
cycles have a relative amplitude value less tha#20
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Fig. 9. The amplitude and relative amplitude ioi@bathely between January 1901 and December 2010.

As it is seen in the graph, only two-three highatue can be seen in this case. This can be caysed b
the special climate situation of the city; it liesthe area which has the most precipitation indbentry caused
by the closeness of the Alps. In this climate,dheles are not as dominant as seen in Budapest.

To examine the four results together, we found y@es that were present in all of the datasetschvhie
the following, with the average relative amplitugdues:

1-year-long AY(Thax=94.16 %
0.5-year-long AY(T)ax=61.97 %
4.92 — 5.00-year-long AY (T = 28.61 %
1.13 - 1.15-year-long AY (T =23.14 %
1.2 — 1.21-year-long AY(Tkx=23.08 %
3.42 — 3.67-year-long AY (T =22.83 %
0.4 — 0.43-year-long AY(Thx=22.76 %
2.36 — 2.39-year-long AY(T)=21.85 %
4.17 — 4.5-year-long AY (T = 20.88 %
11.75 - 13.67-year-long AY(Tx=19.34 %
2.8 — 3.17-year-long AY(Tax=17.35%
6.08 — 6.25-year-long AY(T)x=15.21 %
7.58 — 7.67-year-long AY(T)x=10.56 %

As it can be seen in the results, the most domimathe yearly precipitation cycle with almost 19®
relative amplitude value, with the half year longle being the second one. At the examination efahnual
precipitation, the 5-year-long cycle was the mostghant, which is the third most dominant accordtng
the monthly precipitation. Cycles slightly longdnah one year have a relative amplitude above 20 %.
The longest cycle found in all of the four datasistg¢he 12-year-long one. The longer cycles haveemo
differences in the data for each city, so it caudd be called the same in every result.

According to other measurements in the region, mégshe cycles can be found in other examinations.
The long period time cycles from the annual preatn data can be found in previous studies exigin
the long-term precipitation datasets in the BikkilaRegion of Hungary (Kovacs et. al. 2015) the3%®,
6.4-6.5, 7.4 and 14.3-year-long cycles were alsado These similarities with the previous reseaiam confirm
that these cycles represent most of the countats @ of precipitation.

The cycles from the monthly precipitation datasgfiew similarities with the results of another study
examining the Nyirség Region of Hungary (llyésabt2015). In that paper, we used precipitatiomdatm two
small towns, from East-Hungary with the registratiperiod of 52 years. The 1, 0.5, 0.4-0.43, 1.1%]1.
2.38-year-long cycles were also found in that area.

Daily Precipitation
To examine the long-term changes in the cyclic patars, we used the daily precipitation datasets to
answer the question, how the yearly cycle charayashow the cycle with the longest period of tirhamges. If
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there is any change in the hydrologic cycle of Haath, it has an effect of the cycles in the prigaijon. In
recent studies, professionals say that this hydioloycle is speeding up, the climate of the plasggetting
more diverse and the distribution of the annuatipitation within the year is changing (Stocker ait, 2013),
(Bates et. al., 2008), increasing the danger afdilog of an area.

We used the 110-year (40 177 days) long data defisling it into four time periods, and examining i
simultaneously. The periods are the following:

1. January 1901. — 2. July 1928.

2. July 1928. — 1. January 1956.

1. January 1956. — 2. July 1983.

2. July 1983 — 31. December 2010.

The 4 registration periods contain 10 045 sampdspectively from each city, and the sampling rate i
1 day.

In Debrecen, the yearly cycle’s change is minintadtays the same for a period of time at 366.6sday
the first and last period, and in the middle of ¢keatury, it becomes slightly shorter - 364.4 dayw amplitude
spectrum of the yearly cycle also shows minimahgjirag; it increases with 12 %.

In Budapest, a small increase can be found from53@6366.9, but the second period has the lorgyest
with 368 days. Also four quite different amplitudegere calculated, which shows the diversity of
the precipitation in the 20Century in Budapest.

In Pécs, a minor decrease can be found from 3663%5%.7. The third period has the longest yearbjecy
a 366.9 long one, and the second has the shoiitbsB83.7 days. Also, there is a slight increasamplitude.

In Szombathely, the same results were found. Thdyeycle is the longest in the last period (368a9s),
shortest in the second (364.4 days). In this aityecrease in the amplitude was calculated.

The results showed that the changes in the pefidiine of the yearly cycle are not strongly monaton
the four datasets showed four different resultsntist of the cases, there were minor increasdiamplitude,
but in Szombathely, a decrease was calculated. rAtmp to these results, it can be said that thengbs of
the yearly cycle are minimal, it stays within a 36366-day-long period of time.

The examination of the longest cycle found in thtetadets showed a different result. In Debrecen,
the longest cycle decreases from 5576 days to 43§, but in the second period, it has a 5930-dag-period
of time. Also, the same change can be found irathplitude, it doubles from the first to the secqadiod, but
after it decreases to a minimum value if 306.4228/365 days. In Budapest, the period of time ofltmyest
cycle halved during the century, but it was theglest in the third quarter of the 100 years. In P#es results
have similarity with the results from Debrecen e ttase of period of time, but the amplitude hasidmal
increase from 356.408 mm/365 days to 470.0534 mbnda§s. In Szombathely, the period of time halved
during the 110 years, and the amplitude decreased £208.7170 mm/365 days to 378.6933 mm/365 days.

Tab. 2. The changes of the period of time in fledecwith the longest period of time.

Longest cycle [days]
Time periods
Budapest Debrecen Pécs Szombathely
1. January 1901. — 1. January 1956. 7998 5753 5157 3724
1. January 1956. — 31. December 2010. 6424 46545 605 3 2789,5
Change in the period of time [days] -1574 -1098,5 -1552,5 -934,5
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Tab. 3. The changes of relative amplitude in §@ecwith the longest period of time.

Longest cycle [mm/365 days]
Time periods
Budapest Debrecen Pécs Szombathely
1. January 1901. — 1. January 1956. 1139.7566 305.8 739.9553 724.1627
1. January 1956. — 31. December 2010. 581.161¢ 4889. 597.1862 532.4286
Change in the relative amplitude
spectrum (%) -49.01 -19.9 -19.29 -26.48

As it is seen in Table 2. and Table 3., if we cleots examine the datasets divided into only twdspar
the results are clearer. In all of the four citidse period of time changes through the 110 yeamd, also
the amplitude changes, decreasing about 20-25 ®¢as, Szombathely and Debrecen, and almost halves i
Budapest.

On the basis of the results, we can say that thgelst cycles are changing, they become shortermarsd
of the amplitudes also decreasing. This can beechlry the variability of the weather. In recent rgea
the weather, and the meteorological parametersgitguquickly, and there are no more long term cydte
the weather because of its increasing diversitye Thanges of the amplitude can be explained bysdmee
factors, the distribution of the precipitation cgas, and with the longest period of time becomealem and it
becomes less dominant also.

Conclusion

In recent years, studies showed that the numbemetieorological extremities increased. The future
predictions forecast a changing in the hydrologiyalle as well as in the geographical and tempdisttibution
of the precipitation (Szo6llosi-Nagy 2015). In thggudy, we used spectral analysis based on Fourier-
Transformation to get to know the cyclic propertéshe precipitation in the Carpathian Basin.

The result showed that there are 13 cycles pregethte 110-year-long data sets and many other sycle
were determined locally. The daily datasets shom@chajor difference in the case of the one-yeag-loycle of
precipitation, but it showed that the cycle withe tltongest period of time became significantly seralh
the examined 110 years. These results mean thaivaesity in the nature of precipitation and traiability is
more dominant then was 50 years ago, and the lprigsfound in the datasets are less significant.

It is important to know how we can describe thesogaof these cycles. The 1-year-old cycle is cabsed
the location and movement of the Earth in the ssy@tem, and researchers in Beijing revealed tiaisolar
sunspot activity has a strong correlation with @an@ual precipitation (Hathaway 2015). The 12-yeaglcycle
in the annual rainfall datasets has a connectigh thie 11 - 13-year-long periodicity of the sunspotivity
(Zhao et. al., 2004 and Bal-Bose, 2010)

For further examination, it is important to getkioow the explanation of what can be the cause edeh
cycles, are there any meteorological processes#raexplain the results, and with the calculatibthe phase
angle, we can make deterministic predictions ferfthure for this area.
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