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Examination of rainfall data for 110 years using
spectral and wavelet analysis
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The aim of our research was to better understand the spectral characteristics of precipitation variability,
because through infiltration, this is the most important source of groundwater recharge. To better understand
the periodicity of the rainfalls, we used monthly and annual rainfall data. We examined precipitation time
records over a 110-year period from two different cities in the Carpathian Basin, obtained from the
Hungarian Meteorological Service. With discrete Fourier-transformation (DFT) and wavelet time series
analysis, we defined local cycles and developed a forecast for the Debrecen area.

Using DFT, we calculated the time-period distributions (spectra) of monthly and annual rainfall data.
Spectra from the annual rainfall data showed 16 dominant periods in Debrecen and 17 in Pécs. At the two
stations, the most dominant cycles were 3.6 and 5 years, respectively; there were several other cycles locally
present in the data sets. From the monthly data sets, several other periodic components were calculated
locally and countrywide as well.

Using wavelet analysis, the time dependence of the cycles was determined in the 110-year data set for
two Hungarian cities, Debrecen and Pécs.
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Introduction

In climate research, the investigation of long time series is becoming increasingly
important, because of the continuously growing data sets of measured parameters.
At present, it is frequently possible to examine the temperature data, which was
continuously measured over 200 years, and several other measured climate variables
are available as well for a long timescale. In this paper, precipitation records covering
110 years were examined with mathematical methods.

It is also clear that the climate change or the extreme weather conditions can
influence the water cycle on a global as well as on a local scale. Water management
practice should be able to handle these changes to fulfill the increasing water demands.
Szo6llosi-Nagy (2015) argues that the water cycle is accelerating due to extreme
weather conditions. More and more water-related hazards are observed all over the
world. To solve water-related problems successfully, the cyclic behavior of water
cycle components need to be understood.

Long meteorological records can be examined with statistical methods (Valipour
2012b) to look for long-term trends in the time series or with spectral analysis and to
study the cyclic variation of the data. The methods can complement to each other.
Spectral and wavelet analyses have been used in such research.

These methods for detecting periods have been used in several studies to investigate
the cyclic variables of a time series. In Central America, the monthly mean precipita-
tion data of 131 stations were analyzed with these harmonic methods (Hastenrath
1968). Discrete Fourier-transformation (DFT)-based spectral analysis was used to
examine the precipitation in the Biikk—Matra (Kovacs and Turai 2014) and the Nyirség
regions (Ilyés et al. 2015) in Hungary. Both the studies used shorter periods to identify
the cyclic variations of the regions. In the Nyirség region, monthly rainfall data were
used, and the dominance of a 1 and 0.5-year cycle was determined with 19-20 more
periodic components altogether. In Biikk—Matra, annual mean and maximum values
were used from 38 different meteorological stations and the results showed dominant
3.5-, 4.9-, 28.7- to 29.8-, and 9.5- to 9.9-year cycles in the data.

A Lomb—Scargle periodogram, which is also based on the DFT, was used to
examine the fluctuations of shallow groundwater levels in the Tisza region of Hungary
(Kovacs et al. 2010). In that paper, the existence and dominance of 1-, 11-, and 5-year-
long cycles were determined in most of 120 examined wells. The same method was
also used in the Danube-Tisza Interfluve region of Hungary, where a 5-year-long
cycle was determined in 87% of the examined wells and a 12-year cycle in 60% of the
wells (Kovécs et al. 2004). There are methods to use the periodogram with unevenly
spaced time series as well, solving the criteria of equidistance (Matyasovszky 2015).

Wavelet analysis has previously been used on several climate-related data sets.
Using wavelet analysis, three time series (oak tree rings and precipitation data from
Budapest) were analyzed and compared with one another. It was found that all three
time series exhibit strong interannual variability at 2- to 4-year timescales (Sen and
Kern 2016). According to Sangdan (2004), the spatial pattern of the rainfalls may have
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Examination of rainfall data for 110 years 3

changed since 1945, and the dominant period is about 16 years. Liu et al. (2009) used
wavelets to examine the annual rainfall record in the Sanjiang Plain, China, where the
dominance of 2- to 4-year-long signals was determined for the period 1978-1996, with
1- to 2-year-long signals mainly occurring from 1959 to 1961, 1968 to 1973, 1974 to
1977, 1982 to 1985, and 1987 to 1993. In Heilongjiang Province, China, precipitation
data from 1956 to 2009 were examined using wavelet analysis and it was determined
that four main periods seem to exist of about 6, 11, 19, and 31 years (Zheng et al.
2014). Wavelets can also be used to define the absence of a cycle in a time series, as
examined in the shallow groundwater wells of the Northern Great Plain of Hungary
(Garamhegyi et al. in press).

The number of records required was also examined (Valipour 2012a). With
monthly rainfall data, several scenarios were calculated and the correlation was
compared. Using 60, 120, and 588 monthly data records, the R* of the models was
calculated up to 0.8 or 0.9.

The main aim of this research was to obtain complementary results to the previous
studies, to prove the presence of the cycles detected in shallow groundwater levels and
in the precipitation data sets as well, to confirm that there are similarities with the
records measured in other regions of the earth and data measured in other parts of the
hydrological cycle.

Materials and methods

Mathematical basis of spectral analysis

There are several ways to examine long-term time-series data, one of which is the
examination for cyclic properties, based on DFT. These long-term precipitation data
sets can be considered as equidistantly sampled data or time series; therefore, spectral
analysis can be performed (Bath 1974; Bracewell 1978).

The spectral analysis is based on Fourier transformation, where the spectrum can be
calculated from the following equations (Panter 1965; Mesko 1984):

[c)

Y(T)= / y(£)e 77 dr,

r=—00

where ¢, time, the independent variable of the registration; y(¢), the recording,
registered signal; j, imaginary unit; 7, period, the length of a cycle; and X(T),
spectrum of the registered signal.

Y(T)=Re[Y(T)] + jIm[Y(T)],

T(T)=A(T)e®),
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where Re[Y(T)], real spectra, first part of the complex spectra; Im[¥(7')], imaginary
spectra, second part of the complex spectra; A(7'), amplitude of the complex spectra;
and ®(7'), phase angle of the complex spectra.

The amplitude and phase angle can be calculated from the real and imaginary
spectra (Candy 1985):

A(T) = /Re[XT(T)P + Im[T(T)P,

Im
o(7T)= ﬂmtgm.

The relative amplitude spectrum is defined as values of the amplitude spectrum
compared with the absolute maximum of the amplitude spectrum.

Mathematical basis of forecasting

When the amplitude spectrum [A4(f)] and the phase spectrum [®(f)] are known, the
original y(f) measured data can be recalculated (Kovacs and Turai 2014) with the
following equation:

N
y(t)=7+/A(f)gf[fot+¢(f)]df’
0

where f=1/T, the frequency of a cycle and fy, Nyquist frequency.
When using only the major and additional minor cycles, a deterministic precipita-
tion data set can be calculated, with no stochasticity:

2

I
_ 2
=T E A, cos [T"(t ~1901) + ®(T})/,
reg T i

where y(t)dm, data calculated from the deterministic components; 7, expected value,
declared static through the examined period; £, length of the data set; T}, period of the
cycle #; I, number of the deterministic cycles; ®(7;), phase angle of the cycle #; and 4;,
amplitude of the cycle i.

The linear relation between the original measured y(f) data and the deterministic
y(t)‘cht data can be considered as the error term of the calculated data, which can be
calculated with the Pearson’s correlation coefficient (Mosteller and Tukey 1977), can
be interpreted as the stochasticity in the time series.
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If the ¢ value exceeds the year 2010, predictions can be calculated for the future. In
this paper, the periodic components of the Debrecen data set were used and a forecast
was delivered up to the year 2030.

Mathematical basis of wavelet analysis

Wavelet time series analysis is a well-known method to investigate the time-
dependence of a cycle within a time series (Nason and von Sachs 1999). The shape of
the cycles searched for in the registered signals can be described with harmonic
functions; in the examination, sine wave packet was used. One technique for wavelet
analysis is applying convolutional filtering (Turai 2005).

A x(f) wavelet and a registered y(f) time series are defined as follows:

x(t) = cos <2% t> ,

(£) = sin (? t),

where the cosine function is the real wavelet, the sine function is the imaginary
wavelet, and the equation of the analysis is the following. By means of the convolution
of the wave packets (wavelets) and the registered signal produced, the weight of the

given cycle (y**°!°"'") in the signal can be determined at each time of registration:
+o0 +o0
yvavelet—tr: (4) = / x(t)y(t —t)dr= / y(t)x(t — 7)dr.

The second way to carry out wavelet analysis is using a cross-correlation function
[Ro(D)]:

Lmax

1
R, ()= -~ x(7)y(t + 7)de.
reg
T=timin

In the examination, a normalized cross-correlation function is used:

. Ry
Ry (5)= Max{Ro,(1)}

Materials

The data were acquired from the Hungarian Meteorological Service’s online
database (HMS 2015), which contains large amounts of meteorological data from
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6 llyés et al.

several Hungarian cities. Annual and monthly precipitation data sets were downloaded
and used for these examinations. Debrecen was chosen because it was defined as a
sample area for the calculations and further adaptation of the results, detailed below,
whereas the data of Pécs were chosen for its expected difference from Debrecen. For
the calculations, a self-made software for DFT was used (Turai 1983).

Results and discussion

Annual precipitation

First, the periodic component of the 110-year-long annual data set was examined.
Using spectral analysis, several cycles were determined from the Debrecen and Pécs
data sets.

For the annual precipitation data, the registration period is 1901-2010; thus, the
length of the registration period is #.; = 110 years, meaning the number of samples for
each city is 110. With this method, the minimal length of period — called the Nyquist
period — can be calculated; it is 2 years in this case. The results of the spectral analysis,
the cycles, and their relative amplitude are shown in Fig. 1.

In Debrecen, 18 cycles were determined, with 10 major cycles and 8 additional
ones. In this city, the 3.6-year-long cycle was the most dominant, with 100% relative
amplitude, whereas the amplitude spectra of other cycles were between 27% and 77%.

In Pécs, 17 cycles were calculated, almost the same as in Debrecen; but in this case,
most of the cycles were defined as major cycles (16 of them) with relative amplitudes
between 60% and 100%. This means that the rainfall in Pécs can be mainly described
with deterministic dominant cycles, as opposed to Debrecen, where the stochasticity
is much more dominant. The 4.5-year cycle was the most dominant, followed by the
5-year and the 3.6-year cycles with over 90% relative amplitude as well.

100
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X Iol Spectrum ol’llhenri;inzlvdau' = } X ® Spectrum of the original data
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Fig. 1

Relative amplitude spectra of Debrecen (a) and Pécs (b), according to annual precipitation data
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The data set was examined with 1% white noise. In Debrecen, almost the same
results are shown, whereas in Pécs, a slightly different spectrum was calculated. This
means that the spectrum from Debrecen was accepted to be correct. In Pécs, several
cycles were calculated in both cases; the 3.6-, 5-, 5.6-, and 7.7-year-long ones
appeared in the original and in the data with added noise. Some of the cycles were
calculated to be close to each other, so can be interpreted as the same. The cycle with
the highest amplitude is the 3.6-year long, the same as in Debrecen.

Monthly precipitation

The monthly precipitation data sets contain monthly rainfall data from January
1901 to December 2010, so the length of the registration period is e, = 1,320 months.

In Debrecen, 43 cycles were detected and in Pécs, 65 (Fig. 2). Many similarities can
be found between the two stations’ data sets. The 1-year cycle is clearly the most
dominant, which is followed by the 0.5-year cycle with 57.46% relative amplitude in
Debrecen and 66.53% in Pécs.

Because of the dominance of these two cycles, the other periodic components were
determined to be additional cycles but were considered important in the precipitation
data set. In Debrecen, the other relatively dominant cycles are 59, 14.7, and 378 months
long; most of them have relative amplitude under the 20% limit value, but were
considered important. In Pécs, with similar relative amplitudes, the important minor
cycles are 5.5-, 54-, 12.2-, and 60-month long (Ily¢és et al. 2017).

The cycles, which were calculated locally, show the differences between the two
regions. Debrecen is on the eastern side of the Hungarian Great Plain, with a
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Fig. 2
Relative amplitude spectra of Debrecen (a) and Pécs (b), according to monthly precipitation data
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8 Ilyés et al.

continental climate, whereas Pécs is closer to the Adriatic, with different climatic
conditions, according to the Kdppen and Trewartha classification (Péczely 1979).

The results presented in this paper complement those of previous research,
examining shallow groundwater (Kovacs et al. 2004, 2010). In both cases, the
presence of a 5-year and the 11- to 13-year cycles has been determined. Garamhegyi
et al. (in press) determined that there are absences of the 1-year-long cycle in many of
the shallow groundwater wells of the Northern Great Plain of Hungary, and there is a
connection between the absence of the 1-year-long cycle and the Mediterranean
cyclones from the Gulf of Genoa on a regional scale.

In addition, the results of the examination of precipitation in other parts of Hungary
have been confirmed, as most of the same cycles have been determined (Kovacs and
Turai 2014; Ilyés et al. 2015) and the calculated cycles are also comparable with the
periods defined in Asia (Zheng et al. 2014).

Forecasting

For testing the forecasting method, the sample area of Debrecen was chosen. The
cyclic components of the annual and monthly rainfall data for 110 years were analyzed
and several scenarios were calculated.

From the cyclic properties of the Debrecen data set, an annual rainfall time series was
recalculated. In this examination, the teaching phase was the time period between 1901
and 2010, whereas the validation phase was between 2011 and 2016 (HCSO 2016).

The results of annual precipitation are shown in Fig. 3, where the black dots are the
measured and the colored dots are the calculated values.

. =0,6893 roa= 0,7167 - T = 0,7339 Ty = 0,5169

800 }
600 M
400 —4 t

200 200

I
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
(a) Year (b) Year

1000 tea

800

———e
8

—

=

Annual precipitation [ mm |
2
8
|

Annual precipitation [ mm |

Fig. 3
Calculated annual rainfall data in the Debrecen area from 10 periodic components (a) and 18 periodic
components (b)
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Examination of rainfall data for 110 years 9

With the calculated amplitude, period of time and phase angle the deterministic
precipitation time series were recalculated and forecasting was carried out up to the
year 2030.

In the first case, 10 dominant cycles were used for the calculation, and the
correlation coefficient between the measured and the calculated precipitation time
series is 0.6893. In the validation phase, the correlation coefficient is 0.7167, which
can be interpreted as a moderate correlation. After 2010, no exceptionally large
amount of rainfall was expected, and the range is between 400 and 600 mm, with a
higher value in the year 2030. With this calculation, the expected value between
1901 and 2010 is 574.8 mm/year, with a standard deviation of 89.7 mm/year and for
the predicted period, the average is 546.7 mm/year, with standard deviation of
56.5 mm/year. The decrease from the teaching period is 5%. This could be caused by
the method — only the periods with relatively high amplitudes are used, the
extremities are wiped out — or the annual rainfall could be in a period where no
extreme values are expected.

For the second examination (Fig. 3, right-hand side), all the 18 dominant major and
minor cycles were used and the correlation coefficient, calculated from the original and
the determined data set in the teaching time period, is 0.7339. This can be described as
a strong correlation. The forecasting results point to a similar conclusion as in the first
case, but the values range between a larger interval, 450—650 mm, without any
extreme values. The expected value for the teaching phase is 574.4 mm/year, with a
standard deviation of 98.7 mm/year, and for the forecasting phase is 559.4 mm/year,
with a standard deviation of 66.1 mm/year.

Figure 4 shows the correlation between the calculated and the measured data of the
validation phase. As seen in the graph, with 10 cycles, the correlation becomes
relatively high as 0.7167, whereas with 18 cycles, the coefficient drops to 0.5169.
Only in 2016 can a relatively large difference be noticed, where with 10 dominant
cycles, the calculated data are closer to the measured records.

For the calculation of the monthly precipitation data set, several cyclic parameters
were used. If only 15 of the most dominant cycles are used, the correlation coefficient
value is only 0.47, which can be described as a moderate correlation, but the calculated
monthly rainfall values will change only over a very small interval, without any
extreme values.

In the case of 164 cycles, the correlation coefficient rises above the 0.62 value,
which is also a moderate correlation, but the calculation shows more extremely high or
small monthly rainfall values, closer to the original measured data.

The results show that with less cycles, a more precise forecasting can be calculated,;
thus, the method for choosing the adequate number of cycles can be a direction of
future researches.

The lack of extreme precipitation records in the forecast data sets is a deficit of
the used method, but this can be corrected using other statistical methods for
employing the extreme high or low values, such as the Gumbel distribution
(Gumbel 1935).
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Fig. 4
Correlation of the validation phase

Wavelet analysis

Wavelet analysis was used to determine the weight distribution of dominant cycles
during the registration period. For the analysis, we used the periods from the previous
examination from Debrecen and Pécs. All the dominant cycles from the Debrecen
annual data set were used, and the cycle with the highest amplitude value was chosen
from the Pécs annual rainfall data set.

For the examination, a sine-wave packet with unit amplitude was used, with the
periods of time detected previously. In the graphs, the correlation coefficient shows the
years, where the cycle presence was dominant or less dominant.

The wavelet of the 4.5-year cycle shows five local maximum values (with a
correlation coefficient higher than 0.8) in the years 1956, 1963, 1916, 1945, and 1938.
The wavelet of the 4.3-year cycle from Debrecen shows minimal similarities, with four
maximum values, in the years 1918, 1971, 1973, and 1916. The decades of the 1910s
and the 1960s—1970s have the more dominant values of cycles in both cases, whereas
much less dominance can be noticed after 2000 (Fig. 5).

Several similarities can be found when examining the other relevant cycles in the
time series. Most of the high correlation values can be found in the same decades, with
almost the same value (Fig. 6). With the local maxima in the cross-correlation, there is
a small number of minima in the data set, at the end of the 1910s, 1940s 1970s, and
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Examination of rainfall data for 110 years 11

1990s. In addition, a much lower dominance of the cycles can be detected in the third
millennium.

The analysis of the weight distribution of the 4.3- and 5.6-year cycles is shown in
Figs 5 and 7. It shows that both cycles occurred in the 1918 and 1971 environments,
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Fig. 5

Wavelet cross-correlation of the 4.3-year cycle from Debrecen (a) and the 4.5-year cycle from Pécs (b)
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Wavelet cross-correlation of the 3.6-year cycle in Debrecen
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Fig. 7
Cross-correlation values of the 5 (a) and 5.6-year cycles in Debrecen (b)

with the highest weight in the 1-year sampling rate; however, the weight of the
4.3-year cycle was more than 10% higher in 1918 as in 1971, whereas the weight of
the 5.6-year cycle was the greatest in 1971.

Using wavelet analysis, it is also possible to estimate the weight distribution of the
various precipitation cycles in the context of a given year. In this calculation, a period
of 2 years was chosen to examine the changes of the dominance in a 40-year scale.
Figure 8 presents the precipitation data spectra of 1918 and 1958. It is clearly visible
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Fig. 8
Dominance of the different cycles in the year of 1918 (a) and 1958 (b) in Debrecen
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Examination of rainfall data for 110 years 13

that in the time interval around 1918, the 4.3-year cycle was the decisive one in the
1-year sampling rate, but in 1958, the 10- to 13-year cycles were also dominant.

The results of the wavelet analysis show similarities with research carried out in the
Far East. The dominance of approximately 4-year cycles in the 1970s has been proven
both in China (Liu et al. 2009) and in this research.

Conclusions

In a continuously changing climate, defining deterministic values for the meteoro-
logical and hydrogeologic parameters can be a challenge and also a step to a better
understanding of the behavior of the climate.

The cause of the cycles can be a direction for future studies, most importantly,
finding what the main reason may be behind the dominance of the 5-year period of
both precipitation and shallow groundwater levels.

Based on our investigations including two different Hungarian cities, it was proved
that the DFT can be applied successfully to reveal the cyclic components of 110-year-
long rainfall records. It is equally important to mention that forecasting of rainfall
events is also possible until 2030 with the proposed method. We believe that by
using this method, several uncertainties of rainfall events can be reduced and thus the
method can be applied to any region or any rainfall record. It should also be
mentioned that several cycles were found at Pécs and Debrecen, which had been
calculated before in Hungary and Asia; therefore, some of the results can be
interpreted globally.
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