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Abstract

The article considers the need to evaluate the homogeneity of hydrological series using several statistical criteria, since the effectiveness of meth-
ods for testing homogeneity depends on the distribution of data. In addition to the officially recommended statistical parametric Student and Fisher crite-
ria for this purpose, the Buishand tests, the standard normal homogeneity test and the nonparametric Pettitt test were tested to assess the homogeneity
of the time series of the runoff of rivers in Belarus. Based on the application of tests for series of different types of runoff, the classification of the studied
series is carried out depending on the number of tests confirming the homogeneity hypothesis.
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CTATUCTUYECKAA OLIEHKA OQHOPOAHOCTU BPEMEHHBIX PA1OB CTOKA PEK BENAPYCU

A. A. Bonuek, C. B. Cupak, C. U. Mapdomyk
Pechepar
B cratbe paccmoTpeHa HeobXxoaMMOCTb OLEHUBAHWS OAHOPOLHOCTY MMAPONOrMYECKUX PSAOB C UCMOMb30BAHNEM HECKOMbKMX CTaTUCTUYECKMX
KpUTEpMEB, NOCKONbKY 3pEKTUBHOCTb METOLOB TECTUPOBAHWS OAHOPOAHOCTM 3aBUCUT OT pacnpeAeneHus faHHbIX. Kpome oduumanbHO pekoMeHay-
eMbIX Ans 3TUX Lieneil CTaTUCTUYECKUX napameTpuyeckux kputepnes CTblopeHTa u duiuepa, Ans OLEHKM OAHOPOAHOCTY BPEMEHHBIX PAA0B CTOKa pek
Benapycy anpobupoBaHbl TeCTbl bynwwanaa, CTaHAapTHbIA HOPManbHBIA TECT Ha OJHOPOJHOCTbL M HenapameTpuyeckiit TecT MeTTuTTa. Ha ocHoBaHum
NpYMEHeHWs TECTOB [N1S PSAOB Pa3NiyHbIX BUOOB CTOKA MpoBefeHa knaccudukaums uccnenyembix psgoB B 3aBMCMMOCTM OT KONMWYECTBa TECTOB,

noarTeepxaaroLmx runotedy O4AHOPOAHOCTU.

KntoueBble cnoBa: peyHoi CTOK, OAHOPOAHOCTb, TOYKW pasnafki, CTaTUCTUYECKIE KPUTEPUM, KNAcChl OQHOPOAHOCTY.

Introduction

Statistical analysis of hydrological time series is a fundamental step
that must be performed before any action on modeling hydrological pro-
cesses. An important issue in the study of the statistical structure of hy-
drological series is the choice of a method for processing the available
hydrological information. To effectively apply the methods of mathemati-
cal statistics and probability theory to the series of hydrological character-
istics, it is necessary to assess the adequacy of the time series to the
required prerequisites of the mathematical apparatus used. The main
requirements are the homogeneity and stationary of the sample, i.e. it is
necessary that all random variables of the sample are from the same
distribution of the general population, and the key sample parameters
(mean, variance) are invariant in time [1].

The presence of points of decomposition (years of deviation from the
homogeneity of observations) in the hydrological time series, reflecting
both changes in the behavior of runoff-forming factors and the itself, is the
main indicator of changes in the degree of impact of anthropogenic load
and climate on the process of runoff formation. In case of violation of the
homogeneity and stationary of the hydrological time series, the previously
performed calculations of the main hydrological characteristics become
unreliable, which results in a change in the degree of vulnerability of hy-
draulic structures, the inability to assess the risk of dangerous hydrologi-
cal phenomena, etc. In this regard, the detection of such points of de-
composition should be considered as the very first and key step in the
analysis of the variability of hydrological processes.

According to the technical code of established practice, for the quan-
titative assessment of the homogeneity of hydrological series, it is rec-
ommended to use the criteria of sharply deviating extreme values in the
empirical distribution (the Smirnov-Grubbs and Dixon criteria), the homo-
geneity of sample variances (the Fisher criterion) and sample averages
(the Student's criterion) [2]. The peculiarity of the application of the
Smimov-Grubbs and Dixon criteria is that they are applicable for the condi-
tions of a normal symmetric distribution law of the general population
and the absence of autocorrelation. However, the empirical distributions of
hydrological characteristics, in particular extreme runoff, may have an

asymmetry, and often in time series there may be a statistically significant

autocorrelation between adjacent members of the series (r(1)) [3, 4.
Specialists of the State Hydrological Institute (Russia) have devel-

oped generalized Fischer and Student criteria that are calculated for

series that have an intra-row or inter-row connection [5]. These criteria
are included in regulatory documents, which provided them with a man-
datory status and wide use in hydrological research. However, it is proved
in [6] that the generalized Student and Fisher criteria have much more
disadvantages than advantages and are not acceptable for assessing the
homogeneity and stationary of hydrological series. It is also worth noting
that the WMO Guidelines on hydrological Practice do not recommend the
use of these criteria in hydrological studies [7]. The main disadvantage of
parametric criteria is due to the fact that the classical results ensure the
correctness of the application of these criteria only when the assumption
that the analyzed samples belong to the normal distribution law is fulfilled,
since only for this situation are the distributions of the statistics of the
considered parametric criteria or the percentage point table known and

runoff does not always meet these requirements [8].

In this regard, a combined approach is used in this work: in addition
to the standard tests (Student, Fisher), three additional tests for homoge-
neity are applied. All three tests can be used to determine the points of
decomposition, if there is a violation of homogeneity. Two parametric
tests — Buishand Range Test (BHR) and Standard Normal Homogeneity
Test (SNH) and one nonparametric test — Pettitt's Test (PT) were used.

The purpose of the study is to test and compare methods for
assessing the homogeneity of the series of different types of runoff on the
example of rivers in Belarus.

To achieve this goal, the following tasks have been solved:

1) Analysis of the homogeneity of the runoff series of the rivers of Bela-
rus using the Fischer and Student criteria;

2) Testing of BHR, SNH, PT tests to assess the homogeneity of the
river runoff in Belarus, determining the points of decomposition in the
runoff time series;

3) Classification of the studied series by the number of tests confirming
the homogeneity hypothesis.
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Initial Data

The study used the observation data of the State Institution "Republican
Center for Hydrometeorology, Control of Radioactive Contamination and Envi-
ronmental Monitoring" of the Ministry of Natural Resources and Environmental
Protection of the Republic of Belarus for the current hydrological stations for
the period of instrumental observations published in the materials of state
cadasters. The assessment of the stationary and homogeneity of the river
runoff series was performed for 6 hydrological stations of the largest rivers of
Belarus: the Pripyat River at the Mozyr station, the Neman River at the Grod-
no station, the Western Dvina River at the Vitebsk station, the Berezina River
at the Bobruisk station, the Dnieper River at the Orsha station, and the Dnie-
per River at the Rechitsa station. The 70-year period (1948-2017) was chosen
as a representative period. The gaps in the data series were restored using
the computer software complex "Hydrolog" [9].

Research Methods
The calculated value of the Student's criterion statistics (Cf) is de-
termined by the formula:

O+ —-0n ’ No- 2
Ct= Q1 -Q . [men2 (n'L+ ng +2) (1)
\/n1.012 +n2-022 nq+ny

where Qq, Q, 012, 022 — average values and variances of two con-
secutive samples, respectively, n4, N, — sample volumes.

To assess the homogeneity according to the Student's criterion, it is
necessary to compare the calculated values of Ct obtained by the formu-
la (1) and the critical values of the statistics ¢, at a given significance
level [10]. As a rule, the significance level is set to 5%, which is equiva-
lent to accepting the null hypothesis about the equality of the average two
samples of the time series with a probability of 95%. If Ct > ,, then the
hypothesis of homogeneity for the two parts of the series is rejected.
Accordingly, a number of the considered hydrological characteristics are
recognized as heterogeneous.

To estimate the homogeneity of the variances of two consecutive
parts of the series, the value of the Fisher statistics F is used:

F= (oF] 2/022 when 0'12 > 0'22. (2)

If the calculated value of the criterion statistics is F < F, at given
degrees of freedom, then the hypothesis of homogeneity of variances is
accepted at a given significance level a [10].

All additional tests for the study of homogeneity (BHR, SNH, and PT) are

If % < (~3Kp then the null hypothesis is accepted. Otherwise, the
series is homogeneous.

The Standard Normal Homogeneity Test [13] compares the average
values of the data for the first k years with the data for the last (n-K)
years using the T statistics:

Ty=kz; +(n-K)z5, k=1,n-1, (6)
where
— _ gk Q-Q ——_ 1 Q-0 __3sh(e-9°
Z1 _;21:1177 ZZ _m ?:k+1 IS , 7= I1nl1 (7)

If the statistics T = MaXq<u<n_1 T« is greater than the critical
value [14], then the null hypothesis about the homogeneity of the series is
rejected. For the maximum value of T}, the number k corresponds to the
year of the homogeneity violation.

The Pettitt's Test. Statistics U, for the calculation of which the ranks

r; of the hydrological quantities Q;, i = 1, n are used, is calculated by
the formula:

Uk=23K,ri—k(n+1), k=1n, (8)

Next, we calculate the statistics Uy = MaX4<x<n| Uk|. The statisti-
cal significance of the fracture point is checked by comparing the value of
Uy with the critical value [15].

Results and Discussion

To assess statistical homogeneity in terms of variances and averages,
respectively, according to the Fisher and Student criteria, the time series is
divided into two or more consecutive samples of the same or different
length, and it is desirable to associate the boundaries of the partition with
the dates of the alleged violation of stationary. In this regard, the verification
of homogeneity according to these criteria was carried out in two stages: the
first stage — the entire period of the study was divided into two shorter ones:
1948-1965 and 1966-2017 (division is due to mass reclamation works in
1965); the second stage is the division into the periods 1948-1987 and
1988-2017 (division is due to the fact that 1988 corresponds to the begin-
ning of an intensive increase in average annual air temperatures on the
territory of Belarus [16]). The results of the study of the series of average
annual, maximum and minimum river runoff rates for homogeneity accord-
ing to the Student and Fisher criteria are presented in Table 1.

Table 1 — The results of checking for the time series homogeneity of
different types of river runoff using the Student and Fisher criteria

determined by the null hypothesis that the data are independent and equally Minimum
distributed; while the alternative hypothesis indicates that the data is consid- . . Annual  (Maximumspring|  summer- | Minimum winter
ered heterogeneous with the presence of a point of decomposition. The River — Station autumn
choice of these tests for an additional study of the homogeneity of hydrological Ct| Flct] FJct] Flct] F
series is based on the following: the PT test is used for any type of distribution % (1948'1965)‘(139‘332'2017) 5571300
of sample data; the SNH test is more sensitive to detecting points of decom- Pripyat—Mozyr | ~ (‘_ ) 111 | 048 | 123 | ° ('_ ) 177 | ” ('_) (_)
position at the beginning and end of the time series. Despite the fact that the 296 | 562
properties of the BHR test are mainly studied for a normal distribution, this Neman—Grodno | 008 | 1.97 0l 146 | 102 | 047 | 133
test, like the PT test, can be applied to any type of data distribution. WestemDvina— | o[ 136 | 333 | 201 | 129 | 2% | 441 | 201
The Buishand Range Test is based on adjusted partial sums or cu- Vitebsk : : A : k O |™ :
mulative deviations from the average [12]: Berezina—Bobruisk | 047 2(._2)9 3(._5)8 7(-7)1 -2(._4)17 153 2(?2 129
Sp =0,5,=%,(Q;-Q), k=1,n, (3) | Dnieper—Orsha | 0.18 | 131 45’)7 3(_7)6 124 | 102 '2('_?2 5(_1)5
where S) — cumulative deviation, Q; — observed data on river runoff, Dnieper—Rechitsa | 0.26 | 045 4('33 017 | .07 | 1.01 2(;4 153
_ n
Q = Z=1 %% _ sample average, n — sample volume. - (11948'12922‘(1988'2017) =
" " Pripyat—Mozyr | 416 | 121 | 221 | 288 1 407 | 100 | 144 |
Adjusted partial amounts (S, ) are calculated by the formula: 3(30 7('7)0 TG ()
. Neman-Grodno | 0.88 | 1.31 (') O 1| 147 | (') 1.34
ke Sk —_— ; - - -
Sy =—, k=0,n, @) Westem Dvina— 265 385 | 263
oq Viiebsk 182 | 120 3( 20 ; .:j 044 | 134 41)9 0
—\2 Berezina—Bobruisk | 0.17 | 1.07 y p 143 108 | 125
where 0q= \/ nj—1 Y.(Q;~ Q)" - standard deviation. 016 ()
Dnieper - Orsha 214 145 356 | 24 373 200 434 | 3M
Outlier-sensitive Statistics Q is calculated by the formula: . 3(2 6(23 2(_36 4(-% .
Drieper—Rechisa | -1.13 | 104 (_)5 o |4 |2 | )5 136
Q= maxoeen| Sk |- (5) Note: ( - ) — the series is inhomogeneous.
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The results obtained in Table 1 show that the use of only the Student
and Fisher tests in most cases does not allow us to make an unambigu-
ous decision about the homogeneity of the hydrological series. This result
is quite predictable, since the tests are based on a comparison of differ-
ent sample parameters. This justifies the need to use more tests to check
the homogeneity of the series.

The results of checking the runoff series for homogeneity by SNHT,
BHR, PT tests are presented in Table 2.

Table 2 — The results of the analysis of time series of river runoff for
homogeneity using the BHR, SNHT, PT tests

Test BHR SNHT PT
point point point
of of of
=~ decom decom decom
) , QWn com- To com- Uo com-
River — Station po- po- po-
sition sition sition
Annual runoff
Pripyat — Mozyr 1.29 | 1968 | 8.09 457 | 1968
Neman - Grodno 0.59 3.61 258
Western Dvina - Vitebsk | 1.19 5.63 485 | 1984
Berezina — Bobruisk 0.55 5.64 226
Dnieper — Orsha 1.28 | 1984 | 6.51 525 | 1984
Dnieper — Rechitsa 0.61 6.61 350
Maximum spring runoff
Pripyat — Mozyr 149 | 1981 | 8.90 | 1981 | 534 | 1983
Neman - Grodno 1.58 | 1971 [ 11.32 | 1970 | 641 | 1988
Western Dvina - Vitebsk| 1.8 | 1971 | 14.63 | 1970 | 584 | 1971
Berezina — Bobruisk 1.88 | 1971 [ 15.71 | 1971 | 678 | 1987
Dnieper — Orsha 219 | 1970 | 21.75 | 1970 | 747 | 1972
Dnieper — Rechitsa 1.95 | 1970 | 17.24 | 1970 | 700 | 1987
Minimum summer-autumn runoff
Pripyat — Mozyr 1.56 | 1967 | 11.94 | 1967 | 555 | 1968
Neman - Grodno 0.85 3.43 298
Western Dvina — Vitebsk | 0.83 4.16 260
Berezina — Bobruisk 129 | 1972 | 9.49 | 1961 | 473 | 1972
Dnieper — Orsha 1.78 | 1983 [ 12.78 | 1983 | 672 | 1981
Dnieper — Rechitsa 1.28 | 1979 | 6.04 453 | 1976
Minimum winter runoff
Pripyat — Mozyr 141 | 1969 | 9.25 | 1969 | 638 | 1969
Neman - Grodno 128 | 1992 | 7.11 499 | 1992
Western Dvina - Vitebsk | 1.86 | 1988 | 14.31 | 1989 | 593 | 1988
Berezina — Bobruisk 1.46 | 1987 | 8.86 | 1990 | 524 | 1985
Dnieper — Orsha 2.14 11980 | 18.42 | 1980 | 757 | 1981
Dnieper — Rechitsa 2.09 | 1978 | 18.51 | 1990 | 764 | 1977

The final results obtained during the analysis for homogeneity of var-
jous types of runoff time series using five tests are presented in Figure 1.
The obtained diagrams show the number of tests that reject the null hy-
pothesis of data homogeneity for the studied hydrological series at the
significance level of 5 %.

According to the results of checking the homogeneity of hydro-
logical series for five tests, the studied series are classified depend-
ing on the number of tests that accept the hypothesis of data homo-
geneity at the significance level of 5% according to the following
rules:

— Data series belongs to class A, if the null hypothesis is accepted
by all tests or rejected by one of five tests at a 5% significance
level;

— Data series belongs to Class B if two or three tests reject the null
hypothesis of data homogeneity;

— Data series belongs to Class C if four or five tests reject the null
hypothesis of data homogeneity at the 5% significance level.
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Fiaure 1 — The number of tests reiecting the null hvpothesis of data
homogeneity for the series of average annual runoff (a), maximum spring
runoff (b), minimum summer-autumn runoff (c), minimum winter runoff (d)
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As a result of checking the series of river runoff for homogeneity, we
came to the result: all the studied series of maximum runoff belong to
class C (the points of decomposition in these series fall on the period
1970-1988); the series of annual runoff for the Pripyat River at the Mozyr
station (with the point of separation in 1968) and the Dnieper River at the
Orsha station (with the point of decomposition in 1984) belong to class B,
the rest of the studied annual runoff series belong to class A; the range of
the minimum winter runoff the Neman River at the Grodno station be-
longs to class B (with the point of decomposition in 1992), all the other
studied rows of the minimum winter runoff belong to class C (the points of
decomposition in these rows fall on the period 1969-1992); the rows of
the minimum summer-autumn runoff for the Berezina River at the Bobru-
isk station, the Dnieper River at the Orsha station, and the Pripyat River
at the Mozyr station belong to Class C, the Dnieper River at the Rechitsa
station belongs to Class B, others belong to Class A.

Conclusion

The BHR, SNHT, and PT tests used in this study allow us to draw
more reasonable conclusions about the homogeneity and points of de-
composition of the hydrological series. The general conclusion from the
statistical analysis of the homogeneity of the series of different types of
river runoff in Belarus for the period 1948-2017 is that all the series of the
maximum runoff and most of the series of the minimum winter runoff for
the studied channels do not meet the conditions of homogeneity. Most of
the annual runoff series are characterized by homogeneity, the minimum
summer-autumn runoff series belong to different classes of homogeneity.
The results of the analysis of the homogeneity of the samples of the se-
ries as a whole indicate significant changes in the formation of the water
content of the rivers of Belarus, mainly in the period from the 1970s to the
1990s.

In this study, only statistical methods for estimating homogeneity are
considered. However, all series belonging to Class B should be subjected
to critical analysis before further use of the series, for example, for model-
ing. Such an analysis can serve as hydro-genetic methods for assessing
homogeneity, which take into account the physical conditions of the for-
mation of river runoff.

The work was carried out with the support of the BRFFI (grant
no. X20M064)
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