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Abstract

A new statistical test (Makra-test), applicable for long time series, is introduced to identify extended sub-periods, namely,

‘‘breaks’’, average of which is significantly higher or lower than the mean of the entire time series. In order to apply this test, normal

distribution of the time series being examined is a sufficient condition. In another case, if the number of elements increases in the

time series, its distribution is near normal and the test can be applied, as well (according to the Central Limit Theorem). The method

is demonstrated on monthly Palmer drought severity index (PDSI) data sets, computed for five stations of East Hungary in 1901–

1999. Due to strongly recursive (auto-correlative) nature of PDSI every second month of the warm season (April, June, August and

October) is analysed and treated as independent samples. Normality of the time series, which is a sufficient condition of the Makra-

test, is validated by Kolmogorov–Smirnov test and v2-test. Analysis of the PDSI time series indicates that separate treatment of the
months is important not only to ensure the normality, but also to consider the existing slight seasonal differences in standard de-

viation and skewness of the index in the East-Hungarian region. The Makra-test delimits one or more (maximum 4) significant sub-

periods of the PDSI in every station and month (not considering the sub-intervals within the significant breaks, although most of

them are also significant). Since the PDSI is based on monthly temperature and precipitation data that exhibit considerable in-

homogeneities (Szentimry, 1999), the test is applied both for the original and the homogeneous time series. Effect of the inhomo-

geneity on long term variations of PDSI is strong: about the half of the significant breaks in the original time series disappear or

become totally different from the time series based on homogenised data. All negative (dry) breaks of each month and station,

however, occurred in more recent decades of the 20th century, according to both homogeneous and original series.

� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Climate performs year to year variability, fluctuation

on time scales of several years, and change on longer

time scales. In order to maintain the current human

activities and predict their future impacts, these changes

and fluctuations should be investigated and analysed

precisely. It is well known that in some places local cli-

mate parameters do not exhibit clear tendencies of glo-

bal warming, since the effects of circulation are likely
non-linear (Makra, 1998). Hence, besides careful appli-

cation of trend analysis to identify long term monoto-

nous tendencies, whether or not they correlate with the

global ones, time series analysis should also incorporate

other types of questions (statistical hypotheses).
The aim of the present study is to introduce a test on

the existence of extended sub-periods, average of which

is significantly higher or lower than the mean of entire

time series. The method, hereafter called Makra-test,

will be demonstrated on a few century-long time series

characterising moisture anomaly (drought or wetness)

conditions in Hungary.

Drought is a long period of meteorological anomaly
characterised by extreme lack of precipitation and it is a

normal issue of climate in Hungary. A drought event is

different from other natural hazards since it is a slow-

onset, insidious hazard that is often well-established

before it is recognised as a threat, taking months or

years to develop. In general, drying tendency is apparent

in most of the stations in Hungary during the last 100

years (Pongr�aacz et al., 2000). Furthermore, frequency of
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drought events tends to increase towards the end of the

20th century, especially considering moderate and severe

droughts (Szinell et al., 1998).

It is common to distinguish four different types of

droughts: meteorological, climatological, agricultural,

and hydrological (water-supply) droughts (Wilhite and

Glantz, 1985). Several drought indices have been defined
(e.g., Farag�oo et al., 1989) and they have become com-

mon tools to measure the intensity and spatial extent of

droughts. These drought indices comprise ratio or dif-

ference between precipitation and potential evapotran-

spiration (PE) for periods as long as they can generally

characterise drought events well.

According to their characteristics drought indices

can be categorised as follows: precipitation indices,
water budget indices, soil moisture indices, hydrological

and various aridity indices. In order to determine onset

and strength of meteorological droughts, monthly val-

ues of the Palmer drought severity index (PDSI) are

considered in this study. Compared to other traditional

drought indices, PDSI can demonstrate several advan-

tages: it is able to simulate moisture content of the soil

month by month, and it is suitable to compare the
severity of drought events at regions having totally

different climate and seasons. Evaluation of summer

PDSI times series for Europe can be found in Briffa

et al. (1994).

The paper is structured as follows: Section 2, de-

scribes statistical methods of the Makra-test and the

correction for inhomogeneity. Section 3, specifies basic

concepts and main steps of the PDSI computation and
briefly introduces the study region. Results of the

Makra-test on the PDSI time series preceded by valida-

tion of its (sufficient) precondition, namely, the normal-

ity of the distribution are introduced by Section 4, also

supplied by the effect of preliminary homogenisation of

the input data. Finally, our experiences are briefly con-

cluded in Section 5.

2. The statistical methods

2.1. The Makra-test

The applied statistical test, developed by Makra, is a

method that is considered being a new interpretation of

the two-sample test as it is discussed at the end of this
section.

The basic question of this test is whether or not a

significant difference can be found between the averages

of an arbitrary sub-sample of a given time series and the

whole sample (Makra et al., 2000a).

Let n1; n2; . . . ; nn; . . . ; nN represent independent ran-

dom variables of normal distribution, with mean m. Let

EðnÞ be the expected value of n, while DðnÞ the standard
deviation of it.

Suppose that standard deviations of ni � s are iden-
tical and equal to r. Now, choose an optional sub-

sample of n elements from the given whole time series of

N elements (n < N ). Let

m ¼ n1 þ � � � þ nn

n
and M ¼ n1 þ � � � þ nN

N
; ð1Þ

where n < N .
Next, compose their difference: M � m. Then, after

elementary steps, we get

M � m ¼ ðn1 þ � � � þ nnÞ
1

N

�
� 1

n

�
þ nnþ1 þ � � � þ nN

N

¼ �N � n
N

n1 þ � � � þ nn

n
þ N � n

N

� nnþ1 þ � � � þ nN

N � n
: ð2Þ

Note, that this elementary transformation allows us

to express the above difference as a sum of two statis-
tically independent random variables:

M � m ¼ Qþ R; ð3Þ
where

Q ¼ �N � n
N

n1 þ � � � þ nn

n
; ð4Þ

R ¼ N � n
N

nnþ1 þ � � � þ nN

N � n
: ð5Þ

Our aim is to examine if m does not differ significantly

from M . In order to complete this, a 0-Hypothesis (H ð1Þ
0 )

can be set up, according to which: EðMÞ ¼ EðmÞ.
It is obvious that EðM � mÞ ¼ 0.

Furthermore:

D2ðM � mÞ ¼ D2ðQþ RÞ

¼
�
� N � n

N

�2
1

n2
nr2 þ N � n

N

� �2

� 1

ðN � nÞ2
ðN � nÞr2 ¼ N � n

Nn
r2: ð6Þ

Hence, the hereby introduced random variable:

PSð1Þ ¼ M � mffiffiffiffiffiffiffi
N�n
Nn

q
r

ð7Þ

can be characterised by standard normal distribution,

N(0;1).

This implies that having fixed the sample meanM and

the standard deviation r, test of the above 0-Hypothesis,
concerning a given sub-sample mean m, leads to the

following comparison of PSð1Þ and xp,

P
M � mffiffiffiffiffiffiffi

N�n
Nn

q
r

�������

�������

0
B@ > xp

1
CA ¼ p: ð8Þ

In Eq. (7) xp is taken with p probability from the

distribution function of the standard normal distribu-
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tion, corresponding to a selected 0 < p � 1 probability

threshold.

If the absolute value of PSð1Þ (Eq. (7)) is higher than

xp then M and m differ significantly. The 0-Hypothesis,

according to which there is no significant difference be-

tween M and m, can be rejected with the significance

level p. (The significance-tests of Section 4.2. are carried
out at p ¼ 0:01 significance level.)

This is a sufficient condition, ensuring normal distri-

bution of PSð1Þ in Eq. (7), but it can be softened in case

of very large N and n, considering the Central Limit

Theorem. Stationarity and independence of the original

distribution, however, are unavoidably necessary con-

ditions of the Makra-test.

The Makra-test performs Eq. (8) for all possible sub-
samples with n ¼ 3; 4; . . . ;N � 1 elements of duration,

starting from the 1st; 2nd; . . . ; ðN � nÞth element of the

time series. For example, in case of 99 data (years) this

means 4752 repeated comparison of the sub-sample

average and the overall mean. Detection of significant

deviations also includes information on their duration,

onset and end (Makra, 1999; Makra and Horv�aath, 1999;
Makra et al., 2000b; Tar et al., 2001).

When performing Makra-test, the received significant

breaks can be distinct or not. If they are not distinct,

only one break is considered to be significant; namely,

for which the value of the test statistics is the maximum.

However, many test statistics among all, contrary to

true 0-Hypothesis, can be much bigger, than the critical

xp value, belonging to the given significance level.

Namely, distribution of maxima does not agree with
normal distribution of the individual PSð1Þ test statistics.

In this way, correct detection of breaks needs further

consideration (Szentimrey et al., 1992).

External similarity between the two-sample test and

the main step of the Makra-test described by Eq. (8) is

obvious. In the following it is presented that these two

methods are identical, indeed.

When applying the Makra-test, our aim is to examine
the following 0-Hypothesis:

H ð1Þ
0 : EðmÞ ¼ EðMÞ: ð9Þ

The above 0-Hypothesis is equivalent with the following

one:

H ð2Þ
0 : Eðm1Þ ¼ Eðm2Þ: ð10Þ

We know that the H ð2Þ
0 0-Hypothesis, in case of known

standard deviation, can be checked by the PSð2Þ probe

statistics, where PSð2Þ is as follows:

PSð2Þ ¼ m2 � m1

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1n2

n1 þ n2

r
: ð11Þ

It can be proved that PSð2Þ test statistics equals to PSð1Þ,

introduced by Eq. (7), which is exactly the function of

random variables of H ð1Þ
0 0-Hypothesis:

PSð1Þ ¼ M � mffiffiffiffiffiffiffi
N�n
Nn

q
r
¼

nmþðN�nÞm2

N � mffiffiffiffiffiffiffi
N�n
Nn

q
r

¼
N�n
N ðm2 � mÞffiffiffiffiffiffiffi

N�n
Nn

q
r

¼ m2 � mffiffiffiffiffiffiffiffiffiffiffi
N

ðN�nÞn

q
r
¼ m2 � m1ffiffiffiffiffiffiffiffiffi

n1þn2
n1n2

q
r
¼ m2 � m1

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1n2

n1 þ n2

r
¼ PSð2Þ;

ð12Þ

where

m2 ¼
nnþ1 þ � � � þ nN

N � n
; m1 ¼ m; n1 ¼ n; n2 ¼ N � n:

(Note that in the elementary arithmetic steps of Eq. (2)

similar operations were applied in inverse direction.)

Consequently, let PSð1Þ be the probe statistics of the
H ð1Þ

0 0-Hypothesis. Characteristics of the statistical test

(the Makra-test), received in this way, are identical with

those of the known two-sample test, since

H ð1Þ
0 () H ð2Þ

0 and PSð1Þ ¼ PSð2Þ: ð13Þ
Therefore, the known two-sample H ð2Þ

0 , PSð2Þ test
can be formulated in H ð1Þ

0 , PSð1Þ form, the Makra-test,

as well. Advantage of the latter one is that H ð1Þ
0 0-

Hypothesis refers definitely to m and M , and these

variables are also found in PSð1Þ (Eq. (7)).

Hence, the main step of the Makra-test, namely,

comparison of the average of a selected sub-period and

the mean of the entire time series, is equivalent to the

two-sample test applied to the given sub-period and the
rest of the whole sample.

In other words, application of Eq. (8) is possible to

the non-independent samples, i.e., the given data set and

its fixed sub-sample. The reasoning of such use is defi-

nitely the transformation into two non-overlapping sub-

samples.

The practical advantage of PSð1Þ (Eq. (7)), used by the

Makra-test, is that the procedure changes only three
numbers (m and n––twice) in each step of the repeated

application, while in case of PSð2Þ (Eq. (11)) six numbers

have to be modified.

2.2. Homogenisation

Examination of homogeneity and correction of tem-

perature and precipitation data sets were performed
using the MASH (multiple analysis for homogenisation)

method, developed in the Hungarian Meteorological

Service (Szentimrey, 1995, 1999). It is a relative homo-

geneity test procedure that does not assume homoge-

neous reference series. Possible break points and shifts

can be detected and adjusted through mutual compari-

sons of time series within the same climatic area. The

candidate series is chosen from the available time series
and the remaining time series are considered as reference

series. The role of time series changes step by step in the

course of the procedure. Depending on the climatic
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elements, additive or multiplicative models are applied.

The latter case can be transformed into the first one

using logarithmic transformation.

Several difference series are constructed from the

candidate and weighted reference series. The optimal

weighting is determined by minimising the variance of

the difference series, in order to increase the efficiency
of the statistical tests. Providing that the candidate series

is the only common series of all the difference series,

break points detected in all the difference series can be

attributed to the candidate series.

A new multiple break points detection procedure

has been developed which takes the problem of sig-

nificance and efficiency into account. The significance

and the efficiency are formulated according to the
conventional statistics related to type one and type two

errors, respectively. This test obtains not only esti-

mated break points and shift values, but the corre-

sponding confidence intervals, as well. The time series

can be adjusted by using the point and interval esti-

mates.

Since a MASH program system––mentioned also in

the recent collaborative survey on climate data homo-
geneity (Peterson et al., 1998)––has been developed for

PC the application of this method was relatively easy.

3. The Palmer drought severity index and the region

3.1. PDSI

In the present study, drought is considered as a me-

teorological anomaly characterised by a prolonged and

abnormal moisture deficiency (Palmer, 1965; Delezios

et al., 1991). In order to determine onset and severity of

meteorological droughts, one of the most commonly

used drought index PDSI is evaluated in this paper.

Monthly PDSI values have been calculated for five

stations of the selected region (see Section 3.2) for the
period 1901–1999.

PDSI indicates the severity of a wet or dry spell––the

greater the absolute value the more severe the dry or the

wet period. In general, monthly PDSI time series range

between )9 and þ9, specifically, severe and extreme

conditions are characterised by absolute values greater

than 4 and 6, respectively. These thresholds may vary

among the geographic regions of the world, whereas the
original attribution considered �4 to be the extremity

threshold (Palmer, 1965). Furthermore, drought events

occur in the case of negative PDSI values while positive

values imply wet conditions.

Detailed procedure of computing the PDSI is de-

scribed elsewhere (e.g., Palmer, 1965; Alley, 1984; Karl,

1986). PDSI is referred as an index of meteorological

drought, the computation procedure considers monthly
precipitation, evapotranspiration and soil moisture

conditions, and these meteorological variables deter-

mine hydrological and agricultural drought.

In general, several methods can be used to calculate

the PE, a key variable of the water balance and, also,

of the PDSI computation procedure. Palmer (1965)

applied the Thornthwaite formula (Thornthwaite, 1948),

while later the Blaney–Criddle method provided better
estimations (Alley, 1984).

In our analysis we calculated PDSI in both ways,

whereas corn (maize) has been selected as the reference

crop in the Blaney–Criddle method. Our results suggest

that PDSI values are slightly smaller using the Thorn-

thwaite formula than the Blaney–Criddle method. Fur-

thermore, strong correlation (around 0.9) has been

found at all stations between PDSI time series using
these two approaches. Henceforward, we will focus on

PDSI data sets based on the Blaney–Criddle method.

Basic concepts and steps of computation are as fol-

lows.

Step 1: Hydrological accounting. Computation of

PDSI begins with a climatic water balance using series of

monthly precipitation and temperature records. An

empirical procedure is used to account for soil moisture
storage by dividing the soil into two arbitrary layers.

The upper layer is assumed to contain 25 mm of avail-

able moisture at field capacity. The loss from the un-

derlying layer depends on the initial moisture content, as

well as on the computed PE and the available water

capacity (AWC) of the soil system. In the present cal-

culations of PDSI, AWC values of 180–200 mm are used

for the different soil types (Table 1). Runoff is assumed
to occur, if and only if, both layers reach their combined

moisture capacity, AWC. In addition to PE, three more

potential terms are used and defined as follows: potential

re-charge is the amount of moisture required to bring

the soil to its water holding capacity. Potential loss is the

amount of moisture that could be lost from the soil by

evapotranspiration during a zero precipitation period.

Potential run-off is defined as the difference between
precipitation and potential recharge.

Step 2: Climatic coefficients. This is accomplished by

simulating the water balance for the period of available

weather records. Monthly coefficients are computed as

proportions between climatic averages of actual vs. po-

tential values of evaporation, recharge, runoff and loss,

respectively.

Step 3: CAFEC values. The derived coefficients are
used to determine the amount of precipitation (P) re-

quired for the climatically appropriate for existing

conditions (CAFEC), i.e., ‘‘normal’’ weather during

each individual month.

Step 4: Moisture anomaly index. Difference between

the actual and CAFEC precipitation is an indicator of

water deficiency or surplus in that month and station,

expressed as D ¼ P � P. These departures are converted
into indices of moisture anomaly as Z ¼ KðjÞD, where
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KðjÞ is a weighting factor for the month j, which also

accounts for spatial variability of the departures (D).

Step 5: Drought severity. In the final step the Z-index

time series are analysed to develop criteria for the be-

ginning and ending of drought periods and an empirical
formula for determining drought severity, such as

Xj ¼ 0:897Xj�1 þ Zj=3; ð14Þ
where Zj is the moisture anomaly index and Xj is the

value of PDSI for the jth month.

Eq. (14) indicates that PDSI of a given month

strongly depends on the situation of the previous

months and on the moisture anomaly of the actual

month. As it is being presented in Section 4.1, the first

term of (14) causes strong auto-correlation of PDSI in

the region.

3.2. The selected region

Monthly PDSI values are analysed for century-long

time series of five stations, available in the Hungarian

catchment area of the Tisza River (Fig. 1). Energetic and

hydrological processes of this region have already been

analysed and simulated in separate studies (Mika et al.,

1998, 2001). This large landscape has always been

characterised by high proportionality of managed veg-
etation. Recently, 74% of the total geographical area

(35,700 km2) is cultivated. Corn, plant constant of which

is applied in the above version of PDSI computation, is

the most common agricultural plant, together with

wheat, which, in turn, is less vulnerable to water balance

anomalies, due to its early harvest in summer.

Geographic coordinates, characteristic soil-types and

AWC values of the five investigated stations are in-
cluded in Table 1.

4. Results

4.1. Seasonal variations and normality of PDSI

In principle, PDSI is a non-seasonal characteristics of
water availability. However, since the empirical con-

stants of the calculation procedure (Section 3.1) are

determined for other regions (mainly for continental

USA), it is worth checking if statistical parameters of

PDSI are really independent from month. Since the

following analysis focuses on the growing season (of

maize, according to the Blaney–Criddle formula of

evapotranspiration). Table 2 summarises basic statistical
parameters (mean, standard deviation and skewness) for

four month (April, June, August and October) and the

five stations (Debrecen, Miskolc, Ny�ııregyh�aaza, Ke-

cskem�eet and Szeged) between 1901–1999.

According to the two-sample test, there are no sig-

nificant differences between the means of the data sets

for consecutive months. (They differ from zero slightly,

due to the fact that the reference period of computations
was 1961–90, not the entire 99 years.) Standard devia-

tions of time series of the selected five stations are sim-

ilar according to the F-test. Further similarity can be

detected in minimum standard deviation occurring in

June, and maximum in August––it is quite unlikely that

this is only by chance. So, we cannot speak about strict

seasonal independence of PDSI values in East Hungary.

Table 1

Geographical co-ordinates, soil types and AWC values at the examined stations

Geographical co-ordinates Settlement Soil types AWC (mm)

Latitude Longitude Height (m)

47�330 N 21�370 E 123 Debrecen Humous sandy soils 180

46�540 N 19�450 E 113 Kecskem�eet Humous sandy soils 180

48�060 N 20�380 E 303 Miskolc Meadow alluvial soils and alluvial meadow soils 200

47�580 N 21�430 E 107 Ny�ııregyh�aaza Brown forest soil (sandy brown forest soil with thin interstratified layers

of colloid and sesquioxide accumulation)

180

46�150 N 20�090 E 79 Szeged Meadow soils, solonetzic meadow soils, meadow chernozem (the term

‘‘meadow’’ is related to hydromorphic character)

190

Fig. 1. Location of the five investigated stations in East Hungary.
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(A strict common test of the seasonal differences would

need special steps because of auto-correlation of PDSI,

see below.)

Parameters of standard skewness are mainly positive

(with some exception in April), indicating that generally

more severe positive (very wet) anomalies may occur,

compensated by more frequent, but less severe negative

(dry) periods in the distribution.
Normality of the distribution is a sufficient condition

of the Makra-test, hence, it was also investigated for the

monthly time series of PDSI applying both the Kol-

mogorov–Smirnov (K–S) test and the v2-test. Normality

is fulfilled in all 5ðstationsÞ � 4ðmonthsÞ ¼ 20 cases.

Namely, the z-values of the K–S test are lower than the 1

% probability threshold (1.63) and k-values the v2-test
are also far less than the same threshold value (18.48 for
FG ¼ 7). Note, that without separation of monthly

samples but kept all the 12 months together, Mika et al.

(1994) found irregular (multi-modal), definitely non-

Gaussian distribution of PDSI in Hungary and three

other European countries.

Another argument on separation into monthly sub-

samples is the strong auto-correlation of the time series,

being a consequence of the recursive definition (Eq. (14)
in Section 3.1) indicated in Table 3. The two- and even

the four-month lag auto-correlation of PDSI is signifi-

cant at the 1% probability level in all cases. These auto-

correlation values do also somewhat depend on the

season. Namely, values of two- or four-month transi-

tions that span over the May–June precipitation maxi-

mum are lower than the others.

4.2. Periods of significant breaks

The statistical test, described in Section 2, is applied

to separate significantly drier or wetter sub-periods

compared to the entire average. (If the additional as-

sumption of the test is fulfilled, namely, no change in

standard deviation occurs, then these periods also ex-

hibit higher or lower inclination to dry or wet extremes.)
The five stations, the four calendar months and the 99

year period are the same as in the previous section.

PDSI time series with both original (non-homogenised)

and homogenised series of temperature and precipita-

tion are analysed. (This is what we exactly mean under

non-homogenised, or homogenised PDSI.)

The idea of the Makra-test and the parallel results

from evaluation of the two PDSI data sets are demon-
strated for June at station Szeged, i.e., a case that is rich in

breaks being sometimes very similar, and other times

totally different in original vs. in homogenised time series

(Fig. 2) e.g., the long positive anomaly period 1909–1944

of the original time series appears to be similar to the

1909–1941 period after homogenisation, with slightly

modified average value. The 1946–1998 period performs

significant dry breaks in both time series. On the other
hand, break periods of 1938–42 and 1942–68 in the

original time series are not present in the homogenised

one, more precisely, they partly overlap withmuch longer

breaks of the same sign appeared after homogenisation.

Tables 4 and 5 summarise periods and signs of the

breaks in the original and the homogenised data sets

(representing 19 figures similar to Fig. 2). Significant

breaks are the most similar in case of non-homogenised
and homogenised PDSI time series in August, while the

largest differences occur in April.

The effect of homogenisation can be presented by the

following comparisons. In the original data sets dry

breaks occur more often concerning the number of

breaks (22 vs. 14; i.e., 1.1 vs. 0.7 in average of the five

stations and four months). Duration of the breaks

demonstrates the same differences: 927 vs. 337 years, i.e.,
46 vs. 17 years, compared to 20 cases; or 42 vs. 24

considering the above number of breaks. This asym-

metry is in coincidence with the positive skewness of the

Table 3

Two- and four-month lag auto-correlation of PDSI

r, month Debrecen Kecskem�eet Miskolc Ny�ııre-
gyh�aaza

Szeged

Apr–Jun 0.597 0.586 0.692 0.602 0.517

Jun–Aug 0.871 0.759 0.697 0.787 0.856

Aug–Oct 0.711 0.643 0.863 0.729 0.704

Apr–Aug 0.463 0.389 0.416 0.448 0.392

Jun–Oct 0.594 0.454 0.589 0.537 0.644

Table 2

Basic statistics of PDSI and results of normality tests, 1901–1999

PDSI Debrecen Miskolc Ny�ııregyh�aaza Kecskem�eet Szeged

Apr Jun Aug Apr Jun Aug Oct Apr Jun Aug Oct Oct Apr Jun Aug Oct Apr Jun Aug Oct

Mean )0.2 )0.1 )0.3 )0.2 )0.3 )0.4 )0.2 )0.4 )0.3 )0.2 )0.2 )0.1 )0.3 )0.4 )0.4 )0.3 )0.2 )0.3 )0.3 )0.1
Standard

deviation

2.2 1.9 2.5 2.1 1.9 2.3 2.1 2.4 2.0 2.4 2.3 2.4 2.3 2.1 2.4 2.5 2.2 2.0 2.4 2.4

Skewness 0.0 0.1 0.4 )0.1 0.3 0.4 0.6 0.4 0.4 0.4 0.5 0.3 0.0 0.2 0.4 0.3 )0.1 0.3 0.3 0.4

z-value

(K–S test)

0.6 0.9 1.1 0.4 0.8 0.9 0.7 1.0 0.9 1.0 0.7 0.8 0.5 0.9 0.7 0.9 0.5 1.2 1.0 1.0

k-value

(v2-test)
7.8 17.2 22.5 1.7 8.39 7.2 3.9 7.7 7.8 7.7 5.1 6.1 1.1 8.2 4.8 9.3 4.0 12.1 9.8 14.5
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distribution (Section 4.1), however, skewness coefficient

treats each data individually and does not account for

temporal coincidence.
In the homogenised data sets this asymmetry is de-

creasing: the number of dry breaks is 19 compared to the

17 wet breaks (0.95 vs. 0.85), i.e., 3 breaks changed their

sign. Common duration of dry breaks increases just a

little (935 years, i.e., 47 or 49 years, depending on the

basis), but duration of wet breaks became 537 years (27

or 32 years, in average).

So, our results suggest that homogenisation yields

longer breaks with no change in the overall numbers in

the vegetation period. Furthermore, considerable shift
can be detected in decreasing the asymmetry of the

dominance of dry breaks.

Focusing on the homogenised time series (Table 5),

the significant wet periods are detected in the first half of

the century (between 1901 and the 1940s), while the dry

breaks occurred in the second half (except for Debrecen

with short summer breaks, only). All dry breaks

Table 4

Sub-periods with significantly different averages of PDSI from the mean of the entire original (non-homogenised) data set: the breaks, 1901–1999

Station PDSI

April June August October All (þ=�)

Period Yeara Period Yeara Period Yeara Period Yeara

Debrecen 1912–1916 5 (þ) – – – – 1912–1944 33 (þ) 38 (þ)
1925–1997 73 ()) 1958–1964 7 ()) 1958–1964 7 ()) 1945–1995 51 ()) 138 ())

Miskolc – – – – – – 1913–1915 3 (þ) 3 (þ)
1980–1996 17 ()) 1983–1997 15 ()) 1982–1994 13 ()) 1917–1997 80 ()) 125 ())

Ny�ııregyh�aaza 1901–1967 67 (þ) 1913–1915 3 (þ) 1913–1915 3 (þ) 1910–1952 43 (þ) 116 (þ)
1918–1996 79 ()) 1954–1996 43 ()) 1986–1994 9 ()) 1953–1995 43 ())
– – – – – – 1921–1985 65 ()) 239 ())

Kecskem�eet 1906–1942 37 (þ) 1905–1915 11 (þ) – – 1905–1941 37 (þ) 85 (þ)
1925–1999 75 ()) 1916–1994 79 ()) 1982–1994 13 ()) 1941–1997 57 ()) 224 ())

Szeged 1910–1946 37 (þ) 1938–1942 5 (þ) – – 1925–1941 17 (þ)
– – 1909–1944 36 (þ) – – – – 95 (þ)
1946–1998 53 ()) 1942–1968 27 ()) 1946–1964 19 ()) 1942–1990 49 ())
– – 1946–1998 53 ()) – – – – 201 ())

Positive 4 Periods 146 (þ) 4 Periods 55 (þ) 1 Period 3 (þ) 5 Periods 133 (þ) (14) 337

Negative 5 Periods 297 ()) 6 Periods 224 ()) 5 Periods 61 ()) 6 Periods 345 ()) (22) 927

Bold values denote significant sub-periods (breaks) that are fully identical in the original and homogenised series.

Italic values denote significant sub-periods (breaks) that are nearly identical in the original and homogenised series.
aNote: ()) significant dry period; (þ) significant wet period.

Fig. 2. Sub-periods with significantly different averages of PDSI from the mean of the entire data series, i.e., the breaks, Szeged, June, 1901–1999.

Legends: same––significant sub-periods (breaks) that are fully identical in the original and homogenised series. Almost––significant sub-periods

(breaks) that are nearly identical in the original and homogenised series. No––significant sub-periods (breaks) that are not at all identical in the

original and homogenised series.
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presented for April–August end in 1998, followed by an

enormous wet period between autumn of 1998 and

summer of 1999.

The difference between breaks of neighbouring

stations that has not been totally eliminated by the

homogenisation is largely explained by the true

sporadic distribution of monthly precipitation and,

to some extent, by small differences of soil charac-
teristics being adapted to climate of much longer time

periods.

The above characterised distribution of wet and dry

breaks within the entire data sets is in coincidence

with other findings suggesting that climate of the

Great Hungarian Plain became drier in the recent

decades (Moln�aar and Mika, 1997; Szinell et al., 1998;

Makra, 1999; Pongr�aacz et al., 2000). Relationships of
these PDSI anomalies and hemispherical temperature

variations of the 20th century are presented in a

separate paper (Horv�aath, in press).

5. Conclusions

To sum up, our results presented in this paper can be
concluded as follows.

• Seasonal dependence of standard deviation, skewness

and autocorrelation of PDSI is detected in East Hun-
gary, despite its aimed non-seasonality for the region

(and time period) of the original parameterisation

performed by Palmer (1965).

• According to both the K–S test and the v2-test distri-
bution of monthly PDSI data is normal for each of

the five stations and four selected months between

April and October.

• Hence, the Makra-test detecting sub-periods with

significantly different averages from the mean of

the entire data set can be performed for these PDSI

series.

• Homogenisation of temperature and precipitation

data leads to modified PDSI time series, that yielded
longer duration of breaks with no change in the

overall numbers in the vegetation period. Another

major feature of the homogenised data is the consid-

erably decreased asymmetry of the dry breaks� dom-
inance.

• According to Makra-test, characteristic wet periods

can be observed between 1901 and 1940s, which is

followed by a significant dry period until the end of
the century (between 1940–1990s). These results con-

firm other studies based on similar input data but dif-

ferent statistical methodology.
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Table 5

The same as Table 4, but for the homogenised time series

Station PDSI

April June August October All (þ/))

Period Yeara Period Yeara Period Yeara Period Yeara

Debrecen 1906–1942 37 (þ) – – – – 1912–1944 33 (þ) 70 (þ)
1925–1997 73 ()) 1958–1964 7 ()) 1958–1964 7 ()) 1945–1995 51 ()) 138 ())

Miskolc 1910–1942 33 (þ) 1901–1981 81 (þ) 1937–1941 5 (þ) 1912–1944 33 (þ) 152 (þ)
1945–1997 53 ()) 1945–1997 53 ()) 1946–1997 53 ()) 1945–1995 51 ()) 210 ())

Ny�ııregyh�aaza 1914–1916 3 (þ) – – 1913–1915 3 (þ) 1905–1941 37 (þ) 43 (þ)
1918–1996 79 ()) – – 1986–1994 9 ()) 1927–1995 69 ()) 157 ())

Kecskem�eet 1905–1923 19 (þ) 1905–1915 11 (þ) 1905–1927 23 (þ) 1905–1941 37 (þ) 167 (þ)
– – – – 1906–1949 77 (þ) – – –

1943–1997 55 ()) 1916–1998 83 ()) 1982–1994 13 ()) 1941–1994 54 ()) 205 ())
Szeged 1901–1945 45 (þ) 1909–1941 33 (þ) – – 1915–1942 27 (þ) 105 (þ)

1926–1998 73 ()) 1946–1998 53 ()) 1945–1994 50 ()) 1942–1990 49 ()) 225 ())
Positive 5 Periods 137 (þ) 3 Periods 125 (þ) 4 Periods 108 (þ) 5 Periods 167 (þ) (17) 537

Negative 5 Periods 333 ()) 4 Periods 196 ()) 5 Periods 132 ()) 5 Periods 274 ()) (19) 935

Bold values denote significant sub-periods (breaks) that are fully identical in the original and homogenised series.

Italic values denote significant sub-periods (breaks) that are nearly identical in the original and homogenised series.
aNote: ()) significant dry period; (þ) significant wet period.
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