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THE ANALYSIS OF HOMOGENEITY OF
LONG-TERM RAINFALL RECORDS IN
THE NETHERLANDS

T.A. Buishand

Abstract

For 24 long-term rainfall records (with an average length of
100 years) it was investigated how far the measured amount of
rainfall was subjected to shifts in the mean. Lack of homogeneity
was tested by the classical von Neumann ratio and the range of the
rescaled cumulative deviations from the mean. The tests were applied
to the annual amounts or to the annual differences between the
rainfall amount of the station under consideration and the average
amount of the other stations with long-term rainfall records.

There was strong evidence of departures from homogeneity. For
each record a short description is given of the nature of possible

changes in the measured amount of rainfall.
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Introduction

Long, reliable rainfall records are often of great importance
to make sensible decisions in hydrologic design. Though many long-
term rainfall records are availaeble now, it frequently occurs that
they are not homogeneous. Non-homogeneities can be due to changes
in the type or height of the raingauge, changes of observers or
changes in the site of the rainfall station.

The possibility that a long-term rainfall record is not homo-
geneous makes its use less attractive. In some cases, however, the
value of a rainfall record can be improved by making corrections
for changes in the mean. A proper adjustment of rainfall records
always requires a good knowledge of causes and magnitudes of
departures from homogeneity. Usually an extensive statistical
analysis is necessary to obtain a good insight into lack of homo-
geneity.

This report gives a detailed description of departures from
homogeneity for 24 long-term rainfall records in the Netherlands.
First, in Chapter 2 statistical methods for testing lack of homo-
geneity are explained. Then the results of the tests are given in
Chapter 3. Finally, in Chapter 4, the nature of possible non-homo-

geneities is described for each station separately.

Statistical methods for evaluating the homogeﬁeity of rainfall records

In this chapter some techniques are described to test the homo-
geneity of a sequence Y1, Y2,...,Yﬁ. The sequence {Yi} is called
stationary when its statistical properties do not change with time.
This implies for instance that all Yi's have the same distribution.

Long~term rainfall sequences usually consist of observations of
the amount of rainfall over periods of 24 hours. Such sequences of
daily rainfall amounts are not stationggx because of seasonal variation
of its statistical characteristics. But in a homogeneous rainfall
record derived quentities like the consecutive annual emounts and
the reinfall amounts for a particular calendar month in successive
years form a stationagz sequence. The homogeneity of a rainfall record

is usually investigated by testing the stationarity of some derived

sequernce.



Tests for stationarity can be docne for various statistical
properties of the sequence. Often stationarity is tested for the
mean only. The main reason for this is that the mean is less
variable than quantities like the standard deviation, annual maxima,
ete. .

Two test-statistics for a stationary process are discussed
in detail, namely the von Neumann ratio and a statistic based on
the cumulative deviations from the mean. Both tests can only be used
when the Yi's are independent. This is not a serious restriction since
homogeneity is usually tested on monthly, seasonal or annusl smounts
which are approximately uncorrelated. Though the distributions of
the test-statistics are derived under the assumption that the Yi's are
normally distributed, the tests can still be applied in cases of

slight departures from normality (Buishand, 1977).

The von Neumann ratio

In the climatological literature the use of the von Neumann
ratio is often recommended as a test for homogeneity against unspeci-

fied alternatives (Sneijers, 1957; WMO, 1966). The test-statistic has
the following form:

n-1 5
N = (1)
=2
Z(Yi—Y)
1=1

in which Y stands for the average of the Yi‘s.
Under the null hypothesis of a constant mean it can be shown that
E(N) = 2. For a non-homogeneous record the mean of N is usually smaller

than 2. For instance, assume that there is a change of level:

Uy i ‘I,...,m
E(Y.) = (2)
i .
u+l, i=m+1,...,n,

For this model it can be shown (Buishand, 1977):

n-1
2, _ 2 2
E{i§1 (¥, - v, )% = 2(n—1)cY + A



and

n —.2 ) 2
E{ 2 (v, - ¥) Yoz (n-1){o, + a(1-q)a%}
1=1

where q = m/n and ci stands for the variance of the Yi'S. Therefore

n-1 5
E{'i_:1 (3{i - Yi_H) }
E(N) as—=
= =2
E{Z (Y, - 1))
i=1
g 2

(3)
1 + q(1-q) Az/oi

provided that n, q and 1-q are not too small. From (3) one sees that
E(N) < 2 if A sk oO.

Small values of the statistic N are an indication for 8 non-homo-
geneous record. For n @ 20 critical values for the test-statistic can

be obtained from a normal approximation of the distribution of N under
the null hypothesis:

r oo \[ .-
22 -2 VD G ()

with Np : the p-th percentile of N,
up : the p-th percentile of a standard normal variate.

In the main part of this publication n = 73. For this value of n one

gets for the critical value of a test at the 5% level:

Ny.05 2 2 = 2 x 1.6L5 \}’(2_—%% = 1.620 .

2.2, Cumulative sum tests

Cumulative sum techniques are very popular in the analysis of

homogeneity (Craddock, 1979). The technique used in this study is based
on the adjusted partial sums:

* . % K —
S =038 =2 (Y. -Y), k=1,...,n. (5)
0 koo i



Note that g; = 0. For a stationary sequence one may expect that the
Sk's fluctuate around zero since there is no systematic pattern in
the deviations of the Yi‘s from their average value Y. Quite another
picture arises when there is a change in the mean. For instance,
assume that A < 0 in Eq. (2). Then for i & m the Y.'s are usually
larger than Y, while for i > m the Yit: tend to be smaller than Y.
This leads to positive values of the S 's. A typical example is given

k
in Fig. 1. A similar argument yields that most values of é; will be

negative when A > 0.

It is, however, not easy to see from a graph whether the cumula-
tive deviations é; differ significantly from those of a stationary
random series. Since the successive g;'s are highly correlated the
fluctuations of the gi's are quite regular. Even for a sequence of
random numbers it is known from the theory of random walks that the
probability is quite large that nearly all g;'s have the same sign.
For this reason climatologists sometimes avoid the use of cumulative
deviations (WMO, 1966). This is not necessary since it is possible
to construct suitable test-statistics on the adjusted partial sums

(Buishand, 1982).

A statistic which can be used is the rescaled adjusted range.

The adjusted range is defined by (see Fig. 1):

=~ _max * min »*
B = ogren %k T ogken Sk (6)

~
and the rescaled adjusted range is obtained by dividing R by the

sample standard deviation:

R = R/D, (1)

o]

=2
DY = . (Yi - Y)/n.

The statistic R is sensitive to shifts in the mean. High values
for the test-statistic are an indication for a non-homogeneous record.

For a test on homogeneity one needs to know the distribution of
R under te null hypothesis (that is under the assumption of a homo-

geneous record). Though it is possible to give an expression for the
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Fig. 1. Non-homogeneous time series with adjusted partial sums. R denotes the

adjusted range.
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mean of R (Anis and Lloyd, 1976), it is rot easy to derive the complete
distribution by analytic methods. Percentage points of R are usually
obtained by Monte Carlo methods. As an example Fig. 2 shows the distri-
bution of R for n=73. The given distribution of R is based on 19,999
synthetic sequences of independent Gaussian random numbers. From Fig. 2
1t is seen that for n=73 the median of R is about 9.4, the 95 and 99
percentage points are 13.6 and 15.7, respectively. For other values

of n percentage points of R can be obtained from Wallis and O'Zonnell
(1973) or Buishand (1982).

The power of tests on homogeneity

In the previous section two statistics for testing homogeneity
were defined. The probability of detecting changes in the mean of a
sequence Y1, Y2,..., Yn by statistical methods depends on how serious
these changes are. When only a small change occurs during a short period
the probability is low that the null hypothesis of a constant mean is
rejected. On the other hand, for feasible test-statistics it is
required that they can discover relevant departures from homogeneity.

In this sectibn the power of the statistics N and R is discussed

in the situation that the Yi's have a normal distribution with mean

u 1 =1, s m1
(Y.) = + i =
E(Yl) u+ A L=m +1,..., m, (8a)
u 1 o=m, + 1, s N
and variance
2 .
var Yi = o, i=1,..., n. (8b)

The model assumes that there is a change in the mean of magnitude A
during m,-m, years, for instance due to another location of the rain-

gauge site. The statistics N and R can be used to test the null
hypothesis:

against the alternative hypothesis :

H1 : A # 0,



When N is smaller than some critical value Na then H, is rejected

o]
in favour of H,; for the statistic R values greater than the critical

value Ra lead to rejection of HO' The magnitude of the critical values

is determined by the significance level:

a = Pr(Hj is rejected|A = 0)

In this section o is taken equal to 0.05. Then for n = 73 the critical
values for the statistics N and R are 1.620 (Section 2.1) and 13.6
(Section 2.2) respectively.

For a particular test-statistic the probability of rejecting HO

depends on the value of A, the standard deviation Oy the number of
observations n and the position of the change-points m, and m, . The

dependence on A and 0, can be combined into one single parameter
' =
A A/GY.

Comparisons between test-statistics are usually based on their

pover function:

P(A',m1,m2,n) = Pr(HO is rejected]A;m1,m2,n).

If A =0 then P(A‘,m1,m2,n) =0 = 0.05; for A # 0 and m, m2 and n
fixed the power function increases monotonically with the absolute
value of A'. When IA' is growing then P(A',m1,m2,n) tends to 1,
that is HO is rejected with probability 1.

Fig. 3 gives simulated power functions of N and R for n = 73 and

two different combinations of m, and m,, namely:

m, 2hy m, = L9 > m, - m, = 25

2 2 1
31; m b1 >m, -m, =10,

2 2 1

m

Since the power functions are symmetric in A', non.negative values of
A' are considered only. Each point on the curves in Fig. 3 is based on
1,999 sequences of Gaussian random numbers (the same set of pseudo
uniform random numbers was used for the two test-statistics and for

distinct values of A').

From the figure one reads that for A' = 1, m, = 24 and m_ = Lo

1 2
the probability cf rejecting Hy is 0.85 for the rescaled range R and
0.45 for the von Neumann ratio N. This means that R is a more powerful

statistic than N for testing A = 0 against A # 0. For m, = 31 and m, =

L1



P (4" m,, m,n)
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Fig. 3. Simulated power functions of the von Neumann
ratio N and the rescaled adjusted range R for
testing A = 0 against A # 0 in (8) at the 5%
level.
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there is only a small difference in power between R and N.

With respect to the position of the change-points m, and m, it

can be shown that the shape of the power functions of N and R is

mainly determired by m, - m,. For instance, the power functions of

the combinations m, =0, m, =25 and m, = oh, m, = L9 are nearly

identical. Changes of level during a short period (m2 - m, small)

are often not discovered. For instance, if m, -m, = 10 it is seen

from Fig. 3 that for A"

1 the probability of rejecting H, is only

0.25 when the statistic R is used. As was seen previously ghis
probability is 0.85 if m, - m = 25! '

The rescaled range R is a suitable statistic in a situation that
there is possibly some period, with unknown beginning and end, for
which the mean of the Yi's differs from the mean of other Yi's.
Therefore it is not surprising that in Fig. 3 the power function of
R lies above the power function of N. For other departures from homo-

geneity N could be more powerful than R.

Estimation of the position of change-points

Graphs of cumulative deviations are often used to determine the
position of change-points. It is then assumed that something has
happended at points where the cumulative sum plot shows a clear change
of slope. When dealing with adjusted partial sums a change-point may
coincide with the position of a minimum or meximum of S .

k
Let M be te value of k for which é; reaches 1ts maximum:

and K be the value of k for which Sk is minimal:

* i *
oF _min s .
K Ogkgn Tk

A small complication occurs when all g;'s hagf the same sign for i = 1

n - 1. In this situation either M (negative Sk's) or X (positive Sk‘s)

is set to zero. So M and K can teke values 0,1, ..., n =1,
Consider again Eq. (8a) and assume that A is positive. Then it

might be expected that K reaches its minimum in the neighbourhood of mo,

P
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and its maximum in the neighbourhocod of m, . That is K and M will

be close to m, and m,, respectively. The frequency distributions of
K ard M were investigated for the samples on which Fig. 3 was based.
Only were those samples taken into account for which the null hypo-

thesis was rejected at the 5% level. Let

P,(k) = Pr(M = k|HO is rejected), k=0,...,n -1
and
P.(k) = Pr(K = k|HO is rejected), k =0,.0.,n =1,

The shape of PM(k) and PK(k) depends on the value of the standardized
shift A' = A/GY. In the first instance it will be assumed that A' = 1.
For annual rainfall data in the Netherlands this value of A' corresponds
to a change in the mean of about 7%, see Section 3.3.

From Fig. 4 it is seen that the mode of M and X always coincides

witl a change-point. For the probability that K = m, one reads:

Pe(m,) = 0.29 (my, = 2k, m, = L9)

P (m,) = 0.10 (my = 31, m, = k1)
and for the probability that M = m,

P (m,) = 0.27 (my =2k, m, = ko)

PM(mZ) = 0.12 (m, = 31, m, = L1),

In the situation that m, = 31 and m, = L1 there is only & small proba-
bility that M or K coincides with a change-point. Moreover, for this
combination of m, and m, the positions of the minima and maxima of g;
are very dispersed. These facts are a consequence of the small number
of observations with a different mean.

From Fig. 4 it is also noted that the distributions of M and K
are not symmetric. For the statistic X the distribution is long-tailed
to the left (negative skewness) whereas the distribution of M has a
long right tail (positive skewness). Therefore cumulative sum plots
may lead to a slight overestimation of the length of the period with
a change of level.

For the distributions given in Fig. 4 the parameter A' was 1. If
A' is larger than 1, then the values of M and X are more concen<srated

around the change-points. For instance if A' = 2 the probability that
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K = m, = 24 or M = m, = L9 is nearly 0.60. This is about twice
the value that is obtained when A' = 1. For small values of A' the
realizations of M and K are widely scattered. When there are only

slight departures from homogeneity estimates of change-points are

very poor.

A comment on meximum likelihood estimates

The likelihood ratio test for the situation of a single change-
point, Eq. (2), is discussed by Worsley (1979) and Buishand (1982).
For this model the maximum likelihood estimate of m coincides with

the position of the maximum or minimum of the weighted adjusted partial

sums :

*
! St: k=1,...,n- 1. (9)
k(n - k)

Here a large weight is given to gﬁ and é§_1; the weights are relatively
small for k in the neighbourhood of n/2. Because of this weighting
procedure good estimates of m are obtained in situations that the shift
oceurs near one of the end-points of the sequence (Buishand, 1987).
Weighted adjusted partial sums do not give better estimates of the
change-points for the cases considered in Fig. L. To obtain better
estimates for the change-points in the situation that m, = 31 and m. = L1

1 2
it is necessary to give large weight to the g;'s in the middle o7 +he

sequence, that is when k is in the interval (m1,mp). This does not occur

*
when the Zk's are used.

The maximum likelihood estimates of the change-points my and m, in

Eq. (8) are the values of k, and k, for which
2
lsk1 - s‘}(:q'
F(k1,k2) = = (10)
\/{k2 -k Hn - (k, - x))

reaches its maximum (0 ¢ ky <k, & n). The derivation of (10) fo-lows
the same lines as in the situation of one change-point.
In contrast with the rescaled adjusted range the method of maximum

likelihood is sensitive to departures from normality. For instence,
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assume that the j - th observation Yj is an outlier. Then for

]St1 - ét?f = !Yj - Y| is large.

But also

\v[{ke - k1}{n - (k2 - k1)} is minimal.

Consequently F(j - 1, j) is large and it may occur that due to the
single outlier Y. the null hypothesis of a constant mean is rejected.
J .

Let K, and K2 be the values of k1 and k ) reaches

: , for which }?(,k1,1<2
its maximum. Fig. 5 gives the distribution of the "maximum likelihood"
estimates K1 and Kg in the situation that m, = 31 and m, = 41. To reduce
the influence of outliers the maximization was done under the restriction
that 3 ¢ k; s k, ~ 3end ky $n - 3.

Fig. 5 is based on the same set of random numbers as Fig. L.

Again the empirical distributions of the estimates for the change-points
were derived from samples for which the null hypothesis was rejected
at the 5% level.

From a comparison of Figs. 4 and 5 one sees that for m, = 31 and
m, = L1 the statistics K1 and Kg are superior to M and K. The wejghts
in Eq. (10) are such that frequently a change-point is found in the
interval (31,41) which leads to a considerable reduction of bias.

It is rather easy to determine the position of the maximum and
minimum of the adjusted partial sums. To obtain maximum likelihood
estimates of the change-points m, and m, it is necessary to maximize
a function of. two discrete variables (k1 and k2) which requires much
more computational labour. Moreover, as a test for A = 0 against A # 0
the likelihood ratio test is not always more powerful than the test
based on the rescaled adjusted range R. For instance, in the case that
m, = 2k and m, = 49 the statistic R is superior to the likelihood ratio
statistic. Because of these disadvantages the method of maximum 1ikel; -

hood is not considered further in this paper.



Relative frequency

(%) -
30
- I-:
|
!
204 Ky K,
(!
I
h
4 N
h
i
|r:_’ m, = 31
101 : : m, = 41
4o
I |
' |
e |J L
| ]
rr L
1 ‘-‘I'rll L
0 | Ll‘l.-n'.._E'L-’l.l"'t'-l'J - M 0 . . o
0 10 20 30 40 50 60 70
k
Fig. 5.

Frequency distributions of "maximum likelihood"

estimates for the change-points m, and m, in

(8) under the condition *hat the null hypothesis
is rejected at the 5% level (n = 73, A' = 1).

D =
K1 is an estimate of m, and K, is an estimate

of m2.



(V)
.

.

- 16 -

Results of testing homogeneity

In the Netherlands a rather dense network of raingauges has been
in operation since the second half of the 19-th century. In the be-
ginning various types of instruments were in use and there was no
uniform height of the rim of the raingauge. During the first decade
of this century a standardgauge was introduced. This gauge had an
orifice of L0O cm2 and had its rim at a height of 1.50 m. About
1950 the height of the rim was lowered to 0.40 m to reduce the aero-

dynamic error. Since 1962 a new type of raingauge has been introduced

with an orifice of 200 cm2.

Daily rainfall data on magnetic tape are available for all stations
from 1951 onwards. For the period prior to 1951 only the data of 2L
selected stations were put on magnetic tape. The homogeneity of the
records from these 24 stations was examined with the techniques
discussed in the previous section.

Fig. 6 gives the geographical location of the stations with long-
term rainfall records on magnetic tape. The records have an average
length of 100 years. The beginning date of the observations ranges
from January 1847 (Groningen) to October 1911 (Dwingeloo). Rainfall
Observations in Heusden and Utrecht were terminated in January 19L2
and July 1959, respectively. The other stations in Fig. 6 are still
operational now.

The rainfall record of Heusden was supplemented with rainfall
Observations from the nearby station Andel. No attempts were made to

supplement interruptions of other records.

Application of the von Neumann ratio to annual amounts

In a flat country like the Netherlands there are only small local
differences in the rainfall regime. For the annual amounts the mean
and standard deviation are usually close to 750 and 120 mm, respectively.
This means that for a change in the mean of 10% the standardized shift
A' is about 0.6. From Fig. 3 it is seen that for this value of A' the
probability of rejecting Ho is usually less than 0.5. In general it is
not possible to get more powerful tests by taking the consecutive rain-
fall amounts of a particular month or season instead of the annual

amounts (Mitchell, 1961; Buishand, 1977).
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Realizations of the von Neumann ratio N for testing lack of homogeneity

for sequences of annual amounts.

Station Number of N Station Number of N !
years years E
—
Den Helder/De Kooy 129 1.5T%x Utrecht 87 93
West-Terschelling 10k ©1.90 Arnhem 85 .63x
Lemmer 100 1.31xx Putten 112 50% |
Leeuwarden 104 1.72 Winterswi jk 99 .90 i
Groningen 133 1.68% Vlissingen 125 Obsxx
Ter Apel 88 1.96 Kerkwerve 101 .58% i
Dwingeloo 68 1.98 Axel 75 .97
Heerde 87 2.00 Heusden/Andel 108 .80
Denekamp 75 1.79 Oudenbosch 91 blx ;
Hoorn 96 1.58% Helmond 102 92 |
Hocfddorp 113 2.01 Roermond 111 LT :
Scheveningen 103 1.4 3% Maastricht 127 esxxl

##% Significant at

% Significant at the 5% level,

the 1% level.

but not at the 1% level.
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As a preliminary test the von Neumann ratio was applied to the
sequences of annual amounts. The results are given in Table 1. Despite
the low power of the statistic N there are strong indications for
departures from homogeneity. For nearly one half of the stations the
null hypothesis is rejected at the 5% level. For Vlissingen the von
Neumann ratio is only 1.0L whereas for Msastricht & value of 1.25
is found. These low values are partly due to the anomalous position

of the raingauge in the 19-th century, see Chapter L.

The use of year-by-year differences

In the previous section the von Neumann ratio was applied directly
to the sequence of consecutive annual emounts. A better test can be
obtained by taking the differences between the annual amount of the
station under consideration and the average annual amount of a number

of surrounding stations. That is for the P-th station the sequernce
{Yi} has the form

Y.=X.-A.,, i=1,...,n (11)

with Xpi: amount of rainfall during year i at station D,
Api: average amount of rainfall for year i at a number of
surrounding stations.
Since there exists a strong positive correlation between Xpi ané A .
the variance o§ of Yi is smaller than the variance o§ of Xpi' A change
of level of magnitude A in the Xpﬁ’s also implies a change of level of

the same magnitude in the Yi's. But since
! = = A
AY A/cY > A/oX AX

the Yi's are preferred for testing A = 0 against A # 0.

In this study the von Neumann ratio N and the rescaled adjusted
range R were applied to sequences of year-by-year differences for the
period 1907-1979. For a particular rainfall station in Fig. 6 with a

complete record X 3,.... X duri thi riod, the sequence {A .
yo o4 » X, 73 during this pe . sequ { pl}
was constructed as follows:

Api=Z X ;/21, i=1,..., 73. (12)

q



Table 2

- 20 -

Realizations of the von Neumann ratio N and the rescaled adjusted range R for
testing lack of homogeneity.

" Station

| N R Station N R I
iDen Helder /De Kooy 1.88 1, 1% Arnhenm 1.0T%% 19. 1%x !
West-Terschelling 1.56% 13.1 Putten 1. L6xx 1L .6% !
Lemmer T.43%% | 17. 3% Winterswi jk 1.60% 13.2 !
Leeuwarden 1.71 11.4 Vlissingen 1.60% 16.0%% |
Groningen 1.78 7.6 Kerkwerve 1.75 (11,9 !
Ter Apel 2.19 10.5 Axel 1.80 | uox |
Dwingeloo 1.49% |. 16.3mx Heusden/Andel 1.72 12.5 i
Heerde 2.02 14,7 Oudenbosch 1.81 8.2 !
Denekamp 1.81 15. 8 Helmond 1.5T% | 20.6xx |
Hoorn 2.12 9.5 Roermond 2.15 | 8.9 |
Hoofddorp 1.70 10.0 Maastricht 1.62 f 19.6%x
Scheveningen 1.75 18. 0xx i ‘
|

The tests were applied to the sequence of year-by-year differences, Egs

and (12), for the period 1907-1979 (Dwingeloo 1912-1979).

## Significant at the 1% level.

% Significant at the 5% level, but not at the 1% level.

. (11)
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Here the upper bound of the summation is 22 instead of 24 since
Dwingeloo and Utrecht were not in operation during the whole period
1907-1979. The sequence of Utrecht was not considered further; for
Dwingeloo the sequence {Api} consisted of the average annual asmounts
of the 22 stations with complete records during the period 1907-1979.

Table 2 gives the realizations of the von Neumann ratio N and
the rescaled adjusted range R for the period 190T-1979. The cumula-—
tive deviations from the mean for this period are given in Fig. 7.
From Table 2 it is seen that for many stations the null hypothesis
of a constant mean is rejected. The most serious departures from
homogeneity occur in the rainfall dats of Lemmer, Dwingeloo, Arnhem,
Putten, Vlissingen, Helmond and Maastricht. For these stations there
are marked changes in the slope of the cumulative sum plots. The

nature and causes of these changes are discussed in Chapter L.

Concluding remarks

The year-by-year differences have a standard deviation of about
55 mm. This means that for sa change in the mean of 7% the stendardized
shift A' is 0.07 x 750/5524 1. For this value of A' the power of the
statistics R and N was discussed in Section 2.3. In the situsation that
m, = 31 and m, = 41 (change in the mean during 10 years only) the
probability of rejecting HO is less than 0.30. Moreover, for such short
periods with a different mean the indices of the minima and maxima of
the adjusted partial sums give very poor estimates for the positions
of the change-points.

The tests on the year-by-year differences were applied to data
for the period 1907-1979 only, since serious problems were met in
constructing a good sequence {Api} for the period prior to 1907.

One reason for these difficulties is that the observations of the
stations in Fig. 6 have unequal starting dates. Especially during the
second half of the previous century there is a large variation in the
number of operational stations. Further, for a number of stations the
average amount of rainfall over the past 70 years is much higher than
the average amount over earlier periods. This is illustrated in Table 3

where the 1881-1906 annual average is compared with the 1907-1973



Table 3

Average annual amounts and realizations of Student's t-statistic for a two-

sided test on a difference in mean between the periods 1881-1906 and 1907-
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1979.
Mean (mm) Difference

Station 1881-1906  1907-1979 (mm) t
| Den Helder/De Kooy 681 T00 19 0.73

West-Terschelling 699 739 Lo 1.50

Lemmer 65k 732 78 2.68%x%
' Leeuwarden 748 37 -10 -0.43
? Groningen 696 767 T 3.05%%
! Hoofddorp 770 T60 -10 -0.36
!Schevéningen 645 T6H 119 L. 18%x
I Putten 689 788 99 3.26%x%
! Winterswi jk Ths 759 14 0.h47
:Vlissingen 5L6 715 168 5 .963¢x
' Kerkwerve 621 701 80 3. 1k
: Heusden/Andel 684 723 39‘ 1.16
' Helmona 652 732 81 3.0Lxx
jRoermond 617 657 Lo 1.51
| Maastricht 598 679 81 2.7 1%x%

¥% Significant at the 1% level.

¥ Significant at the 5% level, but not at the 1% level.




- 23 -

annual average for all stations in Fig. 6 with complete records
since 1881. From the realizations of Student's t-statistic in Table 3
one sees that for 8 of the 15 stations there is strong evidence of
a difference in mean. For these Btations the annual mean of the most
recent period is on average nearly 100 mm higher than the mesn of
the earlier period. This large difference in the mean annual amcunt
for about one half of the stations gives rise to non-homogeneous
sequences of areal averages {Api} over the whole period 1881-1979.
An interesting question is how far charges in the mean of the
Xpi's may influence the homogeneity of the sequence of averages
{Api}' If these changes occur at random, then in general the sequence
{Api} is still approximately & stationary sequence, since it is based
on & large number of stations (Mitchell, 19€1). Though changes in the
raingauge site are usually distributed at rendom in time and amoung
stations, this is not the case for the change in height of the rain-
gauge which took place around 1950. Because of this country-wide
change in the height of the raingauge the sequence {A i} is non-
homogeneous, but it is questionable whether it has a serious effect
on the results of the statistical tests. If the change of height of the
raingauge has the same effect on the average smount of rainfall at
all stations, then the sequence of year-by-year differences {Yi}
should still be homogeneous. In reality, the effect of lowering the
raingauge differs from station to station due to local differences in
the wind-climate and the degree of sheltering of the raingauge.
Estimates of the magnitude of the wind<effect for all stations in the
Netherlands were given by Braak (1945). From these estimates it can
be deduced that the change in height of the raingauges has resu_ted in

a shift in the mean which ranges from nearly 0 to 0.8 o, for the stationc

Y
in Fig. 6. These values are tovo small for a serious effect on the

statistical tests in the previous section.
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Description of changes in the mean

The results of the statistical tests in the Tables 1, 2 and 3 show
that for many long-term rainfall records in the Netherlands there is
strong evidence of non-homogeneity. Cumulative sum plots were used in
combination with the station histories to find an explanation for
departures from homogeneity. For each station possible changes in the
mean were investigated further with rainfall data from selected neigh-
bouring stations.

In this chapter the nature and causes of changes in the mean
are described for each statidn separately. The sequence in which the

stations are treated is the same as in Table 1.

Den Helder/De Kooy

The series is a combination of the rainfall records from the principal
climatological stations Den Helder (January 1851-July 1972) and De
Kooy (August 1972-December 1979). Simultaneous measurements in Den
Helder and De Kooy for the period March 1958-July 1972 indicate that
for the Kooy the annual average lies about 4% above the average of
Den Helder.

In the Tables 1 and 2 significant departures from homogeneity
were found. The main reason for this is the low mean amount during
the period 1905-1935 (about 1935 one sees in Pig. TA a marked change
in the slope of the cumulative sum plot). The station history does not

give an indication for this change in the mean amount of rainfall.

West-Terschelling

The record of daily rainfall data starts in January 1876. The
earliest data of this record are observations from the rainfall station
Terschelling. The rainfall station West-Terschelling has been.in opera-
tion since March 1885,

There is hardly statistical evidence of departures from homoge-
neity. The sparse station information does not give an explanation
for the low value of the von Neumann ratio in Table R. Since it concerns
& very small departure form homogeneity it is also difficult to say

something about change-points on the basis of the cumulative sum plot
in Fig. TA (cf. Section 2.4).
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Lemmer

The series consists of observations from the rainfall statinn
Lemmer (March 1879. July 1941) and a rainfall station near the pamping
station of the Noordoostpolder (August 19L41. December 1979). This
last station is known as Lemmer Gemaal NOP or Lemmer Gemasl Buma.

The record of the rainfall station Lemmer is of poor quality. Due
to the sparse information on the raingauge site of this station no

explanations were found for departures from homogeneity.

Leeuwarden

The record of daily rainfall data on magnetic tape starts in
January 1876. The earliest data of this record are observations from
the ordinary climatological station Leeuwarden. The observations
at this station were terminated in 1920 but rainfall observations
were continued at another location. Since November 1950 the obser-
vations have been done at the military aifport of Leeuwarden.

From 1920 to 1950 the raingauge was encircled by buildings and
trees. A slight improvement in the situation of the raingauge site
took place in September 1935. A comparison with records from the
neighbouring stations Makkum and Sint Annaparochie over the periods
1911-1919 and 1921-1930 shows for the annual mean of Leeuwarden a
relative decrease of 40 mm for the period 1921-1930. For this period
there is also a rapid fall in the cumulative sums of the year-by-year
differences in Fig. TB.

From June 1974 onwards the rainfall data on magnetic tape weare
derived from registrations of an autographic raingauge. The readings
from the self-recording gauge are lower than those from the standard
raingauge. For the period November 19TT-February 1980 the difference

is 12% during winter (October-March) and 8% during summer (April-
September).

Groningen

The record of daily rainfall data on megnetic tape starts in
.January 184L7. Up to February 1952 the record consists of observations
at the old principal climatological station Groningen. The location of
this station was changed in 1906. In 1952 the observations at ths
principal climatological station were formally terminated, but rain-
fall observations have been continued privately (Pelleboer, 197T).

The rainfall data on magnetic tape, however, have been derived from
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a rainfall station at another location.

In Table 3 the 1881-1906 mean strongly differs from the
1907-19T79 mean. In frequency tabels of k-day period amounts the data
prior to 1906 were left out of consideration. For the period 1952~

1976 the annual mean of the official rainfall record is 50 mm

larger than the mean of private rainfall observations.

Ter Apel

The record of daily data from the rainfall station Ter Apel
starts in September 1891. From the results of the statistical tests
in the Tables 1, 2 and 3 it can be concluded that there is no evi-

dence of departures from homogeneity.

Dwingeloo

An uninterrupted sequence of rainfall observations started in
October 1911. In Table 2 significant departures from homogeneity were
found. About 1925 there is a marked change in the slope of the cumu-
lative sum plot (Fig. 7C). Though the measurements were done at the
same location during the period 1911-1955, there were some changes
in the raingauge site. Since no further details on these changes
are given in the station archive, it is not possible to find an

explanation for departures from homogeneity during this period.

Heerde

The record of daily data fpom the rainfall station Heerde starts
in September 1892. In Table 2 the value of the rescaled adjusted range
is significant at the 5% level. An examination of the cumulative sum
plot and the station information did not give an indication for this

small departure from homogeneity.

Denekamp

The record of daily rainfall data on magnetic tape starts in
January 1905. The record consists of observations from the rainfall
station Denekamp.

In Table 2 the value of the rescaled adjusted range is significant

at the 1% level. The cumulative sum plot in Fig. 7C Shows a relative
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increase of the mean rainfall amount after a station relocation in
1922. For the periods 1905-1921 and 1923-1941 the annusl amounts
of Denekamp were compared with the average annual amounts of the
neighbouring stations Hengelo and Enschede. From this comparison
it was found that after 1922 the change in the mean annual amount

of Denekamp is only about 30 mm.

Hoorn

The record of daily rainfall data starts in May 1883. The
earliest data of this record are observations from the rainfall
station Hoorn. In December 1904 an ordinary climatological station
was founded at the horticultural experiment station of Hoorn. With
a short interruption from November 1946-September 1948 rainfall
observations have been done at this site.

The low value of the von Neumann ratio in Table 1 is mainly
due to the change of the raingauge site in 190L4. There are no indi-

cations for departures from homogeneity in the rainfall record

from 1904 onwards.

Hoofddorp

Rainfall observations in Hoofddorp started in 1861. From
Januery 1867 the daily dara are available on magnetic tape. From
the results of the statistical tests in the Tables 1, 2 and 3 it

can be concluded that there is no evidence of departures from hcmo-

geneity.

Scheveningen

The record of daily data from the rainfall station Scheveningen
starts in January 1877. In August 1907 and November 1933 statior.
inspections revealed that the site was unsheltered. After the de-
crease in elevation of the raingaﬁge in January 1946 use has been
made of an earth wall tocreduce the wind-error. '

In the Tebles 1, 2 and 3 significant departures from homogeneity were
found. Though there are clear changes in the slope of the cumulsative
sum plot in Fig. 7D, it is not possible to find an explanation for
changes in the mean amount of raeinfall from the information in the

station archive.
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Utrecht

The series 1s a combination of the rainfall records from the
0ld main observatory (January 1849-April 1897; January 1898-November
1898) and a rainfall station near the gas-works (September 1919-

July 1959). No indications were found for departures from homoge-
neity.

Arnhem

In the previous century daily rainfall measurements in Arnhem
were done during the period March 1867-March 1880. The rainfall
observations started again in June 1906.

The observations in the beginning of this century were done
at a rather open site near the River Rhine. The height of the rim
of the raingauge was about 2.5 m. In 1926 there were several changes
in the raingauge site. The observations near the River Rhine were
terminated in January 1927. About this date there is a marked change
of slope in the cumulative sums of the year-by-year differences in
Fig. TE. To determine the magnitude of the change in the mean
amount of rainfall after 1926 the Arnhem data were compared with
the data from the neighbouring stations Kilder/Doetinchem, Wageningen
and Oranje Nassau's Oord (Renkum) for the periods 1908-1926 and 1927-
1945, From this comparison it can be concluded that there is an in-
crease of nearly 70 mm in the mean annual amount of Arnhem after the
station relocation in January 1927. '

The observations for the period January 1951-June 1952 are of
péor quality due to some leakage of the raingauge. Reliable neigh-

bouring stations for this period are Oosterbeek and Velp.

Putten

The record of daily data from the rainfall station Putten starts
in March 1867. Up to 1950 the record is of poor quality with many
doubtful observations. In the Tables 1, 2 and 3 significant departures
from homogeneity were found. Due to the sparse station information it

is not possible to give an explanation for changes in the mean amount
of rainfall.
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Winterswijk

The record of daily data frem Winterswijk starts in July 1880,
Since January 189L the station is operational as an ordinary cli-
matological station. During the period 30 September 1944-21April
1945 the measurements were temporally done in Meddo. Other station
relocations took place in January 1904, September 1907, April 1923,
March 1940 and April 1977T.

In Table 2 the von Neumann ratio is significant at the 5% level.
From the cumulative sums of the year-by-year differences (Fig. TE)
it is seen that after the station relocation in 1923 there is a
rapid increase in the mean annual amount of Winterswijk. For the
periods 1908-1922 and 1924-1939 the annual emounts of Winterswijk
were compared with the average annual amounts of the néighbouring
stations Aalten, Kilder/Doetinchem, Borculo and Lochem. From this
comparison it turns out that there is only a small increase in the
mean annual amount of Winterswijk after the change of site in April

1923. For the annual amounts the change in the mean is sbout 20 mm.

Vlissingen

The record of daily rainfall data from the principal climatolo-
gical station Vlissingen starts in January 1855. During the period
15 August 19L4T7-30 April 1958 the measurements were temporally done
in West-Souburg. Other changes of site took place in January 1928,
November 1929 (or January 1930), November 19&3 and August 1945,

The oldest rainfall data of Vlissingen are of very poor quality
(The annual amount of 1857 is only L40.5 mm!). Up to November 1905
the rainfall data were derived from a raingauge on the roof

of the observatory (8 to 10 meters above ground-level).

During a period of one year the measurements from the raingauge on
the roof were compared with those from a raingauge at 1.50 m. This
comparison showed that the rainfall amounts in the gauge on the
roof were too low; the difference between the rainfall totals in the
two gauges was about.QO%. This percentage corresponds roughly with
the difference in mean rainfall over the periods 1881-1906 and 1907-
1979 given in Table 3. A consequence of the large change in the mean
amount of rainfall after the decrease in elevation of the raingauge

in November 1905 is a very low value of the von Neumann ratio in
Table 1.
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In Table 2 there is strong statistical evidence of departures
from homogeneity. A change of slope in the cumulative sums of the
year-by-year differences in Fig. TF suggests an effect of the
changes in the raingauge site in the period 1928-1930. For the
periods 1912-1927 and 1930-1941 the annual amounts of Vlissingen
were compared with the average annual amounts of the neighbouring
stations8int Kruis, Ossenisse, Kapelle, Krabbendi jke, Noordgouwe,
Haamstede and Brouwershaven. A relative decrease of about 50 mm in

the mean annual amount of Vlissingen was found for the period

1930-19L41.

Kerkwerve

The record of daily data from the rainfall station Kerkwerve
starts in April 1878. From Table 3 it is seen that the 1881-1906
mean differs significantly from the 1907-1979 mean. The station
history does not give an indication for the low mean value during
the period 1881-1906. An extensive analysis of homogeneity for the
period 1951-1980 (Buishand, 1982) reveals serious departures from
homogeneity in the Kerkwerve record which are possibly due to &

decrease in the mean amount of rainfall after a station relocation
in March 1959.

Axel

The record of daily rainfall on magnetic tape starts in January
1905. The record consists of observations from the rainfall station
Axel.

In Table 2 the value of the rescaled adjusted range is signifi-
cant at the 5% level. The station history does not give an indication

for this small departure from homogeneity.

Heusden/Andel

An uninterrupted sequence from May 1871 was obtained by combi-
ning the records of Heusden (May 1871-January 1942) and Andel (February
1942-December 1979). Simultaneous measurements in Heusden and Andel
for the period 1923-1941 indicate that for Andel the annual average
lies about L% above the average of Heusden. There are no other indi-

cations for departures from homogeneity.
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Oudenbosch

The record of daily data from Oudenbosch starts in February
1888. Since January 1893 the station is operational as an ordinary
climatological station. An inspection in September 1904 revealed
that the raingauge was situated near a couple of trees. This resul—
ted in a small change in the location of the raingauge.

The small value of the von Neumann ratio in Table 1 is mainly
due to the less favourable measurement conditions before 1905.
From the results of the statistical tests in Table 2 it can be

concluded thatthere is no evidence of departures from homogeneity
for the period 1907-1979.

Helmond

The record consists of daily rainfall data from the rainfall
station Helmond for the periods January 1869-July 1872 and March
1880-December 19T79. The station history does not give an indication
for the low mean value for the period 1881-1906 (Table 3).

For the period 1907-1979 there is strong statistical evidence
of departures from homogeneity (Table 2). The cumulative sum plot
in Fig.7G shows a marked change of slope about 1945. This is possibly
due to the poor situation of the raingauge site during the period
Feburary 19L6-May 197h. Since the beginning of this period nearly
coincides with the period in which the height of the raingauges was
decreased in the Netherlands it is not possible to quantify a change

in the mean amount of rainfall accurately.

Roermond

The record of daily date from the rainfall station Roermond
starts in January 1869. From the results of the statistical tests

in the Tables 1, 2 and 3 it can be concluded that there is no evidence

of departures from homogeneity.

Maastricht
The record of deily data from Messstricht consists of observations
from threeclimatological stations: the old prineipal climatological

station in the Helmstraat (May 1852-1946), the rainfall station
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Turennestraat/Brusselseweg (1947-1951) and the ordinary climatolo-
gical station Caberg (1952-1979). To obtain & clear insight into
changes in the mean amount of rainfall it is necessary to give a
short description of the history of these stations.

During a long time there were two raingauges‘at the Helmstraat

observatory: one gauge in the garden and another gauge on the top
of the roof (since 1904 on a tower).

The rainfall observations in the garden started in May 1852,

In May 1904 there was a decrease in the elevation of the gauge from
2mto 1.5 m. It is not known exactly when the observations in the
garden were terminated. The gauge was still operational in 1916 but an
inspection in December 1930 revealed that there was no gauge in the
garden.

The rainfall observations on the roof started in August 1868.
Initially the height of the rim was 14.7 m. In May 190L the raingauge
was put on a small tower on the roof. It is not known, however, whether
the raingauge was in the beginning on the top of the tower (29.6 m).
There is a possibility that during the first years the raingauge was
on a lower level (19.6 m). The observations on the tower were termi-
nated in December 1952.

For the period August 1868-1916 there are two rainfall records
for the Helmstraat observatory. There is only one record for the
periods May 1852-July 1868 and 1917-1952. One problem is that it is
not known whether the rainfall data for the period 1917-1929 are
dérived from the gauge on the tower or from the gauge on the roof.

The rainfall station Turennestraat/Brusselseweg was in operation

during the period November 19L6-November 1956. The transition from

the Turennestraat to the Brusselseweg took place in November 19h8.
Rainfall observations at the ordinary climatological station Caberg
started in July 1951.

For the rainfall record on magnetic tape the observations from
the station with the lowest elevation were taken. From the results
in the Tables 1, 2 and 3 it is seen that this combination of rainfall
data does not lead to a homogeneous record. This is partly because
during the period 1930-19L46 (and possibly also 1917-1929) there were
only rainfall observations with the gauge onthe tower of the Helmstraat
observatory. For this period there is a rapid fall in the cumulative

sums of the year-by-year differences in Fig. TH.
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Rainfall observations before 1904 are of rather poor quality due to
the unfavourable measurement conditions. For the raingauge in the
garden of the Helmstraat observatory the 1853-1903 mean is only 584 mm.
From comparisons with neighbouring stations in Belgium Hartman (1913)
concluded that 675 mm was a better estimate for the annual mean of
Maastricht.

For the period 1905-1916 the annual means of the raingauges in

the garden and on the tower of the Helmstrast observatory are 659 and

616 mm, respectively (days with missing observations were not taken
into account). So there is a difference of 53 mm between the two
gauges. '

For the period 1947-1952 the annual means for the Helmstraat
observatory (raingauge at 29.6 m) and the rainfall station Turennestraat/
Brusselseweg are 677 and 793 mm, respectively. The difference is 116 mm,
which is much larger than the difference for the period 1905-1976.

For the period July 1951-June 1956 the annual means for the rain-
fall station.Turennestraat/Brusselseweg and the Caberg station are 719

and TL6 mm, respectively. So the difference between these two s=ations

is only 27 mm.
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