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1 Introduction

An Excel template MAKESENS (Mann-Kendall test for trend and Sen’s slope estimates) is
developed for detecting and estimating trends in the time series of the annual values of
atmospheric and precipitation concentrations. The need for thiskind of simple and easy- to-
use tool came up in the research project ” Air quality Assessment in the Baltic countries as a
consequence of local pollution and long range transport - a co-operation between Nordic
and Baltic countries within the framework of EMEP' s 20-years Assessment” financed by
the Nordic Council of Ministers. This subproject is a contribution to the EMEP's
(Evaluation of the Long-Range Transmission of Air Pollutants in Europe) twenty years of
assessment work initiated by the EMEP' s Task Force on Measurements and Modelling in
Vienna October 2000 (TFMM 2000). This European-wide effort will assess the outcome of
the emission control measures in Europe between 1980-2000, focusing on the significance

of changesin concentrations and deposition in relation to emission changes.

The calculation of the Mann-Kendall test and the nonparametric Sen’s method are briefly
described here. We also present a detailed user’s manual of MAKESENS, its macro code
and some examples. In addition to the statistical calculations, MAKESENS also provides a
simple graphical interface to assist the visual inspection of the time series and the statistical
results. The details of the theories can be found in Gilbert (1987). Also Sirois (1998) gives
an educative summary of the application of these methods in atmospheric chemistry

studies.

2 Calculation of the Mann-Kendall test and the magnitude of thetrend
with the Sen’s method in MAKESENS

MAKESENS performs two types of statistical analyses. First the presence of a monotonic

increasing or decreasing trend is tested with the nonparametric Mann-Kendall test and



secondly the slope of a linear trend is estimated with the nonparametric Sen’s method
(Gilbert 1987). These methods are here used in their basic forms; the Mann-Kendall test is
suitable for cases where the trend may be assumed to be monotonic and thus no seasonal or
other cycle is present in the data. The Sen’s method uses a linear model to estimate the
slope of the trend and the variance of the residuals should be constant in time. These
methods offer many advantages that have made them useful in analysing atmospheric
chemistry data. Missing values are allowed and the data need not conform to any particular
distribution. Besides, the Sen’s method is not greatly affected by single data errors or

outliers.

2.1 Mann-Kendall test

The Mann-Kendall test is applicable in cases when the data values x; of atime series can be

assumed to obey the model

x =ft)+e , D

where f(t) is a continuous monotonic increasing or decreasing function of time and the
residuals & can be assumed to be from the same distribution with zero mean. It is therefore

assumed that the variance of the distribution is constant in time.

We want to test the null hypothesis of no trend, H,, i.e. the observations x; are randomly
ordered in time, against the aternative hypothesis, Hi, where there is an increasing or
decreasing monotonic trend. In the computation of this statistical test MAKESENS exploits
both the so called S statistics given in Gilbert (1987) and the norma approximation (Z
statistics). For time series with less than 10 data points the S test is used, and for time series

with 10 or more data points the normal approximation is used.
2.1.1 Number of datavalueslessthan 10

The number of annual values in the studied data series is denoted by n. Missing values are

allowed and n can thus be smaller than the number of yearsin the studied time series.



The Mann-Kendall test statistic Sis calculated using the formula

n-1 n

S =Y >.san(x; = x,), 2

k=1 j=k+1
where X and X are the annual valuesin yearsj and k, j > K, respectively, and

1 ifx,-%>0
sgn(x; —%,) =40 if X; =%, =0. (3)
-1 if x; -% <0

If nis9 or less, the absolute value of Sis compared directly to the theoretical distribution of
Sderived by Mann and Kendall (Gilbert, 1987). In MAKESENS the two-tailed test is used
for four different significance levels a : 0.1, 0.05, 0.01 and 0.001. At certain probability

level Hp is rgected in favour of Hj if the absolute value of S equals or exceeds a specified

value Sy, where Sy is the smallest S which has the probability less than a/2 to appear in

case of no trend. A positive (negative) value of Sindicates an upward (downward) trend.

The minimum values of n with which these four significance levels can be reached are

derived from the probability table for S asfollows.

Significance level required n

a
0.1 >4
0.05 >5
0.01 >6
0.001 >7




The significance level 0.001 means that there is a 0.1% probability that the values x; are
from arandom distribution and with that probability we make a mistake when regjecting Ho
of no trend. Thus the significance level 0.001 means that the existence of a monotonic trend
is very probable. Respectively the significance level 0.1 means that there is a 10%
probability that we make a mistake when rejecting Ho.

2.1.2 Number of datavalues 10 or more

If nisat least 10 the normal approximation test is used. However, if there are severa tied
values (i.e. equal values) in the time series, it may reduce the validity of the norma
approximation when the number of datavaluesis close to 10.

First the variance of Sis computed by the following equation which takes into account that

ties may be present:

1

VAR(S) =—|n
) 18

(n—DQn+Q—§)pﬂwﬂx2p+a . 4)

Here q is the number of tied groups and t,, is the number of data valuesin the p™ group.

The values of Sand VAR(S) are used to compute the test statistic Z as follows

_ STl it sso
NAR(S)
z=10 if S=0 5)
St i s<o
NAR(S)

The presence of a dtatistically significant trend is evaluated using the Z value. A positive
(negative) value of Z indicates an upward (downward) trend. The statistic Z has a normal
distribution. To test for either an upward or downward monotone trend (a two-tailed test) at

a level of significance, Ho is regjected if the absolute value of Z is greater than Z;.42, where
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Z1.42 1S Obtained from the standard normal cumulative distribution tables. In MAKESENS
the tested significance levels a are 0.001, 0.01, 0.05 and 0.1.

2.2 Sen’smethod

To estimate the true slope of an existing trend (as change per year) the Sen's nonparametric
method is used. The Sen’s method can be used in cases where the trend can be assumed to

be linear. This means that f(t) in equation (1) is equal to
f)=Qt+B (6)
where Q isthe slope and B is a constant.

To get the slope estimate Q in equation (6) we first calculate the slopes of all data value
pairs

_ X T X

Q===

(7)
wherej>k.
If there are n values x; in the time series we get as many as N = n(n-1)/2 slope estimates Q..

The Sen’s estimator of slope is the median of these N values of Q;. The N values of Q; are
ranked from the smallest to the largest and the Sen’s estimator is

Q = Q2] » if Nisodd
> ®

1 . -
Q = E(Q[NIZ] + Q[(N+2)/2] ), |f N is even.
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A 100(1-a0)% two-sided confidence interval about the slope estimate is obtained by the
nonparametric technique based on the normal distribution. The method is valid for n as
small as 10 unless there are many ties.

The procedure in MAKESENS computes the confidence interval at two different

confidence levels; a = 0.01 and a = 0.05, resulting in two different confidence intervals.

At first we compute

Co =2, ,VAR(S), ©

where VAR(S) has been defined in equation (4), and Z;.4 is obtained from the standard

normal distribution.

Next M1 = (N - C,)/2and M, = (N + C,)/2 are computed. The lower and upper limits of
the confidence interval, Quin and Qmax, are the M, largest and the (M, +1)" largest of the N
ordered slope estimates Q;. If M; is not a whole number the lower limit is interpolated.

Correspondingly, if M2 is not awhole number the upper limit is interpolated.

To obtain an estimate of B in equation (6) the n values of differences x; — Qt; are calcul ated.
The median of these values gives an estimate of B (Sirois 1998). The estimates for the
constant B of lines of the 99% and 95% confidence intervals are calculated by a similar

procedure.

3 Usear’'smanual for MAKESENS

The MAKESENS template was created using Microsoft Excel 97 and the macros were
coded with Microsoft Visua Basic. The template consists of four worksheets: About,
Annual data, Trend Statistics and Figure. The About worksheet gives general

information about the template. The data of time series are entered into the Annual data
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worksheet. The calculation macro can be activated by using the button Calculate Trend
Statistics and the Trend Statistics worksheet contains the results. Finally, the original data

and the statistics can be viewed numerically and visually in the Figur e worksheet one time

series at atime.

3.1 Enteringthetimeseriesand other input values

All the input values are entered in the Annual data worksheet (see Figure 1). The years,

the annual values and the names of the time series have to be typed or copied (Paste
Special/Values) to the fixed places of the worksheet. The cells in the worksheet, in which

the user may enter data have no shading. The other cells are protected and have grey
shading.

A title to the whole data set can be typed in cell A3 . This title is aso shown in
cells‘Trend Statistics !A3 and ‘Figure'!B4.

The names of the time series are entered in cells B13:Z13 starting from the
column B. The maximum number of time series that can be entered is 25. The
names are transposed into the cells ‘Trend Statistics !A6:A30. The name of the
time series is aso shown in cell "Figure'!C10 and as the title of Y-axis in the
figure.

Cell A13isreserved for the column titie“Year”.

From cell A14 downwards the user must enter an increasing and continuous series
of years. The range of the years shall cover al the time series but excess years in
the beginning or at the end are allowed. The number of years is limited to 100 but
can be extended by changing the value of the constant M axData in the macro code
(Appendix 1).

The annual values of each time series must be entered below the name of the time
series according to the years in the column A. An empty cell indicates a missing
value. The values of a time series or the entire table of annual data can aso be

copied from another table.
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B MAKESENS_1_0

A

1 ANNUAL DATA
2
3 |FI7 Virolahti 1987- 2000 CALCULATE TREND
4 STATISTICS

[ 5 |

| B

7

| 8 |Number of time series in the calculation: 9

| 9 |Number of annual values in the calculation: 14 14 14 14 12 11 14 12 12

| 10 |Select the FIRST YEAR of the calculation: 1937 1987 1957 1987 1989 1930 1987 1989 1939

| 11 |Select the LAST YEAR of the calculation: 2000 2000 2000 2000 2000 2000 2000 2000 2000
12
13 Year| S04 mg S{NH4 mg NAMOS mg N{Ca mgd K mgd S02 ug SAS04 ug SAAHMOIHOINHI+HNHS ug N3
14 1987 1,46 073 0,48 0,55 168
15 1938 1,22 0,49 0,49 075 159
16 1989 1,19 0 Bk 047 056 0,23 122 0,42 1,07
17 1990 1 0,45 0,44 054 019 20 127 0,38 095
18 1991 1,11 052 0,43 064 0.3 217 15 0,41 095
19 1992 1,16 072 05 066 0 1.3 1.2 0,35 0583
20 1993 0,78 0,38 0,34 0,44 0,14 1,84 118 0,33 n,.a2
21 1994 0,84 041 0,36 0,43 0,22 161 104 0,34 0,75
22 1995 0,79 0,45 0,38 0,42 014 1,05 0,89 0,28 0,B9
23 1996 0,85 0,43 0,43 041 012 141 109 0,35 na
24 1997 054 0,33 0,33 026 013 0,79 078 0,26 0596
25 1998 0,49 0,34 0.3 027 0.2 1,02 081 0,29 0,85
2R 1999 0 k1 0,41 041 0,28 012 .96 0,84 0,32 1,16
27 2000 [N =5 0,43 0,39 027 013 IRt 0F7 0,28 095
28

I:r{ [» [#1/% &bout s Annual data ¢ Trend Statistics £ Fiqure / |4]

Figure 1. The input datais entered to the Annual data worksheet of MAKESENS.
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» Thefirst and the last year to be handled in trend calculation must be entered in
rows 10 and 11, above the names of the time series. Every time series must have its
own starting and ending year. With these rows you can easily define different time
spans for the trend statistics calculation of each time series. The starting and ending
years are also shown in the cells‘Trend Statistics |B6:C30, and in ‘Figure' !C11.

* The number of values of each time series which are selected to trend calculation
are shown in row 9. These values are also shown in the cells ‘Trend
Statistics''D6:D30 and in *Figure' !C12. If the number of values for atime seriesis
equal to or less than 9, the Mann-Kendall test is performed using the S statistics and
the confidence interval for the Sen’s slope estimate is not determined. If this number
is a least 10, the Mann-Kendall test is performed using the Z statistic (normal
approximation) and the 95% and 99% confidence intervals for the Sen's slope
estimates are calculated.

» Cel B8 shows the number of the time series from which the statistics will be
calculated.

Thereis no input data checking in the trend-macro. If you get strange results or even errors,
please check the input data you have entered. It is important that the values are entered in

the appropriate cells. Some of the cells that are not allowed to be changed are protected.

The calculation of the trend statistics is started by clicking the ‘Calculate Trend Statistics
button in the Annual data worksheet. The Status bar near the bottom of the screen shows
when the calculation process is ready. The summary table of the results will appear to the
Trend Statistics worksheet (Figure 2) and the Figure worksheet (Figure 3 ) will be
activated with the first time series.

15



3.2 Summary table of results

During the statistical calculations the summary table of the results in the Trend Statistics

worksheet is updated. Results are given for each time series in rows starting from row 6

(see Figure 2).

The values of the cell A3 and of the area A6:D30 are derived directly from the Annual

data worksheet. The trend calculation procedure writes the results of the calculation to the

area E6: Q30 when you press the “Calculate Trend Statistics’ button.

The columnsin this worksheet have the following meanings:

Time series (column A): the names of the time series are derived from the Annual
data worksheet (from row 13)

First year (column B): starting year of each time series (from the Annual data
worksheet)

Last year (column C): ending year of each time series (from the Annual data
worksheet)

n (column D): the number of annua values in the calculation excluding missing values
(from the Annual data worksheet).

Test S (column E): If nis 9 or less, the test statistic Sis displayed. The absolute value
of Sis compared to the probabilities of the Mann-Kendall nonparametric test for trend
(Table A18 given in Gilbert 1987) to define if there is a monotonic trend or not at the
level a of gignificance. A positive (negative) value of S indicates an upward
(downward) trend. In nislarger than 9, this cell is empty.

Test Z (column F): If nisat least 10, the test statistic Z is displayed. The absolute value
of Z is compared to the standard normal cumulative distribution to define if there is a
trend or not at the selected level a of significance. A positive (negative) value of Z

indicates an upward (downward) trend. If nis9 or less, this cell is empty.

Signific. (column G): the smallest significance level a with which the test shows that the

null hypothesis of no trend should be rejected. If nis 9 or less, the test is based to

16



Figure 2. The Trend Statistics worksheet of MAKESENS shows the results of the calculation.
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the S statistic and if n is at least 10, the test is based to the Z statistic (normal
approximation). For the four tested significance levels the following symbols are used
in the template:

*** jf trend a a = 0.001 level of significance

*x if trend at a = 0.01 level of significance
* if trend at a = 0.05 level of significance
+ if trend at a = 0.1 level of significance

If the cell isblank, the significance level is greater than 0.1.

- Sen’s dope estimate Q (column H): the Sen's estimator for the true slope of linear
trend i.e. change per unit time period (in this case a year)

- Qmin99 (column I): the lower limit of the 99 % confidence interval of Q (a=0.1)

- Qmax99 (column J): the upper limit of the 99 % confidence interval of Q (a=0.1)

- Qmin95 (column K): the lower limit of the 95 % confidence interva of Q (a= 0.05)

- Qmax95 (column L): the upper limit of the 95 % confidence interval of Q (a= 0.05)

- B (column M): estimate of the constant B in equation (6) f(year)=Q* (year-firstY ear)+B
for alinear trend

- Bmin99 (column N): estimate of the constant Bmin99 in equation (6)
f(year)=Qmin99* (year-firstY ear)+Bmin99 for 99% confidence level of linear trend

- Bmax99 (column O): edtimate of the constant Bmax99 in equation (6)
f(year)=Qmax99* (year-firstY ear)+Bmax99 for 99% confidence level of linear trend:

- Bmin9 (column P). estimate of the constant Bmin95 in equation (6)
f(year)=Qmin95* (year-firstY ear)+Bmin95 for 95% confidence level of alinear trend:

- Bmax95 (column Q): edtimate of the constant Bmax95 in equation (6)

f(year)=Qmax95* (year-firstY ear)+Bmax95 for 95% confidence level of alinear trend

When calculating the constants B in MAKESENS the time is used in the form
t = year — firstYear, where firstYear is the first year of al data in the Annual data
workshest.

18



The confidence intervals are valid only if nis at least 10 and there are not many ties (equal
values). If nislessthat 10, the constants Q and B for the confidence intervals are not shown
in MAKESENS.

3.3 Visual viewing of data and results

After the statistics calculation the results can be viewed both numerically and visualy on

the Figure worksheet (see Figure 3). The results are shown one time series at atime. You

can switch from one time series to another by pressing the button Next Time Series and
Previous Time Series. Thetitlein cell A4 isderived from the cell ‘Annual data’'!A3.

=
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Figure 3. The Figure worksheet of MAKESENS.
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The numerical results of the statistical calculation of one time series are shown in the area
B9:C25. ‘TsNumber’ is the ordinal number of the time series in the tables of the Annual
data and Trend Statistics worksheets. The other values are derived from table ‘Trend
Statistics''A5:Q30. Thefirst and the last year are combined to the same cell C11. All these
values are updated when the button Next Time Series or Previous Time Seriesis pressed.

Thetable of point values for the chart is shown in columns F:M, from row 29 downwards.
The yearsin column F and the data values in column G are derived from the Annual data
worksheet. Column H contains the point values of the line for the Sen’ s estimator for a
linear trend cal culated with the equation f(year) = Q* (year-firstY ear) + B. In columns|:L
are the corresponding point values of the lines of 99% and 95% confidence intervals for the
Sen’ s estimator. The calculated residual s (data minus trend) are shown in column M. All
these values are updated when the Next Time Seriesor Previous Time Series button is
pressed. Thetitles of the columns may be changed. Thetitlesin the legend box of this chart

are derived from these values.

In the chart the original data points of the time series, the Sen’s estimator for a linear trend,
the lines for 99% and 95% confidence intervals and the residuals (data minus trend) are

shown.

In the Chart options B28:D37 box you can quickly select whether the confidence intervals
or residuals will be shown in the chart. The outlook of the chart can then be updated by
pressing the Update chart outlook button. The macro recreates the chart and all the earlier
chart settings are lost. The properties of the chart can aso be modified directly with
standard Excel tools but these modifications will be lost when the Update chart outlook
button is pressed. The buttons Next Time Series or Previous Time Series, on the other
hand, preserve al chart settings except the title of the value axis which will aways be the

name of the time series.
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4 Examples

The graphs produced with MAKESENS serve as a visua help for the interpretation of the
results given on the Trend Statistics worksheet. As an example the trend statistics of some
time series from the Finnish EMEP station Virolahti (FI17) are shown in Figures 4 — 6 and
briefly discussed here.

In Figure 4 there are two examples of annual time series: atmospheric SO, concentration
and SO,* concentration in precipitation which nicely fulfill the premises of the statistical
methods used; The time series consist of annual averages with monotonously decreasing
trends. The residuals seem to be from a random distribution indicating that a linear model
may be applied. The statistical calculations give a high level of significance with narrow

angles between the confidence lines.
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° Data Sen's estimate  ~ ------- 99 % conf. min
------- 99 % conf. max — — — —959% conf. min — — — —95 % conf. max
—>¢— Residual

ug S/ Name SO4 ug S/m3
2,0 - a Years 1987-2000
N 14
Test Z -4,05
1,5 4 Significance **
Q-0,07
Qmin99 -0,0975
1,01 Qmax99 -0,036
Qmin95 -0,0919
Qmax95 -0,0462
0.5 1 B 1,58
Bmin99 1,72
Bmax99 1,33
0.0 7 Bmin95 1,68
1986 1988 0 1992 1994 1996 1998 ZOOOBmaXQS 141
-0,5 - Year
mg S/l Name SO4 mg S/I
1,6 - Years 1987-2000
1 N 14
14 4 TestZ -3,50
12 Significance ***
] Q -0,0625
1,0 Qmin99 -0,0886
08 7 Qmax99 -0,0339
] Qmin95 -0,0853
0,6 - Qmax95 -0,0443
1 B 1,30
0.4 . Bmin99 146
0,2 1 Bmax99 1,10
ool \ . /\ | P / Bming5 1,44
) ) w Bmax95 1,19
0, 21&?86 1988 1990 199 W 1996 8 2000

Figure 4. Annual time series and trend statistics of atmospheric SO,* concentrations (a) and
SO,* concentrations in precipitation (b) at Virolahti FI17.

The case of NH4" concentration in precipitation is a bit more problematic (Figure 5). The
Mann-Kendall test indicates a decreasing trend at the 0.05 significance level but the Sen's
slope gives non-positive slope even at the 1% confidence interval. Thus the decreasing
trend seems to be more probable with the Sen's method than with the Mann-Kendall. The

reason to this difference may be that the presumptions of the Sen's method are not totally
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fulfilled. The Sen's method uses a linear model for the trend but here the slope seems to
diminish at the end which also can be seen from the residuals which are not random.
However the trend seems to be monotonic and thus the Mann-Kendall test is suitable. This
time series contains aso two tied groups which may reduce the accuracy of these methods
with few datavalues asin this case.

® Data Sen's estimate ~ ------- 99 % conf. min
------- 99 % conf. max — — — —959% conf. min — — — —95 % conf. max
—>— Residual
og MM Name NH4 mg N/I
’ Years 1987-2000
074 ®~_ o N 14
e Test Z -2,47
0,6 | T~ o
Significance *
0,5 1 Q-0,0175
04 | Qmin99 -0,0397
' Qmax99 0,00
0.3 1 Qmin95 -0,0351
02 1 Qmax95 -0,00379
B 0,589
0,1 Bmin99 0,735
0,0 T T T T T T T T T T 1 Brnaxgg 0’44
_0,1986 1\38{3 M 1992 \(1994/“ 1996 8 2000 Bmin950,728
! Bmax95 0,472
02 Year

Figure 5. Annual time series and trend statistics of NH," in precipitation at Virolahti FI17.
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The case of atmospheric NH3+NH," concentration (Figure 6) is an example of time series
to which neither of the used methods are statistically suitable. The trend is clearly first
decreasing and then increasing and thus the trend is neither linear nor monotonic. This
conclusion can also be made on the grounds of the residuals. However the statistical
methods could be used separately to the decreasing and increasing parts of the time series

but then the small number of data reduces the statistical significance of the results.

® Data Sen's estimate  ~ ------- 99 % conf. min
------- 99 % conf. max — — — —95 % conf. min — — — —95 % conf. max
—— Residual
ug N'm? Name
1,4 NH3+NH4 pug N/m3
Years 1989-2000
1,2 4 [ ) N12
[ O et T,
1,0 | -~ ezeezz . TestZ-0,28
- — e B ®  Ssignificance
[~ i [ ]
08 - e T TS T~ Q-0,005
—_ T .- s - N -~ < )
o6 .- [ ) e T~ Qmin99 -0,0616
1 Creeel. ™= Qmax990,0366
04 | Ttee. Qming5 -0,0472
Qmax95 0,0252
0,2 /\( B 0,96
00 >\N Y N X | < Bming9 1,22
’ Bmax99 0,598
_0,221.988 1990 1992 4 6 1998 2000 Bming5 1,17
Bmax95 0,688
-0,4 - Year

Figure 6. Annual time series and trend statistics of atmospheric NHs + NH;" concentrations
at Virolahti FI17.

5 Summary

An Excel template — MAKESENS - is developed for the calculation of the annual trend
statistics. The procedure is based on the nonparametric Mann-Kendall test for the trend and
the nonparametric Sen’s method for the magnitude of the trend. The theory of calculation,
the user’s manua and the macro code are presented. As an example the annual trends of
precipitation concentrations and atmospheric concentrations of some compounds measured
at the Finnish air quality monitoring station Virolahti are calculated and briefly discussed.
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Examination of the time series is very important before performing and interpreting the
statistical calculations with MAKESENS. The Mann-Kendall method may be used in cases
where the possible trend can be assumed to be monotonic. In the Sen’s method it is
assumed that the trend is linear and the residuals are from the same distribution with zero
mean. The time series should fulfill these presumptions in order to produce correct
statistical results with MAKESENS.

In the Mann-Kendall test missing values are allowed and the data need not conform to any
particular distribution. The Sen’s method is not greatly affected by gross data errors or

outliers, and aso it can be computed when data are missing.
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7 Appendix 1. The macro code of MAKESENS

' Copyri ght 2002 Finnish Meteorol ogical Institute
' Timo Salm & Anu Maéatta & Toni Amel |
' MAKESENS Version 1.0

" COMMON SETTI NGS

Option Base 1 "Default indexing of arrays starts from1l
'Code for missing data in arrays:

Const M ssingVal ue As Doubl e = -999999#

" Maxi mum nunber of data in one tine series:

Const MaxData As |Integer = 100

'Codes for different significance |evels:

"M ni mum count of data to use nornmal approxi nation

" in Mann-Kendall test. Below this value the S statistics
" is used:

Const M nMannKendNorm As Integer = 10

"M ni mum count of data to cal cul ate confidence interval
"in Sen's net hod

Const M nSenConf As Integer = 10

Const S001 As String = "***" "al pha = 0.001
Const SO01 As String = "**" "al pha = 0.01
Const S05 As String = "*" "al pha = 0.05
Const S1 As String = "+" "alpha = 0.1

"Arrays of critical values of Mann-Kendall statistic S
" for significance levels 0.001, 0.01, 0.05 and 0.1

" of two-sided test when n is between 4 and 10.

The arrays will be filled by the subroutine fillS
Dm S 001(4 To 10) As Integer

Dm S 01(4 To 10) As Integer

Dim S 05(4 To 10) As Integer

DmS 1(4 To 10) As Integer

Private Sub CB Cal cul ateStatistics_Cick()

' The main program of cal cul ation

- Retrieves the data values fromthe sheet "Annual data" wth

' t he subroutine GetData

- Calculates the statistics with the subroutines MannKendal |
and Sen and with the function cal cB and saves the results into
the sheet "Trend statistics"

- Finally calls the workbook | evel routines nakeCollection and
drawFi gure preparing the sheet Figure

D m nof Col As Integer 'Number of columms i.e. tinme series
Dimcolno As Integer ' Columm nunber of a tine series
DmfirstYear As Integer 'first year of a tine series

Di m baseYear As Integer 'first year of all tinme series

D m nYears As | nteger "nunmber of years in a time series
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Dimn As |nteger "true data values in a tine series
"i.e. mssing values are not considered
Di m x(MaxData) As Double 'Array for data values of a tinme series

Dims As |nteger " Mann- Kendal | test statistic for n=4..10
Dim Z As Doubl e ' Mann- Kendal | test statistic for n>10
Dmsignif As String "significance of trend

"Sen's slope estimator Q and its 99% and 95% confi dence | evels:

Dim Q As Doubl e, Qmin99 As Doubl e, Qmx99 As Doubl e

Dim Qmi n95 As Doubl e, Qmax95 As Doubl e

"Constants B for equation of lines of Sen's slope and conf. intervals:
Dim B As Doubl e, Bm n99 As Doubl e, Bmax99 As Doubl e

Di m Bmi n95 As Doubl e, Bmax95 As Doubl e

The result cells are enptied before the calculation starts
Wor ksheet s("Trend Statistics").Range("E6: @@0") = ""

nof Col = Worksheets("Annual data").Cells(8, 2).value
baseYear = Worksheets("Annual data").Cells(14, 1).value
Call fills ‘initializes arrays of Mann-Kendall probabilities

"Calculation of trend statistics for each time series at a tine
For colno = 2 To nofCol + 1
If Not GCetData(colno, baseYear, firstYear, nYears, n, x) Then
Exit Sub
End If
If n >= 2 Then "not hing can be conputed, if n<2
"First the existence of trend is tested using Mann-Kendal | nethod.
Call MannKendal | (nYears, x, s, Z, signif)
If n < M nMannKendNor m Then

Wor ksheet s("Trend Statistics").Cells(4 + colno, 5) =s
El se

Wor ksheet s("Trend Statistics").Cells(4 + colno, 6) = Z
End |f

Wor ksheet s("Trend Statistics").Cells(4 + colno, 7) = signif
"Eval uati on of Sen's slope estimator and confidence intervals
Call Sen(nYears, x, Q Qmin99, Qrax99, Qm n95, Qmax95)

Wor ksheet s("Trend Statistics").Cells(4 + colno, 8 =Q

B = calcB(nYears, x, firstYear, baseYear, Q

Wor ksheet s("Trend Statistics").Cells(4 + colno, 13) = B

If n >= M nSenConf Then

Wor ksheet s("Trend Statistics").Cells(4 + colno, 9) = Qmin99
Wor ksheet s("Trend Statistics").Cells(4 + colno, 10) =
Wor ksheet s("Trend Statistics").Cells(4 + colno, 11) =
Wor ksheets("Trend Statistics").Cells(4 + colno, 12) =
"Coefficients B for equation of linear trend f(t)=Q+B
Bmi n99 = cal cB(nYears, x, firstYear, baseYear, Qi n99)
Bmax99 = cal cB(nYears, x, firstYear, baseYear, Qrax99)
Bmi n95 = cal cB(nYears, x, firstYear, baseYear, Qi n95)
Bmax95 = cal cB(nYears, x, firstYear, baseYear, Qrax95)
Wor ksheets("Trend Statistics").Cells(4 + colno, 14) =
Wor ksheet s("Trend Statistics").Cells(4 + colno, 15) =
Wor ksheet s("Trend Statistics").Cells(4 + colno, 16) =
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Wor ksheet s("Trend Statistics").Cells(4 + colno, 17) = Bnmax95
End |f

End |f
Next col no
' Draw the figure of the first conponent
Sheets("Figure").Cells(9, 3).value =1
Sheet s("Figure").Cell s(10, 3).value = Sheets("Annual data").Cells(13,
2).val ue
Appli cation. Run "makeCol | ection”
Appli cation. Run " DrawFi gure"
End Sub 'CB Cal cul ateStatistics_dick

Private Function GetData(ByVal colno As |Integer, ByVal baseYear As
Integer, firstYear As Integer, nYears As Integer, n As Integer, x() As
Doubl e) As Bool ean

" Retrieving of data of one tine series into the array x()

‘" colno is the colum of the worksheet "Annual data" where the

" values of the tine series exist.

The real nunber of annual values n in tine series is calculated

" If the cell is enpty it is understood as a m ssing val ue.

Dim rowno As | nteger row of the data cel

Dim | ast Year As Integer | ast year of the tine series

D m nval As | nteger counter for nunber of true data
Dmi As |nteger ‘counter for data | oop

Dim Error As Integer

firstYear = Worksheets("Annual data").Cells(10, colno).val ue

| ast Year = Worksheets("Annual data").Cells(11, colno).val ue

nYears = | astYear - firstYear + 1
nval = 0
For i = 1 To nYears
If firstYear < baseYear Then
Error = MsgBox("For the tine series """ +

Wor ksheet s(" Annual data").Cell s(13, colno).value + _
""" first year is too early!")
Get Data = Fal se
Exit Function
End I f
rowno = 13 + i + firstYear - baseYear
I f I sEnpty(Worksheets("Annual data").Cells(rowno, colno)) Then
x(i) = M ssingVal ue

El se
nval = nval + 1
X(i) = Worksheets("Annual data").Cells(rowno, col no)
End |f
Next i
n = nval

GetData = True
End Function ' GCetData

Private Sub MannKendal | (ByVal nYears As Integer, x() As Double, s As
Integer, Z As Double, signif As String)
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'Cal cul ates the MannKendal | test
"Calls the function tiedSum
'Uses the string constants S001, S01, S05 and S1

Di m absS As | nteger ‘val ue of absS

D mvarS As Doubl e "the variance of S

Di m absZ As Doubl e "val ue of abs(2)

Dmk As Integer, | As Integer 'counters for slopes
Dmn As Long "nunber of true values in x()

Z = M ssi ngVal ue returns M ssingValue for Z
if they are not cal cul ated
" Conputing of the Mann-Kendall statistic S.
signif =""
n = 1llf(x(nYears) <> M ssingValue, 1, 0)
s =0
For k =1 To nYears - 1

If x(k) <> M ssingVal ue Then

n=n+1

=k + 1 To nYears

If x(j) <> M ssingVal ue Then
s =s + Sgn(x(j) - x(k))

End |f

If n < 4 Then
"If nis less than 4, the nethod can not be used at all
Exit Sub
El self n < M nMannKendNor m Then
"I'f nis between 4 and 10, S is conpared directly to Mann-Kendal |
statistics for S
absS = Abs(s)
signif = Switch(absS >= S 001(n), S001, absS >= S 01(n), SO01, absS >=
S 05(n), S05, absS >= S 1(n), S1, True, "")
El se ' n>=M nMannKendNor m
"If nis at |least 10, the normal distribution is used
"Firstly the variance VAR(S) is cal cul ated
"The correction termfor ties is calculated by the function tiedSum
varS=(n* (n- 1) * (2 * n + 5) - tiedSum nYears, x)) / 18#
"Calculation of test statistic Z using S and its variance VAR(S)
Z =Switch(s >0, (s - 1) / Sgr(varS), s <0, (s + 1) / Sgr(varS), s
= 0, 0#)
' The absolute value of Z is conpared to critical value Z[ 1-al pha/2]
"which is obtained fromthe standard normal table. The presence and
"significance of the trend is evaluated by testing four different
"l evel s of significance: '0.001, 0.01, 0.05 and 0.1
absZ = Abs(2)
signif = Switch(absz > 3.292, S001, abszZ > 2.576, S01, absZ > 1.96,
S05, absz > 1.645, S1, True, "")
End |f

End Sub ' MannKendal |
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Private Sub Sen(ByVal nYears As Integer, x() As Double, Q As Doubl e,

Qmi n99 As Doubl e, Qrax99 As Doubl e, Qrin95 As Doubl e, Qrax95 As Doubl e)
"Cal culates Sen's slope estimator Q and its 99% ( Qrax99, Qi n99)

" and 95 % (Qrax95, Qmui n95)confidence |evels

' Calls the function tiedSum and the subroutine

Cal ul at eConfi dencel nt erval

Di m nof Q As | nt eger "nunber of value pairs
Dim Qarray(MaxData * (MaxData - 1) / 2) As Double 'Array for the slopes
of value pairs

Dmk As Integer, | As Integer 'counters for |oops
Dmn As Long "nunber of true values in x()
Di m Cal pha As Doubl e 'C-al pha for calculation of conf.intervals of Q

" Computing of slopes of individual value pairs into Qarray
nofQ=0 "used as counter for Qarray
n = I1f(x(nYears) = M ssingValue, 0, 1)
For k = 1 To nYears - 1
If x(k) <> M ssingVal ue Then
n=n+1
For | = k + 1 To nYears
If x(j) <> M ssingVal ue Then
nofQ=nofQ + 1
Qarray(nofQ = (x(j) - x(k)) / (J - k)
End | f
Next |
End |f
Next k

' The medi an of individual slopes in Qarray is the Sen's
"slope estimator. The nedian is cal culated by the function "nmedi an".

Q = nedi an(nof Q Qarray)

If n >= M nSenConf Then

' The confidence intervals are calculated only if nis at |east 10.

" Conputing of variance VAR(S) of Mann-Kendall statistics S.

"The correction termfor ties is calculated by the function tiedSum
varS=(n* (n- 1) * (2 * n +5) - tiedSum(nYears, x)) / 18#

' The 100( 1-al pha) % two-si ded confidence intervals for the
"Sen's slope are conputed with two val ues of al pha: 0.01 and 0.05
"whi ch neans 99% and 95% confidence intervals. The val ues of
"Z[1-al pha/ 2] are obtained fromthe standard nornal table.
' Case al pha=0.01: Z[1-al pha/2]=27[0.995]=2.576

Cal pha = 2.576 * Sgr(varS)

Cal | Cal cul at eConfi dencel nterval (Cal pha, nof Q@ Qarray, Qm n99,
Qrax99)

' Case al pha=0.05: Z[ 1-al pha/ 2] =1. 96

Cal pha = 1.96 * Sqr(varS)

Cal | Cal cul at eConfi dencel nterval (Cal pha, nof Q@ Qarray, Qm n95,
Qrax95)

El se
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Qri n99 = M ssi ngVal ue

Qmax99 = M ssi ngVal ue

Qmi n95 = M ssi ngVal ue

Qmax95 = M ssi ngVal ue
End I f

End Sub ' Sen

Private Function tiedSum(n As Integer, x() As Double) As Integer
"Calculates sumrelated to tied groups(= two or nore equal val ues)
' for the variance of Mann-Kendall statistics S

‘n = nunber of values in the array x including mssing val ues
"Function tiedSumis called by subroutines Sen and MannKendal | Nor m
Dim m As | nteger " nunber of tied groups
Dimtval () As Doubl e ' data values of tied groups
ReDi m tval (n)

Dmt() As Integer, nt As Integer ' nunber of data in tied groups
ReDi mt(n)

Dmp, i As Integer "indexes for the | oops

D m newal ue As Bool ean

DimtSum As | nteger

"Cal cul ation of the nunber of tied groups mand the nunber of data
"in tied groups t()
m=20
For i =1 Ton- 1
If x(i) <> M ssingVal ue Then
newval ue = True
If m> 0 Then
For p =1 To m
If x(i) = tval (p) Then
newal ue = False 'this value is al redy nmanaged
Exit For
End |f
Next p
End If

I f newval ue Then
nt =1 'nunber of equal values x(i)
For p=i +1 Ton
If x(p) = x(i) Then
nt =nt +1

End |f

Next p

If nt >1 Then ' new group only if nt>1
m=m+ 1
t(m = nt
tval (m = x(i)

End If

End If
End |f

Next i
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"Calculating the sumrelated to tied groups for variance
tSum = 0
If m> 0 Then
For p =1 To m
tSum=tSum+ t(p) * (t(p) - 1) * (2 * t(p) + 5)
Next p
End |f
ti edSum = t Sum
End Function 'tiedSum

Sub Cal cul at eConfi dencel nterval (ByVal Cal pha As Doubl e, ByVal nofQ As
Integer, Qarray() As Double, lowerLimt As Double, upperLimt As Double)
' Conput es confidence interval for Sen's slope estinate.

"I nput paraneters: Calpha = Z[ 1-al pha/ 2],

' nof Q - nunmber of slopes of all data pairs

' Qarray - array of slopes of all data pairs
"Subroutine returns the lowerLinmt and upperLimt.

"Calls the subroutine SortArray

"I's called by the subroutine Sen

Dim ML As Doubl e "ML:th | argest ordered sl ope
Dim M2 As Doubl e "M2:th | argest ordered sl ope
Dim MLi nt As I nteger "integer part of ML (>0)
Dim M2i nt As | nteger "integer part of M+1 (>0)

Dim QarraySort () As Doubl e
ReDi m QarraySort (nof Q

"The array Qarray is sorted to the array QarraySort
Call SortArray(nof@Q Qarray, QarraySort)

ML (nofQ - Calpha) / 2

%2 (nof Q + Cal pha) / 2

If ML > 1 Then
‘"to be sure that index does not point outside QarraySort
Mlint = Int(M) 'find the integer part of M
"Interpolation of the lower limt
lowerLimt = QarraySort(Mlint) + (ML - Mlint) * (QarraySort (M.int
+ 1) - QarraySort(Mint))
El se
lowerLimt = QarraySort (1)
End I f

If M < nofQ- 1 Then
‘"to be sure that index does not point outside QarraySort
Mint = Int(M2 + 1) 'because the indexing of QarraySort begins
fromzero
"Interpolation of the upper limt
upperLimt = QarraySort(Mint) + (M + 1 - M2int) *
(QarraySort (M2int + 1) - QarraySort(Mint))
El se
upperLimt = QarraySort (nofQ
End I f
End Sub ' Cal cul at eConfi dencel nt erval
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Public Function cal cB(nYears As Integer, x() As Double, firstYear As

I nteger, baseYear As Integer, Q As Double) As Doubl e

" calculates the constant B for the equation of linear trend f(t)=Qt+b.
' The zero point of time axis is the "baseYear"

' Calls the function median

Dimn As |nteger "the nunber of true values in tinme series
Dimyear As Integer 'the true year of the data val ue
Dmi As Integer "index for |oop

Dimval () As Double '"array of differences
ReDi m val (nYears)

n=20
For i = 1 To nYears
year = firstYear +i - 1
If x(i) <> M ssingVal ue Then
n=n+1
val (n) = x(i) - Q* (year - baseYear)
End |f
Next i

the estimate for B is nedian of the cal cul ated differences
cal cB = nedi an(n, val)
End Function ' cal cB

Private Function nmedi an(nofV As |Integer, values() As Double) As Doubl e
' cal cul ates medi an of values in the array values(), indexed from1 to
nof VvV
" calls the subroutine sortArray
" is called by the fuction calcB and by the subroutine Sen

Dmi As |nteger

Di m sortedVal ues() As Doubl e

ReDi m sort edVal ues(nofV)

Call SortArray(nofV, values, sortedVal ues)
If nofV Mod 2 = 0 Then "nofv is even
i =Int(nofV/ 2)
medi an = (sortedValues(i + 1) + sortedValues(i)) / 2
El se ‘nCfval ues is odd
medi an = sortedVal ues((nofVv + 1) / 2)
End If
End Function 'nedi an

Sub SortArray(ByVal nofV As Integer, values() As Double, sortedVal ues()
As Doubl e)

"This subroutine ranks the values of an array fromsnmallest to | argest.
'The sorting method is SELECTI ON SORT

' The ranked val ues are stored into the other array call ed sortedVal ues.
"I nput paraneters: nofV - nunber of values in the array val ues

' val ues - values to be ranked, indexed from1l to nofV
"Subroutine returns the sorted array at sortedVal ues.
"Is called by the function median and by the subroutine
' Cal cul at eConfi dence interva

Dmind As Integer, i As Integer, | As Integer
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Dim m nV As Doubl e, maxV As Doubl e
Dimcarray() As Double "the data is first copied to this array
ReDi m car ray( nof V)

DimignoreV As Doubl e "value that is ignored in carray when sorting
For i =1 To nofV 'Copy the original array to carray
carray(i) = values(i)
Next i
"Find the smallest and | argest val ue
ind =1
mnV = carray(1l) ‘'initialize the smallest val ue
maxV = carray(1l) ‘'initialize the |largest val ue
For i = 2 To nofV

If carray(i) < mnV Then
mnV = carray(i)
ind =i

End |f

If carray(i) > maxV Then
maxV = carray(i)

End | f
Next i
sortedVal ues(1) = minV 'the snmallest data val ue
ignoreV = nmnV - 10 "smal |l er value than the snallest data val ue
carray(ind) = ignoreV 'this value is later ignored in sorting

"now sort the val ues

For | = 2 To nofV
mnV = maxV
For i =1 To nofV

"find the mnimumfromthe rest of the array
If carray(i) <= mnV And carray(i) > ignoreV Then
mnV = carray(i)

ind =i
End If
Next i
sortedVal ues(j) = mnVv
carray(ind) = ignoreV 'fromnow on this elenment is ignored
Next j

End Sub ' SortArray

Private Sub fill S()

"Fills the arrays S nnn of probabilities for two-tailed

' Mann- Kendal | test

'The index of tables is the nunber of data if n=4...10
"Each array entry is an absol ute val ue of the Mann-Kendal |

' statistic S, with which the probability that there is no trend
' is less than the probability level p related to the array:
' S 001: p=0.001, S 01: p=0.01, S 05: p=0.05 and S 1: p=0.1.
' Source of values: Glbert, 1987, Table Al8

"Val ue 9999 indicates that the probability |level can not be
" reached with given nunber of data
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Dimn As |nteger

For n = 4 To 10
S 001(n) = 9999
S 01(n) 9999
S 05(n) 9999
S 1(n) = 9999

Next n

S 001(7) = 21
S 001(8) = 26
S 001(9) = 30
S 001(10) = 35
S 01(6) = 15
S 01(7) = 19
S 01(8) = 22
S 01(9) = 26
S 01(10) = 29
S 05(5) = 10
S 05(6) = 11
S 05(7) = 15
S 05(8) = 18
S 05(9) = 20
S 05(10) = 23
S 1(4) =6

S 1(5) =8

S 1(6) = 11
S 1(7) = 13
S 1(8) = 16
S 1(9) = 18
S 1(10) = 21
End Sub
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