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3 INTRODUCTION

Internationally, the comparability of measurement results is remarkably impor-
tant both to decision makers and the business community and the matter is of
great economic importance. A vast number of important decisions — many of
them industrial or environment-related — are based on measurement results.

In 2002 it was estimated that Europe spends more than €80 billion per year,
or nearly 1 % of the EU's GDP, on measurement activity from directly quantifi-
able sources alone [1]. Approximately 40 % of the European Union's directives
involve measurements [2]. Many of these are related to the environmental
sector, including quality of water. The Organization for Economic Cooperation
and Development (OECD) has estimated that about 80 percent of global
merchandise trade is affected by standards or by regulations that embody
standards [3]. All these figures reveal that measurement results are important
factors both for decision-making processes and for fluent international trading.

The reliability and comparability of the analytical results can be improved by
realistic uncertainty estimates and by ensuring the traceability of analytical
results. The knowledge of the magnitude of the measurement uncertainty related
to the measurement result is also a key factor for comparability of the laborato-
ries and the quality they are able to achieve. There are several guides and
standards dealing with estimation of measurement uncertainty [4-9], but for
many routine laboratories this task is laborious and intellectually challenging.
The need for assisting tools has been apparent [I, II].

The state of surface waters and its development interests citizens and
authorities. The state of waters is monitored in European Union from the per-
spectives of water resources management, environmental protection and
environmental awareness. Throughout the EU the national water regulations are
quite similar as they all need to comply with the EU regulations for water
policy[10, 11]. Water resources management carried out under the EU’s water
policy and national acts on water resource management require knowledge of
the chemical and ecological state of waters and measures for achieving good
water status. In order to assess the development of the state of waters,
monitoring must be arranged with a system that ensures the high quality of
monitoring and the application of consistent methods in the river basin districts
[10, 11].

Chemical monitoring of the water bodies are usually carried out using
standardised methods ensuring the high quality and comparability of the results
to fulfill national water regulations [12]. On the other hand, there is a global
trend in monitoring measurements to move away from standard-based
requirements and towards performance-based requirements. Performance-based
requirements allow using non-standardised methods that are validated and
proved to produce reliable measurement results [13, 14]. Pressures to streamline
monitoring have grown in the state administration, mainly for economic
reasons. The Ministry of the Environment in Finland drew up a monitoring
strategy for the period until 2020 and set a target that included utilisation of new
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technologies in the collection of monitoring data. On-line measurements,
remote sensing and modelling are considered preferred methods [14].

According to success of the laboratories participating in PTs, the quality of
analytical results produced is usually rather good and mostly the results are
sufficiently comparable to each other, although the measurement uncertainty
estimates may vary [15, 16, I, II]. Laboratories typically implement the quality
management systems according to standard ISO/IEC 17025, which require
setting up regular quality control system including validation of analytical
methods and estimation of measurement uncertainties [17]. Nowadays several
operators also carry out field (in situ) measurements of chemical parameters,
but the operators usually have not estimated uncertainty for these measure-
ments. Furthermore these measurements tend to be performed without any
proper quality assurance procedures (e.g. quality control samples, participation
in proficiency testing), which are commonly applied in chemical laboratories.

The anticipated pressure for utilisation of field sensors in situ in water
monitoring requires immediate actions in setting up similar tools for assessment
of the quality of data produced by these instruments. Quality assurance pro-
cedures also help the operators of these instruments to improve the quality of
the measurement results.

The aim of this work is to introduce a set of new tools for enhancing quality
of analytical results in water monitoring. These include tutorial computer
software packages for estimation of measurement uncertainty mainly based on
the approach described in Nordtest TR 537 [7] for assisting both laboratories
and field sensor operators. The toolbox includes also individual examples to
improve the reliability of analytical results by enhanced quality control pro-
cedures. These include an application of “in-house” reference material for DO
measurement. For mercury, enriched stable '"°Hg isotope is applied for
monitoring the stability of total mercury in water samples. A glass surface
silylation procedure is applied for minimising mercury losses and contami-
nation. Also proper organisation of proficiency tests for field sensor measure-
ments of selected inorganic parameters is investigated. One of the tools for
future water quality monitoring is based on crowdsourcing, where citizens’
observations are applied. This trend is promoted by validating an innovative
measuring system for water turbidity field measurements.
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4 TOOLS FOR WATER QUALITY MONITORING

In this section different practical tools for water quality monitoring are
described for both laboratory and field measurements of chemical water
analysis. As a summary, the tools investigated in this thesis are presented as a
“toolbox” in Figure 1.

FOR TURBIDITY

. E i h H f
FIELD MEASUREMENT nriched isotope for

stability studies
» Silylation procedure

PROFICIENCY TESTING IN-HOUSE REFERENCE

PROTOCOL FOR FIELD MATERIAL FOR
o SENSORS DISSOLVED OXYGEN "
> "\ DETERMINATION =
£ 5
= 3
- PRACTICAL SOFTWARE PACKAGES <
T AutoMUKit and MUKit (BN 2
m FOR ESTIMATION OF © 3
o & MEASUREMENT UNCERTAINTY "
g Z
C:|> TOOLS FOR =

' TOTAL MERCURY

z SECCHI3000 DEVICE MEASUREMENTS '5

Figure 1. Tools for water quality monitoring investigated in this thesis.

12



4.1 Practical software for
measurement uncertainty estimation

4.1.1 Background

In the last few decades, numerous guides have been published on the calculation
of measurement uncertainty. Some approaches have been developed to a quite
high level and have become established as valid procedures. The general
principles valid for all types of measurements are described in the GUM,
originally published in 1993 [4] as the Guide to the Expression of Uncertainty
in Measurement and revised in 2008 [5]. Besides the general principles the
GUM also describes in detail the uncertainty estimation approach based on
modeling — the so called “bottom-up” approach. In this approach all relevant
uncertainty contributions affecting the measurement result are estimated and
combined using the model equation of the measurement. In 1995, EURACHEM
and CITAC published the QUAM-guide — interpretation of the GUM for
chemists — which was revised in 2000 and 2012 [6]. The GUM was created to
harmonise the procedures used for measurement uncertainty evaluation. The
QUAM-guide was written to help analytical chemists to use the approach
described in GUM, including examples of analytical chemistry.

Since then several “top-down” approaches have been presented for measure-
ment uncertainty evaluation. Some of them are based on inter-laboratory data
[7, 18-20] whilst others are based on intra-laboratory data [7]. Silva et al. have
also presented what they term the “Differential” [21, 22] or “Transversal”
approach [23], where information for measurement uncertainty estimation is
obtained both from the “bottom-up”, and “top-down” directions.

Eurolab have published a technical report summarising and systematising the
alternative approaches to uncertainty evaluation, comparing different methods
of calculation of measurement uncertainty mentioned above [8]. It emphasises
that the uncertainty estimation based on mathematical modelling of the mea-
surement procedure (modelling approach) is often (mis)conceived as being the
only “GUM approach”, since it is highlighted in the GUM. In fact, alternative
“empirical” approaches are also compliant with the GUM.

In 2003 Magnusson et al. published the Nordtest Technical Report — Hand-
book for estimation of measurement uncertainty in environmental laboratories
(revised in 2004 and 2011) [7]. Its ease of use, reliance on the data available
from validation and quality control has made it popular among routine
laboratories. The International Organization for Standardization has recently
published international standard “Water quality — Estimation of measurement
uncertainty based on validation and quality control data” [9], which is
essentially based on Nordtest TR 537 [7].

The Nordtest handbook [7] describes two main approaches for the estimation
of combined standard uncertainty u.. The first one, used only as preliminary
uncertainty estimate, includes estimation of u, according to reproducibility
standard deviation sg reported in a standard method from an inter-laboratory
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trial [24]. The other one is the estimation of 1) the uncertainty component from
within-laboratory reproducibility wug,, (termed as u(R,) in [7], also called
intermediate precision), and 2) the uncertainty component due to possible
method and laboratory bias uy,s (termed as wu(bias) in [7]). Both of these
uncertainty components can be conveniently estimated from routine quality
control and validation data [25], without the need for extensive dedicated
experiments, thus significantly simplifying the uncertainty estimation in routine
laboratories.

The Nordtest approach, using quality control and validation data, describes
several different ways of estimating wugry Or upis (Figure 2 [II]). For ugy, a
laboratory can choose to use 1) the analysis results of “control sample covering
whole analytical procedure” or 2) the analysis results of “control samples and
routine sample replicates”. For uy,s, a laboratory can choose whether to use 1)
analysis results of one or more “Certified Reference Materials (CRM)”, 2) the
results of “proficiency tests (PT)” or 3) the results of “recovery tests” [7, I, II].
All these possible choices may result in different measurement uncertainty
estimates calculated by the Nordtest approach.

Estimation of random errors Estimation of systematic errors
Uncertainty component for Uncertainty component for
reproducibility within the laboratory ug,, method and laboratory bias u,

A R 2 - Suitable
Estimation of uncertainty Bias values and uncertainties
control sample yes reference
covering the whole componen.t Usw from the N < of the relerencelvalues Ugrer materials (matrix,
analytical pro- standard deviation, e.g. s,(., of are comblr‘ed concentration)
control chart (clause 8.2.2. in [9]) (clause 8.3.2.in [9])
Standard solution uncertainty .
Stable component U, a4 from control Estimate of the systematic
synthetic chart and additional deviations D, and the mean of six samples
control sample estimate of uncertainty due ~ —> I€— the uncertainties of the assigned analysed in
available? to matrix variation, e.g. values ticrer (clause 8.3.3. in [9]) proficiency
Uy 30ge from range control chart make up u, tests?
(clause 8.2.3.in [9])
Repeatability u, oz from Deviations from completel Recovery
range control chart recovery b  and the uncertainty from at least
and additional esti of —> €= of the concentration of the A
uncertainty between batches analyte added u,44 (clause 8.3.4. six d:ffere;u
Upy st (claUSE 8.2.4. in [9)) in [9]) make up u,, samples?

Combined standard uncertainty
- m
Ue = VUrw” +Up Approximate estimate of the
J/ combined uncertainty using the

E ded rtai P ibility standard deviation from
xpan ;_:nze ainty an inter-laboratory trial (clause 11 in [9])
- - U =5

Figure 2. Schematic approach for the estimation of measurement uncertainty for one
concentration level [II]. Figure is reproduced from Figure 1 in ISO 11352 [9] courtesy
of ISO, Geneva.
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4.1.2 The need for uncertainty estimation software

The use of applications and software assisting in the calculation of measurement
uncertainty in laboratories has increased during the past decade [26, 27].
However, ten years after the initial publication of Nordtest TR 537, the
approach still lacked software support. The existing software packages were
based for the most part on the “bottom-up” approach. The reason for this is
obviously the fact that the evaluation of measurement uncertainty, in particular
using the “bottom-up” approach is remarkably difficult. The shortcoming of this
approach is that it is a challenging task to perform for routine testing
laboratories, and if the measurement model does not completely describe the
measurement system and procedure or if some uncertainty component is
neglected or underestimated, then the calculated uncertainty tends to be also
underestimated.

As discovered in the recent study of Finnish proficiency test (PT) partici-
pants, laboratories reported very different measurement uncertainties for the
same measurement [I]. Many reported low expanded measurement uncertainties
(k=2) in the measurement of inorganic analytes, some of them even lower than
5% (relative) in the optimal analyte concentration range, when a realistic
relative expanded measurement uncertainty would have been 10-20% when
looking at the laboratories’ performance in PT. In addition, some laboratories
reported their expanded measurement uncertainties being between 20 and 40%
or even higher, some in the range of 50 — 100%, which can only be realistic
estimates at the lower end of the measurement range. It was concluded that
roughly half of the laboratories either over- or underestimated the measurement
uncertainty, but underestimation was more frequent (Figure 3, [I]). Unde-
restimation of measurement uncertainty is in fact very common, and the
components missing in the uncertainty calculations have been collectively
called as “dark uncertainty” [28].

The need for a software tool for measurement uncertainty estimation was
asked in the survey conducted for 65 Finnish laboratories in 2011 [I].
Approximately 74 % of the respondents evaluated that they would need
software for uncertainty calculations [I]. Many of the respondents answering
‘no’ to the need for the software, worked in laboratories, where none of the
analytical methods were within the scope of accreditation [I]. This indicates that
these laboratories may not have established a quality management system
(QMS) at all, and therefore they might not estimate measurement uncertainties
either, which is mandatory for those laboratories, where QMS has been
established, for example according to the ISO/IEC 17025 [17].
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Dashed lines represent the expected uncertainty ranges

Figure 3. Expanded measurement uncertainties U, % (k=2) reported by laboratories
participating in proficiency tests (for pH, conductivity and nutrient determinations)
organised by SYKE Proftest in 2010 [I].

4.1.3 MULit for laboratories

The MUkit (Measurement Uncertainty kit) software is mainly based on the
Nordtest TR 537 guide [7], and it is designed mainly for routine analysis
laboratories [I]. It is a wizard-like software, where the operator navigates from
one window to the next (with the possibility of moving back if needed) during
the measurement uncertainty estimation process, simultaneously being able to
read the guidance information available. The information text refers to specific
chapters of the Nordtest TR 537, where additional guidance can be found.

The MUKkit software has been published as freeware with the source code
included, and it is licensed under the BSD-new licence. The software is
available in Finnish, English and in Russian. The software can be downloaded
from the website of the Envical SYKE [29] and selected screenshots are shown
in Figure 4.
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Figure 4. MUKit software screenshots.

The calculation procedure of the software follows the guidance written in the
Nordtest TR 537 [7], and the flowchart of the calculation is presented in Figure
5. The components of measurement uncertainty (ur, and upi,s) are estimated as
absolute or relative numbers. The equations used for calculating the standard
uncertainties in the MUKit software are described in detail in paper [I].

Manual input

Calculation A

Replicates from
control sample
Yes/No

Within-
laboratory —>]
reproducibility

Are replicates analysed from
routine samples?

es
Replicates from
routine samples

[ tms |[ Excel || manualinput |

Yi

Calculation B
N
['ums | [ Excel | [ manuatinput |
Control/Referen N
Sl e.e ence Calculation C
material

| Proficiency test database || Manualinput |

A\ 4
Method an.d | Proficiency test Calculation D
laboratory bias result
(U Calculation E
result

A\ 4
@ Calc (A), Calc (B),

Calc (C), Calc (D),
Calc (E)

Figure 5. Flow chart of the MUKit calculations. Measurement uncertainty estimation is
based on the procedures described in the Nordtest TR 537 and is divided into two steps:
estimation of within-laboratory reproducibility ug,, and estimation of method and labo-
ratory bias uy;,s. The flow chart describes also the possible sources of the initial data.
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The Finnish Environment Institute SYKE, the Technical Research Institute of
Sweden SP and the University of Tartu organised a study, in which the
consistency of the measurement uncertainty estimations in laboratories in
Finland, Sweden and Estonia was surveyed [II]. The aim of the study was to
investigate the variation in uncertainty estimates when laboratories use the same
set of data and the same computer software for uncertainty calculations. The
data set contained hypothetical, but very realistic routine quality control and
proficiency test results from testing laboratories. The laboratories were advised
to use MUKkit measurement uncertainty software for their uncertainty
estimations.

A total of 21 laboratories participated in the survey at the beginning of 2014,
with participating laboratories in Finland (n=16), Estonia (n=3) and Sweden
(n=2). Attention was paid to handling of the data, e.g. selecting the con-
centration ranges for uncertainty estimation, choosing the appropriate approach
among those proposed in the Nordtest guide used for uncertainty estimation,
choosing the way in which the uncertainty was reported (absolute or relative)
and the outcomes of the measurement uncertainty estimations.

As a result most of the laboratories’ uncertainty estimates were well within =
2% units from the average value in both low and high concentration ranges
(Figure 6, [II]). This indicates that the unified estimation of measurement
uncertainty is the way to improve the comparability of measurement results
between laboratories, when their uncertainty estimates are more comparable. At
the same time measurement uncertainties estimated in different laboratories are
improved when the number of under- and overestimations of measurement
uncertainties is reduced. This will also lead to better usability of the measure-
ment results for decision-making processes.

30%

B% e ¢ ¢ o ¢ ° *
® ®
20% °
o | )
15% A A 7AY A A A A A
A A A A A
10% - A

5% -

Expanded measurement uncertainty (k=2)

@ Low range uncertainty estimates A High range uncertainty estimates
0% -+
0 2 4 6 8 10 12 14
Number of laboratory

Figure 6. Relative expanded measurement uncertainty estimates calculated by labora-
tories for fictional total nitrogen determination in waste water. The dashed line signifies
the average of the low range uncertainty estimates. The thick line describes the average of
the high range uncertainty estimates. For laboratory number 6, the symbols are
overlapping.

18



Also potential development areas in the measurement uncertainty estimation
procedures were noticed [II]. Laboratories will need further understanding for
the way the concentration ranges are chosen and which approach is selected for
uncertainty estimation. Additionally, only few laboratories seemed to under-
stand that for concentration levels close to the limit of quantification, the
absolute measurement uncertainty should be used. According to Nordtest TR
537 [7], at low concentration levels, it is better to use an absolute uncertainty
rather than a relative for most instrumental methods, as relative numbers tend to
become extreme at very low concentrations (Figure 7). Though most of the
laboratories studied how the random variation behaved as a function of
concentration, only four laboratories estimated measurement uncertainty as
absolute values in the low concentration range [II]. As the relative uncertainty
increases at lower concentrations, the estimated measurement uncertainty
becomes an underestimate at the limit of quantification.

Typically the decision for limit concentration between low and high range is
based on the visual study of behavior of relative random variation as the
function of analyte (Figure 7). Concentration range should be divided at the
point, where random variation starts to increase or remains constant, respecti-
vely. An example of setting the limit concentration is shown with a dashed line
in Figure 7 [1I].
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Figure 7. Study of the relative random variation as the function of total nitrogen
concentration. Each dot describing random variation is calculated from the difference of
routine sample duplicate results as percent from their mean value (so called r-% or R-%
value [25]). Dashed line describes the limit concentration between low and high range.

In addition, many of the respondents in survey in 2011 [I] reported the use of
PT results in calculating their method and laboratory bias, wu,s. Interestingly,
this was also true for the survey in 2014 [II], where majority of the laboratories
used PT results for bias estimates, although it is clearly stated in the Nordtest
guide that in most cases PTs are inferior to CRMs for this purpose [7]. When
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using a CRM, the bias can be determined much more reliably, using several
replicates over time. Also if the PT results have been collected over a time
period of several years, and the CRM results available have been analysed
during the most recent year, the bias estimate based on CRM results should
better reflect the laboratory’s current performance. It should be also noted that
uncertainty may be overestimated, if proficiency test results are used for bias
estimates in the case where the random component “between laboratory
standard deviation” is high and the number of participating laboratories is low.
Then the uncertainty of the assigned value will become too high, leading to an
overestimated bias component [II].

4.1.4 AutoMULkit for field measurements

Field sensor measurements are becoming more common for environmental
monitoring. Solutions for enhancing reliability i.e. knowledge of the measure-
ment uncertainty of the field measurements are urgently needed. Real-time
estimation of measurement uncertainty for field measurement has not been
previously published and in paper [III] a novel approach for the automated
turbidity measuring system with a computer software application for real-time
uncertainty estimation based on Nordtest handbook’s [7] measurement
uncertainty estimation principles is outlined.

There are two main requirements for the estimation of real-time measure-
ment uncertainty of an on-line field turbidity measurement 1) setting up
automated turbidity measuring system that can be (preferably remotely)
controlled. System measures turbidity of the samples (water to be investigated
as well as synthetic turbidity control samples) the way the user has programmed
it and stores the results in a database. 2) Setting up automated data processing
(software) where the measurement uncertainty is calculated from the data
produced by automated turbidity measuring system. The software is not
restricted to turbidity measurements, but will enable measurement uncertainty
estimations for any kind of automated measuring system that perform sequential
measurements of routine samples and control samples/reference materials
similarly as described in paper [III].

For applying real-time estimation of measurement uncertainty, an automated
turbidity measuring system was constructed, and it operated by taking water
samples via tubing into the instrument’s flow-through cell [III]. Using the
valves, it was possible to automatically introduce natural water samples, as well
as, turbidity standard solutions to the turbidity detector (Fig. 8).
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Figure 8. Automated turbidity measurement system, which sequentially measures river
samples and two control samples (CTRL A and CTRL B) and reports the data to a
database [I11]

A software application (AutoMUkit) was programmed for carrying out real-
time measurement uncertainty estimation [III]. For the measurement uncertainty
estimation, the information on random and systematic errors of the measure-
ment is needed (Fig. 2), as described in Nordtest TR 537 [7] and ISO 11352 [9].
The information is obtained by replicate measurements of the water to be
investigated as well as synthetic turbidity control samples.

Automated measuring system is required to produce the database file (csv,
comma-separated values) in the following form:

A,2014-05-14 15:00:00,3.523
A,;2014-05-14 15:00:05,3.545
A,2014-05-14 15:00:10,3.530
D,2014-05-14 15:00:15,0.000
A,2014-05-14 16:00:00,3.427
A,2014-05-14 16:00:05,3.455
A,2014-05-14 16:00:10,3.441
D,2014-05-14 16:00:15,0.000
B,2014-05-14 16:30:00,3.987
B,2014-05-14 16:30:05,3.976
B,2014-05-14 16:30:10,3.969
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where the comma separated columns are:

1. Type of the sample
A = Routine sample
B = Control sample for low concentration range
C = Control sample for high concentration range (type of the sample not
shown in the example data)
D = A marker sequence showing that a replicate series of routine
sample measurements has finished
2. Date in the form of YYYY-MM-dd HH:mm:ss (Y = year, M = month,
d = day, H = hour, m = minute, s = second)
3. Measurement result with a dot as the decimal separator.

A row defines a measurement result. The rows are separated with a new line.

Figure 9 shows the raw measurement data consisting of one measurement
result in one row with information about the sample type, the measurement date
and time. Three parallel turbidity measurements are carried out within a five
seconds interval from routine (river water) sample “A”. After 60 min, another
three replicates are measured. Later in the sequence there are measurement
results for synthetic control sample “B” with a turbidity value in the low
concentration range.

Id Type Time Value
3 A | 14.05.2014 15:16:00 | 3.163
4 A | 14.052014 15:16:05 | 3.176 Sample types:
A = Routine sample
5 A 14.05.2014 15:16:10 | 3.169 B = Control sample at range of 0.5 - 4.0 FNU
(C = Control sample at range of >4.0 — 40 FNU)
6 D 14.05.2014 15:30:00 | 0.000 D = Sequence distinguihing different replicate series
7 A [14.05201416:16:00 | 3.523
8 A | 14.05.2014 16:16:05 | 3.545
9 A | 14.05.2014 16:16:10 | 3.530
Routi ] t
[Control sample 10 D | 14.05.2014 16:30:00 | 0.000 outine Sa":zsilr:‘:““'eme"
Imeasureme; |
urement results 11 A | 14.05.2014 17:16:00 | 3.887 Repl1 | Repl2 | Repl3
2.036 12 A | 14.05.2014 17:16:05 | 3.880
2.117 13 | A |14.05201417:16:10 | 3.904 3.163 | 3176 | 3.169
3523 | 3.545 | 3.530
14 8 | 14.05.2014 18:00:00 | 2.036 3887 | 3880 | 3.904
15 B | 14.05.2014 18:00:05 | 2.117
Reference sample
Imeasurement results >
2.036

2117 URw,stand Uy range,

u u,
Ucref b Rw
- Reference value
- Uncertainty of reference
value
Measurement
uncertainty

Figure 9. The general functioning of the real-time uncertainty estimation [I1I]

22



According to given parameters, the AutoMUKkit software application performs
queries for the measurement results and the measurement uncertainty is
calculated. Parameters described in paper [III] can be adjusted and their
influence on the measurement uncertainty can be assessed visually using the
visualisation tool developed. The graphs include e.g. the presentation of
measurement results and their uncertainties (k = 2) shown using error bars
(Figure 10), X-chart for visual monitoring of the measurement results of control
samples, and 1% chart for monitoring the random variation as a function of the
measurand value or concentration [25, II].
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B Conc. Range Min./Max. shows the minimun and maximum concentrations for control sample B (=low concentration level).
C Conc. Range Min./Max. shows the minimun and maximum concentrations for control sample C (=high concentration level).

Figure 10. Measurement results with their uncertainties (k = 2) versus time for an on-
line turbidity measuring system [I1I]

The benefits of advanced utilisation of field measurements are enormous. The
measurement results are produced in very high frequency and the use of the
equipment do not require manual operation, except when maintenance is
needed. The alteration of the sample during the transportation to the laboratory
and storage is not relevant in the field measurement. Sensor measurement
results may occasionally drift for many reasons e.g. due to bio fouling, but this
can be well monitored using the approach presented in the paper [III]. When
control samples with a known value or concentration is measured regularly, also
information from changes in calibration can be detected. Additional benefit is
that the occurred drift can be taken into account (in real-time) as bias value in
the measurement uncertainty calculation or the measurement results of the
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control samples can be used for real-time recalibration of the measuring device.
The measurement results will become more useful as they are associated with
the uncertainty information. They can be compared to the measurement results
produced in laboratory and they can be more easily used for decision making
processes.

4.2 Protocol for field sensors’ proficiency testing

Laboratories typically implement the quality management systems according to
standard ISO/IEC 17025, which require setting up regular quality control
system including validation of analytical methods and estimation of measure-
ment uncertainties [17]. The laboratories demonstrate their performance for
example in PTs. The anticipated pressure for utilisation of field sensors in situ
in water monitoring requires immediate actions in setting up similar tools for
assessment of the quality of data produced by these instruments. Quality
assurance procedures also help the operators of these instruments to improve the
quality of the measurement results. One important tool for assuring the quality
is participation in proficiency tests (PTs). The results from PTs provide know-
ledge about the comparability of measurement results, which is important both
to the operators as well as to the end user.

In situ PTs are intercomparison measurements, where all the participants
(with their own equipment and using their own competence) measure the same
sample continuously at the same time, at the same site [30]. This arrangement
provides the best possibility for assessing participant performance (Participant =
laboratory participating in the intercomparison and sending a worker and an
instrument to the intercomparison).

In situ intercomparison measurement of dissolved oxygen concentration was
organised at laboratory facilities in 2012 at the University of Tartu, Estonia [31,
IV]. In 2013, Proftest SYKE organised the first such a PT in Finland for field
measurements of temperature, conductivity, dissolved oxygen concentration,
oxygen saturation, and pH-value in natural water [32]. In total, 9 participants
and 16 sensors took part in this proficiency test. The protocol of the field PT is
presented below and in paper [V].

4.2.1 Selection of the site

The site was selected in Southern Finland near the capital area since this way
organising PT was easier to carry out and the possibility to have enough
participants was higher. The place selected was near the centre of Vantaa city,
where the river Kerava flows through. The place was easy to arrive i.e. there
were large parking areas near the PT site and good public transportation
connections were available for participants and there was enough space for
carrying out the measurements. Appearance of the river water is naturally
turbid, since most of the water flows through clayey arable areas [V].
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At first the purpose was to utilise for the test area the bridge, which crosses
the river, but that was too high for participants having sensor with cable less
than 5 meters. Next to the bridge on the shore there was a pier, where the
sensors could be easily mounted (Figurell). The river flow was uniform
enough around the pier and especially where the sensors were located [V].

Figure 11. The PT Site. The metal rod was used for mounting the sensors to the pier
and selected test depth [V].

4.2.2 Protocol for homogeneity studies and PT measurements

The homogeneity and temporal stability of the river water at the PT site was
studied by measuring pH, conductivity and dissolved oxygen with three similar
YSI 600 XLM V2 sensors. These sensors were placed in both of the ends and in
the middle of the pier at three different depths for obtaining information on
spatial heterogeneity (A, J and P in Figure 12). This preliminary homogeneity
study was carried out two hours before starting the PT to ensure that the test site
was appropriate. During the PT, all homogeneity test measurements were
carried out at depth of 70 cm starting at time 11:15 and ending at 11:30. Actual
comparison test measurements were carried out at 11:22 and 11:27 [V].

For homogeneity test, ten results (H1 — H10) were recorded during about
timeframe of three minutes (1.5 min before and 1.5 min after the actual
comparison test). Sensors recorded values measured from water body every two
seconds. Two consecutive measurements were regarded as replicate measure-
ments for one homogeneity test sample (Figurel3, [V]).
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Figure 12. A top view of installation of the sensors on the pier. Sensors A, E, J, K and P
were used by PT provider [V].

D'ST.

H1 H2 H3 H4 HS H6 H7 H8 H9 H10

11:21:30 11:21:34 11:21:38 11:21:42 11:21:46

11:21:32 11:21:36 11:21:40 11:21:44

¥

Repl Rep2
—_—

H4

Figure 13. Time frame for the homogeneity testing. Homogeneity test samples are
indicated as H1...H10. Repl and Rep2 are two replicate measurements of one homo-
geneity test sample. Actual PT samples were measured at 11:22 (R1) and 11:27 (R2),
marked with circles on the Time-axis [V].

To assess homogeneity of the samples, both spatial and between measurement
time variability standard deviations during the test were obtained using variance
component analysis [V].

As the PT was dealing with in sifu measurements from naturally flowing
water, the sources of uncertainty were not as easily controlled as in laboratory
environment. By conducting the homogeneity testing simultaneously with the
actual PT experiments,it was tried to ensure that the measured water was
sufficiently homogeneous for all the participants.

For statistical analysis of uncertainty components,independent sources of
variation were assumed and the total variation was divided in three parts: time
of the measurement (temporal heterogeneity), spatial heterogeneity of the test
area, and analytical precision as described in eq 1 [V].
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2 _ 2 2 2
Ototal = Otime + Usamp + Oanal (1)
where

02 a1 = total variation of the homogeneity test dataset

0&me = Variation due to temporal heterogeneity

aszamp = variation due to heterogeneity of the test area (sampling)

2 .1 = variation due to analytical precision

o
Estimates of the variance components were obtained by analysis of variance
(ANOVA) procedure in accordance with Eurachem guidance [33].

Processing of the data, setting the assigned values and assessing the
performance of the different sensors are described in paper [V].

4.2.3 PT results

The standard deviation of the participants’ results for the PT organised by
Proftest SYKE was lower than the organiser expected. Actually for assessing
the performance of the participants, the same values were used for the target
standard deviation for performance assessment than in proficiency tests
organised for chemical laboratories during the past few years. In this pro-
ficiency test, 80 % of the results for pH, 79 % for conductivity, but only 69 %
for dissolved oxygen concentration results were regarded as satisfactory [V].

The participants using DO sensors with the optical measuring principle
performed better than participants using amperometric sensors. The reason for
this may have been the fact that optical sensors are more robust in routine use
and more stable in time than amperometric sensors. The latter need more
maintenance (replacement of the membrane and electrolyte solution), more
frequent calibration and they are more sensitive to stirring of the solution and
temperature [34].

Similar findings were obtained in the intercomparison carried out for DO
measurements in 2012 at University of Tartu [IV]. Out of altogether 63 DO
measurement results obtained by the participants, 52% were unacceptable
according to the £, numbers. Participants using optical sensors performed better
than participants using amperometric sensors.

Both intercomparisons [IV, V] revealed that most participants had not
estimated measurement uncertainties for their sensor measurement results [IV,
V], even though some of them were accredited according to the ISO/IEC 17025
[17]. DO concentration is a highly unstable parameter of water. Thus the
preparation of reference solutions that are stable for extended periods of time is
impossible. This complicates the standardization of the measurements and rules
out preparation of CRMs. A way to promote measurement uncertainty
estimations for the DO concentration measurement results is to use a tool
presented in paper [[V]: “in-house” reference material — water saturated with
air. The reference material together with routine sample replicate results and
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control charts (X-chart and R-chart) enables operators of the sensors as well as
the Winkler titration systems to estimate measurement uncertainty of the DO
concentration measurement results with the Nordtest approach [7] more easily
and more reliably than before.

For maintaining the control charts [25], ideally a data point should be
recorded every day on which the measurements are performed. This enables
observing trends and taking actions before things get out of hand [IV]. In
addition setting up control charts and participating in interlaboratory compa-
rison tests may be exploited to check, if the self-declared uncertainty estimate is
realistic [35].

Quality assurance data of the results of sensors are also necessary to be
collected before sensors can be used on a larger scale in national environmental
monitoring programmes. Also knowledge about the expanded measurement
uncertainties has a key position for the usefulness of the results. Estimation of
the measurement uncertainty will also give user information on sources of
random variation and bias of the method, which is highly important during the
method development [V].

Performance-based requirements allow using methods that are validated and
proved to produce reliable measurement results for particular case [13, 14]. This
approach will enable also the use of field and on-line measurements for
monitoring purposes. SYKE has recently published quality recommendations
for laboratories producing and delivering environmental monitoring data to
water quality registers in Finland [36]. The recommendations include the
accreditation of the methods as well as minimum criteria for limits of quanti-
fication and measurement uncertainties.

According to the results of PT organised by SYKE [V], some of the parti-
cipants performed well and after they have successfully validated, and
preferably accredited or certified, their methods as well as established internal
and external quality assurance protocols (X-charts, R-charts, proficiency test
schemes etc.), these participants could produce information for water quality
monitoring purposes [V].
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4.3 Crowdsourcing in water quality monitoring

Water resources management carried out under the European Union’s (EU)
water policy and national legislation on water resource management require
knowledge of the chemical and ecological state of waters and measures for
achieving good water status [10, 11]. Turbidity is an essential parameter for
describing water quality by direct and indirect impacts on fish, invertebrates and
aquatic plants. Turbidity determinations are carried out extensively in Finnish
surface waters. In 2012 total of over 30 000 turbidity measurements were
performed mostly in Finnish lake, pond, river, and brackish waters.

Currently, environmental monitoring measurements are carried out with
appropriate quality by accredited testing laboratories, but there are pressures to
streamline monitoring, and a need for employing the third sector i.e. citizens
and voluntaries in environmental monitoring. The Ministry of Environment in
Finland drew up a monitoring strategy for the period up to 2020 and set a target
that included the utilisation of new technologies in the collection of monitoring
data. While on-line measurements, remote sensing and modelling are con-
sidered the preferred methods, the role of citizen-based monitoring should also
be expanded [14].

A device called “Secchi3000” was developed at SYKE as a low-cost and
simple-to-operate tool so that water quality measurements can also be carried
out by non-experts and citizens [37]. The Secchi3000 measuring system is
composed of three parts (Figure 14):

1. Device. This includes a plastic container that has one side transparent for
light, a measurement structure that goes into the container, and a lid with
a hole. The measurement structure has white, black and grey target areas
at two depths (10 cm vertical distances between the target areas). The
user fills the container with water from a lake, river or sea and places the
measurement structure in the container.

2. Mobile phone with a measurement application (MA). The software
installed on the phone controls the camera and allows the user to take a
measurement photograph and input other observations. The software
sends the photograph with other information (e.g. GPS position) to the
server.

3. Server. The server receives and analyses the measurement photographs
automatically with an algorithm, which finds the target areas from the
picture and computes parameters of water quality. Finally, the results are
sent back to the user’s mobile phone and stored in a database.
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Figure 14. Secchi3000 measuring system.

The Secchi3000 measurement principle is based on the comparison of inten-
sities of light measured over black, white and grey target areas at two depths.
The basic assumption is that the target areas at both depths have the same
downwelling irradiance at the surface. This is achieved by placing the trans-
parent side of the container towards the sun or the brightest part of the sky.
Thus, the differences in the apparent brightness of the target areas when viewed
from above are caused by the optical properties (scattering and absorption by
particles and dissolved substances) of the water column between the target
levels. By using the black and white targets it is possible to measure the
attenuation caused by water. The grey targets are used for reducing the effects
of the difference of exposure properties of different cameras or illumination
conditions (sunny or cloudy).

Since digital cameras give values for three wavelength ranges (cor-
responding to red, green, blue light), it is possible to measure the attenuation in
these three wavelength regions. Using empirical equations, it is possible to
calculate from the attenuation values different physical or chemical parameters
describing the water quality. The equation for turbidity measurement has been
calibrated using results obtained with laboratory measurements. Laboratory
measurement of turbidity is based on scattering of light. The set-up of the
device and the detection of target positions of white, grey and black areas are
described in more detail in [37].

30



Secchi3000 was validated for turbidity measurements in Finnish natural
waters (river, lake, pond and brackish waters) (Figure 15, [VI]). Validation
included an estimation of the limit of quantification, investigations of the
influence of water colour and illumination conditions on turbidity values, and
the estimation of measurement uncertainty. A comparison of turbidity results
obtained with the Secchi3000 and HACH 2100AN IS laboratory instrument in
natural water samples and turbidity reference samples was carried out. In
addition, turbidity values obtained with different mobile phones were compared.
The tests are described in more detail in paper [VI].

Figure 15.Testing of Secchi3000 measuring system.

According to the results of validation, Secchi3000 measuring system was
appropriate for the measurement of turbidity lower than 7 FNU [VI]. The
algorithm applied for the current turbidity calculations is not fully suitable for
higher turbidities. For potential routine use this is not a major problem, since
turbidities in Finnish natural waters are usually low. In May-September 2012,
an average of 89 % of the measured surface water turbidity values were below 7
FNU in Finnish lake waters (n=2770) and 57 % in rivers (n= 4787).

Another problem is that approximately 40 % of the results in lake waters and
20 % in river waters were even below the LOQ (1.7 FNU) of the Secchi3000.
Therefore, further development of the Secchi3000 is needed, particularly for
achieving a lower limit of quantification. One potential method for this is to
increase the path length of the device. With a longer path length the attenuation
will increase and samples with lower turbidities can cause enough attenuation
for the measurement [VI].

The achieved expanded measurement uncertainties (at k= 2 level) may be
underestimated due to the low amount of data used in calculations. When
routine laboratories estimate the measurement uncertainty based on a quality
control data, to achieve a representative basis for the uncertainty calculations
and to reflect any such variation, the number of results should ideally be more
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than 50 and cover a time period of approximately one year, but the need differs
from method to method [7]. For measurement of turbidity with the Secchi3000,
probably 50 — 100 measurement results covering a time period of approximately
one summer (four months) would give more reliable uncertainty estimates.
During the validation tests the amount of data available is usually restricted. In
this validation study, the number of tests was lower and the time scale was
much shorter. The measurement uncertainty needs to be re-estimated with more
comprehensive data.

According to quality recommendations for producing environmental
monitoring data in Finland, the LOQ for water turbidity measurement is
0.5 FNU, while the recommendation for expanded measurement uncertainty
(k= 2) is 0.2 FNU for the range of 0.5-1.0 FNU and 20 % for the range of
>1 FNUJ[36]. The present estimate of measurement uncertainty for the
Secchi3000 is higher than in the recommended quality criteria for official
monitoring methods at turbidity values below 3.5 FNU. With higher turbidities
(up to 7.0 FNU), the quality criterion for expanded measurement uncertainty is
fulfilled. For official monitoring purposes, the LOQ needs to be less than one
third of what is presently achieved.

As the global trend is from standard-based towards performance-based
requirements, new innovations such as Secchi3000 may also achieve the status
of an officially approved monitoring method. Before achieving this status, the
device has to prove it is able to produce reliable measurement results, parti-
cularly to fulfill the set quality criteria for measurement uncertainty and limit of
quantification. The method should preferably be accredited or certified, as well
as having established internal and external quality assurance protocols, before
producing official information for water quality monitoring purposes. Therefore
the next goal is to lower the limit of quantification and measurement un-
certainty.

Although the present configuration of the Secchi3000 device is not yet fully
suitable for official monitoring, it will already enable the involvement of the
third sector in the monitoring of water quality and this way citizens' obser-
vations could serve at least as supplementary information for reporting and
surveys, which was actually the original purpose of the Secchi3000 from the
beginning.

4.4 Stability study procedure
for trace element determination

Stability of the sample during transportation and storage is essential for trueness
of the measurement result. Preservation of samples without any alterations,
whether wastewater, industrial wastes, or natural waters, is practically impos-
sible, because it is never possible to achieve complete stability of every consti-
tuent [38]. Most preservation techniques only retard chemical and biological
changes that inevitably continue after sample collection. Several processes may
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occur in the sample during the storage time [38]. These include e.g. oxidation,
reduction, absorption, adsorption and volatilisation. Preservation methods are
limited to pH control, chemical addition, the use of amber and opaque bottles,
refrigeration, filtration, and freezing[38]. Trace elements are usually stable in
the sample for several weeks, if the samples are preserved with an acid to pH <2
and stored in a refrigerator.

Stability of total mercury in water samples was selected under investigation
in this work, due to mercury’s highly toxic nature in the water environment and
its’ importance in environmental monitoring programmes. Member states in the
EU are obliged to monitor concentration of mercury and its compounds in water
environment according to the Water Framework Directive (2000/60/EC) [10]
and in particular the Priority Substances Directive [39], which set Environ-
mental Quality Standards (EQS) for the substances in e.g. surface waters (river,
lake, transitional and coastal) and confirmed their designation as priority or
priority hazardous substances.

Another reason for selecting mercury for stability studies was the fact that
routine testing laboratories use several guides and standards for the measure-
ment of total mercury in water samples. These standards give different
recommendations for storage times of water samples intended for total mercury
analysis. [38, 40—44]

The standard EN ISO 17852 [40] suggests to preserve samples preferably on
site using hydrochloric acid, potassium bromide and potassium bromate
reagents. EN ISO 17852 suggests carrying out total mercury analysis within
seven days after collection. According to the EPA method 1631 [41] the
samples for total mercury analysis should be either preserved or analysed within
48 h of collection. EPA 1631 suggests preserving samples with BrCl reagent
containing hydrochloric acid, potassium bromide and potassium bromate.
According to the EPA method, after preservation the samples are stable for up
to 90 d of the date of collection.

From other standards, ISO 12846 [42] suggests to analyse total mercury
within 2 weeks. Standard methods for the examination of water and waste water
[38] gives 28 days as maximum storage time whereas ASTM standard D3223 -
12 [43]gives 38 days respectively. Standard ISO 5667-3 [44] presents the
maximum storage time to be as long as 6 months using preservation with HNO;
to pH in the range of 1 to 2.

A novel tool for investigation of stability of total mercury in water samples
using enriched '"°Hg stable isotopic reagent is proposed in this work. Natural
abundance of "*Hg in water samples is 0.15%. Thus adding accurately known
amount of enriched '"Hg isotope to the samples, reliable information on
alteration of total mercury mass concentration can be obtained [VII].
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4.4.1 Setting the reference value

The mass concentration of '*°Hg in the non-spiked sample in the beginning of
the stability study (time=0 (¢,); coro('’°Hg)) was unknown and had to be found.
As can be seen from Figure 16, at time #, added (weighed) amount of '**Hg was
known. At time = 1 (1,), '**Hg was analysed in the spiked sample and ***Hg was
analysed in non-spiked sample. Mass concentration of '*°Hg in the non-spiked
sample at time £, is calculated from the measurement result of **’Hg in non-
spiked sample at time #,, as presented in detail in paper [VII].

The total mass concentration of '**Hg in the non-spiked sample at time ¢, is
formed from the known mass concentration of spiked "*Hg, and by experi-
mentally calculated mass concentration of “’Hg in the original non-spiked
sample (nearly 0%). This total mass concentration of '**Hg at time #, repre-
sented the “reference value” for the other total mercury measurement results
obtained at the stability study period [VII].

Time of the first analysis:

Time of sample preparation  1- 1%°Hg from spiked sample
and isotope addition 2. 202Hg from non-spiked sample

l

» Time
tO tl
Capo(***Hg) 1. Coprsora(*9°HE)
= Added mass = Analysed mass concentration
concentration of 19Hg containing both original
of 19Hg isotope 196Hg and added 1°°Hg

2. copy (19°Hg) is calculated from
analysis result of 202Hg (see eq. 1 in [VII])

== Change in mass concentration of 1%Hg
between t,and t,

L Capo(*°Hg)
Added mass concentration of 1%Hg Caprsor1(*°CHE)

L. Analysed mass concentration of 1%Hg
containing both original %Hg and

Mass concentration of **®Hg (ng/L)

added '%°Hg
F Copo(19Hg) = ? Cora("**He)
ORO 8= Calculated from analysis result of 292Hg
—> Time

Figure 16. Calculation of the unknown mass concentration of **Hg in the non-spiked
sample in the beginning of the stability study (core('**Hg); o).
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4.4.2 Stability studies

Three different sample types were tested according predefined study protocol
and for approximately three month time period [VII]. Two of the tested sample
types were proficiency test (PT) samples and the aim was to find out for how
long time the SYKE proficiency test provider can store the PT samples after
their preparation. As usually, the PT samples were collected several months
before homogenisation and dividing the water into the bottles. PT sample
matrices were natural river water (total Hg concentration ca. 150 ng/L)and
industrial waste water (total Hg concentration ca. 2000 ng/L). In addition to PT
samples, also natural water with near-background total Hg concentration (ca. 10
ng/L) was tested. Mercury concentration was measured with cold vapor ICP-
MS procedure [VII].

In estimation of stability of total mercury in water sample, the ASTM
standard D4841 was applied[45]. D4841 demonstrates the estimation of the
“holding time” (storage time) by means of replicate analyses at discrete time
intervals using a large volume of a water sample that has been properly
collected and preserved. Concentration of the constituent of interest is plotted
versus time. The maximum storage time is the period of time from the sample
collection to such time that degradation of constituent of interest or change in
the sample matrix occurs and the systematic error exceeds the confidence
interval of the test calculated around the mean concentration [45].

The standard D4841 suggests calculating the range of tolerable variation (d;
99 % confidence interval) according to eq. 2.

~
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d=+

=

where

d = Range of tolerable variation from the “reference value” (ng/L)

t = Student’s ¢-value for a two-tailed 99 % confidence interval (¢ = 3.00)

s = Standard deviation of 10 parallel samples (ng/L), and

n = Number of replicate measurements used at each time interval in the storage
time determination.

The standard deviation in eq. 2 suggested by the standard D4841 has in this
study been replaced by standard uncertainty (u.) of the measurement in the
corresponding concentration range [VII]. This was chosen due to the fact that
analysing parallel samples during one day, the typical day-to-day variation will
not be included in the standard deviation. The standard uncertainty was
calculated from the expanded measurement uncertainty by dividing it with the
coverage factor (k = 2). The expanded uncertainty (U, k = 2) for total mercury
measurement in natural water is 10 % and for waste water 15 % respectively at
the mass concentrations studied [VII].
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The tolerable range of variation (95 % confidence interval) from the initial
mean concentration that was used as the criterion for the storage time evaluation
was calculated as follows [VII]:

d=+k-u, 3)
where

k = Coverage factor at 95 % confidence interval (k= 2 was used), and
u, = Standard uncertainty of the measurement (ng/L)

Division by the factor of v/n, as suggested in eq. 2, was not necessary, since i
has been calculated taking into account that replicate measurements were
performed. This way the division by v/n is included already in u, itself. If u,
would be to a significant part due to systematic effects then dividing by vn
would lead to too optimistic d [VII].

Experiments showed that the enriched '*°*Hg isotope can be applied for the
stability study successfully. Previously the proficiency test samples for total
mercury measurement were advised to be analysed within 14 days. In this study
the samples were stable for more than three months, if they were stored at
temperature of 4—6 °C (Figure 17) [VII]. The results of this stability study were
in line with the guidance presented in EPA standard 1631 [41]. However, the
samples were proved to be stable for much longer time than is presented in the
standard method ISO 17852 [40].
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Figure 17. Storage time determination for natural water with two different storage
temperatures. Initial '**Hg mass concentration was ca. 150 ng/L. Dashed lines represent
the range of tolerable variation. Each plot describes average of four replicates with their
standard deviation.
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The stable nature of '*°Hg is a benefit as there is no risk of radioactivity. The
drawback is the poor availability and the high price of '*°Hg isotope materials.
Although just few milligrams of '*°Hg isotope reagent is enough for spiking of
several thousands of samples for stability studies. The preparation of the
samples for this stability study was rather easy, but required careful planning in
advance. In this study, particularly for natural water sample with low mercury
concentration, the '"°Hg isotope was added only after about 20 hours after
sampling, so there is no exact information on how much the Hg mass con-
centration had changed between the time of sampling and the time of isotope
addition. However, the sample was preserved with hydrochloric acid already in
the field, which decreases the probability of the total concentration significantly
changing between the times of sampling and isotope addition [VII].

The natural abundance of '"*Hg isotope is only 0.15%. As a result the
background signal of the "*Hg isotope is very low in typical natural waters,
even if there is mercury present. The background signal can be ignored pro-
vided a sufficiently high spike of enriched "’Hg is used. This is an advantage
since it can be assumed that all the measured **Hg originates from the spike
added by the analyst, and therefore any changes in mass concentration are easily
monitored and assessed. If the ***Hg isotope (or any other common mercury
isotope) would be used as a spike, then the problem would always be the
accurate assessment of the reference value, since the original **’Hg mass
concentration could not be ignored. Due to the low background, the use of
enriched '*°Hg instead of a more abundant natural isotope enables a much lower
mass concentration of the spike, which is within the mercury mass con-
centration range present in natural waters [VII].

The stability study procedure would be improved, if the enriched '**Hg spike
could be added to the fresh natural water faster than in this study. It would be
improved even more, if the spike could be added to the water sample already in
the field at the time of sampling. This would require the gravimetric preparation
of some kind of a pill or capsule containing exactly known mass of '**Hg
isotopic material as well as the preservation acid. This kind of “quality
assurance pill” could also be useful in other measurements, where samples have
long transportation and storage times or where the environmental conditions
(light, temperature) are not optimal for sample storage [VII].

Another improvement to the procedure presented could also be the appli-
cation of an isotope dilution method for mercury analysis [46—48]. This is
known to improve the accuracy (trueness and precision) of the analysis, which
would lead to decreased day-to-day variation and therefore more reliable
threshold values for storage time study and more reliable observations of out of
range situations.

The stability of mercury solutions is affected by many factors. Therefore the
major interest in the future would be applying this stability study procedure for
different types of waters taking into account factors such as temperature,
seasonal variation (winter/summer), sample vessel material and/or sample
pretreatment (e.g. filtration).
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4.5 Silylation procedure for minimising the interference
effects caused by mercury losses and contamination

Leermakers et al. [49] presented two mechanisms, which are responsible for the
loss of mercury from solution. These are volatilisation of the analyte and its’
adsorption on the container surface. Hg*" can be reduced to Hg'" in the presence
of a reducing agent occurring either naturally (i.e. micro-organisms, humic
acids) or as an impurity in solution. Hg'" will then disproportionate sponta-
neously producing volatile mercury Hg’, which escape from the solution. Many
problems are also encountered with PE bottles. Active sites on the interior wall
surface (such as hydrocarbon radicals and carbonyl groups) and additives
(amino, thiol, sulfide of phenolic groups) can cause mercury loss by adsorption
and reduction. Adsorbed mercury is also very hard to remove from
contaminated surfaces [49].

Therefore, low pH value, high ionic strength, and oxidising or complexing
environment will help keeping mercury in solution. Low pH and high ionic
strength prevents adsorption on the container walls, while oxidising and
complexing agents keep the inorganic mercury as Hg>'[49]. Pyrex® glass
bottles or containers made of PTFE or FEP have been found to be suitable
materials for the storage and measurement of mercury solutions, superior to PE
[49].

The silylation technique has been applied for treating the surfaces of the
injector lines in gas chromatography [50]. With the silylation reagent the free
silanol groups of the glassware are able to form an inert surface. There are a
number of excellent references on silylation available, but nearly all of them are
concerned with organic analytical chemistry, especially gas chromatography
(GC). The silylation commonly used in GC methods was applied for inorganic
analytical determination of ultra-low (ng/L) levels of mercury [VIII].

Before silylation, the trace metals in the glass matrix had to be removed by
cleaning with acid [50]:

1. The glassware was placed in a 1 mol/L. HCI or HNO; solution and
soaked overnight.

2. The acid solution was decanted and the glassware was rinsed
thoroughly with deionised water followed by methanol.

3. The glassware was dried at 100—150 °C.

Rood suggested using 10% (v/v) dimethyldichlorosilane in toluene for silylation
of injector lines [50]. In this study, 5% (v/v) solution was used according to
Rapsomanikis et al. [S1] and Fisher et al. [52]. Silylation was performed as
follows:

1. The silylation reagent was poured into a large container equipped with a

cap.
2. The glassware was placed into the container.
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3. The container was sealed and the glassware was let to stand for at least
8 h at room temperature.

4. The glassware was removed from the solution and thoroughly rinsed
with toluene and methanol.

5. The glassware was dried at 75-100 °C.

It is very important to rinse carefully the excess silylating reagent from the
glassware before use, because residual reagent may cause a high baseline signal
or noise that often requires hours to stabilise[S0]. Before resilylating the
glassware, the cleaning procedure has to be done according to the cleaning
instructions described above.

By using the approach of the silylation technique, which is common in, for
example, chromatographic methods in organic analytical chemistry, it was
possible in the normal laboratory room to achieve the stability and low blank
level that are essential to analytics of mercury at ng/L concentration level. It
was suspected that sample vessels and their inner surfaces were initially slightly
contaminated by mercury causing higher background signals. After silylation
the surfaces of the vessels were “protected” and inactivated, thus preventing
surface of the vessel to contribute with the sample, which resulted in lower
background levels.

With the silylation reagent the free silanol groups of the glassware are able
to form an inert surface suitable for ultra-low level mercury analytics. The
effect of silylation was observed to last for approximately one month depending
on the intensity of glassware usage. If any acidic solutions were stored in the
vessels, the resilylation had to be done more frequently [VIII].

Compared with the results obtained with nonsilylated vessels, better stability
of the signals, higher linearity of the calibration curves and lower blank values
were obtained after silylation (see Figure. 18, [VIII]).
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Figure 18. Calibration curves determined from the samples prepared in silylated and
nonsilylated vessels [VIII]
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However, it is particularly stressed that silylation itself does not solve all conta-
mination problems encountered in trace element analytics — e.g. contamination
by reagents, dust, etc. Special attention has to be given, of course, to good
laboratory practices, that is analysts have to wear clean room clothes, gloves
and masks [53].

The silylation technique could also be useful for determinations of other
metals at ultra-low levels when the analysis is prone to contamination from the
glassware. However, to achieve lower blank values, good laboratory practices
are the most important factor to be carried out.
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5 CONCLUSIONS

The present work introduced a set of new tools for water quality monitoring.
The tools are aimed for both laboratory and field measurements of water
chemical parameters. The tools included a variety of approaches for enhancing
the quality of analytical results.

Computer software packages for estimation of measurement uncertainty
assisting laboratories and field measurement operators have been created. It was
noticed the usage of MUKkit software enabled unification of estimation of
measurement uncertainty between laboratories. Although laboratories were
observed to need more education in measurement uncertainty evaluations, the
comparability of measurement results between laboratories is improved, when
their uncertainty estimates are more comparable. At the same time measurement
uncertainties estimated in different laboratories are improved when the number
of under- and overestimations of measurement uncertainties is reduced. This
will also lead to better usability of the measurement results for decision-making
processes.

The anticipated pressure for utilisation of field sensors in situ in water
monitoring requires immediate actions in setting up tools for assessment of the
quality of data produced by these instruments. Quality assurance data of the
results of sensors are necessary to collect before sensors can be used on a larger
scale in national environmental monitoring programmes. Measurement
uncertainty estimation is particularly lacking for sensor measurements. In this
study, first time ever, it was presented for the field sensor on-line measurement
a real-time uncertainty estimation procedure and a software tool, where
calculations are based on Nordtest approach. This AutoMUKkit software tool is
showing the way for improving the quality and comparability of the sensor
measurement results.

Knowledge about the expanded measurement uncertainties has a key
position for the usefulness of the results. Estimation of the measurement
uncertainty will give user information on sources of random variation and bias
of the method, which is highly important during the method development

Pressures to streamline water quality monitoring require seeking new ways
to provide environmental data. Performance-based requirements allow using
methods that are validated and proved to produce reliable measurement results
for particular case. This approach will enable also the use of field and on-line
measurements for monitoring purposes. SYKE has recently published quality
recommendations for laboratories producing and delivering environmental
monitoring data to water quality registers in Finland. Recommendations include
the accreditation of the methods as well as minimum criteria for limits of
quantification and measurement uncertainties.

According to the results of field PT for sensor measurement presented in this
study, some of the participants performed very well. After they have
successfully validated, and preferably accredited or certified, their methods as
well as established internal and external quality assurance protocols (X-charts,
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R-charts, proficiency test schemes etc.), these participants could produce
information for water quality monitoring purposes as well.

A new way to collect environmental data is “crowdsourcing” — involving the
third sector in monitoring. The present configuration of a new turbidity
measuring system (Secchi3000) validated in this study was not yet fully suitable
for official monitoring, but it could already enable the involvement of the third
sector in the monitoring of water quality and this way citizens' observations
could serve at least as supplementary information for reporting and surveys.

The toolbox presented in this study included also individual examples to
improve the reliability of analytical results by enhanced quality control
procedures. These include an application of “in-house” reference material for
DO concentration measurement, application of enriched stable '**Hg isotope for
monitoring the stability of total mercury in water samples as well as silylation
procedure for minimising interference effects caused by mercury losses and
contamination.

The presented tools are concrete and many of them are fairly easy to apply
same time enabling new ways to produce monitoring data and raising the level
of quality of environmental monitoring. In order to improve the quality of
analytical results, also the systematic knowledge transfer for laboratories and
sensor operators is needed for both quality control procedures and measurement
uncertainty estimation. The feedback received from routine laboratories has
been very positive both nationally and internationally, especially regarding to
the software for measurement uncertainty estimation.
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6 SUMMARY

Internationally, the comparability of measurement results is remarkably impor-
tant both to decision makers and the business community and the matter is of
great economic importance. A vast number of important decisions — many of
them industrial or environment-related — are based on measurement results. The
reliability and comparability of the analytical results can be improved by
realistic uncertainty estimates and by ensuring the traceability of analytical
results.

The state of waters is monitored in European Union from the perspectives of
water resources management, environmental protection and environmental
awareness. Water resources management carried out under the EU’s water policy
and national acts on water resource management require knowledge of the
chemical and ecological state of waters and measures for achieving good water
status. In order to assess the development of the state of waters, monitoring must
be arranged with a system that ensures the high quality of monitoring.

Chemical monitoring of the water bodies is usually carried out using
standardised methods ensuring the high quality and comparability of the results
to fulfill national water regulations. On the other hand, there is a global trend in
monitoring measurements to move away from standard-based requirements and
towards performance-based requirements. Performance-based requirements
allow using non-standardised methods that are validated and proved to produce
reliable measurement results. Pressures to streamline monitoring have grown in
the state administration, mainly for economic reasons. The Ministry of the
Environment in Finland drew up a monitoring strategy for the period until 2020
and set a target that included utilisation of new technologies in the collection of
monitoring data. On-line measurements, remote sensing and modelling are
considered preferred methods.

This work introduces a set of new tools for water quality monitoring. These
include tutorial computer software aimed for chemical laboratories for
estimation of measurement uncertainty mainly based on the approach described
in Nordtest TR 537. Also a novel tool for a real-time uncertainty estimation
procedure of a field sensor on-line measurement is presented.

The toolbox includes also individual examples to improve the reliability of
analytical results by enhanced quality control procedures. For dissolved oxygen
concentration measurement, an in-house reference material can be used to
promote the estimation of measurement uncertainty. For mercury, enriched
stable '"*Hg isotope is applied for monitoring the stability of total mercury in
water samples. A glass surface silylation procedure is applied for minimising
mercury losses and contamination.

Proper organisation of proficiency tests for field sensor measurements of
selected inorganic parameters was investigated. One of the tools for future
water quality monitoring is based on crowdsourcing, where citizens’ ob-
servations are applied. This trend is promoted by validating an innovative
measuring system (Secchi3000) for water turbidity field measurements.
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7 SUMMARY IN ESTONIAN

Uudsed keemilise analiiiisi ,,t60riistad’”’ vete monitooringuks

vdli- ja laboritingimustes

Mootetulemuste kvaliteedi ja rahvusvahelise vorreldavuse saavutamine on
mirkimisvaarselt oluline nii riiklike struktuuride kui ka eraettevotete jaoks. Suur
hulk olulisi igapdevaseid otsuseid pohineb modtetulemustel. Modtetulemuste
vorreldavust on vdimalik saavutada tagades mdodtetulemuste jélgitavuse ning
omistades neile realistlikud modtemédramatuse hinnangud.

Euroopa Liidus monitooritakse vete seisundit ressursside parema haldamise,
keskkonnakaitse ja -teadlikkuse seisukohast. See toimub EL wveepoliitika ja
litkmesriikide seadusandluse raames. Selleks, et monitoorimine tdidaks oma
eesmirki, peavad saadavad tulemused olema kvaliteetsed.

Keemiliste parameetrite médramine veekogudes toimub enamasti standard-
metoodikaid kasutades. Samas on iilelildine trend praegu eemalduda standardi-
pohistest ndudmistest ja liikuda {iha enam metoodikate suutlikkuse-pShiste ndud-
miste suunas. Suutlikkuse-pohised ndudmised vdimaldavad kasutada ka mitte-
standardseid metoodikaid, kui nad vaid on konkreetse kasutusvaldkonna jaoks
valideeritud. Teiseks trendiks on monitoorimise kuluefektiivsuse tdusu taotlemine.
Andmeid on vaja mirksa rohkem, kui praegu kogutakse, aga ei soovita, et sellega
kaasneks maérkimisvddrne kulude kasv. Selle olukorra saavutamiseks on vaja
kasutada enam on-line moStmisi, distantsmddtmisi ja modelleerimist.

Kéesolevas t60s pakutakse vilja rida ,,to0riistu” veekvaliteedi monitoorimiseks.
Loodud on tarkvara mdotemddramatuse hindamiseks nn Nordtest’i metodoloogia
abil, samuti reaalajas mddtemadramatuse hindamiseks. Lahustunud hapniku sisal-
duse médramiseks on vélja pakutud vee kiillastamisel pShinev referentsmaterjal.
Elavhdbeda miidramiseks on vilja pakutud '*°Hg isotoobil pohinev sisestandard
ning kasutavate klaasndude pinna siliileerimine.

Padevuskatsed on viga olulised mddtetulemuste kvaliteedi tagamisel. T66s on
uuritud nende korraldamise parimaid mooduseid. Uks tuleviku jaoks olulisi
lahenemisi monitoorimisel on nn ,,crowsourcing”, mis pohineb kodanike kaasamisel
keskkonnamonitooringusse. Seda trendi edendab kéesoleva t60 raames vilja
arendatud innovatiivne hdgususe mdotesiisteem.
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8 SUMMARY IN FINNISH

Uusia kemian analyiikan tyokaluja veden laadun seurantaan -
Kentdltd laboratorioon

Mittaustulosten vertailtavuus on kansainvélisesti erittdin tirkedd niin padtoksenteki-
joille kuin litke-eldmalle ja asialla on suuri taloudellinen merkitys. Lukuisat tarkeét
teollisuuteen tai ympéristoon liittyvdat pddtokset perustuvat mittaustuloksiin.
Analyysitulosten luotettavuutta ja vertailukelpoisuutta voidaan parantaa realistisella
mittausepdvarmuuden arvioinnilla ja varmistamalla mittaustulosten jiljitettavyys.

Vesien tilaa seurataan Euroopan unionin alueella vesivarojen hallinnan, ympa-
ristésuojelun ja ymparistotietoisuuden ndkokulmista. EU:n vesipolitiikkan mukainen
vesivarojen hallinta ja kansalliset sdddokset edellyttavit tietoa vesien kemiallisesta
ja ekologisesta tilasta sekd toimia hyvin tilan saavuttamiseksi. Jotta vesien tilan
kehitystd voidaan arvioida, tulee seurantaan kiyttdd menetelmid, jotka takaavat
seurantatulosten korkean laadun.

Analyysitulosten korkean laadun ja vertailukelpoisuuden vuoksi sekd kansallis-
ten madrdysten tayttdmiseksi, vesistdjen kemiallista seurantaa toteutetaan yleensd
standardisoiduilla menetelmilld. Toisaalta seurantamittauksissa ollaan maailman-
laajuisesti siirtyméssé standardeihin pohjautuvista vaatimuksista menetelmien suo-
rituskykyyn perustuviin vaatimuksiin. Suorituskykyyn perustuvat vaatimukset
mahdollistavat my0s sellaisten ei-standardoitujen menetelmien kdyton, jotka ovat
validoituja ja joiden on todettu tuottavan luotettavia mittaustuloksia. Paineet seu-
rannan tehostamiseksi ovat kasvaneet valtionhallinnossa l&hinnd taloudellisista
syistd. Suomen ympéristoministerid on laatinut seurantastrategian vuoteen 2020 ja
asettanut tavoitteeksi uusien teknologioiden hyddyntimiseen seurantatietojen ke-
radmisessd. On-line mittauksia, kaukokartoitusta ja mallinnusta pyritédén lisidmaén.

Téassd tyoOssd esitetddn joukko uusia vélineitd veden laadun seurantaan. Naitd
ovat kemian laboratorioille suunnattu tietokoneohjelma mittausepdvarmuuden las-
kentaan, joka perustuu Nordtestin mittausepavarmuusoppaassa TR 537 kuvattuun
laskentatapaan. Lisdksi maastossa antureilla suoritettaville on-line mittauksille
kehitettiin reaaliaikainen mittausepavarmuuden arviointimenettely ja tietokoneoh-
jelma.

Tyokaluina esitetddn myos yksittéisid esimerkkejd menetelmistd mittaustulosten
luotettavuuden parantamiseksi. N&itd ovat “in-house” vertailumateriaalin kayttd
mittausepdvarmuuden laskennan tukena veteen liuenneen hapen maiirityksessd,
rikastetun '*°Hg-isotooppin kiyttd vesindytteiden elohopean siilyvyystutkimuksissa
sekd ndyteastioiden lasipintojen silylointi elohopeahévididen minimoimiseksi ja
kontaminaation estdmiseksi.

Lisdksi tiettyjen epdorgaanisten parametrien osalta tutkittiin péatevyyskokeiden
jérjestamistd maastossa suoritettaville veden laadun anturimittauksille. Yksitutkituista
tulevaisuuden vélineistd perustuu kansalaisten havaintojen hyddyntdmiseen veden
laadun seurannassa. Tétd suuntausta edistettiin validoimalla innovatiivinen mittaus-
jarjestelmé (Secchi3000) veden sameuden kenttdmittauksiin.
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