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Abstract Alarm parameters are in many ways different from measurements of well defined chemical

substances. Being confronted with an increasing number of potentially harmful compounds as well as

financial and logistic constraints, new variables (such as alarm parameters) that allow for an integrated

assessment or for a first screening can be a solution. To monitor for surrogate or aggregate variables can

be a useful strategy to overcome some of the constraints. It must be conceived that this can go along with

losses in terms of comparability of results and even in tailor-made variables. Spectral data and their

evolution over time are rich in information and compensate for losses due to aggregation and

generalisation. Therefore it can be expected that alarm parameters developed from spectral data are

transferable, accurate and selective to an extent which is beyond the state-of-the-art. The paper

introduces time-resolved delta spectrometry, a method that was developed to generate alarm parameters

from spectral data.
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Introduction

The goal of alarm systems (early warning monitoring systems) is to reliably identify in time

low probability/high impact contamination events (chemical, microbial, radioactive) in

source water or distribution systems. These events may result from

� extreme natural events that might compromise water quality (e.g. flooding, turbidity,

anoxia, algal blooms),

� extreme anthropogenic events (e.g. inadvertent discharges/spills) or intentional

discharges/actions (e.g. vandalism, terrorism), and

� discharges of compounds that might pose chronic health risks (e.g. xenoestrogens,

biocides, pharmaceuticals, pesticides).

Early identification of the events allows an effective local response that reduces or avoids

entirely the adverse impacts.

One general solution for monitoring would be to use indicators like microbial cultures or

caged organisms. These biological systems are installed at several significant points in the

system and ideally have different selectivity and therefore are capable to result in warning

signals in case of diverse contamination. However, conventional biological systems still

suffer from a lack of selectivity and validation, and there are not many reports available about

successful applications using such systems.

Another solution is based on indirect measurement, and on the assumption that even a

small contamination can be detected as a deviation from a reference signal. A broad-band 13
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picture of the overall water quality is monitored with the help of a combination of physical

and chemical sensors. Any deviation of a pre-defined reference condition is used as a

warning signal. The reference or baseline is normally generated from historical samples, so

the system must be “trained”. A related new approach (time-resolved delta spectrometry) is

introduced in this paper.

Alarm parameters

Requirements for alarm systems/parameters

At the very beginning of the set-up of an alarm system, the end-users have to define infor-

mation needs as detailed as possible. Reference situations (e.g. background concentrations

and “normal” variations for the parameters) have to be assessed. In the subsequent steps the

measurement values available are to be examined as to whether they contain the desired

information.

According to Brosnan (1999, modified) the following requirements for alarm systems and

parameters can be defined:

� quick response to suspect quality changes (results in the need for real-time measurement),

� high sensitivity and at the same time low probability for false alarms,

� clear interpretability of signals and alarms,

� broad-band response to diverse contamination sources (at the cost of low selectivity),

� reliability,

� reproducibility,

� remote accessibility,

� low costs of purchase and operation to promote a widespread application,

� high security access, including secure data exchange, high security reserves and redun-

dancies on all levels.

Less important for alarm systems/parameters are:

� parameter selectivity, and

� compliance to analytical laboratory norms.

Broadband optical instruments like spectrometers fulfil most of the requirements listed

above. Spectrometers e.g. need little maintenance since they just have glass windows in

contact with the water, and prove high robustness and long term stability even under harsh

conditions (e.g. Hofstaedter et al., 2003). Zero-compensated systems like 2-beam-designs

are distinctly superior to non-compensated systems. With a 2-beam-design it is possible to

increase the long term stability of the spectrometer due to e.g. compensating altering effects

and detecting instrumental failures.

Alarm parameters derived from spectral measurements

Direct and selective spectrometric measurements. On-line spectrometry can replace several

complicated and expensive on-line analysers at the same time. The identification of single

substances or substance groups is limited to those substances that

1) are detectable in the UV/vis spectrum and

2) are implemented in the algorithm evaluating the spectra.

Parameters resulting from spectral information include surrogate parameters (e.g. turbidity,

organic matter, and colour), and single substances (e.g. nitrate, nitrite, phenol, BTEX,

nitrobenzene).

Changes in the low ppb range can be monitored using on-line spectrometry. However, the

selectivity is rather low and single substance identification below 100 ppb is difficult if not

impossible for many substances. UV/vis spectrometry is typically not selective enough to

measure micro-pollutants at the low concentration levels that are defined in most drinking

water norms based on the WHO risk levels of 10x6 (WHO, 1996). Thus, the advantages of14
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online spectrometry are more evident in low probability/high impact concentration ranges

than in detection of long term chronic risks.

Monitoring of indicator parameters instead of contaminants. Indicator parameters can be

used instead of monitoring contaminants directly. For instance not all PAHs are usually

monitored but only six indicator substances. Another example would be e.g. to use nitrate

measurements as an indicator for pesticides in groundwater.

Monitoring of matrix parameters instead of contaminants. The whole UV/vis spectra can be

used as a fingerprint of the water composition (“matrix”). For monitoring of matrix changes

the spectra have to be evaluated. Very small changes can be detected by tracing differences

between spectra over time or space. Sometimes the detected changes are not directly related

to known substances, but nevertheless can provide a sensitive alarm parameter.

There are several ways to evaluate the provided spectral information:

� the qualitative interpretation of spectral deviations from a site specific reference spec-

trum (e.g. peaks, shoulders, gradients, analysis of the derivative spectra, etc.),

� the comparison of spectral differences between measuring points in a measurement

network, and

� the evaluation of changes of the spectral features over time (anthropogenic changes are

typically faster than natural changes).

As for all alarm systems a well defined approach to guarantee data quality and data

interpretation is needed. Specific baselines must be evaluated and deviations that lead to an

alarm must be defined. It is always a difficult task to distinguish between “normal” baseline

variations originating from natural occurrences and the often only small peaks that originate

from other influences or impacts when using unselective and low specific surrogate param-

eters like turbidity. Because of the multi-dimensional information provided UV/vis

spectrometry offers a much higher information potential on the “normal” baseline compared

to single signals like turbidity or DOC. The combination of several sensors to a sensor array

further reduces the probability of false alarms.

Delta spectrometry

Differences of spectra can be calculated between different measurement points and over time

resulting in spatially-resolved and time-resolved delta spectrometry respectively.

Spatially resolved delta spectrometry. A “reference” is measured at a point where un-

impaired and/or constant water quality can be guaranteed. At strategically chosen

measurement points in the monitoring network (spectral) water quality is measured. These

strategically chosen measurement points can be located e.g. along a river or after different

stages of a water treatment plant. The measured data (spectra) are sent to a central database

and evaluated in real-time. Using spatially resolved delta spectrometry it is possible e.g. to

distinguish natural and anthropogenic causes of spectral deviations in rivers, or to monitor

and control, and therefore optimise treatment processes. Figure 1 shows a schematic sketch

of a monitoring network where the data are collected at four monitoring stations in a

watershed and transferred to a main station where the data are evaluated.

Time-resolved delta spectrometry. Also in cases where no water body can serve as a refer-

ence for unimpaired water quality it is generally possible to identify extraordinary water

compositions by UV/vis spectrometry. On the one hand, the UV/vis spectra of natural water

bodies do not provide very distinct features, like peaks and valleys. On the other hand, every

water body has his own fingerprint or “baseline spectrum”. This of course has to be

considered in the range of natural deviation. 15

G
.Lang

erg
rab

er
et

al.



The definition of alarm parameters using time-resolved delta spectrometry has to involve

the following periods.

� Learning period: During the learning period (usually some months) spectra are

measured. The learning phase can be extended, but also kept shorter if the system

behaviour is very uniform. After this period the shape and features of the baseline

spectrum are evaluated. The baseline spectrum will serve as a reference – or baseline –

for later identification of extraordinary composition. The representativity of the baseline

spectrum has to be checked periodically.

� Abnormality definition: Absorption spectra or 1st and 2nd order derivatives of spectra are

used to identify deviations from “normal” spectral features. Abnormalities can be

identified best using the derivatives of the spectrum. Derivatives have the advantage of

reducing the “noise” produced by turbidity and natural organic matter but having the

disadvantage of reducing the overall signal level. Depending on the wavelength range

the deviations can be qualified and even correlated to substance groups.

� Alarm level definition: The alarm level definition is based on the concept of virtual

contaminants. Since one can never know in advance which contaminant may be the next

to enter the system, several groups of “virtual” contaminants are generated that are

expected to cover the whole range of organic contaminants visible in the UV/vis spec-

trum.

� Sensitivity definition: Sensitivity can be adjusted individually with respect to risks

involved and acceptable false alarm levels. The chosen alarm levels are based on

empirical and statistical evaluation.

..... monitoring stations
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Figure 1 Schematic sketch of a monitoring network for spatially-resolved delta spectrometry

(Weingartner and Ružička, 2003)
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The UV/vis spectrometer

The tested submersible UV/vis spectrometer (spectro::lyser) measures absorbance of

ultraviolet and visible light from 200 to 750 nm. The instrument is built as a compact

submersible sensor enabling measurement of UV/vis spectra with laboratory quality directly

in liquid media. A single evaluation of the entire spectrum typically takes 15 seconds.

Sensitivity can be adapted to the application demands by selecting the optical path length

within a range of 1–100 mm. This opens a wide range of applications from ultra pure waters

(DOC>10 mg/l) up to concentrated industrial wastewaters with a COD of several 1,000 mg/l.

The spectrometer is equipped with an auto-cleaning system using pressurized air, which

proved to work extremely reliably (e.g. Hofstaedter et al., 2003; Langergraber et al., 2003b).

The sensor can be calibrated to all absorbing substances by correlating the measured

spectra to concentrations. Typical applications in the water sector are organic matter (e.g.

total COD, COD fractions, BOD5, TOC, or DOC), TSS, turbidity and nitrate. For typical

waters (e.g. municipal wastewater – raw and treated, river water, drinking water, . . .) a

so-called “global calibration” is available as default configuration of the spectrometer.

Usually high precision can be achieved using this standard parameter set. A second

calibration step (local calibration) improves trueness, precision and long term stability of

the results. A detailed description of the calibration procedure implemented is given in

Langergraber et al. (2003a).

The used alarm software includes eight virtual organic contaminant fractions based on

derivative spectrometry. The method procedure is protected and details can be discussed

with the corresponding author.

Results and discussion

The example shown here describes the application of time-resolved delta spectrometry for a

water body heavily polluted with hydrocarbons.

Step 1: learning period

Figure 2 shows the 3-D spectral picture of the water body over a period of 1 day. Even

without sophisticated mathematical tools, peaks, valleys, and shoulders, originating from

abnormal emissions to the water body, can be clearly identified. In this case a period of

3 months was needed for learning due to the strong variations that occurred. The periods

between the visible peaks have been utilised for the evaluation of the baseline spectrum.

Step 2: abnormality identification

It could be shown that most of the natural deviations of the baseline spectrum can be

eliminated by derivative spectrometry and therefore abnormal spectral features can be

identified clearly. Figure 3 gives the 1st derivatives of the spectra shown in Figure 2. By

eliminating the background noise the features like peaks and valleys become visible more

clearly. Peaks originating from hydrocarbons and colour respectively can be distinguished in

Figure 3.

Steps 3 and 4: alarm level and sensitivity definition

The concept of virtual contaminants was used for the definition of the alarm parameters.

Eight groups of virtual contaminants have been generated. They are expected to cover the

whole range of possible organic contaminants visible in the UV/vis range.

The alarm levels are based on empirical evaluation. The normalised spectral derivatives

representing the virtual contaminants are plotted against occurrence probabilities. The

experience showed that waters that do not suffer severely from anthropogenic impact show a

very homogeneous and uniform spectral behaviour. The probability plots are narrow banded 17
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and thus allow the setup of quite distinct and reproducible levels for most of the eight virtual

contaminant groups. Thus, extraordinary emissions can be identified at satisfying probability

levels.

Figure 4 shows the occurrence probabilities and the defined alarm levels for three virtual

contaminants (Parameter 1 and 2, and colour). E.g. for the parameter “Colour” the first and

second alarm levels are reached with an occurrence probability of 99.3% and >99.9%

respectively.

Application

Figure 5 shows a 10 day time series for the same three alarm parameters as in Figure 4. The

described method was tested successfully for an alarm system of a sewer network that is

Figure 2 3D-UV/vis spectra plotted against time
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Figure 3 1st derivative UV spectra of Figure 2 plotted against time18
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now being established. Because of security reasons the location of the application must stay

anonymous.

Examples for possible actions in the case of an alarm to be implemented would be:

� Alarm level 1: Slight but distinct deviation from normal situation with medium to low

occurrence probability. Automatic sampling triggered, no additional action needed,

waiting for lab analysis.

� Alarm level 2: Strong abnormalities with very low occurrence probability. Automatic

sampling plus urgent action at site needed.
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Figure 4 Definition of “Alarm level 1” and “Alarm level 2” for three alarm parameters
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Summary and conclusions

Time-resolved delta spectrometry has been applied for the definition of alarm parameters

from spectral data. The “fingerprint” of a water body, the baseline spectrum, is compared

with its evolution over time. The procedure for the definition of the alarm parameters

includes a learning period for the definition of the reference or baseline (the normal situa-

tion), the abnormality definition, and the definition of the alarm levels and sensitivities.

Derivative spectrometry eliminates most of the natural deviations of the baseline spectrum

and therefore enables a better identification of abnormal spectral features. The definition of

the alarm levels is based on empirical and statistical evaluation. The sensitivity is adjusted

with respect to risks involved and acceptable false alarm probabilities.

The method is readily available and can be applied from wastewater (detection of

abnormal emissions) to drinking water (early warning for accidents or intentional contam-

ination) – currently the method is also tested by several waterworks. Being a qualitative or

semi-quantitative method it goes one step beyond classical parameter monitoring and may

open the door to a new generation of intelligent sensors and monitoring systems. However,

the success of this and other related new methods will greatly depend on the acceptance by

the water community, water administration, and water legislation.
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