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Non-contact assessment of COD and turbidity 
concentrations in water using diffuse 
reflectance UV-Vis spectroscopy 
Jon Agustsson, Oliver Akermann, D. Andrew Barry, and Luca Rossi* 

Water contamination is an important environmental concern underlining the need for reliable real-

time information on contaminant concentrations in natural waters. Here, a new non-contact UV-

Vis spectroscopic approach for monitoring contaminants in water, and especially wastewater, is 

proposed. Diffuse reflectance UV-Vis spectroscopy was applied to measure simultaneously the 

chemical oxygen demand (COD) and turbidity (TUR) concentrations in water. The measurements 

were carried out in the wavelength range from 200 – 1100 nm. The measured spectrums were 

analysed using partial-least-squares (PLS) regression. The correlation coefficient between the 

measured and the reference concentrations of COD and TUR in the water samples were R2 = 0.85 

and 0.96, respectively. These results highlight the potential of non-contact UV-Vis spectroscopy 

for the assessment of water contamination. A system built on the concept would be able to monitor 

wastewater pollution continuously, without the need for laborious sample collection and 

subsequent laboratory analysis. Furthermore, since no parts of the system are in contact with the 

wastewater stream the need for maintenance is minimised. 

Introduction 

Water contamination is an important issue nowadays, especially 
in urban areas. Due to the constant and rapid increase of 
population in cities, water infrastructure is often under-
dimensioned to manage the subsequent increase in volume and 
concentration of wastewater. For example, wastewater treatment 
plants cannot process all wastewater during large rainfall events 
due to their limited capacity. In this case, the excess wastewater 
is directly discharged into the natural environment. While this 
wastewater is diluted by the rain, it has still been shown to be an 
important source of contamination for the environment.1,2 In 
order to tackle this problem, there is a need for reliable real-time 
monitoring techniques.  
 Monitoring the total pollutant mass contained in wastewater 
during rain events can give valuable information for 
environmental assessment and sizing of technical solutions. The 
total pollutant mass can be determined from the water flow rate 
and the pollutant concentration. Gathering long term, reliable 
data is, however, a problem. Sewer systems are harsh 
environments with high humidity, corrosive gases, and 
wastewater carries large amounts of solid material. Measurement 
devices that are in contact with the water generally need frequent 
maintenance due to clogging, something that is avoided using 
non-contact monitoring methods. 

 Non-contact techniques, such as radar and ultrasonic devices 
for example, are able to measure the water velocity and water 
level, respectively. Recently, an integrated non-contact 
measurement system, HydroPix, was developed to measure the 
water flow rate in sewer systems.3,4 This system uses cameras 
placed above the water surface and image processing techniques 
to measure the water flow rate. The advantage of this system is 
that it allows remote, real-time monitoring the water flow rate 
and level over an extended period of time with minimal 
maintenance needs. 
 UV-Vis spectroscopy is commonly applied to measurements 
of wastewater pollution.5 In order to measure the pollutant 
concentrations, different immersed on-line systems were 
developed. More specifically, a UV-Vis spectroscopic system 
was recently developed to be installed in sewer systems and 
measures the concentrations of important contaminant indicators 
such as chemical oxygen demand (COD) and turbidity (TUR).6 
The problem of clogging was reduced by blowing pressurized air 
through the optical path between the light source and the 
detector. Despite this innovation, frequent maintenance is still 
needed due to immersion in the wastewater. 
 The task of extracting pollutant concentrations from optical 
spectrums can be solved using multivariate correlation methods. 
A useful method to solve the task is partial-least-square (PLS) 
regression.7 The method looks for orthogonal linear 
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combinations of wavelengths which maximize the covariance 
between the measurement and reference values. 
 In this paper we propose a new system for monitoring the 
concentration of COD and TUR in wastewater based on diffuse 
reflectance UV-Vis spectroscopy. The technique has been 
applied to study lake water quality using sunlight as the light 
source.8 Diffuse reflectance UV-Vis spectroscopy is well known 
from soil analysis where it is used to identify soil types.9 For 
mixed powders, it has been shown that the absorption and 
scattering coefficients of the mixture constituents can be 
summed to obtain the corresponding coefficients for the whole 
mixture.10,11 Since no parts of the measurement equipment are 
immersed, the need for maintenance is low. The proposed 
instrument will be integrated in the HydroPix system,3,4 allowing 
a non-contact estimation of pollutant masses and concentrations 
in water. 
 The results presented in this paper illustrate the feasibility of 
the measurement concept and encourage further research on the 
application of non-contact spectroscopic methods to measure the 
quality of wastewater released to the environment. 

Experimental 

Experimental setup 

The system consists mainly of two parts: A light source that 
illuminates the water surface and a spectrometer that measures 
the reflected light. The measured spectrum is processed in an 
attached computer to extract the pollutant concentrations. 
 Figure 1(a) shows a schematic of the experimental setup. 
Water samples were placed in 80-ml polypropylene (PP) cups. 
The cups were coated on the inside with deep black spray paint 
(Dupli-Color AEROSOL ART RAL 9005). The cup had a rim 
diameter of 5.5 cm, and the cup height was 4.0 cm. Each water 
sample tested had a volume of 50 ml resulting in a 2.7 cm water 
depth in the cup.  
 The water surface was illuminated using a continuous wave 
Xenon light source (HPX-2000) supplied by Ocean Optics. A 
Maya 2000 Pro spectrometer (also Ocean Optics) was used to 
measure the spectrum of the reflected light in the wavelength 
range from 200 to 1100 nm with a spectral resolution of 0.47 nm. 
Two fused silica collimating lenses (Ocean Optics UV-74) were 
used to emit the light to the water surface and collect the reflected 
light. The lenses were connected to the light source and 
spectrometer, respectively, using 2-m optical fibres (Ocean 
Optics QP600-2-SR). 
 The light emitter and collector were placed 25 cm above the 
cup bottom and 20 cm apart, as shown in Fig. 1(a). The light 
emitter and collector lenses were pointed at the water surface to 
avoid detecting light reflected from the cup bottom. Furthermore, 
the position of the light emitter and collector were chosen such 
that they would not interact with the same area on the bottom of 
the cup. The illuminated spot on the water surface had a diameter 
of 1 cm. The angle between the water surface normal, and the 
light emitter β and collector α, respectively, was not equal. 

 
Figure 1: Schematic illustrating the measurement setup (a), and concentrations of 

COD and TUR in the measured solutions (b). 48 water samples were prepared with 

different COD and TUR concentrations, as illustrated in (b). The colors represent 

different ratios of COD and TUR. 

The relative positions of the light emitter and the light collector 
were such that the light reflected specularly from the water 
surface did not enter the collector. 

Water samples 

Water samples were prepared using COD and TUR chemical 
standards. A 1000 mg/l COD standard from Hach and a 4000 
NTU Formazine TUR calibration standard from Sigma-Aldrich 
were used to prepare the water samples. The chemical standards 
were used as bought. Water samples were prepared by mixing 
the COD and TUR standards in 5 different ratios. Figure 1(b) 
shows the ratios of COD and TUR used in the water samples. 
Dilutions of the water samples were performed using de-ionized 
water (R > 18 MΩ-cm). The filled circles indicate solution 
concentrations mixed directly and the open circles indicate 
solutions for which concentrations were mixed by diluting the 
prepared solution with di-H2O. The arrows indicate how the 
water sample concentrations changed with successive dilutions. 
Each colour represents a certain ratio of the COD and TUR 
standard used in the water sample. The concentrations of COD 
and TUR ranged from 0.56 to 750 mg/l and 2.2 to 3000 NTU, 
respectively. In total, 50 different combinations of COD and 
TUR were used. 
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Measurements 

Each water sample, containing a specific combination of COD 
and TUR concentrations, was measured 14 times. The cup was 
placed in two different positions in order to add variability to the 
measurements and reduce systematic effects caused by the cup 
edges on the measurement. 
 The measurements were carried out automatically. Since the 
turbidity of the water sample affects the amount of diffusively 
reflected light, the measurements were performed at seven 
different integration times (Table 1). A long integration time 
results in a high signal to noise ratio. For highly turbid water 
samples, the spectrometer may saturate if the integration time 
used is too long. Therefore, a short integration time is needed to 
measure highly turbid samples while a long integration time is 
needed water samples with low turbidity.  
 To minimize the influence of water movement the total 
measuring time was chosen to be 60 s, regardless of the 
integration time. This was done by measuring several spectrums 
and using their average as the final measured spectrum. 
Typically, integration times of 0.5 or 1 s were used. The 
measurements were carried out in a dark environment, as is 
normally the case in sewer systems. 

 
Figure 2: Schematic showing the training and testing of the PLS models. All of the 

measured spectrums are grouped by COD and TUR concentrations, CX and TX 

respectively, where 1 ≤ X ≤ n, and n is the total number of prepared water samples. 

During training of the PLS models one group of spectrums was left out of the 

training data. During training the PLS models were constructed using the 

remaining spectrums and the reference TUR and COD values, TURRef and CODRef 

respectively. The spectrum with the highest intensity in the group left out was 

used to validate the PLS models by calculating the TUR and COD concentrations, 

TURMes and CODMes respectively. 

Processing 

The COD and TUR of the water samples were calculated by 
applying PLS regression on the measured spectrums.7 Before 
performing the PLS regression all saturated spectrums were 
removed from the measurement set. Saturated spectrums were 
defined as spectrums having intensity above 97% of the 
spectrometer measurement range.  
 The spectrums were recorded using different integration 
times. The integration time used influences the spectrum 
intensity and the background level. To normalize the spectrums, 
the measured intensity was divided by the corresponding 
integration time and a constant, representing the background, 
was subtracted. 

Table 1: Integration times and number of averages used to measure the 
spectrums. The total measurement time (integration time × number of 
averages) was set to 60 s. 

Integration time [ms] Number of averages 
1000 60 
500 120 
200 300 
100 600 
50 1200 
20 3000 
10 6000 

 
The background was determined for each spectrum individually 
by calculating the mean value of the spectrum intensity at the 
shortest (202 – 214 nm) and longest (1104 – 1114 nm) 
wavelengths, where the measured signal did not exceed the noise 
floor of the spectrometer and represents the base line of the 
spectrum.  
 With our spectrometer, the highest signal-to-noise ratio in the 
spectrums was achieved by using the longest possible integration 
time. The spectrums measured with the highest integration time 
for each water sample at each cup position were marked as best 
measurements. 
 Figure 2 shows a schematic of how the PLS training and 
testing was performed. Before performing the PLS regression the 
data were grouped by COD and TUR concentrations. All 
measurements carried out on a unique combination of COD and 
TUR concentrations were grouped together. When training the 
PLS model all groups, but one, were used as training data. The 
best measurement in the group left out was used to validate the 
model. This accomplished two things: (i) The combination of 
COD and TUR used for model validation were not present in the 
training data; and (ii) measurements in the training data carried 
out at a fixed combination of COD and TUR concentrations 
using various integration times simulated situations with varying 
light intensities making the model more robust.  
 It was important to first determine the TUR concentration of 
the measurement. To do this, a PLS model was trained using the 
measured spectrum and the reference TUR values. Using this 
PLS model the TUR values were calculated for all the 
measurements (Fig. 2). The measured TUR concentrations were 
obtained by using this PLS model with the measured spectrum 
of the best measurement in the data group left out of the training. 
 The calculated TUR values, the COD reference values, and 
the spectrums were then used to train a second PLS model. The 
second PLS model was used to calculate the COD levels (Fig. 2). 
The measured values of COD were found by using the second 
PLS model with the measured spectrums.  
 During the PLS training we assumed that the TUR 
concentration had a linear relation to the spectrum intensities and 
that the COD had a linear relation to the logarithm of the 
spectrum intensities. The number of components used in the PLS 
regression was 20. 
 Outliers were detected and labelled. If a calculated 
concentration of COD or TUR of a particular measurement was 
negative the measurement was labelled as an outlier and 
excluded from the calculation of the model errors. The error in 
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the calculated COD and TUR values was calculated by the 
distance between the calculated value and the reference 
concentration in the corresponding water sample. The 
uncertainty of the measured concentrations was shown to be 
heteroscedastic. The variance scales linearly with the reference 
concentration of COD and TUR. Therefore, the logarithms of the 
reference and measured concentrations were used in the error 
calculations. An estimate of the measurement error was 
calculated using a standard error of prediction (SEP) defined by 
Varmuza7. 

 log����� = 
 �
�
�∑ ��� − ��� − ����������  (1) 

  ���� = �
�∑ ��� − ��������  (2) 

 � = log���� , �� = log���� (3) 

where �� and �� are the reference and measured concentrations 
of the solutions, respectively. 
 The correlation coefficient of the measured concentrations 
with regards to the reference concentrations was calculated using 

 ���, ��� = COV�!,!��
"COV�!,!��COV�!,!�� (4) 

where COV��, ��� is the covariance of the variables � and �� from 
Equation 3. Since the concentrations were spread over three 
orders of magnitude and the data was heteroscedastic we chose 
to use the logarithms of the measured and reference 
concentrations when calculating the correlation coefficient. 
Using the logarithms gives more weight to the low concentration 
values resulting in less optimistic correlation coefficients. 

Results 

Figure 3 shows three typical measured spectrums after 
normalization and background subtraction. The spectrums were 
measured in the wavelength range from 200 – 1100 nm. Overall, 
the spectrums show the profile of the light source used to 
illuminate the water sample. The spectrum intensity scales with 
the TUR concentration in the water sample. In total 672 
spectrums having 48 different combinations of COD and TUR 
concentrations were measured. After removing saturated 
measurements 545 spectrums were left. Of those, 167 outliers 
were identified. The measurements marked as outliers were used 
in the PLS training and omitted in the error calculations. In the 
following calculations, 545 measurements were used during the 
PLS training, and 378 measurements were used to calculate the 
SEP. 
Using 20 components, more than 97% of the measurement 
variance in COD and 99% of that in TUR was explained (Fig. 4). 
Increasing the number of components did not significantly 
increase the predictive power of the model. The risk of over 
fitting using 20 parameters is minimal since the PLS training was 
performed on over 540 measured spectrums over 2068 
wavelengths. 

 
Figure 3: Measured spectrums of three water samples with different turbidity 

levels. The intensity of the measured signal decreases with decreasing turbidity. 

The inset shows the same spectrums plotted on a logarithmic scale. 

 
Figure 4: The percent of the measurement variance explained by the PLS as a 

function of the number of components used in the PLS mode. The improvement 

in the model levels off after about 15 components are included in the model. 

 
 Figures 5(a) and (b) show the measured concentrations of 
COD and TUR, respectively. The data are plotted as a function 
of the reference concentration of the constituents in the solution 
on a double logarithmic scale. The marks show the measured 
values, the solid line is the optimal one-to-one correlation. The 
dotted lines show the 95% confidence interval. The 95% 
confidence interval is defined as the interval within a distance of 
two SEP from the optimal one to one correlation. Using the 
whole measurement range the correlation coefficients for the 
measurement were R2 = 0.69 and 0.95 for the COD and TUR 
respectively. The SEP of the measurements is found to be 35% 
for COD and 21% for TUR. The figures show that the constant 
error in the measurement sets the detection limit at around 30 
mg/l for COD. At higher concentrations the relative error 
becomes more important. 
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Figure 5: Measured values of COD (a) and TUR (b) as a function of the actual 

concentration of the parameters in the water samples. The x marks are the 

measured points, the solid line shows the optimal placement of the measured 

values, and the dashed lines indicate the 95% confidence interval. The correlation 

coefficients from COD and TUR are R2 = 0.69 and 0.95, respectively. The SEP for 

COD is 35% and TUR is 21%. 

 
 Figure 6 shows a measure of the relative error for all the 
available combinations of COD and TUR concentrations. The 
figure shows the combinations of COD and TUR used in the 
measurements on a double logarithmic scale. The colour 
indicates the error in the measurement of COD (Fig. 6(a)) and 
TUR (Fig. 6(b)) for each combination in units of SEP. As seen 
in the figure the highest errors in COD occur at low COD 
concentrations, lower than about 30 mg/l. The same is true for 
TUR values lower than about 10 NTU. These values determine 
the detection limits of the device. Calculating the correlation 
coefficients of the data measured at reference concentrations 
above the detection limit of the COD and the TUR gives 
correlation coefficients of R2 = 0.85 and 0.96, respectively. 
 

 
Figure 6: The relative error in the measurements of COD (a) and TUR (b) as a 

function of COD and TUR concentrations. The marker positions indicate the actual 

concentration of the parameters used in the measurements. The colour indicates 

the mean error in the concentration measurements for each unique concentration 

combination. The error is measured in units of SEP where dark colours indicate 

mean errors within one standard deviation from the actual values. Red and yellow 

colours indicate that the mean error at a certain COD and TUR concentration is 

more than one standard deviation away from the actual concentrations. Figure (a) 

shows that in the case of COD the highest errors appear around low COD 

concentrations. This indicates that the detection limit of COD is 30 mg/l. Figure (b) 

shows that the detection limit for TUR is 10 NTU. 

Conclusions  

We have shown the feasibility of using diffuse reflectance UV-
Vis spectroscopy to monitor the concentrations of COD and TUR 
in water samples. The concentrations of the constituents used in 
the measurements ranged over three orders of magnitude from 
0.56 - 750 mg/l for COD and 2.2 – 3000 NTU for TUR. We 
found a detection limit of 30 mg/l for COD. Below the detection 
limit the uncertainty in the measurement exceeds the 95% 
confidence interval marked by a distance of two SEP from the 
expected value. In the case of TUR we are able to predict the 
concentration down to about 10 NTU. The method measures the 
diffusely reflected light, from the water sample. When the 
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turbidity of the water is low no light is reflected to the collector. 
Therefore, no measurements of pollutants can be performed. 
 The measurement results show that it is feasible to use diffuse 
reflectance UV-Vis spectroscopy to measure the levels of 
pollution in water. In this paper we used a simple and 
inexpensive experimental setup, but there are several things that 
could be optimized to obtain even better results. The diameter of 
the cups used could be enlarged to reduce the influence of the 
cup edges on the measurements. We suggest that polarizing 
filters used on the light emitter and collector would reduce the 
influence of specular reflections on the measurements, and more 
diffusively reflected light could be collected by optimizing the 
optics. Even though the tested system can be improved, we were 
able to predict the COD and TUR concentrations in the water 
samples with a SEP of 31% and 21%, respectively. This 
measurement uncertainty is comparative to what has been 
reported elsewhere for more conventional transmission UV-Vis 
spectroscopic measurements.12 
 The application of the methodology under real conditions 
requires the consideration of heterogeneous surfaces with waves, 
splashes, foam, flowing debris, etc. To cope with these 
perturbations the optical system needs to be optimized and the 
measurement strategy developed. A possible solution to this 
problem is to measure a large area of water, to use long 
integration times, and to use averages of several measurements 
as the final value. Moreover, COD can be contributed under real 
conditions by a lot of organic contaminants which have 
inconsistent absorption of UV light due to various factors. 
Therefore local calibration cannot be avoided in system 
deployment. 
 The need to monitor the pollution levels in wastewater 
released into nature will continue to grow. It is therefore 
important to develop reliable and adaptable instruments to 
measure the pollutant mass contained in the wastewater. A non-
contact method offers flexibility in device installation and 
reduces the need for maintenance. Incorporating diffuse 
reflectance UV-Vis spectroscopic measurements into a system 
that can also perform non-contact measurements of the water 
flow rate would provide a convenient and complete system to 
follow the pollutant mass released into nature with wastewater. 
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Water contamination is an important environmental concern underlining the need for reliable real-

time information on contaminant concentrations in natural waters. Here, a new non-contact UV-Vis 

spectroscopic approach for monitoring contaminants in water, and especially wastewater, is 

proposed. By using non-contact measurements to measure the wastewater pollution the need for 

maintenance is greatly reduced. This allows the instruments to be mounted at sites that cannot be 

reached easily and encourages stakeholders to continuously monitor wastewater pollution more 

carefully. By continuously monitoring the wastewater pollution measures can be taken if unforeseen 

or unexpected events occur and the treatment process at a receiving wastewater treatment plant can 

be adjusted to receive unexpected pollution loads. 
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