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HIGHLIGHTS

« Impact of environmental temperature
and humidity on SW-NIR water
spectra examined.

« Environmentally-stable water matrix
coordinates (WAMACS) identified.

« Ground water spectral pattern used
for screening of water during 3 years.

« Aquaphotomics offers reagent-free,
continuous, nondestructive water
monitoring.
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ABSTRACT

Water spectrum of any aqueous system contains information about OH covalent and hydrogen bonds
that are highly influenced by the environment and the rest of the molecules in the system. When
aquaphotomics is used to analyze the water near infrared (NIR) spectra, the information about the water
molecular structure can be obtained as a function of internal and external factors.

The objective of this research is to apply aquaphotomics analysis to evaluate different groundwaters by
using their NIR unique spectral pattern, robust to external influences of temperature and humidity, that
can potentially be used for water type identification and screening practice. Two groundwaters obtained
at different depths and their mixture, differing in mineral content and molecular structure were moni-
tored on a daily basis using portable visible/NIR (vis/NIR) spectrometer during three consecutive years.
The spectra were pre-processed by smoothing and multiplicative scatter correction (MSC) to remove
noise and baseline effects. Results showed that NIR spectral patterns of groundwater samples were
affected by changes in environmental factors - temperature, humidity, time and others. The water
absorbance bands which are highly influenced by humidity and temperature in short wavelength NIR
region were identified. Their avoidance resulted in obtaining consistent spectral patterns during the
entire monitoring period, unique for each groundwater, that can be used as its fingerprint and monitored
over time.
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Consistency and uniqueness of the spectral pattern for each groundwater provide a potential to use the
deviation of spectral pattern as an indicator of changes in the water. These results confirm that vis/NIR
spectral pattern can be used as an integrative marker of water status, stable over time, providing the basis
for an efficient cost-effective method for monitoring of water functionality.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Understanding the water as a complex molecular system is of
paramount importance due to its exceptional role in living organ-
isms and the biological world in general. Despite being an essential
requirement for a living world, the contemporary science and tech-
nology are still far from understanding many of the intricacies of
the water molecular structure, its properties and functionality.
Many research studies have been devoted to investigation of water
from the chemical [1], physical [2], medical [3], agricultural [4] and
other aspects. Immense number of publications deals with the
topic of water quality [5-10]. The significance of water as a med-
ium in which all biochemical reactions that sustain life are being
carried out is most probably due to its molecular structure flexibil-
ity and highly reactive nature. Liquid water can be described as a
complex, dynamic molecular network that changes its molecular
structure and functionality easily owing to the strong potential
for hydrogen bonding, highly sensitive to any perturbation [11-
13]. Despite numerous techniques being applied for water charac-
terization and better understanding of its structure - functionality
relationship, its many aspects are still poorly understood and real-
time monitoring methods of water molecular structure are still not
available.

Visible/Near Infrared (vis/NIR) spectroscopy uses the visible and
near-infrared region (400-2500 nm) of the electromagnetic spec-
trum to measure various physical and chemical parameters of
the samples of interest [14]. It is a rapid, non-destructive and
highly accurate analytical technique developed with the purpose
of qualitative and quantitative evaluation of numerous and versa-
tile products [15].

Aquaphotomics has been introduced as a novel approach [13] in
the field of vis/NIR spectroscopy, which utilizes the water absor-
bance spectral features for a characterization of the samples, in
an indirect way collecting the information about the chemical
composition and environmental conditions as if the water is a “col-
lective mirror” providing the information about the relationship
between the water spectral pattern of the sample and its
functionality.

Water spectrum contains information about covalent OH and
hydrogen bonds highly influenced by the rest of the molecules in
the solution and the environmental factors. As water is unique
among small molecules, forming the tetrahedral but flexible,
highly dynamic, hydrogen bond network, on a molecular level it
can be considered as a sensor - responsive to any changes
within/without [12,16]. When it comes to the interaction with
other molecules present, the water on a molecular level could be
considered as an amplifier, since, due to the small size and the
hydrogen bonding of water molecules, the influence of just one
alien molecule will always affect many water molecules [12,16].
The spectrum of water (or any aqueous or biological system) there-
fore, will represent a highly responsive signal, reflecting the water
molecular structure and its changes, amplifying the effects of min-
ute concentrations in solution and capturing changes in the envi-
ronment. Utilization of water spectral features in vis/NIR region,
enables aquaphotomics high sensitivity of detection for even traces
of analytes, and even when analytes themselves do not absorb light
in this region [13,17-21]. The advantages of this method have been

so far used in a large variety of applications from basic molecular
studies [18,22-29] to complex applications in food and agricultural
sector [30-37], microbiology [38-41], diagnostics and monitoring
[42-46,47], material and colloid science [48-51], environmental
control and others [12].

One of the most direct applications is naturally in water quality
monitoring. There are several previous studies, utilizing different
parts of water NIR spectra, namely 1st overtone (around
1450 nm), 2nd and 3rd (located around 970 nm and 740 nm,
respectively) to demonstrate the feasibility of the approach for
water quality monitoring in different settings, such as in household
purification systems [51], directly at the groundwater source [52],
as a part of control of commercial mineral water products [53],
control of environmental water pollution [54]| and other systems
[55]. These studies repeatedly evidenced that the spectral pattern
of water can be used as its distinctive marker, an identifying signa-
ture for each sample, which integrates all the information about
the composition of the samples in the particular environment, at
particular time point. Then, the quality of water can be expressed
as a certain set of states — defined by the composition and influence
of environment, within some boundary values - i.e. limits, that, if
crossed, can present a clear signal that the state of water is outside
the “quality limits”; that something unusual happened either in
the chemical content or in the environment. In order to make it
more specific, a good strategy would be to define a spectral pattern
using absorbance bands of water that are not easily influenced by
some common changes in the environment that can mask the
actual loss of desired quality.

The absorbance bands of water originate from different water
molecular structures, such as free water molecules, dimers, tri-
mers, protonated clusters and other [13]. The absorbance at these
bands is not only changed in response to compositional changes in
water, but also when the environmental parameters, such as tem-
perature, pressure, humidity change. The effects of temperature on
water spectra have been a research topic for a long time, but most
of the research was performed using infrared region or the NIR
region of first overtone of water located around 1450 nm [56-
63]. Rare are the studies that examine the influence of fluctuations
in pressure, humidity or temperature of the normal ambient on
properties and structure of drinking water [63]. However, the tem-
perature and relative humidity have large influence on water prop-
erties, such as evaporation rate, solvation ability, compressibility,
heat capacity and others [64] and while those properties are not
usually considered as “quality parameters”, they are a matter of
importance for the functionality of water and highly influence
the water spectrum.

From another aspect, the 2nd and 3rd overtone of water are
studied even less, although they are located in the region where
NIR light has higher energy and provides longer penetration depth,
which makes it especially useful for the development of portable
instruments that can be used in any environmental setting. How
the water absorbance changes at specific bands in response to
the temperature and humidity of the environment is not
researched well, but existing studies [64,65| point out to the
importance of recognizing it, since it can have profound influence
on the measured spectra and the accuracy of quantitative analyses.
The effect of different environmental parameters such as tempera-
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ture perturbation or humidity on the water near infrared spectra
has been studied by many researchers [57,66,67]. However, it
has not been studied how the different environmental factors over
the years affect the spectral pattern of groundwater samples hav-
ing different composition in the spectral range of the second and
third overtone of OH, region of interest for development of porta-
ble instruments.

Considering the introduced problems, and building on the pre-
vious experiences [51,52], the focus of aquaphotomics application
in this work was placed on achieving the following objectives:

o Identify the effects of environmental temperature and relative
humidity on the spectral pattern of groundwaters in the short
wavelength NIR region (2nd and 3rd overtone of water), in
the terms of which water absorbance bands are most sensitive
to these perturbations

¢ Define specific water spectral pattern for each of the investi-
gated groundwaters in the short wavelength NIR region (2nd
and 3rd overtone of water), that is stable against the environ-
mental influences of temperature and humidity and can be used
for their evaluation, comparison and quality monitoring.

2. Materials and methods
2.1. Samples

Groundwater samples from the Sambagawa Belt in Konono,
Wakayama Prefecture, Japan (34°18' N, 135°34’E) at two different
depths about 50 m (Wipaiiow) and 1180 m (Wqeep) Were used as a
study material. The third sample was regularly prepared as a mix-
ture (blend) Wpx of 10 %Wgeep and 90 %Wshaiow. The physico-
chemical properties were analyzed during this study at the Kyoto
City Industrial Technology Research Institute, Kyoto, Japan
(Table 1). As Wqeep water is from a deeper source it has higher min-
eral content and higher electrical conductivity, while the opposite
is the case with Wihaiow as described in Table 1.

2.2. Near infrared spectroscopy

Visible and near-infrared (vis-NIR) spectral acquisition of the
water samples had been performed daily during the period of
three consecutive years, with a portable instrument FQA NIR-
GUN (FANTEC Research Institute, Japan) in transflectance mode
to yield absorbance values, using a 10 mm open-top liquid cuv-
ette. Both the spectrophotometer and the water samples were
kept in the same room for half an hour prior to the spectral
acquisition to make sure they are equilibrated to the same
environment. After placing the sample in the cuvette, three con-
secutive spectra were recorded over the entire spectral region
(588 - 1092 nm), with 2 nm step. The physical parameters of
the water samples and the environment such as temperature,
humidity, and atmospheric pressure have been recorded at the
time of measurement, as well as other information that could
be of interest such as who performed the measurements, time
and date of measurements, the state of the instrument, and
similar.

Table 1
Selected physical and chemical properties of groundwaters examined in this study.
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2.3. Data analysis

Descriptive univariate statistical calculations were performed
using the Box-and-Whisker plot [68] method to analyze the
recorded physical parameters of the water samples and the
environment.

The noisy parts of the recorded absorbance spectra was trun-
cated and the spectral range between 600 and 1060 nm was pre-
processed using Savitzky-Golay smoothing [69] with 2nd order
polynomial filter with 11 points, followed by multiplicative scatter
correction (MSC) [69] to remove the possible baseline fluctuations.
Principal component analysis (PCA) [70] was used to describe mul-
tidimensional patterns of the NIR spectral dataset and to discover
outliers.

Partial least squares regression (PLSR) was used as a quantita-
tive analysis [69] of the preprocessed absorbance spectra to model
and explore the relationship between the water structural changes
and the physical parameters measured by reference methods. Each
model was tested using cross-validation, where a part of the sam-
ple set was excluded from the calibration set, and the generated
model was validated on the excluded samples (validation set).
The procedure was repeated iteratively to ensure that all the sam-
ples were included in the validation set once. During this data
splitting, as a principle, the consecutive scans of the individual
samples were introduced all together either in calibration or in val-
idation set to avoid the too optimistic validation. The cross-
validation was performed by leave-one-temperature level-out
and leave-one-humidity level-out for the modelling of tempera-
ture and humidity, respectively. This means that all the water
spectra which were recorded at the same temperature (for instance
at 26.0 °C) were used as a test set, while the model was built using
all the spectra recorded at different temperatures and this splitting
was iteratively repeated until each temperature level was used as
test set. In a similar way calibration and validation were performed
for modelling humidity.

Precision and accuracy of the quantitative PLSR models were
evaluated by the following statistics: the coefficient of determina-
tion (R?), root mean squared error (RMSE), and residual prediction
deviation (RPD) which indicates the ratio of RMSE to standard
deviation of reference values (SDY) [71]. The respective statistics
were calculated for calibration and cross-validation. In order to
avoid overfitting, maximum number of latent variables was deter-
mined as a 1/10th of total number of observations in models
according to the recommendations [72].

In order to identify which water absorbance bands are particu-
larly influenced by the changes in temperature and humidity of the
environment, the regression vectors of PLSR models were
inspected to find the common trend in absorbance behavior with
respect to temperature and humidity respectively, in PLSR models
for each water. This was performed in a following way. First, the
highest peaks (positive and negative) in the regression vectors of
PLSR temperature models made for each of the waters were iden-
tified. The position of these peaks reveals the position of absor-
bance bands at which there was a highest correlation between
the absorbance of water and measured temperature. Following
this, for each peak identified in either of the 3 regression vectors,
the remaining two regression vectors were inspected to check if

Water Electrical conductivity (pS/cm) Ion content (mg/L)

Ca Mg Na Cl- S04~
Waeep 1700 180 57.8 165 212.578 0.248
Wihallow 357 29.5 7.69 37.6 24.164 0.014
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there is a peak at the same location, or if there was not, if the sign
of the regression coefficient at this particular position is the same.
If there was the peak at the same place, or if the sign was the same,
the “common” i.e. the same trend of absorbance behavior in
respect to the change in temperature/humidity was assumed for
all three waters. The common peaks for all three waters were then
summarized according to their location and sign, and their tenta-
tive assignment based on the current literature sources was
interpreted.

The absorbance values at specific water matrix coordinates
(WAMACs) [13] define the water spectral pattern (WASP) which
can be graphically represented by a chart called aquagram
[73,74]. The aquagram displays the MSC transformed, normalized
and averaged absorbance values of different sample groups at
selected water absorbance bands.

In order to find which wavelengths can be used as WAMACs for
the description of the state and dynamics of an aqueous system,
the usual practice is to perform an array of analyses like principal
component analysis, partial least squares regression using different
dependent variables, discriminating or classification analysis, cal-
culation of difference spectra (by subtracting the mean spectrum,
the spectrum of pure water etc.), a practice described in a protocol
of aquaphotomics analysis [74]. The goal of all these analyses is to
find the consistently repeating absorbance bands among the most
influential variables in the numerical outputs of the analyses such
as loading vectors, discriminating powers, regression coefficient
vectors, difference spectra. Following the procedure for finding
the WAMAC s as described for the 1st overtone of water [74], the
WAMACs specific for description of a particular aqueous system
can be found for any chosen spectral region, as the previous
research studies have done for 2nd and 3rd overtone of water
[52]. The particular steps of the PCA analysis, calculation of differ-
ence spectra and the identification of WAMACs are not included in
this research study, since it is already successfully performed and
reported in previous publications [51,52,74].

Aquagrams were calculated at selected wavelengths of the 2nd
overtone of OH, which showed the highest importance in the load-
ings of PCA, regression vectors of the PLSR models and difference
spectra. These are the WAMACs for this particular work, wave-
lengths in the 2nd overtone of water at which water absorbance
can be measured and provide the information of interest for water
monitoring. However, the bands found to be influenced by humid-
ity and temperature based on the results of PLSR analysis, were
excluded from display, as they provide information about the
change of water due to the changes in humidity and temperature,
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the factors that are not of interest and therefore risk a change in
aquagram and signal that something occurred with water, when
in fact this is not the case.

The selection of months for display of spectral patterns for
groundwaters was based on the humidity and temperature varia-
tions in Wakayama, Japan where the Climate Data Wakayama
was used as a data source from Climate-Data.org. R programing
language (R Core Team, R: A Language and Environment for Statis-
tical Computing, 2017) was used for calculation and visualization.

3. Results and discussion
3.1. Exploratory data evaluation

The distribution of the analyzed parameters has to be normal in
case of the different tested water samples in order to perform a
valid comparison. The temperature and environmental humidity
values recorded at the times of measurement of groundwater sam-
ples along the three years were statistically evaluated prior to the
spectral analysis.

The statistical analysis found no significant differences in the
values of relative humidity of the environment nor for the temper-
ature of the measured waters during any of the three years (Fig. 1).
The results of the exploratory data evaluation also showed that
there is a wide range of the measured parameters over the three-
year monitoring period: the temperature values were between
15 and 30 °C while humidity ranged between 30 and 80%. This
shows that there is enough variability in the datasets of examined
parameters to ensure robust analysis of their effects on the molec-
ular structure of examined groundwater samples and their blend.

3.2. Quantitative data analysis

The results of PLSR analysis using water temperature as a
dependent variable, built separately using the spectral datasets
acquired during Year 1 for each of the three analyzed waters, are
shown in Fig. 2. Model parameters of PLSR showed the best agree-
ment between measured and predicted values in the case of model
developed for water Wgeep. In model calibration (R% = 0.9049,
RMSEC = 1.09 °C) as well as in cross-validation (R, = 0.8927,
RMSECV = 1.15 °C) very similar results were found for water Wy«
and the weakest relationship between the water temperature and
the NIR spectra of water was found for water Wgpajow. Based on
the pattern of errors that can be seen in Fig. 2 a) and d), for both
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— -~ : Y =
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= : : = 3 —— = i i :
8o ’ — g T g ; —
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Fig. 1. Distribution of water temperature and relative humidity along the three years. a), b) and c) represent the distribution of water temperature and d), e) and f) represent
the distribution of relative humidity during Year 1, Year 2 and Year 3, respectively. (Color figure).
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Fig. 2. Cross-validation results of PLSR models on water temperature based on data of Year 1. a), b) and c) validation Y-fit plots showing agreement between measured and
predicted values of temperature using developed PLSR water temperature models for Wypaiiow, Waeep and Wiy, respectively (the number of spectra included in the analysis:
Nshatlow = 849, Ngeep = 868, Npix = 850). Smoothed (2nd order polynomial filter and 11 points) and MSC transformed spectra of 600-1060 nm interval and 10 latent variables
were used in all the three cases (leave-one-temperature level-out cross-validation). The color of data points reflects the change in values of recorded temperature from the

lowest temperature (dark purple) to highest temperature (orange) (Color figure).

calibration and validation respectively, the values of temperature
predicted by the model tend to be lower than actual values, for
the temperatures higher than 25 °C.

The regression vectors of the PLSR models built for water tem-
perature are presented in Fig. 3. These regression vectors describe
the relationship between the change of temperature and the spec-
tral pattern of different waters. It is interesting to see the similar-
ities in the main patterns of the regression vectors of different
waters. It can be seen they are not the exactly the same and the dif-

ferences between the regression vectors point out to the specificity
of each water. The regression vectors for waters Wgeep and Wpix
were found to be more similar, which implies the stronger influ-
ence of Wgeep On the spectral pattern of Wp,;x water. This may be
understandable considering the rich mineral content of Weep.

In PLSR, the observed response values are approximated by a
linear combination of the values of the predictors. In our case, this
means between the measured environmental parameters and
absorbance at each wavelength of the measured spectra. The

‘2
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“'fshallow 408
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~
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&

800

900

wavelengths, nin

Fig. 3. Regression coefficient vectors of PLSR calibration models developed for water temperature as a dependent variable, using data of Year 1, a), b) and c) are regression
coefficient vectors for Waeep, Wshatiow and Wiy, respectively (ngeep = 868, Ngnajiow = 849, Niix = 850). Smoothed (2nd order polynomials and 11 points) and MSC transformed
spectra of 600-1060 nm interval and 10 latent variables were used in all the three cases (leave-one-temperature level-out cross-validation). (Color figure).
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coefficients in that combination, called regression coefficients,
when represented on a regression vector plot can help identify
the important wavelengths for the prediction of a measured
response variable, which are in the case of this study, temperature
and humidity, respectively.

The regression coefficient vectors, from the PLSR using temper-
ature as a dependent variable, presented on Fig. 3 show several
common upward (gray arrows pointing up) and downward peaks
(gray arrows pointing down), suggesting that absorbance of each
water changes in the same direction with the change in the tem-
perature. The common downward peaks can be observed at
616 nm, 724-728 nm, 740 nm (trough), 760-762 nm, 900 nm,
912-914 nm, and 1013-1019 nm. Upward peaks can be found at
640 nm, 644 nm, 649 nm and 651 nm (seemingly one wide
peak ~ 640-651 nm, but most probably composed of several over-
lapping peaks), 673-675 nm, 835-841 nm, 928-932 nm, 959-
961 nm, and 1050 - 1056 nm. These absorbance bands can be con-

Table 2

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 279 (2022) 121378

sidered sensitive to the changes in temperature, since they were
found common for all three waters. Several existing literature
sources have reported the bands close to 830-840 nm to be highly
correlated with the sample temperature [75] (for example: 838 nm
[76]; 841 nm [77]; 836 nm [65] and 837.5 nm [78]). Langford et al.
2001 by examining temperature dependence of pure liquid water
in visible-near infrared spectrum also report peak maxima close
to 836 nm, and the second one at 738 nm [65]. Cozzolino et al.
2007 reported that band at 966 nm changes linearly with the tem-
perature, which may correspond to our 959-961 nm; the differ-
ence being due to different resolution of the instrument they
used [79].

All three regression vectors passed the zero line at two points in
the spectra: at 689 nm and 948 nm (indicated by green dashed
lines at Fig. 3), suggesting that at these places the water absor-
bance is not influenced by the temperature of the ambient, i.e. that
those may correspond to isosbestic points of 3rd and 2nd overtone

Absorbance bands (nm) with regression coefficients of equal sign in PLSR models developed for prediction of temperature for three examined water types in the spectral region
600 - 1060 nm and their tentative assignments. The wavelengths given in the parentheses in the assignmens’ column are the band positions from the cited literature and in the
majority of cases recalculated from wavenumbers or overtones from fundamental frequencies reported in the original source. The overtones () occurring at integer multiples (n)
of fundamental vibrations (V) are calculated from the mid infrared absorption bands using the following equation: i(nm) = 10000000,

v(iem-T)

Sign Position (nm)

Tentative assignment

() 616
=) 724-728

Unknown

(723 nm) maximum absorption peak of water vapor [82]

725.5 nm) 3rd overtone OH- stretch (OH-(H,0)s) [87]
726.2 nm) 4th overtone intermolecular hydrogen bond stretch (OH-(H,0)3) [99]

() 740

739 nm) 3rd overtone of symmetric and asymmetric stretching vibration [83]

~740 nm) - peak in absorbance spectra of pure water with strong temperature dependency [84]

() 760-762

757 nm) deionized water, 3rd overtone [85]

770 nm) maximum absorption peak of liquid water near freezing point [82]

() 900

900.9 nm) 2nd overtone OH- stretch (OH-(H,0)s) [86]

900.9 nm) OH stretching 2nd overtone [87]

=) 912-914

912.46 nm)2nd overtone OH-stretch in OH-H,0[86]

912.5 nm) free OH stretch in proton hydrate H;50,+, 2nd overtone [88]

913.0 nm) free OH stretch in proton hydrate H;507+, 2nd overtone [89]

913.0 nm) free OH stretch in proton hydrate H;70g+, 2nd overtone [89]

913.2 nm) H,0 symmetric stretch, in aqueous proton [H+(H,0)s] — 2nd overt. [87]
913.73 nm) 2nd overtone (OH-(H,0)s) [86]

913.7 nm) Hy30¢ + free OH stretch, 2nd overt. [89]

914.0 nm) aqueous proton [H+(H,0)s] - H,O symmetric stretch, 2nd overt. [87]
914 nm) 2nd overtone Superoxide Tetrahydrate O,-.(H,0)4 [90]

() 1013

1010.1 nm)H,0 deionized, 2nd overt. [91]

1018.1 nm)hydrated proton [H+(H,0)s] - H,O symmetric stretch, 2nd overt. [87]

1019
640

+

649 Unknown
651 Unknown
673-675

AAAAAA
rTrirrz

) 835-841

+) 928-932

(+) 959-961

) 1050-1056

(
(
(
(
(
(
(
(
(
(
(913.0 nm) Proton hydrate H;70g+, 2nd overtone[88]
(
(
(
(
(
(
(
(
(
(
(

1018.1 nm)hydrated proton [H+:(H,0)s] - H,O symmetric stretch, 2nd overt. [87]
641 nm) Superoxide dihydrate O3(H,0), - 4th overtone [90]
644 (645 nm) Superoxide trihydrate O,- (H,0); 4th overtone[90]

(672.8 nm) proton hydrate H,70g, 3rd overt. [88 90]

673.1 nm) free OH stretch in proton hydrate HygO}, 3rd overt. [89]

673.1 nm) free OH stretch in proton hydrate H;,0g, 3rd overt. [88]

673.3 nm) proton hydrate H;50%, 3rd overt. [87]

673.5 nm) proton hydrate H,;0% AD-type H,O free OH stretch, 3rd overt. [89]

673.5 nm) free OH stretch in proton hydrate H;507+, 3rd overt. [89]

673.9 nm) free OH stretch in proton hydrate H;30¢+, 3rd overt. [89]

674.0 nm) free OH stretch in proton hydrate H;;0s+, 3rd overt. [92]

675.7 nm) —OH free stretching, 3rd overt. [90]

675.68 nm) (OH-(H,0)s) 3rd overt.

836 nm) 2nd overtone of the combination band of water avl + v2 + bv3; a+b =3 [83]
837 nm) Hy306 + H-bonded OH stretch, 3rd overt. [89]

837 nm) Water deionized [91]

841.5 nm) aqueous proton [H+-(H,0)s] - H30 + symmetric stretch, 3rd overt. [87]

835 - 841 nm) Absorbance band of water highly influenced by temperature [65,76-79]
926 nm) 3rd overtone IHB stretch (OH-(H,0),) [86]

930.8 nm) HgO,4 + H-bonded OH stretch, 3rd overt. [89]

931.1 nm) aqueous proton [H+:(H,0)3] - H30 + free-OH stretch, 2nd overt. [87]

960 nm) overtone of combination of the symmetric OH stretch and bending mode [93]
961.5 nm) 3rd overtone Superoxide Monohydrate 02-.(H,0); [90]

961.55 nm) 3rd overtone IHB stretch (OH-(H,0)3) [86]

1054.9 nm) aqueous proton [H+(H,0)s] - H0 in Hs0, + symmetric stretch, 2nd overt. [87]
1054.9 nm) H;507 + H-bonded OH stretch, 2nd overt. [89]
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of water, respectively. The first one is close to the 772 nm as
reported by Langford et al. 2001 who did not examine spectrum
for wavelengths longer than 900 nm [65]. The slight position dif-
ference may be originating from differences in instruments, and
also the purity of water (they worked with ultra-pure water).
The greatest effect of temperature we observed at the bands that
correspond to the peaks of the overtones and combination bands
of water vibrations, around 740 nm, 840 nm and 960 nm which
is in agreement with the literature [65,80,81].
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The tentative assignments as well as the agreement with the
existing literature sources for all the bands listed here are provided
in the following table, Table2.

Relative humidity of the environment has significant impacts
on near infrared absorption in general, being of particular impor-
tance for measurement accuracy of portable instruments in short
wavelength range [94,95]. It can therefore be expected for humid-
ity to exerts effects on the spectral pattern of water samples in the
case of this study. The moisture in air has two different effects - it
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Fig. 4. Cross-validation results of PLSR models for relative humidity as a dependent variable, based on the data of Year 1. a), b) and c) validation Y-fit plots showing agreement
between measured and predicted values of humidity using developed PLSR of relative humidity for Wghaiows Waeep and Wi, respectively (Nghaiiow = 849, Ngeep = 868,
Nmix = 850). Smoothed (2nd order polynomials and 11 points) and MSC transformed spectra of 600-1060 nm interval and 10 latent variables were used in all the three cases
(leave-one-humidity level-out cross-validation). The color of data points reflects the change in values of recorded relative humidity from the lowest values (dark purple) to

the highest (yellow) (Color figure).
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can affect the very samples and also through radiation scattering
which leads to effects over the entire spectrum by shifting the
baseline [96]. The results of PLSR analysis using humidity as a
dependent variable and spectral data acquired during Year 1, sep-
arately for each of the three analyzed waters are shown in Fig. 4.
Similar to the results of the temperature PLSR models, better
results were obtained for waters Wgeep and W,k in model calibra-
tion as well as in cross-validation than for water Wgpajjow. Com-
pared to the relationship of water absorbance and temperature,
the linear relationship between absorbance and humidity is
slightly weaker, suggesting lesser influence of humidity to spectral
patterns compared to the temperature.

The regression coefficient vectors from the PLSR models of
humidity as a dependent variable, are provided in Fig. 5.

The common upward peaks identified in regression vectors for
all waters were found at: 646 - 649 nm, 663 - 667 nm, 681 nm,
701-709 nm, 788 nm, 803 nm, 821 - 823 nm, and 888 - 890 nm
(indicated by gray arrows pointing up, Fig. 5). Common downward
peaks were found at: 626 nm, 722 nm, 730-734 nm, 740 nm, 758-
762 nm, 861 - 865 nm, 979 nm, 1015 nm, 1028 - 1030 nm,
1042 nm (indicated by gray arrows pointing down, Fig. 5). The
common sign in regression coefficient in models for humidity
developed based on spectral data for each water suggests the same
direction of changes in absorbance at those bands with changes in
relative humidity. The tentative assignments based on the existing
literature sources of these bands is provided in Table3.

The regression vectors of PLSR models developed for the tem-
perature and humidity based on the spectral data collected during
the next two years resulted in the similar absorbance bands (data
not shown) therefore the next part of the analysis was focused on
qualitative evaluation of groundwaters.

3.3. Qualitative data evaluation

The water spectral patterns of the different groundwater sam-
ples depicted at WAMACS wavelengths are demonstrated with
their aquagrams showing the data of the three years separately
in Fig. 6. The WAMACs axes were selected from the wavelengths
found important in PCA (data not shown), PLSR and subtracted
spectra, for the description of the analyzed waters, but excluding
those found most affected by temperature and humidity in the
environment, resulting in the following wavelengths: 902 nm,
912 nm, 924 nm, 940 nm, 958 nm, 975 nm, 991 nm, 1005 nm,
1015 nm, 1038 nm, 1046 nm, 1050 nm that correspond to water
absorbance bands with the assignments as provided in Table 4.

We have here selected for display the aquagrams for the 3
waters generated as averaged for each of the following four
months: June, July, August and September. These four months cor-
respond to the summer time in Japan, during which the tempera-
ture and humidity of the environment are at their highest
variations. June being the month with the highest number of rainy
days in a year, followed by July when the humidity is at its peak,
and August when the temperature reaches the highest values in
Wakayama (Climate Data Wakayama from Climate-Data.org.
[102]). As one research study found, the joint impact of high tem-
perature/ high relative humidity had led to highest impacts and
deviations in the measurements of portable, short wavelength
infrared devices [94].

However, despite influences from environmental temperature
and humidity, or other environmental factors on water, aquagrams
calculated based on the independent data of the three different
years show very consistent spectral patterns of the tested waters
(Fig. 6).

Based on the provided assignments in Table 4, it can be seen
that the part of aquagrams from 902 nm to 975 nm correspond
to free OH stretch in solvation shells and hydrated proton clusters,
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Table 3

Absorbance bands (nm) with regression coefficients of equal sign in PLSR models
developed for prediction of relative humidity of the environment during spectral
measurements of three examined waters in the spectral region 600 - 1060 nm and
their tentative assignments. The wavelengths given in the parentheses in the
assignment column are the band positions from the cited literature and in the
majority of cases recalculated from wavenumbers or calculated overtones from
fundamental frequencies reported in the original source. The overtones (1) occurring
at integer multiples (n) of fundamental vibrations (V) are calculated from the mid

infrared absorption bands using the following equation:i(nm) = 710(‘3‘,)’?””)0

Sign  Position Tentative assignment

(nm)

(-) 626 Unknown

(-) 722 (721.5 nm) H,0, 3rd overt. [91]
(723 nm) maximum absorption peak of water vapor [82]

(-) 730-734  (732.6 nm) 4th overtone Superoxide Tetrahydrate O,-.
(H20) [90]
(735.3 nm) Hydrogen-bonded -OH, 3rd overt. [97]

(-) 740 Maximum absorption peak of liquid water near boiling
point [82]

(-) 758-762  (757.5 nm) 3rd overtone Superoxide Tetrahydrate O,-.
(H20)4[90]
(757.6 nm) H,0 deionized, 3rd overt. [91]

(-) 861-865 (860 nm) 3rd overtone IHB stretch (OH-(H,0)3) [98]
(862 nm) 3rd overtone IHB stretch (OH-(H,0),4) [86]
(862.1 nm) H30%, 3rd overt. [99]

(-) 979 (980 nm) hydroxide ion [93]
(980.4 nm) Hydrogen-bonded -OH, 2nd overt. [97]

(-) 1015 (1010 nm) 2nd overtone Superoxide Tetrahydrate O,-.
(H20)4 [90]
(1010.1 nm) H,0 deionized, 2nd overt. [91]
(1018.1 nm) aqueous proton [H*-(H,0)s] - H,0 in H503
symmetric stretch, 2nd overt. [87]

(-) 1028- Unknown

1030

(-) 1042 (1041.3 nm)H;;05 H-bonded OH stretch, 2nd overt. [89]
(1041.7 nm)Hydrogen-bonded —-OH, 2nd overt. [97]
(1043.3 nm)aqueous proton [H+(H,0)s] - Acceptor-
Donor-type H,0 H-bond stretch, 2nd overt. [87]

(+) 646-649 (645 nm) 4th overtone IHBstr/HOH bend (OH-H,0) [86]
(645.2 nm) 4th overtone Superoxide Tetrahydrate O,-.
(H20)5 [90]

(+) 663-667  (665.6 nm) H,0 vs3, 3rd overt. [100]

(+) 681 3rd overtone free OH stretch (OH-(H,0),) [86]
3rd overtone free water OH stretch (OH-H,0) [98]

(+) 701-709  (703.6 nm) H;50; + H-bonded OH stretch, 3rd overt. [89]
(706.8 nm) 4th overtone Superoxide Tetrahydrate O,-.
(H20)5 [90]

(+) 788 (791.1 nm)aqueous proton [H*-(H,0)s] - H,0 in H503
symmetric stretch, 3rd overt. [87]
(791.1 nm)H;50% H-bonded OH stretch, 3rd overt. [89]

(+) 803 (800 nm) maximum absorption peak for ice [82]

(+) 821-823  Unknown

(+) 888-890  (887.5 nm)H,0 vs, 2nd overt. [100]

while the rest of the bands correspond to absorption of hydrogen
bonded OH in solvation shells and hydrated proton clusters. This
means, that, in general, we can observe higher absorbance values
for Waeep and W, waters at both lower wavelengths referring
to less hydrogen bonded structures and high wavelengths corre-
sponding to more hydrogen bonded water. On the contrary Wipa-
low Water presents lower absorbance free water molecules
around 940 nm and higher absorbance values mainly around
992 nm showing higher concentration of water molecular species
with four hydrogen bonds. Possible reasons to explain this phe-
nomenon could be the different electroconductivity and mineral
content of the groundwaters, Table 1. Water Wpaji0w cOmMing from
shallower source has lower electroconductivity and mineral con-
tent than water Wyeep originated from deeper source and Wy
which is their mixture. The finding that increasing concentration
of minerals causes increase in less H-bonded water molecular net-
work is in good agreement with the results of previous researches
[22,105-107]. These results confirm that the approach employed
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Table 4

The position and tentative assignments of WAMACs that can be used for the
description of the state of analyzed waters, excluding those found most affected by
temperature and humidity in the environment. The wavelengths given in the
parentheses in the assignment column are the closest band positions from the cited
literature and in the majority of cases recalculated from wavenumbers or calculated
overtones from fundamental frequencies reported in the original source. The
overtones (1) occurring at integer multiples (n) of fundamental vibrations (v) are
calculated from the mid infrared absorption bands using the following

equation: A(nm) = 099000

Position Assignment

(nm)

902 (902.1 nm) — non-bonded OH stretch, 2nd overtone [87]
(902.13 nm) — free OH stretch in solvation shell OH-(H,0);, 2nd
overt. [86]

(902.36 nm) - free OH stretch in solvation shell OH-(H,0),, 2nd
overt. [86]

912 (912.46 nm) — free OH stretch in solvation shell OH-(H,0), 2nd
overt. [86]

(912.5 nm) - hydrated proton clusters H*- (H,0);, 2nd over. [88]

924 (922.1 nm) — solvation shell (OH-(H,0),4), 2nd overt. [87]
(925.9 nm) — hydrated proton cluster H".(H,0)0, 2nd overt.[92]

940 (938.2 nm) - hydrated proton cluster H*-(H,0)7, 2nd overt.[89]
(942 nm) — water vapour [82]

958 (958 nm) — moisture [14]

975 (976 nm) — bulk water [101]

991 (990 nm) — intramolecular hydrogen bonded OH stretch in (OH-
(H20)3) or (OH-(H,0)4), 2nd overt. [98]

(991.2 nm) — hydrogen-bonded OH stretch in hydrated proton
cluster H*-(H,0);, 2nd overt.[89]

1005 (1004.0 nm) - H-bonded OH stretch in hydrated proton cluster
H*.(H,0)e, 2nd overt.[87]

(1005.8 nm) - H-bonded OH stretch in hydrated proton cluster
H*-(H,0), 2nd overt [89]

1038 (1041.3 nm) - H-bonded OH stretch in H*-(H,0)s, 2nd overt.[89]
(1041.7 nm) — H-bonded OH stretch in hydrogen-bonded -OH,
2nd overt.[97]

1046 (1043.3 nm) — H-bonded OH stretch in hydrated proton cluster
H*.(H,0)s, 2nd overt.[87]

1050 (1054.9 nm) — hydrated proton cluster H+(H20)6, 2nd overt.

(871
(1054.9 nm) — H-bonded OH stretch in hydrated proton cluster
H*.(H,0)7, 2nd overt.[89]

by the Aquaphotomics evaluation technique, namely using water
as a mirror instead of specific measurements of the individual
components dissolved in water, can provide an indicator of possi-
ble changes in the water composition based on the spectra in the
short wavelength near infrared range [52].

Taken together, these results show that each water sample, can
be characterized successfully by its spectral pattern, distinctive for
each ground water and their mix. The differences in spectral pat-
tern, after elimination of the absorbance bands highly influenced
by temperature and humidity changes of the environment, present
stable, easily identifiable pattern for each water. It can serve as a
comprehensive marker of the state of the water as an integral sys-
tem (water + solutes), that is stable against seasonal changes in the
environment and will change only in response to changes in water
mineral content and/or undesirable circumstances during extrac-
tion process which may result in the loss of desired quality. Instead
of performing numerous, off-line, discrete measurements of indi-
vidual physico-chemical parameters, the proposed aquaphotomics
approach provides real-time monitoring solution for cost effective
screening of water that can indicate when something occurs that
would require more in-depth analysis. Considering the trend of
miniaturization and decreased costs of near infrared spectroscopic
systems, and the fact that results obtained here utilized short
wavelength region, it can be concluded that the proposed solution
may result in development of low-cost portable, miniature sensors
that can be easily integrated into any water production or water
treatment system to enable real-time quality screening.
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4. Conclusions

The results of groundwater samples with different mineral con-
tent and electroconductivity showed that surrounding tempera-
ture and humidity have a great influence on their visible and
near-infrared spectra. The influence of these two environmental
factors show some common spectral features for the different
waters, suggesting the impact on the measurement process, but
also some differences showing that each water sample is perturbed
in a specific way. The common bands that were particularly
affected by temperature and humidity were identified in each of
the spectral patterns. Selection of water matrix coordinates, absor-
bance bands at which the absorbance of the samples should be
measured in order to provide stable spectral pattern was per-
formed. The spectral patterns of each analyzed water show consis-
tent, stable features in 3 years of monitoring, during months when
the temperature and relative humidity of the environment are at
their highest variation. The water spectral patterns can still easily
distinguish between each of the water sample, signature-like
markers that can be used for monitoring. This specific quality of
different waters can be explained by their specific mineral content.
These results confirm that short wavelength near infrared spectral
pattern of water can be used for water screening practice to indi-
cate occurrence of changes in the water that would require more
in-depth analysis.

Real-time, online system based on the aquaphotomics near
infrared spectroscopy could present an efficient, practical approach
for monitoring of quality of water during treatment as well as at
the point of use, signaling the changes in water quality based on
detection of changes in water structure.
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