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Abstract. In this paper, we present a novel approach, en-
abling the measurement of nitrate concentrations in natural
soil porewater containing natural soil dissolved organic car-
bon (DOC). The method is based on UV absorbance spec-
troscopy, combined with fluorescence spectroscopy, for si-
multaneous analysis of DOC and nitrate concentrations. The
analytical procedure involves deduction of the absorption
caused by the DOC from the total absorbance in the UV
range that is attributed to both DOC and nitrate in the water
solution. The analytical concept has been successfully tested
in soil water samples obtained from five agricultural sites, as
well as in water samples obtained from a commercial humus
soil mixture. We believe that the new analytical concept can
provide a scientific foundation for developing a sensor for
real-time nitrate concentration measurements in agricultural
soils. As such, it can play a significant role in reducing nitrate
pollution in water resources, optimizing input application in
agriculture, and decreasing food production costs.

1 Introduction

During the last half-century, clear trends of rising nitrate con-
centrations in groundwater have been observed in aquifers
all around the globe (Jin et al., 2012; Kourakos et al., 2012;
Liao et al., 2012). The World Health Organization (WHO)
has determined that nitrate levels in drinking water should
not exceed 50 mg L−1 (WHO, 2011). At high concentra-
tions, nitrate is especially harmful to infants, where it may
cause “blue baby syndrome” (methemoglobinemia) and can
lead to severe illness and even death (Lorna Fewtrell, 2004;

Thompson et al., 2007). Unfortunately, nitrate contamina-
tion is the dominant factor responsible for severe degrada-
tion of groundwater and surface resources. On a global scale,
the eutrophication and hypoxia of streams, rivers, and lakes
are mostly attributed to subsurface return flow from nitrate-
contaminated groundwater from phreatic aquifers underlying
agricultural fields. Moreover, nitrate-contaminated ground-
water affects not only terrestrial water resources but ma-
rine ecosystems as well. Eutrophication and hypoxia on a
large scale have been found in the Gulf of Mexico (Scavia
et al., 2003) and the Black Sea (Tolmazin, 1985). They
also severely impact the Great Barrier Reef in Australia
(Brodie et al., 2012). Overall, nitrate contamination has led
to more groundwater disqualification and water well shut-
downs than any other contaminant worldwide (Dahan al.,
2014; Osenbrück et al., 2006), with nitrate being considered
the most common non-point source groundwater pollutant
(Turkeltaub et al., 2016). Numerous studies have linked in-
creased nitrate concentrations in groundwater to the excess
use of agricultural fertilizers (Burow et al., 2010; Fisher and
Healy, 2008; Kurtzman et al., 2013). As a result, a global reg-
ulatory effort to reduce excess fertilizer application to pre-
vent nitrate pollution has recently been undertaken world-
wide by environmental protection and water authorities (Bu-
reau, 2018; EPA US and Office of Water, 1994).

Currently, agricultural fertilizer application relies primar-
ily on farmers’ experience, expert recommendations, and
sporadic soil testing. None of these provide information that
is in line with the timescale of N-fertilizer mobilization, con-
sumption, and transformation dynamics in the soil. As such,
continuous in situ nitrate measurement in the soil is essential
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for optimizing fertilizer application and reducing groundwa-
ter pollution potential (Šimůnek and Hopmans, 2009).

Presently, monitoring of soil chemical parameters is per-
formed in water samples that may be obtained using suc-
tion cups installed in the soil or through water extraction of
soil samples (Kabala et al., 2017; Reck et al., 2019). Wa-
ter samples collected using these methods need to be trans-
ferred to a laboratory for further chemical analyses or direct
analysis on-site using analytical kits (Golicz et al., 2020).
Nitrate in the soil is highly soluble, mobile, consumed by
plants, and subject to various biochemical transformations.
Accordingly, nitrate concentration in the soil may fluctuate
dramatically on timescales of hours to days in response to ir-
rigation and precipitation patterns, fertilization, root uptake,
and different plant growth phases (Mmolawa and Or, 2000;
Turkeltaub et al., 2015). Thus, monitoring nitrate concentra-
tions with conventional tools often does not meet the required
time resolution for optimizing fertilizer application and pre-
venting groundwater pollution from excess use. The use of
highly sophisticated soil sampling methods can be expected
from a dedicated research team but not from farmers who
are focused on food production in large-scale agricultural
setups (Thompson et al., 2007). Therefore, automated, real-
time monitoring of soil nitrate concentrations may provide
growers with vital information on nutrient availability. Such
data are critical for maximized productivity, in addition to
water resource protection from nitrate pollution.

Ultraviolet (UV) absorption spectroscopy is one of the
most common methods for nitrate analysis in aqueous so-
lutions (Mayerstein and Treinin, 1961; Moorcroft, 2001).
Light absorption by nitrate in an aqueous solution takes
place at two main wavelength bands on the UV spectrum:
(1) the high absorbance band from 200–240 nm and (2) the
low absorbance band from 280–340 nm. Tuly et al. (2009)
suggested a continuous soil solution monitoring setup to
measure nitrate concentration by applying absorbance spec-
troscopy techniques in a porous cup installed in the soil. This
setup consisted of a porous stainless-steel cup filled with
deionized water that was placed in a reservoir of a potas-
sium nitrate solution. Once the solution inside the porous cup
achieved chemical equilibrium by diffusion between the cup
and the surrounding medium, the absorption spectrum of the
solution was measured by a UV dip probe. The dip probe
was connected to a spectrophotometer and a UV light source
through optical fibers, which enabled continuous measure-
ment of the solution within the suction cup. However, this
method was limited by two main factors: (1) achieving chem-
ical equilibrium between the porous cup and the surround-
ing medium is a slow process, especially in unsaturated sed-
iment that has limited water storage. The time lag between
the actual variation in soil nitrate concentration and its mea-
surement in the porous cap precludes the real-time measure-
ment of the rapid changes in the soil nitrate concentration,
and (2) the presence of natural soil dissolved organic car-
bon (DOC) limits the UV absorption spectroscopy analysis

since both nitrate and soil DOC absorb UV light in a similar
wavelength range (Causse et al., 2017; Ferree and Shannon,
2001; Shaw et al., 2014).

DOC interference to the nitrate absorbance spectrum can
be reduced by applying a combination of the UV–VIS ab-
sorption spectrum and multivariant statistical models such
as partial least squares regression (PLSR) (Avagyan et al.,
2014; Etheridge et al., 2014; Rieger et al., 2006). PLSR is
similar to principal component regression (PCR), when deal-
ing with multidimensional data sets. However, PLSR has the
additional advantage of maximizing the correlation between
the variables and a parameter of interest (Wehrens, 2011).
Vaughan et al. (2017) had demonstrated the use of a PLSR-
based method along with an in situ optical apparatus to es-
timate nitrate concentration in watersheds of urban, agricul-
tural, and forested lands. However, the general DOC and ni-
trogen concentration in their research had ranged between 0–
10 ppm, 1 order of magnitude less than the nitrate and DOC
levels found in the shallow subsurface porewater of agricul-
tural soils (Dahan et al., 2014; Yeshno et al., 2019).

Recently, a monitoring setup for real-time soil nitrate con-
centration measurement was developed, which is based on
continuous spectral analysis of soil porewater (Yeshno et al.,
2019; Dahan et al., 2020) in an optical flow cell that is con-
nected to a specially designed porous cup (suction lysime-
ter). This enables the creation of a continuous low rate flux
of soil porewater flowing from the soil through the cell. The
absorption spectrum of the soil porewater in the optical flow
cell is continuously recorded and analyzed to achieve real-
time nitrate concentration measurements. The analysis in-
volves an algorithm that scans the entire absorption spectrum
of the soil porewater to identify an optimal wavelength where
DOC interference with nitrate measurement is minimal. Use
of the method showed that the optimal wavelength is site-
specific, and the calibration equations for nitrate concentra-
tion are consistent over a long-time duration. Measurements
conducted for 2 years in four different agricultural fields and
through a series of column experiments offered detailed in-
formation on time variations in soil nitrate concentrations
(Yeshno et al., 2019). Despite this significant breakthrough in
continuous soil nitrate concentration measurement, the tech-
nology is still too cumbersome and impractical for commer-
cial agricultural applications since it is based on a wide-band
UV spectrophotometer and a bulky deuterium lamp as a UV
light source.

Reducing the cost, size, and energy consumption of a
spectroscopy-based apparatus for measuring soil porewater
nitrate concentrations requires a shift in applied technology
from the commonly used UV deuterium lamp to a less expen-
sive LED-based UV light source. In addition, the commonly
used wide spectrum spectrophotometer can be replaced with
a more affordable photodetector. However, currently, most
affordable, commercially available UV LEDs do not possess
the range of the high nitrate absorbance band (200–240 nm),
but only of the low nitrate absorbance band in the range of
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300± 20 nm. Nevertheless, the 300 nm spectral band can still
be used for the nitrate absorption spectral analysis (Moo et
al., 2016). However, this band is also sensitive to DOC pres-
ence. Moreover, DOC’s impact on the absorption at 300 nm
is inconsistent and depends on the soil water’s specific chem-
ical composition (Yeshno et al., 2019). Thus, directly analyz-
ing nitrate concentration from the absorbance in the wave-
lengths surrounding the 300 nm band in water samples origi-
nating from agricultural soils is challenging.

In this paper, we present a novel approach, enabling ni-
trate estimation in porewater samples containing DOC with
a variety of concentrations and chemical compositions. The
analysis is based on UV absorbance spectroscopy in the
vicinity of 300 nm combined with simultaneous fluores-
cence spectroscopy with excitation/emission at 350/451 nm
for characterizing DOC impact on the absorption pat-
tern. The independent DOC measurement allows subtract-
ing DOC’s contribution to the adsorption at 300 nm ((ni-
trate+DOC)−DOC= nitrate), thus enabling the estimation
of nitrate concentration. The analytical procedure involves
the spectral analysis of a matrix of soil porewater solutions
containing variable combinations of DOC and nitrate con-
centrations from different agricultural soils. The resulting ab-
sorption and fluorescence database was used to develop a
polynomial calibration equation that calculates nitrate con-
centration as a function of the absorbance at 300 nm and the
DOC concentration (patent pending: PCT/IL2020/050645).
The rationale behind the selection of these wavelengths for
the analysis is related to the commercial availability of LED
light sources in these wavelengths. Obviously, developing a
robust soil nitrate sensor that is commercially affordable for
widespread use in agricultural applications will lead to the
optimization of fertilizer application and the reduction of wa-
ter resource pollution.

2 Materials and methods

2.1 Study sites and soil samples

Soil samples from five different agricultural fields, located
on the coastal plain of Israel, were collected and analyzed
for this study. The samples were collected from organic and
conventional greenhouses that grow vegetable crops, an open
field that is used for rotating mixed crops, and a citrus or-
chard (Table 1). These sites were chosen to represent a spec-
trum of typical agricultural practices in different soils. In ad-
dition, a commercial humus soil mixture (Dovrat LIMITED,
Israel) was also examined to represent the potential impact of
DOC originating from compost enrichment on a soil porewa-
ter spectral analysis. These sites have been intensively stud-
ied in the past, and additional information can be found in
previous publications (Dahan et al., 2014; Turkeltaub et al.,
2014, 2015, 2016) and in the Supplement (Sect. S1).

2.2 Soil water samples preparation and chemical and
spectral analyses

Soil water extract’s samples were obtained by creating a mix-
ture of the different soils with double distilled water (DDW).
The soil extracts were left to stand for 24 h in order to achieve
chemical equilibrium of the soil DOC. The soil and liquid
phases were separated by a standard laboratory centrifuge,
and the suspended solids were removed by a 0.22 µm mem-
brane filter.

The initial values of DOC and total nitrogen (TN) in the
sample were estimated by an Analytic Jena multi N/C 2100s
TOC/TN analyzer, while nitrate concentration was deter-
mined by a Dionex ICS 5000 ion chromatograph. The ab-
sorption of the samples at 300 nm was determined using
a TECAN Spark 10M multimode microplate reader spec-
trophotometer. The light absorbance was defined by the
Lambert–Beer equation (Eq. 1):

absorbance=−log10
I

I0
, (1)

where I is the light intensity after passing through the ex-
amined solution, and I0 is the light intensity after passing
through a reference water sample (DDW).

A fluorescence spectroscopy technique was used to mea-
sure the DOC concentration in the examined solution us-
ing a TECAN Infinite M200 spectrophotometer with exci-
tation (EX)/emission (EM) at 350/451 nm (Mostofa et al.,
2007; Painter et al., 2018; Parlanti et al., 2000). An impor-
tant advantage of DOC fluorescence spectroscopy is that it
is not affected by the presence of nitrate in the solution,
as only DOC has the chemical structural complexity which
comprises the aromatic rings required to have fluorescence
characteristics at the UV range. Moreover, when DOC is tar-
geted as the main chemical component for chemical anal-
ysis, UV fluorescence spectroscopy is commonly applied if
the samples containing dissolved nitrate or iron instead of ab-
sorbance spectroscopy techniques (Bridgeman et al., 2011).

The chemical and optical data of the soil water solution
were analyzed by the MATLAB 2019b curve fitting tool
to obtain the polynomial equation for nitrate estimation, p

value, correlation coefficient (R2), and RMSE values.

3 Results and discussion

3.1 Absorption spectroscopy for nitrate estimation in
soil water containing DOC

The application of UV absorption techniques to aqueous ni-
trate solutions commonly results in a linear correlation be-
tween the absorption rate and the nitrate concentration (Ed-
wards et al., 2001; Ferree and Shannon, 2001; Michael et al.,
2017; Moo et al., 2016; Tuly et al., 2009). However, this cor-
relation is not straightforward in natural soil water containing
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Table 1. Sampled field sites location and soil type.

Site location Site type Soil type

Afek Open crop field – inland Clay soil
Zikim Conventional greenhouse Sandy loam
Zikim Organic greenhouse Loam
Nir Galim Citrus orchard Loam
Nir Galim Open crop field – coastal Sandy loam
n/a n/a Dovrat commercial compost soil mixture (sandy loam)

n/a stands for not applicable.

Figure 1. Nitrate concentration vs. absorption at 300 nm of soil wa-
ter samples from the conventional greenhouse.

DOC, as UV absorption by the organic matter, in conjunction
with the nitrate absorption, leads to an increase in the overall
absorption in the examined solution. For example, a series of
solutions with variable nitrate concentrations and a relatively
constant DOC concentration shows a linear correlation with
the absorption values (curve a in Fig. 1). However, a simi-
lar series of nitrate concentrations, with an increased DOC
level, shows a linear correlation as well, yet with a greater
absorbance level (curve b in Fig. 1). Nevertheless, the simi-
larities between the trend line associated with the low DOC
levels and the trend line associated with the high DOC levels
imply that the DOC contribution to the overall absorbance is
consistent and quantifiable.

However, examining the relation between nitrate and DOC
concentrations and the UV absorption of a large solution ma-
trix may not be as intuitive as the 2D model presented in
Fig. 1. In order to assess the specific contribution of nitrate
and DOC to the total absorption at 300 nm, a matrix of so-
lution containing varying concentration of DOC and nitrate
was made from the soil water extract for each study site. The
solution matrix was obtained through the preparation of a se-
ries of replicates of different DOC concentrations for each
soil water extract. Each replicate was spiked with a variable
volume of 10 000 mg L−1 standard potassium nitrate solu-
tion, to achieve 4–6 different nitrate concentrations per DOC
level. As a result, a matrix composed of 25–30 samples with

variable combinations of DOC and nitrate concentrations,
ranging from zero to ∼ 1000 mg L−1 of nitrate and zero to
∼ 100 mg L−1 of DOC was produced from each agricultural
site (Table 2). Additional databases for the remaining five soil
type samples can be found under Sect. S2.

The data from the three variables (DOC/nitrate concentra-
tion and absorption values) were projected on a 3D domain
(Fig. 2). The data distribution in space, which is geometri-
cally defined as a plane, was mathematically quantified by
applying a multivariate regression model. From this model,
the nitrate concentration in the sample could be estimated
as a function of the DOC concentration and absorbance at
300 nm (Eq. 2):

nitrate(DOC,Abs)= P00+P01×Abs+P10×DOC, (2)

where DOC indicates the DOC concentration (in mg L−1),
Abs indicates the absorbance as measured at 300 nm (a.u.),
and P00,P10, and P01 are the coefficients as obtained from
the regression model.

Yet, the contribution of the DOC to the overall absorbance
can differ from site to site, due to variations in DOC chemi-
cal and optical characteristics in the different soils. The com-
position of the organic matter that constitutes the DOC is
affected by site-specific characteristics such as type of agri-
cultural crop, biological activity in the soil, and the type of
compost and fertilizer used at the site (Kalbitz et al., 2000;
Nelson et al., 1992; Tian et al., 2010). Therefore, the poly-
nomial calibration equation for nitrate must be site-specific.
Nonetheless, it was concluded that the impact of DOC on
the absorption spectrum, due to its chemical composition, re-
mained relatively constant through time and is a site-specific
feature (Yeshno et al., 2019). This implies that once an initial
calibration equation is obtained, it can be used for that par-
ticular site repeatedly in a long duration, making real-time
continuous measurement of soil nitrate concentration feasi-
ble.

Further validation of the concept was performed by repro-
ducing similar multivariate calibration models and their cal-
ibration coefficients for estimating nitrate in the soil water
of five additional agricultural sites (Table 3). The polyno-
mial calibration equations were obtained for matrices of wa-
ter samples containing variable DOC concentrations, rang-
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Table 2. Database obtained by analyzing the water samples extracted from the conventional greenhouse soil.

Concentration (mg L−1) Concentration (mg L−1)

Sample DOC Nitrate Absorption Sample DOC Nitrate Absorption
ID at 300 nm ID at 300 nm

(a.u.∗) (a.u.∗)

1 213± 0.2 73± 4 1.4444 15 26.6 9± 1 0.2158
2 209± 0.2 267± 16 1.443 16 26.1 205± 12 0.2237
3 203± 0.2 546± 33 1.4411 17 25.3 485± 29 0.2406
4 199± 0.2 722± 44 1.4175 18 24.9 663± 40 0.2556
5 193± 0.2 975± 59 1.4117 19 24.2 917± 56 0.2757
6 106± 0.1 36± 2 0.7401 20 13.3 5 0.1263
7 104± 0.1 232± 14 0.7757 21 13 201± 12 0.1452
8 101± 0.1 511± 31 0.7729 22 12.7 481± 29 0.1561
9 99± 0.1 688± 42 0.7589 23 12.4 658± 40 0.1719
10 96.7± 0.1 942± 57 0.7651 24 12.1 913± 55 0.1838
11 53.2± 0.1 18± 1 0.3893 25 6.65 2 0.0837
12 52.2± 0.1 214± 13 0.3963 26 6.52 198± 12 0.0947
13 50.7± 0.1 494± 30 0.4082 27 6.33 478± 29 0.1153
14 49.7± 0.1 671± 41 0.433 28 6.22 656± 40 0.1275
15 48.4± 0.1 926± 56 0.4472 29 6.05 911± 55 0.1503

∗ a.u. stands for arbitrary unit.

Figure 2. 3D projection of the nitrate concentration as a function of the DOC concentration and absorbance at 300 nm for water samples
obtained from the conventional greenhouse.

ing from 1.6 to about 200 mg L−1, and nitrate concentrations
ranging from a few mg L−1 to about 1000 mg L−1. Nitrate
concentrations predicted by the multivariate model had a cor-
relation of R2 > 0.93 and an RMSE ranging from 39.2 to
66.4 mg L−1 nitrate with the observed nitrate concentration
in the solution (Fig. 3). Detailed information on the range of
concentrations and the 3D projected data and quality of the
fitted data can be found in Table 4 and under Sect. S2.

3.2 DOC analyses using fluorescence spectroscopy

In order to perform real-time analyses of nitrate in the water
samples using the presented concept, the DOC concentration

Table 3. Calibration coefficients for the multivariate regression
model of the study site’s obtained water samples.

p00 p01 p10

Conventional greenhouse −338 10 800 −71.8
Humus soil mixture −375.3 11 270 −124.2
Organic greenhouse −229.8 8304 −68.47
Open crop field – coastal −378.2 11 620 −235.9
Citrus orchard −328.8 9463 −20.71
Open crop field – inland −395.1 12 940 −46.96
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Figure 3. Observed vs. predicted nitrate concentrations.

Table 4. Nitrate predication statistics and DOC/nitrate concentration range for the examined soil water.

R2 RMSE P -values Concentration range (mg L−1)

DOC (error± 0.1 %) Nitrate (error± 6 %)

Conventional greenhouse 0.964 66.4 2.69× 10−20 6.05–213 2.27–975.3
Humus soil mixture 0.9589 39.21 9.67× 10−17 6.8–20 18.5–525.2
Organic greenhouse 0.9335 57.54 8.07× 10−17 4.8–50 2.6–619.4
Open crop field – coastal 0.9693 59.82 2.27× 10−17 3.3–59.7 5.1–983.3
Citrus orchard 0.9575 47.68 3.96× 10−17 9.5–99.8 2–618.4
Open crop field – inland 0.9771 51.97 2.26× 10−20 1.63–28.65 3.2–955.8

in the examined solution needs to be continuously substituted
in the polynomial calibration equation (Eq. 2), along with the
absorption at 300 nm. Thus, an independent and simultane-
ous analysis of DOC, along with the absorbance measure-
ment, needs to be performed to determine the DOC concen-
tration in the examined solution.

One way of providing an independent, simultaneous mea-
surement of DOC in the soil solution is by fluorescence spec-
troscopy. Fluorescence emission values of the soil water sam-
ples at 451 nm, which had known DOC concentrations, were
used to develop a calibration curve for each site (Fig. 4).
The relation between DOC concentration and fluorescence
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Figure 4. DOC concentration vs. fluorescence intensity at 451 nm.

intensity in the water samples from the different fields shows
that each field has its own unique calibration equation due to
the variation in the DOC chemical characteristics. As previ-
ously mentioned, the composition of the organic matter that
constitutes the DOC and its chemical characteristics are site-
specific properties. Therefore, similarly to the polynomial of
the nitrate calibration equation, the calibration curves for the
DOC concentrations are also required to be site-specific.

3.3 Limitation in applications of UV LEDs for nitrate
analyses by absorption spectroscopy

As previously mentioned in this paper, UV absorption by
aqueous nitrate can be divided into two distinct sections: (1) a
higher absorbance band around 220 nm and (2) a lower ab-
sorbance band at 300 nm. While both absorbance bands are
known to have direct correlations with nitrate concentration,
the absorbance at 220 nm absorbs light at 2 orders of mag-
nitude higher than the absorbance at 300 nm. Consequently,
the 300 nm absorbance, which stretches at values from 0–
1 (a.u.), corresponding to the relevant nitrate and DOC con-
centrations in this research, is characterized by a low signal
(nitrate absorbance) to noise (DOC absorbance) ratio. There-
fore, nitrate measurement at 300 nm is naturally more vulner-
able to measurement errors, reducing the measurement accu-
racy, especially at the lower concentrations (< 100 mg L−1).
With the purpose of assessing nitrate measurement in the
higher absorbance band, we have tested the calibration ap-
proach for the humus soil mixture water samples, through
the absorbance measured at 235 nm by a standard laboratory
spectrometer (Fig. 5). The calibration process for the higher
absorbance band of 235 nm (Fig. 5) was practically identi-
cal to the one that was produced for the 300 nm (Fig. 3e). A
significant increase in the quality of the nitrate analysis can
be seen when calibration was carried out at 235 nm, and con-
sequently, once such an LED becomes commercially avail-
able, a great improvement can be obtained to the accuracy of
the sensor. However, with the currently limited availability
of deep UV LEDs on the market, the 300 nm LEDs remain

Figure 5. Observed vs. predicted nitrate concentrations, for the hu-
mus soil mixture water extract, when the calibration equation was
obtained for absorption at 235 nm using a standard laboratory spec-
trometer.

the most affordable and attainable candidate for a UV light
source for developing a nitrate monitoring sensor.

4 Summary and conclusions

In the framework of this research, we have developed a new
concept that enables nitrate estimation in soil water using
UV absorption spectroscopy. The new concept allows the use
of LEDs as a light source when performing spectral analy-
ses, which are more affordable, compact, and power-efficient
than the commonly used deuterium UV light source. More-
over, the newly developed concept accounts for DOC mea-
surement interference, which is a known issue when apply-
ing UV absorption spectroscopy techniques to nitrate analy-
ses in soil water. Due to the currently limited availability of
UV-LED light sources in the deep UV range, the concept was
developed and validated at a wavelength of ∼ 300 nm.

The simultaneous analytical procedure for DOC and ni-
trate was tested on soil water extracted from five agricultural
soils and from a soil mixture of commercial agricultural com-
post. The results indicate a reasonable correlation between
the predicted and observed values of a series of samples ob-
tained for each soil, with variable nitrate and DOC concentra-
tions. Nevertheless, the non-ideal conditions when applying
the new concept at 300 nm led to some measurement errors,
which are not in line with a state-of-the-art standard labora-
tory apparatus. However, the concept is quite suitable for the
practical demands of an on-site and real-time nitrate moni-
toring sensor in agricultural and environmental applications.
We hope that this work will establish the groundwork for the
development of an affordable LED-based, electro-optical ni-
trate monitoring sensor. Such a system, which does not rely
on the standard cumbersome light sources, is expected to be
efficient in power consumption, size, and production costs
and thus suitable for the requirements of both farmers and
researchers. We believe that this nitrate and DOC monitoring
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concept may lead to a higher level of precision farming and
the sustainable use of associated water sources while opti-
mizing yield and decreasing food production costs.

Data availability. Data sets are available upon request by
contacting the correspondence author: Elad Yeshno (ela-
dyes@post.bgu.ac.il).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/hess-25-2159-2021-supplement.

Author contributions. EY (PhD student) conducted the majority of
the experiments, analyzed the data, and was the main writer of this
article. SB (MSc student) conducted laboratory analysis and exper-
iments and wrote parts of the article. OD (project PI) designed the
experimental setups, analyzed the data, and wrote parts of the arti-
cle. SA (project PI) formulated the analytical concept, designed the
experimental setup, analyzed the data, and wrote parts of the article.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The authors wish to express their great appre-
ciation to Michael Kugel, who assisted with each and every techni-
cal aspect of the project while providing outstanding advice for the
laboratory and field experiments.

Financial support. This research has been supported by the
KAMIN Framework (Israel Innovation Authority, grant no. 67854)
and the Israel Ministry of Agriculture and Rural Development (Eu-
gene Kandel Knowledge Centers) as part of the program The Root
of the Matter: the root zone knowledge center for leveraging mod-
ern agriculture.

Review statement. This paper was edited by Markus Weiler and re-
viewed by three anonymous referees.

References

Avagyan, A., Runkle, B. R. K., and Kutzbach, L.: Ap-
plication of high-resolution spectral absorbance mea-
surements to determine dissolved organic carbon con-
centration in remote areas, J. Hydrol., 517, 435–446,
https://doi.org/10.1016/j.jhydrol.2014.05.060, 2014.

Bridgeman, J., Bieroza, M., and Baker, A.: The application of
fluorescence spectroscopy to organic matter characterisation in
drinking water treatment, Rev. Environ. Sci. Biotechnol., 10,
277–290, https://doi.org/10.1007/s11157-011-9243-x, 2011.

Brodie, J. E., Kroon, F. J., Schaffelke, B., Wolanski, E. C., Lewis,
S. E., Devlin, M. J., Bohnet, I. C., Bainbridge, Z. T., Wa-
terhouse, J., and Davis, A. M.: Terrestrial pollutant runoff
to the Great Barrier Reef: An update of issues, priorities
and management responses, Mar. Pollut. Bull., 65, 81–100,
https://doi.org/10.1016/j.marpolbul.2011.12.012, 2012.

Bureau, E. E.: Germany Faces Billions In Fines For Break-
ing EU Laws On Nitrate Pollution, Meta, available at:
https://meta.eeb.org/2018/06/21/germany-faces-billions-in-
fines-for-breaking-eu-laws-on-nitrate (last access: 6 April 2020),
2018.

Burow, K. R., Nolan, B. T., Rupert, M. G., and Dubrovsky,
N. M.: Nitrate in groundwater of the United States,
1991–2003, Environ. Sci. Technol., 44, 4988–4997,
https://doi.org/10.1021/es100546y, 2010.

Causse, J., Thomas, O., Jung, A. V., and Thomas, M. F.: Direct DOC
and nitrate determination in water using dual pathlength and sec-
ond derivative UV spectrophotometry, Water Res., 108, 312–319,
https://doi.org/10.1016/j.watres.2016.11.010, 2017.

Dahan, O., Babad, A., Lazarovitch, N., Russak, E. E., and
Kurtzman, D.: Nitrate leaching from intensive organic farms
to groundwater, Hydrol. Earth Syst. Sci., 18, 333–341,
https://doi.org/10.5194/hess-18-333-2014, 2014.

Dahan, O., Arnon, S., and Yeshno, E.: In-Situ Measure-
ment Of Nitrate In Soil (Patent No. US 20200072737A1),
US Patent Office, available at: https://patents.google.com/patent/
US20200072737A1/en (last access: 17 April 2021), 2020.

Edwards, A. C., Hooda, P. S., and Cook, Y.: Determination of
nitrate in water containing dissolved organic carbon by ultra-
violet spectroscopy, Int. J. Environ. Anal. Chem., 80, 49–59,
https://doi.org/10.1080/03067310108044385, 2001.

EPA US and Office of Water: Is Your Drinking Water Safe?,
Publ. number 810 F94002, available at: https://nepis.epa.gov/
Exe/ZyPURL.cgi?Dockey=20001R5L.txt (last access: 12 Febru-
ary 2019), 1994.

Etheridge, J. R., Birgand, F., Osborne, J. A., Osburn, C. L.,
Burchell, M. R.. and Irving, J.: Using in situ ultraviolet-
visual spectroscopy to measure nitrogen, carbon, phosphorus,
and suspended solids concentrations at a high frequency in
a brackish tidal marsh, Limnol. Oceanogr. Meth., 12, 10–22,
https://doi.org/10.4319/lom.2014.12.10, 2014.

Ferree, M. A. and Shannon, R. D.: Evaluation of a second deriva-
tive UV/visible spectroscopy technique for nitrate and total ni-
trogen analysis of wastewater samples, Water Res., 35, 327–332,
https://doi.org/10.1016/S0043-1354(00)00222-0, 2001.

Fisher, L. H. and Healy, R. W.: Water Movement within the Unsat-
urated Zone in Four Agricultural Areas of the United States, J.
Environ. Qual., 37, 1051, https://doi.org/10.2134/jeq2006.0561,
2008.

Golicz, K., Hallett, S., and Sakrabani, R.: Novel procedure for test-
ing of soil field test kits involving paper strips, Soil Use Manage.,
https://doi.org/10.1111/sum.12582, in press, 2020.

Jin, Z., Pan, Z., Jin, M., Li, F., Wan, Y., and Gu, B.: Determination of
nitrate contamination sources using isotopic and chemical indi-
cators in an agricultural region in China, Agr. Ecosyst. Environ.,
155, 78–86, https://doi.org/10.1016/j.agee.2012.03.017, 2012.

Kabala, C., Karczewska, A., Gałka, B., Cuske, M., and Sowiński, J.:
Seasonal dynamics of nitrate and ammonium ion concentrations
in soil solutions collected using MacroRhizon suction cups, En-

Hydrol. Earth Syst. Sci., 25, 2159–2168, 2021 https://doi.org/10.5194/hess-25-2159-2021

https://doi.org/10.5194/hess-25-2159-2021-supplement
https://doi.org/10.1016/j.jhydrol.2014.05.060
https://doi.org/10.1007/s11157-011-9243-x
https://doi.org/10.1016/j.marpolbul.2011.12.012
https://meta.eeb.org/2018/06/21/germany-faces-billions-in-fines-for-breaking-eu-laws-on-nitrate-pollution/%0A
https://meta.eeb.org/2018/06/21/germany-faces-billions-in-fines-for-breaking-eu-laws-on-nitrate-pollution/%0A
https://doi.org/10.1021/es100546y
https://doi.org/10.1016/j.watres.2016.11.010
https://doi.org/10.5194/hess-18-333-2014
https://patents.google.com/patent/US20200072737A1/en
https://patents.google.com/patent/US20200072737A1/en
https://doi.org/10.1080/03067310108044385
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20001R5L.txt
https://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=20001R5L.txt
https://doi.org/10.4319/lom.2014.12.10
https://doi.org/10.1016/S0043-1354(00)00222-0
https://doi.org/10.2134/jeq2006.0561
https://doi.org/10.1111/sum.12582
https://doi.org/10.1016/j.agee.2012.03.017


E. Yeshno et al.: A novel analytical approach for the simultaneous measurement of nitrate 2167

viron. Monit. Assess., 189, 304, https://doi.org/10.1007/s10661-
017-6022-3, 2017.

Kalbitz, K., Solinger, S., Park, J. H., Michalzik, B., and
Matzner, E.: Controls on the dynamics of dissolved or-
ganic matter in soils: a review, Soil Sci., 165, 277–304,
https://doi.org/10.1097/00010694-200004000-00001, 2000.

Kourakos, G., Klein, F., Cortis, A.. and Harter, T.: A groundwater
nonpoint source pollution modeling framework to evaluate long-
term dynamics of pollutant exceedance probabilities in wells
and other discharge locations, Water Resour. Res., 48, W00L13,
https://doi.org/10.1029/2011WR010813, 2012.

Kurtzman, D., Shapira, R. H., Bar-Tal, A., Fine, P., and Russo, D.:
Nitrate fluxes to groundwater under citrus orchards in a Mediter-
ranean climate: Observations, calibrated models, simulations and
agro-hydrological conclusions, J. Contam. Hydrol., 151, 93–104,
https://doi.org/10.1016/j.jconhyd.2013.05.004, 2013.

Liao, L., Green, C. T., Bekins, B. A., and Böhlke, J.
K.: Factors controlling nitrate fluxes in groundwater
in agricultural areas, Water Resour. Res., 48, W00L09,
https://doi.org/10.1029/2011WR011008, 2012.

Lorna Fewtrell: The Global Burden of Disease
project, Environ. Health Perspect., 112, 1371–1373,
https://doi.org/10.1289/ehp.7216, 2004.

Mayerstein, D. and Treinin, A.: Absorption spectra of
NO−3 in solution, Trans. Faraday Soc., 57, 2104–2112,
https://doi.org/10.1080/05704929108050880, 1961.

Michael, J., Koshnick, C., Stewart, J., and Paul, J.: Measurement
of Nitrate-Nitrogen Concentration in Sol Based on Absorp-
tion Spectroscopy (Patent No. US 9.255,878 B2), US Patent
Office, available at: https://patentscope.wipo.int/search/en/detail.
jsf?docId=WO2010129874 (last access: 17 April 2021), 2017.

Mmolawa, K. and Or, D.: Root zone solute dynamics un-
der drip irrigation: A review, Plant Soil, 222, 163–190,
https://doi.org/10.1023/A:1004756832038, 2000.

Moo, Y. C., Matjafri, M. Z., Lim, H. S., and Tan, C. H.: New
development of optical fibre sensor for determination of ni-
trate and nitrite in water, Optik (Stuttg)., 127, 1312–1319,
https://doi.org/10.1016/j.ijleo.2015.09.072, 2016.

Moorcroft, M.: Detection and determination of nitrate and nitrite:
a review, Talanta, 54, 785–803, https://doi.org/10.1016/S0039-
9140(01)00323-X, 2001.

Mostofa, K. M. G. G., Yoshioka, T., Konohira, E., and Tanoue,
E.: Dynamics and characteristics of fluorescent dissolved or-
ganic matter in the groundwater, river and lake water, Water Air
Soil Pollut., 184, 157–176, https://doi.org/10.1007/s11270-007-
9405-1, 2007.

Nelson, P. N., Baldock, J. A., and Oades, J. M.: Concentration
and composition of dissolved organic carbon in streams in re-
lation to catchment soil properties, Biogeochemistry, 19, 27–50,
https://doi.org/10.1007/BF00000573, 1992.

Osenbrück, K., Fiedler, S., Knöller, K., Weise, S. M., Sültenfuß,
J., Oster, H., and Strauch, G.: Timescales and development of
groundwater pollution by nitrate in drinking water wells of the
Jahna-Aue, Saxonia, Germany, Water Resour. Res., 42, W12416,
https://doi.org/10.1029/2006WR004977, 2006.

Painter, S. C., Lapworth, D. J., Woodward, E. M. S.,
Kroeger, S., Evans, C. D., Mayor, D. J., and Sanders,
R. J.: Terrestrial dissolved organic matter distribution

in the North Sea, Sci. Total Environ., 630, 630–647,
https://doi.org/10.1016/j.scitotenv.2018.02.237, 2018.

Parlanti, E., Wörz, K., Geoffroy, L., and Lamotte, M.: Dis-
solved organic matter fluorescence spectroscopy as a tool
to estimate biological activity in a coastal zone submit-
ted to anthropogenic inputs, Org. Geochem., 31, 1765–1781,
https://doi.org/10.1016/S0146-6380(00)00124-8, 2000.

Reck, A., Paton, E., and Kluge, B.: Advanced In Situ
Soil Water Sampling System for Monitoring Solute
Fluxes in the Vadose Zone, Vadose Zone J., 18, 190008,
https://doi.org/10.2136/vzj2019.01.0008, 2019.

Rieger, L., Langergraber, G., and Siegrist, H.: Uncertainties
of spectral in situ measurements in wastewater using differ-
ent calibration approaches, Water Sci. Technol., 53, 187–197,
https://doi.org/10.2166/wst.2006.421, 2006.

Scavia, D., Rabalais, N. N., Turner, R. E., Justić, D., and Wiseman,
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