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ABSTRACT

In situ measurements of nitrate (NO3) were made using a submersible ultraviolet nitrate sensor
(SUNA) in three Irish estuaries (Bandon, Blackwater and Lee) in January and February 2012.
Measurements were compared against discrete water samples analysed in the laboratory. There was
excellent agreement between the SUNA and laboratory measurements, with the variation in in-situ
nitrate measurements explaining nearly 100% of the variation in laboratory measurements (r2 �
0.99, with a negative bias of �10%). In each estuary there was a conservative mixing relationship
between salinity and nitrate, indicating that the main source of nitrate to these estuaries in winter is
from the main inflowing river. The highest nitrate concentration of 235.2mM at salinity 0.7 was
found in the Lee Estuary and the lowest concentration of 7.5mM at salinity 34.6 was found in Cork
Harbour. The successful demonstration of this technology in Irish estuaries provides a powerful
example of how future developments in this field will allow the real-time assessment of
environmental conditions in these environments.

INTRODUCTION

Eutrophication*the enrichment of water by nu-
trients, especially compounds of nitrogen and
phosphorus*is one of the most prominent issues
affecting the quality of surface waters in Ireland
(McGarrigle et al. 2011). The direct and indirect
effects of eutrophication in estuaries and coastal seas
can include excessive accumulation of algal bio-
mass, oxygen depletion, increased frequency of
noxious algal blooms, reduced water clarity and a
reduction in the general health of marine ecosys-
tems (Lotze et al. 2006).

In Ireland, the extent of eutrophication in
estuaries and coastal areas is assessed using the Irish
Environmental Protection Agency’s Trophic Status
Assessment Scheme (TSAS), which compares the
compliance of individual parameters against a set of
criteria indicative of trophic state (O’Boyle et al.
2011). The nutrient based criteria used in TSAS,
involves the assessment of levels of dissolved
inorganic nitrogen (DIN) and molybdate reactive
phosphorus (MRP). In the EPA’s programme,
water samples are collected from multiple stations
within a water body and returned to a laboratory
for analysis. In recent years, however, the develop-
ment of autonomous nutrient sensor systems now
means that a number of these parameters can be

determined in situ. For example, advancements in
optical sensors have made it possible to use
ultraviolet absorption spectrum technology for
accurate real-time monitoring of nitrate (Johnson
and Coletti 2002; MacIntyre et al. 2009).

In this short communication we provide the
results of field tests using a new submersible
ultraviolet nitrate sensor (SUNA) in the Bandon,
Blackwater and Lee estuaries in January and
February 2012. We provide a comparison of the
results plotted against traditional wet chemistry
laboratory methods and offer some recommenda-
tions for the future use of this instrument.

MATERIALS AND METHODS

A Satlantic submersible ultraviolet nitrate analyser
(SUNA) was used to measure the vertical distribu-
tion of nitrate at 34 stations in the Bandon,
Blackwater and Lee estuaries in counties Cork
and Waterford, over three days between the 30
January and 1 February 2012, respectively (Fig. 1).
The specifications of the SUNA instrument are
given in Table 1. At each station, the SUNA was
deployed near the seabed and retrieved at a constant
rate to produce a vertical profile of nitrate con-
centration through the water column (an example is
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shown in Fig. 2). The oceanographic convention
would be to take measurements from the surface
down, but in narrow fast-flowing channels, deploy-
ing to the bottom and taking measurements as the
instrument is raised to the surface makes it easier for
the operator to control the depth of the instrument
in the water column.

SUNA functions by measuring the levels of
absorbance of certain dissolved inorganic com-
pounds in the ultraviolet light spectrum at wave-
lengths less than 240nm. A picture of the SUNA
instrument, configured to a water quality instru-
ment package, and a close-up of the 1cm path
length sample chamber is shown in Fig. 3.
Advanced algorithms are used to de-convolve
absorption due to nitrate molecules from other
inorganic compounds (mainly bromide) and co-
loured dissolved organic matter (CDOM). The
process of de-convolving or removing overlapping
spectra has been described in detail by Johnson and
Coletti (2002) and is not described here. SUNA
measurements are computed quickly and continu-
ously using a WindowsTM based software package
(SUNA.com software).

Contemporaneous salinity measurements were
made using a Hydrolab Datasonde CTD. Water
samples for the analysis of total oxidised nitrogen
(TOxN) were collected from near the surface using
a plastic bucket and from 0.5m above the seabed
using a Ruttner sampling bottle. At each station a
subsample from the bottom water sample was added

to the measuring chamber of the SUNA. This was
done to ensure that a direct comparison could be
made between the SUNA measurements and the
subsequent laboratory measurements. The CTD
was calibrated against KCL standards of known
conductivity and salinity (ppt) was computed using
an algorithm adapted from the United States
Geological Survey Water Supply Paper 2311
(Miller et al. 1988). Nutrients (total ammonia, total
oxidised nitrogen) were measured using a Lachat
nutrient analyser according to Standard Methods
for the Examination of Water and Wastewater
(2005). Regression analyses were performed to
measure goodness of fit of the data and plotted on
a scatterplot. A p B 0.05 value was considered
significant in all analyses.

RESULTS

There was excellent agreement between the SUNA
measured in situ nitrate (NO3) values and total
oxidised nitrogen (TOxN) values analysed in the
laboratory across all three estuaries. The coefficient
of determination (r2) was close to or � 0.99 for
each estuary (Bandon, r2�0.9954; Blackwater,
r2� 0.9873; Lee, r2 � 0.9925) and for the three
estuaries combined (r2 � 0.9932) indicating that
the variation in NO3 values explained nearly all
of the variation in TOxN values (Fig. 4). On
average, the SUNA nitrate values accounted for
90.3% of the laboratory total oxidised nitrogen

Fig. 1*Location of sampling stations in the Bandon Estuary, Blackwater Estuary and Lee Estuary on 30 and 31 January

2012 and 1 February 2012, respectively.
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values. Some of this difference can be explained by
the fact that the SUNA values only represent nitrate
values whereas the laboratory values represent both
nitrate and nitrite. However, the concentration of
nitrite is likely to be low and usually represents only
1%�2% of the total oxidised nitrogen concentra-
tion. Most of the difference is likely to be due to a
negative bias in the SUNA instrument that is caused
by the temperature dependence of the bromide
spectra. This bias can be corrected by using an
algorithm that applies a temperature-dependent
correction to the bromide spectrum and then using
the observed temperature and salinity to subtract
this component from the calculated nitrate values
(Sakamoto et al. 2009). A temperature-dependent
correction was not done on this occasion because
contemporaneous high-frequency temperature
measurements were not available.

The highest nitrate (SUNA) concentrations
were associated with the freshwater end of each
estuary, and nitrate concentrations declined linearly
as salinity increased indicating dilution with sea-
water. The conservative mixing relationship be-
tween nitrate and salinity in each estuary indicates
that in winter the main source of nitrate is from the
river. The highest concentrations in the Lee,
Bandon and Blackwater estuaries were 235.2mM
(salinity 0.7), 200.6mM (salinity 6.0) and 154.6mM
(salinity 0.1), respectively. The lowest concentra-
tions in the same three estuaries were 7.5mM
(salinity 34.6), 9.5mM (salinity 34.9) and 18.8mM
(salinity 32.4), respectively. A range of nitrate and
TOxN values at different stations and salinities is
shown in Table 2.

DISCUSSION

An in situ optical nitrate sensor was successfully
tested in three Irish estuaries in winter 2012. There
was excellent agreement between in situ measure-
ments of nitrate using the SUNA instrument and
laboratory measurements of total oxidised nitrogen
across a wide range of nutrient concentrations and
salinities in each estuary. While it has been
recognised that problems can occur with the optical
detection of nitrate in highly coloured or turbid
coastal waters (Kroger et al. 2009) the results of this
trial are extremely encouraging as the three estu-
aries used are considered to be reasonably repre-
sentative of most other Irish estuaries (O’Boyle et al.
2011). Indeed, the results obtained from the
deployment of an earlier version of the SUNA in
the Liffey Estuary also showed promising results
(O’Donnell et al. 2008).

The ability to use an electronic optical instru-
ment to measure in situ nitrate continuously would
have many advantages over the traditional approach
of spot sampling. Continuous measurements of

Table 1*SUNA specifications as quoted by

Satlantic Inc.

Performance

Detection range 0.5 to 2000 mM

Accuracy 9 2 mM or 9 10% of

reading, whichever is

greater

Long term drift 0.004 mg/l per hour of

lamp time

Thermal compensation 0 to 408C
Salinity compensation 0 to 50 psu

Optics

Path length 1 cm

Wavelength range 190� 370nm

Lamp type Deuterium

Lamp lifetime 900h

Electrical characteristics

Input voltage 8�18 VDC

Power consumption 7.5W (0.625A @ 12V)

nominal

Sample rate 0.5Hz

Telemetry options RS-232

Baud rate user selectable -

default 38,400 bps

Analog output 0 - 4.096

VDC and 4 - 20 mA

SDI-12

Physical characteristics

Depth rating 100m (330ft)

Length 533mm (21in)

Diameter 57mm (2.25in)

Weight 2.5kg (5.4lb) in air, 1.0kg

(2.3lb) in water

Housing material Titanium and Acetal

Operating temperature 0 to 408C

Fig. 2*Profile of a typical cast of the SUNA instrument

lowered and raised through the water column, showing

the concentration of nitrate profiled against time at

station BN080 in the Bandon Estuary on 30 January 2012.

3

FIELD TESTING OF AN OPTICAL IN SITU NITRATE SENSOR



nitrate along the salinity gradient of an estuary

would provide a high resolution picture of the

spatial distribution of nitrate, which in turn would

allow a much better characterisation of nutrient

dynamics in these environments. High resolution

measurements of nitrate would allow monitoring

authorities to identify potential pollution sources or

to detect the main pathways by which nutrients

Fig. 3*(a) SUNA instrument configured to a water quality instrument package; (b) SUNA sample chamber with quartz

window.

Fig. 4*In situ SUNA nitrate measurements plotted against laboratory total oxidised nitrogen (TOxN) measurements

from samples collected in (a) Bandon Estuary (n � 24); (b) Blackwater Estuary (n � 19); (c) Lee Estuary (n � 23); and

(d) all samples collected in the Bandon, Lee and Blackwater estuaries (n � 66).
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enter these waters. For example, are nutrients
coming from land-based sources, from internal
recycling within the estuary, or from the sea?
This is the type of information that will be critical
in informing the measures that are to be included in
river basin management plans that are being put in
place to meet the requirements of the EU Water
Framework Directive.

In addition to greater spatial resolution these in
situ instruments can be used to detect the pattern of
temporal change and the role of nutrients in fuelling
the seasonal cycle of phytoplankton production.
Information on the timing of the spring phyto-
plankton bloom and perhaps even more impor-
tantly the timing and duration of nutrient limitation
in spring and summer can provide an indication of
the trophic state of estuarine waters. In Denmark,
for example, the duration of phosphorus limitation
in Danish estuaries has increased in response to
significant reductions in phosphorus loadings in
recent decades (Henriksen et al. 2001). While it
would be possible to assess the duration of nutrient
limitation using traditional spot sampling, the most
cost-effective option, and probably most precise,
would be to use autonomous in situ nutrient
devices.

Finally, the use of an optical in situ nutrient
sensor such as the one trialled here would be
hugely beneficial in assessing the nutrient and
trophic status of estuarine waters. For example,
integrating the SUNA into an instrument package
with existing capabilities to measure dissolved
oxygen and chlorophyll fluorescence would allow
three of the four criteria that are used to assess
trophic status as part of the EPA’s TSAS, to be
measured and potentially assessed on the spot. It is
also likely that the development of in situ wet
chemistry systems for phosphorus detection (e.g.
Cycle-PO4; Wetlabs Inc., ChemFin nutrient ana-
lyser; SubChem Systems, Inc.) and fluorometric-
based ammonium systems (SubChem Systems Inc.)
will mean that in the near future TSAS assessments
can be carried out in the field with only limited
calibration/validation support being required from
the laboratory.

CONCLUSIONS

The SUNA instrument performed well and its ease
of use and real-time data output may see it
integrated with more conventional methods. How-
ever, its use will still require laboratory support for

Table 2*Distribution of SUNA in situ nitrate and laboratory TOxN concentrations at selected

stations in the Bandon, Blackwater and Lee estuaries between 30 January and

1 February 2012.

Estuary Station Sample Depth (m) Salinity Nitrate (mM) TOxN (mM)

Bandon BN020 0.1 0.1 187.6 200.7

BN060 0.1 4.3 161.9 182.9

BN060 2.5 21.7 112.2 127.9

BN090 0.1 12.2 126.4 146.4

BN090 7.0 33.0 20.8 22.9

BN120 0.1 25.0 58.0 68.6

BN120 14.0 34.9 9.5 10.0

Blackwater BR120* 0.1, 3.0 0.1 148.9 164.3

BR180 0.1 0.6 143.8 159.3

BR180 8.0 5.3 130.3 140.0

BR210** 0.1 3.3 140.3 156.4

BR210** 7.0 32.4 18.8 19.3

BR230 0.1 12.2 104.5 115.7

BR230 9.0 28.4 34.3 36.4

Lee LE150** 0.1 0.7 235.2 265.0

LE310 0.1 4.6 206.5 240.0

LE310 10.0 29.9 34.0 39.3

LE380 0.1 26.1 62.9 66.4

LE380 17.0 34.0 12.9 16.4

LE810 0.1 33.7 15.4 13.6

LE810 16.0 34.6 7.5 12.1

* indicates composite sample from two depths, ** indicates a station that was sampled in the second tidal run.
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calibration and validation purposes, but its potential
effectiveness over traditional spot sampling is clear.
Further advancements in in situ, real-time optical
sensor technology will continue to improve both
the accuracy of measurements as well as duration of
deployments while opening the technology to

broader applications and sensing environments.
There is still room for further characterisation of

common interfering species that may skew the data,
and improved algorithms incorporating ancillary
environmental data will be required to achieve
greater accuracy (MacIntyre et al. 2009). Never-
theless, the performance of the SUNA instrument
in this study is encouraging, and consideration of

this technology for use in future studies and in
monitoring programmes is recommended.

Fig. 5*Plots of in situ SUNA nitrate (open circles) and total oxidised nitrogen (TOxN) (closed circles) measurements

plotted against salinity from samples collected in the (a) Bandon Estuary (n � 24); (b) Blackwater Estuary (n � 19); and

(c) Lee Estuary (n � 23). Top and bottom placed regression equations and r2 values represent the TOxN:salinity and

nitrate:salinty plots, respectively.
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