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Abstract

Here, we report the results of high-resolution nitrate measurements using an optical nitrate profiler (in situ
ultraviolet spectrophotometer, ISUS) along transect across a high-turbidity shelf (East China Sea) and a low-
turbidity shelf (Chukchi Sea). The ISUS-measured nitrate concentrations closely reproduced the results measured
by conventional bottle methods in low-turbidity waters. However, for high-turbidity waters of the East China Sea
(salinity<30), a correction factor of 1.19 was required to match the standard bottle measurements. The high-
resolution ISUS data revealed subtle spatial variability (e.g., a subsurface nitrate minimum) that may have been
missed if based solely on bottle results. Four main structures of the nitracline on the East China Sea are apparent
from the ISUS nitrate profile. High-resolution nitrate data are important for studying nitrate budgets and nutrient
dynamics on continental shelves.
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1 Introduction

Nitrate in the ocean is an essential nutrient for marine mi-
croorganisms and influences marine ecosystems and the carbon
cycle via its role in regulating biological production (Bauer et al.,
2013; Cloern, 2001; Wang et al., 2003; Zhai and Dai, 2009). Excess
or insufficient nitrate reserves can be detrimental to healthy coas-
tal-marine ecosystems. Excessive nitrate input can cause ecologi-
cal disasters and lead to environmental pressure in coastal oce-
ans (e.g., Baltic Sea, East China Sea) (R6nnberg and Bonsdorff,
2004; Wang et al., 2012, 2017; Zhang et al., 2007). Nitrate availab-
ility is a limiting factor on phytoplankton production in some
coastal oceans (e.g., Chukchi Sea) that are less impacted by hu-
man activity (Zhuang et al., 2020). The marine nitrate cycle is dy-
namic and affected by biological utilization and biogeochemical
processes (Chen et al., 2019; Li et al., 2021; Zhuang et al., 2021a).
Accurate and detailed data on the distribution of nitrate are
therefore essential to our understanding of nitrogen cycling and
ecosystem dynamics. However, it is difficult to obtain high-resol-
ution profiles of nitrate distribution by using conventional meth-
ods of sample collection and lab colorimetric analysis.

There is a growing interest in the development of technology
that could yield nitrate distribution data at high temporal and
spatial resolution (Finch et al., 1998; Prien, 2007). Optical nitrate
sensors use ultraviolet absorption spectroscopy and a processing
algorithm (Sakamoto et al., 2017) to generate continuous real-
time, in situ data on the nitrate content of seawater without the
use of chemical reagents (Johnson and Coletti, 2002; Meyer et al.,
2018; Pidcock et al., 2010). The in situ ultraviolet spectrophoto-
meter (ISUS) has a response of 1 Hz and accuracy of 0.5 pmol/L
(Johnson et al., 2006), and has been integrated with autonomous
underwater vehicles (Johnson and Needoba, 2008), autonomous
profiling floats (Johnson et al., 2013), and conductive-temperat-
ure-depth system (Kaplunenko et al., 2013), oceanographic
moorings (Johnson, 2010).

The ISUS nitrate sensor has potential for long-term monitor-
ing and has improved our understanding of nutrient supply in
the oligotrophic North Pacific (Johnson et al., 2010), nitrate load
from the Mississippi River (Pellerin et al., 2014), annual nitrate
drawdown at the ice edge of the Southern Ocean (Johnson et al.,
2017), nitrate flux to estimate the export production in the Arctic
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Ocean (Randelhoff and Guthrie, 2016), and nitrate flux across the
sediment-water interface (Johnson et al., 2011). The ISUS nitrate
sensor is also capable of high-resolution mapping of nitrate con-
centrations from the polar ocean to eastern Pacific seawater
(Sakamoto et al., 2009). However, the ISUS sensor is rarely used
in high-turbidity waters and often ceases to function in such wa-
ters (Khandelwal et al., 2020).

In this paper, we describe the application of the ISUS nitrate
sensor on two typical shelves: the high-turbidity East China Sea,
which is influenced by the Changjiang River, and the low-turbid-
ity Arctic marginal Chukchi Sea. We compare and discuss the
capabilities of the ISUS nitrate profiler on the two shelves, to ob-
serve the detailed differences in nitrate distribution and nitrac-
line structure between high- and low-turbidity shelves.

2 Materials and methods

2.1 Study site

Data were collected at 13 sites along 2 transects across the
East China Sea during summer 2011 and at 9 sites across the
Chukchi Sea during summer 2014 (Fig. 1, Tables S1 and S2). The
East China Sea is a typical high-turbidity shelf with an excessive
nitrate load from the Changjiang River (Yan et al., 2003). The
shelf is generally strongly stratified, with the summer extension of
the Changjiang River plume overlying the colder and saltier shelf
water. The Chukchi Sea is a low-turbidity shelf with little human
impact and relatively low nitrate content (Zhuang et al., 2020).
The distribution of nutrients over the shelf is strongly influenced
by the Pacific Ocean inflow (Zhuang et al., 2016).

2.2 Data collection
Seawater was filtered through acid-cleaned cellulose acetate
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membranes (0.45 pm) and stored at -20°C in a freezer. Nitrate
plus nitrite concentration was measured with standard colori-
metric methods using a continuous flow analyzer (Skalar San++,
Breda, Netherlands) in a laboratory onshore (samples from the
East China Sea; Key Laboratory of Marine Ecosystem and Biogeo-
chemistry, Hangzhou, China) or onboard a research vessel
(samples from the Chukchi Sea; the icebreaker Xuelong). Nitrite
was measured using the spectrometric method onboard the re-
search vessels. Nitrate and nitrite bottle samples were analyzed
according to Grasshoff et al. (2009). Analytical accuracy was +2%
and the detection limit was 0.1 pmol/L.

High-resolution nitrate profiles were obtained using a con-
ductive-temperature-depth system integrated with an ISUS (seri-
al number 217, Satlantic; Halifax, Canada). Applicable water tem-
perature and salinity of the ISUS ranges from -2°C to 35°C and
from 0 to 35, respectively. Calibration parameters for temperat-
ure and salinity-dependent corrections are loaded onto the in-
strument and applied for the nitrate calculations. Before the
sensor was deployed, the ISUS was warmed up for 10 min to sta-
bilize the instrument. Instrument stability was checked with ul-
tra-clean de-ionized water (DIW) once a day, to minimize the ef-
fects of long-term drift caused by changes in optical properties.
The accuracy of the ISUS was +0.5 pmol/L, which was obtained
by measuring a range of 0-40 pmo/L nitrate.

3 Assessment and discussion

3.1 Capability of ISUS on high- and low-turbidity shelves

Figure 2 compares the nutrient data and vertical profiles ob-
tained by ISUS for the high-turbidity shelf (East China Sea) and
low-turbidity shelf (Chukchi Sea). The East China Sea is one of
the most turbid shelves in the world, receiving an average of
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Fig. 1. Sampling sites on the East China Sea (red line in a and black dots in b) during summer 2011 and those on the Chukchi Sea
(blue line in a and black dots in ¢) during summer 2014. The 50 m, 100 m, and 250 m isobaths are shown.
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Fig. 2. Capability of in situ ultraviolet spectrophotometer (ISUS) on a high-turbidity shelf (East China Sea) and a low-turbidity shelf
(Chukchi Sea). Relationship between the two datasets (a) and histogram of the residual (b) between ISUS-NO; and Skalar-NOj; on the
East China Sea during summer 2011. The c and d demonstrate similar relationship with a and b, but for the Chukchi Sea during
summer 2014. The solid and dashed lines in a and c are linear regression lines and one standard deviation, respectively.

2.4x108 t/a of terrestrial material via the Changjiang River (Liu et
al., 2007). The Changjiang River diluted water, defined as salin-
ity<30 (Chen and Wang, 1999), contains extremely high contents
of suspended particulate matter (SPM) that exceed 5 000 g/m?
(Mao et al., 2012) and nitrate concentrations that exceed 120
pmol/L (Liu et al., 2016) in some regions. On the East China Sea
transects, SPM was found at contents of 8.2-89.6 g/m3 with an av-
erage of (27.8+£15.5) g/m3, and the highest concentration in the
coastal water (Table S1). In contrast, the average SPM concentra-
tion on the Chukchi shelf was (3.6+1.1) g/m3 (Table S2).

As shown in Fig. 2a, the ISUS-measured nitrate (ISUS-NO3) is
consistent with the Skalar-measured results (Skalar-NOg)
(y=1.00x) with a standard deviation of +1 pmol/L for 44 pairs of
data in the shelf water with salinity>30 in the East China Sea. In
the shelf water with salinity<30, ISUS-NO; data are higher than
Skalar-NOj data (y=1.19x), with a standard deviation of +4.3
pmol/L (Fig. 2a). A correction of linear deviation on the high side
by a factor of 1.19 was required in high-turbidity water (salinity<
30) of the East China Sea. The residual between the Skalar-NOj
and ISUS-NOj data shows a normal distribution, except when
the residual value is lower than -4 pmol/L, which reflects the de-
viation of the two methods when applied to shelf water with sa-
linity<30 (Fig. 2b). In contrast, ISUS-NO3 and Skalar-NO;3; meas-
urements in the low-turbidity Chukchi Sea are in good agree-
ment (y=0.98x), with a standard deviation of +1.3 umol/L (Fig.

2c¢); residual values show a normal distribution (Fig. 2d).

The results show that ISUS-NOj data are consistent with
Skalar-NOj data in low-turbidity water, whereas a correction
needs to be applied in high-turbidity water. Since chromophoric
dissolved organic matter (CDOM) has a spectral component to
its absorption curve, it may have a greater effect on the final ni-
trate calculation made using ISUS (Maclntyre et al., 2009). The
estimated CDOM export flux from the Changjiang River at up to
2.04x10'2m?2/a (Guo et al., 2014), and CDOM in the estuarine tur-
bidity maximum zones of the East China Sea is conservative (Guo
etal., 2007). We therefore speculate that the high concentrations
of CDOM associated with large amounts of suspended particu-
late matter caused the nitrate overestimation by the ISUS in the
high-turbidity water. Nitrite exhibits similar characteristics with
nitrate in the absorption band and has an interference on ISUS-
NOj; measurement, however, nitrite concentrations are gener-
ally <1 pmol/L in the marine environment (Johnson and Coletti,
2002). In summary, the performance of the ISUS instrument in
low-turbidity water is encouraging, and the limitations in high-
turbidity waters can be addressed by applying a correction.

3.2 High-resolution measurements to quantify spatial variability
in nitrate contents
In this study, high-resolution ISUS measurements and con-
ventional techniques (discrete water bottle sampling) yield con-
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sistent patterns of nitrate distribution across the East China Sea
and Chukchi Sea (Fig. 3). The nitrate concentration shows a
gradual decrease in the upper water column (<20 m) across the
East China Sea, and two high-concentration patches in the Chuk-
chi Sea (Fig. 3). Despite their different sampling frequencies,
both methods identified the main nitrate trends as assessed us-
ing the spatial visualization software Ocean Data View version
4.4.1 (Schlitzer, 2018). The conventional method was able to
present the spatial variability of nitrate, especially on the Chuk-
chi Sea where nutrients are less dynamic.

Conventional techniques can identify the general patterns of
nitrate distribution, although their low sampling frequency
means that they may fail to detect small-scale, sensitive changes,
especially on dynamic shelves. The high-resolution cross-shelf
nitrate data on the East China Sea show several important fea-
tures. First, the ISUS-NOj results show a subsurface nitrate min-
imum between 123.5°E and 125°E at~15 m depth (Fig. 3a), which
may be attributed to an intrusion of low-nitrate water from the
outer shelf. Based solely on the discrete samples, it is difficult to
identify this subsurface nitrate minimum or to constrain its de-
tailed extent. In addition, the ISUS-NO; measurements reveal a
near-bottom (35 m) low-nitrate concentration water mass in the
middle of the shelf (near 124°E). If this water mass had been
sampled using conventional techniques, it might have been eval-
uated as an erroneous result or missed entirely, since there was
only one bottle collection in the water column (Fig. 3b). Most im-
portantly, high-resolution measurements can detect subtle spa-
tial variations in nitrate contents that are easily overlooked when
using conventional techniques. The accurate monitoring of such
detailed changes can provide important information on marine
biogeochemical processes.

3.3 High-resolution measurements enable observations of de-
tailed changes in the nitracline
Nitraclines commonly lead to aggregations of phytoplankton
(Zhuang et al., 2021b), which are important for fisheries and out-
breaks of harmful algae blooms. Given the importance of nitrac-
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lines in marine environmental monitoring and nutrient dynam-
ics, the acquisition of high-resolution nitrate profiles is import-
ant in understanding nitracline changes and subsequent ecolo-
gical responses. The detailed change of a nitracline is influenced
not only by the interaction between different water masses (Zhou
etal., 2015), but also by biological activity and remineralization
(Chen et al., 2013). In the present study, high-resolution nitrate
measurements by the ISUS provided a powerful method for eval-
uating the detailed structures of the nitracline, on both the high-
turbidity East China Sea (Fig. S1) and the low-turbidity Chukchi
Sea (Fig. S2).

The low-turbidity Chukchi Sea, which is less strongly influ-
enced by riverine input, had a single nitracline. The nitracline
was positively correlated with the halocline, and nitrate content
increased with salinity (Fig. S2), which we ascribe to the input of
low-nutrient meltwater (Zhuang et al., 2017). In contrast, the
high-turbidity East China Sea is strongly influenced by the input
of terrestrial material via the Changjiang River and the incursion
of Kuroshio Current water. The nitracline shows four main struc-
tures (Structures 1-4, Fig. 4) in the East China Sea. Structure 1
mainly occurred in the coastal water and was primarily affected
by the mixing of the Changjiang River diluted water and underly-
ing water on the shelf. This nitracline had the opposite pattern of
the halocline, with nitrate concentration decreasing with in-
creased salinity. Structure 2 mainly showed a subsurface nitrate
minimum in the halocline. Structure 3 mainly showed a nitrate
maximum below the halocline; Structures 2 and 3 both occurred
in the middle part of the shelf. Structure 4 mainly presented in
the far-shore area and was associated with the incursion of the
low-nutrient Kuroshio Current water, with the nitracline posit-
ively correlated with the halocline. The nitrate-poor condition in
the surface water might be combined impact of biological uptake
and low-nutrient water instruction.

4 Conclusions
We compared ISUS-measured nitrate concentrations and
conventional bottle results across the East China Sea and Chuk-

68°N 70°N 72°N 74°N
0 " = 25
so b 20
- 15

200

180°

160°W

Skalar-NO; concentration/(umol-L™") JSUS-NO; concentration/(umol-L™")

Fig. 3. Distributions of nitrate obtained by high-resolution measurements (ISUS-NO;’) and conventional techniques (Skalar-NO;’) on
the East China Sea and Chukchi Sea. ISUS-NOj; (a) and Skalar-NOj; (b) data across the East China Sea, and location of the sampling
transect (c). d-f demonstrate similar relationship with a—c, but for the Chukchi Sea shelf. Note that the data of ISUS-NOj; are the

original values.
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Fig. 4. Characteristics of the nitracline on the high-turbidity East
China Sea, which is influenced by the Changjiang River. Red and
blue lines represent salinity and nitrate concentration, respect-
ively. The nitracline had four main structures (Structures 1-4).
The figures in parentheses are the number of sampling sites
where each structure was observed. Sites F04, F03, P04 and F07
refer to Fig. 1.

chi Sea, and found good agreement in low-turbidity waters. In
the high-turbidity waters of the East China Sea (salinity<30), a
correction factor of 1.19 was applied to the ISUS data in order to
match the bottle measurements. Note that the correction factor
of 1.19 may not necessarily be extrapolated to other seasons in
the East China Sea or other high-turbidity shelves/regions, be-
cause interfering species (e.g., CDOM) vary with seasons and dif-
ferent waters.

The high-resolution nitrate data revealed subtle spatial vari-
ability (e.g., a subsurface nitrate minimum) that might not have
been captured by the bottle results. The ISUS nitrate data show
four main nitracline structures on the East China Sea. The results
show that the ISUS optical nitrate sensor is capable of high-resol-
ution, accurate measurements in both high- and low-turbidity
waters. The high-resolution data are important for assessing ni-
trate budgets and nutrient dynamics on continental shelves.
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