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A cabled underwater observatory with more than 30 sensors delivering data in real-time was used to study the
dynamics of the upper pelagic carbonate system of the Koljo Fjord, western Sweden, from September to April
during two consecutive years (2011–2012 and 2012–2013). In the dynamic upper ca 15 m of the water column,
salinity and temperature varied by up to 10 and 20 °C throughout the recorded periods, respectively. Partial
pressure of CO2 (pCO2), measured with newly developed optical sensors (optodes) at three water depths (5,
9.6 and 12.6 m), varied between 210–940 μatm, while O2 varied between 80–470 μmol/L. Redfield scaled graphs
(ΔO2:ΔDIC = −1.30), in which DIC was derived from pH or pCO2 and salinity-derived alkalinity (ATsal), and
oxygen was measured by the sensors, were used as a tool to assess timing and occurrence of different processes
influencing the dynamics of these parameters. Distinctive short-term variations of pCO2 and O2 were induced by
either tidal oscillations, wind-driven water mass transport in the mixed layer or occasional transport of deep-
basin water from below the thermo/halocline to the surface layer. Intensified air–sea gas exchange during
short storm events was usually followed by stabilization of gas-related parameters in the water column, such
as O2 concentration and pCO2, on longer time-scales characteristic for each parameter. Biological processes
including organic matter degradation in late summer/autumn and primary production in early spring were
responsible for slower and gradual seasonal changes of pCO2 and O2. Net primary production (NPP) rates in
the Koljo Fjord were quantified to be 1.79 and 2.10 g C m−2 during the spring bloom periods in 2012 and
2013, respectively, and ratios of O2 production:DIC consumption during the same periods were estimated to
be −1.21 ± 0.02 (at 5 m depth in 2013), −1.51 ± 0.02 (at 12.6 m in 2012) and −1.95 ± 0.05 (at 9.6 m in
2013). These ratios are discussed and compared to previously reported O2:C ratios during primary production.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The global ocean is constantly evolving and changing influenced by
natural variability on the short and long-term scales, and by anthro-
pogenic impact. Thus, observational biogeochemical and modeling
studies of the oceanic carbon and carbonate system should rely on accu-
rate measurements over extended time periods with high temporal
resolution in order to catch and describe the variability. Examples of
such studies include the Hawaiian Ocean Time series (HOT/ALOHA,
Dore et al., 2009), the Bermuda Atlantic Time Series Studies (BATS,
Bates, 2007), the European Station for Time Series in the Ocean
(ESTOC, Santana-Casiano et al., 2007) and the Atlantic ZoneMonitoring
Program (AZMP, Shadwick et al., 2011). Modern observational net-
works, such as Porcupine Abyssal Plain (PAP) station in North-Eastern
Atlantic (Billett et al., 2010; Hartman et al., 2010, 2012) and other
nchuk).
Eulerian observatories, arrays of moorings, floats and buoys have
contributed to the understanding of the present state of the global
ocean, with respect to e.g. the carbonate system, and facilitated pre-
dictions of plausible future scenarios of evolution.

Over the past two decades newly emerging sensor technologies
have facilitated large expansion of in situ observations, which led to
increased amount of obtained oceanographic data. Furthermore, in
situ sensor technologies have opened new possibilities for high-
temporal resolution studies of the aquatic environment – otherwise
impossible with conventional ship-based water sampling/analysis
routines – including oxygen, nutrients and the carbonate system of sea-
water (e.g. Johnson et al., 2007, 2013).

Severalmajor biological, chemical and physical processes contribute
to the dynamics of the carbonate system of seawater such as air–sea gas
exchange, vertical and horizontal water mixing, warming/cooling,
freshening, CaCO3 dissolution, photosynthesis, and aerobic/anaerobic
respiration. Multi-parameter measurement campaigns with high
spatial and temporal resolution can answer the question of which
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of the processes dominate during a chosen period (e.g. DeGrandpre
et al., 1997, 1998; Bozec et al., 2006; Zhai et al., 2009), and can provide
an efficient approach for studying CO2 cycling (e.g. DeGrandpre et al.,
1995; Körtzinger et al., 2008a,b; Fiedler et al., 2013).

Complete observation of the seawater carbonate system can be
achieved bymeasuring two out of four parameters (dissolved inorganic
carbon (DIC), alkalinity (AT), pH and pCO2), and the unmeasured pa-
rameters can be calculated from the measured ones (Millero, 2007).
Direct autonomous in situ measurements of DIC and AT have been
made in a few cases (Byrne et al., 2000, 2002; Wang et al., 2007),
while measurements of pCO2 and/or pH are more common. Thus, DIC
required for C-budget calculations is often derived from the measured
pCO2 or pH time-series. In situ pCO2 observations have been carried
out using various technologies based uponmeasurements of NDIR spec-
troscopy (Saderne et al., 2013), colorimetry (DeGrandpre et al., 1995)
and ion-selective field-effect transistors (ISFET) (Shitashima et al.,
2002). Continuous pCO2 time-series have been successfully recorded
with submersible instruments and used for the estimation of air–sea
CO2 fluxes and biologically induced changes (Friederich et al., 1995;
Hood et al., 1999; Alvarez et al., 2002; Gago et al., 2003; Carrillo et al.,
2004; Kuss et al., 2006; Körtzinger et al., 2008a,b). Körtzinger et al.
(2008a,b) used observed pCO2 and salinity-derivedmeasurements of cli-
matological total alkalinity in the calculation of DIC. Although the use of
climatology to estimate AT is justified for the open ocean anddeep-water
conditions, similar approach might also be applied for the coastal sys-
tems, like the one chosen in the present study. River runoff, melting of
ice, generally higher variations in nutrient concentrations and contribu-
tion from calcareous species may alter alkalinity–salinity dependency
throughout the year and bring uncertainty into derived alkalinity values.
A significant contribution of organic alkalinity (OA) into AT during pro-
ductive season is another important factor that should also be consid-
ered and addressed (Muller and Bleie, 2008; Kuliński et al., 2014).

The concept of specific ratios between elements involved in oceanic
biogeochemical processes was first described by Redfield (1934). It was
postulated that on average, production or respiration of organic matter
in the sea involves changes of oxygen and carbon in the molar ratio of
138:106 (1.30). However, further revisions (Anderson and Sarmiento,
1994) suggested that the ratio should be adjusted to 170:117 (1.45)
based on experimental data. By observing the Redfield O2:C ratio over a
productive season, the stoichiometry of primary production/respiration
expressed by Redfield (1934), Redfield et al. (1963) and Anderson and
Sarmiento (1994) can be confirmed or modified (Körtzinger et al.,
2008a; Johnson, 2010).

In this paper we report on the dynamics and biogeochemical aspects
of the dissolved carbonate system in the Koljo Fjord, western Sweden,
and focus on high temporal resolution time-series of in situ pCO2 (and
derived DIC) and oxygen, recorded during the period of September
2011–April 2013. Newly developed fluorescence lifetime based pCO2

sensors (Atamanchuk et al., 2014) were used for the first time for suc-
cessful long-term deployments. To our best knowledge it is also the
first time such long-term continuousmeasurements aremade in a Scan-
dinavian fjord system. The study showed that with the collected dataset
it was possible to find the relationship between DIC and oxygen and es-
tablish how various processes influence the concentrations of these pa-
rameters. Furthermore, the Redfield model was used as a framework to
interpret seasonal variations of the ratio. The measurements of oxygen
at multiple levels during the spring bloom period of two consecutive
years enabled calculations of net primary production and verifying the
obtained data through comparison with earlier values for the area.

2. Instrumentation and methodology

2.1. Study area, the Koljo Fjord

The Koljo Fjord is part of the so called Orust fjord system around the
islands of Orust and Tjorn on the Swedish west coast (Fig. 1a).
The Koljo and Havsten fjord chain embraces the north end of Orust.
The Koljo Fjord is connected to the Skagerrak through a small and shal-
low opening (Malo Strommar, 9mdeep) at its southwest end and to the
Havsten Fjord through Notesund sill (12 m deep) at the north-east side
(see details in Hansson et al., 2013). Above sill level the fjord is charac-
terized by frequent water exchange with the adjacent fjords and phys-
ical water properties resemble conditions in Kattegat and change
quickly (Andersson and Rydberg, 1988). Below sill level, the residence
time of the basin water is long (about 3 years) and water renewal is re-
stricted to rare occasions of exceptional weather conditions, e.g. persis-
tent easterlywinds. Otherwise, winds are not strong enough to facilitate
mixing of the entire water column: rocky shoreline covered with trees
protects the fjord from winds and high waves. The deepest part of the
fjord is at approximately 55 m, and the fjord is often anoxic below
about 20 m (Nordberg et al., 2001). The stagnant anoxic basin water is
fueled by degradation of organicmatter and hence is rich in DIC and nu-
trients. The lack of deep-water renewal facilitates a buildup of DIC in the
anoxic part of the fjord from year to year, which is either flushed with
next water renewal or is slowly mixed into the upper layers through
turbulent mixing at the pycnocline.

Aarup (2002) reports the Secchi depth for the Orust fjord system to
be 4.8±2mwith the values of 4–5m in January–April,which translates
into the euphotic zone being 8–10m deep during early spring when in-
tense primary production commences.

The Koljo Fjord is an example of the particularities of many Scandi-
navian fjords and an interesting research site in terms of biogeochemi-
cal activity. Due to the well-protected location, highly variable and
highly dynamic conditions, strong seasonality and high productivity,
the Koljo Fjord is also well suited for field testing of new sensor tech-
nology. Furthermore, the infrastructure of the cabled observatory
gives on-line access to the data and enables observations in real time.

2.2. In-situ instrumentation and measurements

A cabled observatory (Fig. 1) was installed in the fjord (58.22825 N,
11.57400 E) during April 2011 at 42mdepth, and it has been operation-
al at this location since then.

The observatory comprises of an underwater hub, to which up to
four separate and independent nodes can be connected. During the pe-
riod of the study one node was connected, which consisted of a Record-
ing Doppler Current Profiler (RDCP-600) instrument about 1 m above
the bottom and a Seaguard® currentmeter positioned closer to the sur-
face, and connected to a string with 30 vertically distributed sensors
measuring oxygen, conductivity/salinity and temperature at multiple
levels, and pCO2 at one level during 2011–2012 and at two levels during
2012–2013 (Fig. 1b and d). RDCP-600 was equipped with sensors for
temperature, salinity, pressure/depth, oxygen and turbidity (Fig. 1b);
it provided currents including the top centimeters surface current and
relative particle measurements at 1 m resolution through the water
column. The SeaGuard® string system provided oxygen, conductivity,
temperature and pCO2 data from multiple levels in the water column
starting about 8m below surfacewhere also a single point Doppler Cur-
rent andWater Level sensors were directly placed on the SeaGuard top
plate. The observatory infrastructure was manufactured by Develogic
GmbH (www.develogic.de), and all instruments and sensors were
from Aanderaa Data Instruments (www.aanderaa.no). Data were
recorded every 30 min and presented in near real-time through the
website: http://koljofjord.cmb.gu.se.

An additional independent shallow mooring system was deployed
in October 2012 about 100 m away from the observatory at 5 m depth
from the surface. This system comprised of a stand-alone SeaGuard®
instrument with connected sensors for currents, oxygen, pCO2, conduc-
tivity, temperature and pressure/wave height. A multiparameter
EXO2® sonde from YSI Inc. (www.exowater.com) was strapped to the
Seaguard® mooring frame and provided hourly measurements of chlo-
rophyll a, blue-green algae (BGA), fluorescent dissolved organic matter

http://www.develogic.de
http://www.aanderaa.no
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Fig. 1. The Koljo Fjord cabled observatory. (a): Position of the Koljo Fjord in the Orust fjord system (courtesy of D. Hansson). (b): Design and dimensions of themeasuring node of the Koljo
Fjord cabled observatory used in this study,which consisted of a RDCPand a Seaguard currentmeter connected to a sensor string (c): Viewof the shallowmooring installation consisting of
the Seaguard® and the EXO2® sonde. (d): View of sensor string pods each of which positioned at a certain level in the water column. Shown installed in the pods are sensors for oxygen
and conductivity (left), oxygen and pCO2 (right), while the center pod is empty.
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(fDOM), pH/ORP (oxidation/reduction potential), oxygen, temperature
and conductivity (Fig. 1c). For antifouling the latter instrument was
equipped with a wiper.

The time-series described in this work covered a seven-month peri-
od from September 2011 to April 2012, and a six-month period from
October 2012 to April 2013. For the first time period, one pCO2 optode
was placed at 12.6mdepth on the observatory string. During the second
period, two pCO2 optodes were operational and located at 9.6 m depth
on the observatory string and at 5 m on the shallow mooring system
(Fig. 2). There was no specific reasoning of changing the depth from
year to year and the sensors were placedwhere therewere free connec-
tions on the sensor string. The technical specifications as well as the
strengths and limitations of the pCO2 optodes used in this study were
described in detail in Atamanchuk et al. (2014). Precision of the sensors
varied between 2–10 μatm and the absolute accuracy was set through
collecting reference water samples that were later analyzed in the
laboratory.

Oxygen/temperature measurements were made using optodes (e.g.
Tengberg et al., 2006), models 4835 and 4330 (Aanderaa Data Instru-
ments AS, Norway). Oxygen sensors were mounted either on the string
as demonstrated in Fig. 1d or connected to the SeaGuard® top plates
(Fig. 1c). In total, oxygen measurements from seven depths were used
in the study: 4, 12.8 and 15.8 m in 2012, and 5 (shallow mooring), 8.1,
9.8 and 15.6 m in 2013. Time-series recorded at 5, 9.8 and 12.8 m
were combined with pCO2/DIC, salinity and temperature at the same
depths for the analysis and calculations of co-variance. Oxygen optodes
were stable throughout the measurement periods of this study with a
field precision of about 0.2 μM and an absolute accuracy of about



Fig. 2. Salinity contour plotwith indication of the depths of recorded pCO2 time-series in 2011–2013. Dots represent discrete salinitymeasurements frommonthlymonitoring programrun
by SMHI in the Koljo Fjord.
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±2%, which was verified by monthly reference water sampling (Fig. 3)
and calibration of the sensors in the air. Conductivity/salinity/tempera-
ture sensors (model 4319, Aanderaa Data Instruments AS, Norway)
were also stablewith absolute accuracies of±0.05mS/cm in conductiv-
ity, and ±0.05 in salinity. Temperature was measured with an absolute
accuracy of ±0.05 °C.

Quality control of pCO2 sensor data is further discussed in below.
Notes on the performance of other sensors at the observatory can be
found in Friedrich et al. (2014).

2.3. Ancillary data

Ancillary data required for this study, i.e. wind speed and direction,
and ambient light information (PAR), was obtained from a nearby me-
teorological station at the Sven Lovén Centre for Marine Sciences, Uni-
versity of Gothenburg (http://www.weather.loven.gu.se/data.shtml).

Water samples for referencing and quality control were collected as
well as CTDmeasurements by SBE 911plusmodel with Rosette sampler
from Sea-Bird Electronics, Inc., http://www.seabird.com/Index.htm.
Sampling was carried out during observatory servicing expeditions
using the University of Gothenburg ship R/V Skagerak during December
2011, April 2012, October 2012 and April 2013. Additional reference
data for oxygen, salinity and temperature were obtained from the
monthly monitoring program that has been operated for many years
at this location by the Swedish Meteorological and Hydrological Ins-
titute (http://produkter.smhi.se/pshark/datamap_bohuskusten.php?
language=s).

High-resolution CTD data were used for validation of interpolated
salinity data. Because conductivity sensors could not be placed simulta-
neously at the samewater depth as the pCO2 and oxygen sensors on the
string (see Fig. 1c), the salinity at 12.6 m and 9.6 m was estimated by
interpolation of salinity sensor data above and below the pCO2/O2/
temperature sensors. On the shallow mooring, salinity was measured
directly at the same depth as the other sensors.

Reference pCO2 data were used for initial offset adjustment of the
sensor readings and for drift validation at the end of the deployments.
For the details of adjustment procedure see Atamanchuk et al. (2014).
The reference data were calculated from DIC and AT measurements of
water samples. The CO2SYS software was used to compute pCO2 from
the raw data (Lewis and Wallace, 1998). In the calculations we used a
set of dissociation constants from Mehrbach et al. (1973) refitted by
Dickson and Millero (1987) as suggested by Lee et al. (2000). AT was
measured by potentiometric titration of the bottled samples according
to Haraldsson et al. (1997). The titration system gave a precision in
order of ±2 μmol/kg SW. No correction for potential contribution of
OA was made. Determination of DIC was performed by acidification of
the samples and stripping with N2 gas, and analyzing the resulting
CO2 gas with a LiCOR instrument, model Li-6262, LI-COR Inc. (Goyet
and Snover, 1993; O'Sullivan and Millero, 1998). The precision of the
DIC measurements was ±2–3 μmol/kg SW. An absolute accuracy of
the DIC and AT of ±2–3 μmol/kg SW for both parameters was obtained
by regular calibrations against Certified Reference Material (CRM) sup-
plied by A. Dickson Laboratory, Scripps Institution of Oceanography,
USA. Calculation errors in pCO2 were derived from the errors in DIC
and AT measurements.

2.4. Salinity-derived alkalinity and DIC

By determining water sample salinity and establishing a relation
between salinity and measured alkalinity (Lee et al., 2006), we could
use salinity time-series as a proxy for alkalinity in e.g. DIC calculations.
Errors in ATsal were estimated as standard deviation (STDEV) of the
measured values vs. predicted by the regression model. Model 1 type
regression model was created using AT and salinity data and lsqfit.m
MATLAB function taken from http://www.mbari.org/staff/etp3/regress.
htm.

It was previously shown (e.g. in Muller and Bleie, 2008; Kuliński
et al., 2014) that AT could be overestimated by up to 3.5% when using
a classical potentiometric technique for sample analysis due to contri-
bution from OA. Thus, summer values were excluded since they could
influence the relationship due to higher contribution of organic alkalin-
ity (OA) in estimations of AT during highly productive summer season.
Taken into account were AT–salinity data pairs obtained during the
same period that the time-series were recorded, i.e. autumn–winter–
spring (Fig. 4). Spring values were also potentially biased due to
bloom production. The errors associated with overestimation of AT

due to unaccounted contribution of OA are also given and discussed
below.

The AT–salinity relationships were derived from about 85 water
columnAT and salinity samples/measurements gathered during expedi-
tions in 2011–2013 from the oxygenated part of the fjord (i.e. above
pycnocline). Since no previous carbonate system surveys have been
made in this region, we relied exclusively on these relationships.

DIC time-series were calculated using salinity-derived alkalinity
(ATsal) and pCO2 or pH time-series measured with sensors (Fig. 5).
Errors (STDEV) associated with this proxy approach to ATsal as well as
measurement errors in pCO2/pH and uncertainty in solubility and disso-
ciation constants K0, K1, and K2, were used for assessment of the quality
of derived DIC data. Calculation of propagating errors in DIC uses the
partial derivatives given in Dickson and Riley (1978).

http://www.weather.loven.gu.se/data.shtml
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Fig. 3. Recorded pCO2, pH and oxygen time-series (upper panel), and measured/calculated temperature and salinity time-series (lower panel) for the following periods and depths:
(a) October 2011–April 2012, 12.6 m; (b) October 2012–April 2013, 9.6 m; (c) October 2012–April 2013, 5 m. Black line represents a 12 hour averaging of the data; solid black crosses
indicate reference pCO2 data analyzed from collected water samples. Monthly reference data from SMHI: yellow and black crosses are for oxygen; yellow and black diamonds are for
salinity; and yellow and black triangles are for temperature. SMHI did not sample at 12.6m— reference values in a) are given for 15mdepth. Dashed line shows approximate atmospheric
pCO2 level. Shaded areas indicate the periods of spring bloom. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.5. Production of organic matter (OM) and Redfield ratio concept

In calculations of O2:C concentration ratio during spring periods of
intense primary production (spring bloom indicated in Fig. 3), unfil-
tered O2 and DIC pair were plotted in a quantity vs. quantity manner.
The slope of linear fits to these data indicated searched proportions
(Fig. 6). Significance of slopes was assessed by creating a Model II type
regression model (lsqcubic.m MATLAB function taken from http://
www.mbari.org/staff/etp3/regress.htm). This approach helps to assess
the model quality by accounting for the errors in X and Y datasets, DIC
and O2 in our case. Errors in DIC were calculated as described above
and errors in O2 measurements were taken from the specified precision
of the sensors.

We applied the Redfield concept for visualization of O2:DIC ratios
throughout the recorded periods by scaling the axes in the proportion
138:106. Low pass Fourier filtering (N24 h) was also performed on the

http://www.mbari.org/staff/etp3/regress.htm
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calculated DIC and measured oxygen time-series (Fig. 5). This was
done in order to filter out short time ‘noise’, which is commonly ob-
served as a result of tidally induced variations. The resulting trends
describe the evolution of DIC inventory in relation to corresponding
changes in oxygen. The rationale behind using Redfield scaled axis
is to visualize the effects of either biological fluxes, mixing, transport
of water masses or air–sea exchange on the behavior of O2:DIC pair
rather than quantify the changes or assign the changes to a specific
forcing.
2.6 . Net primary production (NPP) in spring

NPP rates in the Koljo Fjord were calculated from oxygen time-
series recorded by the optodes at the following depths: 4, 12.8 and
15.8 m in 2012, and 5, 8.1, 9.8 and 15.6 m in 2013. The total
amount of oxygen produced was calculated as an integrated
value in the water column. The following methodology was used:
a polynomial fit was applied to the available data points; the
resulting fit was extrapolated to the intercept with the x (oxygen
production at 0 m depth) and y (the depth where net oxygen pro-
duction was zero) axes; the resulting areas were integrated to give
net oxygen production rates during the spring bloom period in
both years. Integrated values were converted to NPP in terms of
carbon using the ratio O2:C = 138:106. The beginning of the
spring bloom period was identified from the clear increase of
oxygen concentration at 4 m in 2012 and 5 m in 2013. The in-
crease in chlorophyll a concentration at 5 m served as an addition-
al criterion in 2013. Flattening of the oxygen time-series at the
depths of 4 m and 5 m in 2012 and 2013, respectively, indicated
the end of the spring bloom (Fig. 7).
3. Results

3.1. Data overview

Raw and low pass filtered (N12 hour period) pCO2, oxygen, salinity
and temperature time-series, along with the reference data, are
shown in Fig. 3. The first (2011–2012) seven-month time-series
(Fig. 3a) wasmeasuredwith sensors placed at 12.6m depth on the sen-
sor string. The second (2012–2013) six-month time-series was record-
ed by sensors located at 9.6 m (Fig. 3b) on the string, and the third at
5 m on the shallow mooring system (Fig. 3c). The measurements at
12.6 m during the 2011–2012 observational period and at 9.6 m during
2012–2013 period laid within similar salinity layer according to Fig. 2,
and could be compared with respect to inter-annual variability in the
intermediate water layer (Hansson et al., 2013). The measurements at
5 m showed characteristics of the surface mixed layer. The data is sum-
marized in Table 1.

The pH sensor at 5mdepth on the EXO2® sonde recorded variations
between 7.88–8.23 during its operational period in October–December
2012 (Fig. 3c).
Table 1
Variations of observed and interpolated (*) parameters throughout the observational pe-
riods. Oxygen concentrations marked (†) were measured ca 20 cm below the indicated
depth.

Parameter\period 2011–2012 2012–2013

12.6 m 9.6 m 5 m

pCO2, μatm 303–937 214–933 95–558
O2, μM 78–425† 86–467† 157–467
Salinity 20.6–25.1* 19.2–28.7* 19.1–24.3
Temperature, °C 2.5–14.6 1.1–13.0 0.5–11.6
3.2. Salinity-derived alkalinity

The AT–salinity relationship in the Koljo Fjord varied between the
2011–2012 and 2012–2013 observational periods (Fig. 4).

The ATsal estimated from the AT–salinity relationship could be
described by the following equations:

ATsal ¼ 43:68 � S þ 895:7

for the period of September 2011–April 2012 and for the salinity
(S) range of 20–26, R2 = 0.9709, STDEV = 20.78 μmol AT/kg SW,and

ATsal ¼ 58:78 � S þ 589:4

for the period of October 2012–April 2013 and for the salinity range of
19–27, R2 = 0.9679, STDEV = 35.27 μmol AT/kg SW.

3.3. Primary production in spring

Spring bloom occurred between February 22nd and March 19th in
2012, and between February 27th and March 11th in 2013. The RDCP
backscatter values increased significantly during these periods indicat-
ing the duration of the spring bloom (Fig. 7a and b). The relative concen-
tration of phytoplankton/particulate organic matter first increased in
the photic zone, i.e. 8–10 m according to Aarup (2002), and then grad-
ually in the deeper layers as the particulate matter sank as indicated by
arrows in Fig. 7a and b. A fraction of particles seemed to be trapped at
the halocline (at about 20 m depth) and did not immediately reach
the anoxic zone below. The RDCP backscatter correlated with other pa-
rameters like increasing oxygen and decreasing DIC levels (Fig. 7c–e)
and direct measurements of chlorophyll a in 2013 (Fig. 7f). At the
time of the spring bloom the chlorophyll a concentration at 5 m depth
peaked at 70 μg/L and then gradually decreased to levels of 2 μg/L.

3.4. Oxygen and DIC

We observed a negative co-variance between the changes of DIC and
oxygen concentrations during each of the two recorded periods (Fig. 5).
At the time when the pH sensor was working, DIC was derived both
Fig. 4. Established alkalinity–salinity relationship for the water column of the Koljo Fjord.
Filled circles (●) represent relationship for the period October 2011–April 2012 and open
squares (□) describe the period between October 2012–April 2013. Alkalinity as a
function of salinity could be described by the equations indicated in the plot for both
datasets.



Fig. 5. Coupling between low-pass filtered (N24 hour period) DIC and oxygen time-series data at (a) 12.6m (2011–2012), (b) 9.6m (2012–2013) and (c) 5m (2012–2013). Note: The left
and right vertical axes are inverted relative to each other and scaled such that O2 and DIC data showing variations following the Redfield ratiowould be parallel curves. Panel (c) shows an
agreement betweenDIC values calculated fromATsal and pH (green) andATsal and pCO2 (red). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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from the combination of ATsal/pH and from ATsal/pCO2 (Fig. 5c). Calcula-
tion error in DIC based on the measurement error in ATsal, pH and pCO2

varied between 17–40 μmol/kg. Low-pass (N24 hour period) filtering
emphasized long-term trends and the difference in system dynamics
at different depths. In the intermediatemixed layer (5–15m), DIC varied
between 1740–1915 μmol/kg in 2011–2012 (Fig. 5a), while in 2012–
2013 the oscillations were more intense and spanned between 1650–
2120 μmol/kg (Fig. 5b). The surface water was generally lower in
DIC than at intermediate depth, and covered the range of 1590–
1935 μmol/kg at 5 m depth.

The ratio of absolute change in concentration between O2 and DIC
(ΔO2/ΔDIC) during the spring bloom was calculated from slopes
(Fig. 6). The molar ratios and the corresponding errors were −1.21 ±
0.02, −1.51 ± 0.02 and −1.95 ± 0.05 for the 5, 12.6 and 9.6 m depth.
Two distinctive regions for the data at 9.6 m depth were observed.
The region covering the lowest oxygen concentrations more closely
followed Redfield stoichiometry (−1.07±0.04),while the other region
showed a higher accumulation of oxygen than expected (−13.34 ±
1.08). A similar, but inverse pattern was seen at 12.6 m: the higher ox-
ygen concentration region showed closer to known stoichiometry
(−1.38 ± 0.02), while the other section of the time-series showed the
ratio −7.43 ± 0.40.
3.5. Net primary production

NPP rates calculated from oxygen production were estimated to be
1.79 g C m−2 and 2.10 g C m−2 during the spring bloom in 2012 and
2013, respectively. Integrated PARdata indicated 25%higher light inten-
sity per productive day in 2013 compared to the previous year.
4. Discussion

4.1. pCO2 sensor performance

This work provides the first successful continuous combined long-
term datasets of pCO2 (DIC) andmultilevel O2 acquired in Scandinavian
fjords. pCO2 was measured with the newly-developed optodes. The ac-
curacy of these sensors was set by in situ adjustment from analyzing
water samples taken at the time of deployment. Adjustment method,
which utilizes a pre-deployment calibration and a reference point, al-
lows for compensating for the conditioning-related drift of the sensors
(Atamanchuk et al., 2014). Especially at intermediate depths the envi-
ronment is dynamicwith rapid changes in all themeasured parameters.
It can consequently be challenging to collect representative water sam-
ples. The offset between 5 and 75 μatm after 6 and 7 months of deploy-
ment shown by the sensors at 9.6 and 12.6 m depths respectively, was
attributed partly to the sensor drift and partly to the uncertainty
(error) in sampling and/or calculating pCO2 from thewater samples. Er-
rors in the calculation of pCO2 from sampled DIC and AT had given an
uncertainty in ±16–35 μatm, which is a large fraction of the measured
offset. The reference samples for comparison were taken at the end of
spring bloom (Fig. 3, black crosses on pCO2 time-series). Thus, unac-
counted contribution of OA to AT would result in overestimation of AT,

which might cause an additional significant bias in pCO2 calculations.
The results from potentiometric titrations and comparison to the calcu-
lated values – a method to quantify OA – indicated an additional
12–18 μmol/kg SW term to AT at the end of spring bloom (Muller and
Bleie, 2008). These numbers were discovered for the surface waters of
the Norwegian fjord surface waters, however the resemblance of DIC
and AT changes during the bloom allowed us to assume close or similar



Fig. 6. Correlations between concentrations of DIC and oxygen during primary production
in spring (February–March) of 2012 and 2013. For the data at 9.6m and 12.6m depth, two
different regions showing distinct O2:DIC variations were identified: linear fits to each
region are shown as dashed lines. Values for ΔO2:ΔDIC ratios are indicated.
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values for the Koljo Fjord. The uncertainty associatedwith OA in the cal-
culated pCO2 would have been ±24–75 μatm.

No post-deployment examination of the sensors was made, which
makes speculations on the actual drift of the sensor unsubstantiated.
The authors used secondary arbitrary criteria like the dynamic range
and co-variance with the trustworthy oxygen data from the optodes
to conclude that the recorded pCO2 data were of good quality. For the
merit of this study it should bementioned that all acknowledged errors
in themeasurementswere included in the calculations. For instance, the
field precision varied between the pCO2 sensors from2 μatm to 10 μatm,
and the variation was related to differences in electronics and sensing
foils of the optodes.

4.2. Carbonate system and oxygen dynamics

Assessment of the dynamics of the carbonate system in the water
column and calculations of O2:C ratios for the spring bloom were
made through deriving DIC from pCO2 time-series (Fig. 5). The errors
in DIC propagated from a) uncertainty of AT estimation using salinity
as a proxy, b) precision of pCO2 measurements, and c) uncertainty in
equilibrium constants within the carbonate system. The assessment of
the dynamics in this study however relied on the relative change of
DIC as opposed to the corresponding change in O2. In this context, the
calculation errors played a minor role, as they would reflect an error
in the absolute DIC value.

Besides calculatingDIC data from the pCO2 sensors and alkalinity, pH
data were recorded for a three month period at the shallowmooring in
2012, which allowed comparison of the DIC results obtained with two
independent methods pCO2/ATsal and pH/ATsal. The disagreement be-
tween these two independent methods was 13.2 ± 20.1 μmol/kg and
both time-series tracked each other well (Fig. 5c) confirming, and veri-
fying the observed dynamics.

The highest values of DIC corresponded to the periods after re-
mineralization of residual particulate organic matter (POM) from the
“active season” which occurred in autumn and just before the spring
bloom started, when winter storms had induced mixing from deeper
suboxic/anoxic carbon rich layers. Winter periods are usually stormy
in this area, which also create conditions (Hansson et al., 2013) when
DIC rich water from the adjacent fjords can enter the Koljo Fjord basin
by spilling over the sill.

The lowest oxygen levels occurred in autumn, when the tempera-
ture in deeper layers was relatively elevated and most of the organic
matter had been oxidized as reflected by low acoustic backscatter sig-
nals measured by the RDCP (data not shown). The highest levels of ox-
ygen occurred during the spring blooms. Periods of intensified primary
production were identified from the data (Fig. 3) and would typically
lead to 115–120% oversaturation in the upper layers.

The magnitude of variations of DIC and O2 in the intermediate depth
layerwas significantly higher during the2012–2013period than the pre-
vious year (Fig. 5), which was reflected also in the salinity and tempera-
ture profiles (Fig. 3). With a few exceptions of intensified air–sea
exchange, the consistent negative coupling between oxygen and DIC
(Fig. 5a, b) indicated that water masses were entrained at this depth.
In the scenario when the upper water column (down to 15 m) was
well mixed the oxygen levels would stay close to saturation and would
not show such dramatic variability.

During 2012–2013 surface waters were well mixed. pCO2 and O2

values were closer to 100% saturation with atmospheric values (Fig. 3c),
and DIC was generally lower (Fig. 5c).

Oversaturated levels of oxygen (up to 160% saturation), lower and
decreasing DIC values, high chlorophyll a concentrations and a high
RDCP signal strength suggest that the spring bloom lasted for 25 days
in 2012 and 13 days in 2013, and started in mid-February in 2012 and
late-February in 2013. The corresponding starting dates reported from
satellite images for the open Skagerrak, outside the fjord, was at the
latest on February 28 in 2012 and on March 13 in 2013 (www.smhi.se).
A later start of the spring bloom in the open Skagerrak than in adjacent
protected fjords is common (B. Karlson (SHMI), pers. comm.). Clear di-
urnal cycles of primary production/degradation coupled to sunlight
were observed from oxygen and pCO2 data at 5 m depth during spring
2013 (data not shown). The RDCP signal strength data indicated the
production of algae in the upper layers during the spring blooms, and
a subsequent sinking of particulate matter (most likely POM) down
from the photic zone (Fig. 7a and b).

4.3. Redfield stoichiometry

Biological activity (primary production, respiration) should lead to
uptake/release of DIC and production/consumption of oxygen in the
Koljo Fjord, which should be reflected in simultaneous and proportional
changes in the concentrations of these solutes. Specifically, DIC and ox-
ygen time-series plotted on separate axes that are relatively inverted
and scaled using the stoichiometry 1:1.3, should result in parallel curves
for the two variables if the assumption expressed by Redfield stands
(Fig. 5). In practice this approach points at whether biological processes
dominate over other processes, rather than confirm/deny ‘Redfieldish’
behavior. To assess the stoichiometry, a property–property plot of DIC
vs. oxygen is useful. In Fig. 5a the parallel O2 and DIC curves indicate
that the spring bloom (biological component) dominated in February–
March. A rapid increase in O2 followed by a slower equilibration of the
carbonate system during a stormy period at the end of November and
through December point at the onset of an air–sea exchange event.
Later there was a sign of DIC rich water input (turbulent mixing,
water advection) in January and before the spring bloom in February.
Higher variability in 2012–2013 made the analysis of processes more
challenging (Fig. 5b). While there was a strong signal of biological pro-
duction in spring, during winter we observed a general enrichment of
the water masses in DIC on the background (see 4.5 Water transport and
air-sea exchange). Note that sharp and high amplitude spikes in DIC and
O2 through December–beginning of January are less pronounced at 5 m
(Fig. 5c) indicating their probable origination from the mixing in at the
pycnocline from the deep anoxic basin.

http://www.smhi.se
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The beginning of primary production in the fjord was associated
with increased light availability and production was observed at depths
in the suggested photic zone, e.g. down to 8–10 m, but not at 15.6 m in
the spring of 2013. However, a clear indication of biological activity in
spring 2012 at 12.6 m and very weak biological signal from the optode
at 15.8 m implied deeper photic zone (ca 13–15 m) than the suggested
in Aarup (2002) using Secchi depth measurements.

Relative amount of particles and chlorophyll a concentration served
as additional criteria to select the periods of primary production for each
year (Fig. 7). A higher, with respect to the known−1.30 (Redfield) and
−1.45 (Anderson), ratio calculated from the 9.6 m time-series in 2012,
i.e.−1.95±0.05, indicated an additional source of oxygen at this depth
Fig.7. Primary production in the Koljo Fjord as
recorded by the sensors.  PAR data (in µmol
(photons) m-2 s-1) above the plots represents
light availability throughout the productive
period. (a-b): Acoustic reflection data, also called
backscatter or signal  strength,  from RDCP.
Black/red is stronger signal from more particles
and yellow/green/blue is weaker signal. The plot
shows an on-set of the spring bloom of algae
and how it spreads in the water column (white
arrows) can be followed. (c-e): Primary production
as reflected in the oxygen and DIC time-series at
different depths. Note: DIC values are present-
ed on a reverse scale with a Redfield relation
(O2:C = 138:106) between the oxygen and the DIC
axes. (f): Chlorophyll a at 5 m (>12 hour period filt-
ered data). (For interpretation of the references 
to color in this figure legend, the reader is referred
to the web version of this article).
apart from primary production. This, we believe, could be a turbulent
diffusive transport from the upper layers, where higher light availabili-
ty, rapid onset of the bloom and lack of ventilation may have facilitated
oversaturation of the water with respect to oxygen. The bloom at 9.6 m
commenced in−1.07± 0.04 proportions and the arrival of oxygenwas
seen some time in the middle of the bloom resulting into accumulation
of oxygen with respect to the consumption rates of DIC. At that time
more productive surface layer became oversaturated and outsourced
O2 to the deeper layers. Since we excluded air–sea gas exchange by our
assumptions, an underestimation of O2:DIC production/consumption
ratios in the fjord is expected, especially with respect to the surface
layers.
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The analysis of DIC vs. O2 plot at 12.6m in 2012 revealed that the pri-
mary production commenced on a background of raising DIC, which
originated from winter mixing seen as series of spikes in Fig. 5a.
Hence an abnormally high ratio −7.43 ± 0.40 could be expected.
After the biological component became dominant, the ratio balanced
around −1.38 ± 0.02. Unlike in 2013, we did not observe a distinctive
diffusive transport of oxygen from the upper layers.

4.4. Net primary production in the Koljo Fjord

The difference in integrated spring bloom NPP rates in 2012 and
2013 (1.78 and 2.10 g C m−2) was presumably caused by 25% higher
light intensity in 2013 in comparison to 2012 based on PAR data
(Fig. 7). When normalized to the light intensity value in 2013, and as-
suming that NPP is proportional to light intensity, the NPP rates during
the two spring blooms becamemore similar (2.23 g C m−2 in 2012 and
2.10 g C m−2 in 2013). The calculated NPP rates are similar or at the
lower end in comparison to some previously published values for this
area. In the present studyNPP rates are given for the period of the spring
bloom, which covered the end of February–middle of March, while
numbers in the literature often represent NPP estimated for each
month separately. For the open Kattegat, Stigebrandt (1991) modeled
NPP rates of 2.5 g Cm−2month−1 and 14 g Cm−2month−1 in February
and March, respectively, based on monthly monitoring data of oxygen.
The estimates given in Lindahl et al. (2009) for the Gullmar Fjord, an ad-
jacent fjordwhich to a great extent has conditions similar to those in the
Koljo Fjord, are 7.98 g C m−2 month−1 in February and
19.41 g C m−2 month−1 in March. However, the latter numbers are
based on daytime incubation data and light index correction, and they
could hence be overestimated due to unaccounted difference in respira-
tion rates during day and night. Daily production rates in the open Kat-
tegat in early March at the same latitude as the Koljo Fjord are
93–199 mg C m−2 d−1 according to Heilmann et al. (1994). These
rates agree well with those calculated in this study (on average
161 mg C m−2 d−1 during the spring bloom in 2013). During the
2012 spring bloom the net daily production rate in the Koljo Fjord was
lower, on average 71 mg C m−2 d−1, but the difference between 2012
and 2013 could be explained by a less intense and longer spring
bloom period in 2012.

The difference between the NPP rates measured during the spring
bloom period in this study (71–161 mg C m−2 d−1), and those pre-
viously estimated for this area (89–451 mg C m−2 d−1 (Stigebrandt,
1991), 93–199 mg C m−2 d−1 (Heilmann et al., 1994) and 285–
625 mg C m−2 d−1 (Lindahl et al., 2009)) is likely due to differences
in methodology used for the calculations in each study, and/or differ-
ences temporal in environmental characteristics between the open
Kattegat and the enclosed fjords. Each of the procedures utilized in the
studies above to estimate NPP has weaknesses and limitations, and
includes assumptions. In our study, they are:

• We treated 1 m2 of the water column as a box and assumed that net
primary production in the fjord at a certain depth took place at
equal rates over the entire fjord. In this way, the horizontal transport
of water masses as a bias to the box model was excluded.

• Turbulent diffusive transport of oxygen out of the photic zone to
deeper layers was also neglected. However, this transport contributed
to thebudget calculations anyway since integrationwas doneover the
entire water column above the pycnocline, and hence this should not
have caused a large error.

Air–sea exchange calculations were impossible in our study due to
lack of oxygen and wind speed data at the very surface of the fjord.
However, we assumed that air–sea exchange, which gives under-
estimated NPP values if not being considered, was to some extent
counteracted by decreased primary production rates due to exposure
to intense UV-light near the surface. Furthermore, air–sea exchange
during the spring bloom periods in 2012 and 2013 was limited due to
the weak wind and low wave activity as discussed above.

4.5. Water transport and air–sea exchange

Wind forcing is responsible for 40% of the supplied energy for
deep-water mixing in the Koljo Fjord (Hansson et al., 2013). The
deep-water mixing is mainly due to internal waves, which are creat-
ed by barotropic tides across the sill, and cause weakening of strati-
fication throughout the water column (Hansson et al., 2013). Hence
wind induced mixing in autumn/winter dominates over other
drivers, when biological signals are weak. In addition, air–sea ex-
change is highly dependent on the wind speed (Wanninkhof, 1992;
Wesslander et al., 2011). Coupling between wind and the dynamics
of the entire water column was in this study observed as high ampli-
tude oscillations of the measured parameters during the 2012–2013
winter season, when wind speeds were higher in comparison to the
previous winter season.

Active exchange of water masses with the adjacent Havsten Fjord
and Kattegat usually occurs above sill level. Inflowing dense water is
entrained in the intermediate layer of the Koljo Fjord due to steep den-
sity gradients and does not reach the deep basin. Unless favorablewinds
dominate, and lead to turbulent mixing due to internal waves at the
pycnocline, the stratification in the fjord remains established and only
diffusive processes take place.

Disproportional changes in O2:DIC as illustrated in Fig. 5 were ob-
served mainly during winter periods when physical forcing was domi-
nating. Vertical water mixing was always resulting in higher DIC
variations than what is expected from Redfield proportions. Accumula-
tion of DIC took place until the primary production period began and
decreased the DIC levels. Horizontal transport of water masses altered
the concentration levels, but this process sustained a stable O2:DIC
ratio. This was highly applicable for the intermediate layer (Fig. 5a, b),
where the time-series in general tracked each other (horizontal trans-
port), but showed a few occasions of distinctive mismatch and changed
O2:DIC ratios (vertical mixing).

The fjord is well protected from all directions by narrow and shallow
straights and by tree-covered islands. Consequently no oceanwaves can
reach this area and wind driven waves are small. Apart from occasional
waves caused by passing ships/boats, the wave height and tide sensor
on the Seaguard® registered several periods with duration up to one
week of elevated wind-related wave activity. During these periods, typ-
ical wave heights reached only 10–20 cm. On two distinct occasions
strong winds and wave action led to the onset of air–sea exchange
(Fig. 8).

The combination of wind, wave height and acoustic current mea-
surements spanning the entire water column served to single out
these periods. Over a five day period in November–December 2011
oxygen concentrations at 12.6 m depth were ramped up from about
150 to 300 μmol/L, corresponding to an increase from about 45% to
80% air saturation (Fig. 5a). This period corresponded to a winter
storm that induced air–sea gas exchange and vertical mixing (Fig. 8).
After the storm oxygen was stabilized over a 1-day period. Slower re-
sponse of the carbonate system to the air–sea exchangewas anticipated,
and the measured time lag was approximately 14 days. This number is
in-between lag estimates for the Baltic Sea of 3.2 days (Wesslander
et al., 2011) and 20 days for typical ocean conditions (Emerson and
Hedges, 2008).

Another distinctive wind induced air–sea exchange took place just
after the peak of the spring bloom in 2013. It primarily affected the sur-
face layer, and resulted in a lowering of the O2 supersaturated water to
100% saturation and a slight uptake of CO2 from the atmosphere
(Fig. 5c). This gas ventilation event was not as rapid and intense as dur-
ing winter 2011, but nevertheless it also affected O2 concentrations
measured at the 9.8 m level (Fig. 5b) indicating a diffusive link between
the two depths.



Fig. 8. Air-sea exchange as recorded by the obser-
vatory sensors. (a-b): Absolute wind speed above
the fjord (scale 0-20 m/s) on the top, and RDCP
absolute current speed profile in the water column.
(c-e): Air-sea exchange as reflected in the change
of concentration of oxygen and DIC at 12.6 (c), 5
(d) and 9.6 (e) m depth. Note that DIC values are
presented on a reverse scale, and that the wind
induced exchange had opposite effects on the
oxygen and carbonate system in November 2011
compared to March 2013. (f): Significant wave
height data. A sustained period of wave activity 
indicates favorable conditions for air-sea exchange.
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5 . Conclusions

We have used a cabled observatory and a stand-alone mooring to
study the carbonate system in the upper part of the water column
above thepycnocline in theKoljo Fjord,western Sweden, fromSeptember
or October to April during two consecutive years. The combination of
high frequency measurements of pCO2, pH, O2, salinity, temperature,
chlorophyll a, wave and acoustic particle measurements at multiple
levels offered possibilities for deeper understanding and monitoring of
physical, chemical and biological processes in the fjord, which would
not have been possible by occasional sampling from a ship. This study
has also demonstrated the advantages of using an observatory
equipped with multiple sensors in doing continuous detailed studies
of the marine carbonate system.

In this study pCO2wasmeasuredwith a new type of compact optical
sensor (Atamanchuk et al., 2014) thatworkedwell, giving sufficient res-
olution and no significant drift, throughout thesemeasurement periods.
pCO2 concentrations varied between approximately 210 and 940 μatm.
During the same periods O2 varied from about 80 to 470 μmol/L.

Biological processes were mainly responsible for slower and
gradual changes of O2 and pCO2 including organic matter
degradation in autumn, and primary production in early spring. Dur-
ing winter a deepening of the mixed layer was observed, which re-
sulted in gradual enrichment of the water column above the
pycnocline with DIC. A vivid illustration of the timing of processes
was achieved by plotting variations in O2 and DIC on Redfield scaled
plots.

Water column integrated NPP rates calculated from oxygen pro-
duction rates at different depths during the spring blooms were
1.79 and 2.10 g C m−2 in 2012 and 2013, respectively. Difference in
light availability, which limits primary production during this time
of the year, explains the inter-annual variability. On a daily basis
during the spring bloom period, these rates correspond to
71–161 mg C m−2 d−1. These values agree with, or are in the
lower end of, previously published daily NPP rates from the open Kat-
tegat and the adjacent Gullmar Fjord (89–625 mg C m−2 d−1),
though the span is significant.

Acoustic reflections from the RDCP profiler helped to identify the
start and duration of the spring bloom, which was also clearly detected
by the O2, pCO2, DIC and chlorophyll a measurements. On average pro-
duction of OM during the bloom occurred in the ratio O2:DIC =−1.56.
Diffusive transport of oxygen, turbulent mixing and air–sea exchange
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lead to biases in O2:C ratios during primary production and thus non-
biological components have to be carefully investigated and assessed.

As recorded by the sensors placed at different depths in surface and
intermediate layers, the Koljo Fjord is dynamic and highly affected by
seasonality. Short term variations, on the time scale of hours, were
mainly induced by tidal oscillations and/or by periods of strong winds
which lead to air–sea exchange in the surface layers and/or to occasion-
al transport of DIC enriched and oxygen depleted water from below the
pycnocline and/or from adjacent fjords.

In the future long-term measurements with high temporal resolu-
tion at the Koljo Fjord observatory will continue to contribute to the im-
proved understanding of the characteristics of the Orust fjord system
and will be used for validation of existing hydrographical models
(Hansson et al., 2013; Friedrich et al., 2014). Highly spatially and tempo-
rally resolved multiparameter observations in the water column will
allow for better understanding and more explicit description of bio-
geochemical and physical processes in complex systems like this fjord
system on the west coast of Sweden.
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