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Abstract 

The marine CO2 system in Tempelfjorden (Svalbard) was investigated between August 2015 and 

December 2017 using total alkalinity, pH, temperature, salinity, oxygen isotopic ratio, and nutrient data. 

Primary production resulted in the largest changes that were observed in the partial pressure of CO2 

(pCO2, 140 µatm) and the saturation state of aragonite (ΩAr, 0.9). Over the period of peak freshwater 

discharge (June to August), the freshwater addition and air-sea CO2 uptake (on average 15.5 mmol m-2 

day-1 in 2017) governed the surface pCO2. About one fourth of the uptake was driven by the freshening. 

The sensitivity of ΩAr to the freshwater addition was investigated using robust regressions. If the effect of 

air-sea CO2 exchange was removed from ΩAr, a freshwater fraction larger than 50% (lower range of 

uncertainty) was needed to provide aragonite undersaturated waters. This study shows that ΩAr and 

freshwater fraction relationships that are derived from regression techniques and the interpretation thereof 

are sensitive to the effect of air-sea CO2 exchange. Since the freshening in itself only drives a fraction of 

the air-sea CO2 uptake, studies that do not account for this exchange will overestimate the impact of 

freshwater on ΩAr. Finally, in the summer an excess in the salinity normalized dissolved inorganic carbon, 

corrected for aerobic primary production/respiration, of on average 86 µmol kg-1 was found in the deepest 

water of the fjord. This excess is suggested to be a result of enhanced CO2 uptake and brine release during 

the period of sea ice growth. 

1. Introduction 

Knowledge of the carbon cycling in Arctic coastal systems is of great importance as these areas, 

apart from contributing with roughly one fourth of the global coastal ocean (i.e. shallower than 200 m, 

Menard and Smith, 1966), are among the first to respond to climate change due to the Arctic 

amplification (Serreze and Francis, 2006). Recent studies have focused on glacier-influenced fjord 

environments where glacial meltwater has been proposed to contribute significantly to the observed low 

partial pressure of CO2 (pCO2) of the surface water and subsequently the high CO2 uptake of the fjords 

(e.g. Rysgaard et al., 2012; Meire et al., 2015), but glacial meltwater may affect the marine CO2 system in 

other ways as well. For instance, lower saturation state (Ω) of the calcium carbonate (CaCO3) mineral 

aragonite (ΩAr) has been coupled to high glacial meltwater content as compared to the correspondent ΩAr 

of seawater (e.g. Fransson et al., 2015), which is of relevance for ongoing Ocean Acidification (OA). OA 

refers to the combined effects of the oceanic uptake of anthropogenic CO2, which results in shifts in the 

equilibria of the seawater acid-base systems (Doney et al., 2009). Changes in the chemical speciation of 

the marine CO2 system due to the dissolution of anthropogenic CO2 has resulted in a lower oceanic pH 
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(i.e. a decrease of about 0.1 units since pre-industrial times, Rhein et al., 2013), as well as in a reduced 

carbonate ion concentration ([CO3
2-]). The latter determines Ω according to the following:  

𝛀𝛀 = �𝐂𝐂𝐂𝐂𝟑𝟑
𝟐𝟐−��𝐂𝐂𝐂𝐂𝟐𝟐+�
𝑲𝑲𝒔𝒔𝒔𝒔∗

           (1)  

where [Ca2+] is the calcium ion concentration and Ksp
* is the stoichiometric solubility product for water 

that is saturated in CaCO3. For Ω less than 1, CaCO3 may dissolve, which is of importance for calcifying 

marine organisms that have their biotic CaCO3 shells exposed to the surrounding seawater. Ω is thus an 

excellent indicator of marine systems sensitivity to OA, and its relation to freshwater can be used to 

predict the future Ω of Arctic surface waters. For instance, Turk et al. (2016) showed for the estuary 

Cumberland Sound in the Canadian Archipelago that a fraction of river runoff and glacial meltwater 

larger than 37% results in aragonite undersaturated waters, but the effect of air-sea CO2 exchange was not 

accounted for. Evans et al. (2014) on the other hand, argued for the glacial melt influenced region of 

Prince William Sound, Alaska, that it is rather the cumulative effects of glacial melt and CO2 uptake that 

reduce Ω. 

Glacial melt may also have both negative and positive impacts on primary production (e.g. Arrigo 

et al., 2017; Lund-Hansen et al., 2018), which is one of the key drivers of ΩAr in the West Spitsbergen 

fjords (Fransson et al., 2016; Ericson et al., submitted to Polar Research). Observations of glacier retreats 

in this area are accumulating (e.g. Ziaja 2005; Ewertowski, 2014; Marlin et al., 2017; Grabiec et al., 

2017), and more freshwater is thereby being released to the surrounding fjord systems. At the same time, 

the sea ice cover has decreased (e.g. from 60 to 20% between 2000-2005 and 2006-2014 in Isfjorden, 

Muckenhuber et al., 2016), which has been attributed to increased intrusions of Atlantic Water (AW, S > 

34.9) (Nilsen et al., 2016), that also has become warmer (0.2°C/decade in Isfjorden, Pavlov et al., 2013). 

AW is carried by the West Spitsbergen Current (WSC) that follows the continental slope towards the 

entrance of the central Arctic Ocean. Apart from this rather warm and saline water mass, the fjords are 

influenced by cold Arctic Water (ArW, S < 34.7) that flows northwards along the coast with the Coastal 

Current (CC, e.g. Cottier et al., 2005; Nilsen et al., 2008). Some of the AW that enters the fjords is 

modified through mixing with the ArW on the shelf. This freshened and slightly colder water mass is 

referred to as Transformed Atlantic Water (TAW, 34.7 < S < 34.9).  

Tempelfjorden (Fig. 1), on the West Spitsbergen coast, is the easternmost fjord branch of the 

Isfjorden system. It has two basins, one deeper (110 m), more central basin that extends well into the 

connecting Sassenfjorden, and one smaller basin closer to the tidewater-glacier Tunabreen and the land-

terminating glacier von Postbreen, at the head of the fjord (Forwick et al., 2010). The glaciers provide 

Tempelfjorden with freshwater and sediments with carbonate (ankerite/dolomite and calcite) and silicate 

(epidote and phyllosillicates) rich minerals (Forwick et al., 2010).  The river Sassenelva, located outside 
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the entrance of the fjord, is also an important freshwater source that brings sediments with mainly silicate 

rich minerals (e.g. phyllosillicates) (Forwick et al., 2010). Tempelfjorden has been investigated 

previously by Fransson et al. (2015) who showed that released freshwater decreased Ω, pH, and total 

alkalinity (TA). On the other hand, the addition of calcareous minerals from the bedrock to the fjord water 

increased the TA relative to salinity and partly mitigated the effect of freshwater on the marine CO2 

system (Fransson et al., 2015). Tunabreen is a surging glacier, with a return period of about 40 years 

(Forwick et al., 2010). The last documented surge occurred between 2003 and 2005 (Forwick et al., 

2010), but recent advances of the glacier front over the last couple of years have become referred to as a 

surge despite the unexpectedly short return time of a little more than a decade or so. The frequent calving 

of the glacier provides a unique opportunity to study how glacier melt affects the marine CO2 system 

throughout the year on a higher resolution than has been seen previously in this fjord. Since the fast sea 

ice cover has diminished in the region, this study will also give insights to marine CO2 system dynamics 

in a potential future with less sea ice.  

Here we present measured pH and TA data from Tempelfjorden with related calculated marine 

CO2 system parameters observed between the end of August 2015 and early December 2017. The time 

series of the measured and calculated parameters are shown in Section 3 while Section 4 will concentrate 

on the period of meltwater input (June-August) where the effects of freshwater on the marine CO2 system 

will be discussed in the light of potential increased meltwater discharges in the future with a focus on ΩAr. 
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Some emphasis will be put on the sensitivity of regression-based methods to air-sea CO2 exchange. Also, 

CO2-enriched bottom water will be discussed considering a reduced future sea ice production. 

 
Fig. 1. Map of Svalbard, including the West Spitsbergen Current (WSC, red arrows) and the Coastal Current (CC, 

blue arrows), with outcrop of Isfjorden on the west coast of Spitsbergen showing the station locations in 

Tempelfjorden.   

2. Materials and Methods 

Seawater was collected, typically from a small boat, between 29 August 2015 and 5 December 

2017 (Table 1). The sampling frequency was initially every other month in autumn 2015, monthly in 

2016, and after a long break between January and June in 2017 close to monthly. The following 

properties were collected: pH/TA, oxygen isotopic ratio (δ18O), and nutrients (i.e. the concentrations of 

nitrate, [NO3
-], and silicic acid, [Si(OH)4]). Water column temperature and salinity were measured using 



Confidential manuscript submitted to Continental Shelf Research 

 

conductivity-temperature-depth (CTD) sensors (i.e. using one of the following devices depending on 

sampling occasion according to Table 1: SAIV A/S SD204 CTD, Sea-Bird SBE9/SBE37/SBE19+). The 

most frequent profiler used was the SBE19+ which was calibrated each year and deployed together with 

the SD204 or the SBE37 on a few occasions to cross-check the performances of the individual sensors.  

Table 1  

Data Overview 

Dates CTD Stations 

Bottom depths 

(m) 

Max sampling depths 

(m) 

 

TA/pH δ18O Nutrients 

29 Aug 2015 SBE9 336, 332, 333, 334, 335 41, 28, 77, 88, 101 33, 21, 70, 85, 96  Yesa No No 

27 Oct 2015 SBE37 336, 332, 333, 334, 335 41, 35, 74, 87, 105 35, 25, 71, 80, 91  Yes Yes Yes 

2 Dec 2015 SBE37 336, 332, 333, 334, 335 51, 34, 76, 91, 104 45, 25, 70, 81, 90  Yes Yes Yes 

29 Jan 2016 SBE37 336, 333, 335 47, 72, 104 39, 24, 49  Yes Yes Yes 

19 Feb 2016 SBE19+ 336b, 332, 333, 334, 

335 

47, 35, 70, 92, 105 40, 26, 50, 77, 85  Yes Yes Yes 

4 Mar 2016 SBE19+ 336, 332, 333, 334, 335 42, 37, 75, 91, 104 33, 27, 65, 83, 98  Yes Yes Yes 

29 Mar 2016 SBE19+ 333, 334, 335 80, 89, 104 65, 75, 87  Yes Yes Yes 

29 Apr 2016 SBE19+ 335 104 91  Yes Yes Yes 

3 May 2016 SBE19+ 335 104 85  Yes Yes Yes 

20 May 

2016 

SBE19+ 336c, 333, 335 36, 78, 105 23, 68, 89  Yes Yes Yes 

1 Jun 2016 SBE19+ 336, 333, 335 49, 83, 104 39, 68, 88  Yes Yes Yes 

20 Jun 2016 SBE19+ 336, 333, 335 45, 78, 104 30, 65, 81  Yes Yes Yes 

4 Jul 2016 SBE19+ 336, 333, 335 42, 75, 103 35, 70, 90  Yes Yes Yes 

1 Aug 2016 SBE19+ 336, 333, 335 46, 82, 99 45,70,87  Yes Yes Yes 

20 Sep 2016 SD204d 336, 333, 335 45, 76, 105 41, 70, 84  Yes Yes Yes 

11 Oct 2016  SBE19+ 336e, 333, 335 39, 74, 104 35, 71, 90  Yes Yes Yes 

1 Nov 2016 SBE19+ 332, 333, 335 32, 74, 102 25, 68, 92  Yes n/af Yes 

16 Dec 2016 SBE19+ 335 103 91  Yes n/af Yes 

16 Jun 2017 SBE19+ 336, 333, 335 45, 76, 105 35, 65, 94  Yes n/af Yes 

20 Jul 2017 SBE19+ 336, 333, 335 40,78, 105 36, 68, 86  Yes n/af Yes 

1 Aug 2017 SBE19+ 336g, 333, 335 36, 74, 103 25, 65, 89  Yes n/af Yes 

31 Aug 2017 SBE19+ 336, 333, 335 40, 78, 105 40, 64, 89  Yes n/af Yes 

30 Sep 2017 SBE9 336h, 332, 333, 334, 

335 

40, 43, 72, 90, 101 30, 28, 62, 79, 92  Yes n/af Yes 



Confidential manuscript submitted to Continental Shelf Research 

 

7 Nov 2017 n/ai 336, 333, 335 39, 80, 100 25, 65, 90  Yes n/af Yes 

5 Dec 2017 SBE19+ 336, 333, 335 41, 76, 102 25, 65, 90  Yes n/af Yes 

         
Note. aFixated with HgCl2 and analysed within 6 weeks. bPosition altered to 78.43°N and 17.32°E due to sea ice. 

cPosition altered to 78.43°N and 17.30°E due to sea ice. dNoise in pressure measurements i.e. pressure was 

modelled, salinity recalculated for the new pressure, and finally, salinity was corrected for an offset of -0.13. 
ePosition altered to 78.43°N and 17.26°E due to glacier ice. fPending analysis. gPosition altered to 78.43°N and 

17.29°E due to glacier ice. hSame position as 1 Aug 2017 i.e. 78.43°N and 17.29°E.  iCTD-measurements failed, 

water sample salinity was measured using a Portasal 8410A salinometer and was calibrated against IAPSO standard 

sea water, OSIL Environmental Instruments and Systems, batch: P146. Temperature was interpolated from the 

measurements of the previous and the following sampling occasion.  

The pH/TA samples were typically analysed the same day as the sampling took place or the day 

after. TA was determined using a non-linear least square optimisation (DOE, 1994) of potentiometric 

titration data from a non-purged open cell (Metrohm Titrando system, Switzerland) with a precision 

around ± 2.3 µmol kg-1 (i.e. the mean of all absolute valued differences between duplicate sample runs). 

In April 2016 the non-linear least square calculation failed for four of the samples and an optimized end-

point determination was used instead (Metrohm tiamoTM - titration software, Switzerland). The 

precision of this method is typically about ± 4 µmol kg-1 and the two methods differ in average by 2 µmol 

kg-1. All samples were calibrated against Certified Reference Materials (CRM, purchased from A. 

Dickson, Scripps Institution of Oceanography, USA), and the resultant accuracy should be in the order of 

the precision. This was confirmed by an inter-laboratory comparison in May 2017 (organized by the 

laboratory of A. Dickson, Scripps Institution of Oceanography, USA) where the measured TA of both 

methods differed by less than 1 µmol kg-1 from the certified TA values of the CO2 Inter-laboratory 

comparison samples. pH was measured spectrophotometrically according to Clayton and Byrne (1993) 

using the dye m-cresol purple (mCP), with a precision around ± 0.001. This method gives pH on the total 

pH scale (pHT). The correction of Chierici et al. (1999) was used to remove the effect of the indicator pH 

on the sample pH.  The accuracy of the pH is likely in the order of ± 0.005 as indicated by the inter-

laboratory comparison where for ambient pCO2 conditions the measured pH was 0.005±0.001 higher than 

the certified value. Note that two batches of non-purified mCP were used over the study and both were 

tested during the inter-laboratory comparison.  

The δ18O samples were stored cold (4°C) and analysed within roughly one year at the Geological 

Mass Spectrometry (GMS) laboratory at the Department for Earth Science, University of Bergen, 
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Norway. The GMS laboratory uses a Thermo Finnigan Delta V with a Gasbench which is calibrated 

against VSMOW II. 

The nutrients samples were immediately frozen after each sampling occasion and stored in the 

dark until analysis that took place within less than one year. The nutrient samples that were collected from 

October 2015 until May 2016 were sent to the Institute of Marine Research, Bergen, Norway, for analysis 

(Alpkem Flow Solution IV or Skalar autoanalyzers) using methods according to Bendschneider and 

Robinson 1952 (the RFA methodology) and Grasshof 1965 for [NO3
-] and [Si(OH)4], respectively, with 

the correspondent detection limits of 0.4 and 0.7 µmol kg-1, respectively. Samples that were collected 

between June and August 2017 were analysed using a Flow Solution IV analyser, O.I. Analytical, USA, 

at UiT-The Arctic University of Norway, Tromsø, Norway, with methods adapted from Grasshof et al. 

(2009). The detection limits were 0.04 and 0.07 µmol kg-1 for [NO3
-] and [Si(OH)4], respectively. The 

remaining nutrient samples were analysed at the University Centre in Svalbard (UNIS), Longyearbyen, 

Norway, using a QuAAtro autoanalyzer from SEAL Analytical with methods according to NIOZ – Royal 

Netherlands Institute for Sea Research, Den Hoorn, The Netherlands. Here the detection limits were 0.05 

and 0.04 µmol kg-1, the precisions were ±0.08 and ±0.07 µmol kg-1, and the accuracies (i.e. accuracy was 

estimated from solutions of high-purity salts that were prepared for each day of analysis) were in the 

order of ± 2-3% or less for [NO3
-] and [Si(OH)4], respectively. The nutrient data were converted to µmol 

kg-1 using the density, which was calculated from a pressure of 1 atm, the sample salinity and a laboratory 

temperature measured at UNIS of 21°C. The temperature was assumed to be comparable between 

laboratories. 

Related marine CO2 system parameters (total dissolved inorganic carbon (DIC), pCO2, the 

Revelle Factor ((∂pCO2/∂DIC)/( pCO2/DIC)), and ΩAr) were computed using TA and pH, with the 

pressure, salinity, and temperature data as input parameters in the chemical speciation software CO2SYS 

(van Heuven et al., 2011). At least two recent Arctic studies (Chen et al., 2015; Woosley et al., 2017) 

have shown promising internal consistency for marine CO2 system data when the carbonate 

stoichiometric dissociation constants (K1* and K2*) of Mehrbach et al. (1973) as refit by Dickson and 

Millero (1987) have been used. For that reason, this set of constants was used in all CO2SYS calculations 

in the present study as well, together with the dissociation constant of bisulphate (KSO4) of Dickson (1990) 

and total borate as determined by the formula of Lee et al. (2010). The Ksp*of Mucci (1983) was used 

together with the pressure correction of Millero (1979). The salinity-[Ca2+] relationship of Riley and 

Tongudai (1967) was also used. Uncertainties in the calculated properties due to uncertainties in the input 

parameters should be around ±7 µmol kg-1, ±11 µatm, ±0.02, and ±0.07, for DIC, pCO2, the Revelle 
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Factor, and ΩAr as estimated by Ericson et al. (submitted to Polar Research) for marine CO2 system data 

from the neighbouring fjord branch, Adventfjorden. 

To obtain a background understanding of the sea ice/glacial ice characteristics of the fjord over 

the study period, the ice cover was approximated from weekday ice charts of the Ice Service of the 

Norwegian Meteorological Institute (MET, http://polarview.met.no/) by counting pixels according to the 

ice chart colour scheme for very open drift ice (1-4/10ths), open drift ice (4-7/10ths), close drift ice (7-

10/10ths) and fast ice (10/10ths). Note that the detected ice cover (Fig.2a) in summer and autumn 

typically reflects calved glacier ice from Tunabreen as observed visually. There was altogether more ice 

coverage in 2017 as compared to 2016 (Fig. 2c-f). By the end of March in 2017 the fast sea ice covered 

the whole fjord, including most of the connecting fjord, Sassenfjorden (own observation), which can be 

compared to 2016 when the fast sea ice never reached beyond about 50% coverage (Fig. 2c). In total, 

there were around 50 weekdays when the ice cover irrespective of openness was 75% or larger of which 

roughly 20 and 30 of the weekdays occurred in 2016 and 2017, respectively. This suggests that the major 

part of the surface water was available for air-sea CO2 gas exchange throughout the year. Note that the 

calving of glacier ice in summer to autumn of 2017, as shown as very open drift ice, exceeds that of the 

http://polarview.met.no/
http://polarview.met.no/
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two previous years (Figs. 2b, d and f), which supports an increased activity of Tunabreen over the study 

period. 

 

 

Fig. 2. Weekday ice cover (> 5% ) in Tempelfjorden is shown in terms of a) Ice cover (%), and number of days with 

ice cover in b) July to December 2015, c) in January to June 2016, d) in July to December 2016, e) in January to 

June 2017, f) in July to December 2017. Colouring scheme is for very open drift ice (1-4/10ths, charcoal), open drift 

ice (4-7/10ths, midnight blue), close drift ice (7-10/10ths, heather) and fast ice (10/10ths, orange). Note that this is 
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an approximation of the ice cover as estimated from the ice charts for the Svalbard region provided by the Ice 

Service of the Norwegian Meteorological Institute.  

To evaluate the effects of freshwater on the marine CO2 system and associated properties, the 

freshwater fraction (ffw) was estimated using a reference salinity of 34.8 (Sref, a typical value for TAW and 

the highest observed salinity over the study period): 

𝒇𝒇𝒇𝒇𝒇𝒇 =  (𝐒𝐒𝐫𝐫𝐫𝐫𝐫𝐫−𝐒𝐒)
𝐒𝐒𝐫𝐫𝐫𝐫𝐫𝐫

           (2) 

where S is the measured salinity. If the winter (December to March) mean salinity of 34.5 would have 

been used as the reference salinity the freshwater fraction would be 0.9% lower. Then robust regressions 

were used to determine the relationships between the dependent variables (TA, DIC, and ΩAr) and the 

freshwater fraction for the summers of 2016 and 2017. The robust regression method was chosen over the 

typical linear least square calculation to reduce the influence of potential outliers. The aim of these 

calculations was to determine the end-member TA and DIC values of the local freshwater source and to 

evaluate the effect of freshwater on TA, DIC, and ΩAr. Only data from the upper 30 m of the water 

column were used to minimize the potential effect of bottom waters on the estimates. Also, only the 

period between the onset of the melt season in June and the beginning of August, when the freshwater 

fraction reaches its maximum (this period will be referred to as the melt season in the rest of the paper) 

was considered. This period was chosen to minimize the potential effect of mixing that increases with the 

wind intensity, which in turn increases towards the autumn as observed at the nearby located 

Longyearbyen airport (Ericson et al., 2018).  

It has been shown that the freshening of the surface layer in the neighbouring fjord branch, 

Adventfjorden, occurs when the air-sea pCO2 gradient is at its maximum after the spring bloom (Ericson 

et al. 2018).  While the wind intensity typically is less in the summer, for instance such as observed in the 

vicinity of Adventfjorden (Ericson et al., 2018), the CO2 uptake capacity is large. Regression based 

relationships between freshwater and the marine CO2 system properties are for that reason likely to be 

biased by air-sea CO2 exchange, especially since the freshest water resides in the surface and therefore is 

more affected by potential CO2 uptake compared to the more saline water deeper down. TA versus DIC 

plots are commonly used to differentiate between the most important processes (e.g. biological processes, 

air-sea CO2 exchange, conservative mixing, and CaCO3 production/dissolution) that drive the variability 

in TA and DIC. These plots cannot, however, be used to differentiate between the effect of air-sea CO2 
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exchange and the effect of DIC added through freshwater, unless the freshwater source DIC end-member 

is known.  

To account for the effects of oceanic CO2 uptake, during the melt season, on the marine CO2 

system, the air-sea CO2 flux (Fair-sea) was calculated using the wind speed gas transfer velocity formula of 

Wanninkhof (2014): 

𝑭𝑭𝐚𝐚𝐚𝐚𝐚𝐚−𝐬𝐬𝐬𝐬𝐬𝐬 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝐔𝐔𝟏𝟏𝟏𝟏𝟐𝟐 � 𝑺𝑺𝑺𝑺
𝟔𝟔𝟔𝟔𝟔𝟔

�
−𝟎𝟎.𝟓𝟓

𝑲𝑲𝟎𝟎(𝒑𝒑𝐂𝐂𝐎𝐎𝟐𝟐𝒘𝒘 − 𝒑𝒑𝐂𝐂𝐎𝐎𝟐𝟐𝒂𝒂)      (3) 

with the squared wind speed at ten meter (U10), the Schmidt number (Sc) polynomial of Wanninkhof 

(2014), the solubility coefficient of CO2 (K0) of Weiss (1974), the pCO2 in air (pCO2a) and the surface 

water pCO2 (pCO2w). The air-sea CO2 flux and the correspondent change in DIC could only be calculated 

for the melt season of 2017 when wind speed data were available from Tempelfjorden. Measured wind 

speed at 10 m was obtained from a weather station at the opening of the fjord 

(https://www.unis.no/resources/weather-stations). The mean squared wind speed for the period of 43 m2 s-

2 was used in the calculations and a mean atmospheric pCO2 of 399 µatm was also used. The latter value 

was approximated using the weather data in Tempelfjorden (i.e. vapour pressure was calculated from 

relative humidity, air pressure, and temperature at 5 m according to WMO-No. 8, 2014) and xCO2 for dry 

air was obtained from the Zeppelin Observatory, Spitsbergen (NILU – Norwegian Institute for Air 

Research, http://ebas.nilu.no/).  The calculated fluxes over the melt season ranged between -11 and -17 

mmol m-2 day-1 with an average of -15.5±1.3 mmol m-2 day-1. The effect of ice on the air-sea CO2 flux can 

be important, as shown by e.g. Butterworth and Miller (2016), but during this period only glacier ice was 

scattered over the fjord (Fig. 2a), at low concentrations, and its effect on the flux was therefore treated as 

negligible. 

The correspondent rate of change in DIC (∂DICair-sea/∂t) due to CO2 uptake was calculated from: 

𝝏𝝏𝐃𝐃𝐃𝐃𝐃𝐃𝐚𝐚𝐚𝐚𝐚𝐚−𝐬𝐬𝐬𝐬𝐬𝐬
𝝏𝝏𝐭𝐭

= 𝑭𝑭𝐚𝐚𝐚𝐚𝐚𝐚−𝐬𝐬𝐬𝐬𝐬𝐬
𝝆𝝆𝒉𝒉𝐁𝐁𝐁𝐁

          (4) 

where ρ is the seawater density and hBD is the equivalent to the mixed layer depth after Randelhoff et al. 

(2017), which here is used as the upper bound of the depth to which absorbed CO2 may reach. According 

to Randelhoff et al. (2017):  

𝒉𝒉𝐁𝐁𝐁𝐁 = ∫ 𝒅𝒅𝒅𝒅[𝝈𝝈𝜽𝜽𝜽𝜽 − 𝝈𝝈𝜽𝜽(𝒛𝒛)]𝟔𝟔𝟔𝟔 𝒎𝒎
𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 /∆𝝈𝝈𝜽𝜽        (5) 

where the numerator is the buoyancy deficit, σθ is ρ – 1000 kg m-3, σθd is a deep water reference density 

(mean σθ over 45 to 55 m), and ∆σθ is the difference between the surface density (mean σθ over 1 to 3 m) 

and σθd. The mean hBD for the deeper stations, 333 and 335, was 15.1 ±2.1 m, and this value was used in 

https://www.unis.no/resources/weather-stations)
https://www.unis.no/resources/weather-stations)
http://ebas.nilu.no/
http://ebas.nilu.no/
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Equation 4. The average change rate in DIC was 0.042±0.003 µmol kg-1 hr-1. This change in DIC due to 

the air-sea CO2 flux was then removed from the DIC data in the upper 15 m (referred to as DIC-gasex), 

using the above value and the first sampling occasion in June each year as a zero reference, i.e. only CO2 

uptake after this sampling occasion is considered. As will be seen later, this is needed to determine the 

end-member DIC value of the local freshwater source and to resolve the change in pCO2 due to the 

freshwater addition. A correspondent ΩAr (ΩAr
-gasex) was also calculated, based on TA and DIC-gasex. These 

properties were then also regressed against ffw. 

Any uncertainty in ∂DICair-sea/∂t would result from uncertainties in the calculated fluxes and the 

use of hBD as an estimate of the depth to which absorbed CO2 may be mixed down to. Assuming that these 

uncertainties are comparable to the situation in Adventfjorden, they would be around ±30% and ±6 m 

(±40%) for the flux and hBD, respectively (Ericson et al., 2018). The resultant uncertainty in ∂DICair-sea/∂t 

would be ±50% or ±0.021 µmol kg-1 hr-1. 

3. Times series of the marine CO2 system – the seasonal cycle  

The time series of the measured (temperature, salinity, pH, TA, δ18O, [NO3
-], and [Si(OH)4]) and 

calculated (freshwater fraction, DIC, ΩAr, pCO2, and Revelle factor) parameters are presented in Figures 

3-5 for Stations 336, 333, and 335, respectively. The Stations 332 and 334 were not sampled frequently 

enough to produce a time series with seasonal resolution (see Table 1 for details) and data from these 
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stations are therefore not shown but used in Section 4. White areas in the Figures 3-5 are periods without 

data, for instance no sampling took place over the first half year of 2017. 
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Fig. 3. Water column properties (2-30 m) at Station 336 between 29 August 2015 and 5 December 2017 including a) 

temperature, b) salinity, c) ffw (freshwater fraction), d) δ18O, e) [NO3
-], f) [Si(OH)4], g) TA, h) DIC, i) pH, j) pCO2, 
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k) ΩAr, and l) the Revelle Factor. Black dots show the timing of sampling as well as the sampling depths. No 

temperature measurements exist for 7 November 2017.  

 



Confidential manuscript submitted to Continental Shelf Research 

 

Fig. 4. Water column properties (2-60 m) at Station 333 between 29 August 2015 and 5 December 2017 including a) 

temperature, b) salinity, c) ffw (freshwater fraction), d) δ18O, e) [NO3
-], f) [Si(OH)4], g) TA, h) DIC, i) pH, j) pCO2, 
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k) ΩAr, and l) the Revelle Factor. Black dots show the timing of sampling as well as the sampling depths. No 

temperature measurements exist for 7 November 2017. 
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Fig. 5. Water column properties (2-90 m) at Station 335 between 29 August 2015 and 5 December 2017 including a) 

temperature, b) salinity, c) ffw (freshwater fraction), d) δ18O, e) [NO3
-], f) [Si(OH)4], g) TA, h) DIC, i) pH, j) pCO2, 

k) ΩAr, and l) the Revelle Factor. Black dots show the timing of sampling as well as the sampling depths. No 

temperature measurements exist for 7 November 2017. 

3.1 Winter water mass properties from December to March: 2015/2016 

Over the winter months a gradual cooling took place with temperatures from above 1°C in 

December to values between -0.2°C and -1.6 in February. The lowest temperature was observed at the 

surface at the innermost Station 336, near the glacier front. The cooling continued until Station 336 was 

covered by fast sea ice by the end of March. At this time, the mid-Station 333 and outermost Station 335 

had temperatures between -1.5 and -1.3°C, with the former being slightly colder. Salinity and δ18O ranged 

from about 34.0-34.6 and 0.0-0.2‰ in December, with lower values at the surface and close to the fjord 

head. The water column was more homogenous by the end of March, with salinity around 34.6 and δ18O 

values of 0.2-0.3‰. Note that low δ18O values of -0.1‰ were observed in January especially in the 

surface at all stations, which likely reflect glacial melt contributions, and also in the deeper water of 

Stations 336 (i.e. at 39 m) and 335 (i.e. at 50 m). 

The [NO3
-] increased over the winter months from about 7.5-9.5 µmol kg-1 in December to 10.5-

11.3 µmol kg-1 in the end of March 2016 (Figs. 3e, 4e, 5e). The corresponding [Si(OH)4] increased from 

3.0-3.9 µmol kg-1 in December to 4.7-5.0 µmol kg-1 in the end of March. Fjord water TA (Figs. 3g, 4g, 

5g) and DIC (Figs. 3h, 4h, 5h) were 2260-2290 µmol kg-1 and 2100-2150 µmol kg-1, respectively, with 

values in the lower range in December especially at the innermost station and in the surface. By the end of 

March, the water column at the ice-free part of the fjord had become uniform with regard to TA and DIC 

that were in average 2291 ±1 and 2157±1 µmol kg-1, respectively. 

3.2 Spring water mass properties from April to May: 2016 

Between the end of March and the end of April at the outermost Station 335, which was not 

covered by sea ice, the salinity had increased by 0.1 to a value of 34.7 and the temperature had increased 

by 0.3-0.5°C to values from -1.0 to -0.8°C. The nutrient concentrations in the surface for [NO3
-] and 

[Si(OH)4] had decreased from about 11.0 to 0.5 and 4.9 to 1.3 µmol kg-1, respectively, which show that a 

phytoplankton bloom had already used up most of the nutrients. The low nutrient concentrations 

coincided with a high density of phytoplankton (visual observation). The change in [NO3
-] due to 

biological NO3
- assimilation was similar in magnitude but in opposite direction to the change in surface 

water TA, which had increased by 12 µmol kg-1 to a value of 2303 µmol kg-1 (i.e. TA increases by 1 mole 

per 1 mole assimilated NO3
- during primary production). Surface water DIC on the other hand, had 
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decreased by 85 µmol kg-1 to a value of 2073 µmol kg-1 due to biological CO2 fixation. The calculated 

C:N ratio, i.e. ∆DIC:∆[NO3
-] between the end of March and the end of April, was 8.1 assuming that the 

effect of air-sea CO2 exchange on DIC was insignificant in comparison to the change in DIC due to 

primary production. This is a reasonable assumption considering the homogenous state of the water 

column, in terms of temperature, salinity, and TA, at the time, which suggests that any oceanic CO2 

uptake would be distributed over the entire water column. The effect of these changes in surface water TA 

and especially DIC, resulted in a reduction in surface water pCO2 and the Revelle factor from about 330 

µatm and 14.8, respectively, in late March, to 187 µatm and 11.4, respectively, in late April. The 

correspondent in situ pH and ΩAr had increased from 8.11 to 8.32 and 1.50 to 2.35, respectively. 

A couple of weeks later most of the sea ice in the fjord was gone and the temperature ranged 

between -0.7 and 0.1°C. The correspondent salinity was generally > 34.7 except for the surface water 

where the salinity was close to 34.6. At this time δ18O in the surface was between 0.1 and 0.2‰., whereas 

the rest of the fjord waters had values larger than 0.2‰ (Figs. 3d, 4d, and 5d). The impact of the 

phytoplankton bloom in terms of low nutrient concentrations was evident in the surface all the way to the 

innermost station. DIC was around 2070 µmol kg-1 in the surface, which concurred with maxima in pH 

and ΩAr of 8.32 and 2.41, respectively, and minima in pCO2 and the Revelle Factor of 186 µatm and 11.3 

respectively. 

3. 3 Summer water mass properties from June to August: 2016 and 2017 

In summer the gradual warming and freshening of the upper water column resulted in a 

pronounced stratification and the observed maxima in temperature and minima in salinity occurred in the 

surface in the beginning of August, regardless of year. The temperature reached maxima varying between 

6.8 and 8.7°C, with values in the lower range at the innermost station.  The freshest water was also 

observed at this station, with a maximum freshwater fraction of 36% (Fig. 3c) and a minimum salinity of 

22.1 in 2016, which coincided with δ18O of -4.6‰ (Fig. 3d). The minimum in δ18O of -4.9‰ was also 

observed at this time in the surface at the outermost Station 335, which concurred with a salinity of 24.5. 

This was also the station where the freshest water was observed in 2017 (minimum in salinity and 

freshwater fraction of 23.9 and 31%), despite its location at the opening of the fjord. 

In mid-June fjord water DIC was less than 2100 µmol kg-1 and [NO3
-] was < 1 µmol kg-1, except 

for the bottom waters. [Si(OH)4] was also low at this time, i.e < 1 µmol kg-1, although higher values were 

not only observed in the bottom waters, but also in the surface. In terms of the [NO3
-], the early summer 

state was sustained throughout the melt season. The supply of dissolved silica from the dominant 

freshwater source on the other hand resulted in surface [Si(OH)4] of up to 5.8 µmol kg-1. DIC was 
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considerably diluted by the freshwater addition, reaching surface water minima in the beginning of 

August of 1593 µmol kg-1 in 2016 and 1633 µmol kg-1 in 2017. These minima concurred with minima in 

TA of ~1728 µmol kg-1 in 2016 and 1767 µmol kg-1 in 2017. The corresponding surface water pCO2, pH, 

ΩAr, and the Revelle Factor for 2016 were 257 µatm, 8.13, 1.45, and 12.9, respectively. In 2017, the DIC 

minimum concurred with surface water pCO2, pH, ΩAr, and the Revelle Factor of 240 µatm, 8.17, 1.48, 

and 13.4, respectively. Altogether, this shows that the surface pCO2 and Revelle Factor had increased 

since the end of spring, whereas both pH and ΩAr had decreased over the same period. 

One striking feature in the deep water in the summer season was very high TA and DIC values of 

2324 µmol kg-1 and 2187 µmol kg-1, respectively in 2016, and 2333 µmol kg-1 and 2213 µmol kg-1, 

respectively in 2017. The especially high values in 2017 concurred with minima in in situ pH (Figs. 3i, 4i, 

5i) and ΩAr (Figs. 3k, 4k, 5k) of 8.03 and 1.33, respectively, and maxima in pCO2 (Figs. 3j, 4j, 5j) and the 

Revelle Factor (Figs. 3l, 4l, 5l) of 395 µatm and 15.1, respectively. This water had rather low 

temperatures down to -0.6°C and salinities about 34.8, which is a signature for water produced by cooling 

and freezing in winter.  

3. 4 Autumn water mass properties from September to November: 2015, 2016, and 2017 

Between autumn and early winter, the water column cooled down and there was a slow but steady 

increase in salinity as mixing due to wind stress, convection and/or advection worked to remove the 

stratified condition of the summer season. The nutrients, TA, DIC, pCO2, and the Revelle Factor typically 

increased as the water column became more vertically homogenous, whereas in situ pH and ΩAr 

decreased.  

4. Discussion 

The importance of glacial meltwater effects on the marine CO2 system has been acknowledged by 

several contributions including high air-sea CO2 uptake (e.g. Rysgaard et al., 2012; Meire et al., 2015) as 

well as low ΩAr in waters with a high glacial meltwater content (e.g. Robbins et al., 2013; Evans et al., 

2014; Fransson et al., 2015; Turk et al., 2016). The high CO2 uptake is a result of low surface pCO2, 

which to some extent is an effect of the high CO2 solubility in less saline waters. For instance, Meire et al. 

(2015) observed for the Godthåbsfjord in Greenland a minimum in pCO2 of less than 100 µatm that 

coincided with a salinity of less than 10. In Tempelfjorden such low salinities were not observed 

(minimum in salinity of 22, Fig. 3b). The annual minimum in pCO2 (187 µatm, Fig. 5j), which concurred 

with a maximum in ΩA (2.41, Fig. 5k), was observed in conjunction with the phytoplankton bloom (Fig. 

5e), i.e. before the onset of the melt season. Primary production was therefore responsible for the largest 

changes observed in pCO2 (a decrease of more than 140 µatm) and ΩAr (an increase of 0.9), which is in 



Confidential manuscript submitted to Continental Shelf Research 

 

line with observations from the neighbouring fjord branch, Adventfjorden (Fig. 1) (Ericson et al., 2018; 

Ericson et al., submitted to Polar Research).  

The melt season in Tempelfjorden started when the CO2 uptake capacity in terms of the air-sea 

pCO2 gradient was at its maximum. In 2017, the “observed” surface pCO2 increased by an average of 30 

µatm between mid-June and the beginning of August. This increase in pCO2 coincided with an increased 

temperature (mean value of 3.0°C) that would result in an increase in pCO2 of about 28 µatm when using 

the relation from Takahashi et al. (1993; dlnpCO2 /dT ≈ 0.0423°C-1). Salinity, on the other hand, 

decreased by an average of 7.6 over the same period. To resolve the correspondent change in pCO2 due to 

the freshwater addition, the end-member TA and DIC values of the freshwater are needed. To determine 

these values and to assess the dependence of TA, DIC, and ΩAr on the freshwater fraction, robust 

regressions (Table 2) were used on the data from June to the beginning of August (for the depths 2 - 30 

m). To highlight the consequences of excluding the effect of air-sea CO2 exchange on DIC and ΩAr, 

regressions with and without air-sea CO2 exchange removed DIC and ΩAr are presented (Figure 6). 

Table 2  

Robust regression results for the upper water column (2 to 30 m) from June until 1st of August when salinity reached 

its yearly minimum: TA (µmol kg-1) vs ffw, DIC (µmol kg-1) vs ffw, and ΩAr vs ffw for 2016 and 2017. 

Year  Slope ±SE p-value Intercept ±SE p-value  R2 n 

2016 TA vs ffw -1957 ±24 2·10-40 2312 ±2 2·10-81 0.99 36 

2016 DIC vs ffw -1587 ±52 2·10-26 2095 ±4 9·10-69 0.97 36 

2016 DIC-gasex vs ffw -1769 ±73 5·10-23 2086 ±5 1·10-63 0.95 36 

2016 ΩAr,T=4°C versus ffw -3.22 ±0.30 2·10-12 2.27 ±0.02 6·10-44 0.77 36 

2016 Ω-gasex
Ar,T=4°C versus ffw -1.58 ±0.44 0.001 2.36 ±0.03 8·10-39 0.27 36 

2017 TA vs ffw -1702 ±41 2·10-24 2303 ±5 1·10-50 0.99 27 

2017 DIC vs ffw -1422 ±45 1·10-21 2083 ±6 2·10-48 0.98 27 

2017 DIC-gasex vs ffw -1602 ±65 5·10-19 2077 ±8 2·10-44 0.96 27 

2017 ΩAr,T=4°C versus ffw -2.79 ±0.14 1·10-16 2.30 ±0.02 5·10-37 0.94 27 

2017 Ω-gasex
Ar,T=4°C versus ffw -1.09 ±0.28 8·10-4 2.30 ±0.03 1·10-29 0.37 27 
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Fig. 6. Plots of melt season upper water column (depths from 2 to 30 m) properties: a) TA versus ffw in 2016, b) TA 

versus ffw in 2017, c) DIC versus ffw in 2016, d) DIC versus ffw in 2017, e) DIC-gasex vs ffw in 2016,  f) DIC-gasex vs ffw 

in 2017, g) ΩAr,T=4°C versus ffw in 2016,  h) ΩAr,T=4°C versus ffw in 2017,  i) Ω-gasex
Ar,T=4°C versus ffw in 2016, and j) Ω-

gasex
Ar,T=4°C versus ffw in 2017. Solid lines show robust regression results in Table 2, whereas the dotted lines show the 

95% confidence intervals of the predicted regression lines.  

The regressions showed that the freshwater in Tempelfjorden had a diluting impact on TA. Based 

on the relationships, the end-members for 2016 and 2017 were estimated to 355±24 and 601 ±42 µmol kg-

1, respectively (Fig. 6a, b, Table 2). These values agree fairly well with estimated end-members for 

Tempelfjorden in September 2013 (526 µmol kg-1) by Fransson et al. (2015), and for Adventfjorden 

between 2015 and 2017 (418 µmol kg-1) by Ericson et al. (submitted to Polar Research). The higher 
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freshwater contribution in 2017 could reflect the increased activity of Tunabreen (Fig.2f) that contains 

sediments enriched in calcite and ankerite/dolomite (Forwick et al., 2010). Similar to TA, DIC decreased 

with increasing freshwater content and the end-members were estimated to 508±52 and 661±45 µmol kg-

1, for 2016 and 2017, respectively (Fig. 6c, d, Table 2). When the effect of air-sea CO2 uptake was 

removed from the DIC data, i.e. using DIC-gasex in the regressions, these values decreased to 316 ±73 

µmol kg-1 and 474±66 µmol kg-1, for 2016 and 2017, respectively (Fig. 6e, f, Table 2). For a ±50% 

uncertainty in ∂DICair-sea/∂t (as mentioned in Section 2), the DIC-gasex end-members would range between 

238±96 and 405±55 µmol kg-1 and 371±76 and 574±52 µmol kg-1 for 2016 and 2017, respectively. 

 Using the TA and DIC-gasex end-members above, the decrease in pCO2 due to dilution over the 

melt season in 2017 was calculated to be around 77 µatm (for the ±50% uncertainty in ∂DICair-sea/∂t the 

decrease would be between 53 and 98 µatm). Combining the effects of temperature and dilution on the 

pCO2 with the observed change in pCO2 there must be a process or processes that increased pCO2 by 

approximately 79 µatm. This increase in pCO2 corresponds to an increase in DIC of 50 µmol kg-1 as 

estimated from the mean values of the surface properties (i.e. surface pCO2, Revelle factor, and DIC of 

231 µatm, 12.3 and 1816 µmol kg-1, respectively). Based on the change rate in DIC of 0.042 µmol kg-1 hr-

1 due to air-sea CO2 uptake (using Eqs. 3-5) the DIC would increase by 47 µmol kg-1. This number agrees 

well with the estimated increase in DIC of 50 µmol kg-1. Assuming that the biological activity has 

minimal effects on the surface pCO2 over the melt season, which is supported by the low [NO3
-] (< 1 

µmol kg-1 in the upper 30 m) (Fig. 3e, 4e, 5e), as well as by estimates done for Adventfjorden (Ericson et 

al., 2018), and assuming that the effects of mixing on the surface pCO2 are comparable to the situation in 

Adventfjorden (Ericson et al., 2018), and therefore insignificant, it is reasonable to conclude that air-sea 

CO2 uptake and freshwater discharge were the key drivers of the surface pCO2 at this time.  

To estimate the impact of freshening over this period on the CO2 uptake, surface pCO2 was 

calculated using CO2SYS. The mean surface salinity in mid-June 2017 was used as input together with 

averaged TA and DIC, for which the effects of dilution first had been removed using the changes in 

salinity and the end-members above (i.e. for DIC the end-member of 474 µmol kg-1). With this new 

surface pCO2 the CO2 uptake would decrease from about 47 to 35 µmol kg-1 (for the DIC end-members of 

371 and 574 µmol kg-1 this value would range between 32 and 38 µmol kg-1), which means that the 

freshening accounts for close to one fourth of the CO2 uptake.  

Changes in the ΩAr, through its proportional relation to the [CO3
2-], can largely be explained by 

changes in DIC and TA that often govern both the pH and the concentrations of the carbonate species 

(Zeebe and Wolf-Gladrow, 2001). ΩAr is, however, also affected by temperature. To remove this 

temperature effect the mean temperature in the upper water column over the melt season (T = 4.0°C) was 
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used, together with TA, DIC, and a pressure of 0 dbar, as input in CO2SYS to calculate ΩAr at 4.0°C 

(ΩAr,T=4°C).   The relationships between this calculated ΩAr,T=4°C and the freshwater fraction (Fig. 6g, h, 

Table 2) were negative with slopes of -0.032±0.003/%ffw and -0.028±0.001/%ffw, for 2016 and 2017, 

respectively. These values agree fairly well with the regression-based relation between ΩAr and the 

meteoric freshwater fraction (fmw) of -0.032/% fmw that Turk et al. (2016) found for Cumberland Sound. 

On the other hand, the values are higher than -0.009/% ffw for Adventfjorden, as estimated by Ericson et 

al. (submitted to Polar Research) using conservative mixing between land runoff and seawater. The latter 

value is more consistent with the slope of -0.014/%fSIM found by Chierici et al. (2011) for the Amundsen 

Gulf who used the linear relationship between solely salinity dependent changes in ΩAr and monthly 

changes in sea ice meltwater fraction (fSIM).   

The difference between these estimates could be that air-sea CO2 uptake affects the regression 

based methods. In Adventfjorden, Ericson et al. (submitted to Polar Research) estimated that air-sea CO2 

uptake gave a monthly average decrease in ΩAr of 0.03±0.01 for the water column (i.e. 2 to 75 m) there. 

As the water column is stratified in the summer the change in the upper part is likely much larger than the 

average. In Tempelfjorden the relationships between ΩAr,T=4°C with the effect of the air-sea CO2 flux 

removed (Ω-gasex
Ar,T=4°C) and ffw resulted in negative slopes of -0.016±0.004/%ffw and -0.011±0.003/%ffw for 

2016 and 2017, respectively (Fig. 6i, j, Table 2). Again, using the ±50% uncertainty in ∂DICair-sea/∂t, the 

ranges would be from -0.025±0.003/%ffw to -0.007±0.006/%ffw and from -0.020±0.002/%ffw to -

0.002±0.004/%ffw in 2016 and 2017, respectively.  

When ΩAr gets below 1, the water will become undersaturated in aragonite and the mineral may 

dissolve. If air-sea CO2 exchange is not accounted for the freshwater fraction that is needed in 

Tempelfjorden for the water to become aragonite undersaturated range between 39 ±4% and 47±2% in 

2016 and 2017, respectively. These values are close to the correspondent regression-based estimate of the 

freshwater fraction for estuarine surface waters in Cumberland Sound of 37% (Turk et al., 2016), as well 

as to the air-sea exchange independent estimate for the sea ice meltwater fraction of 40% as estimated 

from conservative mixing by Azetsu-Scott et al. (2010). However, the relationships for Tempelfjorden 

with air-sea CO2 exchange removed, show that much higher freshwater fractions are needed to reach 

undersaturation. In 2016 the freshwater fraction needed was estimated to 86±24% and in 2017 a 100% 

freshwater was not enough to produce aragonite undersaturated waters. For the ±50% uncertainty in 

∂DICair-sea/∂t the lower ranges of these fractions would be 54±6 % and 66±7% for 2016 and 2017, 

respectively, whereas the upper ranges would exceed 100%.  

Even though it is common to use correlation or regression techniques to show the relationship 

between different types of meltwater (sea ice melt water or meteoric water) on the ocean acidification 
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state/carbonate chemistry (e.g. Fig. 1B in Yamamoto-Kawai et al. 2009; Table 4 in Robbins et al., 2013; 

Fig 6 and Table 3 in Turk et al., 2016), the examples above show that the interpretation of such 

relationships will be sensitive to the effect of air-sea exchange. Especially since the freshwater: 1) 

contributes with a higher CO2 solubility, 2) is often mixed with seawater with low pCO2 as a result of 

previous primary production (e.g. Shadwick et al., 2011; Meire et al. 2015; Ericson et al., 2018), and 3) 

resides in the surface where it is in contact with the atmosphere for the longest period and subsequently 

more exposed to air-sea CO2 exchange. 

During the summer season, especially in 2017, high values of TA and DIC can be seen in the 

deepest water of the outer basin especially at Station 335 (Fig. 5 g, h, i, k) coinciding with minima in pH 

and ΩAr. The stations where these high TA and DIC were found are shown in Table 3. The TA and DIC 

varied between 2324 - 2333 µmol kg-1 and 2185 - 2213 µmol kg-1, respectively. These high 

concentrations occurred in rather saline waters (S≥34.7) with temperatures from -0.6 to 0.3°C.  

Table 3  

Properties of bottom water at stations (Stn) with high TA (µmol kg-1) and DIC (µmol kg-1), including pressure (P, 

dbar), temperature (T, °C), salinity (S), [NO3
-] (µmol kg-1) and salinity normalized and nutrient corrected TA and 

DIC. The correspondent average values for winter water (December to March) is also presented. 

Date Stn P  T  S [NO3
-] TA DIC TAnorm,corr DICnorm,corr 

4 Jul 2016 335 90 0.2 34.7 3.4 2324 2187 2323 2235 

16 Jun 2017 335 94 -0.6 34.8 5.7 2328 2213 2322 2239 

20 Jul 2017 333 68 0.3 34.7 3.1 2325 2185 2328 2239 

20 Jul 2017 335 86 0.0 34.7 3.8 2330 2202 2329 2248 

1 Aug 2017 335 89 0.2 34.7 3.0 2333 2209 2333 2261 

Winter water All    34.5±0.1 9.8±2.3 2284±7 2138±16 2306±4 2158±10 

Excessively high DIC content in the deep water of Arctic fjords was first acknowledged by 

Anderson et al. (2004) for Storfjorden, on the east coast of Spitsbergen. They observed a 10 µmol kg-1 

increase in the salinity normalized and nutrient corrected deep water DIC in April 2002. This was 

attributed to an enhanced air-sea CO2 uptake in the cold surface film that surrounds ice crystals at 

formation in combination with the export of brine-enriched high salinity waters to the deep. Omar et al. 

(2005) assessed an increase of 17 µmol kg-1 for the same fjord due to uptake of CO2 through sea ice 
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production. Also, Rysgaard et al. (2007) found evidence for the production of DIC-enriched brine and the 

subsequent rejection thereof from growing sea ice, which may sink to the bottom water. 

To provide an understanding of the origin of the excess TA and DIC observed in Tempelfjorden, 

the TA and DIC values in Table 3 were salinity normalized (Sref = 34.8) and nutrient corrected according 

to Eqs. 6 and 7: 

𝐓𝐓𝐓𝐓𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧,𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜 =  (𝐓𝐓𝐓𝐓𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 + (𝐍𝐍𝐍𝐍𝟑𝟑
𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 − 𝐍𝐍𝐍𝐍𝟑𝟑

𝐰𝐰𝐰𝐰) 𝟑𝟑𝟑𝟑.𝟖𝟖 𝐒𝐒𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦⁄⁄     (6) 

𝐃𝐃𝐃𝐃𝐃𝐃𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧,𝐜𝐜𝐜𝐜𝐫𝐫𝐫𝐫 =  �𝐃𝐃𝐃𝐃𝐃𝐃𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 − 𝐑𝐑𝑪𝑪
𝑵𝑵�

(𝐍𝐍𝐍𝐍𝟑𝟑𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 − 𝐍𝐍𝐍𝐍𝟑𝟑𝐰𝐰𝐰𝐰� 𝟑𝟑𝟑𝟑.𝟖𝟖 𝐒𝐒𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦⁄�     (7) 

where NO3
ww refers to winter water (mean nitrate concentration averaged over the period December to 

March) and RC/N is the Redfield ratio of 6.625 (Redfield et al., 1963). This ratio agrees well with the 

estimated spring bloom C:N uptake ratio of TAW (6.6) at the neighbouring fjord branch, Adventfjorden 

in 2016 (Ericson et al., submitted to Polar Research). 

The normalized and corrected DIC varied between 2235 and 2261 µmol kg-1, whereas TA 

changed only slightly (< 7 µmol kg-1, Table 3). As a reference, all winter TA and DIC data (December to 

March) were also salinity normalized and nutrient corrected (Eqs. 6, 7) with the mean values presented in 

Table 3. In winter, the normalized and corrected TA and DIC were on average 2306±4 µmol kg-1 and 

2158±10 µmol kg-1, respectively. That means that the normalized and nutrient corrected deep water TA 

and DIC in the summer on average were 22 µmol kg-1 and 86 µmol kg-1, respectively, higher than the 

winter averages. These high values could result from sea ice release of brine enriched in TA and 

especially DIC as observed by for instance Miller et al. (2011). The excess in TA could also be a result of 

released carbonate ions (CO3
2-) from either dissolution of ikaite crystals (a CaCO3 mineral) that have been 

previously formed in the brine pockets of sea ice (e.g Dieckmann et al., 2010) or from eroded bedrock 

minerals provided by Tunabreen and von Postbreen (ankerite/dolomite and calcite, Forwick et al., 2010; 

Fransson et al., 2015). This is however a less likely scenario since the dissolution of the minerals is 

expected to take place in the less saline upper water column rather than in the deep water. Still, such an 

addition of CO3
2- would explain about 11 µmol kg-1 of the excess in DIC (i.e. since a change in [CO3

2-] 

affects TA by a factor of 2 and DIC by a factor of only 1). The excess in DIC, i.e. between on average 75 

and 86 µmol kg-1 depending on cause, could thus be a result of oceanic CO2 uptake and/or addition 

through release of DIC-enriched sea ice brine. Unfortunately, data over the period of sea ice production in 

2017 are missing and hence it is difficult to confirm that the excess in DIC do result from this season. It 

should however be noted that the sea ice cover, although variable for this year was more extensive 

compared to 2016. That is the fast sea ice in the end of March 2017 not only covered Tempelfjorden, but 
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also most parts of the connecting Sassenfjorden, which also shares the outer basin. The deep water of this 

basin is largely confined by a shallow sill at the outer part of Sassenfjorden.  

To put the estimated excess of DIC into a context, Fransson et al. (2015) observed for 

Tempelfjorden in April 2013, maxima in TA and DIC of about 2332 and 2205 µmol kg-1, respectively. 

This was a year when the sea ice cover also was extensive, and these maxima were found below the sea 

ice at 10 m. If these TA and DIC values were salinity normalized and nutrient corrected (Eqs. 6, 7), the 

resultant values would be 2325 and 2213 µmol kg-1, respectively. The excess in TA from the April 2013 

data in Fransson et al. (2015) is similar to that observed in the deep water in the summer in the present 

study, whereas the excess in DIC, would be about 55 µmol kg-1 or, if corrected for approximately 10 

µmol kg-1 due to released CO3
2-, about 45 µmol kg-1. This is less than what was observed in the summer 

season over the present study (between 75 and 86 µmol kg-1), but their measurements are from the upper 

part of the water column. The excess in TA and DIC found in April 2013 could result from sinking brine. 

The high DIC in the summer of 2017 on the other hand, could reflect an accumulation of dense water 

enriched in DIC in the deepest part of the fjord. This water likely has a DIC-signature both from the 

production of brine as well as through enhanced atmospheric CO2 uptake during freezing.  

5. Conclusions  

This study highlights that without the knowledge of the DIC end-member, any assumptions on 

sensitivities of the marine CO2 system on the different types of freshwater will likely be biased by the 

effect of air-sea CO2 exchange. There is therefore a need of numerous measurements of river, glacier, and 

sea ice TA and especially DIC for the determination of representative end-members. A way around this 

problem is to estimate the air-sea CO2 exchange, however, large uncertainties (20% or more, e.g. 

Wanninkhof, 2014) exist for flux estimates that are based on different wind-speed parameterisations of 

the gas transfer velocity. Also, without direct measurements of turbulence, it is difficult to accurately 

determine the depth to which absorbed gases may be mixed down, which not necessarily agrees with the 

existing options of mixed layer depth determinations that use CTD-data. 

 Still, this study shows that the air-sea CO2 uptake (on average 15.5 mmol m-2 day-1 in 2017) in 

Tempelfjorden over the period of peak freshwater discharge (June to the beginning of August) was large 

and that the freshening in itself accounted for about 25% of the uptake. If the effect of air-sea CO2 uptake 

was removed from ΩAr at least 50% (lower range of uncertainty) of freshwater was needed for the fjord 

water to become aragonite undersaturated. When the glacial activity of the tidewater-glacier Tunabreen 

increased as observed in 2017, the amount of freshwater increased to at least 60% (lower range of 
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uncertainty) and the freshwater likely provided enough carbonate minerals to maintain ΩAr above 1 

regardless of the freshwater fraction.  

The data also show deep water with an excess of on average 86 µmol kg-1 in the salinity 

normalized and nutrient corrected DIC. This water was found in the summer season close to the bottom 

mainly in 2017. Since this year had an extensive period of sea ice growth, the excess is attributed to DIC-

enriched brine release together with an enhanced CO2 uptake during freezing over the period of sea ice 

growth. This efficient CO2 sink will likely disappear if the sea ice production continues to decrease as 

already observed for this part of the Arctic. 
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