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Abstract. The coastal ocean is strongly affected by ocean
acidification because of its shallow water depths, low vol-
ume, and the closeness to terrestrial dynamics. Earlier ob-
servations of dissolved inorganic carbon (DIC) and total al-
kalinity (TA) in the southern part of the North Sea, a north-
west European shelf sea, revealed lower acidification effects
than expected. It has been assumed that anaerobic degrada-
tion and subsequent TA release in the adjacent back-barrier
tidal areas (Wadden Sea) in summertime is responsible for
this phenomenon. In this study the exchange rates of TA and
DIC between the Wadden Sea tidal basins and the North Sea
and the consequences for the carbonate system in the Ger-
man Bight are estimated using a 3D ecosystem model. The
aim of this study is to differentiate the various sources con-
tributing to observed high summer TA in the southern North
Sea. Measured TA and DIC in the Wadden Sea are consid-
ered as model boundary conditions. This procedure acknowl-
edges the dynamic behaviour of the Wadden Sea as an area of
effective production and decomposition of organic material.
According to the modelling results, 39 Gmol TA yr~! were
exported from the Wadden Sea into the North Sea, which is
less than a previous estimate but within a comparable range.
The interannual variabilities in TA and DIC, mainly driven
by hydrodynamic conditions, were examined for the years
2001-2009. Dynamics in the carbonate system are found to

be related to specific weather conditions. The results suggest
that the Wadden Sea is an important driver for the carbonate
system in the southern North Sea. On average 41 % of TA in-
ventory changes in the German Bight were caused by riverine
input, 37 % by net transport from adjacent North Sea sectors,
16 % by Wadden Sea export, and 6 % were caused by internal
net production of TA. The dominant role of river input for the
TA inventory disappears when focusing on TA concentration
changes due to the corresponding freshwater fluxes dilut-
ing the marine TA concentrations. The ratio of exported TA
versus DIC reflects the dominant underlying biogeochemical
processes in the Wadden Sea. Whereas aerobic degradation
of organic matter played a key role in the North Frisian Wad-
den Sea during all seasons of the year, anaerobic degradation
of organic matter dominated in the East Frisian Wadden Sea.
Despite the scarcity of high-resolution field data, it is shown
that anaerobic degradation in the Wadden Sea is one of the
main contributors of elevated summer TA values in the south-
ern North Sea.
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1 Introduction

Shelf seas are highly productive areas constituting the in-
terface between the inhabited coastal areas and the global
ocean. Although they represent only 7.6 % of the world
ocean’s area, current estimates assume that they contribute
approximately 21 % to total global ocean CO, sequestra-
tion (Borges, 2011). At the global scale the uncertainties in
these estimates are significant due to the lack of spatially and
temporally resolved field data. Some studies have investi-
gated regional carbon cycles in detail (e.g. Kempe and Pe-
gler, 1991; Brasse et al., 1999; Reimer et al., 1999; Thomas
et al., 2004, 2009; Artioli et al., 2012; Lorkowski et al., 2012;
Burt et al., 2016; Shadwick et al., 2011; Laruelle et al., 2014;
Carvalho et al., 2017) and pointed out sources of uncertain-
ties specifically for coastal settings.

However, natural pH dynamics in coastal and shelf re-
gions, for example, have been shown to be up to an order
of magnitude higher than in the open ocean (Provoost et al.,
2010).

Also, the nearshore effects of CO, uptake and acidifica-
tion are difficult to determine, because of the shallow water
depth and a possible superposition by benthic—pelagic cou-
pling, and strong variations in fluxes of total alkalinity (TA)
are associated with inflow of nutrients from rivers, pelagic
nutrient-driven production and respiration (Provoost et al.,
2010), submarine groundwater discharge (SGD; Winde et al.,
2014), and benthic—pelagic pore water exchange (e.g. Biller-
beck et al., 2006; Riedel et al., 2010; Moore et al., 2011;
Winde et al., 2014; Santos et al., 2012, 2015; Brenner et al.,
2016; Burt et al., 2014, 2016; Seibert et al., 2019). Finally,
shifts within the carbonate system are driven by impacts from
watershed processes and modulated by changes in ecosystem
structure and metabolism (Duarte et al., 2013).

Berner et al. (1970) and Ben-Yakoov (1973) were among
the first who investigated elevated TA and pH variations
caused by microbial dissimilatory sulfate reduction in the
anoxic pore water of sediments. At the Californian coast, the
observed enhanced TA export from sediments was related to
the burial of reduced sulfur compounds (pyrite; Dollar et al.,
1991; Smith and Hollibaugh, 1993; Chambers et al., 1994).
Other studies conducted in the Satilla and Altamaha estuar-
ies and the adjacent continental shelf found non-conservative
mixing lines of TA versus salinity, which was attributed to
anaerobic TA production in nearshore sediments (Wang and
Cai, 2004; Cai et al., 2010). Iron dynamics and pyrite forma-
tion in the Baltic Sea were found to impact benthic TA gener-
ation from the sediments (Gustafsson et al., 2019; Lukawska-
Matuszewska and Graca, 2017).

The focus of the present study is the southern part of the
North Sea, located on the northwest European shelf. This
shallow part of the North Sea is connected with the tidal
basins of the Wadden Sea via channels between barrier is-
lands enabling an exchange of water and dissolved and sus-
pended material (Rullkoétter, 2009; Lettmann et al., 2009;
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Kohlmeier and Ebenhoh, 2009). The Wadden Sea extends
from Den Helder (the Netherlands) in the west to Esbjerg
(Denmark) in the north and covers an area of about 9500 km?
(Ehlers, 1994). The entire system is characterised by semid-
iurnal tides with a tidal range of between 1.5 m in the west-
ernmost part and 4 m in the estuaries of the rivers Weser and
Elbe (Streif, 1990). During low tide about 50 % of the area
falls dry (van Beusekom et al., 2019). Large rivers discharge
nutrients into the Wadden Sea, which in turn shows a high
degree of eutrophication, aggravated by mineralisation of or-
ganic material imported into the Wadden Sea from the open
North Sea (van Beusekom et al., 2012).

In comparison to the central and northern part of the North
Sea, TA levels in the southern part are significantly elevated
during summer (Salt et al., 2013; Thomas et al., 2009; Bren-
ner et al., 2016; Burt et al., 2016). The observed high TA lev-
els have been attributed to an impact from the adjacent tidal
areas (Hoppema, 1990; Kempe and Pegler, 1991; Brasse et
al., 1999; Reimer et al., 1999; Thomas et al., 2009; Winde
et al., 2014), but this impact has not been rigorously quanti-
fied. Using several assumptions, Thomas et al. (2009) calcu-
lated an annual TA export from the Wadden Sea and South-
ern Bight of 73 Gmol TA yr~! to close the TA budget for the
southern North Sea.

The aim of this study is to reproduce the elevated summer
levels of TA in the southern North Sea with a 3D biogeo-
chemical model that has TA as a prognostic variable. With
this tool at hand, we balance the budget TA in the relevant
area on an annual basis. Quantifying the different budget
terms, like river input, Wadden Sea export, internal pelagic
and benthic production, degradation, and respiration, allows
us to determine the most important contributors to TA vari-
ations. In this way we refine the budget terms by Thomas
et al. (2009) and replace the original closing term with data.
The new results are discussed against the background of the
budget approach proposed by Thomas et al. (2009).

2 Methods
2.1 Model specifications
2.1.1 Model domain and validation area

The ECOHAM model domain for this study (Fig. 1) was first
applied by Pitsch et al. (2010). For model validations (vali-
dation area in magenta, Fig. 1), an area was chosen that in-
cludes the German Bight as well as parts along the Danish
and the Dutch coast. The western boundary of the validation
area is situated at 4.5° E. The southern and northern bound-
aries are at 53.5 and 55.5° N, respectively. The validation
area is divided by the dashed magenta line at 7° E into the
western and eastern part. For the calculation of box averages
of dissolved inorganic carbon (DIC) and TA a bias towards
the deeper areas with more volume and more data should
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Figure 1. (a) Map of the southeastern North Sea and the bordering
land. (b, ¢) Model domains of ECOHAM (red) and FVCOM (blue);
positions of rivers 1-16 (b; see Table 2), and the Wadden Sea export
areas grid cells (c¢). The magenta edges identify the validation area;
western and eastern part separated by the dashed magenta line.

be avoided. Therefore, each water column covered with data
within the validation area delivered one mean value, which is
calculated by vertical averaging. These mean water column
averages were horizontally interpolated onto the model grid.
After this procedure average box values were calculated. In
the case of box-averaging model output, the same procedure
was applied but without horizontal interpolation.

2.1.2 The hydrodynamic module

The physical parameters temperature, salinity, and hori-
zontal and vertical advection as well as turbulent mixing
were calculated by the submodule HAMSOM (Backhaus,
1985), which was integrated into the ECOHAM model. It
is a baroclinic primitive equation model using the hydro-
static and Boussinesq approximation. It is applied to sev-
eral regional sea areas worldwide (Mayer et al., 2018; Su
and Pohlmann, 2009). Details are described by Backhaus
and Hainbucher (1987) and Pohlmann (1996). The hydrody-
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namic model ran prior to the biogeochemical part. Daily re-
sult fields were stored for driving the biogeochemical model
in offline mode. Surface elevation, temperature, and salinity
resulting from the northwest European shelf model applica-
tion (Lorkowski et al., 2012) were used as boundary condi-
tions at the southern and northern boundaries. The temper-
ature of the shelf run by Lorkowski et al. (2012) showed a
constant offset compared with observations (their Fig. 3), be-
cause incoming solar radiation was calculated too high. For
the present simulations the shelf run has been repeated with
adequate solar radiation forcing.

River-induced horizontal transport due to the hydraulic
gradient is incorporated (Grof3e et al., 2017; Kerimoglu et
al., 2018). This component of the hydrodynamic horizontal
transport corresponds to the amount of freshwater discharge.

Within this study we use the term flushing time. It is
the average time when a basin is filled with laterally ad-
vected water. The flushing time depends on the specific
basin: large basins have usually higher flushing times than
smaller basins. High flushing times correspond with low wa-
ter renewal times.

2.1.3 The biogeochemical module

The relevant biogeochemical processes and their parameter-
isations have been detailed in Lorkowski et al. (2012). The
model structure is shown as carbon interaction diagram in the
Supplement S1. In former model setups TA was restored to
prescribed values derived from observations (Thomas et al.,
2009) with a relaxation time of 2 weeks (Kiihn et al., 2010;
Lorkowski et al., 2012). The changes in TA treatment for the
study at hand is described below. Results from the north-
west European shelf model application (Lorkowski et al.,
2012) were used as boundary conditions for the recent bio-
geochemical simulations at the southern and northern bound-
aries (Fig. 1).

The main model extension was the introduction of a prog-
nostic treatment of TA in order to study the impact of bio-
geochemically and physically driven changes in TA on the
carbonate system and especially on acidification (Pitsch et
al., 2018). The physical part contains advective and mixing
processes as well as dilution by riverine freshwater input.
The pelagic biogeochemical part is driven by planktonic pro-
duction and respiration, formation and dissolution of calcite,
pelagic and benthic degradation and remineralisation, and
also by atmospheric deposition of reduced and oxidised ni-
trogen. All these processes impact TA. In this model version
benthic denitrification has no impact on pelagic TA. Other
benthic anaerobic processes are not considered. Only the car-
bonate ions from benthic calcite dilution increase pelagic TA.
Aerobic remineralisation releases ammonium and phosphate,
which enter the pelagic system across the benthic—pelagic in-
terface and alter the pelagic TA. The theoretical background
to this has been outlined by Wolf-Gladrow et al. (2007).

Biogeosciences, 17, 4223-4245, 2020
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Figure 2. Monthly Wadden Sea export of DIC and TA (Gmol per
month) at the North Frisian coast (NF), East Frisian coast (EF), and
Jade Bight (JB) in scenario B. The export rates were calculated for
DIC and TA based on measured concentrations and simulated water
fluxes.

The years 2001 to 2009 were simulated with 3 spin-up
years in 2000. Two different scenarios (A and B) were con-
ducted. Scenario A is the reference scenario without imple-
mentation of any Wadden Sea processes. For scenario B we
used the same model configuration as for scenario A and ad-
ditionally implemented Wadden Sea export rates of TA and
DIC as described in Sect. 2.3.1. The respective Wadden Sea
export rates (Fig. 2) are calculated by the temporal integra-
tion of the product of wad_sta and wad_exc over 1 month
(see Sect. 2.3.1, Eq. 2).

2.2 External sources and boundary conditions
2.2.1 Freshwater discharge

Daily data of freshwater fluxes from 16 rivers were used
(Fig. 1). For the German Bight and the other continental
rivers daily observations of runoff provided by Pitsch and
Lenhart (2008) were incorporated. The discharges of the
rivers Elbe, Weser, and Ems were increased by 21 %, 19 %,
and 30 % in order to take additional drainage that originated
from the area downstream of the respective points of ob-
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servation into account (Radach and Pitsch, 2007). The re-
spective tracer loads were increased accordingly. The data of
Neal (2002) were implemented for the British rivers for all
years with daily values for fresh water. The annual amounts
of fresh water of the different rivers are shown in the Ap-
pendix (Table Al). Riverine freshwater discharge was also
considered for the calculation of the concentrations of all bio-
geochemical tracers in the model.

2.2.2 River input
Data sources

River load data for the main continental rivers were taken
from the report by Pétsch and Lenhart (2008) that was kept
up to date continuously so that data for the years 2007-2009
were also available (https://wiki.cen.uni-hamburg.de/ifm/
ECOHAM/DATA_RIVER, last access: 22 January 2019).
They calculated daily loads of nutrients and organic matter
based on data provided by the different river authorities. Ad-
ditionally, loads of the Eider were calculated according to
Johannsen et al. (2008).

Up to now, all ECOHAM applications used constant river-
ine DIC concentrations. TA was not used. For the study
at hand we introduced time-varying riverine TA and DIC
values. New data of freshwater discharge were introduced,
as well as TA and DIC loads for the British rivers (Neal,
2002). Monthly mean concentrations of nitrate, TA, and
DIC were added for the Dutch rivers (https://data.europa.eu/
euodp/de/data/dataset/data_waterbase-rivers-7, last access:
15 June 2020) and for the German river Elbe (Amann et al.,
2015). The Dutch river data were observed in the years 2007—
2009. The Elbe data were taken in the years 2009-2011.
These concentration data were prescribed for all simulation
years as mean annual cycle.

The data sources and positions of the river mouths of all
16 rivers are shown in Table A2 and in Fig. 1. The respective
riverine concentrations of TA and DIC are given in Table A3.
Schwichtenberg (2013) describes the river data in detail.

A few small floodgates (Siele) and rivers transport fresh
water from the recharge areas into the intertidal areas (Streif,
1990). The recharge areas for these inlets differ consider-
ably from each other, leading to different relative contribu-
tions for the freshwater input. Whereas the catchments of
Schweiburger Siel (22.2 km?) and the Hooksieler Binnentief
are only of minor importance, the Vareler Siel, the Ecken-
warder Siel, and the Maade Siel are of medium importance,
and the highest contribution may originate from Wangersiel,
Dangaster Siel, and Jade-Wapeler Siel (Lipinski, 1999).

Effective river input

In order to analyse the net effect on concentrations in the sea
due to river input, the effective river input (Rivesr; Gmol yr—!)
is introduced:

https://doi.org/10.5194/bg-17-4223-2020
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AC|4
|nv-p~V-C, (1)
T

Rivesr =
with AC|y (umolkg™!) being the concentration change in
the river mouth cell due to river load (riv) and the freshwater
flux from the river. V (L) is the volume of the river mouth
cell; p (kgL~") is density of water; yr is 1 year; C (10~19) is
a constant.

Bulk alkalinity discharged by rivers is quite large, but most
of the rivers entering the North Sea (here the German Bight)
have lower TA concentrations than the seawater. In the case
of identical concentrations, the effective river load River is
zero. The TA-related molecules enter the sea, and in most
cases, they leave it via transport. In the case of tracing or
budgeting both the real TA river discharge and the transport
must be recognised. In order to understand TA concentration
changes in the sea, Rivegr is appropriate.

2.2.3 Meteorological forcing

The meteorological forcing was provided by NCEP Reanal-
ysis (Kalnay et al., 1996) and interpolated on the model
grid field. It consisted of 6-hourly fields of air tempera-
ture, relative humidity, cloud coverage, wind speed, atmo-
spheric pressure, and wind stress for every year. Mean short-
wave radiation were calculated 2-hourly and daily from as-
tronomic insolation and cloudiness with an improved for-
mula (Lorkowski et al., 2012).

2.3 The Wadden Sea
2.3.1 Implementation of Wadden Sea dynamics

For the present study the exchange of TA and DIC between
the North Sea and the Wadden Sea was implemented into the
model by defining sinks and sources of TA and DIC for some
of the southeastern cells of the North Sea grid (Fig. 1). The
cells with adjacent Wadden Sea were separated into three ex-
change areas: the East Frisian Wadden Sea, the North Frisian
Wadden Sea, and Jade Bight, marked by E, N, and J (Fig. 1c).

Two parameters were determined in order to quantify the
TA and DIC exchange between the Wadden Sea and the
North Sea:

1. concentration changes in pelagic TA and DIC in the
Wadden Sea during one tide and

2. water mass exchange between the back-barrier islands
and the open sea during one tide.

Measured concentrations of TA and DIC (Winde, 2013;
Winde et al., 2014) as well as modelled water mass exchange
rates of the export areas by Grashorn (2015) served as bases
for the calculated exchange. Details on flux calculations and
measurements are described below. The daily Wadden Sea
exchange of TA and DIC was calculated as

https://doi.org/10.5194/bg-17-4223-2020

wad_sta - wad_exc

2

wad_flu =
vol

Differences in measured concentrations in the Wadden Sea
during rising and falling water levels, as described in
Sect. 2.3.2, were temporally interpolated and summarised as
wad_sta (mmol m—3). Modelled daily Wadden Sea exchange
rates of water masses (tidal prisms during falling water lev-
els) were defined as wad_exc (m3 d~1), and the volume of the
corresponding North Sea grid cell was vol (m?). The daily
concentration changes in TA and DIC in the respective North
Sea grid cells were defined as wad_flu (mmol m—34d-! ).

In fact, some amounts of the tidal prisms return without
mixing with North Sea water, and calculations of Wadden
Sea—North Sea exchange should therefore consider flushing
times in the respective back-barrier areas. Since differences
in measured concentrations between rising and falling water
levels were used, this effect is already assumed to be rep-
resented in the data. This approach enabled the use of tidal
prisms without consideration of any flushing times.

2.3.2 Wadden Sea — measurements

The flux calculations for the Wadden Sea—North Sea ex-
change were carried out in tidal basins of the East and North
Frisian Wadden Sea (Spiekeroog island, Sylt-Rgmg) as well
as in Jade Bight. For the present study seawater samples rep-
resented tidal cycles during different seasons (Winde, 2013).
The mean concentrations of TA and DIC during rising and
falling water levels and the respective differences (ATA and
ADIC) are given in Table 1. Measurements in August 2002
were taken from Moore et al. (2011). The A values were used
as wad_sta and were linearly interpolated between the times
of observations for the simulations. In this procedure, the lin-
ear progress of the A values does not represent the natural
behaviour perfectly, especially if only few data are available.
As a consequence, possible short events of high TA and DIC
export rates that occurred in periods outside the observation
periods may have been missed.

Due to the low number of concentration measurements a
statistical analysis of uncertainties in ATA and ADIC was
not possible. They were measured with a lag of 2 h after low
tide and high tide. This was done in order to obtain represen-
tative concentrations of rising and falling water levels. As a
consequence, only two to three measurements for each loca-
tion and season were considered for calculations of ATA and
ADIC.

2.3.3 Wadden Sea — modelling the exchange rates

Grashorn (2015) performed the hydrodynamic computations
of exchanged water masses (wad_exc) with the model FV-
COM (Chen et al., 2003) by adding up the cumulative sea-
ward transport during falling water levels (tidal prisms) be-
tween the back-barrier islands that were located near the re-

Biogeosciences, 17, 4223-4245, 2020
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Table 1. Mean TA and DIC concentrations (umol L~ b during rising and falling water levels and the respective differences (A values) that
were used as wad_sta in (1). Areas are the North Frisian Wadden Sea (N), the East Frisian Wadden Sea (E), and Jade Bight (J).

Area Date TA (rising) TA (falling) ATA DIC (rising) DIC (falling) ADIC
N 29 April 2009 2343 2355 12 2082* 2106 24
17 June 2009 2328 2332 4 2170 2190 20
26 August 2009 2238 2252 14 2077 2105 28
5 November 2009 2335 2333 -2 2205 2209 4
J 20 January 2010 2429 2443 14 2380 2392 12
21 April 2010 2415 2448 33 2099 2132 33
26 July 2010 2424 2485 61 2159 2187 28
9 November 2010 2402 2399 -3 2302 2310 8
E 3 March 2010 2379 2393 14 2313 2328 15
7 April 2010 2346 2342 —4 2068 2082 14
17/18 May 2011 2445 2451 6 2209 2221 12
20 August 2002 2377 2414 37 2010 2030 20
1 November 2010 2423 2439 16 2293 2298 5

* This value was estimated.

Table 2. Daily Wadden Sea runoff to the North Sea at different ex-
port areas.

Position wad_exc

(106m3 a1
N1 273
N2 1225
N3 1416
N4 1128
N5 4038
N6 18
J1-J3 251
El 380
E2 634
E3 437
E4 857

spective ECOHAM cells with adjacent Wadden Sea area.
These values are given in Table 2 for each ECOHAM cell
in the respective export areas. The definition of the first cell
N1 and the last cell E4 is in accordance with the clockwise
order in Fig. 1c. The mean daily runoff of all N, J, and E
positions was 8.1, 0.8, and 2.3 km3d~!, respectively.

2.3.4 Additional Sampling of DIC and TA

DIC and TA for selected freshwater inlets sampled in Oc-
tober 2010 and May 2011 are presented in Table 3. Sam-
pling and analyses took place as described by Winde et
al. (2014) and are here reported for completeness and in-
put for discussion only. The autumn data are deposited un-
der https://doi.org/10.1594/PANGEA.841976. The samples
for TA measurements were filled without headspace into pre-

Biogeosciences, 17, 4223-4245, 2020

cleaned 12cm? Exetainer® vials, filled with 0.1 mL satu-
rated HgCl, solution. The samples for DIC analysis were
completely filled into 250 cm® ground-glass-stoppered bot-
tles and then poisoned with 100 uL of a saturated HgCl, so-
lution. The DIC concentrations were determined at the Leib-
niz Institute for Baltic Sea Research (IOW) by coulometric
titration according to Johnson et al. (1993), using reference
material provided by Andrew G. Dickson (University of Cal-
ifornia, San Diego; Dickson et al., 2003) for the calibration
(batch 102). TA was measured by potentiometric titration us-
ing HCI with a Schott titri plus equipped with an IoLine elec-
trode A157. Standard deviations for DIC and TA measure-
ments were better than -2 and £10 umol kg~ !, respectively.

2.4 Statistical analysis

A statistical overview of the simulation results in compari-
son to the observations (Salt et al., 2013) is given in Tables 4
and 5. In the validation area (magenta box in Fig. 1) observa-
tions of 10 different stations were available, each with four to
six measurements at different depths (51 measured points).
Measured TA and DIC of each point were compared with
modelled TA and DIC in the respective grid cells, respec-
tively. The standard deviation (SD), root mean square error
(RMSE), and correlation coefficient (r) were calculated for
each simulation. In addition to the year 2008, which we fo-
cus on in this study, observations were performed at the same
positions in summer 2005 and 2001. These data are also sta-
tistically compared with the model results.

https://doi.org/10.5194/bg-17-4223-2020
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Table 3. Examples for the carbonate system composition of small freshwater inlets draining into Jade Bight and the back-barrier tidal area
of Spiekeroog island, given in micromoles per kilogram. Autumn results (A; 31 October 2010) are taken from Winde et al. (2014); spring

sampling (S) took place on 20 May 2011.

Site Position DIC(A) TA(A) DIC(S) TA(S)
Neuharlingersiel 53°41.944'N, 7°42.170' E 2319 1773 1915 1878
Harlesiel 53°42.376' N, 7°48.538' E 3651 3183 1939 1983
Wangersiel & Horumersiel — 53°41.015'N, 8°1.170'E 5405 4880 6270 6602
Hooksiel 53°38.421'N, 8°4.805' E 2875 3105 3035 3302
Maade 53°33.534'N, 8°7.082' E 5047 4448 5960 6228
Mariensiel 53°30.895'N, 8°2.873' E 6455 5904 3665 3536
Dangaster Siel 53°26.737'N, 8°6.577'E 1868 1246 1647 1498
Wappelersiel 53°23.414'N, 8°12.437'E 1373 630 1358 1152

Schweiburger Siel
Eckenwarder Siel

53°24.725'N, 8°16.968' E 4397 3579 4656 4493
53°31.249'N, 8°16.527'E 6542 6050 2119 4005

Table 4. Average (umol kg_l), standard deviation (umol kg_l),
RMSE (umol kgfl ), and correlation coefficient r for the observed
TA concentrations and the corresponding scenarios A and B within
the validation area.

TA Average SD RMSE r
Obs 2008 233352 3251

Obs 2005 2332.09 21.69

Obs 2001 2333.83  33.19

Sim A 2008  2327.64  6.84 2797 0.77
Sim A 2005 2322.16  5.21 22.05 045
Sim A 2001 2329.79 532  31.89 024
Sim B 2008  2338.60 22.09 18.34 0.86
Sim B 2005  2339.48  26.81 31.81 0.18
Sim B 2001 234296 1728  30.07 047

Table 5. Average (umol kg_l), standard deviation (umol kg_l),
RMSE (umol kg~1), and correlation coefficient r for the observed
DIC concentrations and the corresponding scenarios A and B within
the validation area.

DIC Average SD RMSE r
Obs 2008 2107.05 24.23

Obs 2005 2098.20 3342

Obs 2001 210549 2521

Sim A 2008  2080.93 1424 4348 —0.64
Sim A 2005 2083.53 21.94 26.97 0.73
Sim A 2001  2077.53 17.61 38.89 0.22
Sim B 2008  2091.15 9.25 25.87 0.55
Sim B 2005  2101.26  10.97 33.96 0.10
Sim B 2001 2092.69 11.71 25.33 0.48
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3 Results
3.1 Model validation — TA in summer 2008

The results of scenarios A and B were compared with ob-
servations of TA in August 2008 (Salt et al., 2013) for sur-
face water. The observations revealed high TA levels in the
German Bight (east of 7° E and south of 55° N) and around
the Danish coast (around 56° N) as shown in Fig. 3a. The
observed concentrations in these areas ranged between 2350
and 2387 umol TA kg~!. These findings were in accordance
with observed TA in August and September 2001 (Thomas
et al., 2009). TA in other parts of the observation domain
ranged between 2270 umol TAkg~! near the British coast
(53-56° N) and 2330 umol TA kg~! near the Dutch coast and
the English Channel. In the validation box the overall average
and the standard deviation of all observed TA concentrations
(SD) was 2334 and 33 umol TA kg ™!, respectively.

In scenario A the simulated surface TA showed a more
homogeneous pattern than observations with maximum val-
ues of 2396 umol TAkg~! at the western part of the Dutch
coast and even higher values (2450 umol TAkg™!) in the
river mouth of the Wash estuary at the British coast. Mini-
mum values of 2235 and 2274 umol TA kg~! were simulated
at the mouths of the rivers Elbe and Forth. The modelled
TA ranged from 2332 to 2351 umol TAkg~! in the German
Bight and in Jade Bight. The strongest underestimations in
relation to observations are located in a band close to the
coast stretching from the East Frisian Islands to 57° N at the
Danish coast (Fig. 4a). The deviation of simulation results
of scenario A from observations in the validation box was
represented by an RMSE of 28 umol TAkg~!. The standard
deviation was 7 umol TA kg~!, and the correlation amounted
tor = 0.77 (Table 4). In the years 2005 and 2001 similar sta-
tistical values are found, but the correlation coefficient was
smaller.

Scenario B was based on a Wadden Sea export of TA and
DIC as described above. The major difference in TA of this
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Figure 3. Surface TA (umol TA kg~1) in August 2008 observed (a)
and simulated with scenario A (b) and B (c). The black lines indi-
cate the validation box.

scenario compared to scenario A occurred east of 6.5°E.
Surface TA there peaked in Jade Bight (2769 umol TA kg~')
and was elevated off the North Frisian and Danish coasts
from 54.2 to 56°N (> 2400 umol TAkg~!). The strongest
underestimations in relation to observations are noted off
the Danish coast between 56 and 57° N (Fig. 4b). In the
German Bight the model overestimated the observations
slightly, while at the East Frisian Islands the model un-
derestimates TA. When approaching the Dutch Frisian Is-
lands the simulation overestimates TA compared to obser-
vations, and the strongest overestimations can be seen near
the river mouth of the Rhine. Compared to scenario A the
simulation of scenario B was closer to the observations in
terms of RMSE (18 umol TAkg™') and the standard de-
viation (SD =22 umol TA kg_l). Also, the correlation (r =
0.86) improved (Table 4). In the years 2001 and 2005 the ob-
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6°E 8°E

Figure 4. Differences between TA surface summer observations and
results from scenario A (a) and B (b) and the differences between
DIC surface observations and results from scenario A (c¢) and B (d),
all in micromoles per kilogram. The black lines indicate the valida-
tion box.

served mean values are slightly overestimated by the model.
The statistical values for 2001 are better than for 2005, where
scenario A better compares with the observations.

3.2 Model validation — DIC concentrations in summer
2008

Analogously to TA the simulation results were compared
with surface observations of DIC in summer 2008 (Salt et
al., 2013). They also revealed high values in the German
Bight (east of 7° E and south of 55° N) and around the Dan-
ish coast (near 56° N), which is shown in Fig. 5. The ob-
served DIC concentrations in these areas ranged between
2110 and 2173 umol DICkg™'. Observed DIC concentra-
tions in other parts of the model domain ranged between
2030 and 2070 umol DIC kg~! in the northwestern part and
between 2080 and 2117 umol DICkg~! at the Dutch coast.
In the validation box the overall average and the standard de-
viation of all observed DIC concentrations were 2108 and
25.09 umol DIC kg~ !, respectively.

The DIC concentrations in scenario A ranged between
1935 and 1977 umol DIC kg~ at the North Frisian and Dan-
ish coast (54.5-55.5°N) and 1965umol DICkg™! in Jade
Bight. Maxima of up to 2164 umol DIC kg~! were modelled
at the western part of the Dutch coast north of the mouth
of the Rhine (Fig. 5). The DIC concentrations in the Ger-
man Bight showed a heterogeneous pattern in the model,
and sometimes values decreased from west to east, which
contrasts the observations (Fig. 5a). This may be the reason
for the negative correlation coefficient r = —0.64 between
model and observations (Table 5). The significant deviation
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Figure 5. Surface DIC concentrations (umol DIC kg_l) in Au-
gust 2008 observed (a) and simulated with scenario A (b) and B (c).
The black lines indicate the validation box.

from observations of results from scenario A is also indicated
by the RMSE of 43 umol DIC kg~! and a standard deviation
of 14 umol DICkg~". In 2001 and 2005 the simulation re-
sults of this scenario A are better, which is expressed in pos-
itive correlation coefficients and small RMSE values.

In scenario B the surface DIC concentrations at the Wad-
den Sea coasts increased: the North Frisian coast shows con-
centrations of up to 2200 umol DIC kg~!, while the German
Bight has values of 2100-2160 umol DICkg~!, and Jade
Bight concentrations were higher than 2250 umol DIC kg~
The other areas are comparable to scenario A. In sce-
nario B the RMSE in the validation box decreased to
26 umol DIC kg ™! in comparison to scenario A. The standard
deviation decreased to 9.1 umol DICkg™!, and the correla-
tion improved to r = 0.55 (Table 5). The average values are

https://doi.org/10.5194/bg-17-4223-2020

close to the observed ones for all years, even though in 2005
a large RMSE was found.

The comparison between observations and simulation re-
sults of scenario A (Fig. 4c) clearly show model under-
estimations in the southeastern area, which are strongest
in the inner German Bight towards the North Frisian
coast (> 120 umol DIC kg~!). Scenario B also models values
lower than observations in the southeastern area (Fig. 4d),
but the agreement between observations and model results is
reasonable. Only off the Danish coast near 6.5° E, 56° N, the
model underestimates DIC by 93 umol DIC kg~!.

3.3 Hydrodynamic conditions and flushing times

The calculations of Wadden Sea TA export in Thomas et
al. (2009) were based on several assumptions concerning
riverine input of bulk TA and nitrate, atmospheric deposi-
tion of NO,., water column inventories of nitrate, and the ex-
change between the Southern Bight and the adjacent North
Sea (Lenhart et al., 1995). The latter was computed by con-
sidering that the water in the Southern Bight is flushed
with water of the adjacent open North Sea at timescales of
6 weeks. For the study at hand, flushing times in the valida-
tion area in summer and winter are presented for the years
2001 to 2009 in Fig. 6. Additionally, monthly mean flow
patterns of the model area are presented for June, July, and
August for the years 2003 and 2008, respectively (Fig. 7).
They were chosen to highlight the pattern in summer 2003
with one of the highest flushing times (lowest water renewal
times) and that in 2008 corresponding to one of the lowest
flushing times (highest water renewal times).

The flushing times were determined for the three areas: 1
— validation area, 2 — western part of the validation area, 3 —
eastern part of the validation area. They were calculated by
dividing the total volume (V;) of the respective areas 1-3 by
the total inflow (F;) into the areas

Vi m O\

Flushing times (rounded to integer values) were consistently
higher in summer than in winter, meaning that the highest in-
flow occurred in winter. Summer flushing times in the whole
validation area ranged from 54 d in 2008 to 81d in 2003 and
2006, whereas the winter values in the same area ranged from
32d in 2008 to 51d in 2003 and 2009. The flushing times
in the western and eastern part of the validation area were
smaller due to the smaller box sizes. Due to the position,
flushing times in the western part were consistently shorter
than in the eastern part. These differences ranged from 5d in
winter 2002 to 14 d in summer 2006 and 2008. The interan-
nual variabilities in all areas were higher in summer than in
winter.

The North Sea is mainly characterised by an anti-
clockwise circulation pattern (Otto et al., 1990; Pitsch et al.,
2017). This can be observed for the summer months in 2008
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Figure 6. Flushing times in the validation area in summer (June to
August) and winter (January to March). The whole validation area
is represented in blue; green is the western part of the validation
area (4.5 to 7° E), and red is the eastern part (east of 7° E).

(Fig. 7). More disturbed circulation patterns in the south-
eastern part of the model domain occurred in June 2003:
in the German Bight and in the adjacent western area two
gyres with reversed rotating direction are dominant. In Au-
gust 2003 the complete eastern part shows a clockwise rota-
tion which is due to the effect of easterly winds as opposed to
prevalent westerlies. In this context such a situation is called
a meteorological blocking situation.

3.4 Seasonal and interannual variability in TA and
DIC

The period from 2001 to 2009 was simulated for the scenar-
ios A and B. For both scenarios monthly mean surface TA
was calculated in the validation area and is shown in Fig. 8a
and b. The highest TA in scenario A was 2329 umol TA kg~!
and occurred in July 2003. The lowest TA in each year was
about 2313 to 2318 umol TAkg™! and occurred in Febru-
ary and March. Scenario B showed generally higher val-
ues: summer concentrations were in the range of 2348 to
2362 umol TA kg™, and the values peaked in 2003. The low-
est values occurred in the years 2004-2008. Also, winter val-
ues were higher in scenario B than in scenario A: they range
from 2322 to 2335 umol TAkg ™.

Corresponding to TA, monthly mean surface DIC in
the validation area is shown in Fig. 8¢ and d. In sce-
nario A the concentrations increased from October to Febru-
ary and decreased from March to August (Fig. 8c). In sce-
nario B the time interval with increasing concentrations
was extended into March. Maximum values of 2152 to
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2172 umol DICkg ™! in scenario A occur in February and
March of each model year, and minimum values of 2060
to 2080 umol DIC kg~! occur in August. Scenario B shows
generally higher values: the highest values in February and
March are 2161 to 2191 umol DIC kg~!. The lowest values
in August range from 2095 to 2112 umol DIC kg~!. The am-
plitude of the annual cycle is smaller in scenario B, because
the Wadden Sea export shows the highest values in summer
(Fig. 2).

The patterns of monthly TA and DIC of the reference sce-
nario A differ drastically in that TA does not show a strong
seasonal variability, whereas DIC does vary significantly. In
the case of DIC this is due to the biological drawdown dur-
ing summer. Contrariwise, the additional input (scenario B)
from the Wadden Sea in summer creates a strong seasonality
for TA and instead flattens the variations in DIC.

4 Discussion

Thomas et al. (2009) estimated the contribution of shallow
intertidal and subtidal areas to the alkalinity budget of the
SE North Sea. That estimate (by closure of mass fluxes) was
about 73 Gmol TAyr—! originating from the Wadden Sea
fringing the southern and eastern coast. These calculations
were based on observations from the CANOBA dataset in
2001 and 2002. The observed high TA levels in the south-
eastern North Sea were also encountered in August 2008
(Salt et al., 2013), and these measurements were used for the
main model validation in this study. Our simulations result
in 39 Gmol TA yr~! as export from the Wadden Sea into the
North Sea. Former modelling studies of the carbonate system
of the North Sea (Artioli et al., 2012; Lorkowski et al., 2012)
did not consider the Wadden Sea as a source of TA and DIC,
and good to reasonable agreement with observations from
the CANOBA dataset was only achieved in the open North
Sea in 2001-2002 (Thomas et al., 2009). Subsequent simu-
lations that included TA export from aerobic and anaerobic
processes in the sediment improved the agreement between
data and models (Pitsch et al., 2018). When focusing on the
German Bight, however, the observed high TA levels in sum-
mer measurements east of 7° E could not be simulated satis-
factorily.

The present study confirms the Wadden Sea as an impor-
tant TA source for the German Bight and quantifies the an-
nual Wadden Sea TA export rate at 39 Gmol TA yr—!. Addi-
tionally, the contributions by most important rivers have been
more precisely quantified and narrow down uncertainties in
the budgets of TA and DIC in the German Bight. All steps
that were required to calculate the budget including uncer-
tainties are discussed in the following.
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Figure 7. Monthly mean simulated streamlines for summer months 2003 and 2008.

(a) i ATA (b)
2009 .

2007

Simulation B TA

2005

2003

J F M A M J J A S OND

J FM A M J J A S ON D
(C) Simulation A DIC (d) Simulation B DIC 20
2009
2007
2150
2005
2100
2003
2001
2050
J F M A M J J A S ONUD J FMAMUJJASOND

Figure 8. Simulated monthly mean TA (scenario A in a, scenario B
in b; umol TA kg_l) and DIC (scenario A in ¢, scenario B in d;
umol DIC kg_l) in the validation area for the years 2001-2009.
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4.1 Uncertainties in Wadden Sea—German Bight
exchange rates of TA and DIC

The Wadden Sea is an area of effective benthic decomposi-
tion of organic material (Bottcher et al., 2004; Billerbeck et
al., 2006; Al-Raei et al., 2009; van Beusekom et al., 2012)
originating both from land and from the North Sea (Thomas
et al., 2009). In general, anaerobic decomposition of the or-
ganic matter generates TA and increases the CO, buffer ca-
pacity of seawater. On longer timescales TA can only be gen-
erated by processes that involve permanent loss of anaerobic
remineralisation products (Hu and Cai, 2011). A second pre-
condition is the nutrient availability to produce organic mat-
ter, which in turn serves as a necessary component of anaer-
obic decomposition (Gustafsson et al., 2019). The Wadden
Sea export rates of TA and DIC modelled in the present study
are based on concentration measurements during tidal cycles
in the years 2002 and 2009 to 2011 (Table 1) and on calcu-
lated tidal prisms of 2 d periods that are considered to be rep-
resentative of annual mean values. This approach introduces
uncertainties with respect to the true amplitudes of concen-
trations differences in the tidal cycle and in seasonality due
to the fact that differences in concentrations during falling
and rising water levels were linearly interpolated. These in-
terpolated values are based on four to five measurements in
the three export areas and were conducted in different years.
Consequently, the approach does not reproduce the exact TA
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and DIC levels in the years 2001 to 2009, because only mete-
orological forcing, river loads, and nitrogen deposition were
specified for these particular years. The simulation of sce-
nario B thus only approximates Wadden Sea export rates.
More measurements distributed with higher resolution over
the annual cycle would clearly improve our estimates. Never-
theless, the implementation of Wadden Sea export rates here
results in improved reproduction of observed high TA levels
in the German Bight in summer in comparison to the refer-
ence run A (Fig. 3).

We calculated the sensitivity of our modelled annual TA
export rates on uncertainties in the A values of Table 1. As
the different areas of the North and East Frisian Wadden Sea
and Jade Bight have different exchange rates of water, for
each region the uncertainty of 1pumolkg~! in ATA at all
times has been calculated. The East Frisian Wadden Sea ex-
port would differ by 0.84 Gmol TA yr~!, the Jade Bight ex-
port by 0.09 Gmol TA yr~!, and the North Frisian export by
3Gmol TAyr—!.

Primary processes that contribute to the TA generation in
the Wadden Sea are denitrification, sulfate reduction, or pro-
cesses that are coupled to sulfate reduction and other pro-
cesses (Thomas et al., 2009). In our model, the implemented
benthic denitrification does not generate TA (Seitzinger and
Giblin, 1996), because modelled benthic denitrification does
not consume nitrate (Pétsch and Kiihn, 2008). Benthic deni-
trification is coupled to nitrification in the upper layer of the
sediment (Raaphorst et al., 1990), giving reason for neglect-
ing TA generation by this process in the model. The modelled
production of N> by benthic denitrification falls in the range
of 20-25 Gmol N yr~! in the validation area, which would re-
sult in a TA production of about 19-23 Gmol TA yr~! (Bren-
ner et al., 2016). In the model nitrate uptake by phytoplank-
ton produces about 40 Gmol TA yr~!. Assuming large parts
of organic matter are exported out of the validation area,
this production compensates for the missing TA generation
by benthic denitrification. This amount of nitrate would not
fully be available for primary production if parts of it were
to be consumed by denitrification. Differently from this, the
TA budget of Thomas et al. (2009) included estimates for the
entire benthic denitrification as a TA generating process.

Sulfate reduction (not modelled here) also contributes to
alkalinity generation. On longer timescales the net effect is
vanishing as the major part of the reduced components are
immediately reoxidised in contact with oxygen. Iron and sul-
fate reduction generates TA but only their reaction product
iron sulfide (essentially pyrite) conserves the reduced com-
ponents from reoxidation. As the formation of pyrite con-
sumes TA, the TA contribution of iron reduction in the North
Sea is assumed to be small and to balance that of pyrite for-
mation (Brenner et al., 2016).

Atmospheric nitrogen deposition is taken into account in
the simulations. Oxidised N species (NO,) dominate re-
duced species (NH,) slightly in the validation area dur-
ing 6 out of 9 simulation years. This implies that the
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deposition of dissolved inorganic nitrogen decreases TA
in 6 of 9 years. The average decrease within 6 years is
about 0.4 Gmol TA yr_1 , whereas the average increase within
3 years is only 0.1 Gmol TA yr~!. Thomas et al. (2009) also
assumed a dominance of oxidised species and consequently
defined a negative contribution to the TA budget.

Dissolution of biogenic carbonates may be an efficient ad-
ditional enhancement of the CO; buffer capacity (that is,
source of TA), since most of the tidal flat surface sediments
contain carbonate shell debris (Hild, 1997). Shallow oxida-
tion of biogenic methane formed in deep or shallow tidal
flat sediments (not modelled; Hopner and Michaelis, 1994;
Neira and Rackemann, 1996; Bottcher et al., 2007) has the
potential to both lower and enhance the buffer capacity, thus
counteracting or promoting the respective effect of carbonate
dissolution. The impact of methane oxidation on the develop-
ing TA / DIC ratio in surface sediments, however, is complex
and controlled by a number of superimposing biogeochemi-
cal processes (e.g. Akam et al., 2020).

The net effect of evaporation and precipitation in the Wad-
den Sea also has to be considered in budgeting TA. Although
these processes are balanced in the North Sea (Schott, 1966),
enhanced evaporation can occur in the Wadden Sea due to
increased heating during low tide at around noon. Onken
and Riethmiiller (2010) estimated an annual negative fresh-
water budget in the Hornum Basin based on long-term hy-
drographic time series from observations in a tidal channel.
From these data a mean salinity difference between flood
and ebb currents of approximately —0.02 is calculated. This
would result in an increase in TA by 1 umol TAkg™!, which
is within the range of the uncertainty in measurements. Fur-
thermore, the enhanced evaporation estimated from subtle
salinity changes interferes with potential input of submarine
groundwater into the tidal basins, which has been identified
by Moore et al. (2011), Winde et al. (2014), and Santos et
al. (2015). The magnitude of this input is difficult to esti-
mate at present, for example from salinity differences be-
tween flood and ebb tides, because the composition of SGD
passing the sediment—water interfacial mixing zone has to
be known. Although first characteristics have been reported
(Moore et al., 2011; Winde et al., 2014; Santos et al., 2015),
the quantitative effect of additional DIC, TA, and nutrient in-
put via both fresh and recirculated SGD into the Wadden Sea
remains unclear.

Small inlets that provide fresh water as well as DIC and TA
(Table 3) are of potential significance. The current database
for seasonal dynamics of this source, however, is limited,
and, therefore, this source cannot yet be considered quan-
titatively in budgeting approaches.

4.2 TA /DIC ratios over the course of the year
Ratios of TA and DIC generated in the tidal basins (Table 1)

give some indication of the dominant biogeochemical min-
eralisation and reoxidation processes occurring in the sedi-
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Figure 9. Temporally interpolated TA /DIC ratio of the export rates
in the North Frisian Wadden Sea, East Frisian Wadden Sea, and Jade
Bight. These ratios are calculated using the A values of Table 1.

ments of individual Wadden Sea sectors, although these pro-
cesses have not been explicitly modelled here (Chen and
Wang, 1999; Zeebe and Wolf-Gladrow, 2001; Thomas et al.,
2009; Sippo et al., 2016; Wurgaft et al., 2019; Akam et al.,
2020). Candidate processes are numerous, and the export
ratios certainly express various combinations, but the most
quantitatively relevant are likely aerobic degradation of or-
ganic material (resulting in a reduction in TA due to nitrifica-
tion of ammonia to nitrate with a TA / DIC ratio of —0.16),
denitrification (TA / DIC ratio of 0.8; see Rassmann et al.,
2020), and anaerobic processes related to sulfate reduction in
organoclastic material (TA / DIC ratio of 1; see Sippo et al.,
2016). Other processes are aerobic (adding only DIC) and
anaerobic (TA / DIC ratio of 2) oxidation of upward diffus-
ing methane, oxidation of sedimentary sulfides upon resus-
pension into an aerated water column (no effect on TA / DIC)
followed by oxidation of iron (consuming TA), and nitrifica-
tion of ammonium (consuming TA; TA / DIC ratio is —2; see
Pitsch et al., 2018, and Zhai et al., 2017).

The TA / DIC export ratios of DIC and TA for the indi-
vidual tidal basins in three Wadden Sea sectors (East Frisian,
Jade Bight, and North Frisian) as calculated from observed
ATA and ADIC over tidal cycles in different seasons are
depicted in Fig. 9. They may give an indication of region-
ally and seasonally varying processes occurring in the sed-
iments of the three study regions. The ratios vary between
0.2 and 0.5 in the North Frisian Wadden Sea with slightly
more TA than DIC generated in spring, summer, and autumn
and winter having a negative ratio of —0.5. The winter ra-
tio coincides with very small measured differences in DIC in
imported and exported waters (ADIC = —2 umol kg~ '), and
the negative TA / DIC ratio may thus be spurious. The range
of ratios in the other seasons is consistent with sulfate re-
duction and denitrification as the dominant processes in the
North Frisian tidal basins.
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The TA / DIC ratios in the Jade Bight samples were con-
sistently higher than those in the North Frisian tidal basin
and vary between 1 and 2 in spring and summer, suggesting
a significant contribution by organoclastic sulfate reduction
and anaerobic oxidation of methane (Al-Raei et al., 2009).
The negative ratio of —0.4 in autumn is difficult to explain
with remineralisation or reoxidation processes, but as with
the fall ratio in the Frisian tidal basin, it coincides with
a small change in ADIC (—3umolkg™!) at positive ATA
(8 umol kg~!). Taken at face value, the resulting negative ra-
tio of —0.4 implicates a reoxidation of pyrite, normally at
timescales of early diagenesis that is thermodynamically sta-
ble (Hu and Cai, 2011), possibly promoted by increasing
wind forces and associated aeration and sulfide oxidation of
anoxic sediment layers (Kowalski et al., 2013). The DIC ex-
port rate from Jade Bight had its minimum in autumn, consis-
tent with a limited supply and mineralisation of organic mat-
ter, possibly modified by seasonally changing impacts from
small tidal inlets (Table 3).

The TA / DIC ratio of the East Frisian Wadden Sea is in the
approximate range of those in Jade Bight but has one unusu-
ally high ratio in November caused by a significant increase
in TA of 14 umolkg~! and a low increase of 5 umolkg™! in
DIC. Barring an analytical artefact, the maximum ratio of 3
may reflect a short-term effect of iron reduction.

Based on these results, processes in the North Frisian Wad-
den Sea export area differ from the East Frisian Wadden
Sea and the Jade Bight areas. The DIC export rates suggest
that significant amounts of organic matter were degraded in
North Frisian tidal basins, possibly controlled by higher daily
exchanged water masses in the North Frisian (8.1 km3>d~1)
than in the East Frisian (2.3km?®d~!) Wadden Sea and in
Jade Bight (0.8 km3d—1; compare Table 2). However, TA ex-
port rates of the North Frisian and the East Frisian Wadden
Sea were in the same range.

Regional differences in organic matter mineralisation in
the Wadden Sea have been discussed by van Beusekom et
al. (2012) and Kowalski et al. (2013) in the context of con-
nectivity with the open North Sea and influences of eutroph-
ication and sedimentology. They suggested that the organic
matter turnover in the entire Wadden Sea is governed by or-
ganic matter import from the North Sea but that regionally
different eutrophication effects as well as sediment composi-
tions modulate this general pattern. The reason for regional
differences may be related to the shape and size of the indi-
vidual tidal basins. Van Beusekom et al. (2012) found that
wider tidal basins with a large distance between barrier is-
lands and mainland, as is the case in the North Frisian Wad-
den Sea, generally have a lower eutrophication status than
narrower basins predominating in the East Frisian Wadden
Sea. Together with the high-water exchange rate, the accu-
mulation of organic matter is reduced in the North Frisian
Wadden Sea, and the oxygen demand per volume is lower
than in the narrower eutrophicated basins. Therefore, aerobic
degradation of organic matter dominated in the North Frisian
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Wadden Sea, where the distance between barrier islands and
the mainland is large. This leads to less TA production (in
relation to DIC production) than in the East Frisian Wadden
Sea, where anaerobic degradation of organic matter domi-
nated in more restricted tidal basins.

4.3 TA budgets and variability in TA inventory in the
German Bight

Modelled TA and DIC in the German Bight have a high in-
terannual and seasonal variability (Fig. 8). The interannual
variability in the model results is mainly driven by the phys-
ically prescribed environment. Overall, the TA variability is
more sensitive to Wadden Sea export rates than DIC variabil-
ity, because the latter is dominated by biological processes.
However, the inclusion of Wadden Sea DIC export rates im-
proved correspondence with observed DIC concentrations in
the near-coastal North Sea.

It is a logical step to attribute the TA variability to vari-
abilities in the different sources. In order to calculate a real-
istic budget, scenario B was considered. Annual and seasonal
budgets of TA sources and sinks in this scenario are shown
in Table 6. Note that Rivegr is not taken into account for the
budget calculations. This is explained in the method section
in Sect. 2.2.2 “River input”.

Comparing the absolute values of all sources and sinks of
the mean year results in a relative ranking of the processes.
Of all TA inventory changes in the validation area, 41 % were
due to river loads, 37 % were due to net transport, 16 % were
due to Wadden Sea export rates, and 6 % were due to internal
processes. River input ranged from 78 to 152 Gmol TA yr~!
and had the highest absolute variability in all TA sources
in the validation area. This is mostly due to the high vari-
ability in annual freshwater discharge, which is indicated by
low (negative) values of Riveg. The latter values show that
the riverine TA loads together with the freshwater flux in-
duce a small dilution of TA in the validation area for each
year. Certainly, this ranking depends mainly on the charac-
teristics of the Elbe estuary. Due to high TA in the rivers
Rhine and Meuse (the Netherlands) they had an effective
river input of +24 Gmol TA yr~! in 2008, which constitutes
a much greater impact on TA changes than the Elbe river.
In a sensitivity test, we switched off the TA loads of rivers
Rhine and Meuse for the year 2008 and found that the net
flow of —71 Gmol TA yr~! decreased to —80 Gmol TA yr—!,
which indicates that water entering the validation box from
the western boundary is less TA-rich in the test case than in
the reference run.

At seasonal timescales (Table 6, lower part) the net trans-
port dominated the variations from October to March, while
internal processes played a more important role from April
to June (28 %). The impact of effective river input was less
than 5 % in every quarter. The Wadden Sea TA export rates
had an impact of 36 % on TA mass changes in the validation
area from July to September. Note that these percentages are
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related to the sum of the absolute values of the budgeting
terms.

Summing up the sources and sinks, Wadden Sea exchange
rates, internal processes, and effective river loads resulted in
the highest sums in 2002 and 2003 (51 and 52 Gmol TA yr—!)
and the lowest sums in 2009 (44 Gmol TA yr‘l). For the
consideration of TA variation we excluded net transport and
actual river loads, because these fluxes are diluted and do
not necessarily change the TA concentrations. In agreement
with this, the highest TA was simulated in summer 2003
(Fig. 8). The high interannual variability in summer concen-
trations was driven essentially by hydrodynamic differences
between the years. Flushing times and their interannual vari-
ability were higher in summer than in winter (Fig. 6) of ev-
ery year. High flushing times or less strong circulation do
have an accumulating effect on exported TA in the valida-
tion area. To understand the reasons for the different flush-
ing times, monthly stream patterns were analysed (Fig. 7).
Distinct anticlockwise stream patterns defined the hydrody-
namic conditions in every winter. Summer stream patterns
were in most years weaker, especially in the German Bight
(compare Fig. 7, June 2003). In August 2003 the eastern
part of the German Bight shows a clockwise rotation, which
transports TA-enriched water from July back to the Wadden
Sea area for further enrichment. This could explain the high-
est concentrations in summer 2003.

Thomas et al. (2009) estimated that 73 Gmol TA yr_1 was
produced in the Wadden Sea. Their calculations were based
on measurements in 2001 and 2002. The presented model
was validated with data measured in August 2008 (Salt et al.,
2013) at the same positions. High TA in the German Bight
was observed in summer 2001 and in summer 2008. Due
to the scarcity of data, the West Frisian Wadden Sea was
not considered in the simulations, but, as the western area
is much larger than the eastern area, the amount of exported
TA from that area can be assumed to be in the same range as
from the East Frisian Wadden Sea (10 to 14 Gmol TA yr—1).
With additional export from the West Frisian Wadden Sea,
the maximum overall Wadden Sea export may be as high as
53 Gmol TA yr~!. Thus, the TA export from the Wadden Sea
calculated in this study is 20 to 34 Gmol TA yr~! lower than
that assumed in the study of Thomas et al. (2009). This is
mainly due to the flushing time that was assumed by Thomas
et al. (2009). They considered the water masses to be flushed
within 6 weeks (Lenhart et al., 1995). Flushing times calcu-
lated in the present study were significantly longer and more
variable in summer. Since the Wadden Sea export calculated
by Thomas et al. (2009) was defined as a closing term for
the TA budget, underestimated summerly flushing times led
to an overestimation of the exchange with the adjacent North
Sea.

Table 4 shows that our scenario B underestimates observed
TA by about 5.1 umolkg™! in 2008. Scenario A has lower
TA than scenario B in the validation area. The difference
is about 11 umolkg~'. This means that the Wadden Sea ex-
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Table 6. Annual TA budgets in the validation area of the years 2001 to 2009; annual averages and seasonal budgets of January to March,
April to June, July to September, and October to December (Gmol). Net flow is the annual net TA transport across the boundaries of the
validation area. Negative values indicate a net export from the validation area to the adjacent North Sea. A content indicates the difference
in the TA contents between the last and the first time steps of the simulated year or quarter. The letter t denotes 3 months.

Wadden Internal River loads Rivegs Net flow A content

Sea export processes
(Gmolyr~!)  (Gmolyr~!) (Gmolyr~!) (Gmolyr~!) (Gmolyr™!) (Gmol)
2001 39 13 87 =5 38 177
2002 39 19 152 =7 —223 —13
2003 39 16 91 -3 —-98 48
2004 39 13 78 =5 -8 122
2005 39 12 89 -5 —98 42
2006 39 12 88 —4 —56 33
2007 39 12 110 =5 —132 29
2008 39 14 93 -5 =71 75
2009 39 10 83 =5 —151 -19
Average  (Gmol yr_] ) (Gmol yr_1 )  (Gmol yr_l ) (Gmol yr_] ) (Gmol yr_1 ) (Gmol)
39 14 101 -5 -89 65
(Gmolt™")  (@Gmolt™))  (Gmolt™!)  (Gmolt™!)  (Gmolt™1) (Gmol)
Jan—Mar 7 —1 38 —1 —49 -5
Apr-Jun 10 15 23 -2 6 54
Jul-Sep 17 -2 15 -2 13 43
Oct-Dec 4 1 25 0 —56 —26

port of 39 Gmol TA yr~! results in a concentration difference
of 11 umolkg~!. Assuming linearity, the deviation between
scenario B and the observations (5.1 umolkg™!) would be
compensated by an additional Wadden Sea export of about
18 Gmol TA yr~!. If we assume that the deviation between
observations and scenario B is entirely due to uncertainties
or errors in the Wadden Sea export estimate, then the uncer-
tainty in this export is 18 Gmol TA yr—!.

Another problematic aspect in the TA export estimate by
Thomas et al. (2009) is the fact that their TA budget merges
the sources of anaerobic TA generation from sediment and
from the Wadden Sea into a single source: “anaerobic pro-
cesses in the Wadden Sea”. Burt et al. (2014) found a sed-
iment TA generation of 12mmol TAm~2d~! at one station
in the German Bight based on Ra measurements. This fits
into the range of microbial gross sulfate reduction rates re-
ported by Al-Raei et al. (2009) in the back-barrier tidal ar-
eas of Spiekeroog island and by Brenner et al. (2016) at the
Dutch coast. Within the latter paper, the different sources
of TA from the sediment were quantified. The largest term
was benthic calcite dissolution, which would be cancelled
out in terms of TA generation, assuming a steady-state com-
pensation by biogenic calcite production. Extrapolating the
southern North Sea TA generation (without calcite dissolu-
tion) from the data for one station of Brenner et al. (2016)
results in an annual TA production of 12.2 Gmol in the Ger-
man Bight (area = 28.415 km?). This is likely an upper limit
of sediment TA generation, as the measurements were made
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in summer when seasonal fluxes are maximal. This calcu-
lation reduces the annual Wadden Sea TA generation esti-
mated by Thomas et al. (2009) from 73 to 61 Gmol, which is
still higher than our present estimate. In spite of the uniden-
tified additional TA fluxes, both the estimate by Thomas et
al. (2009) and our present model-based quantification con-
firm the importance of the Wadden Sea export fluxes of TA
to the North Sea carbonate system at present and in the fu-
ture.

4.4 The impact of exported TA and DIC on the North
Sea and influences on export magnitude

Observed high TA and DIC in the SE North Sea are mainly
caused by TA and DIC export from the Wadden Sea (Figs. 3—
5). TA could be better reproduced than DIC in the model
experiments, which was mainly due to the higher sensitiv-
ity of DIC to modelled biology. Nevertheless, from a present
point of view the Wadden Sea is the main driver of TA in the
German Bight. Future forecast studies of the evolution of the
carbonate system in the German Bight will have to specifi-
cally focus on the Wadden Sea and on processes occurring
there. In this context the Wadden Sea evolution during fu-
ture sea level rise is the most important factor. The balance
between sediment supply from the North Sea and sea level
rise is a general precondition for the persistence of the Wad-
den Sea (Flemming and Davis, 1994; van Koningsveld et al.,
2008). An accelerating sea level rise could lead to a deficient
sediment supply from the North Sea and shift the balance at
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first in the largest tidal basins and ultimately in the small-
est basins (CPSL, 2001; van Goor et al., 2003). The share
of intertidal flats as potential sedimentation areas is larger
in smaller tidal basins (van Beusekom et al., 2012), whereas
larger basins have a larger share of subtidal areas. Thus, as-
suming an accelerating sea level rise, large tidal basins will
turn into lagoons, while tidal flats may still exist in smaller
tidal basins. This effect could decrease the overall Wadden
Sea export rates of TA, because sediments would no longer
be exposed to the atmosphere and the products of sulfate
reduction would reoxidise in the water column. Moreover,
benthic—pelagic exchange in the former intertidal flats would
be more diffusive and less advective then today due to a low-
ering of the hydraulic gradients during ebb tides, when parts
of the sediment become unsaturated with water. This would
decrease TA export into the North Sea. Caused by changes
in hydrography and sea level the sedimentological composi-
tion may also change. If sediments become more sandy, aer-
obic degradation of organic matter is likely to become more
important (de Beer et al., 2005). In fine-grained silt, diffu-
sive transport plays a key role, while in the upper layer of
coarse (sandy) sediments advection is the dominant process.
Regionally, the North Frisian Wadden Sea will be more af-
fected by rising sea level because there the tidal basins are
larger than the tidal basins in the East Frisian Wadden Sea
and even larger than the inner Jade Bight.

The Wadden Sea export of TA and DIC is driven by the
turnover of organic material. Decreasing anthropogenic eu-
trophication can lead to decreasing phytoplankton biomass
and production (Cadée and Hegeman, 2002; van Beusekom
et al,, 2009). Thus, the natural variability in the North
Sea primary production becomes more important in de-
termining the organic matter turnover in the Wadden Sea
(McQuatters-Gollop et al., 2007; McQuatters-Gollop and
Vermaat, 2011). pH values in Dutch coastal waters decreased
from 1990 to 2006 drastically. Changes in nutrient variabil-
ity were identified as possible drivers (Provoost et al., 2010),
which is consistent with model simulations by Borges and
Gypens (2010). Moreover, despite the assumption of de-
creasing overall TA export rates from the Wadden Sea, the
impact of the North Frisian Wadden Sea on the carbonate
system of the German Bight could potentially adjust to a
change in tidal prisms and thus a modulation in imported or-
ganic matter. If less organic matter is remineralised in the
North Frisian Wadden Sea, less TA and DIC will be exported
into the North Sea.

In the context of climate change, processes that have im-
pact on the freshwater budget of tidal mud flats will gain in
importance. Future climate change will have an impact on
coastal hydrology due to changes in groundwater formation
rates (Faneca Sanchez et al., 2012; Sulzbacher et al., 2012)
that may change both surface and subterranean runoff into
the North Sea. An increasing discharge of small rivers and
groundwater into the Wadden Sea is likely to increase DIC,
TA, and possibly nutrient loads and may enhance the produc-
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tion of organic matter. Evaporation could also increase due
to increased warming and become a more important process
than today (Onken and Riethmiiller, 2010), as will methane-
cycling change due to nutrient changes and sea level and tem-
perature rise (e.g. Hopner and Michaelis, 1994; Akam et al.,
2020).

Concluding, in the course of climate change the North
Frisian Wadden Sea will be affected first by sea level rise,
which will result in decreased TA and DIC export rates due
to less turnover of organic matter there. This could lead to
a decreased buffering capacity in the German Bight for at-
mospheric CO;. Overall, less organic matter will be reminer-
alised in the Wadden Sea.

5 Conclusion and outlook

We present a budget calculation of TA sources in the German
Bight and relate 16 % of the annual TA inventory changes to
TA exports from the Wadden Sea. The impact of riverine bulk
TA seems to be less important due to the comparatively low
TA levels in the Elbe estuary, a finding that has to be proven
by future research.

The evolution of the carbonate system in the German Bight
under future changes depends on the development of the
Wadden Sea. The amount of TA and DIC that is exported
from the Wadden Sea depends on the quantity of organic
matter and/or nutrients that are imported from the North
Sea and finally remineralised in the Wadden Sea. Decreas-
ing riverine nutrient loads have led to decreasing phytoplank-
ton biomass and production (Cadée and Hegeman, 2002; van
Beusekom et al., 2009), a trend that is expected to continue in
the future (Marine Strategy Framework Directive — MSFD;
2008/56/Ec, 2008). However, altered natural dynamics of nu-
trient cycling and productivity can override the decreasing
riverine nutrient loads (van Beusekom et al., 2012), but these
will not generate TA in the magnitude of denitrification of
river-borne nitrate.

Sea level rise in the North Frisian Wadden Sea will poten-
tially be more affected by a loss of intertidal areas than the
East Frisian Wadden Sea (van Beusekom et al., 2012). This
effect will likely reduce the turnover of organic material in
this region of the Wadden Sea, which may decrease TA pro-
duction and transfer into the southern North Sea.

Thomas et al. (2009) estimated that the Wadden Sea facil-
itates approximately 7 %—10 % of the annual CO; uptake of
the North Sea. This is motivation for model studies on the fu-
ture role of the Wadden Sea in the CO, balance of the North
Sea under regional climate change.

Future research will also have to address the composition
and amount of submarine groundwater discharge, as well as
the magnitude and seasonal dynamics in discharge and com-
position of small water inlets at the coast, which are in this
study only implicitly included and in other studies mostly ig-
nored due to a lacking database.
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Appendix A

Table A1l. Annual riverine freshwater discharge (km? yrfl ). The numbering refers to Fig. 1.

2001 2002 2003 2004 2005 2006 2007 2008 2009
(1) Elbe 23.05 4338 2395 19.56 2556 2698 26.61 24.62 24.28
(2) Ems 347 4.48 3.15 3.52 2.99 2.54 4.32 3.32 2.58
(3) North Sea Canal 3.21 2.98 2.49 3.05 3.03 2.96 1.55 3.05 2.46
(4) Isselmeer (east) 9.55 9.94 6.27 7.97 7.35 7.30 9.10 8.23 6.59
(5) IJsselmeer (west) 9.55 9.94 6.27 7.97 7.35 7.30 9.10 8.23 6.59
(6) Nieuwe Waterweg  50.37 51.33 3472 4291 41.61 4421 4959 49.76 44.69
(7) Haringvliet 33.10 35.18 1792 10.77 1236 16.02 24.00 1570 11.06
(8) Scheldt 7.28 2.74 4.31 3.64 3.59 3.74 4.63 4.57 3.63
(9) Weser 1143 1897 11.80 10.52 10.37 9.72 16.21 12.59 9.58
(10) Firth of Forth 2.72 3.76 2.06 3.01 3.00 2.84 2.85 3.59 3.66
(11) Tyne 1.81 2.25 1.18 2.04 1.92 1.78 2.09 2.70 2.05
(12) Tees 1.33 1.78 0.94 1.59 1.27 1.45 1.49 1.99 1.55
(13) Humber 10.76  12.10 7.16 10.51 7.68 11.11 12.03 13.87 9.60
(14) Wash 5.46 4.39 3.08 391 1.96 2.72 5.24 4.77 3.21
(15) Thames 4.47 3.23 2.41 2.13 0.96 1.57 3.52 3.20 2.38
(16) Eider 0.67 0.97 0.47 0.70 0.68 0.67 0.63 0.58 0.57
Sum 178.2 2074 128.1 1337 131.6 1429 1729 160.7 1344

Table A2. River numbers in Fig. 1, their positions, and source of data.

4239

Number in Fig. 1  Name River mouth position Data source

1 Elbe 53°53/20" N, 08°55'00"” E Piitsch and Lenhart (2008); TA, DIC, and nitrate concentrations by
Amann (2015)

2 Ems 53°29'20" N, 06°55'00” E Pitsch and Lenhart (2008)

3 North Sea Canal 52°17/20" N, 04°15’00” E Pitsch and Lenhart (2008); TA, DIC, and nitrate concentrations
from https://data.europa.eu/euodp/de/data/dataset/data_waterbase-
rivers-7

4 IIsselmeer (east) 53°17'20" N, 05°15'00" E As above

5 IIsselmeer (west) 53°05°20” N, 04°55'00” E As above

6 Nieuwe Waterweg 52°05'20" N, 03°55’00” E As above

7 Haringvliet 51°53/20” N, 03°55'00"” E As above

8 Scheldt 51°2920” N, 03°15’00” E As above

9 Weser 53°53°20” N, 08°15°00" E Pitsch and Lenhart (2008)

10 Firth of Forth 56°05'20" N, 02°45'00” W HASEC (2012)

11 Tyne 55°05'20" N, 01°25'00” W HASEC (2012)

12 Tees 54°41'20" N, 01°05'00” W HASEC (2012)

13 Humber 53°41'20" N, 00°25'00" W HASEC (2012)

14 Wash 52°53/20" N, 00°15'00” E HASEC (2012); sum of four rivers: Nene, Ouse, Welland, and
Witham

15 Thames 51°2920" N, 00°55'00” E HASEC (2012)

16 Eider 54°05'20" N, 08°55'00"” E Johannsen et al. (2008)
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Table A3. Monthly values of TA, DIC, and NO3 concentrations (umol kg_l) of rivers, the annual mean, and the standard deviation.

River parameter Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec Mean SD
Elbe TA 2380 2272 2293 2083 2017 1967 1916 1768 1988 2156 2342 2488 2139 218
North Sea Canal TA 3762 3550 3524 3441 4748 3278 3419 3183 3027 3299 3210 3413 3488 441
Nieuwe Waterweg TA 2778 2708 2765 3006 2883 2658 2876 2695 2834 2761 2834 2927 2810 102
Haringvliet TA 2588 2635 2532 3666 2826 2829 2659 2660 2496 2816 2758 2585 2754 309
Scheldt TA 3781 3863 3708 3725 3758 3626 3722 3514 3367 3666 3825 3801 3696 140
IJsselmeer TA 2829 3005 2472 2259 2611 1864 1672 1419 1445 2172 2286 2551 2215 521
Elbe DIC 2415 2319 2362 2179 2093 2025 1956 1853 2018 2200 2428 2512 2197 211

North Sea Canal DIC 3748 3579 3470 3334 3901 3252 3331 3136 2977 3214 3183 3405 3378 264
Nieuwe Waterweg DIC 2861 2794 2823 2991 2879 2657 2886 2706 2828 2773 2907 3036 2845 108

Haringvliet DIC 2673 2735 2600 3661 2850 2846 2687 2681 2512 2859 2803 2670 2798 292
Scheldt DIC 3798 3909 3829 3737 3704 3592 3705 3490 3316 3648 3733 3868 3694 167
IJsselmeer DIC 2824 3008 2458 2234 2576 1826 1636 1369 1399 2134 2285 2565 2193 538
Elbe NO3 247 330 271 225 193 161 129 103 112 157 267 164 197 72
North Sea Canal NO3 150 168 190 118 79 71 64 73 78 92 107 137 111 42
Nieuwe Waterweg NO3 232 243 231 195 150 140 132 135 113 145 201 220 178 47
Haringvliet NO3 233 252 218 200 143 144 133 117 128 127 143 228 172 50
Scheldt NO3 320 341 347 345 243 221 219 215 189 202 190 274 259 63
IJsselmeer NO3 136 159 190 192 135 46 20 14 7 18 20 79 85 73
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Data availability. The river data are available at https:
/Iwiki.cen.uni-hamburg.de/ifm/ECOHAM/DATA_RIVER

(Uni Hamburg, 2020) and https://data.europa.cu/euodp/de/
data/dataset/data_waterbase-rivers-7 (EEA, 2020). Meteoro-
logical data are stored at https://psl.noaa.gov/ (NOAA, 2020;
Kalnay et al., 1996). The North Sea TA and DIC data are
stored at https://doi.org/10.1594/PANGAEA 438791 (Thomas,
2006) and https://doi.org/10.1594/PANGAEA.441686 (Thomas
and Borges, 2006). The data of the North Sea cruise 2008
have not been published yet but can be requested via the
CODIS data portal (https://www.nioz.nl/en/research/dataportal,
last access: 20 August 2020; registration required). Addi-
tional Wadden Sea TA and DIC data are deposited under
https://doi.org/10.1594/PANGAEA.841976 (Winde et al., 2015).
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