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Abstract 17 

The coastal ocean is strongly affected by ocean acidification because it is shallow, has a low 18 

volume, and is in close contact with terrestrial dynamics. Earlier observations of dissolved 19 

inorganic carbon (DIC) and total alkalinity (TA) in the southern part of the North Sea and the 20 

German Bight, a Northwest-European shelf sea, have revealed lower acidification effects 21 

than expected. It has been assumed that anaerobic degradation and subsequent TA release 22 

in the adjacent back-barrier tidal areas (‘Wadden Sea’) in summer time is responsible for this 23 

phenomenon.  In this study the exchange rates of TA and DIC between the Wadden Sea tidal 24 

basins and the North Sea and the consequences for the carbonate system in the German 25 

Bight are estimated using a 3-D ecosystem model. Aim of this work is to reproduce the 26 

observed high summer TA concentrations in the southern North Sea and to differentiate the 27 

various sources contributing to these elevated values. Observed TA and DIC concentrations 28 
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in the Wadden Sea are considered as model boundary conditions. This procedure 29 

acknowledges the dynamic behaviour of the Wadden Sea as an area of effective production 30 

and decomposition of organic material. In addition, modelled tidal water mass exchange is 31 

used to transport material between the open North Sea and the Wadden Sea. In the model, 32 

39 Gmol TA yr-1 were exported from the Wadden Sea into the North Sea, which is lower than 33 

a previous estimate, but within a comparable range. Furthermore, the interannual 34 

variabilities of TA and DIC concentrations, which were mainly driven by hydrodynamic 35 

conditions, were examined for the years 2001 – 2009. Variability in the carbonate system of 36 

the German Bight is related to weather in that the occurrence of weak meteorological 37 

“blocking situations” leads to enhanced accumulation of TA there. The results suggest that 38 

the Wadden Sea is an important driver of the carbonate system variability in the southern 39 

North Sea. According to the model results, on average 41 % of all TA mass changes in the 40 

German Bight are caused by river input, 37 % by net transport from adjacent North Sea 41 

sectors, 16 % by Wadden Sea export, 6 % are caused by the internal net production of TA. 42 

The effect on TA concentration change are very low for river input, as these freshwater 43 

fluxes on average slightly dilute the marine TA concentration. The ratio of exported TA and 44 

DIC reflects the dominant underlying biogeochemical processes in the different Wadden Sea 45 

areas. Aerobic degradation of organic matter plays a key role in the North Frisian Wadden 46 

Sea during all seasons of the year. In the East Frisian Wadden Sea anaerobic degradation of 47 

organic matter dominated, including denitrification, sulphate, and iron reduction. 48 

 49 

1. Introduction 50 

Shelf seas are highly productive areas constituting the interface between the inhabited 51 

coastal areas and the global ocean. Although they represent only 7.6% of the world ocean’s 52 

area, current estimates assume that they contribute approximately 21% to total global 53 

ocean CO2 sequestration (Borges, 2011). At the global scale the uncertainties of these 54 

estimates are significant due to the lack of spatially and temporally resolved field data. Some 55 

studies investigated regional carbon cycles in detail (e.g., Kempe & Pegler, 1991; Brasse et 56 

al., 1999; Reimer et al., 1999; Thomas et al., 2004; 2009; Artioli et al., 2012; Lorkowski et al., 57 

2012; Burt et al., 2016; Shadwick et al., 2011; Laruelle et al., 2014; Carvalho et al., 2017) and 58 

pointed out sources of uncertainties specifically for coastal settings. pH variations in coastal- 59 
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and shelf regions, for example, can be up to an order of magnitude higher than in the open 60 

ocean (Provoost et al, 2010). Also, the nearshore effects of CO2 uptake and acidification are 61 

difficult to determine, because of the shallow water depth and a possible superposition by 62 

benthic-pelagic coupling, and strong variations in fluxes of TA are associated with inflow of 63 

nutrients from rivers, pelagic nutrient driven production and respiration (Provoost et al., 64 

2010), submarine groundwater discharge (SGD; Winde et al., 2014), and from benthic-65 

pelagic pore water exchange (e.g., Billerbeck et al., 2006; Riedel et al., 2010; Moore et al., 66 

2011; Winde et al., 2014; Santos et al., 2012; 2015; Brenner et al., 2016; Burt et al., 2014, 67 

2016; Seibert et al., 2019). Finally, shifts within the carbonate system are driven by impacts 68 

from watershed processes and amplified by changes in ecosystem structure and metabolism 69 

(Duarte et al., 2013). 70 

Berner et al. (1970) and Ben-Yakoov (1973) were among the first who investigated elevated 71 

TA and pH variations caused by microbial dissimilatory sulphate reduction in the anoxic pore 72 

water of sediments. At the Californian coast, the observed enhanced TA export from 73 

sediments was related to the burial of reduced sulphur compounds (pyrite) (Dollar et al., 74 

1991; Smith & Hollibaugh, 1993; Chambers et al., 1994). Other studies conducted in the 75 

Satilla and Altamaha estuaries and the adjacent continental shelf found non-conservative 76 

mixing lines of TA versus salinity, which was attributed to anaerobic TA production in 77 

nearshore sediments (Wang & Cai, 2004; Cai et al., 2010). Iron dynamics and pyrite 78 

formation in the Baltic Sea were found to impact benthic TA generation from the sediments 79 

(Gustafsson et al., 2019; Łukawska-Matuszewska and Graca, 2017). 80 

The focus of the present study is the southern part of the North Sea located on the 81 

Northwest European Shelf. This shallow part of the North Sea is connected with the tidal 82 

basins of the Wadden Sea via deep channels between barrier islands enabling an exchange 83 

of water, and dissolved and suspended material (Rullkötter, 2009; Lettmann et al., 2009; 84 

Kohlmeier and Ebenhöh, 2009). The Wadden Sea extends from Den Helder (The 85 

Netherlands) in the west to Esbjerg (Denmark) in the north and covers an area of about 9500 86 

km2 (Ehlers, 1994). The entire system is characterised by semidiurnal tides with a tidal range 87 

between 1.5 m in the westernmost part and 4 m in the estuaries of the rivers Weser and 88 

Elbe (Streif, 1990). During low tide about 50 % of the area are falling dry (van Beusekom et 89 

al., 2019). Large rivers discharge nutrients into the Wadden Sea, which in turn shows a high 90 
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degree of eutrophication, aggravated by mineralisation of organic material imported into the 91 

Wadden Sea from the open North Sea (van Beusekom et al., 2012).  92 

In comparison to the central and northern part of the North Sea, TA concentrations in the 93 

southern part are significantly elevated during summer (Salt et al., 2013; Thomas et al., 94 

2009; Brenner et al., 2016; Burt et al., 2016). The observed high TA concentrations have 95 

been attributed to an impact from the adjacent tidal areas (Hoppema, 1990; Kempe & 96 

Pegler, 1991; Brasse et al., 1999; Reimer et al., 1999; Thomas et al., 2009; Winde et al., 97 

2014), but this impact has not been rigorously quantified. Using several assumptions, 98 

Thomas et al. (2009) calculated an annual TA export from the Wadden Sea / Southern Bight 99 

of 73 Gmol TA yr-1 to close the TA budget for the entire North Sea.  100 

The aim of this study is to reproduce the elevated summer concentrations of TA in the 101 

southern North Sea with a 3D biogeochemical model that has TA as prognostic variable. 102 

With this tool in hand, we budget TA in the relevant area on an annual basis. Quantifying the 103 

different budget terms, like river input, Wadden Sea export, internal pelagic and benthic 104 

production, degradation and respiration allows to determine the most important 105 

contributors to TA variations. In this way we refine the budget terms by Thomas et al. (2009) 106 

and replace the original closing term by data. The new results are discussed on the 107 

background of the budget approach proposed by Thomas et al. (2009). 108 

2. Methods 109 

2.1. Model specifications 110 

2.1.1. Model domain and validation area 111 

The ECOHAM model domain for this study (Fig. 1) was first applied by Pätsch et al. (2010). 112 

For model validations (magenta: validation area, Fig. 1), an area was chosen that includes 113 

the German Bight as well as parts of the Danish and the Dutch coast. The western boundary 114 

of the validation area is situated at 4.5° E. The southern and northern boundaries are at 115 

53.5° and 55.5° N, respectively. The validation area is divided by the magenta dashed line at 116 

7° E into the western and eastern part. For the calculation of box averages of DIC and TA a 117 

bias towards the deeper areas with more volume and more data should be avoided. 118 

Therefore, each water column covered with data within the validation area delivered one 119 

mean value, which is calculated by vertical averaging. These mean water column averages 120 
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were horizontally interpolated onto the model grid. After this procedure average box values 121 

were calculated. In case of box-averaging model output, the same procedure was applied, 122 

but without horizontal interpolation.  123 

2.1.2. The hydrodynamic module 124 

The physical parameters temperature, salinity, horizontal and vertical advection as well as 125 

turbulent mixing were calculated by the submodule HAMSOM (Backhaus, 1985), which was 126 

integrated in the ECOHAM model. It is a baroclinic primitive equation model using the 127 

hydrostatic and Boussinesq approximation. It is applied to several regional sea areas 128 

worldwide. Details are described by Backhaus & Hainbucher (1987) and Pohlmann (1996). 129 

The hydrodynamic model ran prior to the biogeochemical part. Daily result fields were 130 

stored for driving the biogeochemical model in offline mode. Surface elevation, temperature 131 

and salinity resulting from the Northwest European Shelf model application (Lorkowski et al., 132 

2012) were used as boundary conditions at the southern and northern boundaries. The 133 

temperature of the shelf run by Lorkowski et al. (2012) showed a constant offset compared 134 

with observations (their Fig. 3), because incoming solar radiation was calculated too high. 135 

For the present simulations the shelf run has been repeated with adequate solar radiation 136 

forcing. 137 

River-induced horizontal transport due to the hydraulic gradient is incorporated (Große et 138 

al., 2017; Kerimoglu et al., 2018). This component of the hydrodynamic horizontal transport 139 

corresponds to the amount of freshwater discharge. 140 

Within this study we use the term flushing time. It is the average time when a basin is filled 141 

with lateral advected water. The flushing time is depending on the specific basin. Large 142 

basins have usually higher flushing times than smaller basins. High flushing times correspond 143 

with low water renewal times.      144 

2.1.3. The biogeochemical module 145 

The relevant biogeochemical processes and their parameterisations have been detailed in 146 

Lorkowski et al. (2012). In former model setups TA was restored to prescribed values derived 147 

from observations (Thomas et al., 2009) with a relaxation time of two weeks (Kühn et al., 148 

2010; Lorkowski et al., 2012). The changes in TA treatment for the study at hand is described 149 

below. Results from the Northwest European Shelf model application (Lorkowski et al., 2012) 150 
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were used as boundary conditions for the recent biogeochemical simulations at the southern 151 

and northern boundaries (Fig. 1).  152 

The main model extension was the introduction of a prognostic treatment of TA in order to 153 

study the impact of biogeochemical and physical driven changes of TA onto the carbonate 154 

system and especially on acidification (Pätsch et al., 2018). The physical part contains 155 

advective and mixing processes as well as dilution by riverine freshwater input. The pelagic 156 

biogeochemical part is driven by planktonic production and respiration, formation and 157 

dissolution of calcite, pelagic and benthic degradation and remineralisation, and also by 158 

atmospheric deposition of reduced and oxidised nitrogen. All these processes impact TA. 159 

Benthic denitrification and other anaerobic processes have no impact on pelagic TA 160 

concentrations in this model version. Only the carbonate ions from benthic calcite dilution 161 

and the remineralisation products ammonium and phosphate which enter the pelagic 162 

system across the benthic-pelagic interface alter the pelagic TA concentration. The 163 

theoretical background to this has been outlined by Wolf-Gladrow et al. (2007). 164 

The years 2001 to 2009 were simulated with 3 spin up years in 2000. Two different scenarios 165 

(A and B) were conducted. Scenario A is the reference scenario without implementation of 166 

any Wadden Sea processes. For scenario B we used the same model configuration as for 167 

scenario A and additionally implemented Wadden Sea export rates of TA and DIC as 168 

described above. The respective Wadden Sea export rates (Fig. 2) are calculated by the 169 

temporal integration of the product of wad_sta and wad_exc over one month (see equation 170 

2).  171 

2.2. External sources and boundary conditions 172 

2.2.1. Freshwater discharge 173 

Daily data of freshwater fluxes from 16 rivers were used (Fig. 1). For the German Bight and 174 

the other continental rivers daily observations of runoff provided by Pätsch & Lenhart (2008) 175 

were incorporated. The discharges of the rivers Elbe, Weser and Ems were increased by 21%, 176 

19% and 30% in order to take additional drainage into account that originated from the area 177 

downstream of the respective points of observation (Radach and Pätsch, 2007). The 178 

respective tracer loads were increased accordingly. The data of Neal (2002) were 179 

implemented for the British rivers for all years with daily values for freshwater. The annual 180 
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amounts of freshwater of the different rivers are shown in the appendix (Table A1). Riverine 181 

freshwater discharge was also considered for the calculation of the concentrations of all 182 

biogeochemical tracers in the model.  183 

2.2.2. River input 184 

Data sources 185 

River load data for the main continental rivers were taken from the report by Pätsch & 186 

Lenhart (2008) that was kept up to date continuously so that data for the years 2007 – 2009 187 

were also available (https://wiki.cen.uni-hamburg.de/ifm/ECOHAM/DATA_RIVER). They 188 

calculated daily loads of nutrients and organic matter based on data provided by the 189 

different river authorities. Additionally, loads of the River Eider were calculated according to 190 

Johannsen et al. (2008). 191 

Up to now, all ECOHAM applications used constant riverine DIC concentrations. TA was not 192 

used. For the study at hand we introduced time varying riverine TA and DIC concentrations. 193 

New data of freshwater discharge were introduced, as well as TA and DIC loads for the 194 

British rivers (Neal, 2002). Monthly mean concentrations of nitrate, TA and DIC were added 195 

for the Dutch rivers (www.waterbase.nl) and for the German river Elbe (Amann et al., 2015). 196 

The Dutch river data were observed in the years 2007 – 2009. The river Elbe data were taken 197 

in the years 2009 – 2011. These concentration data were prescribed for all simulation years 198 

as mean annual cycle. 199 

The data sources and positions of the river mouths of all 16 rivers are shown in Table A2 and 200 

in Fig. 1. The respective riverine concentrations of TA and DIC are given in Table A3. The 201 

Dutch data were observed in the years 2007 – 2009. The river Elbe data stem from the years 202 

2009 – 2011. Schwichtenberg (2013) describes the river data in detail.  203 

A few small flood gates (“Siel”) and rivers transport fresh water from the recharge areas into 204 

the intertidal areas (Streif, 1990). The recharge areas for these inlets differ considerably 205 

from each other, leading to different relative contributions for the fresh water input. 206 

Whereas the catchments of Schweiburger Siel (22.2 km2) and the Hooksieler Binnentief are 207 

only of minor importance, the Vareler Siel, the Eckenwarder Siel, and the Maade Siel are of 208 

medium importance, and the highest contribution may originate from the Wangersiel, the 209 

Dangaster Siel, and the Jade-Wapeler Siel (Lipinski, 1999).  210 
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 211 

Effective river input 212 

In order to analyse the net effect of river input, the effective river input (Riveff [Gmol yr-1]) is 213 

introduced: 214 

 215 

������ =
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 216 

with ΔC|riv [µmol kg-1] : the concentration change in the river mouth cell due to river load riv 217 

and the freshwater flux from the river. V [l] is the volume of the river mouth cell, ρ [kg l-1] 218 

density of water, yr is one year, C [10-15 l-1] is a constant.  219 

Bulk alkalinity discharged by rivers is quite large but most of the rivers entering the North 220 

Sea (here the German Bight) have lower TA concentrations than the sea water. In case of 221 

identical concentrations the effective river load Riveff  is zero. The TA related molecules enter 222 

the sea, and in most cases they are leaving it via transport. In case of tracing or budgeting 223 

both the real TA river discharge and the transport must be recognized. In order to 224 

understand TA concentration changes in the sea Riveff is appropriate.  225 

 226 

2.2.3. Meteorological forcing 227 

The meteorological forcing was provided by NCEP Reanalysis (Kalnay et al., 1996) and 228 

interpolated on the model grid field. It consisted of six-hourly fields of air temperature, 229 

relative humidity, cloud coverage, wind speed, atmospheric pressure, and wind stress for 230 

every year. 2-hourly and daily mean short wave radiation were calculated from astronomic 231 

insolation and cloudiness with an improved formula (Lorkowski et al., 2012). 232 

2.3. The Wadden Sea 233 

2.3.1. Implementation of Wadden Sea dynamics 234 

For the present study the exchange of TA and DIC between North Sea and Wadden Sea was 235 

implemented into the model by defining sinks and sources of TA and DIC for some of the 236 

south-eastern cells of the North Sea grid (Fig. 1). The cells with adjacent Wadden Sea were 237 
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separated into three exchange areas: The East Frisian, the North Frisian Wadden Sea and the 238 

Jade Bay, marked by “E”, “N” and “J” (Fig. 1, right side). 239 

Two parameters were determined in order to quantify the TA and DIC exchange between 240 

the Wadden Sea and the North Sea. 241 

1. Concentration changes of pelagic TA and DIC in the Wadden Sea during one tide, and 242 

2. Water mass exchange between the back-barrier islands and the open sea during one 243 

tide 244 

Measured concentrations of TA and DIC (Winde, 2013; Winde et al., 2014) as well as 245 

modelled water mass exchange rates of the export areas by Grashorn (2015) served as bases 246 

for the calculated exchange. Details on flux calculations and measurements are described 247 

below. The daily Wadden Sea exchange of TA and DIC was calculated as: 248 

 249 

 

(2) 

 250 

Differences in measured concentrations in the Wadden Sea during rising and falling water 251 

levels were temporally interpolated and summarized as wad_sta [mmol m-3]. Modelled daily 252 

Wadden Sea exchange rates of water masses (tidal prisms during falling water level) were 253 

defined as wad_exc [m³ d-1], and the volume of the corresponding North Sea grid cell was vol 254 

[m3]. wad_flu [mmol m-3 d-1] were the daily concentration changes of TA and DIC in the 255 

respective North Sea grid cells. 256 

In fact, some amounts of the tidal prisms return without mixing with North Sea water, and 257 

calculations of Wadden Sea – North Sea exchange should therefore consider flushing times 258 

in the respective back-barrier areas. Since differences in measured concentrations between 259 

rising and falling water levels were used, this effect is already assumed to be represented in 260 

the data. This approach enabled the use of tidal prisms without consideration of any flushing 261 

times. 262 



10 

 

2.3.2. Wadden Sea - measurements 263 

The flux calculations for the Wadden Sea – North Sea exchange were carried out in tidal 264 

basins of the East and North Frisian Wadden Sea (Spiekeroog Island, Sylt-Rømø) as well as in 265 

the Jade Bay. For the present study seawater samples representing tidal cycles during 266 

different seasons (Winde, 2013). The mean concentrations of TA and DIC during rising and 267 

falling water levels and the respective differences (ΔTA and ΔDIC) are given in Table 1. 268 

Measurements in August 2002 were taken from Moore et al. (2011). The Δ-values were used 269 

as wad_sta and were linearly interpolated between the times of observations for the 270 

simulations. In this procedure, the linear progress of the Δ-values does not represent the 271 

natural behaviour perfectly, especially if only few data are available. As a consequence, 272 

possible short events of high TA and DIC export rates that occurred in periods outside the 273 

observation periods may have been missed. 274 

Due to the low number of concentration measurements a statistical analysis of uncertainties 275 

of ΔTA and ΔDIC was not possible. They were measured with a lag of 2 hours after low tide 276 

and high tide. This was done in order to obtain representative concentrations of rising and 277 

falling water levels. As a consequence, only 2 - 3 measurements for each location and season 278 

were considered for calculations of ΔTA and ΔDIC. 279 

2.3.3. Wadden Sea – modelling the exchange rates 280 

Grashorn (2015) performed the hydrodynamic computations of exchanged water masses 281 

(wad_exc) with the model FVCOM (Chen et al., 2003) by adding up the cumulative seaward 282 

transport during falling water level (tidal prisms) between the back-barrier islands that were 283 

located near the respective ECOHAM cells with adjacent Wadden Sea area. These values are 284 

given in Table 2 for each ECOHAM cell in the respective export areas. The definition of the 285 

first cell N1 and the last cell E4 is in accordance to the clockwise order in Fig. 1 (right side). 286 

The mean daily runoff of all N-, J- and E-positions was 8.1 km³ d-1, 0.8 km³ d-1 and 2.3 km³d-1 287 

respectively.  288 

2.3.4. Additional Sampling of DIC and TA 289 

DIC and TA concentrations for selected freshwater inlets sampled in October 2010 and May 290 

2011 are presented in Table 3. Sampling and analyses took place as described by Winde et 291 

al. (2014) and are here reported for completeness and input for discussion only. The autumn 292 

data are deposited under doi:10.1594/PANGEA.841976. The samples for TA measurements 293 
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were filled without headspace into pre-cleaned 12 ccm Exetainer®, filled with 0.1ml 294 

saturated HgCl2 solution. The samples for DIC analysis were completely filled into 250 ccm 295 

ground-glass-stoppered bottles, and then poisoned with 100 µl of a saturated HgCl2 solution. 296 

The DIC concentrations were determined at IOW by coulometric titration according to 297 

Johnson et al. (1993), using reference material provided by A. Dickson (University of 298 

California, San Diego; Dickson et al., 2003) for the calibration (batch 102). TA was measured 299 

by potentiometric titration using HCl using a Schott titri plus equipped with an IOline 300 

electrode A157. Standard deviations for DIC and TA measurements were better than +/-2 301 

and +/-10 µmol kg-1, respectively. 302 

 303 

2.4. Statistical analysis 304 

A statistical overview of the simulation results in comparison to the observations (Salt et al., 305 

2013) is given in Table 4 and 5. In the validation area (magenta box in Fig. 1) observations of 306 

10 different stations were available, each with four to six measurements at different depths 307 

(51 measured points). Measured TA and DIC concentrations of each point were compared 308 

with modelled TA and DIC concentrations in the respective grid cells, respectively. The 309 

standard deviations (Stdv), the root mean square errors (RMSE), and correlation coefficients 310 

(r) were calculated for each simulation. In addition to the year 2008, which we focus on in 311 

this study, observations were performed at the same positions in summer 2005 and 2001. 312 

These data are also statistically compared with the model results.  313 

3. Results 314 

3.1. Model validation - TA concentrations in summer 2008 315 

The results of scenarios A and B were compared with observations of TA in August 2008 (Salt 316 

et al., 2013) for surface water. The observations revealed high TA concentrations in the 317 

German Bight (east of 7°E and south of 55°N) and around the Danish coast (around 56°N) as 318 

shown in Fig. 3a. The observed concentrations in these areas ranged between 2350 and 319 

2387 μmol TA kg-1. These findings were in accordance with observed TA concentrations in 320 

August / September 2001 (Thomas et al., 2009). TA concentrations in other parts of the 321 

observation domain ranged between 2270 μmol TA kg-1 near the British coast (53°N – 56°N) 322 

and 2330 μmol TA kg-1 near the Dutch coast and the Channel. In the validation box the 323 
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overall average and the standard deviation of all observed TA concentrations (Stdv) was 324 

2334 and 33 μmol TA kg-1, respectively. 325 

In scenario A the simulated surface TA concentrations showed a more homogeneous pattern 326 

than observations with maximum values of 2396 μmol TA kg-1 at the western part of the 327 

Dutch coast and even higher (2450 μmol TA kg-1) in the river mouth of the Wash estuary at 328 

the British coast. Minimum values of 2235 and 2274 μmol TA kg-1 were simulated at the 329 

mouths of the rivers Elbe and Firth of Forth. The modelled TA concentration ranged from 330 

2332 to 2351 μmol TA kg-1 in the German Bight and in the Jade Bay. Strongest 331 

underestimations in relation to observations are located in a band close to the coast 332 

stretching from the East Frisian Islands to 57° N at the Danish coast (Fig. 4a). The deviation of 333 

simulation results of scenario A from observations in the validation box was represented by 334 

a RMSE of 28 μmol TA kg-1. The standard deviation was 7 μmol TA kg-1 and the correlation 335 

amounted to r=0.77 (Table 4). In the years 2005 and 2001 similar statistical values are found, 336 

but the correlation coefficient was smaller. 337 

The scenario B was based on a Wadden Sea export of TA and DIC as described above. The 338 

major difference in TA concentrations of this scenario compared to A occurred east of 6.5°E. 339 

Surface TA concentrations there peaked in the Jade Bay (2769 μmol TA kg-1) and were 340 

elevated off the North Frisian and Danish coasts from 54.2° to 56° N (> 2400 μmol TA kg-1 ). 341 

Strongest underestimations in relation to observations are noted off the Danish coast 342 

between 56 and 57° N (Fig. 4b). In the German Bight the model overestimated the 343 

observations slightly, while at the East Frisian Islands the model underestimates TA. When 344 

approaching the Dutch Frisian Islands the simulation overestimates TA compared to 345 

observations and strongest overestimations can be seen near the river mouth of River Rhine. 346 

Compared to scenario A the simulation of scenario B was closer to the observations in terms 347 

of RMSE (18 μmol TA kg-1) and the standard deviation (Stdv = 22 μmol TA kg-1). Also the 348 

correlation (r = 0.86) improved (Table 4). In the years 2001 and 2005 the observed mean 349 

values are slightly overestimated by the model. The statistical values for 2001 are better 350 

than for 2005, where scenario A better compares with the observations.  351 

 352 
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3.2. Model validation - DIC concentrations in summer 2008 353 

Analogously to TA the simulation results were compared with surface observations of DIC 354 

concentrations in summer 2008 (Salt et al., 2013). They also revealed high values in the 355 

German Bight (east of 7 °E and south of 55°N) and around the Danish coast (near 56°N) 356 

which is shown in Fig. 5. The observed DIC concentrations in these areas ranged between 357 

2110 and 2173 μmol DIC kg-1. Observed DIC concentrations in other parts of the model 358 

domain ranged between 2030 and 2070 μmol DIC kg-1 in the north western part and 2080 - 359 

2117 μmol DIC kg-1 at the Dutch coast. In the validation box the overall average and the 360 

standard deviation of all observed DIC concentrations were 2108 and 25.09 μmol DIC kg-1, 361 

respectively. 362 

The DIC concentrations in scenario A ranged between 1935 and 1977 μmol DIC kg-1 at the 363 

North Frisian and  Danish coast (54.5°N - 55.5°N) and 1965 μmol DIC kg-1 in the Jade Bay. 364 

Maxima of up to 2164 μmol DIC kg-1 were modelled at the western part of the Dutch coast 365 

north of the mouth of River Rhine (Fig. 5). The DIC concentrations in the German Bight 366 

showed a heterogeneous pattern in the model, and sometimes values decreased from west 367 

to east, which contrasts the observations (Fig. 5a). This may be the reason for the negative 368 

correlation coefficient r= -0.64 between model and observations (Table 5). The significant 369 

deviation from observation of results from scenario A is also indicated by the RMSE of 43 370 

μmol DIC kg-1, and a standard deviation of 14 μmol DIC kg-1. In 2001 and 2005 the simulation 371 

results of this scenario A are better, which is expressed in positive correlation coefficients 372 

and small RMSE values. 373 

In scenario B the surface DIC concentrations at the Wadden Sea coasts increased: The North 374 

Frisian coast shows concentrations of up to 2200 μmol DIC kg-1 while the German Bight has 375 

values of 2100 – 2160 μmol DIC kg-1, and Jade Bay concentrations were higher than 2250 376 

μmol DIC kg-1. The other areas are comparable to scenario A. In scenario B the RMSE in the 377 

validation box decreased to 26 μmol DIC kg-1 in comparison to scenario A. The standard 378 

deviation decreased to 9.1 μmol DIC kg-1, and the correlation improved to r=0.55 (Table 5). 379 

The average values are close to the observed ones for all years, even though in 2005 a large 380 

RMSE was found.  381 
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The comparison between observations and simulation results of scenario A (Fig. 4c) clearly 382 

show model underestimations in the south-eastern area and are strongest in the inner 383 

German Bight towards the North Frisian coast (> 120 μmol DIC kg-1). Scenario B also models 384 

values lower than observations in the south-eastern area (Fig. 4d), but the agreement 385 

between observation and model results is reasonable. Only off the Danish coast near 6.5°E, 386 

56° N the model underestimates DIC by 93 μmol DIC kg-1.  387 

3.3. Hydrodynamic conditions and flushing times 388 

The calculations of Wadden Sea TA export in Thomas et al. (2009) were based on several 389 

assumptions concerning riverine input of bulk TA and nitrate, atmospheric deposition of 390 

NOx, water column inventories of nitrate and the exchange between the Southern Bight and 391 

the adjacent North Sea (Lenhart et al., 1995). The latter was computed by considering that 392 

the water in the Southern Bight is flushed with water of the adjacent open North Sea at time 393 

scales of six weeks. For the study at hand, flushing times in the validation area in summer 394 

and winter are presented for the years 2001 to 2009 in Fig. 6. Additionally, monthly mean 395 

flow patterns of the model area are presented for June, July and August for the years 2003 396 

and 2008, respectively (Fig. 7). They were chosen to highlight the pattern in summer 2003 397 

with one of the highest flushing times (lowest water renewal times), and that in 2008 398 

corresponding to one of the lowest flushing times (highest water renewal times). 399 

The flushing times were determined for the three areas 1 – validation area, 2 – western part 400 

of the validation area, 3 – eastern part of the validation area. They were calculated by 401 

dividing the total volume of the respective areas 1 – 3 by the total inflow into the areas m3 402 

(m3 s-1)-1. Flushing times (rounded to integer values) were consistently higher in summer 403 

than in winter, meaning that highest inflow occurred in winter. Summer flushing times in the 404 

whole validation area ranged from 54 days in 2008 to 81 days in 2003 and 2006, whereas the 405 

winter values in the same area ranged from 32 days in 2008 to 51 days in 2003 and 2009. 406 

The flushing times in the western and eastern part of the validation area were smaller due to 407 

the smaller box sizes. Due to the position, flushing times in the western part were 408 

consistently shorter than in the eastern part. These differences ranged from 5 days in winter 409 

2002 to 14 days in summer 2006 and 2008. The interannual variabilities of all areas were 410 

higher in summer than in winter. 411 
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The North Sea is mainly characterised by an anti-clockwise circulation pattern (Otto et al., 412 

1990; Pätsch et al., 2017). This can be observed for the summer months in 2008 (Fig. 7). 413 

More disturbed circulation patterns in the south-eastern part of the model domain occurred 414 

in June 2003: In the German Bight and in the adjacent western area two gyres with reversed 415 

rotating direction are dominant. In August 2003 the complete eastern part shows a 416 

clockwise rotation which is due to the effect of easterly winds as opposed to prevalent 417 

westerlies. In this context such a situation is called meteorological blocking situation.  418 

3.4. Seasonal and interannual variability of TA and DIC concentrations 419 

The period from 2001 to 2009 was simulated for the scenarios A and B. For both scenarios 420 

monthly mean surface concentrations of TA were calculated in the validation area and are 421 

shown in Fig. 8a and 8b. The highest TA concentration in scenario A was 2329 µmol TA kg-1 422 

and occurred in July 2003. The lowest TA concentrations in each year were about 2313 to 423 

2318 µmol TA kg-1 and occurred in February and March. Scenario B showed generally higher 424 

values: Summer concentrations were in the range of 2348 to 2362 µmol TA kg-1 and the 425 

values peaked in 2003. The lowest values occurred in the years 2004 – 2008. Also winter 426 

values were higher in scenario B than in scenario A: They range from 2322 to 2335 µmol TA 427 

kg-1.  428 

 429 

Corresponding to TA, monthly mean surface DIC concentrations in the validation area are 430 

shown in Fig. 8c and 8d. In scenario A the concentrations increased from October to 431 

February and decreased from March to August (Fig. 8c). In scenario B the time interval with 432 

increasing concentrations was extended into March. Maximum values of 2152 to 2172 µmol 433 

DIC kg-1 in scenario A occur in February and March of each model year, and minimum values 434 

of 2060 to 2080 µmol DIC kg-1 in August. Scenario B shows generally higher values: Highest 435 

values in February and March are 2161 to 2191 µmol DIC kg-1. Lowest values in August range 436 

from 2095 to 2112 µmol DIC kg-1. The amplitude of the annual cycle is smaller in scenario B, 437 

because the Wadden Sea export shows highest values in summer (Fig. 2). 438 

The pattern of the monthly TA and DIC concentrations of the reference scenario A differ 439 

drastically in that TA does not show a strong seasonal variability, whereas DIC does vary 440 

significantly. In case of DIC this is due to the biological drawdown during summer. On the 441 
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other hand the additional input (scenario B) from the Wadden Sea in summer creates a 442 

strong seasonality for TA and instead flattens the variations in DIC. 443 

4. Discussion 444 

 445 

Thomas et al. (2009) estimated the contribution of shallow intertidal and subtidal areas to 446 

the alkalinity budget of the SE North Sea. That estimate (by closure of mass fluxes) was 447 

about 73 Gmol TA yr-1 originating from the Wadden Sea fringing the southern and eastern 448 

coast. These calculations were based on observations from the CANOBA dataset in 2001 and 449 

2002. The observed high TA concentrations in the south eastern North Sea were also 450 

encountered in August 2008 (Salt et al., 2013) and these measurements were used for the 451 

main model validation in this study. Our simulations result in 39 Gmol TA yr-1 as export from 452 

the Wadden Sea into the North Sea. Former modelling studies of the carbonate system of 453 

the North Sea (Artioli et al., 2012, Lorkowski et al., 2012) did not consider the Wadden Sea 454 

as a source of TA and DIC, and good to reasonable agreement to observations from the 455 

CANOBA dataset was only achieved in the open North Sea in 2001 / 2002 (Thomas et al., 456 

2009). Subsequent simulations that included TA export from aerobic and anaerobic 457 

processes in the sediment improved the agreement between data and models (Pätsch et al., 458 

2018). When focusing on the German Bight, however, the observed high TA concentrations 459 

in summer measurements east of 7°E could not be simulated satisfactorily.  460 

The present study confirms the Wadden Sea as an important TA source for the German Bight 461 

and quantifies the annual Wadden Sea TA export rate to 39 Gmol TA yr-1. Additionally, the 462 

contributions by most important rivers have been more precisely quantified and narrow 463 

down uncertainties in the budgets of TA and DIC in the German Bight. All steps that were 464 

required to calculate the budget including uncertainties are discussed in the following. 465 

 466 

4.1. Uncertainties of Wadden Sea – German Bight exchange rates of TA and DIC 467 

The Wadden Sea is an area of effective benthic decomposition of organic material (Böttcher 468 

et al., 2004; Billerbeck et al., 2006; Al-Rai et al., 2009; van Beusekom et al., 2012) originating 469 

both from land and from the North Sea (Thomas et al., 2009). In general, anaerobic 470 
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decomposition of the organic matter generates TA and increases the CO2 buffer capacity of 471 

seawater. On longer time scales TA can only be generated by processes that involve 472 

permanent loss of anaerobic remineralisation products (Hu and Cai, 2011). A second 473 

precondition is the nutrient availability to produce organic matter, which in turn serves as 474 

necessary component of anaerobic decomposition (Gustafsson et al., 2019). The Wadden 475 

Sea export rates of TA and DIC modelled in the present study are based on concentration 476 

measurements during tidal cycles in the years 2002 and 2009 to 2011 (Table 1), and on 477 

calculated tidal prisms of two day-periods that are considered to be representative of annual 478 

mean values. This approach introduces uncertainties with respect to the true amplitudes of 479 

concentrations differences in the tidal cycle and in seasonality due to the fact that 480 

differences in concentrations during falling and rising water levels were linearly interpolated. 481 

These interpolated values are based on four to five measurements in the three export areas 482 

and were conducted in different years. Consequently, the approach does not reproduce the 483 

exact TA and DIC concentrations in the years 2001 to 2009, because only meteorological 484 

forcing, river loads and nitrogen deposition were specified for these particular years. The 485 

simulation of scenario B thus only approximates Wadden Sea export rates. More 486 

measurements distributed with higher resolution over the annual cycle would clearly 487 

improve our estimates. Nevertheless, the implementation of Wadden Sea export rates here 488 

results in improved reproduction of observed high TA concentrations in the German Bight in 489 

summer in comparison to the reference run A (Fig. 3).  490 

We calculated the sensitivity of our modelled annual TA export rates on uncertainties of the 491 

Δ-values of Table 1. As the different areas North- and East Frisian Wadden Sea and Jade Bay 492 

has different exchange rates of water, for each region the uncertainty of 1 μmol kg-1 in ΔTA 493 

at all times has been calculated. The East Frisian Wadden Sea export would differ by 0.84 494 

Gmol TA yr-1, the Jade Bay export by 0.09 Gmol TA yr-1 and the North Frisian export by 3 495 

Gmol TA yr-1.  496 

Primary processes that contribute to the TA generation in the Wadden Sea are 497 

denitrification, sulphate reduction, or processes that are coupled to sulphate reduction and 498 

other processes (Thomas et al., 2009). In our model, the implemented benthic denitrification 499 

does not generate TA (Seitzinger & Giblin, 1996), because modelled benthic denitrification 500 

does not consume nitrate (Pätsch & Kühn, 2008). Benthic denitrification is coupled to 501 
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nitrification in the upper layer of the sediment (Raaphorst et al., 1990), giving reason for 502 

neglecting TA generation by this process in the model. The modelled production of N2 by 503 

benthic denitrification falls in the range of 20 – 25 Gmol N yr-1 in the validation area, which 504 

would result in a TA production of about 19 – 23 Gmol TA yr-1 (Brenner et al., 2016). In the 505 

model nitrate uptake by phytoplankton produces about 40 Gmol TA yr-1, which partly 506 

compensates the missing TA generation by benthic denitrification. This amount of nitrate 507 

would not fully be available for primary production if parts of it would be consumed by 508 

denitrification. Different from this, the TA budget of Thomas et al. (2009) included estimates 509 

for the entire benthic denitrification as a TA generating process.  510 

Sulphate reduction (not modelled here) also contributes to alkalinity generation. On longer 511 

time scales the net effect is vanishing as the major part of the reduced components are 512 

immediately re-oxidized in contact with oxygen. Iron- and sulphate - reduction generates TA 513 

but only their reaction product iron sulphide (essentially pyrite) conserves the reduced 514 

components from re-oxidation. As the formation of pyrite consumes TA, the TA contribution 515 

of iron reduction in the North Sea is assumed to be small and to balance that of pyrite 516 

formation (Brenner et al., 2016). 517 

Atmospheric nitrogen deposition is taken into account in the simulations. Oxidised N-species 518 

(NOx) dominate reduced species (NHy) slightly in the validation area during 6 out of 9 519 

simulation years. This implies that the deposition of dissolved inorganic nitrogen decreases 520 

TA in 6 of 9 years. The average decrease within 6 years is about 0.4 Gmol TA yr-1, whereas 521 

the average increase within 3 years is only 0.1 Gmol TA yr-1. Thomas et al. (2009) also 522 

assumed a dominance of oxidised species and consequently defined a negative contribution 523 

to the TA budget. 524 

Dissolution of biogenic carbonates may be an efficient additional enhancement of the CO2 525 

buffer capacity (that is: source of TA), since most of the tidal flat surface sediments contain 526 

carbonate shell debris (Hild, 1997). On the other hand, shallow oxidation of biogenic 527 

methane formed in deep and shallow tidal flat sediments (not modelled) (Höpner & 528 

Michaelis, 1994; Neira & Rackemann, 1996; Böttcher et al., 2007) has the potential to lower 529 

the buffer capacity, thus counteracting or balancing the respective effect of carbonate 530 

dissolution. The impact of methane oxidation on the developing TA/DIC ratio in surface 531 
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sediments, however, is complex and controlled by a number of superimposing 532 

biogeochemical processes (e.g., Akam et al., 2020). 533 

The net effect of evaporation and precipitation in the Wadden Sea also has to be considered 534 

in budgeting TA. Although these processes are balanced in the North Sea (Schott, 1966), 535 

enhanced evaporation can occur in the Wadden Sea due to increased heating during low 536 

tide around noon. Onken & Riethmüller (2010) estimated an annual negative freshwater 537 

budget in the Hörnum Basin based on long-term hydrographic time series from observations 538 

in a tidal channel. From this data a mean salinity difference between flood and ebb currents 539 

of approximately -0.02 is calculated. This would result in an increased TA concentration of 1 540 

µmol TA kg-1, which is the range of the inaccuracy of measurements. Furthermore, the 541 

enhanced evaporation estimated from subtle salinity changes interferes with potential input 542 

of submarine groundwater into the tidal basins, that been identified by Moore et al. (2011), 543 

Winde et al. (2014), and Santos et al. (2015). The magnitude of this input is difficult to 544 

estimate at present, for example from salinity differences between flood and ebb tides, 545 

because the composition of SGD passing the sediment-water interfacial mixing zone has to 546 

be known. Although first characteristics have been reported (Moore et al., 2011; Winde et 547 

al., 2014; Santos et al., 2015), the quantitative effect of additional DIC, TA, and nutrient input 548 

via both fresh and recirculated SGD into the Wadden Sea remains unclear.  549 

An input of potential significance are small inlets that provide fresh water as well as DIC and 550 

TA (Table 3). The current data base for seasonal dynamics of this source, however, is limited 551 

and, therefore, this source cannot yet be considered quantitatively in budgeting approaches. 552 

 553 

4.2 TA / DIC ratios over the course of the year  554 

 555 

 556 

Ratios of TA and DIC generated in the tidal basins (Table 1) give some indication of the 557 

dominant biogeochemical mineralisation and re-oxidation processes occurring in the 558 

sediments of individual Wadden Sea sectors, although these processes have not been 559 

explicitly modelled here (Chen & Wang, 1999; Zeebe & Wolf-Gladrow, 2001; Thomas et al. 560 

2009; Sippo et al., 2016; Wurgaft et al., 2019; Akam et al., 2020). Candidate processes are 561 

numerous and the export ratios certainly express various combinations, but the most 562 
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quantitatively relevant likely are aerobic degradation of organic material (resulting in a 563 

reduction of TA due to nitrification of ammonia to nitrate with a TA / DIC ratio of -0.16),  564 

denitrification (TA / DIC ratio of 0.8, see Rassmann et al., 2020), and anaerobic processes 565 

related to sulphate reduction of organoclastic material (TA / DIC ratio of 1, see Sippo et al., 566 

2016). Other processes are aerobic (adding only DIC) and anaerobic (TA/DIC ratio of 2) 567 

oxidation of upward diffusing methane, oxidation of sedimentary sulphides upon 568 

resuspension into an aerated water column (no effect on TA/DIC) followed by oxidation of 569 

iron (adding TA), and nitrification of ammonium (consuming TA, TA/DIC ratio is -2, see Pätsch 570 

et al., 2018 and Zhai et al. 2017). 571 

The TA/DIC export ratios of DIC and TA for the individual tidal basins in three Wadden Sea 572 

sectors (East Frisian, Jade Bay and North Frisian) as calculated from observed ΔTA and ΔDIC 573 

over tidal cycles in different seasons are depicted in Fig. 9. They may give an indication of 574 

regionally and seasonally varying processes occurring in the sediments of the three study 575 

regions. The ratios vary between 0.2 and 0.5 in the North Frisian Wadden Sea with slightly 576 

more TA than DIC generated in spring, summer and autumn, and winter having a negative 577 

ratio of -0.5. The winter ratio coincides with very small measured differences of DIC in 578 

imported and exported waters (ΔDIC = -2 µmol kg-1) and the negative TA/DIC ratio may thus 579 

be spurious. The range of ratios in the other seasons is consistent with sulphate reduction 580 

and denitrification as the dominant processes in the North Frisian tidal basins.  581 

The TA / DIC ratios in the Jade Bay samples were consistently higher than those in the North 582 

Frisian tidal basin and vary between 1 and 2 in spring and summer, suggesting a significant 583 

contribution by organoclastic sulphate reduction and anaerobic oxidation of methane (Al-584 

Raei et al., 2009). The negative ratio of -0.4 in autumn is difficult to explain with 585 

remineralisation or re-oxidation processes, but as with the fall ratio in Frisian tidal basin, it 586 

coincides with a small change in ΔDIC (-3 µmol kg-1) at positive ΔTA (8 µmol kg-1). Taken at 587 

face value, the resulting negative ratio of -0.4 implicates a re-oxidation of pyrite, normally on 588 

timescales of early diagenesis thermodynamically stable (Hu and Cai, 2011), possibly 589 

promoted by increasing wind forces and associated aeration and sulphide oxidation of 590 

anoxic sediment layers (Kowalski et al., 2013). The DIC export rate from Jade Bay had its 591 

minimum in autumn, consistent with a limited supply and mineralisation of organic matter, 592 

possibly modified by seasonally changing impacts from small tidal inlets (Table 3). 593 
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The TA / DIC ratio of the East Frisian Wadden Sea is in the approximate range of those in 594 

Jade Bay, but has one unusually high ratio in November caused by a significant increase in TA 595 

of 14 µmol kg-1 at a low increase of 5 µmol kg-1 in DIC. Barring an analytical artefact, the 596 

maximum ratio of 3 may reflect a short-term effect of iron reduction. 597 

Based on these results, processes in the North Frisian Wadden Sea export area differ from 598 

the East Frisian Wadden Sea and the Jade Bay areas. The DIC export rates suggest that 599 

significant amounts of organic matter were degraded in North Frisian tidal basins, possibly 600 

controlled by higher daily exchanged water masses in the North Frisian (8.1 km³ d-1) than in 601 

the East Frisian Wadden Sea (2.3 km³ d-1) and in the Jade Bay (0.8 km³ d-1) (compare Table 602 

2). On the other hand, TA export rates of the North Frisian and the East Frisian Wadden Sea 603 

were in the same range.  604 

Regional differences in organic matter mineralisation in the Wadden Sea have been 605 

discussed by van Beusekom et al. (2012) and Kowalski et al. (2013) in the context of 606 

connectivity with the open North Sea and influences of eutrophication and sedimentology.  607 

They suggested that the organic matter turnover in the entire Wadden Sea is governed by 608 

organic matter import from the North Sea, but that regionally different eutrophication 609 

effects as well as sediment compositions modulate this general pattern. The reason for 610 

regional differences may be related to the shape and size of the individual tidal basins. van 611 

Beusekom et al. (2012) found that wider tidal basins with a large distance between barrier 612 

islands and mainland, as is the case in the North Frisian Wadden Sea, generally have a lower 613 

eutrophication status than narrower basins predominating in the East Frisian Wadden Sea. 614 

Together with the high water exchange rate the accumulation of organic matter is reduced 615 

in the North Frisian Wadden Sea and the oxygen demand per volume is lower than in the 616 

more narrow eutrophicated basins. Therefore, aerobic degradation of organic matter 617 

dominated in the North Frisian Wadden Sea, where the distance between barrier islands and 618 

mainland is large. This leads to less TA production (in relation to DIC production) than in the 619 

East Frisian Wadden Sea, where anaerobic degradation of organic matter dominated in more 620 

restricted tidal basins. 621 

 622 
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4.3. TA budgets and variability of TA mass in the German Bight 623 

Modelled TA and DIC concentrations in the German Bight have a high interannual and 624 

seasonal variability (Fig. 8). The interannual variability of the model results are mainly driven 625 

by the physical prescribed environment. Overall, the TA variability is more sensitive to 626 

Wadden Sea export rates than DIC variability, because the latter is dominated by biological 627 

processes. However, the inclusion of Wadden Sea DIC export rates improved 628 

correspondence with observed DIC concentrations in the near-coastal North Sea. 629 

It is a logical step to attribute the TA variability to variabilities of the different sources. In 630 

order to calculate a realistic budget, scenario B was considered. Annual and seasonal 631 

budgets of TA sources and sinks in this scenario are shown in Table 6. Note that Riveff is not 632 

taken into account for the budget calculations. This is explained in the Method Section 633 

“River Input”.  634 

Comparing the absolute values of all sources and sinks of the mean year results in a relative 635 

ranking of the processes. 41 % of all TA mass changes in the validation area were due to river 636 

loads, 37 % were due to net transport, 16 % were due to Wadden Sea export rates, 6 % were 637 

due to internal processes. River input ranged from 78 to 152 Gmol TA yr-1 and had the 638 

highest absolute variability of all TA sources in the validation area. This is mostly due to the 639 

high variability of annual freshwater discharge, which is indicated by low (negative) values of 640 

Riveff. The latter values show that the riverine TA loads together with the freshwater flux 641 

induce a small dilution of TA in the validation area for each year. Certainly, this ranking 642 

depends mainly on the characteristics of the Elbe estuary. Due to the high concentration of 643 

TA in rivers Rhine and Meuse (Netherlands) they had an effective river input of +24 Gmol TA 644 

yr-1 in 2008, which constitutes a much greater impact on TA concentration changes than the 645 

Elbe river. In a sensitivity test, we switched off the TA loads of rivers Rhine and Meuse for 646 

the year 2008 and found that the net flow of -71 Gmol TA yr-1 decreased to -80 Gmol TA yr-1, 647 

which indicates that water entering the validation box from the western boundary is less TA-648 

rich in the test case than in the reference run. 649 

At seasonal time scales (Table 6 lower part) the net transport dominated the variations from 650 

October to March, while internal processes play a more important role from April to June (28 651 

%). The impact of effective river input was less than 5% in every quarter. The Wadden Sea TA 652 

export rates had an impact of 36 % on TA mass changes in the validation area from July to 653 
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September. Note that these percentages are related to the sum of the absolute values of the 654 

budgeting terms.  655 

Summing up the sources and sinks, Wadden Sea exchange rates, internal processes and 656 

effective river loads resulted in highest sums in 2002 and 2003 (51 and 52 Gmol TA yr-1) and 657 

lowest in 2009 (44 Gmol TA yr-1). For the consideration of TA variation we excluded net 658 

transport and actual river loads, because these fluxes are diluted and do not necessarily 659 

change the TA concentrations. In agreement with this, the highest TA concentrations were 660 

simulated in summer 2003 (Fig. 8). The high interannual variability of summer 661 

concentrations was driven essentially by hydrodynamic differences between the years. 662 

Flushing times and their interannual variability were higher in summer than in winter (Fig. 6) 663 

of every year. High flushing times or less strong circulation do have an accumulating effect 664 

on exported TA in the validation area. To understand the reasons of the different flushing 665 

times monthly stream patterns were analysed (Fig. 7). Distinct anticlockwise stream patterns 666 

defined the hydrodynamic conditions in every winter. Summer stream patterns were in most 667 

years weaker, especially in the German Bight (compare Fig. 7, June 2003). In August 2003 the 668 

eastern part of the German Bight shows a clockwise rotation, which transports TA-enriched 669 

water from July back to the Wadden-Sea area for further enrichment. This could explain the 670 

highest concentrations in summer 2003. 671 

Thomas et al. (2009) estimated that 73 Gmol TA yr-1 were produced in the Wadden Sea. 672 

Their calculations were based on measurements in 2001 and 2002. The presented model 673 

was validated with data measured in August 2008 (Salt et al., 2013) at the same positions. 674 

High TA concentrations in the German Bight were observed in summer 2001 and in summer 675 

2008. Due to the scarcity of data, the West Frisian Wadden Sea was not considered in the 676 

simulations, but, as the western area is much larger than the eastern area, the amount of 677 

exported TA from that area can be assumed to be in the same range as from the East Frisian 678 

Wadden Sea (10 to 14 Gmol TA yr-1). With additional export from the West Frisian Wadden 679 

Sea, the maximum overall Wadden Sea export may be as high as 53 Gmol TA yr-1. Thus, the 680 

TA export from the Wadden Sea calculated in this study is 20 to 34 TA Gmol yr-1 lower than 681 

that assumed in the study of Thomas et al. (2009). This is mainly due to the flushing time 682 

that was assumed by Thomas et al. (2009). They considered the water masses to be flushed 683 

within six weeks (Lenhart et al., 1995). Flushing times calculated in the present study were 684 
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significantly longer and more variable in summer. Since the Wadden Sea export calculated 685 

by Thomas et al. (2009) was defined as a closing term for the TA budget, underestimated 686 

summerly flushing times led to an overestimation of the exchange with the adjacent North 687 

Sea.  688 

Table 4 shows that our scenario B underestimates the observed TA concentration by about 689 

5.1 µmol kg-1 in 2008. Scenario A has lower TA concentration than scenario B in the 690 

validation area. The difference is about 11 µmol kg-1. This means that the Wadden Sea 691 

export of 39 Gmol TA yr-1 results in a concentration difference of 11 µmol kg-1. Assuming 692 

linearity, the deviation between scenario B and the observations (5.1 µmol kg-1) would be 693 

compensated by an additional Wadden Sea export of about 18 Gmol TA yr-1. If we assume 694 

that the deviation between observation and scenario B is entirely due to uncertainties or 695 

errors in the Wadden Sea export estimate, then the uncertainty of this export is 18 Gmol TA 696 

yr-1. 697 

Another problematic aspect in the TA export estimate by Thomas et al. (2009) is the fact that 698 

their TA budget merges the sources of anaerobic TA generation from sediment and from the 699 

Wadden Sea into a single source “anaerobic processes in the Wadden Sea”. Burt et al. (2014) 700 

found a sediment TA generation of 12 mmol TA m-2 d-1 at one station in the German Bight 701 

based on Ra-measurements. This fits into the range of microbial gross sulphate reduction 702 

rates reported by Al-Raei et al. (2009) in the backbarrier tidal areas of Spiekeroog island, and 703 

by Brenner et al. (2016) at the Dutch coast. Within the latter paper, the different sources of 704 

TA from the sediment were quantified. The largest term was benthic calcite dissolution, 705 

which would be cancelled out in terms of TA generation assuming a steady-state 706 

compensation by biogenic calcite production. Extrapolating the southern North Sea TA 707 

generation (without calcite dissolution) from the data for one station of Brenner et al. (2016) 708 

results in an annual TA production of 12.2 Gmol in the German Bight (Area = 28.415 km2). 709 

This is likely an upper limit of sediment TA generation, as the measurements were done in 710 

summer when seasonal fluxes are maximal. This calculation reduces the annual Wadden Sea 711 

TA generation estimated by Thomas et al. (2009) from 73 to 61 Gmol, which is still higher 712 

than our present estimate. In spite of the unidentified additional TA-fluxes, both the 713 

estimate by Thomas et al. (2009) and our present model-based quantification confirm the 714 
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importance of the Wadden-Sea export fluxes of TA on the North Sea carbonate system at 715 

present and in the future. 716 

4.4. The impact of exported TA and DIC on the North Sea and influences on export 717 

magnitude 718 

Observed high TA and DIC concentrations in the SE North Sea are mainly caused by TA and 719 

DIC export from the Wadden Sea (Fig.3-5). TA concentrations could be better reproduced 720 

than DIC concentrations in the model experiments, which was mainly due to the higher 721 

sensitivity of DIC to modelled biology. Nevertheless, from a present point of view the 722 

Wadden Sea is the main driver of TA concentrations in the German Bight. Future forecast 723 

studies of the evolution of the carbonate system in the German Bight will have to specifically 724 

focus on the Wadden Sea and on processes occurring there. In this context the Wadden Sea 725 

evolution during future sea level rise is the most important factor. The balance between 726 

sediment supply from the North Sea and sea level rise is a general precondition for the 727 

persistence of the Wadden Sea (Flemming and Davis, 1994; van Koningsveld et al., 2008). An 728 

accelerating sea level rise could lead to a deficient sediment supply from the North Sea and 729 

shift the balance at first in the largest tidal basins and at last in the smallest basins. (CPSL, 730 

2001; van Goor et al., 2003). The share of intertidal flats as potential sedimentation areas is 731 

larger in smaller tidal basins (van Beusekom et al., 2012), whereas larger basins have a larger 732 

share of subtidal areas. Thus, assuming an accelerating sea level rise, large tidal basins will 733 

turn into lagoons, while tidal flats may still exist in smaller tidal basins. This effect could 734 

decrease the overall Wadden Sea export rates of TA, because sediments would no longer be 735 

exposed to the atmosphere and the products of sulphate reduction would reoxidise in the 736 

water column. Moreover, benthic-pelagic exchange in the former intertidal flats would be 737 

more diffusive and less advective then today due to hydraulic gradients during ebb tides, 738 

when parts of the sediment become unsaturated with water. This would decrease TA export 739 

into the North Sea. Caused by changes in hydrography and sea level the sedimentological 740 

composition may also change. If sediments become more sandy, aerobic degradation of 741 

organic matter is likely to become more important (de Beer et al., 2005). In fine grained silt 742 

diffusive transport plays a key role, while in the upper layer of coarse (sandy) sediments 743 

advection is the dominant process. Regionally, the North Frisian Wadden Sea will be more 744 
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affected by rising sea level because there the tidal basins are larger than the tidal basins in 745 

the East Frisian Wadden Sea and even larger than the inner Jade Bay. 746 

The Wadden Sea export of TA and DIC is driven by the turnover of organic material. 747 

Decreasing anthropogenic eutrophication can lead to decreasing phytoplankton biomass and 748 

production (Cadée & Hegeman, 2002; van Beusekom et al., 2009). Thus, the natural 749 

variability of the North Sea primary production becomes more important in determining the 750 

organic matter turnover in the Wadden Sea (McQuatters-Gollop et al., 2007; McQuatters-751 

Gollop & Vermaat, 2011). pH values in Dutch coastal waters decreased from 1990 to 2006 752 

drastically. Changes in nutrient variability were identified as possible drivers (Provoost et al., 753 

2010), which is consistent with model simulations by Borges and Gypens (2010). Moreover, 754 

despite the assumption of decreasing overall TA export rates from the Wadden Sea the 755 

impact of the North Frisian Wadden Sea on the carbonate system of the German Bight could 756 

potentially adjust to a change of tidal prisms and thus a modulation in imported organic 757 

matter. If less organic matter is remineralised in the North Frisian Wadden Sea, less TA and 758 

DIC will be exported into the North Sea. 759 

In the context of climate change, processes that have impact on the freshwater budget of 760 

tidal mud flats will gain in importance. Future climate change will have an impact in coastal 761 

hydrology due to changes in ground water formation rates (Faneca Sànchez et al., 2012; 762 

Sulzbacher et al., 2012), that may change both surface and subterranean run-off into the 763 

North Sea. An increasing discharge of small rivers and groundwater into the Wadden Sea is 764 

likely to increase DIC, TA, and possibly nutrient loads and may enhance the production of 765 

organic matter. Evaporation could also increase due to increased warming and become a 766 

more important process than today (Onken & Riethmüller, 2010), as will methane cycling 767 

change due to nutrient changes, sea level and temperature rise (e.g., Höpner and Michaelis, 768 

1994; Akam et al., 2020). 769 

Concluding, in the course of climate change the North Frisian Wadden Sea will be affected 770 

first by sea level rise, which will result in decreased TA and DIC export rates due to less 771 

turnover of organic matter there. This could lead to a decreased buffering capacity in the 772 

German Bight for atmospheric CO2. Overall, less organic matter will be remineralised in the 773 

Wadden Sea. 774 
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 775 

 776 

5  Conclusion and Outlook 777 

 778 

We present a budget calculation of TA sources in the German Bight and relate 16 % of the 779 

annual TA mass changes to TA exports from the Wadden Sea. The impact of riverine bulk TA 780 

is less important in the German Bight than the contribution from the Wadden Sea due to the 781 

comparatively low TA concentrations in the Elbe estuary.  782 

The evolution of the carbonate system in the German Bight under future anthropogenic or 783 

climate change depends on the evolution of the Wadden Sea. The amount of TA and DIC 784 

that is exported from the Wadden Sea depends on the amount of organic matter that is 785 

imported from the North Sea and remineralised in the Wadden Sea. Decreasing riverine 786 

nutrient loads have led to decreasing phytoplankton biomass and production (Cadée & 787 

Hegeman, 2002; van Beusekom et al., 2009), a trend that is expected to continue (European 788 

Water Framework Directive). However, altered natural dynamics of nutrient cycling and 789 

productivity can override the decreasing riverine nutrient loads (van Beusekom et al., 2012), 790 

but these will not generate TA in the magnitude of denitrification of riverborne nitrate. 791 

In the context of sea level rise, the North Frisian Wadden Sea will potentially be more 792 

affected by a loss of intertidal areas than the East Frisian Wadden Sea (van Beusekom et al., 793 

2012). This effect is likely to reduce the turnover of organic material in this sector of the 794 

Wadden Sea, which will decrease TA production and decrease the overall input into the 795 

southern North Sea. 796 

Thomas et al. (2009) estimated that the Wadden Sea facilitates approximately 7 – 10% of the 797 

annual CO2 uptake of the North Sea. This is motivation for model studies on the future role 798 

of the Wadden Sea in the CO2 balance of the North Sea under regional climate change. 799 

Future research will also have to address the composition and amount of submarine ground 800 

water discharge, as well as the magnitude and seasonal dynamics in discharge and 801 

composition of small water inlets at the coast which are currently ignored due to a lacking 802 

data base.  803 

 804 
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Data availability 805 

The river data are available at https://wiki.cen.uni-hamburg.de/ifm/ECOHAM/DATA_RIVER 806 

and www.waterbase.nl. Meteorological data are stored at https://psl.noaa.gov/. The North 807 

Sea TA and DIC data are stored at https://doi.org/10.1594/PANGAEA.438791 (2001), 808 

https://doi.org/10.1594/PANGAEA.441686 (2005). The data of the North Sea cruise 2008 809 

have not been published, yet, but can be requested via the CODIS data portal 810 

(http://www.nioz.nl/portals-en; registration required). Additional Wadden Sea TA and DIC 811 

data are deposited under doi:10.1594/PANGEA.841976.  812 
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 831 

Tables 832 

Table 1: Mean TA and DIC concentrations [µmol l-1] during rising and falling water levels and 833 

the respective differences (Δ-values) that were used as wad_sta in (1). Areas are the North 834 

Frisian (N), the East Frisian (E) Wadden Sea and the Jade Bay (J). 835 

Area Date 

TA 

(rising) TA (falling) ΔTA DIC (rising) DIC (falling) ΔDIC 

N 29.04.2009 2343 2355 12 2082* 2106 24 

 17.06.2009 2328 2332 4 2170 2190 20 

 26.08.2009 2238 2252 14 2077 2105 28 

 05.11.2009 2335 2333 -2 2205 2209 4 

J 20.01.2010 2429 2443 14 2380 2392 12 

 21.04.2010 2415 2448 33 2099 2132 33 

 26.07.2010 2424 2485 61 2159 2187 28 

 09.11.2010 2402 2399 -3 2302 2310 8 

E 03.03.2010 2379 2393 14 2313 2328 15 

 07.04.2010 2346 2342 -4 2068 2082 14 

 17./18.05.2011 2445 2451 6 2209 2221 12 

 20.08.2002 2377 2414 37 2010 2030 20 

 01.11.2010 2423 2439 16 2293 2298 5 
*: This value was estimated.  836 

 837 

Table 2: Daily Wadden Sea runoff to the North Sea at different export areas. 838 

Position wad_exc [106 m³ d-1] 

N1 273 

N2 1225 

N3 1416 

N4 1128 

N5 4038 

N6 18 

J1 - J3 251 

E1 380 

E2 634 

E3 437 

E4 857 

 839 

 840 

 841 
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Table 3: Examples for the carbonate system composition of small fresh water inlets 842 

draining into the Jade Bay and the backbarrier tidal area of Spiekeroog Island, given in 843 

(μmol kg-1). Autumn results (A) (October 31st, 2010) are taken from Winde et al. (2014); 844 

spring sampling (S) took place on May 20th, 2011. 845 

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 

Wanger/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°26.737N 

8°6.577 E 
1868 1246 1647 1498 

Wappelersiel 
53°23.414 N 

8°12.437 E 
1373 630 1358 1152 

Schweiburger Siel 
53°24.725 N 

8°16.968 E 
4397 3579 4656 4493 

Eckenwarder Siel 
53°31.249 N 

8°16.527 E 
6542 6050 2119 4005 

 846 

 847 

 848 

 849 

 850 
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Table 4: Averages (μmol kg-1), standard deviations (μmol kg-1), RMSE (μmol kg-1), and 851 

correlation coefficients r for the observed TA concentrations and the corresponding 852 

scenarios A and B within the validation area. 853 

TA Average Stdv RMSE                 r 

Obs 2008 2333.52 32.51   

Obs 2005 2332.09 21.69   

Obs 2001 2333.83 33.19   

Sim A 2008 2327.64 6.84 27.97  0.77 

Sim A 2005 2322.16 5.21 22.05 0.45 

Sim A 2001 2329.79 5.32 31.89 0.24 

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 2342.96 17.28 30.07 0.47 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 
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Table 5: Averages (μmol kg-1), standard deviations (μmol kg-1), RMSE (μmol kg-1), and 867 

correlation coefficients r for the observed DIC concentrations and the corresponding 868 

scenarios A and B within the validation area. 869 

 870 

DIC Average Stdv RMSE               r 

Obs 2008 2107.05 24.23   

Obs 2005 2098.20 33.42   

Obs 2001 2105.49 25.21   

Sim A 2008 2080.93 14.24  43.48 -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 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 



33 

 

Table 6: Annual TA budgets in the validation area of the years 2001 to 2009, annual 881 

averages and seasonal budgets of from January to March, April to June, July to September 882 

and October to December [Gmol]. Net Flow is the annual net TA transport across the 883 

boundaries of the validation area. Negative values indicate a net export from the 884 

validation area to the adjacent North Sea. Δcontent indicates the difference of the TA 885 

contents between the last and the first time steps of the simulated year or quarter. 886 

  Wadden internal river loads Riveff net flow Δcontent 

 Sea export processes     

 Gmol/yr Gmol/yr Gmol/yr Gmol/yr Gmol/yr 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 83 

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 Gmol/yr Gmol/yr Gmol/yr Gmol 

 39 14 101 -5 -89 65 

t = 3 

mon Gmol/t Gmol/t Gmol/t Gmol/t Gmol/t 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 
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6. Figure Captions 887 

 888 

Figure 1: Upper panel: Map of the southeastern North Sea and the bordering land. Lower 889 

panel: Model domains of ECOHAM (red) and FVCOM (blue), positions of rivers 1 – 16 (left, 890 

see Table 2) and the Wadden Sea export areas grid cells (right). The magenta edges identify 891 

the validation area, western and eastern part separated by the magenta dashed line. 892 

Figure 2: Monthly Wadden Sea export of DIC and TA [Gmol mon-1] at the North Frisian coast 893 

(N), East Frisian coast (E) and the Jade Bay in scenario B. The export rates were calculated for 894 

DIC and TA based on measured concentrations and simulated water fluxes. 895 

Figure 3: Surface TA concentrations [µmol TA kg-1] in August 2008 observed (a) and simulated 896 

with scenario A (b) and B (c). The black lines indicate the validation box. 897 

Figure 4: Differences between TA surface summer observations and results from scenario A 898 

(a) and B (b) and the differences between DIC surface observations and results from scenario 899 

A (c) and B (d), all in µmol kg-1. The black lines indicate the validation box. 900 

Figure 5: Surface DIC concentrations [µmol DIC kg-1] in August 2008 observed (a) and simulated 901 

with scenario A (b) and B (c). The black lines indicate the validation box. 902 

Figure 6: Flushing times in the validation area in summer (June to August) and winter (January 903 

to March). The whole validation area is represented in blue, green is the western part of the 904 

validation area (4.5°E to 7°E) and red is the eastern part (east of 7°E). 905 

Figure 7: Monthly mean simulated streamlines for summer months 2003 and 2008. 906 

Figure 8: Simulated monthly mean concentrations of TA (scenario A (a), scenario B (b)) [µmol 907 

TA kg-1] and DIC (scenario A (c), scenario B (d)) [µmol DIC kg-1] in the validation area for the 908 

years 2001-2009. 909 

Fig. 9: Temporally interpolated TA/DIC ratio of the export rates in the North Frisian, East 910 

Frisian, and Jade Bay. These ratios are calculated using the Δ-values of Table 1. 911 

  912 
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 1321 

 1322 

 1323 

8. Appendix 1324 

 1325 

Table A1: Annual riverine freshwater discharge [km³ yr-1]. The numbering refers to Fig. 1. 1326 

 1327 

 1328 

 1329 

 1330 

 1331 

 1332 

 1333 

 1334 

 1335 

  2001 2002 2003 2004 2005 2006 2007 2008 2009 

1) Elbe 23.05 43.38 23.95 19.56 25.56 26.98 26.61 24.62 24.28 

2) Ems 3.47 4.48 3.15 3.52 2.99 2.54 4.32 3.32 2.58 

3) Noordzeekanaal 3.21 2.98 2.49 3.05 3.03 2.96 1.55 3.05 2.46 

4) Ijsselmeer (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 34.72 42.91 41.61 44.21 49.59 49.76 44.69 

7) Haringvliet 33.10 35.18 17.92 10.77 12.36 16.02 24.00 15.70 11.06 

8) Scheldt 7.28 2.74 4.31 3.64 3.59 3.74 4.63 4.57 3.63 

9) Weser 11.43 18.97 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 3.91 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 178.2 207.4 128.1 133.7 131.6 142.9 172.9 160.7 134.4 
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Table A2: River numbers in Fig. 1, their positions and source of data 1336 

  1337 

Number in Fig. 1 Name River mouth position Data source 

1 Elbe 53°53'20"N  08°55'00" E Pätsch & Lenhart (2008); 

TA-, DIC- and nitrate- 

concentrations by Amann 

(2015) 

2 Ems 53°29'20"N  06°55'00"E Pätsch & Lenhart (2008) 

3 Noordzeekanaal 52°17'20"N  04°15'00"E Pätsch & Lenhart (2008); 

TA-, DIC- and nitrate- 

concentrations from 

waterbase.nl 

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

5 Ijsselmeer 

(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°29'20"N  03°15'00"E As above 

9 Weser 53°53'20"N  08°15'00"E Pätsch & 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 

4 rivers: Nene, Ouse, 

Welland and Witham 

15 Thames 51°29'20"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 [µmol kg-1] of rivers, the annual 1338 

mean and the standard deviation1339 

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 
Noordzeekanaal 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 
Noordzeekanaal 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 247 330 277 225 193 161 129 103 112 157 267 164 197 72 
Noordzeekanaal 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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