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1. Introduction 

The following report aims at giving a first overview of the master thesis with the preliminary title: 

“Quantifying Climate Change Impacts in the Wadden Sea with Phytoplankton as Bioindicator”. 

Research is to be conducted by Paula Farina Grosser in the time frame of the 5th of March to the 

15th of August 2018 at Deltares. Deltares is an independent research institute dealing with issues 

related to flood risk, infrastructure, environment, water and subsoil resources and adaptive delta 

planning. The institutional supervisor of this thesis is Dr. Ir. Ghada El Serafy, a specialist within the 

Department of Information, Resilience and Planning. The academic tutor is Prof. PD Dr.-Ing. habil. 

Frank Molkenthin, head of the department of Environmental Informatics at Brandenburg University 

of Technology Cottbus-Senftenberg.  

2. Context and Objective of Research 

Climate change as an inevitable process, leads to science’s engagement to monitor its effects and 

understand the earth’s ecosystem processes. In the research presented in this paper, an ecosystem- 

based approach on the impact of climate change in the Wadden Sea is to be conducted. Thereby, 

downscaled, global projection data will be utilized to assess ecological changes triggered by varying 

hydroclimatological parameters in the Wadden Sea. 

With an area of 14,900 km² the Wadden Sea stretches 500 km along the coast of Denmark, Germany 

and the Netherlands. It is a unique system of tidal flats and barrier islands defined by large salt 

marshes. The ecosystem is young in its evolution and geomorphological characteristics and 

exceptional in its biodiversity and ecosystem services, which is why it has both UNESCO World 

Heritage and Natura status (CWSSa 2017; UNESCO 2018). 

Focus of this study will be the Dutch Wadden Sea, which comprises 2,500 km2, including the 

terrestrial surface, as well as eleven islands which are ubicated along the coast. This area is of 

significant ecological, cultural and social value, which is why it is so important to view the effects of a 

changing climate on this unique ecosystem.  

In order to determine and simulate effects of climate change in the Dutch Wadden Sea, 

investigations were conducted with the help of the model Delft3D and meteorological projection 

data provided by CORDEX in a time frame of 2010 to 2100. Thereby, the modules Delft3D (D)-Flow 

and Delft3D (D)-WAQ were made use of in order to simulate the effects of changing 

hydroclimatological parameter on the ecosystem. D-Flow provides water temperature and ocean 

currents as an output, while D-WAQ will be used in order to simulate algae concentrations. Thereby, 
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phytoplankton serves as bioindicator for the complex ecological processes occurring in the Wadden 

Sea.  Chlorophyll-a, an output of D-WAQ, is used to quantify phytoplankton and its net primary 

production.  

In agreement with Richardson and Schoemann 2004 and Hays et al. 2005, climate change is known 

to affect the temporal and spatial occurrence of phytoplankton. It was shown that abundance of 

phytoplankton increased in cooler regions, while it decreased in warmer regions. Blooming is also 

known to be influenced by environmental and climatic change, making the species a suitable 

ambassador of changing hydroclimatological conditions. 

The following chapter will give an introduction on D-Flow and D-WAQ, while subsequently 

presenting the data used in order to run the simulations. Moreover, the experimental set up and 

methodology to achieve the above stated goals will be displayed in the fourth chapter.  

3. Models, Data Sets & Methodology 

Both models; D-Flow and D-WAQ are modules of the Delft3D modelling suite. The multidimensional 

program was developed by Deltares with the goal to simulate complex hydrological, morphological 

and ecological processes taking place in the environment in order to support management and 

decision making processes especially of the free surface water environment (Deltaresa 2018).  

The module D-Flow is a hydrodynamic model, which is capable of simulating processes in coastal, 

riparian and estuary areas (Figure 1). In order to do so it calculates non-steady flow and transport 

phenomena which are simulated on the base of meteorological and tidal forcing on unstructured or 

structured grids, which are fitted by boundaries (Deltaresb 2018).  

The output of this model is a required input for the model D-WAQ (Figure 2). The water quality 

model was designed to simulate various substances in fresh, transitional or coastal waters, by 

solving the advection-diffusion equation for various parameters on a predefined grid. Study areas 

may include estuaries, seas, lakes, reservoirs and other man-made structures such as ports etc. 

(Deltaresc 2017). Additionally, the model can simulate a wide range of model substances; however, 

for determining water quality projections for the Wadden Sea it was decided to use phytoplankton 

biomass as a bioindicator for ecosystem state. 

Simulations in the Delft3D modelling suite, as well as the modules it contains, are conducted on the 

base of the “Zuidelijke Nordzee” (ZuNo) grid. The non-equidistant grid was designed for the 

southern North Sea. It is equipped with three different grid resolutions in the horizontal direction; 

coarse, intermediate and fine, with resolutions varying between 500 m and 30km. 
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Figure 1: Input and Output of D-Flow 

 

Figure 2: Input and Output of D-WAQ 
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The climate change ensemble which was used for simulation was established by the European 

Coordinated Regional Downscaling Experiment (EURO-CORDEX) initiative. EURO-CORDEX is the 

European branch of the international CORDEX initiative which is dedicated to develop improved 

regional climate change projections worldwide. The initiative is sponsored by the World Climate 

Research Program (euro-cordex 2018).  

In agreement with Jacob et al. (2014), the EURO-CORDEX ensembles were validated with SRESA1B 

simulation results. The data sets are now offered for various regions in Europe with resolutions of 50 

km and 12.5 km in Network Common Data Form (NetCDF). NetCDF stores scientific data in arrays, 

making it a multi-dimensional data form.  

The data provided for the region of the Wadden Sea was developed by EURO-CORDEX through a 

downscaling process of global climate models and offers climate change projections of 

meteorological variables for the climate change scenarios RCP4.5 and RCP8.5. These so called 

Representative Concentration Pathways (RCPs) were defined for the fifth assessment report of the 

intergovernmental panel on climate change (IPCC) (Moss et al. 2010, as cited in Jacob et al. 2014) 

and describe two scenarios which are determined by the assumptions of increasing radiative forcing 

up to 4.5 and 8.5 W/m2, respectively, until 2100 in respect to pre-industrial conditions.  

The projection data presents the values of various hydroclimatological variables until 2100. The 

variables which were downscaled and are provided by EURO-CORDEX are presented in Table 1.  

Table 1: Parameters of CORDEX Data 

PARAMETER ABBREVIATION UNIT  FREQUENCY [h] 

Near Surface Air Temperature  tas °C 3 

Precipitation pr mm/day 3 

Surface Downwelling Shortave Radiation rsds w m-2 3 

Eastward Near Surface Wind  uas m s-1 6 

Northward Near-Surface Wind  vas m s-1 6 

Surface Pressure ps pa 24 

Near-Surface Relative Humidity hurs % 24 

Total Cloud Cover clt % 24 

Specifically, the Wadden Sea climate projection data sets were downscaled with the help of the 

regional climate model SMHI-RCA4 and were driven by the following global circulation models 

(GCMs): EC-Earth, CNRM-CM5, IPSL-CM5A-MR, HadGEM2-ES and MPI-ESM-LR (Index of Ecopotential 

2018).  
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These global models are derived from various sources. Table 2 presents compiled information of the 

model developer and the model components for all models. All models were coupled with program 

Oasis-3. 

Due to time constraints it was necessary to choose one meteorological data set out of these five. 

The data analysis conducted to support the decision is presented in the fourth chapter.  

Table 2: Overview GCMs which were used as drivers in the downscaling process of Euro-

Cordex (SMHI 2017; CNRM 2014; ENES 2015; MPI 2018) 

MODEL DEVELOPER COMPONENTS  

EC-Earth EC-Earth Consortium IFS Atmospheric Circulation Model  

NEMO3.6 Ocean Model 

H-TESSEL Land Surface Model 

Louvain-la-Neuve Sea Ice Model  

PISCES v2 Ocean Bio-Geo-Chemistry Component 

LPJ-GUESS v4 Dynamical Vegetation Model  

TM5 Atmosphere Composition and Aerosol Model 

PISM 0.7 Ice Sheet Model 

CNRM-CM5 NRM-GAME  

CERFACS 

ARPEGE Atmospheric Circulation Model  

NEMO3.6 Ocean Model  

SURFEX Land Surface Model   

GELATO Sea Ice Model   

TRIP river routing discharge  

IPSL-CM5A-MR Institut Pierre Simon Laplace LMDz Atmosphere Model 

NEMO Ocean Model 

ORCHIDEE Surface Model 

INCA Atmospheric Chemistry  

REPROBUS Stratospheric Chemistry 

HadGEM2-ES Met Office Hadley Centre MET Office Unified Model as Ocean and Atmosphere 

Model 

TRIFFID dynamic global vegetation model  

diat-HadOCC ocean biology and carbonate chemistry  

UKCA Chemistry and Aerosols 

MPI-ESM-LR Max-Planck-Institute for 

Meteorology 

ECHAM6 Atmospheric Model 

MPIOM Ocean Model 

JSBACH Terrestrial Biosphere 

HAMOCC Ocean Biogeochemistry 

 

 



6 

The data listed so far includes solely projected, meteorological data; however, in order to run the 

model components in Delft3D, further data is necessary.  

For D-Flow boundary files depicting ocean salinity and water levels are necessary.  For the water 

levels at the southern and northern boundary the data was provided by the open source Large Scale 

Integrated Sea-level and Coastal Assessment Tool (Liscoast). The dataset used was the extreme sea 

level (esl) dataset. In agreement with Vousdoukas et al. (2017) it presents the total water level 

distribution at points along the European Coastline.  

Thereby, the parameters extreme sea levels (esl) and episodic extreme water levels (eewl) are 

provided. In general the esl is defined as the combined effect of the mean sea level, tides and water 

level fluctuations due to waves and storm surges (Vousdoukas et al. 2017). Eewls refer to returning 

extreme sea levels based on several return periods (5, 10, 20, 50, 100, 200, 500 and 1000 years). In 

order to extract water level values it was necessary to choose a variable, a return period, an 

ensemble member, as well as a location. The decision making process and extraction method is 

described in chapter 4.  

Salinity data as input for D-Flow was not yet compiled. However, it is currently being downscaled, as 

it is provided on a monthly scale by all global driving models of Cordex – except the EC-Earth model.  

Moreover, D-Flow requires discharge time series for all 32 rivers entering the study area. As the data 

set provided by Cordex projects solely precipitation (P), it will be necessary to derive estimates for 

the discharge (Q). As current flow measurements and discharge data exist, one option could be to 

use the rational method, with which a discharge (Q) may be estimated based on the rainfall intensity 

i and, the drainage area A and the so called rational runoff coefficient c (Eq. 1). The latter may be 

determined with the help of the existing data and then later on be used to calculate the projected 

discharge Q.  

 

                            𝐐 = 𝐜𝐢𝐀                                                                       (Eq. 1) 

 

Also for D-WAQ further input data is necessary, such as atmospheric and surface deposition. 

However, the details on how to obtain this data still have to be discussed. 

Due to high computational costs and time constraints it was decided to run simulations in decadal 

steps with yearly time slices from 2010 to 2100 for one data set with the climate change scenario 

RCP4.5. If there is sufficient time it is optional to run further simulations for a regional dataset based 

on a different GCM or with the scenario RCP8.5. 
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With the combined results of both theoretical and practical assessments, the following hypotheses 

are to be examined: 

1. Phytoplankton can serve as bioindicator for climate change.  

2. Different species of phytoplankton (dinoflagellates, diatoms, flagellates, phaeocystis), with 

various characteristics (energy limited, nitrogen limited, phosphorous limited), react to the 

changes of different hydroclimatological parameters with varying sensitivity. 

3. The hydroclimatological parameters ( T, Tw, R, S, Vw) impact phytoplankton with varying 

intensities. 

4. Data Processing and Analysis Done so Far 

Keeping in mind the objective to choose one data set for simulation it was necessary to depict the 

differences of downscaled data sets and to do a brief comparison of the models based on the 

different GCMs. As presented earlier in chapter 2, Table 2, the GCMs are composed of diverse 

components and therefore will deliver diverse results.  

Previous studies have shown that phytoplankton reacts with high sensitivity towards changes in 

radiation (compare Banaszak and Neale 2001). Thus, it was decided to investigate the parameter of 

irradiation of all five datasets based on different GCMs. In order to do so, one location in the study 

area was selected, with the objective to extract time series data for comparison. The site chosen was 

Dantziggat (53.389 °N; 5.807 °E). The parameter rsds was extracted for the entire time period of 

2006 – 2100 for each data set.  

The resulting time series were then visualized as shown in the Figure 3. In order to depict a general 

trend, a linear regression was fit as given in Figure 4. Moreover, the correlation and variance of all 

models was calculated. The correlations among the models were very low. But relative to all other 

ensembles, the data based on the GCM IPSL-CM5A-MR, showed the overall highest correlations with 

all models (compare table 2). Nevertheless, it was shown that this model had the lowest average 

values and is subsequently not representative for the distribution of the data within the dataset. The 

data based on MPI-ESM-LR showed the lowest variance, while lying in the lower range of data. Based 

on the trends of the data and the statistical analysis, it was decided it would be best to use the data 

based on the MPI-ESM-LR provided by the Max-Planck Institute, Germany or the dataset HadGEM2 –

Es, provided by the Met Office Hadley Centre, England.  The former being a representative for the 

group of data sets comprising higher average values, the latter being a representative for the group 

of data sets with lower averages.  
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At this point it is important to mention, that within these ensemble projections one model may not 

be determined to be qualitative better than another – all models are equally good and have the 

same probability to happen. Thus, to initiate investigations the data set provided by Met Office 

Hadley Centre, England, was chosen.  

 

Table 2: Statistical Analysis rsds Values 

CORRELATIONS 

 

IPSL-CM5A-MR HADGEM2-ES CNRM-CM5 EC-EARTH MPI-ESM-LR 

IPSL-CM5A-MR 1     

HadGEM2-ES 0,145 1    

CNRM-CM5 0,177 0,008 1   

EC-Earth 0,115 0,19 -0,038 1  

MPI-ESM-LR 0,235 0,028 0,066 0,062 1 

Variance 

 

24,619 26,644 21,926 17,481 14,613 

Average rsds 

 

128,424 135,2 136,609 137,055 129,931 

 

 

 

Figure 3: Annual Average Radiation in Dantziggat 
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Figure 4: Linear Trend of Annual Average Radiation in Dantziggat 

Moreover, in order to get ideas on how the meteorological variables behave with proceeding time 

and within what range the magnitudes describing these variable range, spatial map plots were 

created in python. The annual averages of the variables were plotted for the years 2010, 2040, 2070 

and 2090 for the dataset downscaled with the global driver HadGEM2 –Es, as it was decided to 

initiate investigations in the Wadden Sea with the latter. The results are presented in the figures 

below. It may be seen that in many cases an increase or decrease of magnitudes does not take place 

in a homogeneous manner across the North Sea domain. On the contrary, often variable 

development leads to increased gradients between the open North Sea and the terrestrial domain 

included in the projection.  

This counts especially for the cloud cover where the coverage in percentage is increasing over the 

open water and decreasing on land. Moreover, this is reflected by the humidity, which subsequently 

increases on the open water and decreases over land. Radiation seems to increase over land and 

decrease over water, displaying the inverse relation between cloud coverage and radiation. 

Surprisingly, both Northerly as well as Westerly winds decrease as the simulation proceeds in time. 

However, it can generally be seen that winds are stronger on open water, compared to terrestrial 

winds. Air pressure increases solely in the North Sea, while it stays more or less the same on land. 

The temperature of the air is shown to clearly increase in the following decades.  
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Figure 1: Average Annual Cloud Cover 2010, 2040, 2070, 2090 in % 

 

Figure 2: Radiation 2010, 2040, 2070, 2090 in W/m
2 
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Figure 3: Air Temperature 2010, 2040, 2070, 2090 in °C 

Figure 4: Surface Air pressure 2010, 2040, 2070, 2090 in Pa  
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Figure 5: Humidity 2010, 2040, 2070, 2090 in % 

 

Figure 6: Eastward Wind 2010, 2040, 2070, 2090 in m/s 
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Figure 7: Northward Wind 2010, 2040, 2070, 2090 in m/s 

Data analysis was also conducted for boundary conditions to decide on the most appropriate among 

the possible options within the Liscoast simulation results. As we are not interested in simulating 

extreme situations, it was chosen to use the eewl values, as they are more moderate in comparison 

to the esl values, while showing episodically occurring levels and thus displaying fluctuations of 

water levels. The data which is provided from the first of December 2009 to the 30th of November 

2099 was plotted in order to determine trends and obtain an overview about rising sea levels in the 

Wadden Sea.  

As water level values are provided as episodic extremes per decade, it was decided to observe the 

relative rate of change of the sea level, rather than to work with absolute values. In order to 

adequately present the dynamics at the boundaries, existing astronomic water level data, based on 

simulations made by Deltares, was used as baseline. Subsequently, the relative change rate per 

decade was added to the existing data to simulate the sea level rise at the boundaries. The southern 

and northern boundaries were viewed separately. Figure 5 presents the grid with the boundaries 

incorporated in a map. 
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Figure 5: Location of Southern and Northern Boundaries (Image created with Google Earth) 

The coordinates of the southern boundary were identified as: 50°38 N, - 1°47 E at the left boundary 

(Lb) and 49°45 N, - 1°44 E at the right boundary (Rb). The northern boundary edges are located at Lb 

= 56°46 N, - 2°8 E and Rb = 57° N, 8°24 E. 

In order to extract the eewl values at these locations python was used to find the points closest to 

the boundary’s edges and to then extract time series data for plotting the values. The code can be 

found in A4.  

The eewl values are defined by the variables “number of points” (npoints), which are the total 

amount of simulation points along the coastline, reaching up to 11014, the return periods, which 

include 5, 10, 20, 50, 100, 200, 500 and 1000 years, as well as the decade in which the water level 

was projected, reaching from 2010 to 2100. Finally, three ensemble members were provided, where 

the first ensemble member represents the minimum, the second the mean and the third the 

maximum eewl values.  

In order to determine the boundary conditions necessary for the model, the four points closest to 

the boundary’s edges were determined and the eewl values were plotted for each ensemble 

member for the return periods (rp) 5, 50 and 500 years for the left and right edges (Lb and Rb 

respectively) of the southern and northern boundaries.  

Lb  
SOUTHERN  BOUNDARY 

Rb 



15 

The eewl values for all four points the southern boundary, for each the Lb and Rb, resulted in being 

the same. For the northern boundary the points located at the Lb displayed the likewise values as 

well. Solely, for the Rb at the northern boundary two different sets of values were found, precisely 

for the “npoints”: 4752, 4748 and 4754, 4749. The figures 10 to 15 display the eewl values for both 

edges Lb and Rb for both boundaries. Figure 10- 12 show the conditions in the south in the English 

Channel. A1 displays the fluctuations as changes of water levels from one decade to another.  

The most stable values are found in Ensemble 2, which comprises mean eewl predictions. 

Surprisingly the eewl values decrease in the decade 2100 compared to the reference in 2010 in the 

Southern Boundary. This is in accordance with the findings of Idier et al. 2017, which stated that 

water levels in the English Channel will sink throughout the following years.  

Based on these observations it was decided that alterations of existing water level input data for the 

baseline would be made with the second Ensemble member and with data derived from a return 

period of five years, with the objective to not simulate extremes, but water level fluctuations. 

Especially, because existing, astronomic water level input data depicts mean water levels in order to 

then simulate a tidal wave around the mean and does not refer to episodically extremes as the 

Liscoast data set does. Precisely, the astronomic input data set ranges between mean sea levels (Ao) 

of -0.0487 and 0.0220 m at the southern boundary and 0.0015 to 0.0053 m at the northern 

boundary.  

In order to do so, the relative change of the water levels of the Liscoast simulations will be applied to 

the input files of the baseline model. They will be used to alter the constituent “mean water level 

over a certain period” which is part of the astronomic boundary condition of the baseline model.  

 



16 

  

Figure 14: Eewl values at northern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp 50 

Figure 15: Eewl values at northern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp 500  

Figure 11: Eewl values at southern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp 50 

Figure 10: Eewl values at southern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp five 

Figure 13: Eewl values at northern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp 5 

Figure 12: Eewl values at southern boundary for ensemble 

members 1 (min), 2 (mean), 3 (max) for rp 500 
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5. Time Management 
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Appendix 
 

A1 Water Level Fluctuation 

 


