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Abstract

The recent morphological development of the German Wadden Sea (North Sea, Europe) has been characterized by expanding 

intertidal flats and deepening, narrowing tidal channels at declining subtidal volume. This study analyzes the effect of these 

changes on tidal asymmetry, based on numerical modeling with high-resolution bathymetry data, and discusses possible 

adaptations of the import and export behavior in intertidal systems. As common descriptors of tidal asymmetry may show 

a high spatial variability in bathymetrically complex intertidal systems, we develop a novel subregion averaging approach 

for a more robust trend estimation. Our data reveal a statistically significant decrease in flood and flood current duration in 

the period from 1996 to 2016 resulting in declining flood dominance or enhanced ebb dominance in most tidal basins of the 

German Wadden Sea. Mean and peak current asymmetry also indicate significant decreases in mean flood current magnitude. 

We relate decreasing flood dominance mostly to local bathymetric volume changes rather than tidal amplitude. However, it 

appears likely that the sum of local effects facilitates the adaptation of regional tidal dynamics which affects especially the 

northern German Bight. This regional shift is explained by the deceleration of rising tides due to increased friction on later-

ally expanded intertidal flats and decreased subtidal channel volume. The decrease in flood or increase in ebb dominance, 

respectively, indicates that the recent trend of sediment accretion in Wadden Sea areas may cease soon.

Keywords North Sea · Wadden Sea · Tides · Tidal asymmetry · Tidal channels · Sea level rise · Morphodynamics

1 Introduction

The Wadden Sea is the largest coherent intertidal flat area 

worldwide and a UNESCO world heritage site. This precious 

ecosystem spans the Dutch, German, and Danish North Sea 

coast with a distinct richness of terrain forms, e.g., extensive 

open and back-barrier intertidal flats, branched tidal channels, 

sandbanks, and barrier islands. External dynamics such as sea 

level rise (Idier et al. 2017), spatially varying changes in tidal 

range (Jänicke et al. 2020), nonlinear tide-tide interactions 

on shorter (Gräwe et al. 2014; Müller et al. 2014), and longer 

time scales (Hagen et al. 2021a) constantly alter hydro- and 

morphodynamics in this area. A recent analysis of the Ger-

man Wadden Sea bathymetry has revealed a lateral and verti-

cal expansion of intertidal flats along with a deepening of 

tidal channels at decreasing subtidal channel volume. In other 

words, intertidal areas are expanding, and narrower, deeper 

tidal channels are prevailing (Benninghoff and Winter 2019).

Drivers and effects, i.e., the interaction between observed 

bathymetry changes and tidal dynamics, remain unclear at 

this point. Analytical solutions and 1D modeling suggest 

a link between basin hypsometry (Friedrichs 2011), tidal 

flat geometry (Pritchard and Hogg 2003), intertidal storage 

volume (Friedrichs and Aubrey 1988), and tidal asymmetry. 

Tidal asymmetry can be described as the ratio of flood and 

ebb characteristic values for sea surface elevation and cur-

rent velocity over a tidal cycle. Shorter flood duration is con-

nected to flood dominance, as it is associated with stronger 

flood current velocity and increased sediment transport 

potential. In practice, a direct estimation of flood and ebb 

dominance, e.g., by current observations, is hampered by a 

lack of reliable measurements. Other approaches therefore 

describe the asymmetry of a tidal signal by phase ratios (e.g., 

the 2M2-M4 phase lag) of tidal constituents (Friedrichs and 

Aubrey 1988; Song et al. 2011). Flood or ebb dominance 

in an estuary can also be estimated by geometrical relation-

ships such as the ratio between tidal amplitude and mean 
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channel depth (a/h), volume considerations, or intertidal 

width changes within a tidal cycle (Friedrichs and Aubrey 

1988; Friedrichs and Madsen 1992).

 To understand the hydrodynamic changes in the context 

of recent bathymetry evolution in the German Wadden Sea 

area, we investigate the development of tidal asymmetry 

by dedicated numerical modeling of annual morphological 

states. Previous studies on the possible consequences of near-

coast bathymetry changes for tidal dynamics were based on 

model simulations of the years 2000 and 2011. They showed 

a local and regional impact on 2M2-M4 phase lag in North 

Frisia and the German estuaries (Jacob et al. 2016). The 

applicability of the 2M2-M4 parameter, however, is disput-

able in the southern German Bight, as, e.g., M4 amplitudes 

are locally more than 50 times smaller than M2. Another 

study investigating sea level rise in the German Bight showed 

that the changes in peak current velocity asymmetry are neg-

ligible if intertidal flats are elevated and channels are deep-

ened accordingly (Wachler et al. 2020). However, this effect 

was solely investigated by applying a uniform increase in 

the intertidal flats’ height, instead of varying their elevation 

and lateral extent, which can be expected based on Benning-

hoff and Winter’s (2019) observations. Recently, a concep-

tual morphodynamic model of a tidal basin has shown that 

sea level rise enhances the lateral expansion of tidal flats 

and increases sediment export (Guo et al. 2021). Another 

modeling approach investigated the effect of (again uniform) 

vertical intertidal flat accretion in combination with sea level 

rise scenarios and concluded that the M2 amplitude as well 

as the 2M2-M4 phase lag will adapt to the changes if the 

intertidal areas cannot keep up with sea level rise (Jordan 

et al. 2021). Other numerical studies of large-scale sea level 

rise scenarios in the Wadden Sea either neglect the effect of 

nearshore bathymetry (Pickering et al. 2012), they focus on 

isolated tidal basins (Becherer et al. 2018; Hofstede et al. 

2018), or lack detailed grid resolution in the Wadden Sea 

(Idier et al. 2017; Pickering et al. 2017).

This study uses numerical modeling data (Hagen et al. 

2021b) which are based on the most recent available data 

on the morphological development in the German Wadden 

Sea to reveal changes in tidal asymmetry. Our goal is the 

quantification of changes in sea surface elevation and cur-

rent velocity asymmetry as an estimator for changes in the 

sediment import and export behavior of tidal subsystems in 

the German Wadden Sea. We focus on tidal channels as the 

main pathways of sediments on long time scales and utilize 

annual harmonic constituents and tidal characteristic values 

in the period from 1996 to 2016 to derive trends of tidal 

characteristic values and tidal asymmetry. Thus, our study 

aims to provide a foundation for potential driving mecha-

nisms to understand the relationship between bathymetry, 

regional tidal dynamics, and local tidal asymmetry changes.

This paper is structured as follows: In Sect. 2, we define 

the evaluated tidal asymmetry parameters used throughout 

this paper and our analysis methodology. In Sect. 3, we first 

aim to establish whether our model data can reproduce tidal 

asymmetry before investigating the mechanisms behind 

changing tidal asymmetry. To this end, we need to assess the 

changes in tidal characteristic parameters and current veloc-

ity. Section 3 concludes by analyzing trends in flood to ebb 

ratios and deriving the changes in mean flood and mean ebb 

current velocities. Section 4 focuses on a discussion of the 

potential causes of shifts in tidal asymmetry.

2  Methods

2.1  Tidal asymmetry 

Different descriptors may be used to quantify tidal asymme-

try. The amplitude ratio between shallow water and main tidal 

constituents (e.g., the M4 to M2 amplitude ratio) is an indicator 

of asymmetry strength, and the phase lag (e.g., the 2M2-M4 

phase lag) can estimate if flood- or ebb dominance is present 

(Friedrichs and Aubrey 1988). Alternatively, tidal characteristic 

value ratios such as flood to ebb duration describe asymmetry 

strength and dominance simultaneously for each tide, includ-

ing episodic disturbance from, e.g., storm surges. The duration 

asymmetry of flood and ebb has been mentioned as an indicator 

of the residual transport of fine suspended sediments, while 

velocity asymmetry may be used to estimate the transport of 

coarser suspended material (Dronkers 1986; Friedrichs and 

Aubrey 1988). Flood and ebb (mean and peak) current veloci-

ties were also found to be dominant for sand transport in 1D 

modeling (van Maren and Winterwerp 2013; Zhou et al. 2015). 

For this reason, we have chosen the 2M2-M4 phase lag, as well 

as the duration and velocity asymmetry descriptors in Table 1 

following Dronkers’ (1986) ideas. The parameters from Table 1 

are illustrated graphically in Fig. 1.

It should be noted that we use flood to tide duration ratio 

instead of the flood to ebb duration ratio to avoid a nonlin-

ear amplification of flood dominance. If, for example, flood 

duration decreases from 400 to 300 min along a tidal cycle of 

700 min, the flood to ebb duration ratio changes nonlinearly 

from 1.33 to 0.75 and the flood to tide duration ratio changes 

linearly from 0.57 to 0.43.

Moreover, geometrical relationships such as the ratio a/h 

between the mean tidal amplitude a (here: half of the annu-

ally averaged tidal range within tidal channels) and the mean 

subtidal channel depth h and the ratio between the intertidal 

storage volume Vs and the subtidal channel volume Vc (Frie-

drichs and Aubrey 1988) are applied to estimate the tidal 

asymmetry of short, shallow estuaries (i.e., tidal channels). 

Vs is hereby defined as the intertidal storage volume at high 

water, and Vc is defined as the subtidal channel volume at 



Ocean Dynamics 

1 3

mean water (Friedrichs 2010). Although local flood and ebb 

dominance depends on the presence of intertidal storage 

volume, a numerical solution provided by Friedrichs and 

Aubrey (1988) has established that small a/h ratios favor 

ebb dominance (assuming the presence of intertidal storage 

volume), while larger values indicate flood dominance. If 

no intertidal storage volume is present, a system tends to be 

flood dominant, independently of the a/h ratio.

An increase in a/h therefore indicates either an increase 

in tidal range or a decrease in mean channel depth and is 

associated with flood dominance. An increase in Vs/Vc 

enhances ebb dominance at small a/h and would result from 

a lateral expansion of intertidal flats, changing mean tidal 

flat height, or decreasing mean channel depth or width.

2.2  Data availability and analysis

Numerical modeling results for sea surface elevation, tidal 

constituents, tidal characteristic values, and bathymetry 

data were acquired from the EasyGSH-DB data collection 

(Hagen et al. 2020; Sievers et al. 2020). The data collec-

tion contains hindcasts of tidal dynamics in the German 

Bight for the period from 1996 to 2015. Using the same 

modeling system, we added the year 2016 to these data to 

obtain a larger number of samples for trend estimation. 

Details of the 3D numerical model including model setup 

and validation are described in Hagen et al. (2021b) and 

the model domain is illustrated in Fig. 2.

Tidal constituents and tidal characteristic values in the 

EasyGSH-DB data were computed from annual numeri-

cal simulations and processed from 10-min intervals to 

approximately 705 tidal cycles for each year. Afterward, 

annual means of tidal characteristic values were calculated 

with each flood and ebb tidal characteristic value weighted 

by tide duration. We used annual harmonic analysis and 

annually averaged tidal characteristic values intention-

ally, as the spring-neap variation induces a high amount 

of variability, which hampers statistically significant trend 

estimation on longer time scales. Accordingly, we assumed 

interannual variation and meteorological oscillation to 

even out through averaging, although we understand that 

this may impose a limitation on our results.

It should be noted that our current velocity analysis 

method requires a bidirectional flow with a main flow direc-

tion to be able to distinguish between flood and ebb cur-

rent. For this reason, tidal events in a multidirectional flow 

situation, e.g., near amphidromes with low tidal range or 

close to strong wave-current interaction, were excluded from 

subsequent analysis. Data affected by intertidal wetting and 

drying were also dismissed. Excluded values are referred to 

as invalid in the following.

2.3  Morphological unit averaging approach

Tidal asymmetry is a function of depth changes, channel 

convergence, tidal range, and intertidal width changes 

(Friedrichs 2010). Dissipation of tidal energy in shallow 

Table 1  Overview of applied 

tidal asymmetry parameters
Tidal asymmetry parameter Flood dominance Symmetry Ebb dominance

2M2-M4 phase lag (sea surface) 0–180° 180, 360° 180–360°

Flood (T_F) to tide (T_T) duration  < 0.5 0.5  > 0.5

Flood (T_f) to tide (T_t) current duration  < 0.5 0.5  > 0.5

Mean flood (vf,mean)-to-mean ebb (ve,mean)  

current velocity magnitude ratio

 > 1 1  < 1

Peak flood (vf,peak)-to-peak ebb (ve,peak)  

current velocity magnitude ratio

 > 1 1  < 1

Fig. 1  Schematic flood dominant tidal cycle (black line) from the 

tidal constituents M2 (red line) and M4 (green line) at the tidal gauge 

KNO (see Fig. 3). The tidal asymmetry descriptors from Table 1 are 

indicated for sea surface elevation (a) and current velocity (b)
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water leads to the generation of overtides, which causes 

flood or ebb dominance. In complex bathymetric environ-

ments, shifts of flood vs. ebb dominance can happen on 

small spatial scales within hundreds of meters. For this 

reason, we conducted spatial averaging of tidal asym-

metry values over small subareas, which allowed us to 

obtain robust results for spatially variable tidal asymmetry 

descriptors in defined morphological subsystems (i.e., mor-

phological units). The spatial mean of a tidal asymmetry 

descriptor was subsequently taken as representative of a 

morphological unit instead of individual tide gauge loca-

tions. These morphological unit averages were applied in 

our trend analysis.

In this paper, we defined morphological units (see Fig. 3 

and supplement D) for each tidal basin, via estuarine geome-

try or near the location of a tide gauge. A morphological unit 

must cover the tidal channels of interest within the entire 

analysis period. Therefore, some supratidal and intertidal 

areas close to the coastline are excluded as well as areas with 

artificial morphological changes by, e.g., port construction 

or dredging. We limited shoreface polygons (e.g., 11, 15, 

20) seawards roughly by the − 15 mNHN isobath (with NHN 

being German chart datum), and inlet polygons (e.g., 5 to 9) 

include a small portion of the channel delta up to approxi-

mately the − 20 mNHN isobath. Additionally, the outer estu-

aries of the rivers Ems (1 to 4), Jade (11 to 14), Weser (15 

to 19) and Elbe (20 to 25) were divided into multiple units 

which mainly depend on the location of tide gauges (e.g., 

green triangles in Fig. 3).

As an example, Fig. 4(a) demonstrates the spatial vari-

ability for the annually averaged peak flood to peak ebb cur-

rent velocity magnitude ratio in the inner Jade Bay (mor-

phological unit 13 in Fig. 3). Starting from a full spatial 

coverage (see Fig. 4(a)), data with invalid tidal events (see 

Sect. 2.2) were excluded (Fig. 4(b)) and clipped to a chosen 

morphological unit area (Fig. 4(c)) before being averaged 

within the unit (Fig. 4(d)).We can only consider samples 

in permanently inundated areas with a predominantly bidi-

rectional flow in the following (i.e., tidal channels) because 

information about a full tidal cycle is required. As our origi-

nal data are distributed on unstructured grids, averaging was 

carried out considering the unstructured elements area.

2.4  Trend analysis

We carried out a linear regression analysis on annually aver-

aged parameters in each morphological unit (e.g., data from 

Fig. 4(d), referred to as “samples” below) for the period from 

1996 to 2016. The good agreement in our fitting results sug-

gested that linear regression is suitable for the chosen period. 

Fig. 2  The EasyGSH-DB data 

collection modeling domain 

( adapted from Hagen et al. 

2021b) illustrating open 

boundaries (solid blue lines) 

and model topography



Ocean Dynamics 

1 3

It should be noted that this may not be the case on longer 

time scales with non-linear behavior due to an accelerated 

sea level rise and long-term tidal cycles such as the nodal 

tide. Furthermore, we tested linear regression results for sta-

tistical significance (significance hereafter) by performing 

an F-test at a 5% significance level and established an outlier 

check to improve regression robustness. We rejected samples 

which depart more than three scaled, median, and absolute 

deviations from the sample median in trend analysis. An out-

lier check became inevitable because of implausible height 

jumps in the bathymetry before airborne laser scanning 

technology was available, which resulted in obvious local 

outliers even within morphological averages.

3  Results

3.1  Tidal asymmetry at gauges and morphological 
units

We aggregated large quantities of data in each morphologi-

cal unit using the morphological unit averaging approach 

(MUA; see Sect. 2.3). For this reason, we first need to 

establish whether the model can reproduce tidal asymme-

try sufficiently by comparing observed and predicted tidal 

asymmetry descriptors at tide gauges (see Table 2). In addi-

tion, we evaluated how morphological averages correspond 

to measured and modeled data at gauges. This specific 

comparison of modeling results and observations contrib-

utes to the numerical model validation given in Hagen et al. 

(2021b). We selected several tide gauges in the study area to 

cover different morphological conditions (see Fig. 3) includ-

ing estuarine (e.g., KNO or BAL), tidal inlet (e.g., NOY, 

SPI), or outer estuary tidal channels (e.g., ALW, CUX). We 

conducted a comparison for sea surface asymmetry only, as 

the spatial coverage and survey quality of available current 

velocity measurements were insufficient in the study area.

Observed M2 amplitudes range from 0.97 m in HOH to 

1.77 m in WAV. The M4/M2 amplitude ratio rarely exceeds 

0.08 within the entire study area for observation, prediction, 

and morphological averages alike. Measured minimum M4/

M2 amplitude ratios range from 0.02 in NOY and SPI to 0.13 

in KNO, with a maximum deviation between observation 

and prediction of 0.03 at BAL. Predicted and morphologi-

cally averaged values agree at most locations, although nota-

ble differences exist in NOY and BUS. The 2M2-M4 phase 

lag shows more pronounced differences between observed 

and predicted values with more than 30° in NOY, SPI, and 

WAV to less than 10° at other gauges. 2M2-M4 further devi-

ates by several degrees between the predicted gauge value and 

Fig. 3  Topography of the study 

area (bottom, right) and loca-

tion within the North Sea (top 

left). Morphological units are 

indicated by black solid lines 

and a unit ID (1 to 32). Tide 

gauge stations are represented 

by green triangles with a three-

letter code
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the morphological averages; the agreement with the measure-

ments is in some cases better (e.g., WAV, CUX) and in other 

cases poorer (e.g., NOY, BAL). We observe that large differ-

ences of 2M2-M4 phase lags between observation, prediction, 

and morphological average coincide with low M4/M2 ratios. 

Additionally, the predicted 2M2-M4 phase lag indicates that 

the model often suggests stronger flood dominance than cor-

responding observations.

The flood to tide duration ratio (T_F/T_T) compares well 

between observation, prediction, and morphological averages 

with maximum gauge prediction differences of 0.03 in HOH. 

Nonetheless, most differences between observation and predic-

tion or morphological average are below 0.01, with morpho-

logical averages indicating a better overall fit to observations.

In summary, our results show that low M4/M2 amplitude 

ratios coincide with larger differences between observed and 

predicted or morphologically averaged 2M2-M4 phase lags, 

while T_F/T_T remains robust even at low M4/M2 ratios for 

gauge prediction and morphological average. 2M2-M4 phase 

lag and T_F/T_T both indicate similar flood or ebb domi-

nance whenever the M4/M2 amplitude ratio is larger than 

0.07. Reasonable agreement between modeled and meas-

ured T_F/T_T ratios has led us to presume that the model 

can reproduce representative tidal asymmetry in the study 

area. Nevertheless, differences of 2M2-M4 phase lags at low 

and medium M4/M2 amplitude ratios and gauge prediction 

deviations of the T_F/T_T comparisons in BUS and HOH 

show that analysis results at tide gauges are susceptible to 

local effects. Considering the spatially variable distribution 

of the peak current velocity in Fig. 4(a), point data may not 

be suitable for the estimation of long-term trends in current 

velocity asymmetry because of bathymetry sensitivity.

3.2  Local and regional changes in flood duration

To obtain an overall impression of changes in tidal asym-

metry, the difference between the annually averaged flood 

duration in 1997 and in 2015 was calculated in Fig. 5. Both 

Fig. 4  Calculation of the mor-

phological average of the mean 

peak flood to peak ebb current 

velocity ratio in unit 13 (see 

Fig. 3) in the year 2015. Red 

values indicate ebb dominance; 

green values indicate flood 

dominance. First, data points 

with invalid tidal events were 

excluded (b) from the analyzed 

data. Second, data outside the 

morphological unit were clipped 

(c) before being averaged within 

the morphological unit (d). 

Panel (e) shows the topography 

of unit 13 (black lines), and the 

− 40-, − 30-, − 20-, − 10, − 5, and 

0-mNHN isobaths (gray lines)
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years represent the diurnal minimum of the nodal tide, which 

minimizes any astronomical bias. It should be noted that 

meteorological phenomena and different interannual vari-

ations may be present in Fig. 5. However, these processes 

are unlikely to offset annual averages as, e.g., storm surges 

are highly episodic and occur only a few times each year. 

In the following, we use the term regional for large-scale 

processes (e.g., the German Bight) and local for processes 

in the morphological units (e.g., a tidal basin).

A first observation is that flood duration increases 

by a few minutes in the southwestern German Bight 

and decreases by up to 20 min in its northeastern part. 

Regional changes are either enhanced (Southwest) or 

counteracted (Northeast) within local tidal channels. A 

second observation is that the regional changes do not 

carry over into all morphological units. Interestingly, sev-

eral northeastern tidal channels show increasing flood 

duration despite a different regional tendency. Similar 

tendencies are evident in the southeastern German Bight 

with flood duration increases > 10  min in local tidal 

channels and slight flood duration decreases in seaward 

direction. For this reason, we presume that regional tidal 

dynamics may compete with local processes for flood 

duration changes.

Inspired by this observation, morphologically averaged 

trends have been calculated for the flood to tide duration 

between 1996 and 2016 (Fig. 6). It is notable that mor-

phological units with insignificant linear trends are also 

displayed, as the consistent temporal evolution of adjacent 

morphological units may also be of interest (e.g., units 23 

to 26). Results yield statistically significant trends in 24 

out of 32 morphological units. In accordance with Fig. 5, 

trends reflect a plausible local and regional behavior. The 

local increase in flood duration (i.e., decreasing flood 

dominance or increasing flood to tide duration) from units 

1 to 18 confirms the findings from Fig. 5. The signal in 

North Frisia (units 26 to 32) becomes locally both more 

and less flood dominant; hence, it may be influenced 

regionally. Specifically, trends in units 27, 31, and 32 

show increasing flood dominance, which matches with 

the evident decrease in flood duration. Conversely, the 

adjacent units 28 and 30 indicate decreasing flood domi-

nance in accordance with increasing flood durations in 

Fig. 5.

3.3  Driving factors — changes in tidal range, 
intertidal storage and subtidal channel volume

In idealized systems, tidal asymmetry can be explained 

based on morphological constraints such as the tidal ampli-

tude to mean channel depth ratio a/h and the intertidal stor-

age volume Vs to subtidal channel storage Vc ratio Vs/Vc 

(see Sect. 2.1). We used the EasyGSH-DB bathymetries 

(Hagen et al. 2021b; Sievers et al. 2021) to estimate a/h and 

Vs/Vc as defined in Sect. 2.1. In the following, we inves-

tigate the development of the tidal range (1), a/h (2), and 

Vs/Vc (3).

Annual changes in the mean tidal range between 1996 

and 2016 in Fig.  7 show regionally varying increases 

between 3 and 5 mm/a in North Frisia or by less than 

2 mm/a in the Ems estuary and in East Frisia. Our increase 

rates are lower than the recently reported 3.3 mm/a (Jänicke 

et al. 2020) with a mean increase rate of 1.1 mm/a. We 

attribute this to slowing increases in the tidal range in the 

Table 2  Annual average of 

M2 amplitude A (M2) and 

comparisons between the 

predicted (P), observed (O), 

and morphologically averaged 

(MUA) parameters: M4 to M2 

amplitude ratio, 2M2-M4 phase 

lag, and annually averaged flood 

to tide duration ratio (T_F/T_T) 

in the chosen year 2013. Gauge 

locations are given in Fig. 3

Gauge Unit A (M2) M4/M2 amplitude ratio 2M2-M4 phase lag T_F/T_T

O O P MUA O P MUA O P MUA

m - - - Deg Deg Deg - - -

HUI 1 1.05 0.08 0.06 0.07 162 153 153 0.48 0.48 0.49

BOS 2 1.09 0.07 0.05 0.05 170 167 156 0.48 0.49 0.48

KNO 4 1.37 0.13 0.11 0.10 173 164 154 0.49 0.48 0.47

NOY 6 1.15 0.02 0.01 0.03 157 120 110 0.49 0.49 0.48

SPI 8 1.26 0.02 0.02 0.04 140 79 75 0.49 0.50 0.47

WAN 11 1.35 0.05 0.05 0.05 96 80 86 0.47 0.46 0.46

MPL 12 1.43 0.06 0.05 0.06 134 119 113 0.47 0.47 0.47

WAV 14 1.77 0.06 0.05 0.06 190 224 183 0.51 0.52 0.50

ALW 15 1.36 0.05 0.06 0.06 120 104 106 0.47 0.46 0.47

BAL 18 1.74 0.09 0.06 0.07 180 181 167 0.50 0.50 0.49

CUX 22 1.42 0.08 0.09 0.09 114 100 105 0.45 0.45 0.44

BUS 26 1.62 0.04 0.03 0.07 163 160 119 0.49 0.51 0.48

HOH 31 0.97 0.07 0.08 0.08 167 174 157 0.49 0.52 0.49
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past 20 years (Leon Jänicke, personal communication) com-

pared to the period between 1958 and 2014. Local decreases 

in units 26 and 27 (near the tidal gauge BUS) have previ-

ously been related to local land reclamation and dredging 

in the Meldorfer Bight (Jänicke et al. 2020). Higher tidal 

range increase rates in the northeastern German Bight are 

also in line with current SLR projections (Idier et al. 2017; 

Wachler et al. 2020; Jordan et al. 2021) and observations 

(Jänicke et al. 2020). Hence, we can assume locally varying 

increases in tidal range across the study site with few local 

exceptions.

Despite the overall increasing tidal range, the a/h ratio 

decreases across the entire study area except for units 1 

and 24 to 27, which implies that local subtidal deepening 

exceeds tidal amplitude increase (in Fig. 8(a)). The largest 

decreases in a/h are found in the river Ems (3, 4) and in the 

adjacent East Frisian units (5 to 8) as well as the inner Jade 

(13, 14). The predominant increase in flood duration, e.g., 

in morphological units 2 to 18 (see Fig. 6), is therefore in 

line with theoretical expectation that lower a/h ratios cause 

flood dominance to decrease (Friedrichs and Aubrey 1988).

As most a/h values from Fig.  8(a) are rather small, 

the storage-to-channel volume ratio Vs/Vc may determine 

whether a system is ebb or flood dominant. Vs/Vc in Fig. 8(b) 

varies between 0 in purely subtidal units in the mouth of the 

Elbe estuary and 1.8 in East and North Frisia. Most units 

show an increase in Vs/Vc (3 to 7, 19, and 25 to 32) with unit 

27 showing the largest increase. Units 8 to 10 in East Fri-

sia exhibit noteworthy Vs/Vc decreases, which may account 

for lower increases in flood duration compared to the Ems 

estuary despite high a/h. Figure 8(c) illustrates the relation-

ship between both parameters. For reference, we added the 

numerical solution of Friedrichs and Aubrey (1988) for flood 

or ebb dominance. We observe that most points advance 

further towards the ebb dominant side of Friedrichs and 

Aubrey’s (1988) solution, which is facilitated by the pre-

dominant increase in Vs/Vc and the decreasing a/h ratios.

However, in contrast to theoretical expectation, Fig. 5 

shows that flood duration decreases (i.e., increasing flood 

dominance) in units 31 and 32 despite a marginal increase 

in Vs/Vc at constant a/h. For this reason, we suggest that 

changes in tidal amplitude, inter- or subtidal volume are 

likely counteracted by regional changes in flood duration. 

Fig. 5  Differences between the 

mean flood duration in 1997 

and in 2015 with the blue areas 

indicating increasing and the 

red areas indicating decreasing 

flood duration. The map shows 

only permanently inundated 

data in both years. No-data 

values are represented by white 

patches, and the morphologi-

cal units are indicated by black 

contours
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Contrary, units 28 to 30 demonstrate increasing flood dura-

tion which corresponds well to increasing Vs/Vc.

3.4  Changes in tidal asymmetry

3.4.1  Duration asymmetry 

Subsequently, we apply the morphological unit averag-

ing approach (hereafter MUA) to all morphological units 

between 1996 and 2016 for duration-related tidal asymmetry 

parameters (see Table 1). The full trend analysis (analogous 

to Fig. 6) is given in the supplementary material.

We have derived statistically significant trends across the 

entire study area for the sea surface 2M2-M4 phase lag, the 

flood to tide ratio, and the flood to tide current duration ratio 

(see Fig. 9). Results show different regional characteristics 

mainly with decreasing flood dominance or increasing ebb 

dominance. The 2M2-M4 phase lag and the flood to tide 

ratio in Fig. 9(a, b) show decreasing flood dominance in 

most units in East Frisia and the rivers Ems, Weser, and 

Jade Bay as well as increasing flood dominance in the river 

Elbe in unit 27. The 2M2-M4 phase lag, however, indi-

cates an increase in flood dominance in East Frisia, while 

the flood to tide duration ratio indicates a strong decrease. 

Trends of adjacent morphological units generally tend to 

Fig. 6  Linear regression of the flood  to  tide duration ratio for mor-

phological units from Fig.  3 with ratios < 0.5 representing flood 

dominance. Blue lines indicate significant (p < 0.05) trends and their 

95% confidence intervals (dashed). Gray lines represent insignificant 

fitting with their 95% confidence intervals (dashed). Valid samples 

within the 95% confidence intervals are represented by gray squares; 

outliers are represented by red squares. Outliers are not considered in 

trend estimation and significance testing
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show a consistent signal within broader regional units, 

i.e., for East Frisia and the rivers Ems, Weser, and Elbe. 

North Frisia imposes an exception, as both increasing and 

decreasing flood dominances are present. This observation 

is consistent with the spatial differences of flood duration in 

Fig. 5, which show a similar regional distribution of trends. 

In addition, we observe local signals such as increasing flood 

dominance in the mouth of the Elbe estuary (20 to 25). This 

local signal is likely related to the development of a second 

tidal channel in the outer Elbe estuary in the year 2008. The 

comparison between the 2M2-M4 phase lag and the flood 

to tide duration is mostly consistent, apart from East Fri-

sia where the 2M2-M4 phase lag indicates increasing flood 

dominance in some parts. A possible explanation could be 

the very small M4 amplitudes in most parts of East Frisia 

(see Table 2).

Flood to tide current duration ratios (Fig. 9(c)) strengthen 

previous findings about the flood  to  tide duration ratio 

(Fig. 9(b)) even though more pronounced changes are evi-

dent. We can see either increasing ebb dominance (4, 5, 11 

to 13) or decreasing flood dominance (6 to 10) in East Frisia. 

Units in the Weser and Elbe estuary (15 to 25) demonstrate 

less variation with few local exceptions. In some cases, 

trends in sea surface elevation and velocity duration asym-

metry do not correspond (e.g., unit 3, 11, or 31).

Unexpectedly, the changes in North Frisia are less pro-

nounced than those in East Frisia, with slight decreases in 

ebb dominance (26, 27, 29) and decreasing flood dominance 

Fig. 8  Changes in the geometrical asymmetry parameters a/h (a), 

Vs/Vc (b), and a scatterplot of a/h and Vs/Vc (c) with the numerical 

solution for flood and ebb dominance (dotted gray line) according to 

Friedrichs and Aubrey (1988). In part (c), the white squares repre-

sent the year 1996 which is connected to colored squares in the year 

2016. The dot color is determined by the morphological unit index. 

It should be noted that some of the units are mostly subtidal, which 

yields very small Vs/Vc ratios. No-data values (e.g., unit 20 in b) can 

occur if Vs is unavailable due to purely subtidal units. All values are 

based on linear regression estimates

Fig. 7  Morphologically averaged trends of the tidal range with 

3.3  mm/a indicating averaged annual tidal range increase at tide 

gauges from Jänicke et al. (2020). Error bars represent the 95% confi-

dence of the linear regression; blue bars represent the annual trend of 

the mean tidal range across the morphological units on the x-axis
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(30, 31) considering similar changes in tidal amplitude, a/h, 

or Vs/Vc. A comparison of the regional changes (Fig. 5) in 

duration asymmetry in the context of the morphological 

development of individual units (Fig. 8) therefore confirms 

competing local and regional processes. Following Sect. 3.3, 

we suggest that regionally increasing flood duration (i.e., 

decreasing flood dominance) in North Frisian tidal channels 

is partly counteracted by the morphological development, 

as the tidal amplitude is also dominated by depth changes. 

However, the local tidal asymmetry trends do not corre-

spond to the morphological asymmetry descriptors, as they 

are superimposed by regional changes in tidal dynamics. As 

these trends are absent in the southern German Bight (units 

1–18), the morphological development corresponds to the 

decreasing flood duration.

3.4.2  Current velocity asymmetry 

Considering the changes in duration asymmetry and tidal 

volume, we expect adaptations in the mean flood and ebb 

current velocity magnitude. For this reason, we evaluated the 

mean flood and ebb current velocity magnitude with MUA 

and linear regression in Figs. 10 and 11.

We can see a statistically significant decrease in the mean 

flood current velocity between units 5 and 19, although the 

increasing tidal range may suggest otherwise (see Sect. 3.3). 

The mean flood current velocity decreases by up to 20%, 

and the mean ebb current velocity increases by approxi-

mately 10% in East Frisia. We also observe that across most 

morphological units, flood current velocity decreases more 

strongly than ebb current velocity. Hence, Fig. 10 reflects 

previously demonstrated decreased flood dominance either 

Fig. 9  Development of the 

2M2-M4 phase lag (a), the 

flood to tide duration ratio (b), 

and the flood to tide current 

duration ratio (c) in the period 

from 1996 to 2016 from linear 

regression. Gray bars indicate 

insignificant and colored bars 

indicate significant trends. The 

green color represents flood 

dominance, white represents 

symmetry, and red represents 

ebb dominance. Triangles mark 

the starting point in 1996, and 

the end of the bar represents 

2016. The x-axis represents the 

morphological units defined in 

Fig. 3
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by enhanced mean ebb velocity (e.g., 3, 4) or by declining 

flood velocity (e.g., units 5 to 19). Contrary to the predomi-

nantly decreasing velocities, we notice higher flood and ebb 

current velocity in the Elbe and slightly increased ebb veloc-

ity in the Ems estuary, which may be related to local mor-

phodynamics such as the loss of intertidal storage volume 

or the formation of new tidal channels.

Asymmetric changes in the mean flood and ebb current 

velocity must provoke a response in current velocity asym-

metry, which we have analyzed in Fig. 11. Note that we 

have scaled ratios < 1 visually to account for the nonlinear 

behavior of flood to ebb ratios.

We can see in Fig. 11(a) that some morphological units 

switch from flood to ebb dominance (e.g., 5, 6) or from 

strong flood dominance to near-symmetry (e.g., 7, 8). We 

furthermore observe increasing ebb dominance in Jade 

Bay and the outer Weser estuary (12 to 19). Conversely, 

the Elbe estuary and North Frisia show both decreasing 

and increasing flood dominances. Although most units 

show decreasing flood or increasing ebb dominance, many 

mean flood to mean ebb current velocity ratios remain flood 

dominant.

Peak flood to peak ebb current velocity ratios follow the 

trend of the mean flood to mean ebb current velocity ratio, 

even though many units are more flood dominant. Small 

differences between the ratios of mean and peak flood cur-

rent velocity occur, with different dominances (e.g., 3 and 

17) or differing decreases in flood dominance (e.g., 3, 10). 

Similar to the mean flood to mean ebb current velocity ratio, 

there is a decreasing flood dominance in East Frisia and 

increasing ebb dominance in Jade Bay and the Weser estu-

ary. Almost no trends are observed for the mouth of the 

Elbe, with slightly increasing flood dominance in the inner 

units. North Frisian units mostly show declining flood domi-

nance, except for unit 32, which may be attributed to slightly 

increasing mean ebb velocity at decreasing flood current 

velocity (see Fig. 10).

4  Discussion 

Spatial differences of changes in flood duration between 

1997 and 2015 revealed regional and local changes that 

we investigated in terms of shifts in regional tidal dynam-

ics, increasing tidal range, and local bathymetry evolu-

tion. We established a connection between the indication 

of increasing flood duration in the southern German Bight, 

a decreased ratio of tidal amplitude to mean water depth 

a/h, and an increased ratio of subtidal channel to intertidal 

water volume Vs/Vc. As the tidal amplitude was shown to 

increase in the German Bight earlier (Jänicke et al. 2020), 

we suggest that mean subtidal depth increases dominate the 

development of a/h. For North Frisia, we presumed that the 

implications of bathymetry changes on tidal asymmetry are 

partially compensated by shifts in regional tidal dynam-

ics. Methodically, we introduced the morphological unit 

averaging approach (MUA) to separate local and regional 

effects in tidal asymmetry by averaging tidal asymmetry 

parameters in predefined, small subsystems of a larger 

domain (e.g., a tidal basin) to receive aggregated infor-

mation for trend analyses. We have applied this approach 

within the German Wadden Sea for the period of 1996 to 

2016 to determine the development of tidal range, tidal 

asymmetry, and flood and ebb current velocity. We have 

found decreasing flood dominance or greater ebb domi-

nance for the indicators of duration and current velocity 

Fig. 10  Changes in annually 

averaged mean flood (a) and 

mean ebb (b) current veloc-

ity magnitude in the period 

from 1996 to 2016 from linear 

regression with blue increments 

indicating decreasing and red 

increments indicating increas-

ing current velocity magnitude. 

Light gray bars represent 

insignificant, and dark gray bars 

represent significant regression
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asymmetry. The application of morphological averages pro-

vides several benefits, such as increased robustness against 

local processes or the otherwise infeasible description of 

spatially variable parameters. However, the absence of 

long-term observational current velocity data in the study 

area imposes a limitation on our current velocity related 

results. This problem could be mitigated in the future by 

increased long-term measuring efforts or additional data 

from geostationary remote sensing.

Nonetheless, MUA implies several assumptions and 

simplifications: Multiple averaging steps are needed; i.e., 

temporal averaging of tidal events to annual tidal charac-

teristic values and spatial averaging within a morphological 

unit. We proposed an annual averaging of tidal characteristic 

values because of the variation introduced by interannual 

changes in tidal asymmetry (Gräwe et al. 2014), seasonally 

varying run-off, stratification of the pycnocline in shallow 

coastal seas (Jänicke et al. 2020), and spring-neap dynam-

ics. Additionally, it should be noted that hindcast model 

data skill in the order of tens of centimeters or minutes, 

respectively, as well as the inaccuracy of the underlying 

bathymetry data (Sievers et al. 2021) imposes uncertainty 

on our results. Still, the agreement of MUA results with 

measurements (see Table 2) increases our confidence in the 

presented results. Seasonal time frames, more detailed or 

coarser morphological unit framing should, however, be the 

subject of future research.

The comparison of MUA results to tidal gauges has also 

shown some advantages of the flood to tide duration ratio 

over the surface 2M2-M4 phase lag in areas with low M4/

M2 amplitude ratio. We were able to detect decreasing 

flood to tide duration ratios in North Frisia, while 2M2-M4 

demonstrated no change. It has already been pointed out 

that the quantification of asymmetry was focused on semi-

diurnally dominated systems in the past (Nidzieko 2010) 

and that other phase relationships may be more appropriate 

depending on predominate shallow water constituents.

With a few exceptions, all indications in the study area 

point towards significant decreases in flood dominance 

or enhanced ebb dominance for sea surface and current 

velocity. We have shown that most changes are related to 

the reported increases in mean water depth (Benninghoff 

and Winter 2019), greater intertidal storage volume, or 

decreased subtidal channel volume (see Fig. 7). Decreas-

ing flood dominance in the southern German Bight corre-

sponds to decreasing tidal amplitude to mean depth ratio a/h 

and the decreasing intertidal storage volume Vs to subtidal 

channel volume Vc ratios (Friedrichs and Aubrey 1988; Frie-

drichs 2010). These findings are in line with the observed 

predominant expansion of intertidal flats and the narrow-

ing and deepening of tidal channels (Benninghoff and Win-

ter 2019). Expanding intertidal flats may also play a role 

in the observed regional changes in tidal dynamics: Inter-

tidal expansion increases net friction, which slows down 

Fig. 11  Trend of the annually 

averaged mean flood to mean 

ebb current velocity magnitude 

ratio (a) and the annually aver-

aged mean peak flood to peak 

ebb velocity magnitude ratio (b) 

in the period from 1996 to 2016 

from linear regression. Green 

bars represent flood dominance, 

white bars represent symme-

try, and red bars represent ebb 

dominance. Triangles mark 

the starting point in 1996, and 

the end of the bar represents 

2016. The x-axis represents the 

morphological unit index
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the propagation speed of incoming floods, thereby causing 

longer flood duration. This corresponds to the findings pre-

sented by Friedrichs and Madsen (1992), who relate large 

intertidal width changes in an estuary to ebb dominance. 

Jordan et al. (2021) showed an increase in energy dissipation 

of 7% for 0.8 m of sea level rise, with no vertical intertidal 

flat accretion. This is a reasonable comparison in view of the 

fact that a larger intertidal area may become available as a 

result of sea level rise (Guo et al. 2021). The lateral intertidal 

expansion has also resulted in increased sediment export and 

greater peak ebb current velocities in a conceptual morpho-

dynamic model of a tidal basin (Guo et al. 2021). Hence, 

if the intertidal areas expand laterally, the intertidal width 

changes in the morphological units increase as well, which 

corresponds to the decreasing flood dominance found in this 

paper. Stronger decreases in mean flood compared to mean 

ebb velocity in the study area strengthen the hypothesis 

of increased friction due to laterally expanding intertidal 

flats (Guo et al. 2021). Another contributing factor is the 

decreased subtidal channel volume (Benninghoff and Winter 

2019), which likely results in a smaller tidal volume despite 

increasing tidal range. Recent bathymetry changes as well 

as increasing Vs/Vc (see Fig. 8(b)) both indicate decreasing 

channel volume, which supports this hypothesis. It follows 

that higher frictional resistance on tidal flats and a smaller 

tidal volume should lead to slower tidal wave propagation 

across the tidal flats to ultimately lengthen flood duration. 

Numerical modeling has already shown that a deepening of 

tidal channels with simultaneous increases in mean tidal flat 

height leads to a decrease in flood at constant ebb current 

velocity (Wachler et al. 2020). This agrees with our chain 

of argumentation.

Morphological units in the mouth of the Elbe estuary 

and in some North Frisian units, however, show a decreased 

flood duration (i.e., increasing flood dominance) in contrast 

to theoretical expectation. Increasing flood dominance in the 

northern part of North Frisia cannot be explained by shifts of 

Vs/Vc or a/h, which is why we believe other explanations are 

needed: One possibility is that laterally expanding intertidal 

flats in the southern German Bight induce additional distor-

tion to the tidal wave through friction before the tidal wave 

approaches North Frisia (see explanation above). Similar 

observations were made on the Dutch coast where distorted 

signals from the English Channel caused flood dominance 

in adjacent tidal basins of the Dutch Wadden Sea (Dronk-

ers 1986). Another possibility is a shift in the amphidromic 

system in the German Bight. This hypothesis is supported 

by recently reported increases in tidal range which were 

related to shifts of the German Bight amphidromes towards 

the west (Jänicke et al. 2020). Higher tidal ranges in North 

Frisia are also visible in our tidal range trend estimation, 

and they have been shown in sea level rise modeling (Idier 

et al. 2017; Jordan et al. 2021) and numerical near-coast 

bathymetry scenarios (Jacob et al. 2016). Jordan et al. (2021) 

have explicitly shown a westward drift of the German Bight 

amphidrome as a response to sea level rise with and without 

vertical intertidal flat accretion. Our results therefore support 

the hypothesis of regional shifts in the amphidromic system 

of the German Bight by ruling out bathymetric and tidal 

amplitude causality in units 31 and 32. Nevertheless, other 

mechanisms such as stratification changes (Jänicke et al. 

2020) or centennial large-scale meteorological and wind 

cycles (Krieger et al. 2021) may contribute to the trends 

presented in this paper. However, considerably longer time 

series would be required to determine these effects.

5  Conclusion and outlook

Previous studies have linked tidal asymmetry of sea sur-

face and current velocity to tidal amplitude, water depth, 

intertidal storage volume, or subtidal channel volume of a 

tidal system (Dronkers 1986; Friedrichs and Aubrey 1988; 

Friedrichs and Madsen 1992). We have analyzed the evolu-

tion of concurrent tidal asymmetry and reported bathym-

etry evolution in the German Wadden Sea (Benninghoff and 

Winter 2019) in the period from 1996 to 2016. We were able 

to derive statistically significant trends for spatially vari-

able tidal asymmetry descriptors by applying an average to 

small subareas (morphological unit averaging approach, 

MUA) and showed that flood and ebb dominance follow the 

geometrical considerations reviewed in Friedrichs (2010).

For all domains in the German Bight, declining flood 

dominance or increasing ebb dominance was revealed with 

few exceptions only. Our results distinguish between regional 

shifts in tidal dynamics which compete with local bathymetry 

evolution. An example is the local decrease in flood duration 

by more than 10 min in North Frisian tidal basins, despite an 

increase by more than 15 min in the wider region. Neverthe-

less, other North Frisian basins showed increased flood domi-

nance, which we related to the earlier reported regional shifts 

in tidal dynamics of the German Bight (Jänicke et al. 2020; 

Jordan et al. 2021). Moreover, our results indicate decreasing 

mean flood and mean ebb velocities in the southern Ger-

man Bight. This is likely related to increased friction due 

to laterally expanding intertidal flats (Guo et al. 2021). As 

all tidal systems worldwide with extensive intertidal storage 

will be affected by rising sea levels, we expect our results 

to be applicable for other regions as well. After all, some 

authors have shown that tidal basins in the German Wadden 

Sea are resilient to mean sea level rise (Hofstede et al. 2018; 

Wang et al. 2018) as long as tidal range increases as this pro-

motes sediment accumulation in the intertidal zone (Hofstede 

2015). Jänicke et al. (2020) have demonstrated barotropic 

increases of tidal range in the North Atlantic, which can only 

be related to meteorological phenomena or sea level rise. 
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Still, we believe further research is required to quantify the 

effect of increased intertidal friction and changes in local 

tidal volume to further solidify our findings.

We would like to emphasize that even though our analysis 

has shown mostly statistically significant findings, trend qual-

ity would improve further if longer time series were avail-

able. However, we discourage further extension into the past 

because bathymetry data before the availability of airborne 

laser scanning lack accuracy on intertidal flats (Benninghoff 

and Winter 2019). Future analyses with longer time series 

may need to refine the linear regression approach as acceler-

ated sea level rise, nonlinear tidal range increase, or limited 

sediment availability will affect tidal asymmetry in the future.
Decreasing flood dominance will have implications on 

coastal sediment transport, as decreasing flood dominance 

may result in reduced sediment import or enhanced sediment 

export (Guo et al. 2021) in the Wadden Sea. Changes in the 

duration, mean, and peak current velocity also make changes 

in sediment composition on intertidal flats and tidal channels 

likely (Dronkers 1986). If the decline of flood dominance 

continues, recent sediment accretion on intertidal flats may 

cease soon. This is a worrying thought, considering the pos-

sible drowning of tidal flats due to accelerated sea level rise. 

It has become clear that further research must be conducted 

to answer these imminent questions. Even if our findings do 

not indicate a decline of the Wadden Sea yet, we strongly 

recommend a continuous annual monitoring program for the 

Wadden Sea’s bathymetry, along with numerical modeling, 

to be able to track and understand developments and their 

implications. Furthermore, a corresponding assessment of 

tidal asymmetry should be extended to the entire trilateral 

Wadden Sea area and other systems, as it seems reasonable 

to assume that the trends characterizing these systems are 

similar to those observed in the German Wadden Sea.
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