
22nd  Salt Water Intrusion Meeting: Salt Water Intrusion in Aquifers: Challenges and Perspectives 

45 mm 

MODELLING OF SALTWATER INTRUSION: A NEW FULLY COUPLED SURFACE-

SUBSURFACE APPROACH 

Jie Yang
1
; Thomas Graf

1
; Maria Herold

2
; Thomas Ptak

2

yang@hydromech.uni-hannover.de

1
- Institute of Fluid Mechanics and Environmental Physics in Civil Engineering, Leibniz 

Universität Hannover, Germany;  
2
- Geosciences Center, University of Göttingen, Germany 

Appelstr. 9A, 30167 Hannover, Germany 

Abstract. Coastal aquifers are complex hydrologic systems due to interactions between the 

ocean and adjacent coastal aquifer such as (i) variably saturated flow, (ii) spatial-temporal 

fluid density variations, (iii) tidal fluctuations, (iv) storm surges overtopping dykes, and (v) 

surface runoff of storm water. To numerically simulate coastal flow dynamics, a coupled 

surface-subsurface approach is presented. The new approach is implemented into the 

HydroGeoSphere model (Therrien et al. (2010)) and accounts for all processes listed above. 

The new approach uses the diffusive wave approximation of the St. Venant equation to 

describe surface flow. Surface flow and salt transport are fully coupled with subsurfacial 

variably saturated, variable-density flow and salt transport through mathematical terms that 

represent exchange of fluid mass and solute mass, respectively. Both tides and storm surges 

induce a time-variant head that is applied to nodes of the surface domain. The approach is 

applied to real cases of tide and storm surge events. Results of a tide simulation show that, in 

addition to the classical salt wedge, an extra plume is formed beneath the upper part of the 

intertidal zone. Monitoring the exchange fluid flux rates through the beach indicates that the 

major inflow to the aquifer takes place at the upper part of the intertidal zone, which explains 

the formation of the extra plume. Results also demonstrate that the extra plume is 

predominantly being formed during rising tides. Results from a storm surge simulation show 

that plume fingers develop below the flooded land surface. The natural remediation by 

seawards flowing freshwater is relatively slow. Thus, reducing the TDS concentration in the 

aquifer down to drinking water standards can take up to 10 years. 
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INTRODUCTION

In coastal aquifers, flow dynamics is controlled by tidal activity and by storm surges that may 

overtop a protective dyke and flood the inland. The objective of this study is to numerically 

investigate saltwater intrusion influenced by both tidal activity and an overtopping storm 

surge event. Using the numerical model HydroGeoSphere (HGS), we will adopt a fully 

coupled surface-subsurface approach to investigate the combined effect of tide and storm 

surge. Tide and storm surges induce a time-variant head applied to nodes of the surface 

domain. The fully coupled hydraulic interaction between the surface domain and the 

subsurface domain simplifies flow and transport boundary conditions caused by tidal 

fluctuation or storm surge events. By investigating coastal aquifer flow dynamics with a fully 

coupled approach, we are interested to see: (1) how tide circulations influence the solute 

distribution in a coastal aquifer, (2) how the storm surge induces the development of salt 

plumes in inland aquifers, and (3) how long the system can recover from a storm surge by 

natural remediation. 

1. MATHEMATICAL MODEL  

HGS is a 3D numerical model describing fully-integrated variably-saturated subsurface and 

surface flow and variable-density solute transport. HGS uses the diffusive-wave 

approximation of the St. Venant equation for surface water flow. A variation of Darcy's 

equation in terms of equivalent freshwater head is used to calculate the surface-subsurface 

flux exchange, and solute exchange is calculated in advective and dispersive form according 

to the exchange flux rate between two domains. Using the diffusive wave approximation to 

represent surface flow caused by tide fluctuation and storm surge is not theoretically valid 
because the diffusive wave approximation is normally only valid for inland systems where the 

frictional resistance is relatively high, and where water depth and flow rates are small. 

However, we tried to ensure the diffusive wave approximation can be used by adopting the 

following assumptions: 

(1) Flow rates on the surface in the free seawater zone are not used in our study because they 

are unreliable. However, in order to control the flow rate overtopping the dyke during a 

storm surge, the surface friction coefficient, and thus the surface flow rate, are adjusted to 

represent a realistic value. (2) Constant solute concentration boundary condition will be 

assigned to submerged nodes of the free seawater zone, thus getting rid of the effect from 

unreliable flow rates, which will cause unrealistic concentrations in the free water zone. (3) 

The density effect will be neglected for both flow and transport solutions in the surface 

domain.

2. SIMULATION AND  RESILTS  

2.1 Boundary and initial conditions 
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The area under investigation is situated north of Bremerhaven, Northern Germany, and the 

chosen cross-section is positioned almost perpendicular to the coastline and is approximately 

12 km long. The subsurface domain is discretized by horizontal prisms, and the surface 

domain is discretized by 2D faces. Parameter values are chosen from previous work for the 

investigated site. A time-variable head representing tidal activity and a constant saltwater 

concentration are prescribed to the left sea side boundary. A time-variable head is prescribed 

to the left edge nodes of the surface domain, and constant concentration is prescribed to those 

surface domain nodes that are submerged by seawater. Average sea level of 0.045 m.a.s.l is 

calculated based on a serial of tide records. Initial conditions are obtained by running the 

simulation with the sea level of 0.045 m.a.s.l to reach steady-state. 

 3.2 Tide 

A period of 20 days is simulated. Results show that the tide fluctuation leads to the formation 

of an extra salt plume beneath the upper part of the intertidal zone (Fig.1). Results of the 

exchange fluid flux between the surface domain and the subsurface domain through the beach 

show that the maximum exchange rates occur around the low tide and high tide coastlines. 

Exchange rates in the intertidal zone are relatively irregular, such that the flow-in and flow-

out processes occur alternately along the land surface. The inflow induced by the high tide 

explains the formation of the extra plume. We also performed individual analyses for the four 

tide states: rising, high tide, dropping and low tide. The results also show that the exchange 

rates on the re-exposed part of the beach are irregular. It is also confirmed that the rising tide 

period significantly contributes to the development of the plume (Fig.1). 

Fig. 1 TDS concentration distribution and flow paths. The extra plume is shown in the dashed 

circle.

 3.3 Storm surge 

One single storm surge pulse is generated in the numerical model, in which the maximum 

overtopping flow-in rate is limited to be less than 200 l s
-1

m
-1

 (EurOtop (2007)) by adjusting 
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the friction coefficient of the land surface. In the storm surge process, a total of about 10446 

m
-3

 of saltwater flow across the dyke into the inland area behind dyke. The overtopping lasts 

for 2.8 hours, and about 261 tons of salt are delivered into the inland area. Saltwater flows 

across the dyke, and then flows as far as 3 km inland. The surface water starts to infiltrate 

into the unsaturated soil, thereby developing salt plumes. 3 days after the storm surge, a salt 

plum just behind the dyke has developed that reaches about 30 m into the aquifer, and whose 

concentration is up to 3000 mg l
-1

. One month later, the deepest plume front reaches 60 m 

into the aquifer. Within one year, the plumes reach the bottom of the aquifer, and they start to 

connect and merge laterally. 5 years after the storm surge, concentration in the aquifer has 

decreased to less than 1500 mg l
-1

, and 10 years later, this value dropped to 500 mg l
-1

, which 

is the maximum TDS concentration for drinking water according to USEPA (US 

Environmental Protection Agency) standards. The natural remediation for salinity is 

relatively slow, even after 20 years, concentration greater than 500 mg l
-1

 can be detected in 

some parts of the aquifer at a depth of about 40 m (Fig.2). 

Fig. 2 Salt distributions in the domain after the storm surge 
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