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Abstract This paper evaluates the remediation potential

of a salinized coastal aquifer by utilizing a scenario sim-

ulation. Therefore, the numerical model OPENGEOSYS is

first validated against analytical and experimental data to

represent transient groundwater level development and

variable density saline intrusion. Afterwards, a regional

scale model with a three-dimensional, heterogeneous

hydrogeology is calibrated for a transient state and used to

simulate a best-case scenario. Water balances are evaluated

in both the transient calibration and scenario run. Visuali-

zation techniques help to assess the complex model output

providing valuable insight in the occurring density-driven

flow processes. Furthermore, modeling and visualization

results give information on the time scale for remediation

activities and, due to limitations in data quality and quan-

tity reveal potential for model improvement.

Keywords Groundwater modeling � Density-dependent �
Saltwater intrusion � OpenGeoSys � Model validation

benchmark � Transient calibration � Scenario simulation �
Remediation potential � Visualization

Introduction—motivation and background

In regions with limited surface water availability, ground-

water resources are often intensively used for various

applications. Pumping activities that satisfy irrigational

demands account for ca. 70 % of the world’s freshwater

usage and often result in enormous groundwater table

drawdown (Siebert et al. 2010). With the natural balance of

fresh and saline water being disturbed, marine saltwater

intrudes further into coastal aquifers. As saline water

cannot be used for irrigation, long-term stability of the

aquifers is a common goal for water management in (semi-)

arid regions (Krueger and Teutsch 2013).

Numerical models offer the capability to evaluate pos-

sible management strategies of real-world applications

(e.g., Narayan et al. 2007; Giambastiani and Antonellini

2007; Abd-Elhamid and Javadi 2011; Werner et al. 2012).

In this study, we use numerical simulations to assess the

development of the groundwater levels and saline intrusion

in the past and project a future scenario. This paper extends

the work of Walther et al. (2012) and (2013), who already
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calibrated a pre-development steady state and presented a

workflow to illustrate complex model output.

The study area is located in the southern Al-Batinah region

at the northern coast of Oman, including the near coastal

regions of the wadis Ma’awil and Bani Kharus. Highly pro-

ductive soils, formed from silty fluviatile sediments, have

sustained a large amount of agriculture for hundreds of years

[Bureau de Recherches Géologiques et Minières (BRGM)

1992]. The local aquifers that are used for abstraction of

groundwater mainly consist of layered marine, aeolian, and

fluviatile deposits with strong heterogeneity arising from its

development. Source for irrigation was groundwater from

hand-dug wells until the 1970s. From then, extensive con-

struction of borehole wells increased abstraction rates tre-

mendously, lowering the water table and, thus, promoting

saline intrusion. While different approaches tackle various

challenges on the surface water side to provide long-term sta-

ble, profitable water availability (Kalbus et al. 2011; Schütze

et al. 2012; Grundmann et al. 2012), this paper will focus on the

assessment of the subsurface groundwater resources.

Numerical tools need to reproduce the relevant processes

of the investigated system sufficiently well (Kolditz et al.

2012b). Therefore, we firstly validate the numerical model

against laboratory data for transient conditions. Afterwards,

a calibration and scenario simulation are presented to

evaluate future remediation potential of the salinized parts

of the aquifer. Results are visualized in various ways to

properly interpret the complex model output.

Methods and concepts

Numerical simulation tool

To simulate groundwater flow and mass transport, the

numerical modeling tool OPENGEOSYS was utilized (OGS,

Kolditz et al. 2012a). OGS was used before for several den-

sity-driven flow applications (Kalbacher et al. 2011; Park and

Aral 2008). Governing equations follow common standards

for groundwater flow and mass transport in porous media and

are given in Walther et al. (2012). OGS employs an approach

from Sugio and Desai (1987) to simulate an unconfined

groundwater table. Equation of state for density is a linear

relationship which is reported to be sufficient for marine water

density (Park 2004). The numerical model is based on the

Galerkin-FEM method. The validity of level 1 Oberbeck–

Boussinesq approximations for the variable density flow and

transport process was shown in Kolditz et al. (1998).

Visualization tool

Modeling results are visualized using ParaView (PV,

Henderson 2007), a data analysis and visualization

application based on the Visualization Toolkit (VTK,

Schroeder et al. 2006). VTK employs a filter pipeline

model that enables the user to combine a wide variety of

visualization algorithms including contouring, glyphing,

thresholding, slicing, or streamlining.

PV offers a client–server architecture to handle large

datasets. The server processes the data and generates the

visualization on a powerful computer cluster. Results of

today’s increasingly detailed or regional to larger scale set-

ups often are tremendous data sets, which exceed bandwidth

limitations to transfer output data from simulation clusters to

local personal computers. Since the computational burden

grows according to the detail in modeling and visualization,

more and more visualization tools must run directly on the

cluster and only transmit pre-rendered, lower sized data

packages. Then, only the resulting images are sent to the user

client. Data sets of simulation output are� 150 MB per time

step resulting in a total of� 75 GB for the long-term scenario

simulation. Processed and transmitted visualization data

from the server are less than 2 MB per figure.

Model verification

Before applying OGS in a regional scale model, we used two

benchmarks to ensure correct representation of the relevant

processes. First, we used the analytical Theis solution (Theis

1935) to validate the transient groundwater drawdown due to

pumping activity. For a small drawdown in relation to the

aquifer thickness, this method is applicable even for

unconfined conditions, while for a larger drawdown, an

adapted approach should be used (see Neuman 1974).

Numerical results of the first benchmark are in very good

agreement with the analytical solution. Small deviations

occur in direct vicinity of the pump or after long simulation

times, when the assumption of an infinitely large aquifer

cannot hold any more and the drawdown due to pumping

has significant influence on the outer boundary condition.

For reasons of space limitation, we do not show the results

of the first benchmark here, but focus on a second one that

features transient, density-dependent saltwater intrusion

(see Sect. ‘‘Transient Goswami-Clement Benchmark’’).

Remediation potential

To visualize the capability of the regional scale aquifer

system to return to a near-natural state, we define the

remediation potential U of the upper aquifer from salinity

half-life after pump stop in the scenario simulation as

U ¼ 1� crel �
k

kmax

ð1Þ

where crel is relative concentration of salinity 10 m below

groundwater level in 2005, k is half-life of crel: and kmax is
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maximum of k: Comparable to the well known half-life of

a decaying element, the salinity half-life k describes the

time until the concentration of a mesh node reaches half of

its value in the year 2005. The qualitative value U had to be

multiplied with crel to avoid overestimations for cells with

initially already low salinity. The parameter has a range of

0\U\1; with U ¼ 0 as the lowest and U ¼ 1 as the

highest potential for remediation.

Transient Goswami–Clement benchmark

Problem description

In the following, we present a benchmark to verify the

capabilities of OGS to model transient, variable density

groundwater flow, and transport. In Goswami and Clement

(2007), a saltwater intrusion experiment similar to Henry

(1960) using a laboratory scale tank is shown (hereafter

referred to as the Goswami–Clement problem). OGS model

results are compared against data from laboratory experi-

ments and numerical SEAWAT simulations (Langevin and

Guo 2006). This benchmark is an extension to the steady-

state case documented in Walther et al. (2012).

Methods and model setup

The Goswami–Clement problem features a horizontally

intruding and withdrawing saltwater front in an initially

present freshwater environment. The conceptual model is

depicted in Fig. 1, important model parameters are listed in

Table 1. For comparability reasons, the model setup and

parameterization was followed as described by Goswami

and Clement (2007).

The saltwater reservoir is situated on the left side of the

tank, a freshwater reservoir on the right side. General flow

points from right to left in the nearly homogeneous, isotropic

material. Dimensions of the experimental tank were 0:53 �
0:26 � 0:027 m3 (length 9 height 9 width). A vertical x�z

model domain was constructed using a grid resolution of

uniform, rectangular quad-elements each Dx ¼ Dz ¼ 5 �
10�3m in size. At top and bottom edges, boundary condi-

tions are 2nd-type NO-FLOW for flow and transport. Applied to

the vertical edges are 1st-type boundary conditions as linear

pressure gradients piðzÞ ¼ qigðhi � zÞ for groundwater flow

including the respective fluid densities qf=s as well as pres-

sure heads hf=s of fresh or saltwater, respectively. Transient

states TS1 (transition of steady-states SS1 to SS2) and TS2

(SS2 to SS3) for experiments and simulations are controlled

by an instantaneous variation of the right-side freshwater

pressure head. Constant concentration 1st-type boundary

conditions are c ¼ 0 and c ¼ cs ¼ 1 on the fresh and salt-

water side, respectively.

Longitudinal dispersivity was determined within the

laboratory experiments to al ¼ 10�3 m; and transversal

dispersivity was assumed to be at ¼ 0:1 � al ¼ 10�4 m:

Following Sugio and Desai (1987), diffusion effects were

neglected due to the primarily advection-dominated flow

regime (Walther et al. 2012).

Although the domain becomes confined at x� 0:25 m;

Goswami and Clement (2007) do not explicitly state a

value for specific storativity. In this application, it is

assumed that the response from the change of the right-side

pressure head boundary condition happens relatively fast

on this small scale and has only little impact on the salt-

water wedge emerging from the left side.

Results and discussion

Figure 2 depicts the comparison of the transient simula-

tions between the experiment and the numerical models. In

TS1 (Fig. 2a), the saltwater encroaches into the tank,

increasing total intrusion length, whereas in TS2 (Fig. 2b),

saline intrusion retreats again. Both simulation tools, SEA-

WAT and OPENGEOSYS, resemble the measurements quite

well in terms of temporal development, shape of the salt-

water wedge, and intrusion length.

Fig. 1 Model domain and boundary conditions after Goswami and

Clement (2007) (altered, not to scale)

Table 1 Benchmark parameters for Goswami–Clement problem

Parameter Value

Freshwater head hf (m) 0.267

Saltwater head hs (m) 0.255

Porosity u (-) 0.385

Permeability j (m2) 1:239� 10�9

Dynamic viscosity l (Pa s) 1� 10�3

Freshwater density qf (kg m-3) 1,000

Saltwater density qs (kg m-3) 1,026

Longit./transv. dispersivity al=t (m) 1� 10�3/1� 10�4

Diffusion coefficient Dm (m2 s-1) 0

Residual reduction factor fres (-) 1� 10�4

Residual reduction pressure pres (Pa) 100
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Nevertheless, both numerical models also show devia-

tions from the laboratory measurements. While SEAWAT

overestimates intrusion length at the toe of the saltwater

wedge, OGS generally yields a better prediction or slightly

underestimates intrusion near to the lower boundary. Near

the left-side saltwater boundary condition, SEAWAT results

are in better compliance with measurements than the OGS

outcome. This may be due to the circumstance that OGS

does not feature a mass transport boundary condition,

which is sometimes referred to as ‘‘constrain boundary

condition’’. This particular boundary condition switches

automatically between fresh or saltwater concentration

depending on the flow direction, i.e., c ¼ cs for flow into

and c ¼ 0 for flow out of the model domain.

As the modeling results show generally low deviations

from the laboratory observations, we understand that OGS is

able to represent the relevant density-driven flow processes.

Regional scale model

With the successful benchmarking of OGS on experimental

data, we furthermore applied the numerical tool on a real-

world application. In the following, we shortly describe the

study area of the regional scale model, and afterwards

present and discuss results of the transient calibration and

scenario simulation.

Preceding work and model setup

Model setup of real-world study area

The near coastal groundwater study area consists of a three

dimensional, heterogeneous aquifer with an extend of

ca. 20 � 30 km2 and a maximum depth of 450 m in the

centre of the domain (‘‘Ma’awil trough’’). Video 1 shows

the hydrogeology of the model domain, with its twelve

distinct material groups (1–12 as high to low permeability),

and magnitude of flow velocity. Above a less permeable

secondary aquifer, a thin and highly permeable primary

aquifer can be seen at the coast, increasing in depth to the

south until the Ma’awil trough. Aquifer regions with high

flow velocities due to higher permeability are recognized

by a more intense green saturation. The video is available

in the OGS Youtube channel via the link http://youtu.be/_

jx0wt6Q1Ow or as supplementary material.

Boundary conditions of the numerical model are

upstream subsurface inflow from mountainous recharge

regions, spatially distributed pumping abstraction near the

coast, and given sea water level and salinity. More details

on the characteristics of the study area and the setup of the

hydrogeological and numerical model are described in

(Walther et al. (2012), Figures 4, 6, 7 and Table 3).

A long-term stable steady state was assumed until 1974,

whereas the transient simulation time includes the period

1974–2005, and the scenario simulation time in the years

2006–2506. For the transient simulation, a set of parameter

combinations of hydraulic conductivity, mean annual sub-

surface inflow, and invariant pumping rates were inherited

from the calibrated long-term stable steady state. The latter

also provided initial values for groundwater level and saline

intrusion.

Transient calibration strategy

Real-world data of the study area and aquifer parameters

were scarce. In particular, distribution and values of

hydraulic conductivity were only known at few locations

(Macumber 1998), total pumping abstraction rate and

development over time could only be estimated (Stanger

1987; Al-Shoukri 2008) and mean annual upstream inflow

was given within a certain bandwidth (Gerner et al. 2012).

From the uncertainty of the three afore-mentioned sensitive

model parameters and boundary conditions, a multi-

Fig. 2 Concentration c ¼ 0:5 isolines for Goswami–Clement’s

experimental observation data (point symbols), their SEAWAT simula-

tion (black lines), and OGS results (coloured lines); after Goswami

and Clement (2007) (altered). a Transient state TS1 (intrusion),

b transient state TS2 (withdrawal)
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dimensional matrix had to be calibrated. To find one rea-

sonable parameter set, the following scheme was used to

calibrate transient water levels and concentration.

Simulated groundwater levels were compared to 14

measurements available over the whole transient calibra-

tion period and additionally to several observation wells

that were constructed during the transient period (up to 19

in year 2005). Saline intrusion was compared to published

map data in terms of intrusion length and distribution along

the coast (see also ‘‘Discussion’’). Values of effective

porosity for the twelve identified aquifer material groups

were deducted and fixed following Macumber (1998) with

a bandwidth of 0.05–0.17. Starting with the inherited

steady-state parameter set, the parameter/boundary condi-

tion combination was changed to reduce deviations of the

simulated from the observed values. Additionally, increase

of pumping abstraction from pre-development phase in

1970s to year 2005 was used to calibrate the transient

model.

Transient calibration

Results

Groundwater table Figure 3 shows a scatter plot for

observed vs. simulated groundwater levels over the simu-

lation time of 31 years. The initial state for 1974 (red dots

in figure) could be calibrated with high correlation (cor-

relation coefficient R2 = 0.83). Within the calibration time

(grey and blue dots), observation wells with low ground-

water levels (i.e., near the coast) are met with only little

deviation. However, simulated groundwater levels with

higher values (i.e., further inland) generally show too high

simulated values and no significant drawdown. Due to the

deviations, the correlation coefficient reduced to R2 = 0.61

for the year 2005.

For evaluating transient groundwater level behavior, we

furthermore compare deviations of simulated from

observed groundwater levels over time including subtrac-

tion of initial deviation of 1974 (Fig. 4). If the system

behavior is resembled correctly in the model, the result

would be a horizontal line covering the x axis. The mean

value of the difference (blue lines) shows little deviations

from the optimal case, i.e., the general trend of simulated

groundwater levels is in concordance with the observed

ones. Deviations from the mean values (green lines) are

small in the beginning, but increase to the end of the

simulation period.

Groundwater budget Following Eq. 2, the groundwater

budget was determined. Therefore, total groundwater

fluxes flowing from the upstream inflow boundary condi-

tion to the coast and saline intrusion were calculated.

Fluxes were evaluated as the net water flow through ver-

tical planes which were placed with a displacement of

1 km parallel to the respective boundaries.

DS ¼ Qrech þ Qintr � Qabstr ð2Þ

where DS is storage change flux, Qrech is flux into the

domain due to subsurface inflow of upstream recharge,

Qintr is flux into the domain from marine seawater intru-

sion, and Qabstr is flux out of the domain due to pumping

abstraction. The term Qintr evaluates the net flux through

the budget surface near the coast, i.e., it becomes positive

when the sum of all fluxes from seawater intrusion into the

aquifer is greater than the fluxes from freshwater discharge

into the sea. The same remains true for the opposite case.

Fig. 3 Scatter plot observed vs. simulated groundwater levels, red

dots show initial state for transient simulation (1974), blue dots show

final state (2005)

Fig. 4 Difference of observed and simulated groundwater levels with

subtracted initial difference (grey lines); blue lines mean value, green

lines standard deviation from mean; solid lines with, dashed lines

without oscillating observation well
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Figure 5 plots the development in time of groundwater

fluxes, abstraction rates, as well as aquifer storage for

transient simulation time. Inflow from upstream recharge

remains constant over time. As pumping rates increase,

aquifer storage decreases, and saltwater intrusion raises.

Although total estimated storage volume is very large,

relatively small changes in aquifer storage unbalance the

groundwater regime leading to the apparent problems

(groundwater drawdown, saline intrusion etc.). Marine

saltwater intrusion in 2005 was estimated as 118 �
106 m3=a; and total abstraction rate as 183 � 106 m3=a

which is in good accordance with published estimations

(Al-Shoukri 2008; Ministry of Agriculture and Fisheries

2012).

Salinity Simulation output of marine intrusion (Fig. 6a,

b) shows results for intrusion length and spatial variability

along the coast similar to reported measurements (Ministry

of Agriculture and Fisheries 2012). Mean intrusion length

and the general trend of saltwater intrusion increase from

2–4 km in 1975 to 5–7 km in 2005. Groundwater flow

paths are indicated by stream tracers, originate in the

southern mountainous areas and, in 1974, still partly reach

the sea. As freshwater discharges into the sea, the intrusion

interface is still retained near the coast. In 2005 (Fig. 6b),

all recharge plumes are completely captured by pumping

activities. High abstraction rates lead to immense draw-

down and accordingly excessive saltwater intrusion of up

to 3 km. The variability of the marine intrusion along the

coast is depending on the local hydrogeology, the sub-

sequent spatially highly variable flow regime (Fig. 7), and

locally distributed pumping activities.

Video 2 shows the salinity distribution and flow paths

through stream tracers originating in the southern and near

coastal model domain exemplary for 1985. The effect of

the heterogeneous permeability distribution can be

recognized through the interlaced flow paths of the stream

tracers that eventually merge into convection cells at the

salt–freshwater interface, which are typical for density-

driven flow. The video is available via the OGS Youtube

channel at http://youtu.be/-xBQJ9WWPJY or as supple-

mentary material.

Discussion

A general reason for the deviations in groundwater level

might be explained by the uncertainty of the boundary

condition for pumping activity. As no detailed information

on abstraction rates is available, this boundary condition

was derived from over 5,000 known locations of pumps

using an areal density filter assuming constant abstraction

for every single pump (compare Walther et al. 2012; Fig-

ure 7). The resulting discrete polygons for applying the

abstraction boundary condition exclude areas with low

areal density of pumps, as it is the case in regions far from

the coast. When these pump units are stronger, single

pumps might have a significant influence on the ground-

water table. However, more detailed information about

individual abstraction rates is not known.

Larger divergences (higher standard deviations) in the

end of simulation time might be due to upcoming indus-

trialization of agriculture, when dug wells with generally

similar abstraction rates were partially replaced by drilled

boreholes and pumps with higher variation of abstraction

potentials. Again, this information is not explicitly

available.

Periodic oscillations of the groundwater levels, as

observed by one of the monitoring wells that are situated

near to the mountainous recharge region, are probably due

to medium-term precipitation cycles. Neglecting this spe-

cific observation yields a much smaller standard deviation

from the mean value especially for the first half of the

simulation time (see dashed lines in Fig. 4). Currently,

such an oscillating boundary could not be included as

underlying data, i.e., frequency and amplitude, are not

available. Investigations using a simplified 2D model with

a fluctuating inflow boundary condition could show that the

model is able to reproduce the observed behavior in prin-

ciple, i.e., oscillating groundwater levels near the recharge

area, which are dampened in closer distance to the sea

boundary condition.

Deviations of marine intrusion may be due to several

reasons: structure and parameters of the hydrogeology, as

well as abstraction rates of groundwater pumps are not

exactly known; spatial and temporal limited recharge

events in wadi channels, which are not included in the

simulation, might influence short-term groundwater levels

and salinity; and finally, published maps show doubtful

Fig. 5 Water fluxes and estimated aquifer storage in model area

within transient simulation period; NB: storage change flux plotted

with 10 times exaggeration
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salinization development, e.g., reduction of salinity in a

‘‘sabkha’’ (a salt desert) at the northern coastal stretch

between 1995–2010 [compare Ministry of Agriculture and

Fisheries (2012)].

Remediation scenario simulation

To assess the remediation potential of the aquifer, a ‘‘best-

case’’ scenario simulation was carried out with the

assumption that all pumping activities were ceased after

year 2005. Additionally, we assume that the withdrawal of

the saltwater will not involve any retention processes

(e.g., reversable adsorption, double porosity continuum).

The scenario simulation time was 500 years.

Medium-term projection

Figure 8 presents groundwater levels and flow paths (via

stream tracers) at the scenario time 2105, i.e., 100 years

after pump stop. Comparing the results from the year 2005,

where abstraction was the highest (Fig. 6b), even after 100

years of no pumping activity (Fig. 8), mountainous

recharge plumes only partly reach the sea again and slowly

refill the aquifer storage. Also, groundwater levels and

salinity did not return to their former values in the 1970s.

In Fig. 9, salinity is plotted against groundwater draw-

down for 1974 until 2070; each arrow symbolizes 1 year.

General behavior shows increasing drawdown (due to

pumping) and thus growing salinity. When pumping stops

Fig. 6 Salinity (at 10 m below

groundwater level),

groundwater levels (isolines)

and stream tracer for initial and

final state of transient

simulation (1974 and 2005),

after Walther et al. (2013)

Fig. 7 Groundwater model

domain, final state of transient

simulation (year 2005);

groundwater levels, scaled

velocity vectors with relative

concentration; dashed lines

symbolize major areas of

groundwater abstraction, after

Walther et al. (2013)

Environ Earth Sci

123



(2005), drawdown slowly recovers, but salinity mostly still

raises revealing a hysteresis: although there is no ground-

water abstraction after 2005, the hydraulic gradient still

points from the sea into the pumps’ direction. Hence, saline

concentrations continue to increase. High salinization is

possible even with only small drawdown (e.g., ’JT-69’,

location shown in Fig. 8). Maximum drawdown, however,

is up to 12 m within 30 years of pumping activity.

Recovery times of groundwater levels are supposedly

[100 a and even longer for salinity. Even when draw-

downs approach zero, i.e., groundwater levels same as in

initial state 1974, salinity is mostly higher than in the

beginning of simulation.

Long-term remediation potential

To assess long-term remediation capabilities, Fig. 10

shows heterogeneous patterns of U along the coast (see

Eq. (1)). The isolines of U are relatively parallel to the

coast line in the eastern area. Remediation potential

appears to be relatively high as soon as abstraction is

reduced. This may result from the aquifer’s properties and

high yield, and the corresponding preferred area of high

abstraction activity. In the western area, the remediation

potential is relatively high (due to a high mobility in porous

media). The remediation potential drops where mobility is

low. Low remediation potentials in the south of the coastal

bay, where permeability is very low, might pose a reason

for the development of the sabkha. Yellow color symbol-

izes areas where the remediation potential does not fall

below 0:5 � crel within 500 years of simulation. Such areas

near the coast are probably showing the undisturbed situ-

ation of marine salinity intrusion (i.e., no groundwater

abstraction). Areas further inland are due to low permeable

hydrogeology.

Groundwater budgets for the scenario simulation time

are plotted in Fig. 11. A complete pumping stop results in

slowly replenishing aquifer storage, as both, marine salt-

water intrusion and upstream groundwater recharge aid to

recover decreased groundwater levels. Eventually, the

marine intrusion flux becomes smaller than the recharge

flux and even changes direction, so that more freshwater

flows out of the domain leaking into the ocean than sea-

water flows into the aquifer (ca. year 2220). The scenario

Fig. 8 Salinity (at 10 m below groundwater level), groundwater

levels (isolines) and stream tracer for scenario time 2105; after

Walther et al. (2013)

Fig. 9 Salinity vs. drawdown over time, scenario simulation for ca

100 years (1974–2070), increase of pumping starting 1974, stop

pumping after year 2005; each arrow symbolizes 1 year; after

Walther et al. (2013)

Fig. 10 Salinity remediation potential of coastal area 10 m below

groundwater level (0 = low potential, 1 = high potential) based on the

salinity half-life after pump stop; yellow areas do not reach half initial

concentration within 500 years, after Walther et al. (2013)
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water budgets indicate once more that the reversal of the

current saltwater intrusion to a naturally balanced regime

needs a long-term remediation approach.

Visualization in virtual reality

Nowadays, numerical models more and more increase in

degree of detail and resolution. As simulation results

simultaneously gain additional levels of complexity, a

profound interpretation of the modeling outcome requires

potent visualization tools Helbig et al. (2014).

Besides the presented 2D figures and videos, and similar

to Sun et al. (2012), we therefore utilized a virtual reality

centre with a high-resolution video wall using stereoscopic

projection and an optical tracking system (Fig. 12, VI-

SLAB 2013). The interactive, three-dimensional visuali-

zation tool, provides an immersive environment, offering

the possibility to acquire inside knowledge on the model’s

behavior. Rink et al. (2014) give a detailed description on

further possibilities and applications of the virtual reality

centre. Especially for the presented case study, where the

numerical model included a heterogeneous parameter dis-

tribution in a three-dimensional domain, a virtual reality

proofed to be useful during model setup (hydrogeological

parameter distribution) and later for detailed investigations

and proper interpretations of simulation results (compare

e.g., supplementary materials Video 1 and 2, ‘‘Regional

Scale Model’’). Furthermore, this exceptional visualization

type also helped transporting scientific findings to Omani

representatives during their visit, supporting their decision

making process.

Conclusions and outlook

When real-world data are scarce and, if available, addi-

tionally show suspicious measurement values, fitting of

observations to simulation results is cumbersome and dif-

ficult to carry out. Yet, after setting up and parameterizing

a numerical model in all conscience, modeling results can

aid in an overall fundamental assessment of the target area.

An examination of the general trend of the results can give

Fig. 11 Water fluxes and estimated aquifer storage in model area

within scenario simulation period; NB: storage change flux plotted

with 10 times exaggeration

Fig. 12 Three-dimensional visualization of simulation data in the TESSIN-VISLab at the UFZ Leipzig
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information on the success of the calibration and further-

more help to identify possible measurement activities.

This, in turn, may increase model robustness and prediction

quality or delineate future system behavior to support

decision makers.

In the situation at hand, the modeling results are not in

perfect agreement with the measurements. Yet, simulated

values of the groundwater level are similar to measure-

ments showing a comparable general behavior. Calculated

water balances reveal plausible ranges of the individual

components. Marine saltwater intrusion shows a compa-

rable extent, areal heterogeneity along the coast, as well as

development in time. Although a ‘‘pump stop’’ might not

be a practicable action, the best-case scenario simulation

reveals a temporal dimension for remediation and overall

salinization risk in the study area. Scientific visualization

helped to evaluate the hydrogeological setup and draw

conclusions from the modeling output.

Although the data base was relatively weak compared

to the typical requirements for this type of modeling

including hydrogeological heterogeneities, the numerical

model still proved to be a useful tool. Scenario results

stress the vulnerability of the local aquifer system with its

sensitive balance of the fresh–saltwater interface. In par-

ticular, the outcome underlines the necessity of an

immediate action plan to prevent further saline intrusion

or even total loss of the usability of the aquifer’s

groundwater resources.
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