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Abstract

In coastal regions the estimation of most accudaigeng
periods of tidal flats is important for heat fluropesses. In
relation with climate change impact on coastalaegj the
rising sea level and increased tidal amplitudesilreis
shorter drying periods of tidal flats. Due to thiéfetent
albedo of seawater and tidal flats the heat balahaages.
Moreover, heat budget in coastal wetlands is ingmarfor
the health of the ecosystems.

Our study investigates into the uncertainty of dgyi
periods, due to an uncertain representation of the
topography in coarse coastal climate impact models.
Therefore we use an example region: the east Rrisia
Wadden sea between the island Borkum and the German
coastline. To simulate likely future states of dgyiperiods

we use a so called “model-chain”, which is the symo for

the regionalization or downscaling of global climat
scenarios toward the regional coast.

Our results show the importance of the numeriagd@thm
(e.g. first-order or high-order). Dependence of ghid-size
of simulations is crucial to the drying period. Wiigher
resolution of the topography, individual tidal dkeeare
better represented. In general, we conclude tlatdarser
the grid-size, the shorter the drying periods. Witte
indicated rising sea non-linear aspects play aifsignt
role. One must conclude that inhomogeneous griessiz
result in inaccurate estimations of changes in tabdmeat
budgets and may cause false interpretation of éut@alth
changes of the coastal ecosystem.

I ntroduction

Coastal regions are often dominated by small-stale
lying morphologic features, which are partly ovetlavith
shallow water. Consequently, tidal motion resuttssub-
areas, which can be both - dry and covered withemwvat
during one tidal cycle. One pronounced exampleoreds
the southern German Bright, where wide areas af fldts

exist. Figure 1 shows the tidal flat at the outersEDollard

Estuary; here the test area of this study is lacate

North Sea

Netherlands

Figure. 1: Model area, black crosses indicate gjdages,
the red box is the test area.

For the numerical hydrodynamic modeling of suchiaeg
the accurate topographic representation is of itapee, at
least for three reasons: Of course to ensure |sedl
oscillations of the tides. Moreover, if the modglitask
includes baroclinic processes, the heat balancepiagyan
important role. If we take into account that thbealo of
mud-areas and sea water is different, we have mapate
periods in which the flats are dry in an accurdest tthe
errors do not lead to misinterpretation of the kssu
Finally, if the hydrodynamics should establish Hasis for
ecological studies, the drying periods are oneiatdactor.

These three reasons are especially from importénee
investigate intolong-term changes of the hydrological,



morphological or ecological system. In this caseisit
additionally necessary to use hydrodynamic modeltéch
are efficient in the sense of computer resourcégrdfore
these models allow only relatively coarse spatial
resolutions.

Generally, drying-wetting numerical solutions care b
classified by two major methods: The first one @sdxd on
the modification of the grid sizes at the coastwliridary
(e.g. Sielecki and Wourtele, 1970). However, thisthod
may not be a practical solution for the modelinglafg-
terms, because it's computably inefficiency and d&ta
storage requirements. The second kind of methoelshar
eulerian or flux-limited methods, which are provsidce
years and well reviewed by Balzano (1998).

With ongoing implementation of increasingly more
hydrodynamic models several numeric solutions fetting
and drying processes can be found in literatureg. (e.
Burchard et al., 2004; Jiang et al. 2005; Begnudaid
Sanders, 2007). There seems to be no perfect @ulti
any bullet we always have to bite. So, it can lag¢esk that
some of the solutions allow negative water depths t
support conservation of mass. This has the advantdg
stability, but may result in unphysical flow in dayeas. For
example, this then leads to inaccuracies in studiks
dispersal of substances. In other implementatiorsch
base on the idea that if the water is very shallosimple
balance between external pressure gradient antofric
prevails (Burchard et al., 2004). One recent pabin
(Gourgue et al. 2009) presents a flux limiting nogkHor
the wetting and drying process, which is generatigss
conservative and there is no transport though dergsa

As stated at the beginning, in this study the mayor
challenge is addressed, that the coarse grid snjuvhich

is needed for the long-term computation, may dosobte

the topography in an adequate manner. For exarspiall
tidal creeks or thin anthropogenic structures (grgynes)
disappear in the gridding process. To overcome, this
literature refers to a few possible solutions, whallow
grid elements to be partly wet and also partly (@tgrvouet
and Janin 1994; Tchamen and Kawahita 1998; Casulli,
2009).

M ethods

To simulate currents and sea-level, the hydro-nigaler
model HAMburg Shelf Ocean Model (HAMSOM) is used.
HAMSOM was first set up in the mid-eighties by Bhakis
(Backhaus, 1983; Backhaus, 1985). In general,attisree-
dimensional, prognostic-baroclinic, frontal- and ded

resolving model with a free surface. The numerscdleme

of HAMSOM is defined in z-coordinates on an Araka@a
grid. The governing equations for shallow water borad
with the hydrostatic assumptions are implementede T
basic equations can be found in Schrum (1994) and
Pohlmann (1996a, 2006). The simulation of the eBtea
circulation yield several numeric requirementshie model
(Hein et al., 2007). Therefore, high-order formiaas are
used for the momentum equation and the transport
equation. The importance of diffusion processes(dst)
stratification in estuaries is considered by suld-gr
stochastic simulations: The vertical turbulent gty is
calculated by a Kochergin-Pohimann-Scheme (Pohlmann
1996b). The horizontal sub-grid processes are astiinby

a Smagorinsky-Scheme (Hein, 2008). The model has a
resolution of 200 m in the horizontal and 3 m ire th
vertical. This resolution had been chosen as dwal the
representation of tides, storm-surges and long-term
baroclinic processes as well as long-term simulatidhe
time step is set to 40 s, which allows to resolveoat all of

the representative overtides in these coastal megide
applicability for this model in the region was prated by
Hein et al. (2011a).

For comprehension the drying-wetting process isemted
in detail. However, the first-order solution it &out the
same as that of Burchard et al.(2004) and we theref
skipped here the detailed derivation. A generaicapllity
of this method was shown by Hein et al. (2011a).

For the high-order solution we define the topograph
details on the sub-grid level, this can be eithelwical or
numerical. Figure 2 shows the effect of the higtieor
solution with the numerical represention of a hagber
topography. On the left pannels, which show thersma
resoltution, topography has a “block-like” stylen @he
right panals, the resotution allows to seprateialbasingle
tidal creeks, or also single harbour basins.

For the high-order numerical solution, we define #ttual
total water depht (H) for each sub element:

H +h

Vi (1)
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wheret is the time,i andj the grid indicees, directed in
sothern and western direction, respectivelly. Thie-grid
indicees are represented byandjj. 5 is the free surface,
which is interpolated towards the sub-grid withidiear
aproache. For the conservation of mass negativerwat
depth are detected. We use a flux correcting method



approximataly in the same manner like it is presery
Gourgue et al. (2009).

Figure. 2: Representation of the topography. Ldfte
topographic level used by the hydro-numeric solvight:
The topographic level used for drying-wetting, tioo,
horizontal turbulence, structure detection. Uppéidal
creeks in the investigation area. Lower: Exampte-Hfarbor
Basins in the Elbe River.

After flux corretion the continue equation is cditad
again. To solve the nonlinear system the free earfa
calculated again with the SOR-iteration (Schrun94)9In
the second step the formulation of (1) follows &dide a so
a called sub-grid existensfunction:
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The drying process is calculated on the cell edggons
with an additional wall detection algorithm, thioas the
defination of a at the u-points and v-points flux-
existencefunction in the Arakawa C grid:

EXy;, =

min(1.,maxval(f(EXs;; i) j+osi))

EXv ;=

min(l-'maxval(f(Exs'.,j,ii, jj,t)j i+051))

(4)

Here f is a function of the possible paths (withneénts of
EXs = 1) in the sub-grid exitence function. Thediion is
conditioned in such way, that only one single
interconnected and possibly meandering row is @efit to

allow a flux at the cell edge. The meaning of thithat the
algorithm in this first step allows to block fluxégtween
two grid cells, for example between two naigbouring
harbour basins or in the presense of groynes. ¢alid are
set to dry if all fluxes of the flux limititing
existencefunctions are zero:

EXz ;, =min(1. maxval
(EXU,,, +EXV,,  +EXU,  +EXV, ;) ©)

In the following we test this formualtion againgetsimple
first-order solution. The influence of the resuftiof the
grid on the drying-wetting process is tested. Mwoegp
aplicability with an climate test case is shown.

Results

At first the differences between the first and kingh-order
solution is presented. Figure 3 shows the dry #ethe
example region about at tidal low water on the iefthe
sub-grid resolution of 40 m and on the right theoading
wet cell on the dynamically resolved grid (200 rnihe
difference is obvious. With the high-order mechanis
morphologic structures are resolved. This is imgourt
because this information is additionally used fdwe t
calculation of the frictional forces as well as fdre
estimation of a high-order Smagorinsky-scale-facBut,

it can also be shown that the major tidal creelestarbe
found also in the coarse resolution. From that we c
assume that tidal oscillations with wavelengthsabbut 1
km to 2 km are spatial resolved. We can evaludiat, &
higher spatial resolution reduces associated tijess
which reduce the efficiencies for long-term modglifn
the middle an area is indicated, where the fluXdagked by
the sub-grid model. Hence, at this position withooe
high-order solution modeled tracers could pass

unrealistically.

Figure. 3: Comparison of dry-region during a lowati
water level; Left: high-order solution, right: Risrder
solution.



Next, we show the differences of the spatial extehthe
dry areas of the two solutions. With a realistipdgraphy
this becomes to a distribution and it is ad hocama single
number. Figure 4 shows the distribution of the tivging-
wetting solutions of the test area. For tidal flatss
distribution has typically a bi-modal charactedstiThis
reflects the two different behaviors of on the tiaad tidal
flats and on the other hand the water supplyingl tideeks.
We can see the clear non-linear shift between tine t
distributions. Hence, in general with the coarssotution
the dry-falling area is smaller. Additionally, tiebange in
the left peak let us know that also it is more likinat tidal
creeks remain to be covered with water.
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Figure. 4: Normalized dry area during a tidal cyeofethe
test region (dry area relative to the dry and wetan the
test region. Blue line: First-order solution; orantine:
high-order solution.

This differences have considerable effects on theng
period itself (Figure 5). Against, it is supportit drying
periods of an area - objective by definition - canly be a
distribution. With the high-order resolution theopable
drying period is more or less linear increasingrfdseing
always wet to being only two hours covered with ewat
The coarser solution fails in reproduction of tliig/ing
process, in general the drying period is shortéis Btrong
differences are surprising results, if we rememntbet the
resolved dynamic processes are calculated on thee sa
grid-size. Hence, we can show that high-order dr-gnid
solutions are an effective and modern way to siteula
estuarine or coastal processes.

The potential is not high enough to be underestdhat
because it allows also coastal engineering to wsd s
methods, which are in other disciplines state efat, for
example: Modeling of ensembles. The method is also

interesting, since scale-compliant modeling is fidss ie

the dispersion characteristics of the momentum is
represented numerically well. Here, we want to givamall
example for long-term modeling.
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Figure. 5: Normalized dry period during a tidal leyof the
test region (dry area relative to the dry and wetan the
test region. Blue line: First-order solution; orangine:

high-order solution.
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Application to climate change

“Climate in a narrow sense is usually defined ...tlaes
statistical description in terms of timean and variability

of relevant quantities over a period ranging frownths to
thousands or millions of years. Climate in a widense is
the state, including a statistical descriptionthe climate
system (IPPC, 2007).” The local coastal-hydrologica
climate is the characteristic frequency distribatiof the
hydrodynamic conditions and processes during a
sufficiently long period. Therefore, if we want toake
reliable statements about the impact of climatenghaon
hydro-dynamics, we cannot avoid operating long-term
models. In the last section we presented an efficéand
scale conform high-order solution of the drying-tiveg
process which may allow to simulate long-terms.

The most important change at coastal regions islthmtic
sea level rise. A detailed description of the fatuegional
sea level in the study region is not to be foura simulate
likely future states of drying periods we use acsdied
“model-chain”, which is the synonym for the
regionalization or downscaling of global climateesarios
toward the regional coast. Our result show a rdraya -20
cm to 80 cm in the fluctuation of sea level frombQ%o
2100. For the applicability-test our future assum base



on the results of the historic rise in the studgioa and
what we have to learn about future states (Heiralgt
2011b). The central estimate of tetremescenario for the
Netherlands (Katsman et al., 2011) is 85 cm for ythar
2100, so our result are in an acceptable rangeitidddlly,
an increase in the range of shallow water tides tdugea
level rise is recognized (Muller et., 2011).

Figure 6 shows the estimated distributions of theateas,
for 20 cm increasing steps (e.g. -20 cm, 0 cm,r@A040 cm
60 cm, 80 cm). Due to the future rise the distidng
change their forms in a non-linear meaning. Herhbe,
balanced bi-modal characteristics of the distrimutin our
days changes with the rising sea to a more unbadhnc
distribution.
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Figure. 5: Normalized dry area during a tidal eyof the
test region. Mean sea level slices of sea levetdhtions: -
20 cm (dark green) to 80 cm (light green).

The change of the drying period is non-linear adl we
(Figure 7). The most likely period decreases a kimg not
significantly and stay at about 11 hours like i alays.
But then with a rise of more than 60 cm the dryjrgiod
lower significantly with a step to a double peakOolfiours
and 6 hours, respectively.

The results of the drying period itself in this dgushould
not used for impact studies; here they only useshtow a
general applicability. If one compare figure 5 digdire 7,
it is obvious that the use of the course resoluaiows
yields uncertainties, which may leads to misintetgtions.
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Figure. 6: Normalized drying period during a tidgtle of

the test region. Mean sea level slices of sea level

fluctuations: -20 cm (dark green) to 80 cm (ligheen).
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Conclusions

If we want to model future states of estuaries eodstal
regions we need long-term models. Because of dlaila
computer power these models must be effective. That
means on the on hand they must have coarse resolii

the other hand there is the need that the processelved
well. Dependence of the grid-size of simulationsriscial.
With higher resolution of the topography, individdeaal
creeks are better represented. In general, we wachat

the coarser the grid-size, the shorter the dryemipps.

This study presented a modern approach to reduee th
uncertainties of wetting-drying processes. The woetis
also interesting, since scale-compliant modelingoissible,

ie the dispersion characteristics of the momentum i
represented numerically well. One benefit of thehoe is

not presented here: The high-order solution imprale®
the phase-speeds of the tidal signal. This additieffect is

in a explainable with both, the optimized repreagah of
frictional processes and the revised SmagorinsheBe.
Detailed descriptions of this story will writterselwhere.

Our results emphasize the importance of numerical
algorithms (e.g. first-order or high-order), whiotan
overcome ineffective banally increase in the geisofution.
With the rising sea non-linear aspects play a Sigant
role. Moreover, one can conclude that inhomogenegoads
sizes in models results in inaccurate estimatidrehanges

in coastal heat budgets and may yield false intagion of
future health changes of the coastal ecosystem.
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