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1. Introduction

SUMMARY

Groundwater management in karst is often based on limited hydrologic understanding of the aquifer. The
geologic heterogeneities controlling the water flow are often insufficiently mapped. As karst aquifers are
very vulnerable to pollution, groundwater protection and land use management are crucial to preserve
water resources and maintain ecosystem services. Multiple Model Simulation highlights the impact of
model structure uncertainty on management decisions using several plausible conceptual models. Multi-
ple Model Simulation was used for this purpose on the Yucatan Peninsula, which is one of the world’s
largest karstic aquifers. The aquifer is the only available fresh water source for human users and ecosys-
tems on the Peninsula. One of Mexico’s largest protected areas, the groundwater-dependent Sian Ka’an
Biosphere Reserve (5280 km?) is fed by the aquifer’s thin freshwater lens. Increasing groundwater
abstractions and pollution threatens the fresh water resource, and consequently the ecosystem integrity
of both Sian Ka'an and the adjacent coastal environment. Seven different catchment-scale conceptual
models were implemented in a distributed hydrological modelling approach. Equivalent porous medium
conceptualizations with uniform and heterogeneous distributions of hydraulic conductivities were used.
The models demonstrated that Sian Ka’an’s wetlands are indeed groundwater-fed. The water quantities
in the wetlands and the flooding dynamics are determined by the larger groundwater catchment. The
overall water balance for the model domain showed that recharge constitutes 4400 + 700 million m?/
year. Of this, 4-12% exits as overland flow, and 88-96% exits as groundwater flow. Net groundwater out-
flow from the model domain to the north via the Holbox fracture zone appears as an important cross-
basin transfer between regions of the Peninsula. Probability maps of Sian Ka'an’s catchment were
obtained through automatic calibration and stochastic modelling. Groundwater travel time zones were
calculated based on different calibrated effective porosities. The spatial modelling results highlight the
impact of regional-scale structures on the flow field and transport times.

© 2011 Elsevier B.V. All rights reserved.

Reserve on the Yucatan Peninsula includes large wetlands taking
up about one third of the area (Fig. 1). Their rich ecosystem diver-

The need to provide water, both for human demands and for
ecosystems, is increasingly being recognized worldwide, placing
interaction between groundwater and surface water in political
and scientific focus (Kilroy et al., 2005; Eamus and Froend, 2006;
Miinch and Conrad, 2007; Krause et al., 2007). Terrestrial ground-
water-dependent wetland ecosystems are some of the world’s
most productive ecosystems, and therefore the target of protection
and restoration efforts. Groundwater-dependent ecosystems in
karst are particularly vulnerable to pollution because of rapid
groundwater flow and contaminant transport in karst aquifers.

In Mexico, one of the largest protected areas is a groundwater-
dependent ecosystem in karst. The 5280 km? Sian Ka’an Biosphere
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sity and recreational value is internationally and regionally valued,
and the area is listed as a Ramsar site and a UNESCO World Heri-
tage site. The wetlands are fed by a thin fresh groundwater lens,
only up to 100 m thick (Gondwe et al., 2010b), which effectively
is the only fresh water resource available on the Yucatan Peninsula.

Peninsula-wide, groundwater demands and groundwater pollu-
tion problems are growing. Both in northwestern Yucatan Penin-
sula (Escolero et al, 2000) and along the eastern coast
(Fideicomiso Para la Promocién Turistica de la Rivera Maya,
2004), significant and rapid increases in population density and
water demands are taking place, partly due to an expanding tour-
ism industry in the east. Groundwater pollution in Yucatan State
has been documented by Pacheco et al. (2001), while agricultural
activities are intensifying in the state of Quinana Roo (Mazzotti
et al., 2005). Wastewater is typically re-injected into the Peninsular
aquifer, and often does not undergo prior treatment (ASK, 2003;
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Fig. 1. Geology of the Yucatan Peninsula, modified from SGM (2007). Oldest sedimentary rocks dated as Cretaceous instead of Paleocene, based on Schonian et al. (2005) and
Lopez-Ramos (1975) (Ichaiche Formation). Topography from SRTM (USGS, 2006) overlain as grey-scaled transparent. Study area outlined with thick grey polygon, model
domain outlined as thick black polygon. Coordinates are UTM zone 16 N, WGS84 datum and ellipsoid. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Beddows 2002; Beddows et al., 2005; Marin et al., 2000; Krekeler
et al,, 2007). Thus, the tradeoff between human water use and eco-
system water use appears as a major groundwater management
problem on the Yucatan Peninsula.

To manage the water resources of the groundwater-dependent
ecosystem soundly, it is necessary to delineate its catchment. Dis-
tributed hydrological modelling is the method of choice, but in the
highly heterogeneous karst aquifers, catchment delineation poses a
particular challenge. A karst aquifer is a triple porosity medium,
consisting of the rock matrix (intergranular porosity), the fractures
and bedding planes and the karstic conduits (White, 1999). Most
karstic groundwater flow takes place in the conduits, whereas
the matrix is the prime compartment for water storage (Atkinson,
1977; Worthington, 2003). The unknown heterogeneities make it
difficult to predict karstic groundwater flow accurately. Ground-
water management initiatives, such as land use zonation, are
therefore often made based on limited hydrogeologic understand-
ing of the aquifer.

Conceptual model uncertainty can be addressed using Multiple
Model Simulation. Here we use the term conceptual model to signify

the schematic representation of the real system. Thus, the hydro-
geological interpretation, the physical processes included in the
model, their mathematical formulation, boundary conditions and
initial conditions are included in a conceptual model. The numerical
scheme is considered a way of realizing the conceptual model, and is
hence not a part of the conceptual model. The impact of uncertainty
in the conceptual model is usually far greater than the impact of any
model parameter uncertainty (Neuman and Wierenga, 2003;
Hgjberg and Refsgaard, 2005). In Multiple Model Simulation a num-
ber of different plausible conceptual models are formulated and cal-
ibrated. Based on validation tests, models are accepted or rejected.
All accepted models are subsequently used for prediction and uncer-
tainty assessment (Refsgaard et al., 2006). Multiple Model Simula-
tion increases the robustness of model predictions and yields
explicit analyses of the consequences of using alternative models.
The limitations of the Multiple Model Simulation approach are that
the selection of conceptual models is necessarily subjective and of-
ten incomplete. Important plausible conceptual models may be left
out, and it is not possible to quantify the probability of each alterna-
tive model (Refsgaard et al., 2006, 2007).
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Numerically, karst aquifers may be represented in various ways.
Here we consider only distributed models. Distributed hydrologi-
cal modelling studies that take all three aquifer continua into
account are limited (e.g. Cheng and Chen, 2005). However, a rela-
tively common numerical modelling method is to consider two
continua, the matrix and the conduits, and include an exchange
component between the two (e.g. Birk et al.,, 2003; Liedl et al.
2003). Flow in the larger apertures may be turbulent, while the
flow in the matrix is laminar. These double-continuum models
are physically sound but also complex and computationally expen-
sive. Problems occur in the parameterization of the highly variable
caves (e.g. cave location, course, roughness, dimensions) and in
quantifying the exchange between the continua, particularly at lar-
ger scales. Parameter uncertainty can have significant impacts on
the models since slight changes in some cave parameterizations
can notably change model output (Peterson and Wicks, 2006),
and the exchange between conduits and matrix is still little under-
stood (Martin and Screaton, 2001; Bauer et al., 2003; Peterson and
Wicks, 2005). Catchment-scale applications of double-continuum
models are limited by the high computational load. Moreover, suf-
ficiently detailed data are typically not available for large areas.

The simplest way of modelling a distributed karst aquifer is to
assume that the aquifer can be represented by an equivalent por-
ous medium. This assumption is reasonable if the numerical cell
size is ‘large enough’, i.e. equals or exceeds a “Representative Ele-
mentary Volume” (REV). The hydraulic conductivity (K) assigned to
a cell represents the combined effect of matrix, fractures, and con-
duits within the cell. In a few cases the equivalent porous medium
approach has been successful (e.g. Larocque et al., 1999, 2000;
Scanlon et al., 2003), but it is also often criticized as too simplistic
to represent karst flow (e.g. Kovacs et al., 2005). By using the equiv-
alent porous medium approach, important features that character-
ize karst aquifers are ignored, e.g. the duality of infiltration and the
duality of discharges (Kiraly, 2003). Important conduits may in
some equivalent porous medium models be represented as zones
with a higher K than the matrix, and there is exchange between
the matrix and the ‘conduits’ (zones of higher K). This approach
still models only laminar flow all over the model domain, but
incorporates some of the important heterogeneity of karst aquifers.
Assigning such “block permeabilities” to different zones gives a
higher accuracy than not including zones, if the zonation and
assignment of values is reasonably reliable (Durlofsky, 1992). The
approach of assigning higher K to known conduit areas in an equiv-
alent porous medium model has been successfully used by e.g.
Knochenmus and Robinson (1996), Lindgren et al. (2005),
Worthington (2009) and Kiraly (2003). This simplified approach
is applicable especially for regional-scale studies.

The present study aims to illustrate the effects of model struc-
ture uncertainty on management decisions in karst. For the catch-
ment of the Sian Ka’an Biosphere Reserve we test different
conceptual models of the area using equivalent porous medium
approaches with and without zones of higher K. Models are ac-
cepted or rejected based on quantified fluxes and model fits to
measured heads. The accepted hydrological models are then used
to delineate the catchment that contributes with groundwater to
Sian Ka'an using stochastic modelling. The implications for ground-
water management are discussed.

2. Methods and data
2.1. The study area
The study area is the 35,000 km? tentative groundwater catch-

ment of the Sian Ka’an Biosphere Reserve (SKBR), located in
Quintana Roo, Mexico (Fig. 1). The study area was delineated based

on topographic divides. By doing this it was assumed, as a first-or-
der approximation, that topographic divides coincide with ground-
water divides. The part of the study area’s boundary just north of
Tulum was perpendicular to the coast, and was not delineated
based on topography, but based on an assumed flow line. This as-
sumed boundary was far enough away from SKBR to ensure that
areas further north would not contribute groundwater to the
Reserve. The groundwater head data presently available for the
peninsula are in agreement with these tentative catchment bound-
aries. Geochemical findings of Perry et al. (2002) support the water
divide at Lake Chichankanab.

Average precipitation ranges from 840 to 1550 mm/year. Three
quarters of the precipitation falls between May and October (un-
publ. climate data from Comisién Nacional del Agua). A spatial
estimate of actual evapotranspiration, using the ‘triangle method’
and MODIS data, showed that average recharge equals about 17%
of mean annual precipitation in the study area (Gondwe et al.,
2010b). The area is subject to tropical storms. Average monthly
temperatures range from 23 to 27 °C. Soil cover is limited and
most of the area is covered by 15-30 m tall semi-evergreen forest
(Sanchez-Sanchez and Islebe, 2002; INEGI, 1997). Sian Ka’an con-
tains coastal savannas, swamps, marshes, and mangrove, in addi-
tion to tropical forests, and hosts endangered and endemic
species (Morales Barbosa, 1992; Mazzotti et al., 2005). From
August 2006 to February 2008 the wetland extent varied between
1067 km? and 2588 km?, owing to natural variations in inflow
and to effects of extreme rainfall events. Smallest extent was in
May and largest in December in a typical year (Gondwe et al.,
2010a).

The Yucatan Peninsula consists of limestones, dolomites, and
evaporites reaching thicknesses of >1500 m (Weidie, 1985). The
surficial sedimentary rocks span Upper Cretaceous to Holocene in
age, and are generally nearly horizontally layered and off-lapping,
with gradually younger carbonates deposited towards the Penin-
sula margins (Lopez-Ramos, 1975; SGM, 2007; Schénian et al.,
2005) (Fig. 1). The geology is poorly constrained in the southern
and central Peninsula due to few exposures and difficulties in dat-
ing the sedimentary rocks through biostratigraphy (Kenkmann and
Schonian, 2006). The Yucatecan carbonates are heavily karstified
and host abundant caves, including the world’s longest underwater
cave system  (http://www.caves.org/project/qrss/qrlong.htm;
http://www.caverbob.com/uwcave.htm). Extensive cave systems
have mainly been mapped in the northern part of Sian Ka’an, along
the coast north of SKBR, and up to roughly 10 km inland. This is
likely a result of sampling bias, as most cave divers live in this area,
thus concentrating most exploration efforts there (Beddows, 2004).
However, the possibility also exists that the extensive cave systems
are related to the Pleistocene geology only deposited in this area
(Neuman and Rahbek, 2007 and references herein). In neighboring
Belize, cave development in the Tertiary sedimentary rocks is prac-
tically unknown, despite an abundance of mapped cave systems in
other geologies (Miller, 1996).

The study area contains a notable topographic contrast. The
topographic relief is flat in the northern and coastal parts of the Pli-
ocene geology (elevations 0-20 meters above mean sea level
(mamsl)), whereas the south-southwestern, mainly Cretaceous,
areas have an undulating relief with cone-karst landforms (eleva-
tions 50-340 mamsl). In between there is a transition zone with
moderately undulating relief (20-50 mamsl). A similar divide ex-
ists in the groundwater phreatic surface (Gondwe et al., 2010b).
The Pliocene area has a very low hydraulic gradient (3-7 cm/km)
with relatively small water level variations (5-40 cm within a
year). This indicates a high transmissivity. In contrast, the Creta-
ceous geology has perched aquifers, and higher hydraulic gradients
(10-190 cm/km). Water level variations have not been recorded
here. Geochemistry shows groundwater dominated by gypsum in
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the Cretaceous part of the study area, which supports a lower
transmissivity in this geology (Gondwe et al., 2010b). The main
groundwater flow direction, deduced from phreatic surface mea-
surements, is SW-NE from the Cretaceous area to the Pliocene
area, and W-E towards the coast within the Pliocene area.

In the Pliocene geology, the fresh groundwater forms a lens
floating on top of saline water. The Dupuit-Ghyben-Herzberg
model can be used to describe the thickness of the freshwater lens
on a regional scale in the study area’s Pliocene geology (Gondwe
et al.,, 2010b). However, only 100 m from the coast at Tulum,
Beddows (2004) showed that the freshwater lens is 4.6 to 7 m thick.
This is thicker than predicted from the Dupuit-Ghyben-Herzberg
model. As the presence of conduits violates the assumptions of the
Ghyben-Herzberg principle, its applicability at the local scale is lim-
ited. Beddows (2004) suggested the thicker freshwater lens at the
coast may be due to outflow restrictions. Coastal caves explored by
cave divers north of Tulum are smaller than inland caves. Moreover,
they are often parallel to the coast because they developed along
joints (Smart et al., 2006). In the Cretaceous hilly area saline intru-
sion has not been documented, and is not reflected in the geochem-
istry (Gondwe et al., 2010b; Perry et al., 2009). Thus, the thickness of
the fresh aquifer in this area is unknown.

Important physiographic features characterize the study area.
The Rio Hondo faults are a series of sub-parallel faults, trending
SSW-NNE, and located in the southern part of the study area
(Fig. 1). They have not been mapped in detail but fault-guided lakes
are a surface expression of the faults (e.g. Laguna de Bacalar). The
Rio Hondo faults are normal faults with the downthrown side to
the east. They have shaped the Caribbean coastline in the study
area, and sub-parallel horst and graben systems are present off-
shore (Rosencrantz, 1990). Another fault system is located in the
northern part of the study area - the Holbox fracture zone, also
trending SSW-NNE. Its southern terminus is not well determined
but possibly the Holbox and Rio Hondo fault systems intersect
(Southworth, 1985). Sharp linear wetland boundaries within Sian
Ka’an have been proposed to be fault-controlled (Gondwe et al.,
2010a), outlining additional possible sub-regional faults within
Sian Ka’an between the two main regional fault systems.

Regional-scale structures have been delineated within the study
area using remote sensing imagery and topographic elevation data
(Gondwe et al., submitted for publication) (Fig. 1). Most of these
structures are sub-parallel to the Rio Hondo faults and may consti-
tute a part of this system. Possibly these structures may be regional
high-permeability zones. Airborne electromagnetic investigations
have been carried out over the structures but could not definitively
determine their hydraulic character because of a shallow, highly
conductive geologic layer (Gondwe et al., submitted for publica-
tion). Seasonal surface water runoff takes place in these structures,
but infiltrates into the aquifer before reaching the coast (SGM,
2007; Pope and Dahlin, 1989). The shallow geologic layer with high
electrical conductivity and likely high clay content is the proposed
reason for the reduced infiltration capacity over the structures
(Gondwe et al., 2010b). This layer is probably discontinuous, due
to erosion following its deposition (Pope et al., 2005; Kenkmann
and Schénian, 2006; Urrutia-Fucugauchi et al., 2008). Despite its
general presence throughout the hilly area and transition zone
the layer does not appear to inhibit rapid infiltration to the aquifer
at the regional scale. This is confirmed by rapid groundwater level
responses to local rainfall (Gondwe et al., 2010b).

Previous hydrogeologic, geologic and hydrologic studies of the
area are limited. Beddows (2003, 2004) and Beddows et al.
(2007) studied cave hydrology on a local scale in Riviera Maya.
Smart et al. (2006) and Supper et al. (2009) investigated the cave
systems in the same area using direct inspection and airborne geo-
physical methods, respectively. The geology of a section in the
southern part of the study area was characterized by Schonian

et al. (2004, 2005) and Kenkmann and Schonian (2006), whereas
geochemistry was investigated by Perry et al. (2002, 2009) on a re-
gional scale. Hydrologic dynamics of the Sian Ka’an wetlands were
investigated by Gondwe et al. (2010a), and regional-scale multidis-
ciplinary field investigations of the tentative catchment were car-
ried out by Gondwe et al. (2010b, submitted for publication), as
an antecedent to the hydrological modelling presented in this pa-
per. Hydrological modelling of Sian Ka’an’s catchment has not been
carried out in any previous studies.

Based on the findings of Gondwe et al. (2010b), the Pliocene
geology of the study area can be considered one continuous aqui-
fer, with a clearly defined lower level. The relation between this
aquifer and any aquifer in the Cretaceous geology is undetermined.
The nature and magnitude of any groundwater exchange between
the Cretaceous area with the low transmissivities and the Pliocene
area with the high transmissivities is not known. In addition, data
on regional groundwater heads in the Cretaceous area are limited
to three measurement points in the hilly area and eight in the tran-
sition zone, and it is not clear whether some of these are connected
to perched aquifers. Moreover, the thickness of the freshwater
aquifer in the Cretaceous area is unknown. Therefore, only the Pli-
ocene part of the study area was simulated with a distributed
hydrological model. The effects of the Cretaceous geology aquifer
were represented as lumped boundary inflows. The model area
of the distributed model was outlined based on geological bound-
aries from SGM (2007) and the 50 mamsl topographic contour line,
as it was assumed that the rugged topography >50 mamsl near
Lake Chichankanab did not belong to the generally more smooth
Pliocene geology. Outside the delineated model area, the water lev-
els were much higher than the 0.5—3 mamsl that characterize the
Pliocene area aquifer. The total area of the distributed model was
21,000 km? (Fig. 1).

2.2. Design of the numerical hydrological models

An equivalent porous medium modelling approach was chosen
because of the regional scale of the model area. Different concep-
tual models were developed based on the general knowledge and
hydrogeological database of the study area. The conceptual models
differed with respect to two main criteria: (A) Whether there is
flow between the Cretaceous and the Pliocene area and (B)
whether the structures and faults delineated in Gondwe et al. (sub-
mitted for publication, 2010a) are regional-scale zones of higher
permeability. Consequently, four conceptual models were first set
up and compared (Fig. 2): Model (1) No inflow from the Cretaceous
area, and hydraulic conductivity (K) of the structures equal to that
of the matrix. Model (2) Same as Model 1 but with structures hav-
ing a different K than the surrounding equivalent porous medium
matrix. Model (3) With inflow from the Cretaceous area to the dis-
cretized model domain. K of structures equals that of the matrix.
Model (4) Same as Model 3, but with structures having a different
K than the matrix.

The coupled surface-water/groundwater finite-difference code
MIKE SHE (Refsgaard and Storm, 1995; Graham and Butts, 2006)
was used. Darcian flow was assumed throughout the saturated
zone. Grid cell size was 1x 1km? and hydraulic conductivity
was assumed to be isotropic. The aquifer was assumed unconfined
throughout the model domain. Mainly, steady state conditions
were analysed. The unsaturated zone was disregarded in the model
setup. Fast infiltration of recharge directly into the aquifer is con-
sidered a valid assumption for the average conditions represented
by the steady state models. The saturated zone was modelled as
one computational layer, resulting in a two-dimensional (2-D) sim-
ulation of groundwater flow.

The top of the aquifer was set as the topographic level obtained
from the Shuttle Radar Topography Mission (SRTM) (USGS, 2006),
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Conceptual Model 1
No hilly inflow,
No structures

Conceptual Model 2
No hilly inflow,
With structures

Conceptual Model 3
100% hilly inflow,
No structures

Conceptual Model 4
100% hilly inflow,
With structures

Conceptual Model 5
Optimized hilly inflow,
With structures

Conceptual Model 6
50% hilly inflow,
With structures

Conceptual Model 7
100% hilly inflow,
With structures

With K

‘coast_north

Fig. 2. The different conceptual models used in the Multiple Model Simulation.

resampled to the 1 km? grid. The simulated extent of overland flow
was sensitive to topographic level. Moreover, the SRTM may
measure to top of canopy instead of ground level. Therefore, the
2-percentile topographic value within each 1km? grid cell was
used as the topographic level. The simulated extent of flooding
was then similar to that observed from remote sensing data
(Gondwe et al, 2010a). A few coastal cells with topography
<0 mamsl at some narrow coastal land tongues at the extremes
of the model area were removed from the model domain, since
they showed inflow from the sea in all modelling experiments.

The lower level of the aquifer was defined by using the Dupuit-
Ghyben-Herzberg principle (Vacher, 1988) to convert modelled
freshwater heads to depths to the halocline. This modelled depth
to the halocline corresponded well with measured values obtained
from time-domain electromagnetic measurements (root mean
square error (RMSE) =10.3 m (Fig. 3), which is in the same range
as the uncertainty of the measurements (5-15 m, Gondwe et al.,
2010Db). At the coast, the lower level was set to —4.6 mamsl based
on measurements in Beddows (2004). Next to the coastal cells
minimum depth was set to —14.3 mamsl, based on Dupuit-
Ghyben-Herzberg computations.

Boundary conditions were set to fixed head = 0 mamsl at the
coast. Elsewhere, the Conceptual Model 1 had zero flux boundaries.
The Conceptual Models 3 and 4 were given inflow (flux) bound-
aries near the Cretaceous area (see below). Conceptual Models 2
and 4 further had a fixed head boundary of 0.4 mamsl at the Hol-
box fracture zone. This fixed head value was obtained from neigh-
boring water level measurements. Model sensitivity to uncertainty
in this parameter was investigated by adding or subtracting an
estimated standard deviation, Gpomox_pound» Of 4 cm (Gondwe

Measured depth to halocline (mamsl)

-100 -80 -60 -40 -20 0
1 1 1

Modelled depth to halocline (mamsl)
(used in hydrological model)

y=085x-761 [ -100
R?*=0.86

Fig. 3. Measured depth to halocline vs. the modelled depth to halocline, estimated
using the Dupuit-Ghyben-Herzberg relation and modelled groundwater heads.

et al.,, 2010b) to/from the fixed head boundary, and calibrating
these model scenarios. Discharge thus took place along the coast
via the saturated zone and overland flow, and could also take place
through the Holbox fracture zone, when structures were included.
Discharge through groundwater abstractions were not included in
the model due to lack of data. Hydrological modelling studies of
the largest abstractions in Quintana Roo - at Cancun (outside the
model area) have shown that even such relatively large abstrac-
tions (1.9 m?/s distributed over 70 km?) do not cause appreciable
modification of the groundwater heads, because of the high trans-
missivity of the Pliocene aquifer (Charvet, 2009).

Spatial estimates of yearly average recharge from Gondwe et al.
(2010b) were used directly in the model (mean: 0.5 mm/day, max-
imum: 1.8 mm/day, minimum: —2.3 mm/day within the model
area). Model sensitivity to uncertainty in this parameter was inves-
tigated using scenario analysis, by adding or subtracting the stan-
dard deviation of the recharge, o, to the recharge estimate, and

calibrating these models. o was estimated as /(0% + 6%,), where

P is precipitation and ET, is actual evapotranspiration. gp was esti-
mated by comparing uncorrected precipitation estimates from
Tropical Rainfall Measurement Mission (TRMM) (product 3B43)
with precipitation data from 23 gauge stations within the study
area. The estimated op was 0.04 mm/day (=15 mm/year). An esti-
mate of ggr, was obtained from data in Stisen et al. (2008). Our
ET, estimate was derived with similar methods as in Stisen et al.
(2008), albeit with data from another remote sensor. Stisen et al.
(2008)’s RMSE estimate (41.45 W/m? = 1.5 mm/day) is in the same
order of magnitude as that obtained by most other authors, also ci-
ted in Stisen et al. (2008). The RMSE estimate was valid for daily
estimates, and was re-calculated to the error of the yearly average
ET, by dividing it with the square root of the number of samples in

a year <\/365), yielding an oy, of 0.08 mm/day (=29 mm/year).

The resulting estimate of gz was 0.09 mm/day. Spatial uncertain-
ties for the recharge were not taken into account, as the spatial var-
iation in the estimates of both ET, and the precipitation is
considered quite reliable. Moreover, synthetic modelling experi-
ments indicate that the shape of groundwater catchments is influ-
enced more by the uncertainty of the mean recharge than by the
uncertainty of its spatial pattern (Hendricks Franssen et al., 2004).

To estimate the inflow from the Cretaceous area to the model
domain (Models 3 and 4), surface water catchments of automati-
cally delineated rivers were outlined based on topographic data
using the software ILWIS 3.3 Academic (ITC, 2005). To a large ex-
tent the delineated rivers correspond to the structures connecting
the Cretaceous area and the domain (Gondwe et al., submitted for
publication). The underlying assumption was that groundwater
divides in the hilly area would correspond with surface water
divides. It appears reasonable to assume that at least part of the re-
charge in the hilly area generates surface water flow, given the
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presence of a shallow low-permeability layer in this area, and the
existence of swamps and ephemeral rivers (Gondwe et al., 2010b).
Three main surface water catchments, consisting of sub-
catchments connected by the rivers/structures, were obtained.
They largely covered the Cretaceous part of the study area
(Fig. 4). The surface water catchments termed ‘North’ and ‘South’
were used in the modelling. The surface water catchment ‘Bacalar’
appeared to discharge into the Rio Hondo River on the boundary of
the model domain, and was therefore not included. Average annual
recharge of each ‘North’ and ‘South’ surface water catchment was
calculated from the spatial recharge estimate. These values (in
m3/s) were then assigned as boundary inflow to the sections of
the boundary, where the structures of the ‘North’ and ‘South’
catchments intersected the boundary. In Conceptual Models 3
and 4, 100% of the calculated recharge was used as inflow
(42.9 m3/s and 57.1 m3/s for ‘North’ and ‘South’, respectively).
The Conceptual Models 5 and 6 were introduced to investigate
the sensitivity of the model to uncertainty in this inflow parameter.
The percentage of inflow was included as a calibration parameter
in Conceptual Model 5. Since the resulting difference between Con-
ceptual Models 4 and 5 was minor, 50% of the calculated recharge
was used as inflow in Conceptual Model 6, to study the influence of
changing inflow on the model results.

The Preconditioned Conjugate Gradient solver (Hill, 1990) was
used in the simulation for the saturated zone component. The
overland flow was modelled using the diffusive wave approxima-
tion, with a Strickler/Manning law applied to the friction slopes,
and the Successive Over-Relaxation solver of MIKE SHE. Manning’s
M =10 m'"?/s was applied to represent the friction losses due to
micro-topography and the heavy vegetation of the Sian Ka’an wet-
lands. On a standard PC (Intel Pentium 4, 2.6 GHz, 1 GB RAM), the
CPU time for running the model was approximately 1 min per sim-
ulated year, when the overland component was enabled.

2.3. Model calibration

The models were calibrated in steady state. Calibration was car-
ried out using automatic inverse calibration. K-values (Kpatrix
Ksiruee) Were adjusted with the goal of minimizing the mean square
error (MSE) between modelled and measured groundwater heads

at 59 wells located within the model domain. Head data were a
temporal average of the values presented in Gondwe et al.
(2010b); roughly two wet and two dry season measurements. Esti-
mated uncertainty on the measured values was +4 cm based on
average GPS error. The error due to time variation between head
measurements was estimated to have its upper bound at +13 cm,
but in reality to probably be much lower, because the temporal
measurements have some correlation. Uniform uncertainty was as-
sumed on all water level measurement points given that the same
measurement method and same temporal sampling was applied to
all. Therefore, all points were weighted equally in the calibration.
Structures and faults were assumed regionally connected (Fig. 5).
Lindgren et al. (2005) assumed the same in their equivalent porous
medium model of another karst region. The Ky, was not differen-
tiated spatially. The literature (e.g. Liedl et al., 2003) indicates that

Holbox
)l ; fixed head
A L boundary

K. coast_north

Coastal cells removed
from model domain

Fig. 5. Distribution of K-values in the models, and location of boundaries.
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Fig. 4. (a) Automatically delineated surface water catchments in the hilly area and (b) the overall catchments used to estimate inflow through the boundary from the hilly
Cretaceous area. Structures and faults from Gondwe et al. (submitted for publication, 2010a).



Table 1

Calibration results and selected model outputs for the conceptual models investigated. MSE = mean square error; OL: overland flow; SZ: saturated zone flow; SKBR: Sian Ka’an Biosphere Reserve; structs.: structures and faults, diff.:

different. The two models giving the smallest MSE are marked in bold.

Conceptual model:

No hilly inflow, no

No hilly inflow,

100% hilly inflow,

100% hilly inflow,

Hilly inflow optimized,

50% hilly inflow,

Keoast_noren and 100% hilly

structures with structures no structures with structures with structures with structures inflow, with structures
MSE [m?] 0.2381 0.1393 0.1422 0.1163 0.1162 0.1245 0.1086
Keoase [M/s] 0.048 0.011 0.110 0.059 0.065 0.038 0.060
Kcuas[,nor[h [m/S] - - - - - - 0.440
Kinatrix [M/s] 0.71 0.49 0.94 0.61 0.66 0.52 0.95
[0.61; 0.83] [0.31; 0.78] [0.93; 0.95] [0.38; 0.97] - [0.32;0.85] [0.36;2.59]
Kstruers [m/s] - 26.86 - 18.79 15.75 17.29 1.03
- [16.40; 43.98] - [5.13; 68.84] - [6.87; 43.51] [0.26;4.16]
Calibrated (optimized) inflow - - - - 105.3% - -
MSE with OL [m?] 0.2208 0.1647 0.1336 0.1160 - 0.1809 0.1047
OL_Outflow_al_domain ros 214 OL outflow in m3/s 11.7% 42.4% 5.7% 10.3% - 16.8% 7.8%
S7-Ouow i daman | 2 (125 m?fs) (19.4 m?/s) (11.9 m?fs) (16.7 m3/s) - (24.6 m?[s) (15.0 m3fs)
- %J[t)'sz ?GW—deﬁam [% and SKBR SZ outflow in m3/s] 49.5% 47.4% 42.9% 47.0% - 46.5% 42.9%
(52.7 m3/s) (21.7 m?[s) (89.5 m3/s) (76.2 m3/[s) - (68.1 m3/s) (82.9 m?/s)
m(ﬁﬁ%% [%] 9.2% 29.6% 4.2% 7.3% - 11.7% 5.2%
Within SKBR only: $-0ufo% [% and SKBR OL in m?/s] ~ 18.5% 62.4% 9.8% 15.5% - 25.2% 12.2%
(9.8 m3/s) (13.6 m¥[s) (8.7 m3[s) (11.8 m?[s) - (17.1 m?[s) (10.1 m?/s)
Holbox outflow [% of total groundwater outflow 0 54% 0 21% - 26% 6%
from domain and in m?/s] 0 (53.9 m[s) 0 421 m3[s 51.2m’[s 12.5m3[s
Total discharge pr. km coast [m?/s/km] 0.20 0.08 0.38 0.30 - 0.27 0.35 (0.95 at the northern
coast with diff. K)
SZ max. flow [m3[s] -0.6; 0.9 -4;13 -1;2 -3;18 - -3;18 -1;3
x-dir
y-dir -1, 0.6 -12; 17 -2;1 —16; 15 - —16; 16 -2;2
OL max. flow [m3/s] -0.1; 0.2 -0.2; 0.3 -0.2; 0.2 -0.2; 03 - -03;04 -0.2; 0.2
x-dir
y-dir -0.2; 0.2 -0.3;0.3 -0.2; 0.2 -0.3; 0.3 - -04; 0.3 -0.3; 0.2

o€
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conduits may become larger and/or have more branches down-
stream towards the outlet. Therefore, some authors (e.g. Lindgren
et al., 2005) assign different K-values along the course of the
high-permeability zones. Others (e.g. Kiraly, 2003) use a uniform
approach as done here. A third K-value was assigned to the coastal
boundary cells in all models (K.yqs), controlling the coastal leakage.
Finally, to take into account the possibility of extensive cave devel-
opment only in the Pleistocene geology, Conceptual Model 7 was
defined. It had a different coastal K-value at the Pleistocene geol-
08Y (Kcoast noren) than along the remainder of the coast, and other-
wise resembled Conceptual Model 4 with structures and hilly
inflow. Conceptual Model characteristics are summarized in
Table 1.

Automated inverse calibration was carried out using the non-
linear least squares fitting procedure ‘nlinfit’ in Matlab (version
R2008b, The MathWorks), which uses the Gauss-Newton algo-
rithm with Levenberg—-Marquardt modifications. In certain cases
the ‘robust’ fitting option was applied as it gave lower mean square
error (MSE) (only used in the calibration of Conceptual Models 5
and 6). Heads in the entire model domain were constrained to be
>0 mamsl.

In order to ensure computational efficiency in the calibration a
simplified overland flow representation was used. The head in the
overland flow cell was set equal to the head in the underlying
groundwater cell, and lateral flow in the overland compartment
was neglected. Given the high friction in the SKBR overland flow
compartment, this approximation is realistic. After model calibra-
tion, the overland flow component was enabled and models run
again to generate results that included the quantification of over-
land flow. Due to limited field data, extensive model validation
could not be carried out. Instead, the modelled fluxes were com-
pared with literature values to accept or reject the different con-
ceptual models.

Only Conceptual Models 4 and 7 were run in transient mode
over a period of five years (2004-2008; the period for which esti-
mates of both monthly precipitation and monthly ET, were avail-
able). The available data was insufficient to calibrate a transient
model independently, so K-values from the corresponding steady
state model were used. Input was monthly recharge values from
Gondwe et al. (2010b). The specific yield (S,) was adjusted by fit-
ting a modelled transient hydrograph with a measured hydrograph
at Dzula. Hilly inflow time series calculated from the recharge data
were routed using a linear reservoir model. Time lag was adjusted
by comparing with the Dzula hydrograph. A rough comparison
with interferograms from Gondwe et al. (2010a) was carried out
to investigate the ability of the transient model to produce surface
water level changes similar to those observed. For the sensor used
in this study, a phase cycle (="fringe”) of 0-27m corresponds to
3.9 cm relative water level change. Further details are given in
Gondwe et al. (2010a).

2.4. Stochastic catchment simulation

To delineate the catchment of Sian Ka’an, stochastic simulations
were carried out with particle tracking. Similar approaches have
been used by Vassolo et al. (1998), Stauffer et al. (2002, 2005)
and Hendricks Franssen et al., 2004.

Following the inverse calibration, the resulting covariance ma-
trix was used to determine the 95% confidence interval of the cal-
ibrated parameters and their cross-correlation. Due to very wide or
undetermined 95% confidence intervals for Kyamix and Kgpuee When
Keoast (and Keoast nortn) Was included in the inverse calibration, it was
decided to fix Kcogse (and Keogse noren) at the optimal value. The
parameters Kpamix and Kgee Were subsequently recalibrated and
narrower 95% confidence intervals were obtained. These were used
in Monte Carlo catchment simulations. Since Ko varied by less

than an order of magnitude in its 95% confidence interval, this ap-
proach was considered acceptable. A strong negative cross-correla-
tion between Kpaix and Kyuer €Xisted in the models, where both
parameters were calibrated (e.g. Pearson’s r was —0.88 (Conceptual
Model 2), —0.92 (Conceptual Model 4), —0.86 (Conceptual Model
6)), except in Conceptual Model 7, where this correlation was po-
sitive (r=0.96). These cross-correlations were incorporated into
the Monte Carlo sampling. The Metropolis-Hastings algorithm
(Hastings, 1970) of Matlab (‘mhsample’) was used. It is a Markov
chain Monte Carlo method. The log-K values were sampled in the
log-space, and subsequently transformed to their actual values. A
multivariate normal distribution was used as probability density
function for the log-K values, and random values were drawn using
Cholesky decomposition and the Box-Muller transform.

For each equally likely set of K-values, the model was run, and
particle tracking using MIKE SHE'’s random walk Particle Tracking
module was applied. Since the effective porosity (@) is unknown,
we first determined the steady state catchment, which is indepen-
dent of @egr. This (worst case) greater envelope of the catchment
was obtained by placing particles at the bottom of the model grid
cells in the steady state models and tracking those that ultimately
entered the official boundaries of Sian Ka’an. The combined area,
where the particles originated from corresponds to the inner and
outer protection zones usually used within well protection strate-
gies (e.g. Chave et al., 2006; Milanovi¢, 2004). Probability maps of
catchments were then calculated by stacking the results of the
realizations. Also groundwater travel time zones are frequently
used for groundwater protection and land use zonation, but these
results depend strongly on the value of @.¢. Following the recom-
mendations of Worthington and Ford (2009), the travel time zones
were delineated in different scenarios by adjusting @eg so that
modelled velocities matched measured groundwater velocities in
matrix and caves. Scenario 1 assumed a matrix velocity of
1 x 107> m/s and, if the structures were differentiated, a structure
(conduit) velocity of 0.03 m/s. Maximum g was set to 0.3 (high-
er-end value measured by Gonzalez-Herrera, 1984), yielding veloc-
ities in the range of 10~ m/s. Scenario 2 assumed a structure
velocity of 0.03 m/s and also a matrix velocity of 0.03 m/s. The ma-
trix velocity of 0.03 m/s is relevant if conduits are assumed present
in every single 1 km? matrix grid cell. This first-order approach of
adjusting @.¢ values to obtain measured groundwater velocities
can be useful to obtain an estimate of first breakthrough times
for a water-borne pollution when using equivalent porous medium
models. However, it is important to realize that this approach only
simulates the fast flow through conduits and fractures. The slow
extended release of contaminants from matrix, resulting from con-
duit-matrix exchange processes, cannot be estimated with this ap-
proach, and instead requires more refined transport simulation (Li
et al., 2008; Geyer et al., 2007; Spiessl et al., 2007).

For the Conceptual Models 4, 6, and 7, 800 realizations yielded
stable probability maps of the catchments. For Conceptual Model 3,
only 500 realizations were needed.

3. Results

3.1. Results of Multiple Model Simulation: acceptance and rejection of
conceptual models

Calibration results and key model outputs for the different con-
ceptual models are shown in Table 1. All models were calibrated
assuming that the equivalent porous medium approach can appro-
priately simulate regional groundwater flow in the domain. It
should be kept in mind that this type of model captures some,
but far from all, of the duality of karst aquifers. For steady state
solutions, the lack of representing the duality of infiltration is not
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a problem. The grid resolution is insufficient to simulate the dual-
ity of discharge (through matrix and springs, respectively). More-
over, validation of simulated spring flows is impossible because
of lack of in situ observations.

For the models with a uniform coastal leakage, the MSE showed
that including structures gave better fits (cf. Conceptual Model 1
and 2; 3 and 4/5/6). Including inflow from the Cretaceous area to
the model domain improved model fits as well (cf. Model 1 and
3; 2 and 4). The 100% hilly inflow can apparently be estimated reli-
ably with the surface water catchment method, as calibration of
the hilly inflow (Model 5) resulted in almost the same value as
Model 4 (105% instead of 100% and same MSE to the 3rd decimal).
In these first six Conceptual Models, Ky, Was always calibrated to
be greater than Kj,qix by 1-2 orders of magnitude. K had the
same order of magnitude as that used by Kiraly (2003), who used
a similar equivalent porous medium modelling method, and deter-
mined Ky to be =10 m/s. The calibrated value of Kgogs: Was
roughly one order of magnitude less than Kpqix. Scatter plots of
measured vs. modelled heads are shown in Fig. 6. In Conceptual
Model 1 the low heads (<1 mamsl) were all modelled 0.5-1 m
higher than measured (Fig. 6a). Spatially, these points were located
from the northern part of the Sian Ka’an Biosphere Reserve up to
the model boundary north of Tulum, in the area around the Holbox
fracture zone. Conceptual Model 1 was rejected because of this
large low-head discrepancy and the relatively large MSE. The
remaining models showed the same overall shape of the scatter
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Fig. 6. Measured vs. modelled heads for Conceptual Models 1-4, 6 and 7.

plots, which were not appreciably different from one another.
Moreover, the MSE of the remaining models were similar. Concep-
tual Model 7 had the smallest MSE. Conceptual Model 3 showed a
similar, but less pronounced spatial bias of residuals in the north-
ern part of the model area around the Holbox zone, as Model 1.

Clearly, the heads in the north near the Holbox zone were the
reason why structures were assigned higher K than the matrix, in
the models, where structures were included. Conceptual Model 7
showed that when a different K at the coast was allowed in this
northern area, coastal leakage was one order of magnitude larger
in this area than in the remainder of the model area (Kcoast north >
Keoast» Table 1). Because this changed leakage at the coast reduced
the modelled heads around the Holbox zone to acceptable levels
in Model 7, Ko Was not modelled to be appreciably different from
Kinawrix (also seen from their strong positive correlation). When
including the overland flow component in the calibrated models,
the MSE followed the same pattern as in the models without over-
land flow, and the MSE improved slightly, except in Models 2 and 6.

Where possible, the model results were compared with values
from the literature to clarify whether all the remaining models
could be considered plausible. The total discharge per km of coast-
line was seen to be rather constant in all models, approximately
0.2-0.4 m3/s/km, except in Conceptual Model 2, which had a low
value of 0.08 m*/s/km. Estimates in the literature range from
0.27 m?/s/km to 0.73 m3/s/km (Table 2). In this light the low esti-
mate of Conceptual Model 2 is clearly unrealistic. Therefore, this
model was also rejected. The reason for the low coastal outflow
in this model was that a large fraction of the total water input ex-
ited through the Holbox fracture zone instead (53.9 m3/s compared
to ~120 m>/s recharge in this model).

The calculated maximum conduit flows were 3-18 m?/s, when
attributing all flow in structure cells to conduit flow, in Models 2,
4,5, and 6. These values are not unrealistic judging from values re-
ported in the literature (range: 1-17 m>[s, Table 2). Literature val-
ues for overland flow are not available. However, there was little
difference between the different model estimates. A rough recalcu-
lation to average velocities, using simulated overland water depth
and grid cell area, yielded maximum overland flow velocities of
0.3 cm/s, and mean average velocities of 0.007 cm/s. The Shark Riv-
er Slough of the Everglades also has low hydraulic gradients (3-
4.7 cm/km, Bazante et al., 2006) and appears similar to Sian Ka’an’s
wetlands. Sian Ka’an’s modelled overland flow velocities are in the
same range as the velocities measured in Shark River Slough (aver-
age: 1-1.5 cm/s; range: 0.8-4 cm/s, Bazante et al., 2006). However,
the model values represent average velocities for 1 km? grid cells,
whereas actual velocities are highly determined by local cross-
sections, etc.

Keoase Was calibrated to be in the order of 1072 m/s - one order of
magnitude less than Ky in Conceptual Model 3, 4, and 6. This
was in agreement with divers’ observations of possible coastal
restriction to flow (at least near Tulum), and the same conclusion
derived from the freshwater lens thickness>0m at the coast.
However, the calculated Holbox outflow was very large in these
models. In Conceptual Model 7, the calculated Holbox outflow
seemed at a more reasonable level, although no field observations
on Holbox outflow are available. Yet, in Model 7 K.gst_north Was not
sufficiently low to give the observed freshwater thickness at coast
of at least 4.6 m, when using Dupuit-Ghyben-Herzberg computa-
tions. The remaining output parameters in Table 1 are not known
in reality from other studies. Therefore, there were no reasons to
discard the remaining models. Conceptual Models 3, 4, 6, and 7
were all deemed plausible and used in the further analysis. Of
these, Models 4 and 7 had the best fits to measured heads.

Fig. 7a shows the modelled depth to groundwater plotted
against the mean actual evapotranspiration (average of years
2004-2008) at each grid cell. Standard deviations are given as error
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Available literature values for model outputs.
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Parameter

Value

Reference and comments

Total discharge pr.
km coast

SZ max. flow

Groundwater flow
velocity

0.27 m3/s/km

0.38 m?/s/km
0.73 m®/s/km

At cave outlets

(submarine springs):

Hanshaw and Back (1980), NW Yucatan
Thomas (1999), based on total freshwater conduit outflow
Beddows (2004), “crude assumption” from “19 known outflows/80 km of 1 m?/s each” (i.e. 0.24 m>/s/km) + (her

guesstimate to represent further outflow from matrix) 0.5 m*/s/km

At cave outlets (submarine springs):

measured at Chuchuen, north of model area)
measured at Conil, outlet at north Holbox fracture zone)

Beddows (2003) (estimated from measured dye tracing velocities and conduit dimensions at Nohoch Nah Chich)

243 m[s Back et al. (1979) (measured at Xel Ha)
1.9m’/s Thomas (1999) (measured at Xel Ha)
5-9m’/s Beddows (2004) (measured at Xel Ha)
1.1m3s Thomas (1999) (measured at Casa Cenote and Abejas)
2.96 m3/s Beddows (2004) (measured at Casa Cenote)
2.7 m3[s Thomas (1999) (measured at Xpu-Ha)
5.1m?[s Thomas (1999) (

17 m3[s Thomas (1999) (

Inside caves: Inside caves:

0.8-1.5m3/s

1-13 m3[s

At/near cave outlets:

0.012 m/s
0.055 m/s
0.3 m/s
1m/s

Inside caves:
0.001 m/s

Neuman and Rahbek (2007) (estimated from pers. comm.. with cave divers)
At cave outlets:

Moore et al. (1992) (measured)

Beddows (2004) (measured, Casa Cenote, average value)

Beddows (2004) (measured, Casa Cenote and Xel Ha, maximum values)

Estimate from divers’ scooter, Sistema Manatee (cave diver Le Maillot, pers. comm. in Neuman and Rahbek, 2007)

Inside caves:
Moore et al. (1992) (measured)

0.006 m/s
0.030 m/s
0.009 m/s
0.075 m/s
0.023 m/s
0.014 m/s

In matrix: In matrix:
2.1e—4m/s
4.6e—7 m/s

estimate)

Beddows (2003) (from dye tracing, lowest for dye peak)

Beddows (2003) (from dye tracing, largest for dye peak)

Beddows (2003) (from dye tracing, lowest for dye front)

Beddows (2003) (from dye tracing, largest for dye front)

Beddows (2004) (from dye tracing, average value Heaven's Gate)
Beddows (2004) (from dye tracing, average value River Run/Ponderosa)

Moore et al. (1992) (measured in a borehole several km from coast; considered upper range velocity estimate)
Neuman and Rahbek (2007) (estimate from numerical conduit-matrix modelling, considered lower range velocity

bars. Also reference evapotranspiration, calculated with Har-
greaves’ equation (see Gondwe et al., 2010b) is shown (average
of years 2004-2008). At sites with depth to groundwater between
0 and about 8 m below ground (mbg) evapotranspiration took
place at the potential rate (ET,=ET,y). At sites with depth to
groundwater between 30 and 50 mbg, ET, was constant, and hence
did not depend on the depth to groundwater. The vegetation was
also equally dense and equally structured here (constant Vegeta-
tion Index (EVI from MODIS), Fig. 7b), and vegetation maps show
uniform vegetation (INEGI, 1997). However, at sites with depth
to groundwater between about 8-10 m and 30 m, a decreasing
ET,-rate with increasing depth to groundwater could be observed.
The relationship was linear (R?> = 0.87). A decrease in ET, at these
sites was clearly not part of the explanation. On the contrary, ET,er
was seen to increase in this interval. Differences in vegetation also
did not appear to be the explanation, as EVI was rather constant
here (Fig. 7b) and vegetation maps did not reveal any differences.

3.2. Scenarios to assess impact of recharge and Holbox boundary
uncertainty

Scenario analyses (Tables 3 and 4) were carried out on the two
models giving the smallest MSE, namely Conceptual Model 4 and 7.
The scenario analyses focused on two parameters: the Holbox fixed
head boundary and the recharge. These parameters were kept fixed
in the previous calibrations, but since these inputs are uncertain,
the effect of these uncertainties needed to be assessed.

When varying the Holbox fixed head boundary by +4 cm, the
model structure of Model 4 was robust (Ksquer always > Kinarix)s
whereas the model structure of Model 7 was not robust (Kcoast north
became > Kiarix» Whereas it was <Kpqeix Originally. Ky became
<Kmatriv» Whereas the two had been practically equal originally).
Resulting outflows through the Holbox zone, however, remained
at the same magnitudes as in the original models.

Also in the scenarios with changed recharge, the model struc-
ture of Model 7 was not robust (Table 4). The model structure of
Model 4 remained robust despite the parameter change (Ksq e >
Knarrix)- Outflow from the saturated zone was sensitive to a change
in the recharge in both models, since this affected the water bal-
ance directly. The Holbox outflow was also very sensitive to
changes in recharge. All Holbox outflows were reduced, either
due to the change in calibrated Ky (When recharge was in-
creased) or due to reduced water input (recharge) to the model.
In Model 4, maximum groundwater flow rates (‘SZ max. flow’)
were sensitive to recharge changes, since flow rates were influ-
enced by the resulting changes in Kyt

3.3. Probability maps of catchments

The resulting probability maps for the steady state catchments
from Conceptual Models 3, 4, 6, and 7 are seen in Fig. 8. The steady
state catchments encompassed roughly the same area west of Sian
Ka’an, and had the same east-west maximum extent. There were
however also important differences, especially in the south-central
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Fig. 7. Actual (ET,) and reference (ET,ef) evapotranspiration, as well as Enhanced Vegetation Index from MODIS (EVI), plotted against modelled depth to groundwater.

Table 3

Results of sensitivity analysis to changes in the Holbox fixed head boundary for Conceptual Models 4 and 7.

Model *+GHolbox_bound (MOdel 4) —GHolbox_bound (MOdEI 4) *+GHolbox_bound (MOdel 7) —GHolbox_bound (MOdE] 7)
MSE [m?] 0.1179 0.1149 0.1027 0.1015

Keoase [M/s] 0.058 0.061 0.083 0.091

Kcoust,,north [m/S] - - 1.87 0.92

Kinatrix [M/s] 0.61 0.63 0.96 0.86

Kstruces [m/s] 20.59 14.93 0.62 0.79

MSE with OL [m?] 0.1180 0.1141 0.1068 0.1032

Holbox outflow [m?/s] 42.5m3s 39.3 m’/s 8.9m’[s 10.7 m3[s

(change: +0.4 m>/s or +1%)

(change: —2.7 m3/s or —7%)

(change: —3.6 m®/s or —29%)

(change: —1.7 m3/s or —14%)

Table 4
Results of recharge sensitivity analysis for Conceptual Models 4 and 7.
Model +ar (Model 4) —aog (Model 4) +ag (Model 7) —og (Model 7)
MSE [m?] 0.1136 0.1213 0.1008 0.1043
Keoase [m/s] 0.10 0.05 0.14 0.06
Keoast,_north [M/S] - - 1.38 0.92
Kumatrix [M/s] 0.71 0.65 1.04 0.81
Ketruces [m]s] 531 12.63 0.44 1.11
MSE with OL [m?] 0.1115 0.1126 0.1033 0.1077
OL_Outflow_al_domain 194 214 OL outflow in m?/s 6.5% 12.4% 4.2% 7.5%
SZ-Ouow - doman | Bl (13.6 m¥/s) (18.0 m3/s) (9.4 m¥s) (13.3 m¥s)
SZ-0utflow SKBR__ 19/ 3nd SKBR SZ outflow in m>/s 44.8% 46.2% 44.7% 42.7%

7 Ouow-al domai | sl (92.1 m¥/s) (67.4m3/s) (99.5 m?/s) (75.1 m3fs)
m% [%] 4.6% 8.6% 3.1% 5.1%
Within SKBR only: ?é:gﬂg"wv [% and SKBR OL in m3/s]  10.3% 8.6% 6.9% 11.9%

(9.5 m3[s) (12.5 m3[s) (6.8 m3/s) (8.9 m%[s)
Holbox outflow [m?/s] 239 35.3 10.5 9.6

(change: —18 m?/s; —43%) (change: —7 m?®[s; —16%) (change: —2 m3[s; —16%) (change: —3 m?[s; —23%)
Total discharge pr. km coast [m?/s/km] 0.38 0.27 0.41 (at north coast: 1.03)  0.32 (at north coast: 0.85)
SZ max. flow [m?[s] -13;7.2 -1.9; 123 -1.0; 4.1 -09; 24

x-dir
y-dir —4.5; 6.1 -9.6; 10.3 -2.5;24 -1.8;1.3
OL max. flow [m3[s] -0.2; 0.2 -0.3; 03 -0.2; 0.2 -0.2; 0.2
x-dir

y-dir -0.2; 0.2 -03;03 -0.2; 0.1 -03; -0.2

part of the model area, where structures were prevalent. In Model
3, the shape of the steady state catchment was stable under param-
eter changes. The probability that a particular model cell was part
of the steady state catchment was either 0 or 1. In the other mod-
els, the shape of the steady state catchment was variable and prob-
abilities ranged from O to 1. This was due to the different
combinations of K, and Knamix Values in each realization. Con-
ceptual Model 4 had the most extensive catchment area when con-

sidering all probabilities >0. This steady state catchment and that
of Model 6 were clearly influenced by the higher-permeable struc-
tures. Model 7’s steady state catchment was influenced by the in-
flow from the hilly area, and thus bended slightly towards the
south further inland. In Models 4, 6, and 7 the steady state catch-
ments in reality also include an unknown part of the hilly area.
The estimated values of @.¢ ranged above or within the interval
1 x 1074-1 x 1073, which Worthington and Ford (2009) suggested



B.R.N. Gondwe et al./Journal of Hydrology 400 (2011) 24-40 35

Conceptual Model 4
Prob.>0: 13,723 km?; N-S: 160 km
Prob.=1: 10,901 km?; N-S: SKBR

Conceptual Model 3
Prob.=1: 12,383 km?; N-S: 129 km

Conceptual Model 7
Prob.>0: 12,481 km?; N-S: 125 km
Prob.=1: 10,002 km?; N-S: SKBR

Conceptual Model 6
Prob.>0: 12,966 km?; N-S: 148 km
Prob.=1: 10,929 km?, N-S: SKBR

Fig. 8. Probability (Prob.) of a cell belonging to Sian Ka’an’s steady state catchment,
for Conceptual Models 3, 4, 6 and 7.

to use in equivalent porous medium models for transport simula-
tions that should imitate the rapid transport through conduits.
Only when the average matrix velocity of Model 4 was equal to
0.03 m/s, a lower @i of 3 x 10~> was estimated. Zones of travel
times to the boundary of Sian Ka’an are shown in Fig. 9, for differ-
ent velocities and different scenarios. The 0-24 h, 1-10 day and
11-50 day travel time zones correspond to the protection zones
Il and III of Milanovi¢ (2004) (zone IIl may extend to either 10 days
or 50 days travel time). The 0.13-1 year, 2-10 year and 11-20 year
protection zones are used by some countries as inner, middle, and
outer protection zones, but not specifically within karst (Chave
et al., 2006).

3.4. Transient dynamics

The specific yield and the lag time of the hilly inflow was ob-
tained from comparing measured and modelled heads at Dzula,
and gave S, =0.4 and a lag time of about 3 months (Fig. 10). The
lag time of 3 months corresponded well with a correlation between
Sian Ka’an’s flooding dynamics and a 3-months backward moving
average of catchment precipitation (Gondwe et al., 2010a).

Fits were satisfactory when comparing measured and modelled
heads at all 59 wells at the four points in time, where measure-
ments were available. Median difference between measured and
modelled heads was 3-14 cm for Model 4 and 1-8 cm for Model
7. Scatter plots showed no notable difference between the fits of
the two models to measured heads at different times.

The modelled flooding dynamics showed most water in the Sian
Ka'an wetlands in the months December-January, and least water
in April to August, for both Model 4 and Model 7. This corresponds
fairly well with radar-derived flooding results from August 2006 to

Travel
time
m 0-24 hr
= 1-10d &2
—11-50 d

Conceptual Model 3 [=20.1-1yr
1 2-10 yr

mean Viau=110° M/s  (mmq9-20 vr

Conceptual Model 3
max. Vpae=0.03 m/s

0
[

Conceptual Model 4
mean. Vy..,=0.03 m/s
mean. V..., =0.03 m/s

Conceptual Model 4
mean V,,.;=1+10° m/s
mean v, = 0.03 m/s

0
—

Conceptual Model 6
mean V,,..;=3*10° m/s
mean v, = 0.03 m/s

Conceptual Model 6
mean. Vy..,=0.03 m/s
mean. V..., =0.03 m/s

(h)

Conceptual Model 7 Conceptual Model 7 Conceptual Model 7
mean V,,,=5-10° m/s max. v,.,,=0.03 m/s mean v,,,=0.03 m/s

Fig. 9. Modelled travel time zones for different conceptual models and different
values of @ef, adjusted to give the indicated modelled water travel times (v).

February 2008. They showed maximum flooding in December in
normal years and minimum flooding in May (Gondwe et al.,
2010a). The modelled flooding extent within SKBR varied little in
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Conceptual Model 4

Conceptual Model 7
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Fig. 10. Measured and modelled Dzula hydrograph, with different values of S, and lag times for the hilly inflow.

time (from 1750 to 1830 km? flooded area). This is because the
topographic distribution of values in the SRTM dataset does not re-
flect the actual bathymetry of the wetlands. Therefore, the tran-
sient models could not be calibrated with the flooding extent
time series of Gondwe et al. (2010a). However, the modelled flood-
ing extent was in the same range as that observed in the flooding
maps of Gondwe et al. (2010a) within SKBR’s boundary (mean:
1730 km?; minimum: 1110 km?; maximum: 2090 km?).

Lack of bathymetric data, lack of micro-topographic data, and
the large grid-size used in the numerical models hampered com-
parison of the model results with measured water level changes
from interferograms in Gondwe et al. (2010a). However, overall
the numerical models tended to have the same overall fringe direc-
tions as the observed interferograms, which indicates that the
overall pattern of water level changes resembled reality fairly well.

The simulated fringe directions in the Chunyaché slough, the Tigri-
tos slough, and the Santa Rosa slough were close to those observed
(Fig. 11b and c). The observed north-south fringe direction in the
Espiritu slough was not captured in the numerical models, but
was likely due to micro-topographic effects (Gondwe et al.,
2010a), which were not captured by the topographic data used in
the model. Like the observed interferograms, the modelled inter-
ferograms generally had few fringes (up to e.g. 5); thus, the mod-
elled relative surface water level changes were rather small, as
they are in reality (Gondwe et al., 2010a). Between the two concep-
tual models there were differences in timing of interferogram
changes, but it was not possible to clearly distinguish whether
one model was superior to the other. An example of a modelled
and an observed interferogram from the same time period is
shown in Fig. 11a and b.

o
Ny

Relative increase wp

Fig. 11. Observed (a) and modelled (b) interferogram for October-December 2007, and observed interferogram examples from other dates showing characteristic fringes of
the interferograms which are also found in the modelled interferogram (c-e). Modelled example was generated by Conceptual Model 4. Legend shows relative water level
increase or decrease. (¢) Chunyaché slough, June-August 2007. (d) Tigritos and Santa Rosa slough June-August 2007. (e) Espiritu slough, November-December 2006.
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4. Discussion

4.1. The impact of conceptual model uncertainty on management
decision making

The steady state catchments (Fig. 8) show that conceptual mod-
el uncertainty affects the extent of the steady state catchment. The
nature of the structures determines whether the south-central area
of the model domain and Cretaceous area contribute water to
SKBR. In these areas agricultural activities are presently expanding,
which will possibly lead to increased use of pesticides and
fertilizers.

Given the limited field data availability, it is impossible to de-
cide between the different conceptual models. However, methods
exist for combining the results from multiple conceptual models:
pooling (linear combination of the results with equal weights as-
signed to each model, Block et al., 2009 and references herein), lin-
ear regression weighting (linear combination of results, weights of
each model determined from regression coefficient of observed vs.
modelled conditions for each model, Block et al., 2009 and refer-
ences herein), and Bayesian model averaging (e.g. Neuman, 2003;
Rojas et al., 2008, 2009; Li and Tsai, 2009). For transient models,
the ‘hierarchical mixture of experts’ framework (Marshall et al.,
2006) and kernel density estimators (Block et al., 2009) may be
used to let the weight of each model in a linear combination vary
in time. Moreover, non-linear weighting of conceptual models by
means of artificial neural networks has been applied (Xiong
et al., 2001). Combining different conceptual models typically pro-
vides more robust results than using one single conceptual model
(e.g. Georgakakos et al., 2004; Rojas et al., 2008; Block et al., 2009).
Combinations may, however, be sensitive to the assumptions used
in the analysis. For instance, Rojas et al. (2009) showed that Bayes-
ian averaging methods rely not only on the posterior probabilities
of each model (i.e. the weights used), but also on the prior model
probabilities, i.e. the assumed probability distributions of the mod-
el input parameters.

The travel time zones in Fig. 9 show the significant influence of
the choice of conceptual model, as well as @ on management
decisions. Here, the influence of the structures on the areas that
need to be protected in some way is even clearer than in the steady
state catchments for Models 4 and 6. The various ¢ chosen yield
a very large difference in the extent of the protection zones for the
models. Because it is impossible and economically unfeasible in
practice to provide a high degree of aquifer protection to the whole
steady state catchment, the @.g and/or actual groundwater travel
times must be determined more accurately to be able to carry
out efficient groundwater protection.

4.2. Discussion of the most robust modelling results

Results from all of the accepted conceptual models showed that
groundwater outflow through the coastline within SKBR’s bound-
ary is 68-90 m>/s. The groundwater that passes through Sian Ka'an
is therefore a significant contribution to the marine environment,
which hosts one of the most productive coral reef systems in the
world, but which is also sensitive to changes in water quality
(TNC, 2008; Lang et al., 1998). Therefore, it is clear that if the
groundwater that flows into Sian Ka’an is protected, also a high
water quality for the marine environment outside Sian Ka’an is
ensured.

The overland flow within Sian Ka’an’s wetlands equals about 4-
12% of the total outflow from the model domain - within Sian
Ka'an’s boundary 7-16% of the outflow. In absolute numbers over-
land flow is on the order of 7-13 m>[s. The overland flow is thus
non-negligible, and constitutes an important part of the total water

resource. However, groundwater flow within Sian Ka’an is much
larger than the overland flow. This has to be taken into account
when designing water flow and water quality monitoring networks
for SKBR.

The hydrological models also show that the Sian Ka’an wetlands
only exist due to recharge from the catchment. The wetlands are
indeed groundwater-fed. Recharge over Sian Ka’an itself only con-
stitutes, on average, about 41 million m>/year, whereas the total
average outflow from Sian Ka’an, according to the models, is
~2700-2900 million m?/year, of which ~280-540 million m3/year
exits via the wetlands (overland flow). The timing of the flooding
peaks is also different from the timing of the rainfall maximum
and further indicates that Sian Ka’an’s wetland dynamics is con-
trolled by the catchment.

Main overland outflows within Sian Ka’an took place at Bahia de
la Ascensién and Bahia del Espiritu Santo. The average water depth
in the wetlands varied from 0.5 to 1 m in the transient model runs,
with the maximum varying from 1.2 to 2.5 m. The real water depth
may be somewhat different locally, because the model does not
take local bathymetry into account. Given the amount of recharge
and the high aquifer transmissivities, groundwater abstractions in
the catchment are unlikely to have a detrimental effect on the wet-
lands. Only direct water abstractions from the wetlands them-
selves could affect the wetlands’ water quantities negatively,
because the freshwater lens is thinner in this near-coastal zone,
and since wetland ecosystems depend on certain hydroperiods,
flooding frequencies, flooding areas, and flooding depths (Powell
et al., 2008; Acreman and Dunbar, 2004).

From the recharge estimates and the modelling results, the
overall water balance of the model domain can be determined. Di-
rect recharge via infiltration constitutes 17 + 3% of the mean an-
nual precipitation in the model domain (recharge: 4400 million
m?3/year # 700 million m?/year). Boundary inflows from the hilly
area may be of similar magnitude. Water exits the domain through
overland flow (4-12%) and groundwater flow (88-96%). The latter
is distributed between coastal outflow to the sea, and groundwater
outflow towards the north via the Holbox fracture zone. The
distribution between these two groundwater sinks is presently
uncertain. However, it appears relatively certain that there is
some water flowing through the Holbox fracture zone from
south to north, on average. Groundwater flow through the Holbox
is in agreement with the dye tracing results of Beddows and
Hendrickson (2008).

The modelled flooding dynamics and the flooding dynamics
from Gondwe et al. (2010a) show that the months April-August
are probably the most vulnerable times of the wetlands, since
any water-borne pollutants may be less diluted at these times
and low water amounts may create increased vulnerability to
reduction in water quantity. The high flow periods (December-
January) and the medium flow periods (in between) are, however,
also important to maintain the natural cycle of the wetlands.

It is worth noting the dependence of ET, on the depth to
groundwater in areas, where the groundwater is located 0-
30 mbg. This finding has not previously been shown for the Yuca-
tan Peninsula. The only study known to the authors, which inves-
tigates water source of the vegetation in the region, has not shown
that trees rely on groundwater as a source of water (Querejeta
et al., 2007). However, the correlation between ET, and depth to
groundwater seen in Fig. 7 indicates that uptake of groundwater
by trees and plants in the model domain does seem to have some
importance in the areas, where groundwater is <30 m from the sur-
face. The relation between ET, and depth to groundwater appears
to be represented by a segmented line (Banta, 2000; Luo et al.
2009). In another karstic aquifer, yet not tropical, this has also been
observed - roots could reach as deep as 25 mbg, and the deep roots
were found specially optimized for deep water uptake (Jackson
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Fig. 12. Modelled depth to groundwater below topographic surface. Areas with
groundwater <8 mbg are likely to be groundwater-dependent ecosystems (see
text). Areas with groundwater 8-30 mbg may be partially groundwater-dependent
(see text). White areas have overland water.

et al., 1999; McElrone et al., 2004; Pockman et al., 2008). The areas
with groundwater <8 mbg seem to be groundwater-dependent
ecosystems - they have full access to water enabling them to tran-
spire at potential rate. These areas are shown in Fig. 12.

The discharge per km of coast was in all models estimated to be
about 0.3-0.4 m>/s/km, which fits well with other estimates. The
discharge along the coast near Tulum may or may not be higher
than this (~1 m3/s/km). The K. calibrated as <Kamix (€XCEpE,
perhaps, around Tulum) shows that indeed there appears to be
restriction to outflow at the coast. A freshwater lens thickness
>0 m at the coast in the whole model domain results from this.
For local management purposes this is important to note. The
extensive hotel construction taking place along the coast at Riviera
Maya, and proposed for the Costa Maya, should ensure that this
coastal restriction to outflow is maintained. The coastal freshwater
resources are already limited. On a local (plot) scale they may be
further reduced if the coastal restriction to outflow is breached,
and since hotels often abstract water from their own plot
(Beddows, 2002), they should have an interest in maintaining the
fresh water lens as thick as possible near the coast.

The Kinarix calibrated in the models appears realistic. It is in the
same order of magnitude as that estimated from geophysical mea-
surements of depth to the halocline in Gondwe et al. (2010b) (esti-
mated to be 0.6 m/s when recharge constitutes ~400 mm/year, as
in the case, where 100% inflow from the hilly area is present).

5. Conclusions

Through automatic calibration and stochastic modelling, proba-
bility maps of the steady state catchment for the groundwater-
dependent Sian Ka’an wetlands have been calculated. The use of
different conceptual models shows that the conceptual model
structure will have a huge impact on management decisions for
karst aquifers. The same applies for the effective porosity, as it
determines the extent of protection zones derived from groundwa-
ter travel times. Multiple Model Simulation is a useful way to

examine the effect of conceptual uncertainty. Furthermore,
through this method and scenarios that vary uncertain model in-
put parameters, directions for further research can be obtained,
as these methods reveal the most sensitive concepts and parame-
ters for a management perspective. It is important to further inves-
tigate the properties of the structures - specifically whether they
conduct water flow more easily than the surrounding matrix. It
should also be determined whether coastal leakage is larger near
Tulum than elsewhere in the model domain. Tracer testing could
be carried out in the catchment to better determine @.¢ and the
extent of the travel time zones. Inflow from the Cretaceous area
may be important. The surface water catchments (Fig. 4) may be
an acceptable first-order approach to determine, where the water
in the hilly area comes from. However, further studies of the hilly
area’s hydrogeology are warranted. The models’ validity could be
further investigated and improved if flow measurements from
aquifer and conduits, and hydrograph data from springs, could be
obtained in the future. If such data became available, choosing a
different numerical representation of the aquifer than the equiva-
lent porous medium, such as a double-continuum representation,
could be relevant for this aquifer. Double-continuum models are
better and more precise representations of karst aquifers, but not
feasible at the scale of this study. However, on a local scale they
are highly relevant, and would be nested into a regional groundwa-
ter flow model, such as the ones presented in this study.

The spatial outputs from the hydrological models enable land
use zonation based on aquifer protection concepts, and enable
aquifer vulnerability mapping. Vulnerability mapping is applicable
for well-field and ecosystem protection and management, but can
also be valuable for guiding urban and tourism development plans
in the area. The water balance insights from the hydrological mod-
elling shows the importance of both the overland flows and the
groundwater flows within Sian Ka’an, both for Sian Ka’an’s ecosys-
tems and for the marine environment, which is the final recipient
of the outflows. The hydrological modelling indicates that ground-
water may exit the model domain to the north through the Holbox
fracture zone. This is important in order to understand the penin-
sular-scale hydrologic relation between regions.
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