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Abstract

The application of Global Climate Model (GCM) output to a hydrologic model al-
lows for comparisons between simulated recent and future conditions and provides
insight into the dynamics of hydrology as it may be affected by climate change. A
previously developed numerical model of the Suwannee River Basin, Florida, USA,
was modified and calibrated to represent transient conditions. A simulation of recent
conditions was developed for the 372-month period 1970-2000 and was compared
with a simulation of future conditions for a similar-length period 2039-2069, which
uses downscaled GCM data. The MODFLOW groundwater-simulation code was used
in both of these simulations, and two different MODFLOW boundary condition “pack-
ages” (River and Streamflow-Routing Packages) were used to represent interactions
between surface-water and groundwater features. The hydrologic fluxes between the
atmosphere and landscape for the simulation of future conditions were developed
from dynamically downscaled precipitation and evapotranspiration (ET) data gener-
ated by the Community Climate System Model (CCSM). The downscaled precipita-
tion data were interpolated for the Suwannee River model grid, and the downscaled
ET data were used to develop potential ET and were interpolated to the grid. The fu-
ture period has higher simulated rainfall (10.8 percent) and ET (4.5 percent) than the
recent period. The higher future rainfall causes simulated groundwater levels to rise
in areas where they are deep and have little ET in either the recent or future case.
However, in areas where groundwater levels were originally near the surface, the
greater future ET causes groundwater levels to become lower despite the higher pro-
jected rainfall. The general implication is that unsaturated zone depth could be more
spatially uniform in the future and vegetation that requires a range of conditions
(substantially wetter or drier than average) could be detrimentally affected. This ve-
getation would include wetland species, especially in areas inland from the coast.
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1. Introduction

Global Climate Models (GCMs) are important tools for simulating historical climate
and projecting future climate, including precipitation [1]. The precipitation predicted
by some GCMs has been “downscaled”; that is, converted to a finer resolution. The
downscaling method can be statistical or dynamic, and both methods have varying de-
grees of uncertainty. Comparisons of several models over the conterminous United
States indicate that root-mean square errors of precipitation predictions differ by less
than 0.1 mm/day between statistical and dynamic methods [2]. Analyses of uncertainty
in statistical downscaling methods indicate significant variations between stochastic
and regression-based techniques [3]. Dynamic downscaling involves embedding a
smaller-scale regional climate model within the GCM [4]. This approach resolves at-
mospheric processes on a smaller scale and with physically consistent processes, but is
computationally intensive and sensitive to uncertainties in the GCM-derived boundary
conditions.

The Florida State University Center for Ocean-Atmospheric Prediction Studies
(COAPS) has dynamically downscaled GCM-simulated precipitation for the southeas-
tern United States [5]. The downscaled precipitation rates are bias-corrected by using
the quantile-matching approach [6], which assigns corrections by percentile of the pre-
cipitation’s cumulative distribution function. COAPS has downscaled other GCM va-
riables including evapotranspiration (ET). Precipitation and ET are both essential to
hydrologic simulations, and a predictive model can use the downscaled GCM values to
represent future conditions [7] [8] [9]. The downscaled data can be used to compare recent
and future simulations to estimate changes in hydrology attributable to climate change.

The Suwannee River Basin, occupying about 9950 mi’ in north-central Florida and
southern Georgia (Figure 1), is an area where the effects of future precipitation changes
are of concern. Forested and agricultural lands account for much of the current land
use. Parts of the basin are subject to future population growth and increases in
groundwater withdrawals [10]. These factors increase concerns about the effects of pre-
cipitation changes and water availability in the future. The Suwannee River, originating
in the Okefenokee Swamp in southeastern Georgia (Figure 1) and terminating at the
Gulf of Mexico, 12 mi northwest of Cedar Key, is a dominant surface-water feature in
the basin (Figure 1). The Alapaha and northern Withlacoochee Rivers are major tribu-
taries to the Suwannee River. The other major tributary is the Santa Fe River, which
flows westward from its headwaters to join the Suwannee near Branford, Florida
(Figure 1). The lower reaches of these tributaries are incised into the highly transmis-
sive Upper Floridan aquifer, as is most of the Suwannee River (the reach downstream
from White Springs), and substantial interactions occur between the aquifer and these

river reaches (and the numerous springs occurring along these reaches).
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Figure 1. Location of the Suwannee River Basin study area.

To support analyses of the groundwater system in the Suwannee River Basin, a nu-
merical model was constructed using the MODFLOW code that simulates groundwater
flow in the Upper Floridan aquifer and the interaction of the river system with the
aquifer [11]. The Suwannee River Basin Model (SRBM) simulates a single aquifer layer
under steady-state conditions approximate to September 1990 [11]. Data for calibration
came from September 1990 measurements of groundwater levels, discharge at gaging
stations for the Suwannee, Alapaha, northern Withlacoochee, Santa Fe, Fenholloway,
Aucilla, Econfina, and Steinhatchee Rivers, and spring flows at seven first-magnitude
springs [11] (Figure 2). It should be noted that the study area includes two distinct
Withlacoochee Rivers that are described herein as “northern Withlacoochee,” referring
to the major tributary with headwaters in Georgia, and “southern Withlacoochee,” re-
ferring to the river discharging to the Gulf of Mexico approximately 30 mi. southeast of
the Suwannee River mouth (Figure 2).

This paper documents the modification and refinement of the SRBM to create a
transient version of the model that is suitable for implementing downscaled GCM
rainfall and ET data. The calibration of the transient simulations is discussed, along
with the adaptation of the downscaled future precipitation to the SRBM, and the repre-
sentation of future ET. Because the objective for the modeling was to compare the ef-
fects of future climate conditions to relatively recent simulated hydrologic conditions,
no attempt was made to predict and simulate future pumping scenarios. Analysis of
river and spring flow contributions to the Suwannee Estuary can also be used to predict

the effects of changes in precipitation and ET on total freshwater input and salinity.
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Figure 2. Suwannee River Basin Model area and hydrologic features.

2. Study Area

The Suwannee, Santa Fe, Alapaha, and northern Withlacoochee Rivers are intercon-
nected and drain the Suwannee River Basin. Outside of the Suwannee River Basin are
the Aucilla, Econfina, Fenholloway, and Steinhatchee Rivers to the west and the Wac-
casassa and southern Withlacoochee Rivers to the south, all of which provide substan-
tial groundwater drainage to the Gulf of Mexico (Figure 2). Large areas of the Suwan-
nee River Basin are devoid of channelized or surface drainage, and most of the drainage
directly infiltrates the karst topography of the area, which is generally flat and contains
numerous sinkholes. The highly permeable aquifer allows numerous springs, including
several major springs and spring groups to augment streamflow (Figure 2). The Upper

Floridan aquifer is unconfined in much of the study area, but is generally covered by
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surficial sediments that confine or partially confine the Upper Floridan aquifer in the
northern and eastern parts of the study area.

The climate of the Suwannee River Basin ranges from temperate to humid subtropi-
cal. Temperatures typically range from 39°F to 50°F in the winter and from 77°F to
95°F in the summer. Average annual precipitation in the study area ranges from about
51°F to 59°F inches per year (in/yr); about half of the annual precipitation occurs from
June through September. Summer precipitation is generally associated with localized
thunderstorms that can produce small-scale, intense rainfall. Winter precipitation is
generally associated with cold fronts and is more evenly distributed geographically. For

the purposes of this study, precipitation is equivalent to rainfall.

3. Methods

The hydrologic modeling for recent and future conditions in the Suwannee River Basin
is implemented with MODFLOW-2000 [12] and is based on the original steady-state
model by Planert [11]. Modifications to the original model include the addition of pa-
rameters for transient simulations and future climatic conditions. Parameter estimation
techniques are used to define the spatial and temporal distribution of parameter values
required for transient simulation, and potential ET is defined by several methods for
the recent and future simulations. The datasets and model files and code are available at
Swain [22].

3.1. Groundwater Model Parameterization

The groundwater model was discretized with 1 layer, 163 rows, and 148 columns and
has a uniform grid-spacing of 5000 ft (Figure 3). The Suwannee, Santa Fe, Alapaha,
northern Withlacoochee, Fenholloway, Waccasassa, and the southern Withlacoochee
Rivers are represented by the MODFLOW River Package RIV1 as in the original
steady-state simulation [11]. The upper Fenholloway, Aucilla, Ecofina, and Steinhat-
chee Rivers and Spring Warrior Creek are represented with the MODFLOW Drain
Package (Figure 2 and Figure 3). A total of 696 groundwater withdrawal wells are si-
mulated in the study area. Details of the original steady-state model parameterization

can be found in Planert [11].

3.2. Groundwater and Surface-Water Boundaries

The groundwater head boundaries follow the configuration in Planert [11]. The north-
ern boundary represents the effects of a potentiometric high near Valdosta, Georgia
(Figure 4) and is represented by the specified-head package [12]. This representation
allows the groundwater head to vary linearly over each stress period of the simulation.
A large part of the eastern boundary coincides with the flow lines originating on the
Valdosta potentiometric high and is therefore defined as a no-flow boundary. The
boundary at the southeast corner has some of the lowest groundwater heads (Figure 2),
and is represented as a head-dependent flux boundary by the General-Head Boundary

Package [12]. Groundwater head values for the southeastern boundary are developed
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Figure 3. Suwannee River Basin Model grid and surface-water cells.

by interpolating field-measured groundwater heads, and conductance values are based
on local hydraulic conductivities. The head in offshore areas is simulated as a head-
dependent flux boundary by assigning RIV cells (Figure 4) with the river stage set at
sea level and riverbed conductance values computed with a vertical conductivity value
of 100 ft/d and a streambed thickness of 50 ft [11]. The bottom of the aquifer is
represented as a no-flow boundary at an assumed depth of 1000 ft below the top of the
Upper Floridan aquifer [11]. The hydraulic conductivity is spatially varied to account
for the variability in transmissivity, which is due to variability in both hydraulic con-
ductivity and aquifer thickness.

The pumping rates for the 696 groundwater withdrawal wells simulated in the model

are based on permit compliance files from the Suwannee River Water Management
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Figure 4. Suwannee River Basin Model groundwater and surface-water boundaries.

District (SRWMD) and the Southwest Florida Water Management District (SWFWMD);
from the water-use databases at the St. Johns River Water Management District (SSRWMD)
and at the U.S. Geological Survey (USGS) South Atlantic Water Science Center; from
water-use files at the Florida Department of Environmental Protection and the Georgia
Environmental Protection Division of the Department of Natural Resources; and from
agricultural water-use estimates from irrigated area and crop net-irrigation require-
ment data. Mean monthly values from the 1990-2000 period are used as representative
monthly well withdrawals for all simulation years. No attempt was made to modify
these withdrawals to represent potential changes in the future or other years.

Stage in the Suwannee, Santa Fe, Alapaha, and northern Withlacoochee Rivers was

interpolated from eight stream gages (Figure 4). Stage and river-bottom elevations
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were estimated for the lower Fenholloway, Waccasassa, and the southern Withlacoo-
chee Rivers by using topographic maps. The difference in bottom and shoreline topo-
graphy was used to estimate river stage. In order to predict river flows for both the re-
cent and future simulations, a method was developed (described below) that used
measured rainfall to generate boundary flows at the Withlacoochee River near Pinetta,
Georgia; the Alapaha River at Statenville, Georgia; the Suwannee River at White
Springs, Florida; and the Santa Fe River near High Springs, Florida (Figure 4). The net
recharge or discharge to the aquifer for the river reaches downstream from the gages on
these reaches was added or subtracted to these boundary values to determine river dis-

charge from simulation results.

3.3. Transient Simulations

The SRBM was modified from the original steady-state version [11] to become a tran-
sient simulation tool, necessary for the simulation of different rainfall time series. For
the recent rainfall simulations, the January 1970-December 2000 (372 months) period
is used, and for the future rainfall simulation, the January 2039-December 2069 (372
months) period is used. A 1-month time step was chosen for the calibration of the tran-
sient model for the recent period. For comparisons between recent and future periods,
the time step was reduced to 1 day. As well as providing better temporal resolution, a
shorter time step was chosen for stability concerns when ET is transiently computed in
the future simulations, as described below.

For the purposes of determining river stages for the future simulation period, the
MODFLOW Streamflow-Routing (SFR2) Package [13] was applied to allow discharge
in the rivers to be simulated and stages to be calculated (rather than being specified as
input to the model). Only the Suwannee, Santa Fe, Alapaha, and northern Withlacoo-
chee Rivers are represented by SFR2 for two 113-month periods, August 1981-Decem-
ber 1990 and August 2050-December 2059. The differences in computed stages are used
to estimate river stages in the RIV1 Package for the future January 2039-December
2069 period.

3.4. Precipitation and Evapotranspiration in the Recent Period

Rainfall in the recent period was based on data from 15 rainfall stations (Figure 5). For
each station, monthly average rainfall and temperature were computed from the field
data. These monthly values were used to compute an initial estimate of net recharge
(the difference between rainfall and ET) for each station based on the Thornthwaite
method [14] as follows. The potential ET is calculated first using the Hamon equation
[15]:

PET =13.97dD*W, (1)
where PET'is potential evapotranspiration in millimeters per month (mm/month); d'is

the number of days in the month, D is the mean monthly hours of daylight in units of

12 hrs, and W, is a saturated water vapor density term:
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where T'is the monthly mean temperature. In order to develop a more realistic actual
ET, at times when the precipitation Pis less than computed PET, the actual ET'is set to

the precipitation plus the available soil moisture (S7W):

STia

STW =ST, - {abs(P - PET)(EH

where ST, is the soil-moisture storage for the previous month and S7C is the soil-
moisture storage capacity.

Because the Thornthwaite method net-recharge values do not take into account loca-

%%
534 0:52: Scientific Research Publishing



E. Swain, J. H. Davis

lized topographic dynamics such as losses due to rapid surficial runoff or limitations in
ET due to unsaturated zone depth, the net-recharge values were further adjusted
through model experimentation. The discharge values at the Ellaville, Branford, Fort
White, and Wilcox stream gages (Figure 4) and groundwater levels at monitoring wells
(Figure 6) were used as criteria in a trial and error method to estimate multipliers for
the net recharge at each rainfall station zone (Figure 5). A multiplier greater than 1.0
could indicate that ET is limited due to unsaturated zone depth, whereas a multiplier
less than 1.0 could indicate losses due to runoff. A reasonably good fit was found with
the following recharge multipliers:

1.5 for Tallahassee, Monticello, Madison, High Springs, Ocala, Lake City, Quitman,
Jasper, Mayo, and Live Oak;

1.0 for Valdosta and Folkston;

0.5 for Steinhatchee;

0.35 for Usher Tower;
and 0.3 for Perry.
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Figure 6. Groundwater monitoring wells and zones for parameter estimation of hydraulic parameters.
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The net recharge is calculated for the rainfall zones surrounding each rainfall station
(Figure 5) by multiplying the initial estimate of recharge for the zone by its respective
net-recharge multiplier. As expected, the lowest net recharge values occur along the
coast (Perry, Steinhatchee, and Usher Tower; Figure 5) where coastal runoff losses

would predominate and reduce the water available for net recharge.

3.5. Parameter Estimation

Adjusting the model-input hydraulic conductivity values is functionally identical to
adjusting hydraulic transmissivity because the model aquifer thickness is defined as
constant. Therefore, hydraulic conductivity is the MODFLOW input for calibration,
but field values of hydraulic transmissivity are used for initializing and comparison,
and the results are discussed in terms of transmissivity. The SRBM transient ground-
water simulations were calibrated to reasonable values of hydraulic conductivity (or
transmissivity) and storage properties (specific yield and specific storage) based on the
limited aquifer testing available and properties derived from the previous steady-state
modeling, using the parameter-estimation techniques implemented in the PEST soft-
ware suite [16]. PEST accesses MODFLOW input and output to evaluate the sensitivity
of computed values to perturbations in model-input parameters [17]. Planert [11] cali-
brated the steady-state version of the SRBM through trial-and-error comparisons of
measured and computed groundwater wells, springs, and river discharge. Through ex-
perimentation, and guided by the known hydrostratigraphy, Planert [11] divided the
aquifer into zones of differing transmissivity and specific storage. For the purpose of
further calibrating the SRBM transient groundwater simulation, the parameter-estima-
tion application is based on this same zonation, with seven zones chosen for adjustment
by PEST (Figure 6). An additional four zones of varying size were not adjusted in the
parameter-estimation application and retain the same aquifer parameters as the steady-
state model [11].

The targets for the parameter estimation were measured aquifer heads at the
groundwater wells shown in Figure 6. In order to reasonably limit the number of PEST
parameters and accounting for previous calibration efforts, river discharges and spring
flows were not used as targets for PEST. Upper and lower bounds for estimating trans-
missivity were defined differently for each zone (Table 1), but the specific storage esti-
mation is given bounds of 0.000005 to 0.000200 for all zones (Table 2). The estimated
transmissivity values range from 22,000 to 10,000,000 ft*/d (Table 1), whereas trans-
missivity values in the nonparameterized zones are as low as 1000 ft*/d (Figure 7). The
range of transmissivity field values from pumping tests [11] is the same order of mag-
nitude as the estimated values (Table 1) with the exception of zone 6 where the esti-
mated value is 257,000 ft*/d and the single aquifer test in the zone yielded 25,000 ft*/d.
The estimated specific storage values, which were not needed for the earlier steady-state
model, range from 0.000030 to 0.000200 (Table 2).

Comparisons of measured and simulated groundwater levels at the wells labeled in

Figure 6 indicate that the closest matches are for wells in the central areas near the
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Table 1. Transmissivity in parameter-estimation zones. [N.A., not available].

o e ) () oy
(ft?/d times 1000)
1 1500 150 15,000 922 33 -1300
2 10,000 1000 100,000 10,000 N.A.
3 162 16 1620 292 16-450
4 5000 500 50,000 3317 N.A.
5 30 3 300 22 30
6 60 6 600 257 25
7 20 2 200 200 214
Table 2. Specific storage in parameter-estimation zones.
Zone Initial value Lower bound Upper bound Estimated value
1 0.000050 0.000005 0.000200 0.000030
2 0.000050 0.000005 0.000200 0.000200
3 0.000050 0.000005 0.000200 0.000133
4 0.000050 0.000005 0.000200 0.000111
5 0.000050 0.000005 0.000200 0.000169
6 0.000050 0.000005 0.000200 0.000200
7 0.000050 0.000005 0.000200 0.000071
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rivers (S021516001, S051311001, S061629001) and the poorest match is for a well near
the coast (S111117007) where the simulated values are too high (Figure 8). The actual
coastal groundwater exchange to offshore may be larger than the simulated value, as-
suming that the specified values of net recharge and the computed values of direct ET

from groundwater are reasonably accurate.

3.6. Incorporation of Downscaled Global Climate Model
Data and Simulation of Future Conditions

To gain insight into possible effects of changes in future rainfall, dynamically down-
scaled GCM rainfall data were scaled appropriately for input to the SRBM. The GCM
used for this application is the Community Climate System Model (CCSM) [18], which
was developed by the University Corporation for Atmospheric Research (UCAR). The
coupled components of the CCSM include an atmospheric model (Community At-

mosphere Model), a land-surface model (Community Land Model), an ocean model
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(Parallel Ocean Program), and a sea ice model (Community Sea Ice Model). The A2

increasing-greenhouse scenario for terrestrial carbon emissions was also used [19].

3.6.1. Future Rainfall and Evapotranspiration
In order to represent ET for future conditions, the preprocessed values representing
present conditions were not considered useful. However, the COAPS effort also down-
scaled latent heat flux values that can be converted directly to potential ET (PET) by di-
viding by the latent heat of vaporization of water (2450 kJ/kg at 20°C). This was done
for the SRBM area, and the resulting monthly PET values are used in the MODFLOW
Evapotranspiration Package. The ET rate is set to the PET value for water levels 2 ft or
less below land surface. Typical ET extinction depths, to which the ET rates linearly de-
crease to zero, for grass and forest on loamy soils can be 20 ft [20], which was used due
to the substantial percentage of forested land. This value would normally not be as deep
in the less arid conditions of this study area, but the high connectivity of the karst aqui-
fer warrants a deep extinction depth.

The rainfall and PET values were defined at the dynamic downscaled points shown
in Figure 9. These monthly values were bilinearly interpolated to the Suwannee River

model cell values though the scheme:
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val, /dist, + val, /dist, + val, /dist, + val, /dist,
1/dist, +1/dist, +1/dist, +1/dist,

where cellval is the value of rainfall or PET at the model cell, val/; is the value of rainfall

3)

cellval =

or PET at location 7 out of 4 downscaled points around the model cell, and dist, is the
distance from the downscaled point 7to the model cell.

The Suwannee River model incorporating the ET computation previously discussed
had substantial stability problems when running on a monthly time step. The ET rate is
a strong function of the groundwater depth, and the iterative scheme tends to oscillate:
a high water level produces a high ET rate, causing a lower computed water level for the
next iteration, resulting in a low ET rate, which causes the cycle to repeat and the model
to not converge. Large changes in ET volumes are possible over the monthly time step;
therefore the time step was reduced to 1 day (while maintaining a uniform recharge
rate for all time steps within a given month), allowing for consistent solution conver-
gence. The forcing functions (stress periods) are defined in monthly increments in the
future simulation of conditions for the years 2039-2069, just as in the 1970-2000 simu-

lation of recent historical conditions.

3.6.2. Future Surface-Water Inflows

Measured values for the surface-water boundary flows at the Withlacoochee River near
Pinetta, Georgia, the Alapaha River at Statenville, Georgia, the Suwannee River at
White Springs, Florida, and the Santa Fe River near High Springs, Florida, stream gages
(Figure 4) are available for the recent-period simulation (1970-2000), but can also be
used to develop relations between rainfall and the measured flows to generate boundary
inflows for future periods. A catchment basin is associated with each rainfall station,
with one or more rainfall stations with catchments representing inflows to each of the
river boundary locations (Figure 10 and Table 3). The monthly rainfall measured at
the station is multiplied by the catchment area and a runoff coefficient to produce the

boundary flows. The runoff coefficients are adjusted to calibrate the computed flows to

Table 3. Rainfall-derived flow boundaries.

Boundar Catchment Area Runoff
v basin (acres) coefficient
Quitman 376,590 0.75
Withlacoochee River at Pinetta, GA
Valdosta 180,540 0.75
Ashburn 327,440 0.60
Alapaha River at Statenville, GA Tifton 352,730 0.60
Valdosta 362,130 0.60
Jasper 564,960 0.75
Suwannee River at White Springs, FL Lake City 183,750 0.75
Folkston 693,610 0.75
Santa Fe River at High Springs, FL High Springs 429,410 0.60
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To predict future (2039-2069) runoff flow in these catchments, the time series of av-
erage GCM-generated future rainfall in the SRBM area was used. Attempting to use a
more localized predicted rainfall time series to drive these river boundaries was consi-
dered unnecessary because of the inherent uncertainty in the GCM predictions. The
computed river boundary inflows for recent and future simulation periods are shown in

Figure 11.

3.6.3. Future Surface-Water Stages

The primary objective for further developing the SRBM under transient conditions was
to quantify the difference in streamflow during relatively recent times with those pre-
dicted and resulting from future climatic conditions. To contrast with the RIV1 Pack-
age used in the original SRBM, which computes groundwater/surface-water exchanges
based on the difference between user-defined surface-water levels and model-simulated
aquifer heads, the SFR2 Package was applied to help define differences in river stage
between recent and future conditions. The SFR2 Package does not require user-defined
surface-water levels (it computes them as part of the model solution), but is more com-
plex and prone to stability problems than RIV1. Accordingly, the SRBM is applied for a
shorter simulation period (113 months), and the resulting mean differences in stage
between recent and future conditions are used to develop the user-defined stages that
are required for RIV1 in the full-length future-conditions simulation. The SFR2 Pack-
age computes discharge with the steady uniform equations of flow and mass continuity
[13], which can improve understanding of river discharge. The flow at the end of a
stream reach is equal to the inflow plus or minus any groundwater leakage. Depth at

the beginning and end of reaches is computed with Manning’s equation in the form:

3/5
_[_Qn

where y = depth, Q = flow rate, n = Manning’s friction factor, C' = Manning’s constant
(1.0 in SI units or 1.49 in English units), w = channel width, and S, is slope of the
stream channel.

The periods of simulation for the SFR2 Package are 113 months each—August 1981
through December 1990 for recent conditions and August 2050 through December
2059 for future conditions. This recent period has sufficient measured river flow data to
allow a reasonable simulated-to-measured comparison. The SFR2 Package was applied
only to the Suwannee, Santa Fe, Withlacoochee, and Alapaha Rivers (Figure 1), and the
RIV1 Package was still used in the Fenholloway River, the Waccasassa River, and the
lower Withlacoochee River. River-bottom elevations and widths, and surface-water/
groundwater leakage coefficients are the same as used in the RIV1-only simulations.

The model application with SFR2 was compared with field measurements of stage
and discharge at the Ellaville, Branford, and Wilcox stream gages on the Suwannee
River and the Fort White stream gage on the Santa Fe River (Figure 4). The simulated
variations in stage exceeded the upper range of the defined cross-sectional geometry;

therefore, for the Suwanee River south of Branford (Figure 4), the cross-sectional

542

K
0:52: Scientific Research Publishing



E. Swain, J. H. Davis

25000 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 2055 2056 2057 2058 2059 2060 2061 2062 2063 2064 2065 2066 2067 2068 2069
I e e e e e e e L e e e e LY

Withlacoochee at Pinetta

Meanmonthlydischarge incubic feet per second

som ' ‘

| W h.

/ ‘ i

11 U' ‘ .I‘ l
/ b ( l l L

0 u'. AR \ i, l h H i“ ‘ |1k ‘.A‘ (L)
1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

25000 2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 20% 2056 2057 2058 2059 2060 2061 2062 2063 2064 2065 2066 2067 2068 2069
200 - Alapaha at Statenville 1
15000 | i

Mean monthl ydischargein cubic feet per second

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 19% 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 2055 2056 2057 2058 2059 2060 2061 2062 2063 2064 2065 2066 2067 2068 2069

E : I Suwannee at White Springs ]
=l .
% = e H ]1” , | T, | _
g S0 il ”

2 . J l”' \‘x\ ’h‘l‘- LA |““ “.J\ l.f“’l ““. l u“. ‘ J‘ i

1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 198A 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 zonD

2039 2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 2055 2056 2057 2058 2059 2060 2061 2062 2063 2064 2065 2066 2067 2068 2069

25000
z
§ am0 Santa Fe at High Springs 1
g
k
B 1500 | ]
]
2
£
s
12
£ wmo | 1
b
§
E 5o
;
197n 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1985 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000

e 19702000
e 20392069

Figure 11. River boundary inflows, as mean monthly discharge, for the recent (1970-2000) and
future (2039-2069) simulation periods.

%o

’0

L X

%
*

Sclentlf'c Research Publishing 543



E. Swain, J. H. Davis

geometry data were extended vertically by 10 ft, which expands the top width in the
overbank from 620 ft to 720 ft. However, the cross-sectional geometry in the river re-
mained the same as in RIV1. A better fit was obtained at all stream gages, especially for
discharge, although the stage at the Wilcox stream gage on the Suwannee River and the
Fort White stream gage on the Santa Fe River remained high (Figure 12). These errors
may be due to nonuniform flow dynamics that the SFR2 cannot represent.

The SFR2 Package did not produce particularly accurate fluctuations in simulated
stages nor was the full future 2039-2069 simulation period included, so the SFR2 simu-
lated differences in stages between the recent and future simulation were used as a
guide to modify the recent-period measured stages to estimate future-period stages for
RIV1. The SFR2 simulation was applied to both the recent (1981-1990) and future
(2050-2059) periods, and the mean difference in stage between the two simulations was
determined at four locations (Figure 4): —0.89 ft at Fort White; 0.64 ft at Ellaville; 0.21
ft at Branford; and —0.29 ft at Wilcox. Sea-level differences are not considered, so zero
change in stage at the coastline is defined for the interpolation across the Suwannee,
Withlacoochee, and Santa Fe Rivers, producing the change values shown in Figure 13.

The surface-water depths in other rivers were not modified from the recent simulation.

4. Results

The recent (1970-2000) simulation period and the future (2039-2069) simulation period
model results were compared to evaluate the predicted effects of future rainfall and ET
changes. No efforts were made to represent other potential differences between recent
and future conditions, such as groundwater withdrawal, sea level, or land cover

changes.

4.1. Comparison of Recent and Future Rainfall and
Evapotranspiration Rates

Actual ET rates for the future simulation were calculated during the simulation and can
be tabulated from the model output. However, the recent simulation used ET computed
from the Thornthwaite method summed with rainfall to be input as net recharge. De-
termining the actual rainfall and ET values in the recent simulation is complicated by
the multipliers applied to the net recharge to correct for uncertainties, as discussed pre-
viously. When determining the rainfall and actual ET for the recent simulation, it was
assumed that the multipliers account for uncertainty in the actual ET and the rainfall

does not change, so the actual ET is determined by:

Multiplier x Net Recharge = Rainfall — Actual ET
Multiplier x (Rainfall - ET ) = Rainfall — Actual ET

Rearranging:
Actual ET = Multiplier x ET + (1 Multiplier ) x Rainfall

The measured and downscaled data indicate that the average annual rainfall increas-

es from 55.3 to 61.3 inches (about 11 percent) between the recent and future periods
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Figure 13. Differences in mean river stage between the 1981-1990 and 2050-2059 simulation pe-
riods.

(Table 4). Simulated average annual ET between these periods increases from 36.2 to
37.9 inches; this 4.5-percent increase is due to higher mean temperatures and latent
heat predicted by the CCSM. Although both the actual ET and the rainfall are higher in
the future period, the ET as a percentage of rainfall decreased slightly from 65 percent
to 62 percent with a 4.4-inch increase in net annual recharge (Table 4).

A higher spatial variation in the average annual net recharge is seen in the future pe-
riod when compared to that in the recent period (Figure 14(a) and Figure 14(b)), but
this can be reasonably attributed to the methods used in each simulation. The net re-
charge is preprocessed in the recent simulation, but in the future simulation the actual
ET is computed during the simulation and must be combined with the preprocessed
rainfall to determine net recharge. The recent simulation does not have any negative
net recharge values as are seen in the future simulation along the coast and in the far
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future minus recent net recharge.

Table 4. Average rainfall and evapotranspiration rates from model simulations.

. . . Average rainfall rate Average evapotranspiration Net recharge
Simulation period . . X
(in/yr) rate (in/yr) (in/yr)
1970-2000 55.33 36.21 19.12
2039-2069 61.33 37.85 23.48
o%
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west (Figure 14(a) and Figure 14(b)). Because the average net recharge is higher in the
future simulation (Table 4), the locations with the highest net future recharge areas
have values substantially higher than in the recent simulation, mostly in the north and
northeast portions of the model domain (Figure 14(c)). This is due to very little ET in
these areas even though the average future ET is higher than the recent ET. The effect

on groundwater levels is discussed in the next section.

4.2. Comparison of Simulated Recent and Future Groundwater Levels

With no changes in sea level represented, groundwater levels simulated in the future
period are lower than in the recent period at locations nearer to the coast and substan-
tially higher further inland and eastward (Figure 15). These areas of highest future
groundwater increase correspond largely to areas of highest simulated future net re-
charge (Figure 14(c) and Figure 15(c)). Although in this northeast area the model
predicts markedly large recent to future increases in groundwater head, as much as 40
ft (Figure 15(c)), it can be noted that slightly further east, at station S021516001
(Figure 6 and Figure 8), observed groundwater heads do fluctuate as much as 35 ft
over the recent time period. Therefore, the mean annual net recharge gain in this
northeast area could support a large localized increase in groundwater heads if the dif-
ferent methods of computing ET in the recent and future simulations, and their effect
on net recharge, are accepted as appropriate for comparison. Additional factors to be
considered are the model boundary conditions near this northeast area, including a
no-flow condition representing a groundwater divide (Figure 4). Groundwater con-
tours over the larger region [21] indicate that this groundwater divide could only be
maintained as groundwater heads increased if the potentiometric high points outside
the model area were also increased. The model boundary condition assumptions there-
fore depend on the hydrology outside the model area, which is not examined in this
study. Certainly the groundwater heads in the northeastern area of the model domain
have the highest uncertainty.

Smaller differences in groundwater levels between recent and future simulations are
seen nearer the river system. In both simulations, the groundwater levels generally
slope towards the river systems, indicating that the rivers drain the groundwater sys-
tem. Water levels near most springs (Figure 2) do not differ appreciably between the
simulations. The exception is with the westernmost spring near the Aucilla River
(Figure 2 and Figure 15), which experiences lower groundwater levels; simulated mean
spring flow decreased from 392 ft*/s to 188 ft’/s.

An important trend is observed when the simulated groundwater levels are expressed
as a depth below land surface (Figure 16). These groundwater levels are consistently
shallower in the future period in areas where they were deepest in the recent period.
Conversely, groundwater levels that were shallowest in the recent period become dee-
per in the future simulation period. Simulation results suggest future groundwater le-
vels will have a greater conformity to land surface (Figure 16); the standard deviation

(0) of water-table depths changed from o= 36.2 ft in the recent simulation to o= 28.8 ft
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in the future simulation. This trend toward conformity is from a combined effect of
higher rates of rainfall and ET in the future simulation (Table 4). Areas where the
groundwater levels are relatively lower in the recent simulation received more rainfall

recharge in the future simulation, and ET rates are always lower relative to rainfall at

K3
03"
’02:.

Scientific Research Publishing

549



E. Swain, J. H. Davis

314

304

1970-2000

29+

0 20 40 MILES
—
0 20 40 KLOMETERS

Land surface minus average
groundwater levels, in et

2039-2069

] 20 40 MILES
—
[ 20 40 KLOMETERS

T I I I
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lation period.

these greater depths to water. Areas where groundwater levels are relatively higher also
get more rainfall recharge, but the higher ET rate near the surface offsets the higher
rainfall recharge. Although the average increase in ET for the entire model domain is
less than the average increase in rainfall, ET is relatively greater in wetland areas near
the coast where water levels are much closer to surface (Figure 14(b)). The resulting
future net recharge rates are more negative in coastal areas, which are consequently no-
ticeably drier in the future simulation (Figure 16). Conversely, the easternmost areas of
the model domain become substantially wetter in the future compared to those in the

recent simulations.

4.3. Comparison of Discharge in Recent and Future Simulation Periods

River levels for the entire 372-month future simulation period were estimated based on
testing of the SFR2 Package with the 113-month future period. These future changes in
river levels were applied, and the total leakage exchanges for all the river reaches were
summed to compute net flows at points along the rivers. A comparison of monthly av-
erage flow rates for the recent and future periods at the Ellaville, Branford, and Wilcox
stream gages on the Suwannee River and the Fort White stream gage on the Santa Fe
River (Figure 4) indicates differing patterns of discharge with similar peak magnitudes
(Figure 17). The ratio of the standard deviations (o) between the future and recent pe-
riods (Opyre! Greceny) Was determined at each station to quantify discharge variability be-
tween the recent and future simulations: Ellaville = 0.924, Branford = 0.934, Wilcox =
0.981, and Fort White = 1.040. Note that the three sites on the Suwannee River all show

a reduction in the simulated discharge variability with more reduction in variability
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Figure 17. Discharge for stream gages on the Suwannee and Santa Fe Rivers.
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further upstream, indicating upstream boundary effects (Figure 4). Conversely, Fort
White showed a slight increase in variability so there is no single model-wide trend. It
is likely that the differences between river discharge fluctuations in the recent and fu-
ture simulations are primarily due to differences in the rainfall-runoff time series used
for the upstream river boundaries.

Cumulative simulated discharge for the recent and future periods also was compared
(Figure 18). At all sites, the total flow over the entire 31-year period was greater for the
future simulation than for the recent simulation, although for the first 18 years of each
simulation there is little difference between the periods. This pattern is consistent with
the 4.36-inch increase in simulated net recharge (Table 4) and the higher groundwater
levels in the western inland areas (Figure 15) near the northern parts of the Suwannee
River (Figure 2).

5. Model Limitations

The SRBM provides a useful tool for estimating the effects of climatic changes as
represented by GCM output. As is the case with all model applications, parameters and
processes are simplified and estimated, resulting in uncertainties. The major limitations
of the model application can be summarized as follows:

1) Future rainfall was dynamically downscaled from the CCSM GCM and is subject
to all the uncertainties and assumptions in the CCSM and the downscaling process.
Predictive modeling relies on extrapolating known processes into the future by using
assumptions for unknown quantities. Model results must therefore be viewed as poten-
tial, but not necessarily inevitable, outcomes.

2) Future-condition ET estimates rely on downscaled CCSM GCM data and are sub-
ject to inherent limitations in accuracy. The rate at which direct ET from groundwater
is reduced at increasing depths below land surface is not based on data from the study
area, but rather on a simple standard linear function. Simulated groundwater levels are
therefore dependent on this ET rate function.

3) Net recharge rates (precipitation minus actual ET) are calculated with different
methods in the recent and future simulations. A value of net recharge is precalculated
and input to the recent simulation, but ET is computed during the future simulation
and varies with groundwater head. This appears to be a factor in the substantially high-
er spatial variability in simulated future netrecharge compared to the recent simulation
(Figure 14) and may exaggerate the changes in groundwater levels between recent and
future simulations (Figure 15).

4) Surface-water levels must be specified by the user for the 372-month simulations,
causing prediction uncertainty in the future simulation. The SFR2 Package was applied
for recent and future 113-month test periods to develop insight into potential differ-
ences in river stage. Although the routing of flow is accounted for when computing
stage, these stages are subject to uncertainties. The assumption then is made that aver-
age differences between the recent and future river stage indicate a shift that can be ap-

plied to the user-defined stage without regard to interseasonal variations. The boundary
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Figure 18. Cumulative discharge for stream gages on the Suwannee and Santa Fe Rivers.
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surface-water inflows are based on rainfall-runoff relations and do not take into ac-
count the complex interactions that were simulated within the study area.

5) Simulation of groundwater levels was simplified as one layer with no vertical gra-
dients in hydraulic head. The change in aquifer flow area with changing head over time
is neglected because it is assumed that the saturated thickness of the aquifer is constant.
Boundary conditions assume that the potentiometric high near Valdosta, Georgia, be-
haves the same in the recent and future simulation periods, and the eastern boundary
continues to coincide with the flow lines and acts as a no-flow boundary. This can be a
factor in the large increase in simulated future groundwater heads in the northeastern
model area. Similarly, the boundary at the southeast corner of the study area repre-
senting drainage to the Ocklawaha River is the same in the recent and future simulation
periods. Sea-level change in offshore areas is not accounted for in the future simulation
period.

6) Changes in land use and water use due to human activities are not accounted for
in the future-conditions simulation. Increased groundwater pumping, for example, can
be expected as population increases, but no changes to groundwater withdrawals were
simulated in the future-conditions simulation. Changing land use would induce
changes in surface runoff and net-recharge rates, which have been shown to have an
important effect on groundwater levels.

7) The scope of the present study included a single GCM, the CCSM, to predict fu-
ture rainfall and ET. Distinct differences in predicted rainfall and ET exist among GCM
results because the assumptions needed to predict future climate have inherent uncer-
tainty. Nevertheless, the SRBM simulation procedure described herein can be repeated
with downscaled data from other GCMs. Our study was not designed to evaluate the
variations between climate models but rather to demonstrate the hydrologic implica-
tions of one possible future climate scenario. This study demonstrates how downscaled
GCM data can be combined with a groundwater flow model to gain insight into poten-
tial effects of climate change.

8) The accuracy of the model results depends on the sensitivity of the model output
to uncertainty in the model input parameters. The results of the parameter estimation
and the scenario simulations suggest that groundwater heads are notably sensitive to
net recharge values; at least for the range of values experienced in the scenario simula-
tions. This indicates that uncertainty in aquifer transmissivity is a smaller source of er-
ror compared to factors affecting net recharge, such as the different methods of compu-
ting net recharge mentioned in limitation 3 above.

The limitations listed above help guide the interpretation of model results and the
relative confidence of the model results. The recharge and boundary variability issues
listed in limitations 3 and 5, respectively, indicate that the high simulated groundwater
heads in the northeastern model domain are quite uncertain, although the trends in net
recharge assure some confidence that a groundwater level increase would be expected.
The predicted groundwater differences near the coast have fewer limitations that in-

duce uncertainty, so ultimately the future trend of higher rainfall and higher ET caus-
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ing the groundwater table depth to become more uniform seems reasonable. Even with
the limitations described herein, the model simulations presented in this study can pro-
vide useful insight to Suwannee River Basin hydrology under potential future condi-

tions of climate change.

6. Summary

A numerical model of the Suwannee River Basin area was adapted to compare recent
hydrology to future hydrologic conditions resulting from predicted changes in rainfall
and evapotranspiration (ET). The steady-state model of Planert [11] was modified to
represent transient conditions and was calibrated with the PEST parameter-estimation
code [16]. The surface-water system was represented using the MODFLOW River
Package, which required user-defined river levels.

Some variables for simulation of the future period were developed from dynamically
downscaled precipitation and potential ET produced by the Community Climate Sys-
tem Model (CCSM). The precipitation and potential ET data were interpolated for the
Suwannee model grid from this downscaled dataset. The conditions simulated in the
recent period (1970-2000) represent ET estimated with the Thornthwaite method based
on measured data. Downscaled potential ET was applied with a standard function to
decrease actual ET at lower groundwater levels under future conditions. This method
produced undesirable oscillations at the month-long simulation time step originally
used, and consequently the time step was reduced to 1 day.

To help guide the estimation of future river levels, the MODFLOW Streamflow-
Routing (SFR2) Package was applied in a shorter recent simulation period (1981-1990)
and future simulation period (2050-2059), and average differences in river stage were
determined. These differences in mean river stage were then used to create a time series
of river stages for the River Package in the 2039-2069 simulation. The recent and future
flows were calculated at river locations by adding or subtracting the simulated leakages
for all upstream river segments to or from the initial inflows.

Comparisons of simulation results for the recent and future periods provide useful
insight into the potential effects of future climate changes. Limitations from the repre-
sentation of no-flow model boundaries and the spatial distribution of net recharge must
be considered when interpreting model results. Even with these limitations, the simula-
tions indicate that increasing rainfall and ET together in the future period caused
groundwater levels to rise in areas where they were low in the recent period, and
groundwater levels declined in areas where they were higher in the recent period. The
general implication is that unsaturated zone depth would be more spatially uniform in
the future, and vegetation that requires a range of conditions (substantially wetter or
drier than average) would be detrimentally affected. This vegetation would include
wetland species, especially in areas near the coast.

Acknowledgements

The authors appreciate the input of Trey Grubbs at the Suwannee River Water Man-

agement District in the development of this paper.

KD
+%%, Scientific Research Publishing

555



E. Swain, J. H. Davis

References

(1]

(2]

(3]

(10]

(11]

(12]

(13]

(14]

(15]

Intergovernmental Panel on Climate Change (2013) Climate Change 2013: The Physical
Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the In-
tergovernmental Panel on Climate Change. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tig-
nor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex V. and Midgley, P.M., Eds., Cam-
bridge University Press, Cambridge, United Kingdom and New York, 1535 p.

Yoon, J.-H., Leung, L.R. and Correia Jr., J. (2012) Comparison of Dynamically and Statisti-
cally Downscaled Seasonal Climate Forecasts for the Cold Season over the United States.
Journal of Geophysical Research, 117, D21109. http://dx.doi.org/10.1029/2012]JD017650

Etemadi, H., Samadi, S. and Sharifikia, M. (2013) Uncertainty Analysis of Statistical Down-
scaling Models Using General Circulation Model over an International Wetland. Climate
Dynamics, 42, 2899-2920. http://dx.doi.org/10.1007/s00382-013-1855-0

Fowler, H.J., Blenkinsop, S. and Tebaldi, C. (2007) Linking Climate Change Modeling to
Impacts Studies: Recent Advances in Downscaling Techniques for Hydrological Modeling.
International Journal of Climatology, 27, 1547-1578. http://dx.doi.org/10.1002/joc.1556

Stefanova, L., Misra, V., Chan, S.C., Griffin, M., O’Brien, J. and Smith III, T.J. (2012) A
Proxy for High-Resolution Regional Reanalysis for the Southeast United States: Assessment

of Precipitation Variability in Dynamically Downscaled Reanalyses. Climate Dynamics, 38,
2449-2466. http://dx.doi.org/10.1007/s00382-011-1230-y

Wood, A.-W., Maurer, E.P., Kumar, A. and Lettenmaier, D. (2002) Long-Range Experimen-
tal Hydrologic Forecasting for the Eastern United States. Journal of Geophysical Research,
107, 4429. http://dx.doi.org/10.1029/2001JD000659

Hay, L.E., Clark, M.P., Wilby, R.L., Gutowski, W.]., Leavesley, G.H., Pan, Z., Arritt, RW.
and Takle, E.S. (2002) Use of Regional Climate Model Output for Hydrologic Simulations.
Journal of Hydrometeorology; 3, 571-590.
http://dx.doi.org/10.1175/1525-7541(2002)003<0571:UORCMO>2.0.CO;2

Salathe, E.P. (2005) Downscaling Simulations of Future Global Climate with Application to
Hydrologic Modelling. International Journal of Climatology, 25, 419-436.
http://dx.doi.org/10.1002/joc.1125

Swain, E., Stefanova, L. and Smith, T. (2014) Applying Downscaled Global Climate Model
Data to a Hydrodynamic Surface-Water. American Journal of Climate Change, 3, 33-49.
http://dx.doi.org/10.4236/ajcc.2014.31004

Marella, R.L. (2004) Water Withdrawals, Use, Discharge, and Trends in Florida, 2000: U.S.
Geological Survey Scientific Investigations Report 2004-5151, 36 p.

Planert, M. (2007) Simulation of Regional Ground-Water Flow in the Suwannee River Ba-
sin, Northern Florida and Southern Georgia: U.S. Geological Survey Scientific Investiga-
tions Report 2007-5031, 50 p.

Harbaugh, A.W., Banta, E.R., Hill, M.C. and McDonald, M.G. (2000) MODFLOW-2000,
the U.S. Geological Survey Modular Ground-Water Model—User Guide to Modularization
Concepts and the Ground-Water Flow Process: U.S. Geological Survey Open-File Report
00-92, 121 p.

Niswonger, R.G. and Prudic, D.E. (2005) Documentation of the Streamflow-Routing
(SFR2) Package to Include Unsaturated Flow Beneath Streams—A Modification to SFR1:
U.S. Geological Survey Techniques and Methods 6-A13, 50 p.

Thornthwaite, C.W. (1948) An Approach toward a Rational Classification of Climate. Geo-
graphical Review; 38, 55-94. http://dx.doi.org/10.2307/210739

Hamon, W.R. (1961) Estimating Potential Evapotranspiration. Journal of the Hydraulics

556

K
0:52: Scientific Research Publishing


http://dx.doi.org/10.1029/2012JD017650
http://dx.doi.org/10.1007/s00382-013-1855-0
http://dx.doi.org/10.1002/joc.1556
http://dx.doi.org/10.1007/s00382-011-1230-y
http://dx.doi.org/10.1029/2001JD000659
http://dx.doi.org/10.1175/1525-7541(2002)003%3C0571:UORCMO%3E2.0.CO;2
http://dx.doi.org/10.1002/joc.1125
http://dx.doi.org/10.4236/ajcc.2014.31004
http://dx.doi.org/10.2307/210739

E. Swain, J. H. Davis

(16]

(17]

(18]

(19]

(20]

(21]

(22]

Division, Proceedings of the American Society of Civil Engineers, 87, 107-120.

Doherty, J.E. and Hunt, R.J. (2010) Approaches to Highly Parameterized Inversion—A
Guide to Using PEST for Groundwater-Model Calibration: U.S. Geological Survey Scientif-
ic Investigations Report 2010-5169, 59 p.

Hill, M.C., Banta, E.R., Harbaugh, A.-W. and Anderman, E.R. (2000) MODFLOW-2000, the
U.S. Geological Survey Modular Ground-Water Model—User Guide to the Observation,
Sensitivity, and Parameter-Estimation Processes and Three Post-Processing Programs: U.S.
Geological Survey Open-File Report 00-184, 210 p.

Collins, W.D., Bitz, C.M., Blackmon, M.L., et al (2006) The Community Climate System

Model Version 3 (CCSM3). Journal of Climate, 19, 2122-2143.
http://dx.doi.org/10.1175/JCLI3761.1

Hoffman, F.M., Fung, 1., Randerson, J., Thornton, P., Stockli, R., Heinsch, F., Running, S.,
Hibbard, K., John, J., Covey, C., Foley, J., Post, W.M., Hargrove, W.W., Erickson, D.J. and
Mahowald, N. (2006) Preliminary Results from the CCSM Carbon-Land Model Intercom-
parison Project (C-LAMP). EOS Transactions American Geophysical Union, 87(52), Fall
Meeting Supplement, Abstract B51C-0316.

Shah, N., Nachabe, M. and Ross, M. (2007) Extinction Depth and Evapotranspiration from
Ground Water under Selected Land Covers. Groundwater, 45, 329-338.
http://dx.doi.org/10.1111/j.1745-6584.2007.00302.x

Sepulveda, N. (2002) Simulation of Ground-Water Flow in the Intermediate and Floridan
Aquifer Systems in Peninsular Florida: U.S. Geological Survey Water-Resources Investiga-
tions Report 02-4009, 130 p.

Swain, E. (2016) MODFLOW Datasets for Simulations of Groundwater Flow with Down-
scaled Global Climate Model Data for the Suwannee River Basin, Florida: U.S. Geological
Survey Data Release. (See comment section for this journal article for doi address of data-
set.)

2
0.0
o2

0% Scientific Research Publishing

Submit or recommend next manuscript to SCIRP and we will provide best service
for you:

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.

A wide selection of journals (inclusive of 9 subjects, more than 200 journals)

Providing 24-hour high-quality service

User-friendly online submission system

Fair and swift peer-review system

Efficient typesetting and proofreading procedure

Display of the result of downloads and visits, as well as the number of cited articles

Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact ajcc@scirp.org

KD
+%%, Scientific Research Publishing

557


http://dx.doi.org/10.1175/JCLI3761.1
http://dx.doi.org/10.1111/j.1745-6584.2007.00302.x
http://papersubmission.scirp.org/
mailto:ajcc@scirp.org

	Applying Downscaled Global Climate Model Data to a Groundwater Model of the Suwannee River Basin, Florida, USA
	Abstract
	Keywords
	1. Introduction
	2. Study Area
	3. Methods
	3.1. Groundwater Model Parameterization
	3.2. Groundwater and Surface-Water Boundaries
	3.3. Transient Simulations
	3.4. Precipitation and Evapotranspiration in the Recent Period
	3.5. Parameter Estimation
	3.6. Incorporation of Downscaled Global Climate Model Data and Simulation of Future Conditions
	3.6.1. Future Rainfall and Evapotranspiration
	3.6.2. Future Surface-Water Inflows
	3.6.3. Future Surface-Water Stages


	4. Results
	4.1. Comparison of Recent and Future Rainfall and Evapotranspiration Rates
	4.2. Comparison of Simulated Recent and Future Groundwater Levels
	4.3. Comparison of Discharge in Recent and Future Simulation Periods

	5. Model Limitations
	6. Summary
	Acknowledgements
	References

