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Abstract: We used coupled watershed and reservoir models to evaluate the impacts of deforestation
and l Niño Southern Oscillation (ENSO) phase on drinking water quality. Source water total
organic carbon (TOC) is especially important due to the potential for production of carcinogenic
disinfection byproducts (DBPs). The Environmental Fluid Dynamics Code (EFDC) reservoir model
is used to evaluate the difference between daily pre- and post- urbanization nutrients and TOC
concentration. Post-disturbance (future) reservoir total nitrogen (TN), total phosphorus (TP), TOC
and chlorophyll-a concentrations were found to be higher than pre-urbanization (base) concentrations
(p < 0.05). Predicted future median TOC concentration was 1.1 mg¨ L´1 (41% higher than base TOC
concentration) at the source water intake. Simulations show that prior to urbanization, additional
water treatment was necessary on 47% of the days between May and October. However, following
simulated urbanization, additional drinking water treatment might be continuously necessary
between May and October. One of six ENSO indices is weakly negatively correlated with the
measured reservoir TOC indicating there may be higher TOC concentrations in times of lower
streamflow (La Niña). There is a positive significant correlation between simulated TN and TP
concentrations with ENSO suggesting higher concentrations during El Niño.

Keywords: reservoir model; urbanization; deforestation; drinking water treatment; total organic
carbon; disinfection byproducts; ENSO

1. Introduction

Forested watersheds provide essential ecosystem services such as the provision of high quality
water. As watershed land becomes increasingly urbanized, valuable filtration services once provided
by the forested catchments are lost. Drinking water treatment authorities in locations such as Boston,
MA, Portland, OR, and New York, NY recognize the water quality benefits from forested catchments
and actively purchase natural land in supplying watersheds. For example, an improvement in turbidity
of 30% saved $90,000 to $553,000 per year for drinking water treatment in the Neuse Basin of North
Carolina [1]. An analysis of 27 US water suppliers concluded that a reduction from 60% to 10% forest
land increased drinking water treatment costs by 211% [2]. The progressive loss of forest ecosystem
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services risks harm to human health through lowered drinking water quality, as well as increased
drinking water treatment cost [2].

One water quality variable of particular interest to water providers is total organic carbon (TOC)
because of disinfection byproduct (DBP) formation. Source water TOC is a good indicator of the
amount of DBP that may form as a result of chemical disinfection [3]. TOC reacts with chlorine during
the disinfection phase of water treatment to form DBPs. Several DBPs have been identified by the US
Environmental Protection Agency (US EPA) as probable human carcinogens. Evidence is insufficient
to support a causal relationship between chlorinated drinking water and cancer. However, the US EPA
concluded that epidemiology studies support a potential association between exposure to chlorinated
drinking water and bladder cancer leading to the introduction of the Stage 2 DBP rule. The American
Cancer Society (ACS) estimates that there will be about 74,000 new cases of bladder cancer diagnosed
in the United States each year [4]. Approximately 2260 drinking water treatment plants nationwide are
estimated to make treatment technology changes to comply with the Stage 2 DBP rule [5]. An alternate
method to mitigate DBP formation is the management of watershed land to reduce source water
TOC [6,7].

While water providers are struggling to maintain low source water TOC concentrations and
minimize DBP formation potential, many source water catchments are undergoing rapid forest to urban
land use change [8]. The impact of forest to urban land conversion on lotic TOC concentrations varies,
however literature reports elevated TN and TP concentrations in urban streams [9]. Elevated nutrient
concentrations can support increased algae growth thereby increasing overall TOC in reservoirs
regardless of the allochthonous contribution.

Here we assess the impact of forest to urban land conversion on reservoir TOC concentrations at
Converse Reservoir, which supplies the drinking water for the City of Mobile, Alabama through the
Mobile Area Water and Sewer Systems (MAWSS). MAWSS is one of the >2000 water treatment
facilities nationally making changes to comply with the Stage 2 DBP rule because of existing
elevated TOC concentrations. Rapid urbanization is occurring in the contributing watershed and
urbanization projections concur that the watershed will undergo significant urbanization in the coming
decades [8,10,11]. Like other urbanizing watersheds, the concern is that Mobile source water TOC
concentrations may increase as watershed urbanization continues.

Along with watershed forest to urban land conversion, changes in reservoir concentrations may be
related to variations in ocean-atmosphere oscillation, known as El Niño Southern Oscillation (ENSO).
In southern Alabama, interannual variations in precipitation and streamflow are related to ENSO.
El Niño events, which occur every 2 to 10 years, are caused by positive sea surface temperature
anomalies. Conversely, La Niña events are caused by negative sea surface temperature anomalies
(SST). Strong relationships have been established between ENSO and precipitation in certain regions
including southern Alabama, ENSO and water temperature and ENSO and streamflow in the Converse
watershed [12]. El Niño seasonal precipitation has been shown to be higher than normal and La Niña
precipitation in the three southern climate divisions in Alabama [13]. Precipitation during JFM in
the La Niña phase is lower than normal for the southern climate divisions [14]. TOC loads from
watershed sources have also been linked with ENSO phase and reflect a seasonal component wherein
El Niño TOC loads are higher than neutral or La Niña phase loads during Jan-Mar, but lower than
La Niña during Aug-Oct [15]. During El Niño events in January to March, the higher precipitation and
streamflow could lead to higher nutrient loads delivered to Converse or similar reservoirs.

Changes in precipitation and temperature can have a significant effect on surface water quality [16].
There is a relationship between ENSO phase, precipitation and streamflow in Alabama [13]. Seasonal
streamflow is related to both ENSO phase and surface water nutrient loadings [17]. ENSO phase
has been found to have strong nitrate concentration, streamflow and precipitation predictive effects
in a southeastern U.S. watershed [18]. ENSO phase has been linked to flow, stream temperature,
dissolved oxygen and water quality parameters in southeast Alabama and related to ENSO phase for
predicting periods restrictive to point-source discharge to limit water quality impairment [19].
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Changes in land use can significantly alter the quality of adjacent surface waters [16]. Increased
nutrient concentrations are associated with urban streams [9]. However, the relationship between
land use and water quality can vary regionally and even on a stream-by-stream basis due to
many factors including land use intensity, geology, precipitation patterns. In the greater Converse
Watershed urban subwatersheds had higher TP and TN loads and concentrations than undisturbed
forested watershed [20,21]. Watershed simulations also support elevated post-urbanization nutrient
concentrations [22]. Converse Reservoir response to changing land use was evaluated previously using
a BATHTUB reservoir model [23]. Modelers found increased TP and TN loads, changes in trophic
state and increased algal blooms.

This study improves upon previous research by evaluating the impacts of two major stressors to
water resources of Converse Reservoir simultaneously. Here we concurrently evaluate the impacts of
watershed urbanization and ENSO phase on reservoir water quality. The modeling utilized in this
study expands previous efforts by utilizing coupled watershed and reservoir models rather than the
BATHTUB model [23], simulating the entire year, rather than April to September only, and using a
realistic estimate of watershed urbanization, rather than the expectation of 100% land development.
This study builds upon previous efforts [15,19] by relating ENSO phase to reservoir, rather than stream,
water quality. Reservoir modeling studies most often evaluate nitrogen and phosphorous fractions,
but here we simulate TOC, the variable of most interest to drinking water managers. The rigor of
modeling efforts used here, the relation to multiple watershed stressors and the incorporation of
reservoir water quality serve to enhance our understanding of the relationship between urbanization,
ENSO phase and water quality. To evaluate the impact of forest to urban land conversion and ENSO
phase on reservoir water quality, linked watershed [24] and reservoir [25] models were used. Daily
nutrient concentrations and streamflow from watershed simulations provide input data to estimate
the effects on nutrient and TOC concentrations within the reservoir under base and future land use
conditions. Total (1992 to 2005) and monthly median TOC concentrations at a source water intake
from base and future scenarios were compared. Additionally, six ENSO indices were correlated with
(1) measured TOC; (2) simulated pre-urbanization monthly nutrient and reservoir TOC concentrations;
and (3) simulated post- urbanization monthly nutrient and TOC concentrations.

The objectives of this study were to (1) utilize linked watershed and reservoir models to test
the hypothesis that watershed nutrient loads during future scenarios will lead to increased TOC
concentrations and algae growth at the source water intake when compared with base scenarios;
(2) evaluate the influence of anticipated forest to urban land use change in terms of the daily and
monthly changes in source water nutrient and TOC concentrations; and (3) evaluate the influence of
ENSO phase on measured TOC and simulated pre- and post- urbanization TN, TP, chlorophyll-a and
TOC concentrations.

Study Area

Converse Reservoir supplies the majority of drinking water for the City of Mobile, Alabama
through the Mobile Area Water and Sewer Service (MAWSS). Past concerns about the quality
of Converse Reservoir as a supply source for drinking water prompted various scientific
investigations [20,21,23,26–28]. Tributary and reservoir water quality data were collected by the United
States Geological Survey (USGS), Auburn University (AU) and MAWSS under various sampling
programs beginning in 1990.

Converse Reservoir was formed in 1952 by impoundment of Big Creek in Mobile County,
Alabama with a 37 m high earthen dam. The physical characteristics of the reservoir include: volume
64,100,000 m3, surface area 14.6 km2, mean depth 4.4 m, and maximum depth 15.2 m. Converse
Reservoir has two main branches, Big Creek, which is the reservoir mainstem, and Hamilton Creek,
which contains the drinking water intake 4.8 km from the reservoir mainstem (Figure 1).
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Figure 1. Monitoring locations, weather stations, and Mobile Area Water and Sewer System (MAWSS)
property in the Converse watershed and reservoir located in southwestern Alabama.

Precipitation near the study area is some of the highest in the US, with a 48-year (1957–2005)
median monthly precipitation of 12.40 cm (1953–2005). A firm-yield analysis of Converse Reservoir
estimated ~5% of the total reservoir volume is from groundwater [29]. Streamflow from the 3 major
tributaries has been monitored by USGS gauging stations since 1990.

A 267 km2 watershed drains to the reservoir. Within the watershed there are wetlands, forests,
dairy farms, plant nurseries, pecan groves and residential areas using septic tanks for sewage disposal.
Watershed soils are generally acidic, low in organic matter content and composed of fine sand or
loamy find sand [30]. The eastern watershed boundary extends to within 500 m of Mobile, Alabama
city limits. Local, regional and national urbanization studies concur that the study area will likely
experience significant urbanization in the coming decades [8,10,11,31].

2. Methods

Long-term simulations using measured hydrologic data were conducted for 1991 to 2005.
Environmental Fluid Dynamics Code (EFDC) model simulations were first conducted using
uncorrected inflows from the Loading Simulation Program C++ (LSPC) watershed model and water
surface elevation. Next, 4 s time-step simulations were conducted using constant outflows. Corrected
water surface elevation is recorded daily. After hydrodynamic routines were executed water quality
simulations were conducted.

2.1. Software: EFDC Hydrodynamic Model

The EFDC hydrodynamic model was developed at the Virginia Institute of Marine Science
beginning in 1988 [25]. EFDC has been applied in various locations, including Chesapeake Bay
estuarine system [32], the Neuse Estuary in North Carolina [33] and the Florida Everglades [34]. It has
been used in a wide range of environmental studies including simulations of pollutant and pathogenic
organism transport, simulation of power plant cooling water discharges, simulation of oyster and crab
larvae transport, and evaluation of dredging and dredge spoil disposal alternatives [35]. EFDC has
evolved over the past several decades to become one of the most technically defensible and widely
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used reservoir models available [24]. The EFDC hydrodynamic model provides the hydrologic basis
for a number of other water quality models such as Water Quality Analysis Simulation program
(WASP5) [36] and the multi-dimensional surface water model (CE-QUAL-ICM) [37]. Details regarding
model set-up and theoretical basis are provided in the EFDC User’s Manual [35] and the EFDC Theory
and Computation Manual [38].

EFDC is an open-access FORTRAN 77 based hydrodynamic model particularly adept at simulating
estuarine and reservoir systems. EFDC is an orthogonal, grid-based model, so model execution
requires computation of an orthogonal grid with specified number of vertical layers, which is
easiest to create using a specialized program (visual orthogonal grid generator). The model solves
three-dimensional, vertically hydrostatic equations of motion with many aspects computationally
equivalent to the Blumberg-Mellor model [39]. Multiple text files supply various functions in model
computation including control files (efdc.inp, show.inp), grid specification files (cell.inp, depth.inp,
gcellmap.inp, dxdy.inp, lxly.inp), and time series files (aser.inp (atmospheric information), pser.inp
(surface water elevation), qser.inp (volumetric source-sink). EFDC produces various output file
classes, all controlled by the master input file (efdc.inp). Modelers can specify diagnostic output
files, restart files, two-dimensional graphic and visualization files and three-dimensional graphic and
visualization files.

2.2. Scenarios

The 1992 multi-resolution land cover (MRLC) land cover served as the base (pre-urbanization)
scenario for comparison with the future (2020; post-urbanization) scenario (Table 1). The 2020 scenario
is based on the population-based housing density forecasts of the Forests On The Edge Project [40].
During base and future simulations only daily LSPC-derived streamflow and TN, TP and TOC loads
to Converse Reservoir change [22,41].

Table 1. Comparison of 1992 multi-resolution land cover percentages within the Converse
Watershed, AL.

Land Use
1992 Post-Urbanization

Watershed Area (km2) Watershed (%) Watershed Area (km2)

Urban 7.7 2.9% 59.7
Barren 0.0 0.0% 0.0
Forest 165.6 61.6% 113.6

Pasture 45.3 16.9% 45.3
Cropland 32.8 12.2% 32.8
wetlands 4.8 1.8% 4.8

Water 12.5 4.6% 12.5
Total 268.7 100% 268.7

2.3. Model Configuration

2.3.1. Orthogonal Reservoir Model Grid Generation

Reservoir bathymetry data were unavailable so topographic maps, which reflect the watershed
prior to reservoir impoundment in 1952, were used to delineate reservoir bathymetry. We imported
photographs of the maps into ArcMap Version 9.1 and georeferenced them to 7.5-min topographic
maps. VOGG: A Visual Orthogonal Grid Generation Tool for Hydrodynamic and Water Quality
Modeling generates the grid required for reservoir modeling [42]. The grid serves as the reference
system for EFDC modeling. A total of 575 grid cells in a curvilinear grid array represented the Converse
Reservoir (Figure 2). The mean cell width is 178 m (range: 139–208 m) and mean cell height is 186 m
(range: 97–390 m).
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Figure 2. Grid showing the Converse Reservoir with eight control points and 575 cells used in
Environmental Fluid Dynamics Code (EFDC) modeling. Cell colors correspond with bottom elevation
in meters above mean sea level. Numbers represent the horizon.

2.3.2. Atmospheric Data

We used hourly local climatological data from the National Climatic Data Center (NCDC) for the
Mobile Regional Airport weather station for the monitoring period. Atmospheric input files include
hourly barometric pressure, air temperature, dewpoint temperature, rainfall, solar radiation, and cloud
cover, wind speed and wind direction.

2.3.3. Reservoir Inflows and Outflows

The input file of streamflow and outflow data (qser.inp) was created using modeled LSPC
streamflow. Simulated inflows from all subwatersheds draining to Converse Reservoir were
apportioned to one of five inflows (Hamilton Creek, Crooked Creek, Big Creek, Long Branch, and
Boggy Branch). The two simulated outflows are dam spillage and pumpage for drinking water
treatment, taken from MAWSS records. Water level was the measured water surface elevation during
the first day of simulation and fluctuated with each time step during the simulation. Dam and lake
seepage and groundwater interaction are not simulated by EFDC and estimated to be negligible.
Losses to lake evaporation are approximately equal to precipitation in this humid, subtropical region.

2.3.4. Tributary Water Quality Inputs

Daily TN, TP and TOC concentrations from the watershed model [22] were partitioned into
nutrient fractions for the EFDC model based upon measured data for each stream (Table 2).
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Table 2. Environmental Fluid Dynamics Code (EFDC) water quality simulation variables and measured
data used to partition simulated total nitrogen (TN), total phosphorus (TP) and total organic carbon
(TOC) into nutrient fractions.

EFDC Simulation Variable Measured Data Used to Partition Simulated TN, TP and TOC into Fractions

Green Algae = Daily inflow ˆ 0.002 mg¨ L´1 ˆ 2.447 = kg¨ d´1

Refractory Particulate Organic C = TOC (680 †) ´ DOC (681 †).
Dissolved Organic C = 681 †

Refractory Particulate Organic P = TP (665 †) ´ dissolved orthophosphate (671 †) and dissolved organic P (below).
Dissolved Organic P = [dissolved P (666 †) ´ dissolved orthophosphorus (671 †)].
Total Phosphate = TP (665†) – organic P (above)
Refractory Particulate Organic N = 20% of the total organic N. TON = ammonium (625 †) ´ organic N (610 †).
Dissolved Organic N = 80% of the total organic N.
Ammonium N = 610 †

Nitrate N = 630 †

Dissolved O2
Mean monthly measured dissolved O2 concentrations are used to estimate daily
tributary dissolved O2.

† indicates USGS parameter code.

Measured data provided the basis for partitioning watershed model TN concentrations into TON,
nitrate and ammonium values based upon the following relationship; TN is the sum of inorganic N
[nitrate and ammonium] and organic N. Organic N was simulated in either the dissolved or particulate
form. TON was assumed to be ~20% particulate and 80% dissolved based upon the measured
proportions in samples at Big, Crooked and Hamilton creeks (TON n = 61; DON n = 52). Dissolved and
particulate organic P are partitioned based upon the following relationship; TP = particulate organic
P + dissolved organic P + orthophosphate. Measured TP, dissolved P and orthophosphorus were
used to calculate the percentage of incoming simulated TP as dissolved organic, particulate organic
and inorganic (orthophosphate) at all 5 tributaries flowing into Converse Reservoir. Organic C was
simulated in particulate and dissolved forms. Measured TOC and DOC data are used to partition
the simulated TOC from the watershed model into dissolved and particulate fractions. Daily values
of 2 µg¨ L´1 for green algae chlorophyll-a were input. Measured data provided an estimate of mean
monthly dissolved oxygen at each stream.

2.4. Calibration and Validation

Reservoir calibration (2001 to 2003) and validation (1996 to 1999) time periods were selected
based upon monitoring data availability. The calibration period included one year of below average
precipitation (2001) and two years of above average precipitation (2002 and 2003). The validation
period also had one year of below average precipitation (1999) and three years of above average
precipitation (1996 to 1998).

Measured data were used to assess model calibration and validation. Temperature data are
collected using an YSI thermistor and DO was collected using the membrane electrode method [43].
Chlorophyll-a samples are analyzed using standard method 10200H, a high-performance liquid
chromatography method [43]. TOC was analyzed using method 5310-B [43]. Colorimetric methods
were used to analyze TP and TN (mg¨ L´1). Chlorophyll-a, TN, TP and TOC model parameters were
adjusted to achieve similar simulated and measured water quality near the drinking water intake.

2.5. Data Analyses

2.5.1. Model Calibration and Validation Statistics

EFDC produced daily results for each cell (n = 575) at 5 depths. We calculate the mean of the
values for each depth at the MAWSS source water intake (cell 34,18). To assess model performance we
calculate absolute mean error (AME), fractional AME and percent bias (PBIAS) performance ratings
(Table 3). Fractional AME (or relative error) is a normalized statistic and allows for comparison with
other model applications. PBIAS performance ratings [44] are published for monthly mean values, but
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here were applied to daily grab samples because multiple monthly samples for water quality were
unavailable. Moriasi et al. (2007) recommend the use of graphs to evaluate calibration and validation
quality where a continuous dataset is unavailable. Time-series plots of simulated and measured water
quality were developed for visual comparison. Profile plots of measured and simulated temperature
and DO in the channel near the drinking water intake (cell 27,18) were also used to assess performance.
Model calibration and validation were deemed acceptable based upon time-series plots, as well as
comparison of AME and PBIAS performance ratings.

Table 3. Environmental Fluid Dynamics Code (EFDC) calibration (1 August 2001 to 31 December
2003) and validation (1 July 1996 to 31 December 1999) statistics at Converse Reservoir drinking water
intake for temperature (TEMP), dissolved oxygen (DO), total nitrogen (TN), total phosphorus (TP),
total organic carbon (TOC), and chlorophyll-a (CHL a). Unavailable performance ratings are based on
temperature (for dissolved oxygen) and nutrient (for TOC and chlorophyll-a) ratings.

Variable Units N
Mean SD Fractional

AME
AME PBIAS

Obs Sim Obs Sim

Calibration
TEMP ˝C 17 26.2 27.0 3.2 3.4 0.04 1.0 ´3.1% VG
DO mg¨ L´1 17 6.3 6.1 1.35 0.9 0.14 0.86 3.6% VG
TN mg¨ L´1 18 0.39 0.42 0.13 0.04 0.26 0.10 ´9.0% VG
TP mg¨ L´1 18 0.007 0.006 0.008 0.002 0.66 0.004 9.0% VG
TOC mg¨ L´1 38 3.90 3.50 1.12 0.64 0.21 0.81 10.2% VG
CHL a µg¨ L´1 17 4.82 7.5 4.48 1.84 0.94 4.5 ´54% S

Validation
TEMP ˝C 38 21.5 21.3 6.58 6.50 0.05 1.0 1.7% VG
DO mg¨ L´1 38 7.95 6.91 1.78 1.30 0.16 1.3 13.0% F
TN mg¨ L´1 24 0.38 0.47 0.07 0.09 0.29 0.11 ´25% G
TP mg¨ L´1 23 0.015 0.010 0.010 0.005 0.56 0.009 40% G
TOC mg¨ L´1 143 3.54 3.48 1.16 0.34 0.28 0.97 2% VG
CHL a µg¨ L´1 21 4.19 5.0 5.77 3.16 0.82 3.4 19% VG

Profiles of temperature and dissolved oxygen collected over 17 days during calibration and 13 days during
validation. Individual temperature and dissolved oxygen samples collected on 25 days during validation.
N = sample size; SD = standard deviation; Fractional AME = fractional absolute mean error; AME = absolute
mean error; PBIAS = percent bias.

2.5.2. Base and Future Scenario Statistics

We analyze daily concentrations at the MAWSS source water intake for the simulated water
quality variables and urbanization scenarios for normality using histograms and quantile-quantile
normal plots of residuals. When data were not normally distributed, differences between scenarios
were conducted using nonparametric comparison methods such as the Wilcoxon Sign-Ranked (WSR)
test to compare daily and monthly median base and future concentrations [45].

We report the change in overall median (1992 to 2005) and median monthly TN, TP and TOC
concentration and percent difference between base and future scenarios. Reservoir concentration
change following deforestation is reported in terms of land use change. The percent change per area
change (%∆/area∆) metric is the percent difference between base and future concentrations divided
by the simulated change in forest to urban land (km2). Time-series plots display differences between
daily base and future TN, TP, TOC and chlorophyll-a concentrations.

2.5.3. El Niño Southern Oscillation Index

Various indices are used to estimate ENSO phase. The oldest indicator if ENSO is based on air
pressure differences at sea level at two locations (Tahiti and Darwin) in the southern Pacific Southern
Oscillation Index (SOI). Sea surface temperature data in different regions of the Pacific Ocean were
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later added to ENSO indices. An area of the Pacific was identified as being the most representative of
ENSO phase [46] and this area is reflected in the Oceanic Niño Index and the Niño 3.4 Index.

We use three common indices to represent ENSO phase, the National Oceanic and Atmospheric
Administration’s (NOAA) official ENSO indicator, the Oceanic Niño Index (ONI) [47], Niño 3.4
Index [48] and the Multivariate ENSO Index (MEI) [49]. The Niño 3.4 Index values, which represent
a 3 month running mean of sea surface temperature anomalies in the Niño 3.4 region (5˝ N–5˝ S,
120˝–170˝ W) was obtained from the NOAA Climate Prediction Center [50]. The Multivariate ENSO
Index (MEI) is based upon the six main observed variables over the tropical Pacific Ocean. MEI is
computed for bi-monthly seasons and here the Dec/Jan value is attributed to January for analysis
purposes. Since the impact of precipitation on reservoir water quality may be delayed, we also
shifted the ONI, Niño 3.4 and MEI forward one month, facilitating comparison of, for example, March
concentrations with February ENSO index to determine if there is a lagged response between ENSO
and reservoir water quality.

2.5.4. Correlation Analysis

MAWSS collected TOC data in Converse Reservoir and at both drinking water treatment plants
between 1995 and 2007 (n = 334 samples at each location). Pearson correlation coefficients between
measured TOC concentrations with six representative indices (ONI, ONI + 1, Niño 3.4, Niño 3.4 + 1,
MEI, MEI + 1) were calculated using SAS Version 9.4 (SAS Institute Inc., North Carolina, USA) to study
the relationship between ENSO and TOC. Correlation analysis between simulated monthly mean TN,
TP, TOC and chlorophyll-a concentrations (n = 141 months) at the drinking water intake with the six
ENSO indices for both pre- and post- urbanization were also evaluated. The null hypothesis of no
correlation was tested at the 95% level for all correlations.

3. Results and Discussion

3.1. Calibration and Validation Results

Measured and simulated water level correspond well. Mean simulated water surface elevation
(WSE) during calibration was 0.03 m higher than mean measured WSE (33.42 and 33.39 m, respectively).
Mean simulated WSE during validation was 0.21 m higher than mean measured WSE (33.32 and
33.53, respectively). Results of simulated and observed mean, standard deviation, absolute mean error
(AME), fractional AME and percent bias (PBIAS) for calibration and validation are provided in Table 3.

During calibration, mean values for temperature profiles collected on 17 days for observed
and simulated data were 26.2 ˝C and 27.0 ˝C, respectively (Table 3). An AME of 1.0 indicates that,
on average, the predicted temperature values were within 1.0 ˝C of the observed values. The PBIAS of
´3.1% for temperature calibration indicates “very good” performance [51]. Temperature fractional
AME was 4%. Temperature and DO profiles of observed and simulated data during calibration and
validation indicate good model performance. DO fractional AME was 0.14, similar to EFDC modeling
applications at Cape Fear River, NC (0.12–0.15), Charleston Harbor, SC (0.08–0.21), and Charles River,
MA (0.07–0.21) [38]. During calibration and validation, the Converse EFDC model predicted DO levels
well and within ranges reported by other EFDC applications.

Nutrient and TOC Calibration and Validation

During calibration, TN, TP and TOC concentration performance ratings were “very good” based
upon PBIAS. On average, predicted TN values were within 0.1 mg¨ L´1 of observed values. Mean of
daily observed and predicted TP concentrations were 0.007 and 0.006 mg¨ L´1, respectively. Mean daily
observed and predicted TOC are 3.9 and 3.5 mg¨ L´1, respectively. On average, predicted TOC values
were within 0.8 mg¨ L´1 of observed TOC values. TN fractional AME is 0.26, within the range reported
for a calibrated model of St. Johns River [52] and other calibrated EFDC models [38]. TP fractional
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AME was 0.66, within the ranges reported for other calibrated reservoir models [38]. TOC fractional
AME was 0.21, less than values reported for Florida Bay [53] and similar to St. Johns River [52].

During validaiton, TN, TP and TOC concentration performance ratings were “good” to “very
good” based upon PBIAS. The mean observed and simulated TN concentrations during validation
were 0.38 and 0.47 mg¨ L´1, respectively. Simulated TN was higher than observed TN, with an AME
indicating that predicted TN was within 0.11 mg¨ L´1 of observed TN. Fractional AME for TN (0.29)
was within the range of reported values from other EFDC applications.TN validation performance
rating based upon a PBIAS of 25% was “good” [44]. While the Converse Reservoir EFDC model
slightly overpredicted in-reservoir TN concentrations, it slightly underpredicted TP concentrations.
Mean observed and simulated TP concentrations during validation were 0.015 and 0.010 mg¨ L´1,
respectively. The fractional AME of 0.56 for TP validation was within reported values for other EFDC
applications [38]. PBIAS for TP during validation was 40% indicating “good” model performance.
Observed (3.54 mg¨ L´1) and simulated (3.48 mg¨ L´1) mean daily TOC concentrations (n = 143) during
validation correspond well. The TOC PBIAS of 2% was considered ‘very good’ based upon the nutrient
performance ratings of Moriasi et al. (2007).

Mean measured chlorophyll-a during the calibration period was 4.8 µg¨ L´1, while simulated
mean chlorophyll was 7.5 µg¨ L´1. Seven of the 17 measured chlorophyll-a samples were below the
detection limit of 0.1 µg¨ L´1. Time-series plots of simulated and measured chlorophyll-a revealed
that simulated values did not decrease to the detection limit. On average, predicted calibration
chlorophyll-a was 4.5 µg¨ L´1 higher than measured chlorophyll-a. PBIAS performance critera specific
to chlorophyll-a were not provided by Moriasi et al. (2007) or Donigian (2002), but applying TN and
TP performance ratings of Moriasi to chlorophyll-a, the validation PBIAS of 19% indicated “very good”
reservoir model performance. During validation, mean observed and simulated chlorophyll-a (n = 21)
were 4.19 and 5.0 µg¨ L´1, respectively. The fractional AME for chlorophyll-a during validation was
0.82 and within the range of values reported for a calibrated model of Charles River, MA (0.76–1.37)
and St. Johns River, FL (0.37–1.10) [38,52]. The relative error for Converse Reservoir chlorophyll-a
simulation during both calibration and validation (0.94 and 0.82, respectively) were within the range
of errors reported for other EFDC simulations. Chlorophyll-a concentrations are inherantly difficult
to measure accurately due to chlorophyll-a overestimation from the presence of phaeophytin [54],
decomposition during the process of measurement and variations in collection methodology [55].
Consequently, the differences between simulated and observed chlorophyll-a during calibration and
validation, which are commonly attributed to model errors, may in fact be a consequence of errors in
determining measured chlorophyll-a.

3.2. Measured Concentrations Used to Partition Total Loads

We partitioned watershed model TN concentrations into TON, nitrate and ammonium values
using measured data. The mean N percentages ranged from 32% to 65% for TON, 30% to 65% for
nitrate and 3% to 5% for ammonium. These percentages were applied to the daily TN values for
each stream to calculate input TON, nitrate and ammonium values. Measured TP data were used
to estimate the percentage of incoming simulated TP as dissolved organic, particulate organic and
inorganic (orthophosphate) at all 5 tributaries to Converse Reservoir. The TP percentages ranged
from 33% to 38% for dissolved organic P, 18% to 23% for particulate organic P and 44% to 49% for
orthophosphate. Measured TOC and DOC data was used to partition the simulated TOC from the
watershed model into dissolved and particulate fractions. Most of the organic C was in the dissolved
form, with average percentages at the five tributaries ranging from 89% to 93%. Particulate organic
carbon was between 7% and 11% of the TOC.
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3.3. Comparison of Simulated Nutrient, TOC and Chlorophyll-a Concentrations

3.3.1. Daily Simulated Reservoir Concentrations at the Intake

We used nonparametric tests in data comparisons because histograms, quantile-quantile
normal plots of residuals and skewness coefficients using simulated daily TN, TP and TOC
concentrations indicate data follow a non-normal distribution. The WSR test using daily TN,
TP, TOC, and chlorophyll-a concentrations at MAWSS drinking water intake indicated that
pre- and post-urbanization reservoir concentrations were significantly different for all variables
(p < 0.05). In each case, future daily concentrations from the urbanized watershed were higher than
pre-urbanization concentrations.

Median future TN, TP, TOC, and chlorophyll-a concentrations were higher than median base
concentrations for each scenario and nutrient (Table 4). Future (urban) TN concentrations at MAWSS
drinking water intake were 55% (0.21 mg¨ L´1) higher than base scenario (forested) TN concentrations.
Median TN concentration increased by 0.004 mg¨ L´1 km´2. Median future TP concentrations increased
by 0.004 mg¨ L´1 (67%) above median base TP concentrations. Median TP concentrations increased by
0.0002 mg¨ L´1 km´2 urbanized. Median future TOC concentrations increased by 1.1 mg¨ L´1 (41%)
over median base TOC concentrations due to simulated urbanization. Median TOC concentration
increased by 0.02 mg¨ L´1 for each km2 urbanized. The percent TOC change per area urbanized
(%∆/area∆) was 0.8% per km2 urbanized indicating that for each km2 of forest land converted to
urban land reservoir, TOC concentrations at the source water intake increase by 0.8%.

Table 4. Median total nitrogen (TN), total phosphorus (TP) and total organic carbon (TOC)
concentrations using daily simulated data at the drinking water intake on Converse Reservoir, AL,
1992 to 2005 (n = 4292 days).

Scenario Units TN TP TOC

Base mg¨ L´1 0.38 0.006 2.59
Future mg¨ L´1 0.59 0.010 3.65

Difference mg¨ L´1 0.21 0.004 1.1
Percent change % 55% 67% 41%
Difference/km2 mg¨ L´1¨ km´2 0.004 0.0001 0.02

3.3.2. Simulated Reservoir Concentrations by Month at the Drinking Water Intake

Simulated urbanization significantly increased TN, TP, TOC and chlorophyll-a levels during each
monthly comparison. A comparison of median concentration by month (i.e., Jan base concentrations
compared with Jan future concentrations, Feb base concentrations compared with Feb future
concentrations, etc.) indicated base and future TN, TP, TOC, and chlorophyll-a by month were
significantly different (p < 0.05) (Table 5).

Monthly median TP concentrations were highest from January to March, when simulated median
TOC concentrations were least. Analysis of monthly median TP and chlorophyll-a showed an increase
in median chlorophyll-a in April that coincided with decreased median TP concentrations indicating
simulated P limitation. Monthly analysis indicated that TN and TP concentrations declined as TOC
concentrations increased, likely due to the influence of algae growth, which utilized TN and TP
and incorporated C into biomass, thereby increasing simulated TOC. Simulated monthly median
chlorophyll-a was highest in May and June and TOC was highest in June. However, the strong
seasonal influence evident in monthly median chlorophyll-a concentrations was not as evident in TOC
concentrations indicating both algae growth and other factors influence TOC concentration at the
drinking water intake.
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Table 5. Monthly median base, future and measured (n = 382) total organic carbon (TOC) concentration
(mg¨ L´1) and monthly TOC percent increase in concentration and percent of days with TOC
concentration >2.7 mg¨ L´1 before and following urbanization at the drinking water intake on Converse
Reservoir, AL, 1992 to 2005.

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Base 2.4 2.6 2.5 2.7 2.9 2.9 2.8 2.5 2.4 2.5 2.6 2.5
Future 3.3 3.0 3.0 3.3 3.8 4.0 3.9 3.7 3.6 3.8 3.7 3.7

Simulated percent increase in TOC concentration following urbanization

37 19 21 22 33 40 41 49 49 49 43 46

Measured median TOC concentration at source water intake (n = 382; 1995 to 2005)

3.3 3.0 3.2 3.3 3.6 3.5 4.4 4.2 4.2 4.6 3.9 2.9

Simulated percent of days with TOC concentration > 2.7 mg¨ L´1 before and after urbanization

Base 41 34 29 52 72 62 54 37 24 37 41 38
Future 100 85 72 87 97 100 100 100 100 100 100 100

Wilcoxon sign ranked test of simulated monthly median base and future concentrations

TN * * * * * * * * * * * *
TP * * * * * * * * * * * *

TOC * * * * * * * * * * * *
Chlorophyll-a * * * * * * * * * * * *

* indicates significant difference between base and future monthly median values from 1992 to 2005, excluding
drought year of 2000 (n = 141 months).

3.3.3. Comparison of Simulated and Measured Monthly Reservoir TOC

Between May and October, simulated TOC concentrations at the source water intake increased
by 33% to 49% (Table 5). The largest increase occurred from August to October. Since additional
drinking water treatment is related to elevated water temperatures between May and October, the
elevated reservoir TOC concentrations between May and October here can increase DBP formation
potential. Changes to existing drinking water treatment to minimize the increased May to October
TOC concentrations will be necessary to achieve future compliance with the Stage 2 DBP legislation.

3.3.4. TOC Concentration and Potable Water Treatment

Between May and October, simulated base scenario reservoir TOC was less than the drinking
water treatment threshold (2.7 mg¨ L´1) on 1118 of 2117 d (53%). Thus, prior to urbanization, additional
drinking water treatment would be required 47% of the days between May to October. Future scenario
simulated reservoir TOC concentrations were <2.7 mg¨ L´1 on 11 of 2117 d (0.5%) between May and
October. The monthly simulated percent of days with TOC concentrations >2.7 mg¨ L´1 using the
base simulation indicated that 24% to 72% of days required additional drinking water treatment prior
to urbanization. Following urbanization, 97% to 100% of days between May and October required
additional drinking water treatment. To comply with the DBP treatment level of 2.7 mg¨ L´1, additional
future drinking water treatment would be continuously necessary and significantly increase treatment
costs [56,57]. Mean increase in daily treatment cost ranged from $91–$95 per km2 converted for forest
to urban land use per day [57].

3.3.5. Effects of ENSO on Reservoir Nutrient Concentrations

Other researchers report higher January to March precipitation in Southern Alabama during
El Niño events than normal or La Niña phases [12]. We anticipate the reported increases in precipitation
and streamflow may lead to measurable changes in reservoir TOC, nutrients and chlorophyll-a.

We compared measured TOC data at three locations with six ENSO indices. Results indicate no
significant correlation between MEI, MEI + 1, Niño3.4, Niño3.4 + 1 and ONI + 1 with measured TOC
concentrations. While there is a significant correlation between ONI and drinking water treatment plant
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TOC at both plants (p = 0.04), the correlation coefficient (´0.11) is low in both cases, suggesting that
while ENSO may be related to TOC concentration at the drinking water treatment plants, other factors,
such as seasonal in-reservoir algae growth, likely have a greater impact on concentrations. A strong
positive relationship between ENSO and TOC would indicate watershed TOC sources associated
with elevated precipitation and streamflow of El Niño likely driving TOC concentrations. A strong
negative relationship between ENSO and TOC may suggest internal factors such as in-reservoir algae
growth since La Niña is associated with lower streamflow during most of the year [12]. Given the
small negative correlation, there may be slightly higher TOC concentrations at the drinking water
plants associated with La Niña events, which are associated with lower streamflow all months except
September and October. The small significant correlation between ONI and TOC should be interpreted
conservatively because (1) it is evident in only one of six ENSO indices and (2) it explains relatively
little of the variance in TOC concentrations. However, further evaluation of the relationship between
ONI and reservoir TOC data is warranted. Recent research using long-term instrumented data
found a relationship between ENSO phase, streamflow and reservoir dissolved oxygen content [58].
This supports the possible relationship between ENSO and reservoir water quality and indicates
dissolved oxygen analysis at Converse Reservoir may be warranted.

There was no significant relationship between simulated monthly chlorophyll-a concentration
with ENSO indices or simulated monthly TOC with ENSO indices for either pre- or post- urbanization.
There was, however, an observed positive correlation between both TN and TP with ENSO indices
(Table 6). The correlation between simulated monthly TN concentrations and ENSO phase was
significant for all indices for both forested and urban scenarios. ENSO phase explained between
27% and 37% of the variance in TN concentrations before urbanization and slightly less following
urbanization. The correlations between ENSO phase and TP were not as strong as those with TN,
however urbanization appears to strengthen the relationship between ENSO and TP concentration.
The correlations were positive, indicating higher concentrations associated with El Niño events,
which corroborates a recent finding that TN and TP loads to Converse Reservoir were higher during
El Nino [59]. Our research indicates that the relationship evident in streamflow modeling is also
reflected in reservoir nutrient concentrations, thereby reverberating through the reservoir ecosystem.
The positive correlation in simulated reservoir TN and TP concentrations associated with ENSO phase
were not apparent in simulated TOC and chlorophyll-a. It is possible that the nutrient additions
associated with urbanization and El Niño have a delayed effect on reservoir algae growth and TOC
concentrations or that other factors, such as temperature and light, are more important in controlling
chlorophyll-a and TOC in Converse Reservoir. The lower flows of La Niña events may serve to promote
TOC increase in Converse Reservoir because of lower flushing rates.

Table 6. Correlation between ENSO indices and Converse Reservoir simulated monthly TN and TP
concentrations at the Mobile Area Water and Sewer Systems drinking water intake.

Index
TN TP

Baser p-value Futurer p-value Baser p-value Futurer p-value

MEI 0.32 0.0001 0.31 0.0002 0.12 0.1429 0.18 0.0377
MEI + 1 0.27 0.0012 0.24 0.0040 0.13 0.1272 0.17 0.0488
Niño 3.4 0.37 0.0000 0.35 0.0000 0.17 0.0398 0.26 0.0021

Niño 3.4 + 1 0.36 0.0000 0.34 0.0000 0.22 0.0104 0.27 0.0010
ONI 0.37 0.0000 0.33 0.0001 0.17 0.0390 0.26 0.0021

ONI + 1 0.37 0.0000 0.33 0.0001 0.22 0.0088 0.28 0.0007

4. Conclusions

Simulated forest to urban land conversion of 52 km2 in the 267 km2 Converse Reservoir watershed
increased monthly median TN, TP, TOC and chlorophyll-a concentrations (p < 0.05) at a source water
intake located 4.8 km upstream of the mainstem of Converse Reservoir. Expected increases in future



Forests 2016, 7, 29 14 of 17

TOC concentrations are important due to the potential for increased carcinogenic DBP formation.
Simulated forest to urban land conversion to 2020 in the Converse Watershed increased median
overall TOC concentrations, calculated from daily concentrations, from 1992 to 2005, by 1.1 mg¨ L´1

(41%). Total median TOC concentrations (1992 to 2005) increased by 0.02 mg¨ L´1 km´2 following
urbanization. The percent TOC change per area urbanized (%∆/area∆) was 0.8% per km2 urbanized
over the 15-year simulation period, indicating that for each km2 of forest land converted to urban
land, reservoir TOC concentrations at the source water intake increased 0.8%. Monthly median TOC
concentrations between May and October increased between 33% and 49% following urbanization
during the same simulation period. Chlorophyll-a, indicating algae growth, accounted for most of the
variance (R2 > 0.37; p < 0.05) in simulated TOC concentration between May and November. In early
spring (March and April), prior to high algae growth, allochthonous TOC load predicted 47% to 58%
of the variance in intake TOC concentration. Simulated urbanization was associated with a significant
relationship between chlorophyll-a and intake TOC concentrations earlier in the spring season of
most years. It was found that under simulated 1992 land cover conditions, additional drinking water
treatment is necessary in 47% of the simulated days between May and October. Reservoir modeling
with future land use indicated the need for continuous additional treatment in Converse Reservoir
between May and October based on daily TOC concentrations at the drinking water intake. Simulated
urbanization indicated the need for continuous additional drinking water treatment between May and
October to comply with the Safe Drinking Water Act DBP regulations.

Along with urbanization, climatic factors may influence reservoir nutrient concentrations.
Only one of six ENSO indices was associated with measured TOC data. The small negative correlation
between ONI and TOC concentrations may suggest higher TOC associated with lower streamflow of
La Niña. Simulated TN and TP were correlated with ENSO phase with El Niño events having higher
reservoir concentrations. This relationship was not evident in chlorophyll-a or TOC indicating that
a delayed response and other factors such as temperature, light and reservoir flushing may have a
larger impact on monthly in-reservoir TOC concentrations than TN and TP concentrations in Converse
Reservoir. Converse watershed should be managed to retain forest cover. Water providers can use
predictions of ENSO phase to estimate changes to streamflow, stream nutrient loads and in-reservoir
TN and TP concentrations, thereby minimizing some uncertainty in the provision of potable water.
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