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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
centimeter (cm) 0.3937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile (mi)
hectare (ha) 2471 acre
square meter (m2) 10.76 square foot
square kilometer (km?) 0.3861 square mile
cubic meter (m3) 35.31 cubic foot
gram (g) 0.03527 ounce
kilogram (k) 2.205 pound
degree Celsius (°C) 1.8x°C+32 degree Fahrenheit

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of
1929—a geodetic datum derived from a general adjustment of the first-order level nets of
the United States and Canada, formerly called Sea Level Datum of 1929.

Water year: October 1 through September 30.

Vi Contents



Analysis of Ambient Conditions and Simulation of
Hydrodynamics, Constituent Transport, and Water-
Quality Characteristics in Lake Maumelle, Arkansas,

1991-92

by W. Reed Green

ABSTRACT

Lake Maumelle is the major drinking-water
source for the Little Rock metropolitan areain central
Arkansas. Urban and agricultural development has
increased in the Lake Maumelle Basin and information
is needed related to constituent transport and water-
quality response to changesin constituent loading or
hydrologic regime. This report characterizes ambient
conditionsin Lake Maumelle and its major tributary,
Maumelle River; describesthe calibration and verifica-
tion of anumerical model of hydrodynamics and water
quality; and provides several simulations that describe
constituent transport and water quality response to
changes in constituent loading and hydrologic regime.

Ambient hydrologic and water-quality condi-
tions demonstrate the relatively undisturbed nature of
Lake Maumelle and the Maumelle River. Nitrogen and
phosphorus concentrations were low, oneto two orders
of magnitude lower than estimates of national back-
ground nutrient concentrations. Phosphorus and chlo-
rophyll a concentrations in Lake Maumelle
demonstrate its oligotrophi c/mesotrophic condition.
However, concentrations of chlorophyll a appeared to
increase since 1990 within the upper and middle
reaches of the reservoir.

A two-dimensional, laterally averaged hydrody-
namic and water-quality model developed and cali-
brated for Lake Maumelle simul ates water level,
currents, heat transport and temperature distribution,
conservative material transport, and the transport and
transformation of 11 chemical congtituents. Simula-
tionsincluded the movement and dispersion of spillsor
releasesin the reservoir during stratified and unstrati-
fied conditions, rel ease of the fish nursery pond off the
southern shore of Lake Maumelle, and algal responses
to changes in external loading.

The model was calibrated using 1991 data and
verified using 1992 data. Simulated temperature and
dissolved oxygen concentrations related well when
compared to measured values. Simulated nutrient and
algal biomass also related reasonably well when com-
pared to measured values. A simulated spill of conser-
vative material at the upper end of Lake Maumelle
during amajor storm event took less than 102 hours to
dispersetheentirelength of thereservoir. Simulation of
anursery pond release into atributary to Lake
Maumelle demonstrated how the released water
plungeswithin the receiving embayment and entersthe
main stem of the reservoir at mid depths. Simulations
of algal responseto increases of nitrogen and phospho-
rus loads demonstrate the phosphorus limiting condi-
tion in Lake Maumelle.

Results from this study will provide water-
resource management with information to better under-
stand how changes in hydrology and water quality in
thebasin affectswater quality inthereservoir. With this
information, managerswill be able to more effectively
manage their drinking-water source supply.

INTRODUCTION

Lake Maumelle (fig. 1) was constructed in 1956
for drinking-water supply for the Little Rock, Arkan-
sas, metropolitan area. In addition to water supply,
Lake Maumelleis used for recreation and provides
habitat for fish and wildlife. Concerns about the sus-
tainability of the quality of the drinking-water source
have grown as urban and agricultural (grass farming,
silviculture, cattle grazing) development have
increased in the Lake Maumelle Basin during the past
20 years.

Abstract 1
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Information regarding circulation and constitu-
ent transport in Lake Maumelleislacking. Thisinfor-
mation is needed to more effectively manage the
reservoir and itswatershed and to predict water-quality
responses to changes in constituent loading or hydro-
logic regime. Such changes may result from increased
agricultural activity and urban expansion within the
watershed. Runoff volume and loads of nonpoint-
source nutrients, pesticides, and other contaminants
could change in response to conversion of forested
areas to pasture, conversion of grass farmsto pasture,
and the associated increase in cattle, and conversion of
non-urban areas to urban areas.

During 1991, a study was undertaken to charac-
terize ambient conditions and hydrodynamicsin Lake
Maumelle by calibrating a model and using it to simu-
late the effects of changesin external loadsto the res-
ervoir. This study was part of alarger study conducted
by the U.S. Geological Survey (USGS) in cooperation
with Little Rock Municipal Water Works (LRMWW)
to monitor water levels, streamflow, and water quality
in the drinking-water-supply reservoir, Lake
Maumelle.

Purpose and Scope

Purposes of thisreport wereto (1) describe ambi-
ent hydrologic and water-quality conditionsin Lake
Maumelle and its mgjor tributary, the Maumelle River;
(2) describe calibration and verification of a model
developed by the U.S. Army Corps of Engineers (CE-
QUAL-W2) to simulate ambient water-quality condi-
tions and hydrodynamicsin Lake Maumelle; and (3)
describe several model simulations of movement and
dispersion of spillsor releases in the reservoir during
thermally stratified and unstratified conditions, of an
adjacent fish nursery pond release, and the response of
water quality (nutrient, algal, and dissolved-oxygen
concentrations) to possible changesin external loads.
This report describes ambient conditions and presents
the results of model calibration, verification, and simu-
lations.

Hydrologic and water-quality data are summa-
rized for the period October 1990 through September
1998 for precipitation, streamflow, and selected water-
quality characteristicsincluding temperature, dissolved
oxygen (DO), nitrogen and phosphorus species, and
chlorophyll a. Estimated |oads of nitrogen and phos-
phorusto Lake Maumellefrom the Maumelle River are
presented.

Hydraulic circulation and water-quality charac-
teristicsin Lake Maumelle were simulated by using the
U.S. Army Corps of Engineers CE-QUAL-W2 model.
This laterally averaged, two-dimensional model was
calibrated by using data collected from January
through December 1991 and verified using data col-
lected from January through December 1992. The cali-
brated model was used to simulate the effects of
nutrient loadsfrom the Maumelle River and the nursery
pond release on reservoir water quality.

Description of Study Area

Lake Maumelle is a surface-water-supply reser-
voir completedin 1956 on the Maumelle River, west of
the city of Little Rock (fig. 1). The Maumelle River
Basin has a drainage area of 355 km? at the Lake
Maumelle dam, and is part of the Arkansas River
Basin. The average annual precipitation within the
Maumelle River Basin is about 137 cm (Freiwald,
1984). Lake Maumelle contains 2.70 x 108 m® of water
at spillway elevation (88.39 m above sealevel) and has
2.31x 108 m® of usablewater. The surface areaof Lake
Maumelle at spillway elevation is 36 kmZ. The maxi-
mum length of the reservoir is 19.3 km, with a maxi-
mum depth of 13.7 m, and an average depth of 7.5m
(Green, 1993).

The genera land use classification for the
Maumelle basin is“forest and woodland grazed” (U.S.
Geological Survey, 1970, p. 159). The upper one-third
of the watershed primarily is forest land owned and
managed by the Ouachita National Forest. The forest
land is classified by the U.S. Forest Service, U.S.
Department of Agriculture (USDA) asmoderateto low
productive land with afull range of site conditions that
have been determined to be suitable for timber produc-
tion ( U.S. Department of Agriculture, 1989). The gen-
eral soil type, defined by the USDA sail surveys of
Pulaski and Perry Counties (Haley and others, 1975;
Townsend and Williams, 1982), is Carnasaw-Pirum
Clebit: well drained gently sloping to very steep, deep,
moderately deep, and shallow, loamy, gravelly and
stony soils; on uplands. The remainder of the water-
shed primarily is forest with some agriculture existing
in the lowland area of the Maumelle River above the
lake. Turf (sod) farming isthe most common agricul-
tural practicein the flood plain of the basin.

Adjacent to the reservoir is afish nursery pond
formed by adam on Twin Creek, asmall lateral tribu-
tary entering Lake Maumelle on the southern shore

Introduction 3



(fig. 2). At its spillway elevation (108.2 m above sea
level), the nursery pond contains about 1.38 x 106 m®
of water, about 0.5 percent of the volume of Lake
Maumelle, and covers about 0.28 km?. The drai nage
area of the nursery pond is about 5.1 km2, about 1.4
percent of the area of the Lake Maumelle Basin. The
maximum depth of the nursery pond is about the same
as Lake Maumelle (13.7 m) and the average depth is
about 5.0 m.

Previous Studies

USGS and LRMWW have collected reservoir
elevation, streamflow, and water-quality datafor the
Maumelle River and Lake Maumelle since 1989 as part
of an ongoing monitoring program. Data are stored in
the USGS Nationa Water Information System data-
base and published annually (M oore and others, 1990;
Porter and others, 1991; Morris and others, 1992; Por-
ter and others, 1993; Westerfield and others, 1994;
Evans and others, 1995; Porter and others, 1996; 1997,
1998; 1999; 2000). Hydrologic data collected in Lake
Maumelle from May 1989 through October 1992
(Green and Louthian, 1993) were used to assess water
quality (Green, 1993). Green (1993) concluded that the
water quality of the Maumelle River and Lake

92 37' 30"

Base from U.S. Geological Survey Digital Line Graphs

Universal Transverse Mercator
1:100,000 scale

Shaded relief from U.S. Geological Survey Digital Elevation Models

Universal Transverse Mercator
1:24,000 scale

Figure 2. Lake Maumelle and the nursery pond on Twin Creek.

Maumelle when compared to other streams and reser-
voirsintheregionismore pristine (oligotrophic). From
these comparisons, it can be considered that the water
quality of the Maumelle Basin represents relatively
undisturbed water-quality conditionswithintheregion.
Thetrophic condition of Lake Maumelle can be consid-
ered oligo-mesotrophic (Green, 1993) based on nutri-
ent concentrations, chlorophyll a, and secchi disk
transparency. If nutrient inputs are maintained at 1993
levels, the water quality of Lake Maumelle should
remainrelatively stable. However, increasesin nutrient
loads may ater trophic conditions from oligo-
mesotrophic to more eutrophic.

Nursery pond releasesinto Lake Maumelleare a
major water-quality issue. A report assessing the
impact of nursery pond releases into the lake deter-
mined that the water-quality impact of the nursery pond
release was variable and appeared to be related to the
volume of the nursery pond at the time of release and
the amount of fertilizer applied to the nursery pond ear-
lier in the year (Green, 1998). Much of the material
released from the nursery pond originated in the cooler,
anoxic, hypolimnetic water of the pond. Because the
initial water released from the nursery pond was cooler
(and denser) than the receiving surface water, it
plunged into the hypolimnion of Lake Maumelle.

34° 55'

1 34°52' 30

92 30’
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METHODS OF DATA COLLECTION

Continuous 1-hour interval reservoir elevation
and 15-minute interval streamflow gaging sites were
installed on Lake Maumelle and the Maumelle River in
August 1989. The drainage basin above the discharge
site (fig. 1) on the Maumelle River accounts for about
34 percent of the Lake Maumelle drainage. The rating
curve established for the Maumelle River was based on
instantaneous discharge measurements following
methods described by Rantz and others (1982) and con-
tinues to be updated. The reservoir-elevation site mea-
sures water-surface elevation at the spillway and
accountsfor reservoir volume based on established ele-
vation-volume curves provided by LRMWW. A theo-
retical rating curve for discharge flowing over the
spillway was established and verified with periodic dis-
charge measurements immediately downstream.

Fixed water-quality sampling sites were estab-
lished at the streamflow-gaging site (fig. 1) and along
the downstream gradient within the reservoir (fig. 2).
Sample sitesin the reservoir were located along the
original stream channel, the deepest location within the
reservoir crosssection. Sampleswerecollectedin Lake
Maumelle at sites 3, 8, and 10 from 1991 through 1998
using a 1-m by 5-cm bailer to collect depth-integrated
composite samples representing the entire water col-
umn when isothermal conditions were present. During
thermal stratification, depth-integrated samples were
collected representing the epilimnion (surface) and
hypolimnion (bottom). Samples were collected
monthly during the winter and twice monthly during
the summer during 1991 through 1992. Field parame-
ters (water temperature, DO concentration, pH, and
specific conductance) were measured at various depths
withinthewater column at sites 3, 5, 8, 9, and 10 during
1991 through 1992 and 3, 8, and 10 the rest of the
period. When thermal stratification was present, mea-
surements were taken at depth intervals where the
change in temperaturewas 1 °C or at 0.3-mintervals,
whichever was greater. Water-quality samples were
analyzed for nutrients (dissolved orthophosphorus,
total phosphorus, total ammonia plus organic nitrogen,

dissolved ammonia, and dissolved nitrite plus nitrate
nitrogen), total and dissolved organic carbon, and chlo-
rophyll a. All sample analyses were conducted at
USGS laboratories following USGS methods.

Water-quality samples were collected at the
Maumelle River gaging site following equa width
increment methods using depth-integrated samplers
described by Wildeand others (1999). Field parameters
(water temperature, DO concentration, pH, and spe-
cific conductance) were measured using a multi param-
eter-metering unit. Water-quality samples were
collected from October 1990 through September 1998
using depth-integrated techniques covering various
depth ranges.

AMBIENT CONDITIONS

Hydrologic and water-quality conditions for the
period 1990 through 1998 describe the nature of Lake
Maumelle and its major tributary, the Maumelle River.
In its present condition, Lake Maumelle appearsto
have little stress from anthropogenic sources. How-
ever, changesin land use and urban migration into the
basin can be expected to affect the water quality of this
drinking-water source.

Hydrologic Conditions

Over the period October 1990 through August
1998, precipitation at Little Rock Adams Field
(National Oceanographic Atmospheric Administration
(NOAA) station 13963) (fig. 3) averaged 121.8 cm/yr.
Little Rock Adams Field islocated about 26 km south-
east of Lake Maumelle dam. Streamflow at the
Maumelle River gaging station from January 1991
through December 1998 (fig. 4) averaged 1.74 m?>/sec.
Hydraulic residence time based on reservoir volume,
discharge over the spillway, and water-supply with-
drawal, varied during the period water year 1990
through 1997 (fig. 5). The mean annual residence time
during thisperiod was 1.51 years. Theaverage spillway
outflow was 4.82 m®/sand the average withdrawal rate
was 1.56 m¥/s.

Methods of Data Collection 5
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Figure 3. Daily precipitation at Little Rock Adams Field between October 1, 1990 and August 31, 1998.
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Figure 4. Daily discharge at Maumelle River gaging station.
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Figure 5. Annual hydraulic residence time for Lake Maumelle based on outflow and water-supply withdrawal.

Water-Quality Conditions

In order to develop amode that simulates hydro-
dynamics, congtituent transport, and water-quality
characteristics, ambient conditions need to be defined
and understood. Water-quality conditions most impor-
tant in this study include temperature, DO, nitrogen
phosphorus, and chlorophyll a. Water temperature and
DO concentration were measured at five sites and
nitrogen, phosphorus, and chlorophyll a at three sites
in Lake Maumelle (fig. 2) and at the Maumelle River
streamflow gaging site (fig. 1). Temperature and DO
data collected during 1991 and 1992 from the five res-
ervoir sites are presented graphically as depth-distance
diagrams (figs. 6 and 7). Each diagram shows condi-
tions for one date and represents a longitudinal cross
section of the reservoir along the thalweg from the
upper end of the reservoir to the dam. Lines of equal
temperature or concentration delineate regions with
similar values. Results for eight selected sampling

dates over the 2-year period illustrate seasona patterns
in temperature and DO.

Temperature

Temperature varied annually, seasonally, and
spatially in Lake Maumelle (fig. 6). Water temperature
was generally cooler in 1992 than at similar datesin
1991, with the exception of February. In early February
1991, temperature varied somewhat between the sur-
face and bottom. However, in early February 1992,
temperature of the entire water body waswithin 1.0 °C
of 8.0°C. Thermal stratificationwaswell established in
June 1991 with temperatures ranging from 18.5 °C near
the bottom to nearly 30.0 °C at the surface. In June
1992, the temperature ranged from about 17.0 °C near
the bottom to 22.0 °C at the surface. By the end of
August 1991, temperature ranged from about 19.0 °C
near the bottom to almost 29.0 °C near the surface. By
the end of August 1992, temperature ranged from 19.5
°C near the bottom to almost 28.0 °C near the surface.

Ambient Conditions 7
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Figure 6. Water temperature in Lake Maumelle for selected days during the study.
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Breakdown of the thermocline had occurred by early
October 1991. Temperature ranged from 19.0 °C near
the bottom to 23.5 °C near the surface. Likewise, in
1992, the thermocline had disintegrated by late Octo-
ber.

Dissolved Oxygen

DO concentrationsin Lake Maumelle are
strongly related to vertical temperaturedistributions. In
general, DO in Lake Maumelleremains near saturation
and well mixed in the water column from late October
through mid-April. By early June 1991 and 1992, DO
concentrations approached zero (0.7 and 0.6 mg/L,
respectively) near the bottom and were less than 2.0
mg/L within much of the hypolimnion (fig. 7). Anoxic
conditions (DO <2.0 mg/L) remained in the hypolim-
nion during both years until turnover and by late Octo-
ber, DO concentrations were more uniformly
distributed throughout the water column.

Nitrogen

Nitrogen (N) and phosphorus (P) are primary
nutrients that usually regulate algal productivity in
lakes and reservoirs (Wetzel, 1983). Three nitrogen
species—dissolved nitrite plus nitrate (NO,+NOj),
dissolved ammonia (NH,), and total anmoniaplus
organic nitrogen— were measured during this study.

At the Maumelle River streamflow-gaging site,
NO,+NO3 and NH, were present at similar concentra-
tions(fig. 8). Concentrationsof NO,+NO3 ranged from
lessthan 0.002 to 0.203 mg/L asN with amedian value
of 0.0135 mg/L as N. Concentrations of NH, ranged
from lessthan 0.002 to 0.087 mg/L as N with amedian
value of 0.011 mg/L as N. Concentrations of total
ammonia plus organic nitrogen ranged from less than
0.20t0 0.90 mg/L asN with amedian value of lessthan
0.2mg/L asN.

Concentrations of nitrite plus nitrate varied little
between reservoir sites and depth (table 1, fig. 9).
Nitrite plusnitrate nitrogen concentrationsranged from
less than 0.002 to 0.075 mg/L as N, considering all
samples at all sites with the exception of one sample
collected in the bottom water at site 10 (0.25 mg/L as
N). No site-to-site or surface (top) and bottom sample
groups were statistically different (p < 0.05) based on
the Kruskal-Wallis one-way analysis of variance on
ranks (Helsel and Hirsch, 1992). Ammoniaconcentra-
tionsin surface samplesvaried somewhat among reser-
voir sites and depth (fig. 9). Concentrations ranged
from less than 0.002 to 0.170 mg/L as N. Concentra-

tions in surface water did not differ among sites.
Ammoniaconcentrationsin bottom water at site8 were
statistically different (p < 0.05) than surface water at all
sitesand bottom water at site 3. Median concentrations
in bottom water at sites 8 and 10 were greater than
twice the median concentrations in surface water as a
result of sediment release during stratified anoxic peri-
ods. Total ammonia plus organic nitrogen concentra-
tions varied little between sites and depth (fig. 9).
Concentrations ranged from less than 0.2 to 0.7 mg/L
asN. Morethan one-half of all concentrationswereless
than 0.2 mg/L.

Considering estimates of national background
nutrient concentrations (U.S. Geological Survey,
1999), nitrogen concentrationsin Lake Maumellewere
considerably lower relative to undevel oped areas
across the Nation minimally affected by agriculture,
urbanization, and associated land uses. Nitrite plus
nitrate concentrations in Lake Maumelle were one to
two orders of magnitude lower than estimates of
national background concentrations (0.6 mg/L as N).
Likewise, ammonia concentrations were one to two
orders of magnitude lower than estimates of national
background concentrations (0.1 mg/L asN). Total
nitrogen (sum of nitrite, nitrate, ammonia, and organic
nitrogen) concentrationsin Lake Maumelle were at
least an order of magnitude lower than estimates of
national background concentrations (1.0 mg/L as N).

Phosphorus

At the Maumelle River streamflow-gaging site,
total phosphorus and dissolved orthophosphorus con-
centrationswere low and varied little through time (fig.
10). Concentrations of total phosphorus ranged from
less than 0.001 to 0.100 mg/L with a median value of
0.011 mg/L. Concentrations of dissolved orthophos-
phorus ranged from less than 0.001 to 0.060 mg/L with
amedian of 0.001 mg/L.

Concentrations of total phosphorus varied
between sites and with depth (table 1, fig. 11). Total
phosphorus concentrations ranged from 0.001 to 0.035
mg/L in both surface and bottom samples at all sites.
The median concentration at site 10 near the surface
was 0.011 mg/L and was lower than both surface and
bottom water at site 3, and bottom water at sites 8 and
10. Dissolved orthophosphorus concentrations did not
vary much between sitesand depth (fig. 11). Morethan
one-half of al dissolved orthophosphorus concentra-
tions were less than 0.001 mg/L.

10 Analysis of Ambient Conditions and Simulation of Hydrodynamics, Constituent Transport, and Water-Quality Characteristics
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Table 1. Statistical summary of selected water-quality parameters at Lake Maumelle sites 3, 8, and 10, water years 1991

through 1998

[m, meter; mg/L, milligrams per liter; pg/L, microgram per liter; <, less than; --, no data)

Site 3, surface

Site 3, bottom

Constituent of property Minimum  Median  Maximum Minimum  Median  Maximum
Secchi disk transparency (meters) 0.20 1.40 3.70 -- -- --
Nitrogen, nitrite plus nitrate dissolved (mg/L as N) <0.002 0.005 0.058 <0.002 0.006 0.039
Nitrogen, ammonia dissolved (mg/L as N) <0.002 0.008 0.071 <0.002 0.010 0.049
Nitrogen, ammonia plus organic total (mg/L as N) <0.2 <0.2 0.7 <0.2 <0.2 0.5
Phosphorus, total (mg/L as P) 0.004 0.011 0.030 0.001 0.014 0.035
Phosphorus, orthophosphate dissolved (mg/L as P) <0.001 <0.001 0.010 <0.001 <0.001 0.010
Carbon, total organic (mg/L) 11 37 7.2 11 37 7.2
Carbon, dissolved (mg/L) 15 3.0 6.7 15 3.0 6.7
Chlorophyll a (ug/L) 0.4 24 7.0 - - -
Site 8, surface Site 8, bottom
Constituent of property Minimum  Median  Maximum Minimum  Median  Maximum

Secchi disk transparency (meters) 120 1.40 3.70 -- -- --
Nitrogen, nitrite plus nitrate dissolved (mg/L as N) <0.002 0.008 0.053 <0.002 0.010 0.075
Nitrogen, ammonia dissolved (mg/L as N) <0.002 0.009 0.058 <0.002 0.025 0.170
Nitrogen, ammonia plus organic total (mg/L as N) <0.2 <0.2 0.5 <0.2 <0.2 0.7
Phosphorus, total (mg/L as P) 0.005 0.010 0.020 0.005 0.013 0.029
Phosphorus, orthophosphate dissolved (mg/L as P) <0.001 <0.001 0.010 <0.001 <0.001 0.010
Carbon, total organic (mg/L) 2.2 33 6.7 21 33 6.9
Carbon, dissolved (mg/L) 2.0 3.0 6.2 2.0 31 6.3
Chlorophyll a (ug/L) 0.6 2.3 6.9 - - -

Site 10, surface

Site 10, bottom

Constituent of property Minimum  Median  Maximum Minimum  Median  Maximum
Secchi disk transparency (meters) 150 2.35 4.60 -- -- --
Nitrogen, nitrite plus nitrate dissolved (mg/L as N) <0.002 0.005 0.062 <0.002 0.008 0.25
Nitrogen, ammonia dissolved (mg/L as N) <0.002 0.008 0.065 <0.002 0.019 0.17
Nitrogen, ammonia plus organic total (mg/L as N) <0.2 <0.2 0.32 <0.2 <0.2 0.5
Phosphorus, total (mg/L as P) 0.003 0.009 0.020 0.005 0.011 0.033
Phosphorus, orthophosphate dissolved (mg/L as P) <0.001 <0.001 0.005 <0.001 <0.001 0.023
Carbon, total organic (mg/L) 17 34 6.6 17 34 75
Carbon, dissolved (mg/L) 17 3.0 6.5 17 29 7.3
Chlorophyll a (ug/L) 0.5 16 7.0 - - -
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Considering estimates of national background
nutrient concentrations (U.S. Geological Survey,
1999), total phosphorus concentrations were consider-
ably lower relative to undeveloped areas across the
Nation minimally affected by agriculture, urbanization,
and associated land uses. Total phosphorus concentra-
tionsin Lake Maumelle were oneto two orders of mag-
nitude lower than estimates of national background
concentrations (0.1 mg/L).

Chlorophyll a

Concentrations of chlorophyll a varied little
among reservoir sites. Concentrations ranged from 0.4
to 7.0 ug/L. The median concentrations at sites 3, 8,
and 10 were 2.4, 2.3, and 1.6 pug/L, respectively. Con-
centrations of chlorophyll a at each site were not statis-
tically different from one another. However,
concentrations tended to increase over time at sites 3
and 8 (fig. 12). Positive trendsin chlorophyll a concen-
trations were identified using Kendall's rank correla-
tion coefficient (tau) (Helsdl and Hirsch, 1992) at site 3
(tau =0.218, p = 0.044) and site 8 (tau = 0.271, p =
0.015). No trend wasidentified for chlorophyll a con-
centrations at site 10 (tau = 0.143, p = 0.199).

Theincreasing trend in chlorophyll a concentra-
tion at sites 3 and 8 (the more upstream sites) suggests
that eutrophication may be increasing within the reser-
voir, athough no trends were identified for nutrient
concentrations. However, changes in residence time
(fig. 5) and/or air temperature also could influence
changesin concentration. Chlorophyll aconcentrations
of 2 ug/L or lessindicate oligotrophic conditions (Carl-
son, 1977; Olem and Flock, 1990). Concentrations
between 2 and 10 pg/L indicate mesotrophic condi-
tions. Likewise, total phosphorus concentrations less
than 0.010 mg/L indicate oligotrophic conditions and
between 0.010 and 0.030 mg/L indicate mesotrophic
conditions. Both chlorophyll a and total phosphorus
concentrations in Lake Maumelle generally occur
within the range of oligotrophic to mesotrophic condi-
tions. The positive trends in chlorophyll a concentra-
tions at site 3 and 8 might suggest that the system is
progressing from a more oligotrophic condition to a
more mesotrophic condition. The lack of trend in chlo-
rophyll a concentration at site 10 might suggest alagin
trophic response within the farthest downstream water
in the reservoir.

Loads of Sediment and Nutrients in the
Maumelle River

L oads of suspended sediment and nutrients were
estimated for the Maumelle River streamflow-gaging
site. Loads were estimated for water years 1990
through 1997.

Simultaneous measurements of streamflow and
constituent concentrations collected by USGS were
used to devel op regression relations (Cohn and others,
1989) for the Maumelle River site. Continuous records
of streamflow were used to compute monthly and
annual loads. Annual loads were divided by drainage
areato provide annual yield. Annual loads and yields
are summarized in table 2.

Congtituent loads and yields were consistently
lower in 1996 than other years (table 2). Precipitation
(fig. 3) and streamflow (fig. 4) were considerably lower
during 1996 than other years, accounting for the lower
loads and yields. Loads and yield during years other
than 1996 (1990 - 1995, 1997) were consistently low,
representative of relatively undeveloped areas, mini-
mally affected by agriculture, urbanization, and associ-
ated land uses (U.S. Geological Survey, 1999).
Background concentrations and yieldsin undevel oped
areas are controlled primarily by naturally occurring
minerals and biological activity in soil and streambed
sediment. Chemical properties of the atmosphere and
rainwater, which can reflect human-related fuel com-
bustion and other activities both within and external to
the Maumelle River watershed, could lead to an
increase in concentrations and yields.

SIMULATION OF HYDRODYNAMICS,
CONSTITUENT TRANSPORT, AND
WATER QUALITY

A two-dimensional, laterally averaged, hydrody-
namic and water-quality model (CE-QUAL-W2) was
constructed for Lake Maumelle, calibrated using data
collected during January 1991 through December
1991, and verified using data collected during January
1992 through December 1992. The modd simulates
water level, currents, heat transport and temperature
distribution, conservative material transport, and the
transport and transformation of 11 chemical constitu-
ents. Complete details of model theory and structure,
and extensivebibliography for theoretical development
and application, are given by Cole and Buchak (1995).

Simulation of Hydrodynamics, Constituent Transport, and Water Quality 15
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Table 2. Annual sediment and nutrient loads and yields at the Maumelle River streamflow gaging site

[kg, kilogram; yr, year; ha, hectare]

Constituent Water year
1990 1991 1992 1993 1994 1995 1996 1997

Sediment load (kg/yr) 2.08x10° 2.11x10° 1.66x10° 1.53x10° 1.99x10° 1.49x10° 5.35x10° 2.21x10°
Sediment yield (kg/halyr) 175 177 139 128 167 125 448 185
Nitrite plus nitrate nitrogen load (kg/yr) 2,030 1,860 1,370 1,000 1,340 928 318 1,080
Nitrite plus nitrate nitrogen yield (kg/halyr) 0.170 0.156 0.115 0.092 0.112 0.078 0.027 0.090
Ammonianitrogen load (kg/yr) 2,760 2,310 1,450 992 986 586 152 511
Ammonia nitrogen yield (kg/halyr) 0.231 0.194 0.122 0.083 0.083 0.049 0.013 0.043
Total ammonia plus organic nitrogen load 24,300 23,600 17,900 15,300 18,700 13,500 4,700 17,700

(kglyr)
Total ammonia plus organic nitrogen yield 2.04 197 150 1.28 157 1.13 0.393 1.48

(kg/halyr)
Total phosphorus load (kg/yr) 1,340 1,470 1,290 1,110 1,600 1,210 502 1,910
Total phosphorusyield (kg/halyr) 0.113 0.123 0.108 0.093 0.134 0.101 0.042 0.160
Dissolved orthophosphorus load (kg/yr) 561 488 332 243 262 164 49.3 157
Dissolved orthophosphorus yield (kg/halyr) 0.047 0.041 0.028 0.020 0.022 0.014 0.004 0.013




Model Implementation

Implementation of the CE-QUAL-W2 model for
Lake Maumelle included (1) development of the com-
putational grid, (2) specification of boundary andinitial
conditions, and (3) preliminary selection of model
parameter val ues.

Computational Grid

The model domain extends from west of the
Highway 10 bridge to the Lake Maumelle dam and
spillway, a distance of 17.4 km along the longitudinal
axis of thereservoir. There are 11 computational seg-
ments along the mainstem of the reservoir (fig. 13).
Segments 1 and 11 are inactive boundary segments.
Segments 2 and 10 are the farthest upstream and down-
stream active segments. The mathematical formulation
of the model suggests that segment lengths generally
should exceed the maximum reservoir width in that
segment. Segments ranged in length from 294 to 3,667

m. Each segment was divided vertically into 1-m lay-
ers. Depth from the elevation of the spillway crest to
the bottom of thereservoir ranged from about 5m at the
upstream end to 14 m at the dam. The orientation of the
longitudinal axis of each segment relative to north was
determined for each segment. Thisinformation is used
in the computation of surface wind stressin each seg-
ment.

Original grid geometry was devel oped using pre-
impoundment elevation contours of the reservoir bot-
tom. In April 1999, reservoir bathymetry was deter-
mined from surveys made by the USGS using a
recording fathometer and global positioning system.
The bathymetry data were used to revise the computa-
tional grid. Reservoir surface area and volume of the
pre-impoundment engineering datacompared to that of
the final model grid were similar (fig. 14). The esti-
mated full-pool volume in the model is about 276 mil-
lion m3, whichisalittle greater than the original

engineering design volume of 270 million m?.
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Figure 13. Plan view of (A) cross section (B) and downstream view (C) of model grid. Segments 1 and 12 are inactive

boundary cells.
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Boundary and Initial Conditions

Boundaries of the Lake Maumellemodel include
the reservoir bottom, the shoreline, the upstream
boundary, the downstream boundary, and the water
surface. Both hydraulic (which includes temperature)
and chemical boundary conditions are required.

Hydraulic Boundary Conditions

The reservoir bottom is assumed to be an imper-
meabl e boundary with no discharge of ground water to
the reservoir within the model domain or loss of water
from the reservoir to the ground-water system. The
magnitude of ground-water recharge or discharge from
Lake Maumelle is unknown and not considered in the
model. The reservoir bottom also is assumed to be
immobile; that is, sediments are not resuspended by
flow. The reservoir bottom causes resistance to the
flow and thereby extracts energy from mean flow. The
Chezy formulation is used in CE-QUAL-W2 to
describe this phenomenon and varies with the magni-
tude of the flow. A single resistance coefficient, which
isan empirical value and cannot be measured directly,
isapplied to all of the bottom computational gridcells
(table 3).

Heat exchange between thereservoir bottom and
overlying water is computed from (1) the reservoir bot-
tom temperature, (2) the simulated water temperature,
and (3) acoefficient of bottom heat exchange (table 3).

The reservoir bottom temperature and coefficient of
heat exchange are assumed to be constant in space and
time. Heat exchange at thereservoir bottom istypically
quite small (about two orders of magnitude less than
surface heat exchange).

Thereservoir shoreline is defined as a boundary
acrosswhich thereisno flow. The exact position of the
shoreline changes during a model simulation because
of changing water level.

The drainage area of the Maumelle River Basin
amost doubles between the Maumelle River stream-
flow-gaging site and the upstream end of the reservoir
(119.4 km? to 231.5 km?). The drainage areaincreases
by 38 percent between the point where the Maumelle
River enters the reservoir and the dam (231.5 km? to
318.8 km2) not counting the reservoir pool area.

For the purposes of thismodel, daily streamflow
measured at the Maumelle River gaging site was mul-
tiplied by adrainage-arearatio of 1.94 to account for all
flow entering the reservoir from the Maumelle River.
Drainage entering the reservoir from around the perim-
eter, between the upper end and the dam, was consid-
ered to be distributed equally among segments. To
account for flow entering the reservoir from around the
perimeter of the reservoir, daily streamflow measured
at the Maumelle River gaging site was multiplied by a
drainage-arearatio of 1.5. Thisflow wasaccounted for
in the model as distributed tributary inflow.

Table 3. Hydraulic and thermal parameters specified as Lake Maumelle model input

[m°'5/s, meter to the one-half power per second; (waIts/mz)/°C, watts per square meter per degree Celsius; m?/s, sguare meter per second)]

Valuein Constant or
LakeMaumelle temporally
Parameter Purpose model variable
Chezy resistance coefficient Represents turbulent exchange 70 m%%/s Constant
of energy at reservoir bottom
Coefficient of sediment-water heat exchange  Computes heat exchange 2.0x10°77 Constant
between reservoir bottom (wattsm?)/°C
and overlying water
Wind-sheltering coefficient Reduces measured wind speed 1.0 (dimensionless)  Temporaly
to effective wind speed at water variable
surface
Longitudinal eddy viscosity Represents laterally averaged 1m?s Constant
longitudinal turbulent transport
of momentum
Longitudinal eddy diffusivity Represents laterally averaged 1més Constant

longitudinal turbulent transport
of mass and heat
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Discharge over the spillway (88.39 m above sea
level) was monitored by astage recorder. Outflow over
the spillway was positioned in the farthest downstream
active segment. Daily drinking-water-supply with-
drawal was monitored by LRMWW. The withdrawal
structure was positioned at an elevation of 87 m, inthe
farthest downstream active segment.

Hydraulic boundary conditions at the water sur-
face included (1) precipitation, (2) evaporation, (3)
wind stress, and (4) surface heat exchange. All meteo-
rological data, with the exception of precipitation,
required for these computations were measured at Lit-
tle Rock (Adams Field) airport, about 29 km southeast
of the Lake Maumelle dam, and generally were
recorded at hourly intervals.

Precipitation on the reservoir pool was based on
data collected near the Lake Maumelle dam. Evapora-
tion was computed from atime series of water surface
temperature, dewpoint temperature, wind speed, width
of the surface layer, and length of the segment. Wind
stress was computed from atime series of wind speed
and direction, the orientation of the computational seg-
ment, and a wind-sheltering coefficient (table 3). The
temporally variable wind-sheltering coefficient
reduces the effects of wind on the reservoir because of
topographic sheltering of the water surface.

Surface heat exchanges were computed from res-
ervoir latitude and longitude, and from atime series of
measured air temperature, dewpoint temperature, cloud
cover, and wind speed and direction. Simulated sur-
face-water temperature also is required for the compu-
tation of surface heat exchange. Surface heat exchange
can be computed from the heat exchange equation as
the sum of seven separate terms, or by using amore
simple linearization of the heat exchange equation and
an estimated equilibrium temperature (the temperature
at which incoming radiation heat rates are balanced by
outgoing water-surface temperature-dependent pro-
cesses). The estimation of equilibrium temperature was
the method used in this application. The loss of heat
from the reservoir resulting from evaporation was
included in the heat budget.

Chemical Boundary Conditions

In addition to temperature, concentrations of the
following constituents were simulated for Lake
Maumelle: |abile dissolved organic matter, refractory
dissolved organic matter, algae, particulate organic
matter, nitrite plus nitrate nitrogen, ammonia nitrogen,
phosphate, and dissolved oxygen. A time series of

concentrations of selected constituents at all inflow
boundariesisrequired for model operation. However,
boundary conditions need not be supplied for al con-
stituents that are included in model simulations.

Inflow chemical boundary conditions for the
Maumelle River at the upstream end of the reservoir
and distributed tributary inflow were based on monthly
or semimonthly measurements at the Maumelle River
streamflow gaging site (Green and Louthian, 1993).
Daily loads of constituents at the Maumelle River
streamflow-gaging siteweredivided by daily discharge
to estimate daily concentrations. Atmosphericinputs of
nitrate and ammonia nitrogen were supplied from data
obtained at the National Atmospheric Deposition Pro-
gram site at Caddo Valley located about 90 km south-
west of Lake Maumelle. No phosphorus deposition
datawere available. Constituent inputs from the reser-
voir bottom boundary generally were computed within
the model and were based on the value of selected
parameters (table 4) and the concentration of the con-
gtituent in the overlying waters.

Initial Conditions

Initial water leve, velocity, temperature, and
constituent concentrations for each computational cell
are required prior to beginning asimulation. Initial
water level was set to the measured value at the Lake
Maumelle spillway for the day simulations were to
begin. Ve ocitieswere assumed to be zero. Initial water
temperature and constituent concentrations were
defined at appropriate spatial locations based on mea-
surements obtained at the various sites at the time sim-
ulations were to begin.

Model Parameters

Parameters are used to describe physical and
chemical processes that are not explicitly modeled and
provide chemical kinetic rate information. Many
parameters cannot be measured directly and are often
adjusted during the model calibration process until
simulated val ues agree with measured observations.

Most of the relevant hydrodynamic and thermal
processesaresimulated in CE-QUAL-W2, sothat there
are relatively few adjustable hydraulic and thermal
parameters (table 3). The resistance, bottom heat
exchange, and wind-sheltering coefficients were previ-
ously described. The longitudinal eddy viscosity and
the eddy diffusivity describe horizontal turbulent mix-
ing of mass and heat. Simulation results are relatively
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Table 4. Rate coefficients used in water-chemistry simulations and specified as model input

[m, meters; (m3/m)/g, cubic meter per meter per gram; *, dimensionless parameter; m/d, meters per day; d, day; watts/m?, watts per square meter;
°C, degrees Celsius; (g/mz)/d, grams per square meter per day; BOD, biochemical oxygen demand; g/m, grams per meter; mg/L, milligrams per liter]

Parameter

Computational purpose

Value in
Lake Maumelle
model

Light extinction coefficient for water

Light extinction coefficient for organic solids

Light extinction coefficient for inorganic solids

Fraction of incident solar radiation absorbed at water
surface

Suspended solids settling rate

Algal growth rate

Algal mortality rate
Algal excretion rate

Algal dark respiration rate
Algal settling rate

Saturation light intensity

Fraction of algal biomass lost by mortality to detritus

Lower temperature for algal growth

Fraction of algal growth at lower temperature
Lower temperature for maximum algal growth
Fraction of maximum growth at lower temperature
Upper temperature for maximum algal growth
Fraction of maximum growth at upper temperature
Upper temperature for algal growth

Fraction of algal growth at upper temperature

Labile dissolved organic matter decay rate

Labile to refractory decay rate

Maximum refractory dissolved organic matter decay
rate

Amount of solar radiation absorbed in the
surface layer

Amount of solar radiation absorbed in the sur-
face layer

Amount of solar radiation absorbed in the sur-
face layer

Amount of solar radiation absorbed in the sur-
face layer

Settling rates and sediment accumulation on
reservoir bottom

Maximum gross algal production rate, uncor-
rected for respiration, mortality, excretion or
settling; temperature dependent

Maximum algal mortality rate; temperature
dependent

Maximum algal photorespiration rate, which
becomes labile dissol ved organic matter

Maximum algal dark respiration rate

Representative settling velocity for algal
assemblages

Saturation light intensity at maximum algal
photosynthesis rate

Detritus and dissolved organic matter concen-
trations; remaining biomass becomes labile
dissolved organic matter

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Algal growth rate as a function of water tem-
perature

Dissolved oxygen loss and production of inor-
ganic carbon, ammonia, and phosphate from
algal decay; temperature dependent

Transfer of |abile to refractory dissolved
organic matter

Dissolved oxygen loss and production of inor-
ganic carbon, ammonia, and phosphate from
decay of refractory dissolved organic mat-
ter; temperature dependent

0.66/m

0.10/m

0.01/m

0.49*

2.0m/d
2.0/d

0.08/d
0.005/d

0.005/d
0.1 m/d

100 watts/m?

0.8*

50°C

0.01*
10.0°C

0.99*

35°C

0.99*

40°C
0.01*

0.01/d

0.001/d

0.00V/d

22 Analysis of ambient conditions and simulation of hydrodynamics, constituent transport, and water-quality characteristics in

Lake Maumelle, Arkansas, 1991-92



Table 4. Rate coefficients used in water-chemistry simulations and specified as model input--Continued

[m, meters; (m3/m)/g, cubic meter per meter per gram; *, dimensionless parameter; m/d, meters per day; d, day; watts/m?, watts per square meter;

°C, degrees Celsius; (g/mz)/d, grams per sguare meter per day; BOD, biochemical oxygen demand; g/m, grams per meter; mg/L, milligrams per liter]

Value in
Parameter Computational purpose Lake Maumelle
model
Detritus decay rate Dissolved oxygen loss and production of inor- 0.001/d
ganic carbon, ammonia, and phosphate from
decay of particul ate organic matter, temper-
ature dependent
Detritus settling velocity Loss of particulate organic matter to bottom 1.0m/d
sediment
Lower temperature for organic matter decay Organic matter decay as a function of tempera- 50°C
ture
Fraction of organic matter decay at lower temperature  Organic matter decay as a function of tempera- 0.10*
ture
Lower temperature for maximum organic matter Organic matter decay as a function of tempera- 30.0°C
decay ture
Fraction of maximum organic matter decay at lower Organic matter decay as a function of tempera- 0.99*
temperature ture
Sediment decay rate Decay rate of organic matter in bed sediments 0.1/d
Sediment oxygen demand Zero-order $d| ment oxygen demand for each 0.1-0.2 (g/m)/d
computational segment
5-day BOD decay rate Effects of BOD loading on dissolved oxygen 0.15/d
BOD temperature rate coefficient Adjusts 5-day BOD decay rate at 20°C to 1.047*
ambient temperature
Ratio of 5-day BOD to ultimate BOD Effects of BOD loading on dissolved oxygen 1.2*
Release rate of phosphorus from bottom sediments Phosphorus balance; computed as a fraction of 0.001*
sediment oxygen demand
Phosphorus partitioning coefficient Describes sorption of phosphorus on sus- 2.0*
pended solids
Algal half-saturation constant for phosphorus The phosphorus concentration at which the 0.005 mg/L
uptake rate is one-half the maximum uptake
rate; upper concentration at which algal
growth is proportional to phosphorus con-
centration
Release rate of ammonia from bottom sediments Nitrogen balance; computed asafraction of the 0.001*
sediment oxygen demand
Ammonia decay rate Rate at which ammoniais oxidized to nitrate 0.1d
Algal half-saturation constant for ammonia Nitrogen concentration at which the algal 0.1 mg/L
uptake rate is one-half the maximum uptake
rate; upper concentration at which algal
growth is proportional to ammonia concen-
tration
Lower temperature for ammonia decay Ammonia nitrification as a function of temper- 50°C
ature
Fraction of nitrification at lower temperature Ammonianitrification as a function of temper- 0.1*
ature
Lower temperature for maximum ammonia decay Ammonianitrification as a function of temper- 20.0°C
ature
Fraction of maximum nitrification at lower tempera- Ammonia nitrification as a function of temper- 0.99*
ture ature
Nitrate decay rate Rate at which nitrateisdenitrified; temperature 100.0/d
dependent
Lower temperature for nitrate decay Denitrification as afunction of temperature 5.0°C
Fraction of denitrification at lower temperature Denitrification as afunction of temperature 0.1*
Lower temperature for maximum nitrate decay Denitrification as a function of temperature 20.0°C
Fraction of maximum denitrification at lower temper-  Denitrification as a function of temperature 0.99*

ature
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Table 4. Rate coefficients used in water-chemistry simulations and specified as model input--Continued

[m, meters; (m3/m)/g, cubic meter per meter per gram; *, dimensionless parameter; m/d, meters per day; d, day; watts/m?, watts per square meter;
°C, degrees Celsius; (g/mz)/d, grams per sguare meter per day; BOD, biochemical oxygen demand; g/m, grams per meter; mg/L, milligrams per liter]

Value in
Parameter Computational purpose Lake Maumelle
model
Iron rel ease from bottom sediments Iron balance; computed as a fraction of sedi- 0.5*
ment oxygen demand
Iron settling velocity Particulate iron settling velocity under oxic 2.0m/d
conditions
Oxygen stoichiometric equivalent for ammonia Relates oxygen consumption to ammonia 4.57*
decay decay
Oxygen stoichiometric equivalent for organic matter Relates oxygen consumption to decay of 1.4*
decay organic matter
Oxygen stoichiometric equivalent for dark respira- Relates oxygen consumption to algal dark res- 0.005*
tion piration
Oxygen stoichiometric equivalent for algal growth Relates oxygen production to algal growth 1.4*
Stoichiometric equivalent between organic matter Relates phosphorus release to decay of organic 0.008*
and phosphorus matter
Stoichiometric equivalent between organic matter Relates nitrogen release to decay of organic 0.10*
and nitrogen matter
Dissolved oxygen limit Dissolved oxygen concentration below which 0.1 mg/L

anaerobic processes such as nitrification and
sediment nutrient releases occur

insensitive to changesin all five of these parameters,
with the exception of the wind-sheltering coefficient.

There are 57 chemical kinetic rate coefficients
required for application of CE-QUAL-W2 (table 4).
The values specified for most of the coefficients were
based on suggestions given by Cole and Buchak
(1995), and all of the coefficients are temporally and
spatialy invariant.

Other Model Options

The maximum computational time step was lim-
ited to 1 hour, so that the computational time step
would not exceed the interval at which boundary data
were supplied to the model; the model -sel ected compu-
tational interval generally was about 5 minutes. The
"QUICKEST" numerical scheme (Leonard, 1979) was
used for solving the transport equations. A Crank-
Nicholson scheme (Roache, 1982) was used to solve
the vertical advection equation.

Model calculations occurred at time steps
smaller than the time increments at which boundary
data were provided. Boundary data can be assumed to
vary linearly between measured values or remain con-
stant between measured values. For thisapplication, all
boundary data were assumed to vary linearly between
measured val ues.

Model Calibration and Testing

Model calibration was achieved by adjusting
model parameters, within reasonable ranges, for the
period February 7 through December 31, 1991. Verifi-
cation of model parameterswas achieved for the period
January 21 through December 31, 1992.

Hydrodynamics

There was good agreement between measured
and simulated water levels at Lake Maumelle spillway
(fig. 15) between February 6 and December 31, 1991.
Theroot mean square difference between measured and
simulated water levels was 0.17 m. The difference
between measured and simulated water levels ranged
from-0.57 to 0.11 m, and the mean difference was-0.06
m. Thetotal rangein measured and modeled water level
during the simulation period was 1.38 and 1.49 m,
respectively. Measured water level was about 0.5 m
higher than the model elevation during the November-
December period after largerainfall events occurred. It
is possible that a considerable amount of rainfall and
runoff occurred downstream of the Maumelle River
streamflow gage and was not accounted for in the
model input data. The 0.5 m error represents about 10
percent of reservoir volume at spillway elevation.
Water-budget adjustments in the model could have
been made to better represent measured elevations, but
these adjustments would be specific for the period of
error and could not be applied to other periods.
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Figure 15. Measured and simulated water-surface elevation at Lake Maumelle spillway, February 6 through December 31,

1991.

Agreement between measured and simulated
water levels at Lake Maumelle spillway during 1992
(fig. 16), using the samedistributed tributary correction
factor asin 1991 (1.5 times discharge at the Maumelle
River gaging station) was not asgood asin 1991. The
root mean square difference between measured and
simulated water levels was 0.31 m. The difference
between measured and simulated water levels ranged
from -0.57 to 0.08 m, and the mean difference was -
0.25 m. Thetotal range in measured and simulated
water level during the 1992 simulation period was 1.09
and 1.27 m, respectively. A divergence between mea-
sured and simulated water level occurred during March
1992, and after about April, the two levels paralleled
each other until mid December, at which time simu-
lated levels approached measured level s again. Consid-
ering that all inflow data are estimated using gage data
that represents only 42 percent of the basin, (not includ-
ing the reservoir pool), these results are within reason.
Precipitation eventsthat occur downstream of the gage
would not be included in the inflow data, resulting in
error in the smulation.

Simulated water temperatures agreed well with
seasonal variations in near-surface and near-bottom
ambient water temperature measured in Lake
Maumelle (fig. 17). Simulated near-surface and near-
bottom water temperatures were generally within
2 °C of the corresponding measured values. Differ-
ences between simulated and measured val ues ranged
from -2.4 to 2.8 °C and the average difference was 0.3
°C.

The vertical distribution of water temperature
affects vertical mixing of dissolved and suspended
materialsand can be used to definethe general location
of the epilimnion and hypolimnion of the reservoir.
The epilimnion and hypolimnion are typically sepa-
rated by athermocline, in which there isardatively
large change in temperature over asmall changein
depth. A strong thermocline existed in Lake Maumelle
during June through August 1991 (fig. 18). Simulated
vertical distributions agreed quite closely with mea-
sured distributions, even for complex temperature pro-
files.
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Figure 18. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3, 5, 8, 9, and 10, February

8 through November 6, 1991 (page 2 of 3).
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Figure 18. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3, 5, 8, 9, and 10, February

8 through November 6, 1991 (page 3 of 3).

All measured water temperatures (611 observa-
tions) for February through November 1991 were com-
pared with corresponding simulated values for all five
sites (fig. 18). Measured water temperatures ranged
from 6.5t0 31.4 °C. Differences between measured and
simulated temperatures ranged from -3.6 to 4.3 °C with
aroot mean square difference of 1.11. The mean and
median difference between measured and simul ated
water temperatures was 0.1 °C, indicating little bias
toward overprediction or underprediction of tempera-
tures during the calibration period. Sixty-five percent
of the ssimulated temperatures were within 1 °C of the
measured temperature.

Although the calibrated model generally pro-
vided an excellent ssimulation of water temperature in
Lake Maumelle, the accuracy of simulated tempera-
tures varied with temperature, season, and depth (fig.
19). Simulated water temperatures during the 1991 cal-
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ibration period werelower than measured temperatures
more often when measured temperatures were greater
than 25 °C. Error in simulated water temperatures
tended to be greater during the stratification season and
at depths near the surface through the thermocline.

Results from the water temperature simulations
provide information on physical characteristics and
processes in the reservoir—information that might not
be obtained from monthly or semimonthly measure-
ments. For example, the measurements of water tem-
perature indicate only that the reservoir became
thermally mixed between early September and early
October. The simulations, however, indicate that the
reservoir was mixed in late September, afew days
before the early October measurements (fig. 17). Had
the October measurements occurred | ater in the month,
the turnover date would have been more difficult to
estimate without the ssimulation.

Analysis of Ambient Conditions and Simulation of Hydrodynamics, Constituent Transport, and Water-Quality Characteristics
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Figure 19. Relation of difference between measured and simulated water temperatures at Lake Maumelle for all sites to
measured water temperature, date, and depth below water surface, February 8 through November 6, 1991.
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Simulated water temperaturesin 1992, using the
same parameter values asin the 1991 calibration, were
very similar to measured temperatures (fig. 20). All
measured water temperatures (574 observations) for
February through October 1992 were compared with
corresponding simulated values for al five sites. Mea-
sured water temperatures in 1992 ranged from 7.4 to
29.9 °C. Differences between measured and simulated
temperatures ranged from -2.5 to 6.1 °C with aroot
mean square difference of 1.03. The mean and median
difference between measured and simul ated water tem-
peraturewas0.2 and 0.0 °C, respectively, indicating lit-
tle bias toward overprediction or underprediction of
temperatures during the verification period. Seventy-
six percent of the simulated temperatureswerewithin 1
°C of the measured temperature.

Simulated water temperatures during the 1992
verification period, like the 1991 calibration period,
were generally underpredicted more often when mea-
sured temperatures were greater than 25 °C (fig. 21).
Error in simulated water temperatures tended to be
greater during the stratification season and at depths
near the surface through the thermocline (fig. 21). In
genera, the verification (1992) provided an excellent
simulation of water temperature in Lake Maumelle,
with most simulated values within plus or minus 1 °C
of the actual value.

Water Chemistry

Complex biochemical reactions affecting the 11
simulated water-chemistry constituentsin the Lake
Maumelle model are expressed in part within the sim-
ulated dissolved oxygen results. Algal biomass (chlo-
rophyll a) isused as an indicator of the trophic state of
areservoir and additional information on simulated
alga biomassis presented. Algal growth in Lake
Maumelle appears to be limited by orthophosphate
concentrations and light availability. Nitrate and
ammonia concentrations appear to have only alimited
effect on DO and algal concentrationsin Lake
Maumelle. Oxygen is used during the decay of labile
and refractory dissolved organic matter, BOD, organic
sediments, and detritus. Decay processes consume DO
and rel ease phosphate and ammoniato the system. Par-
ticulate matter affects light penetration and heat distri-
bution affecting algal growth and DO production.
Results of DO simulations provide an indicator of how
well other processes are simulated.

Dissolved Oxygen

Simulated DO concentrations for Lake
Maumelle exhibited the same general patterns and
maghitudes as measured values (fig. 22). The onset of
low DO levels and the recovery to higher DO levels
were well simulated throughout the reservoir.

Near-bottom DO concentrations at site 3 were
overpredicted by as much as 3.7 mg/L on August 8,
1991, and throughout the stratification season. DO pro-
fileswere measured at site 3 above the thalweg, which
was about 3 to 4 m deep and only about 6 to 8 m wide.
Near-bottom measurements were collected within the
thalweg. The resolution of the model grid at site 3, as
well as throughout the reservair, did not represent the
spatial geometry of the thalweg and did not accurately
simulate the DO dynamics occurring within. Farther
downstream (sites 8 and 10, fig. 22), near-bottom dis-
solved oxygen concentrations were better simulated.

All measured DO concentrations (611 observa-
tions) for February through November 1991 were com-
pared with corresponding simulated concentrationsfor
al five sites (fig. 23). Measured DO concentrationsin
Lake Maumelle ranged from 0.6 to 11.8 mg/L. Differ-
ences between simulated and measured concentrations
ranged from -4.2 to 5.3 mg/L with aroot mean square
difference of 1.04. The mean and median differences
were -0.3 and -0.1 mg/L, respectively. Seventy-four
percent of the simulated concentrationswerewithin 1.0
mg/L of the measured concentration.

Simulated vertical profilesof DO concentrations
generally agreed with measurements (fig. 23). Agree-
ment was better at sites 5, 8, 9, and 10, than at site 3.
Simulated values had the greatest departures from mea-
sured values within the thermocline during the stratifi-
cation season. In many cases, measured DO changed
from near saturation to anoxic conditions within a ver-
tical distance of 1.0 m or less (for example, June 26,
July 9, August 7, and August 27, 1991 at sites 8, 9, and
10). Such abrupt changes in measured DO concentra-
tions could not be simulated within 1-m-thick layers
represented in the model grid. Generally, within 2
meters below the measured oxycline, simulated con-
centrations again agreed with measured concentrations.
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Figure 20. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3, 5, 8, 9, and 10,
February 6 through October 20, 1992 (page 1 of 3).
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Figure 20. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3, 5, 8, 9, and 10,
February 6 through October 20, 1992 (page 2 of 3).
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Figure 23. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Maumelle sites 3, 5, 8, 9, and
10, February 8 through November 6, 1991 (page 1 of 3).
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Figure 23. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Maumelle sites 3, 5, 8, 9, and
10, February 8 through November 6, 1991 (page 2 of 3).
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Figure 23. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Maumelle sites 3, 5, 8, 9, and
10, February 8 through November 6, 1991 (page 3 of 3).
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Differences between measured and simul ated
DO concentrations at all sites were compared to the
corresponding measured DO concentrations, to the
date, and to the depth below water surface (fig. 24).
There appeared to be a greater tendency to overesti-
mate DO concentrations, during periods of thermal
stratification, and at depthswithin the thermoclinethan
a other depths. At the upper depths within the epilim-
nion and lower depths within the hypolimnion and dur-
ing periods of isothermal conditions, simulated DO
concentrations generally were within plus or minus 1
mg/L of measured values.

Simulated dissolved oxygen concentrations dur-
ing the 1992 verification period provided results simi-
lar to the 1991 calibration period (fig. 25). Measured
dissolved oxygen concentrations (574 observations)
for February through October 1992 ranged from 0.1 to
11.6 mg/L. Simulated dissolved oxygen concentrations
ranged from 0.0 to 11.8 mg/L. Differences between
simulated and measured concentrations ranged from -
4.2 to 5.6 mg/L with aroot mean sgquare difference of
1.06 mg/L.. The mean and median differenceswere-0.2
mg/L. Seventy-nine percent of the simulated concen-
trations were within 1.0 mg/L of the measured concen-
tration.

The 1992 verification period provided an excel-
lent simulation of dissolved oxygen concentrationsin
Lake Maumelle, with most simulated values within 1
mg/L of the actual value. Simulated dissolved oxygen
concentrationsduring the 1992 verification period, like
the 1991 calibration period, tended to overpredict DO
concentrations during periods of thermal stratification
a depths within the thermocline (fig. 26). Error in sim-
ulated DO concentrations tended to be greater during
the stratification season and at depths near the surface
through the thermocline (fig. 26).

Phosphorus, Ammonia, and Algae

Considering the oligo-mesotrophic condition of
Lake Maumelle, smulated algae, phosphorus, and
ammoniaconcentrations compared well with measured
values. Asdiscussed earlier, phosphorus and ammonia
concentrations in Lake Maumelle were low— one to
two orders of magnitude lower than estimates of
national background concentrations. Chlorophyll a
concentrations in Lake Maumelle reflect the nutrient
stressed condition. The CE-QUAL-W2 modd uses
alga biomass (mg/L) as carbon as the algal response
variable. To convert chlorophyll ainto algal biomass,
measured chlorophyll a concentrations (ug/L) were

multiplied by afactor of 0.067 (Cole and Buchak,
1995) to provide an estimate of agal biomass (mg/L).

Simulated phosphorus concentrationsin the
near-surface water (top three meters) in segments 3, 8,
and 10 tracked measured concentrations rather well
(fig. 27). Simulated concentrations at segment 3, the
upper end of the reservoir, were more variable because
of variable inflow concentrations. This variability was
reduced farther downstream in the reservoir (segments
8 and 10). Phosphorus concentrationstended to be low-
est at the downstream sites during the summer stratifi-
cation period and increased slightly following
turnover, during the winter nonstratification period.

Simulated ammonia concentrations in the near-
surface water (top three meters) at segments 3, 8, and
10 a'so tracked measured concentrations rather well
(fig. 28). Aswith phosphorus concentrations, simu-
lated ammonia concentrations were slightly more vari-
able at segment 3 than farther downstream. Ammonia
concentrations, like phosphorus, tended to be lowest
during the summer stratification period and increased
following turnover, during the winter nonstratification
period.

Simulated algal biomass concentrationsin the
near-surface water (top three meters) at segments 3, 8,
and 10 did not relate aswell to chlorophyll a converted
biomass concentrations (fig. 29), as did simulated to
measured phosphorus and ammonia concentrations.
Many factors are involved in the production of algae.
However, it appearsthat if amultiplication factor other
than 0.067 was used to convert chlorophyll a to algal
biomass, differences between simulated and measured
concentrations could beless. A different multiplication
factor might require changesin algal growth parame-
tersthat also may affect nutrient dynamics. Again, con-
centrations at the upper end of thereservoir, at segment
3, were more variable than farther downstream. Algal
biomass also was lower during the summer stratifica-
tion period when nutrient concentrations were lowest.
Algal biomass peaked following turnover when nutri-
ent concentrations were greatest.

Sensitivity Analysis

Sensitivity analysisis the determination of the
effectsof small changesin calibrated model parameters
on model results. A complete sensitivity analysisfor all
model parametersinthe Lake Maumelle model was hot
conducted. The Lake Maumelle model includes more
than 50 parameters (tables 3 and 4), and a complete
sensitivity analysis would be a very lengthy process.
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Figure 24. Relation of difference between measured and simulated dissolved oxygen concentrations at Lake Maumelle for all
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Figure 25. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Maumelle sites 3, 5, 8, 9, and

10, February 6 through October 20, 1992 (page 1 of 3).
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Figure 25. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Maumelle sites 3, 5, 8, 9, and
10, February 6 through October 20, 1992 (page 2 of 3).
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However, many hydrodynamic and water-quality sim-
ulations were conducted as a component of model cal-
ibration. Results from these simulations form the basis
for the sensitivity analysis.

Of the hydraulic parameters (table 3), simulated
temperatures were most sensitive to changes in the
wind-sheltering coefficient (WSC), and the coefficient
of bottom heat exchange (CBHE) (fig. 30). Wind speed
was hot adjusted (WSC = 1.0) in the calibrated Lake
Maumelle model. Vertical mixing was overpredicted
when WSC was increased (>1.0) and underpredicted
when WSC was decreased (<1.0). Wind speed appears
to be amajor factor affecting the development, dura-

Wind-Sheltering
Coefficient (WSC)

Coefficient of Bottom
Heat Exchange (CBHE)

tion, and vertica location of the thermocline in Lake
Maumelle. The CBHE was the primary determinant of
thermal condition in the lower depths of the reservoir
(fig. 30). Water in lower depths did not heat asrapidly,
from winter to summer, in model simulations when
CBHE values were less than the calibrated value
(2.0x10°7 wattsym?%/°C). In addition, temperaturesin
lower depths did not reach measured temperatures
when CBHE values were lower than the calibrated val-
ues. When CBHE values were greater than the cali-
brated value, temperatures in lower depths tended to
mimic measured values, but temperatures through and
above the thermocline were reduced.

Light Extinction
Coefficient (a)
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igure 30. Vertical temperature distributions at site 10 on August 27, 1991, showing calibrated model profiles and profiles
s a result of differing wind sheltering, bottom heat exchange, and light extinction coefficients.
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Thelight extinction coefficient (o) also affected
position of thethermocline and temperatures aboveand
below thethermocline (fig. 30). When a waslessthan
the calibrated value (a = 0.66), the thermocline was
lowered, extending the depth of the epilimnion. When
o wasgreater than the calibrated val ue, temperaturesin
the epilimnion were reduced, reducing the depth of the
epilimnion.

Simulated DO appeared to be most sensitive to
changes in sediment oxygen demand and thermal pat-
terns (fig. 31). Sediment oxygen demand (SOD) in the
L ake Maumelle model was set at 0.7 g/m?%/d for all seg-
ments. SOD above 0.7 g/m2/d tended to underpredict
DO concentrations in the lower depths during early

Sediment Oxygen
Demand (SOD),
April 22, 1991

Sediment Oxygen
Demand (SOD),
August 27, 1991

stages of stratification. SOD lower than 0.7 ¢/m?/d
overpredicted DO concentrations in the hypolimnion
during the peak of the stratification season. Changesin
the wind-sheltering coefficient, which affected thermal
patterns, also affected DO concentration. Lower and
higher WSC values than the 1.0 calibration value
tended to affect DO concentrations in the thermocline
and immediately above and below thethermocline. DO
concentrations were underpredicted when WSC values
were reduced (increased wind sheltering) in the ther-
mocline. DO concentrations were overpredicted in the
thermocline and upper levels of the hypolimnion when
WSC values were increased.

Wind-Sheltering
Coefficient (WSC)
August 27, 1991
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Figure 31. Vertical dissolved oxygen distributions at site 10 on April 22 and August 27, 1991, showing calibrated model
profiles and profiles as a result of differing sediment oxygen demand and wind-sheltering coefficients.
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Model parameters affecting chemical and algal
kinetics are summarized in table 4. Cole and Buchak
(1995) suggested reasonable values, and in some cases
arange of values, for each parameter. Initial Lake
Maumelle model simulations were made using the val-
ues suggested by Cole and Buchak (1995).

Algal concentrations were most sensitive to the
alga growth rate and were sensitive to mortality and
settling rates. Algal growth during the cooler seasons
aso was sensitive to light saturation, light intensity,
and algal temperature-rate multipliers. Algal growth
aso was affected by algal half saturation constants for
phosphorus and ammonia. The algal half saturation
constants affected nutrient uptake, and therefore, nutri-
ent concentrations. Also, phosphorus and nitrogen con-
centrations were sensitive to rel ease rates from bottom
sediments. According to model simulations, algal
growth in Lake Maumelle was limited by phosphorus
concentrations and light at lower depths.

Model Applications

The calibrated L ake Maumelle model was used
to run various water-resource management scenarios.

Simulations were devel oped to eval uate the movement
of water, conservative materia (a hypothetical spill),
nitrogen, and phosphorus; algal response from anurs-
ery pond release on alateral tributary of Lake
Maumelle; and simulations also were developed to
assess the effects of increasing nitrogen and phospho-
rus load on algal production in Lake Maumelle.

Simulation of Conservative Material
Transport

To assess material transport from a hypothetical
spill at thewestern end of Lake Maumelle, where High-
way 10 crosses the reservoir, the following simulation
was applied. Initial concentration of conservative
material (no decay or production) in the reservoir was
setat 0.1 mg/L. On April 26, 1991, amajor storm event
occurred (fig. 32). At 6:30 am. on this day, 19 m® of
liquid (equivalent to a 5,000-gallon tanker truck) con-
taining 1,000 kg of conservative material was intro-
duced into the upper boundary of the reservoir model
over al14.4-minute (0.01 day) period. Figure 33 shows
the simulated transport of this material in terms of
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Figure 32. Daily discharges into Lake Maumelle from April 20 through May 10, 1991, showing location on the hydrograph

where spill was simulated.
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Figure 33. Simulated concentrations of a conservative material introduced at the upstream boundary at 6:00 a.m. on
April 26, 1991.
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downstream distance and depth throughtime. Six hours
after the simulated spill, asmall plume of concentrated
material had been displaced downstream from the
upstream boundary. By noon on April 27 (30 hours),
the front of conservative material had reached 5,000 to
6,000 m downstream. There was very little variability
in concentration with depth at thistime but some differ-
ence in concentration with distance was indicated. By
noon on April 28 (54 hours), the front of conservative
material had reached 8,000 m downstream. Concentra-
tions varied with depth below about 7 m; concentra-
tions were higher in water lessthan 7 m deep. By noon
on April 29 (78 hours), the front of conservative mate-
rial had reached about 10,000 m at the surface. Down-
stream movement of material appeared to be limited to
water lessthan 7 m deep. By noon on April 30, (102
hours after loading), conservative material at concen-
trationsabove pre-spill concentrations (0.10 mg/L) had
reached the downstream boundary.

Simulation of Nursery Pond Release

The Arkansas Game and Fish Commission man-
ages afish nursery pond on alateral tributary that

enters Lake Maumelle (fig. 2). The entire contents of
this pond are discharged into Lake Maumelle every
summer or fall. Nursery pond releases were not simu-
lated in the calibration of the Lake Maumelle model.
Green (1998) assessed the water-quality impacts of the
nursery pond release from 1991 through 1996. A mod-
eling application was prepared to simulate a typical
nursery pond release to further assess impactsin Lake
Maumelle.

The nursery pond, in general, took about 3 days
todrainitsentire contentsinto Lake Maumelle (Green,
1998) depending on volume (stage) of the pond at the
time of release and size of the gate opening (fig. 34).
Thelocation of the release structure in the pond was at
the bottom, about 14 meters below the normal surface
elevation. The cold, anoxic, bottom water isthefirst to
be released from the nursery pond. This cold water
enters the receiving embayment and plunges under the
less dense embayment water (fig. 35). After the cold
water is removed from the pond, warmer water is
released and mixes with the embayment water before
entering the main part of Lake Maumelle.

10

DISCHARGE, IN CUBIC
METERS PER SECOND

July 14 July 15

July 16 July 17

SIMULATION DAY

Figure 34. Discharge from the nursery pond into Lake Maumelle.
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Figure 35. Simulated temperatures in the receiving embayment of the nursery pond release.

To understand transport of the release water
from the nursery pond, a simulation was developed by
adding abranch to the calibrated model to represent the
receiving embayment. A conservative tracer (100 mg/
L) was added to the nursery pond water and released
into the receiving embayment branch. Thistracer mate-
rial was tracked through the embayment and into the
main part of Lake Maumelle (fig. 36). Thetracer
entered the main part of Lake Maumelle at the level of
the bottom of the embayment (7 m) (fig. 37). After the
first day, the tracer plume in Lake Maumelle moved
both upstream and downstream from the point of entry,
but stayed in the middle depth layers. The tracer con-
tinued to dissipate and 2 weeks later concentrations of
tracer were present in about one-half the water con-
tained in Lake Maumelle.

Simulated nutrient concentrations tended to
mimic the tracer results, although nutrient persistence
was reduced because of uptake and transformation.
Algal growth did not appear to differ asaresult of the
simulated nursery pond release 2 weeks following the

release. Thisis presumably because of the plunging of
theinitial plume that contained the greatest concentra-
tions of nutrients. This nutrient load was not delivered
into the upper layers of thelake where algal production
is greatest.

Simulation of Nutrient Enrichment

To obtain ageneral understanding of therelation
between algal growth and nutrient enrichment, an
application was devel oped wherein nitrogen as ammo-
niaand phosphorus as phosphate loadsin the main trib-
utary were increased by afactor of 10, separately and
together. Algal production was only sensitive to
increases in phosphorusload (fig. 38). Increasein
ammoniaload did not increase algal production.
Increasing both phosphorus and ammoniaby afactor of
10 provided almost the same algal response as 10 times
phosphorus alone. Results indicate that increasesin
phosphorus load will allow increasing algal produc-
tion.
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Figure 36. Distance and depth plots of simulated tracer concentrations in the receiving embayment after release of the nursery
pond.
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Figure 37. Distance and depth plots of simulated conservative tracer released from the nursery pond into Lake Maumelle.
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Figure 38. Time series of algal biomass resulting from various nutrient enrichment scenarios at segment 10, layer 4, at the
downstream end of Lake Maumelle.
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SUMMARY

Lake Maumelle is the major drinking-water
source for the Little Rock metropolitan areain central
Arkansas. Urban and agricultural development has
increased in the Lake Maumelle Basin and so have con-
cerns about the sustainability and quality of this
resource. Information is needed concerning constituent
transport and water-quality responseto changesin con-
stituent loading or hydrologic regime. The purpose of
thisreport wasto (1) characterize ambient conditionsin
Lake Maumelle and its major tributary, Maumelle
River; (2) calibrate anumerical model of hydrodynam-
ics and water quality; and (3) run several model simu-
lations to describe constituent transport and water-
quality response to changes in constituent loading and
hydrologic regime.

Ambient hydrologic and water-quality condi-
tions demonstrate the relatively undisturbed nature of
Lake Maumelle and the Maumelle River. Nitrogen and
phosphorus concentrations are low, one to two orders
of magnitude lower than estimates of national back-
ground nutrient concentrations. Phosphorus and chlo-
rophyll a concentrationsin Lake Maumelle
demonstrate its oligotrophi c/mesotrophic condition.
However, concentrations of chlorophyll a appear to be
increasing since 1990 within the upper and middle
reaches of the reservoir.

A two-dimensional, laterally averaged hydrody-
namic and water-quality model (CE-QUAL-W2) was
constructed, calibrated, and verified for Lake
Maumelle. The model simulates water level, currents,
heat transport and temperature distribution, conserva-
tive material transport, and the transport and transfor-
mation of 11 chemical constituents. Objectiveswereto
develop the capability to simulate the movement and
dispersion of spills or releasesin the reservoir during
stratified and unstratified conditions, simulate and
track the release of the fish nursery pond off the south-
ern shore of Lake Maumelle, and simulate water-qual-
ity response to possible changes in external loads. The
model was calibrated using 1991 data and verified
using 1992 data. Simulated temperature and DO con-
centrations related well when compared to measured
values. Simulated nutrient and agal biomass also
related reasonably well when compared to measured
values. Although, it would be recommended that chlo-
rophyll a to biomass ratios be determined in the mod-
eled system to get a better calibration.

A simulated spill of conservative material at the
upper end of Lake Maumelle during a major storm

event took less than 102 hours (4.25 days) to disperse
the entire length of the reservoir. Simulation of the
nursery pond release demonstrated how the released
water plunges within the receiving embayment and
enters the mainstem of the reservoir at mid depths.
Simulations of algal response to increases of nitrogen
and phosphorusloadsby afactor of 10, demonstratethe
phosphorus limiting condition in Lake Maumelle.
Increasing nitrogen load without increasing phospho-
rusresulted in no changein algal biomass from the cal-
ibrated or base condition. Increasing phosphorus load
resulted in an increase in algal biomass. The algal bio-
mass resulting from the increases in both phosphorus
and nitrogen was very similar to the biomass resulting
from an increase of phosphorus only.

Results from this study will aid in the protection
and management of the L ake Maumelle drinking-water
resource. Management can usethe existing simulations
and others to evaluate how changes in hydrology and
water quality in the basin may affect water quality in
the reservoir. With this information, water resources
management can more effectively manage their source

supply.
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	ABSTRACT

	Lake Maumelle is the major drinking-water source for the Little Rock metropolitan area in central...
	Ambient hydrologic and water-quality conditions demonstrate the relatively undisturbed nature of ...
	A two-dimensional, laterally averaged hydrodynamic and water-quality model developed and calibrat...
	The model was calibrated using 1991 data and verified using 1992 data. Simulated temperature and ...
	Results from this study will provide water- resource management with information to better unders...
	Introduction

	Lake Maumelle (fig. 1) was constructed in 1956 for drinking-water supply for the Little Rock, Ark...
	Figure 1. Lake Maumelle Basin.
	Information regarding circulation and constituent transport in Lake Maumelle is lacking. This inf...
	During 1991, a study was undertaken to characterize ambient conditions and hydrodynamics in Lake ...
	Purpose and Scope

	Purposes of this report were to (1) describe ambient hydrologic and water-quality conditions in L...
	Hydrologic and water-quality data are summarized for the period October 1990 through September 19...
	Hydraulic circulation and water-quality characteristics in Lake Maumelle were simulated by using ...
	Description of Study Area

	Lake Maumelle is a surface-water-supply reservoir completed in 1956 on the Maumelle River, west o...
	The general land use classification for the Maumelle basin is “forest and woodland grazed” (U.S. ...
	Adjacent to the reservoir is a fish nursery pond formed by a dam on Twin Creek, a small lateral t...
	Previous Studies

	USGS and LRMWW have collected reservoir elevation, streamflow, and water-quality data for the Mau...
	Nursery pond releases into Lake Maumelle are a major water-quality issue. A report assessing the ...
	Figure 2. Lake Maumelle and the nursery pond on Twin Creek.
	Acknowledgments

	Tom Cole of the U.S. Army Corps of Engineers provided valuable guidance on the CE-QUAL-W2 model. ...
	Methods of data collection

	Continuous 1-hour interval reservoir elevation and 15-minute interval streamflow gaging sites wer...
	Fixed water-quality sampling sites were established at the streamflow-gaging site (fig. 1) and al...
	Water-quality samples were collected at the Maumelle River gaging site following equal width incr...
	Ambient Conditions

	Hydrologic and water-quality conditions for the period 1990 through 1998 describe the nature of L...
	Hydrologic Conditions

	Over the period October 1990 through August 1998, precipitation at Little Rock Adams Field (Natio...
	Figure 3. Daily precipitation at Little Rock Adams Field between October 1, 1990 and August 31, 1...
	Figure 5. Annual hydraulic residence time for Lake Maumelle based on outflow and water-supply wit...
	Water-Quality Conditions

	In order to develop a model that simulates hydrodynamics, constituent transport, and water-qualit...
	Temperature

	Temperature varied annually, seasonally, and spatially in Lake Maumelle (fig. 6). Water temperatu...
	Dissolved Oxygen

	DO concentrations in Lake Maumelle are strongly related to vertical temperature distributions. In...
	Nitrogen

	Nitrogen (N) and phosphorus (P) are primary nutrients that usually regulate algal productivity in...
	At the Maumelle River streamflow-gaging site, NO2+NO3 and NH4 were present at similar concentrati...
	Concentrations of nitrite plus nitrate varied little between reservoir sites and depth (table 1, ...
	Considering estimates of national background nutrient concentrations (U.S. Geological Survey, 199...
	Phosphorus

	At the Maumelle River streamflow-gaging site, total phosphorus and dissolved orthophosphorus conc...
	Concentrations of total phosphorus varied between sites and with depth (table 1, fig. 11). Total ...
	Table 1. Statistical summary of selected water-quality parameters at Lake Maumelle sites 3, 8, an...
	[m, meter; mg/L, milligrams per liter; mg/L, microgram per liter; <, less than; --, no data]

	Site 3, surface
	Site 3, bottom
	Constituent of property
	Minimum
	Median
	Maximum
	Minimum
	Median
	Maximum
	Secchi disk transparency (meters)
	0.20
	1.40
	3.70
	--
	--
	--
	Nitrogen, nitrite plus nitrate dissolved (mg/L as N)
	<0.002
	0.005
	0.058
	<0.002
	0.006
	0.039
	Nitrogen, ammonia dissolved (mg/L as N)
	<0.002
	0.008
	0.071
	<0.002
	0.010
	0.049
	Nitrogen, ammonia plus organic total (mg/L as N)
	<0.2
	<0.2
	0.7
	<0.2
	<0.2
	0.5
	Phosphorus, total (mg/L as P)
	0.004
	0.011
	0.030
	0.001
	0.014
	0.035
	Phosphorus, orthophosphate dissolved (mg/L as P)
	<0.001
	<0.001
	0.010
	<0.001
	<0.001
	0.010
	Carbon, total organic (mg/L)
	1.1
	3.7
	7.2
	1.1
	3.7
	7.2
	Carbon, dissolved (mg/L)
	1.5
	3.0
	6.7
	1.5
	3.0
	6.7
	Chlorophyll a (mg/L)
	0.4
	2.4
	7.0
	--
	--
	--
	Site 8, surface
	Site 8, bottom
	Constituent of property
	Minimum
	Median
	Maximum
	Minimum
	Median
	Maximum
	Secchi disk transparency (meters)
	1.20
	1.40
	3.70
	--
	--
	--
	Nitrogen, nitrite plus nitrate dissolved (mg/L as N)
	<0.002
	0.008
	0.053
	<0.002
	0.010
	0.075
	Nitrogen, ammonia dissolved (mg/L as N)
	<0.002
	0.009
	0.058
	<0.002
	0.025
	0.170
	Nitrogen, ammonia plus organic total (mg/L as N)
	<0.2
	<0.2
	0.5
	<0.2
	<0.2
	0.7
	Phosphorus, total (mg/L as P)
	0.005
	0.010
	0.020
	0.005
	0.013
	0.029
	Phosphorus, orthophosphate dissolved (mg/L as P)
	<0.001
	<0.001
	0.010
	<0.001
	<0.001
	0.010
	Carbon, total organic (mg/L)
	2.2
	3.3
	6.7
	2.1
	3.3
	6.9
	Carbon, dissolved (mg/L)
	2.0
	3.0
	6.2
	2.0
	3.1
	6.3
	Chlorophyll a (mg/L)
	0.6
	2.3
	6.9
	--
	--
	--
	Site 10, surface
	Site 10, bottom
	Constituent of property
	Minimum
	Median
	Maximum
	Minimum
	Median
	Maximum
	Secchi disk transparency (meters)
	1.50
	2.35
	4.60
	--
	--
	--
	Nitrogen, nitrite plus nitrate dissolved (mg/L as N)
	<0.002
	0.005
	0.062
	<0.002
	0.008
	0.25
	Nitrogen, ammonia dissolved (mg/L as N)
	<0.002
	0.008
	0.065
	<0.002
	0.019
	0.17
	Nitrogen, ammonia plus organic total (mg/L as N)
	<0.2
	<0.2
	0.32
	<0.2
	<0.2
	0.5
	Phosphorus, total (mg/L as P)
	0.003
	0.009
	0.020
	0.005
	0.011
	0.033
	Phosphorus, orthophosphate dissolved (mg/L as P)
	<0.001
	<0.001
	0.005
	<0.001
	<0.001
	0.023
	Carbon, total organic (mg/L)
	1.7
	3.4
	6.6
	1.7
	3.4
	7.5
	Carbon, dissolved (mg/L)
	1.7
	3.0
	6.5
	1.7
	2.9
	7.3
	Chlorophyll a (mg/L)
	0.5
	1.6
	7.0
	--
	--
	--
	Figure 9. Concentrations of nitrite plus nitrate, ammonia, and total ammonia plus organic nitroge...
	Figure 10. Concentrations of total phosphorus and dissolved orthophosphorus at Maumelle River str...
	Figure 11. Concentrations of total phosphorus and dissolved orthophosphorus at three reservoir si...
	Considering estimates of national background nutrient concentrations (U.S. Geological Survey, 199...
	Chlorophyll a

	Concentrations of chlorophyll a varied little among reservoir sites. Concentrations ranged from 0...
	The increasing trend in chlorophyll a concentration at sites 3 and 8 (the more upstream sites) su...
	Loads of Sediment and Nutrients in the Maumelle River

	Loads of suspended sediment and nutrients were estimated for the Maumelle River streamflow-gaging...
	Simultaneous measurements of streamflow and constituent concentrations collected by USGS were use...
	Constituent loads and yields were consistently lower in 1996 than other years (table 2). Precipit...
	Simulation of hydrodynamics, constituent transport, and water quality

	A two-dimensional, laterally averaged, hydrodynamic and water-quality model (CE-QUAL-W2) was cons...
	Figure 12. Concentrations of chlorophyll a at reservoir sites, 1991 through 1998. LOWESS is local...
	Table 2. Annual sediment and nutrient loads and yields at the Maumelle River streamflow gaging site
	[kg, kilogram; yr, year; ha, hectare]

	Constituent
	Water year
	1990
	1991
	1992
	1993
	1994
	1995
	1996
	1997
	Sediment load (kg/yr)
	2.08¥106
	2.11¥106
	1.66¥106
	1.53¥106
	1.99¥106
	1.49¥106
	5.35¥105
	2.21¥106
	Sediment yield (kg/ha/yr)
	175
	177
	139
	128
	167
	125
	44.8
	185
	Nitrite plus nitrate nitrogen load (kg/yr)
	2,030
	1,860
	1,370
	1,090
	1,340
	928
	318
	1,080
	Nitrite plus nitrate nitrogen yield (kg/ha/yr)
	0.170
	0.156
	0.115
	0.092
	0.112
	0.078
	0.027
	0.090
	Ammonia nitrogen load (kg/yr)
	2,760
	2,310
	1,450
	992
	986
	586
	152
	511
	Ammonia nitrogen yield (kg/ha/yr)
	0.231
	0.194
	0.122
	0.083
	0.083
	0.049
	0.013
	0.043
	Total ammonia plus organic nitrogen load (kg/yr)
	24,300
	23,600
	17,900
	15,300
	18,700
	13,500
	4,700
	17,700
	Total ammonia plus organic nitrogen yield (kg/ha/yr)
	2.04
	1.97
	1.50
	1.28
	1.57
	1.13
	0.393
	1.48
	Total phosphorus load (kg/yr)
	1,340
	1,470
	1,290
	1,110
	1,600
	1,210
	502
	1,910
	Total phosphorus yield (kg/ha/yr)
	0.113
	0.123
	0.108
	0.093
	0.134
	0.101
	0.042
	0.160
	Dissolved orthophosphorus load (kg/yr)
	561
	488
	332
	243
	262
	164
	49.3
	157
	Dissolved orthophosphorus yield (kg/ha/yr)
	0.047
	0.041
	0.028
	0.020
	0.022
	0.014
	0.004
	0.013
	Model Implementation

	Implementation of the CE-QUAL-W2 model for Lake Maumelle included (1) development of the computat...
	Computational Grid

	The model domain extends from west of the Highway 10 bridge to the Lake Maumelle dam and spillway...
	Original grid geometry was developed using pre- impoundment elevation contours of the reservoir b...
	Figure 13. Plan view of (A) cross section (B) and downstream view (C) of model grid. Segments 1 a...
	Figure 14. Surface area and volume curves for Lake Maumelle from pre-impoundment engineering data...
	Boundary and Initial Conditions

	Boundaries of the Lake Maumelle model include the reservoir bottom, the shoreline, the upstream b...
	Hydraulic Boundary Conditions

	The reservoir bottom is assumed to be an impermeable boundary with no discharge of ground water t...
	Heat exchange between the reservoir bottom and overlying water is computed from (1) the reservoir...
	The reservoir shoreline is defined as a boundary across which there is no flow. The exact positio...
	The drainage area of the Maumelle River Basin almost doubles between the Maumelle River streamflo...
	For the purposes of this model, daily streamflow measured at the Maumelle River gaging site was m...
	Table 3. Hydraulic and thermal parameters specified as Lake Maumelle model input
	[m0.5/s, meter to the one-half power per second; (watts/m2)/°C, watts per square meter per degree...

	Discharge over the spillway (88.39 m above sea level) was monitored by a stage recorder. Outflow ...
	Hydraulic boundary conditions at the water surface included (1) precipitation, (2) evaporation, (...
	Precipitation on the reservoir pool was based on data collected near the Lake Maumelle dam. Evapo...
	Surface heat exchanges were computed from reservoir latitude and longitude, and from a time serie...
	Chemical Boundary Conditions

	In addition to temperature, concentrations of the following constituents were simulated for Lake ...
	Inflow chemical boundary conditions for the Maumelle River at the upstream end of the reservoir a...
	Initial Conditions

	Initial water level, velocity, temperature, and constituent concentrations for each computational...
	Model Parameters

	Parameters are used to describe physical and chemical processes that are not explicitly modeled a...
	Most of the relevant hydrodynamic and thermal processes are simulated in CE-QUAL-W2, so that ther...
	Table 4. Rate coefficients used in water-chemistry simulations and specified as model input�
	[m, meters; (m3/m)/g, cubic meter per meter per gram; *, dimensionless parameter; m/d, meters per...

	Parameter
	Computational purpose
	Value in Lake Maumelle model
	Light extinction coefficient for water
	Amount of solar radiation absorbed in the surface layer
	0.66/m
	Light extinction coefficient for organic solids
	Amount of solar radiation absorbed in the surface layer
	0.10/m
	Light extinction coefficient for inorganic solids
	Amount of solar radiation absorbed in the surface layer
	0.01/m
	Fraction of incident solar radiation absorbed at water surface
	Amount of solar radiation absorbed in the surface layer
	0.49*
	Suspended solids settling rate
	Settling rates and sediment accumulation on reservoir bottom
	Algal growth rate
	Maximum gross algal production rate, uncorrected for respiration, mortality, excretion or settlin...
	2.0/d
	Algal mortality rate
	Maximum algal mortality rate; temperature dependent
	0.08/d
	Algal excretion rate
	Maximum algal photorespiration rate, which becomes labile dissolved organic matter
	0.005/d
	Algal dark respiration rate
	Maximum algal dark respiration rate
	0.005/d
	Algal settling rate
	Representative settling velocity for algal assemblages
	0.1 m/d
	Saturation light intensity
	Saturation light intensity at maximum algal photosynthesis rate
	Fraction of algal biomass lost by mortality to detritus
	Detritus and dissolved organic matter concentrations; remaining biomass becomes labile dissolved ...
	0.8*
	Lower temperature for algal growth
	Algal growth rate as a function of water temperature
	5.0 °C
	Fraction of algal growth at lower temperature
	Algal growth rate as a function of water temperature
	0.01*
	Lower temperature for maximum algal growth
	Algal growth rate as a function of water temperature
	10.0 °C
	Fraction of maximum growth at lower temperature
	Algal growth rate as a function of water temperature
	0.99*
	Upper temperature for maximum algal growth
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	The phosphorus concentration at which the uptake rate is one-half the maximum uptake rate; upper ...
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	Nitrogen balance; computed as a fraction of the sediment oxygen demand
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	Rate at which ammonia is oxidized to nitrate
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	1.4*
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	Relates phosphorus release to decay of organic matter
	0.008*
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	0.10*
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	0.1 mg/L
	There are 57 chemical kinetic rate coefficients required for application of CE-QUAL-W2 (table 4)....
	Other Model Options

	The maximum computational time step was limited to 1 hour, so that the computational time step wo...
	Model calculations occurred at time steps smaller than the time increments at which boundary data...
	Model Calibration and Testing

	Model calibration was achieved by adjusting model parameters, within reasonable ranges, for the p...
	Hydrodynamics

	There was good agreement between measured and simulated water levels at Lake Maumelle spillway (f...
	Figure 15. Measured and simulated water-surface elevation at Lake Maumelle spillway, February 6 t...
	Agreement between measured and simulated water levels at Lake Maumelle spillway during 1992 (fig....
	Simulated water temperatures agreed well with seasonal variations in near-surface and near-bottom...
	The vertical distribution of water temperature affects vertical mixing of dissolved and suspended...
	Figure 16. Measured and simulated water-surface elevation at Lake Maumelle spillway, January 1 th...
	Figure 18. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3...
	All measured water temperatures (611 observations) for February through November 1991 were compar...
	Although the calibrated model generally provided an excellent simulation of water temperature in ...
	Results from the water temperature simulations provide information on physical characteristics an...
	Simulated water temperatures in 1992, using the same parameter values as in the 1991 calibration,...
	Simulated water temperatures during the 1992 verification period, like the 1991 calibration perio...
	Water Chemistry

	Complex biochemical reactions affecting the 11 simulated water-chemistry constituents in the Lake...
	Dissolved Oxygen

	Simulated DO concentrations for Lake Maumelle exhibited the same general patterns and magnitudes ...
	Near-bottom DO concentrations at site 3 were overpredicted by as much as 3.7 mg/L on August 8, 19...
	All measured DO concentrations (611 observations) for February through November 1991 were compare...
	Simulated vertical profiles of DO concentrations generally agreed with measurements (fig. 23). Ag...
	Figure 20. Measured and simulated vertical profiles of water temperature at Lake Maumelle sites 3...
	Figure 21. Relation of difference between measured and simulated water temperatures at Lake Maume...
	Figure 23. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Ma...
	Differences between measured and simulated DO concentrations at all sites were compared to the co...
	Simulated dissolved oxygen concentrations during the 1992 verification period provided results si...
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	Phosphorus, Ammonia, and Algae

	Considering the oligo-mesotrophic condition of Lake Maumelle, simulated algae, phosphorus, and am...
	Simulated phosphorus concentrations in the near-surface water (top three meters) in segments 3, 8...
	Simulated ammonia concentrations in the near- surface water (top three meters) at segments 3, 8, ...
	Simulated algal biomass concentrations in the near-surface water (top three meters) at segments 3...
	Sensitivity Analysis

	Sensitivity analysis is the determination of the effects of small changes in calibrated model par...
	Figure 25. Measured and simulated vertical profiles of dissolved oxygen concentrations at Lake Ma...
	Of the hydraulic parameters (table 3), simulated temperatures were most sensitive to changes in t...
	Figure 30. Vertical temperature distributions at site 10 on August 27, 1991, showing calibrated m...
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	Simulated DO appeared to be most sensitive to changes in sediment oxygen demand and thermal patte...
	Model parameters affecting chemical and algal kinetics are summarized in table 4. Cole and Buchak...
	Algal concentrations were most sensitive to the algal growth rate and were sensitive to mortality...
	Model Applications

	The calibrated Lake Maumelle model was used to run various water-resource management scenarios. S...
	Simulation of Conservative Material Transport

	To assess material transport from a hypothetical spill at the western end of Lake Maumelle, where...
	Figure 32. Daily discharges into Lake Maumelle from April 20 through May 10, 1991, showing locati...
	Figure 33. Simulated concentrations of a conservative material introduced at the upstream boundar...
	Simulation of Nursery Pond Release

	The Arkansas Game and Fish Commission manages a fish nursery pond on a lateral tributary that ent...
	The nursery pond, in general, took about 3 days to drain its entire contents into Lake Maumelle (...
	Figure 34. Discharge from the nursery pond into Lake Maumelle.
	Figure 35. Simulated temperatures in the receiving embayment of the nursery pond release.
	To understand transport of the release water from the nursery pond, a simulation was developed by...
	Simulated nutrient concentrations tended to mimic the tracer results, although nutrient persisten...
	Simulation of Nutrient Enrichment

	To obtain a general understanding of the relation between algal growth and nutrient enrichment, a...
	Figure 36. Distance and depth plots of simulated tracer concentrations in the receiving embayment...
	Figure 37. Distance and depth plots of simulated conservative tracer released from the nursery po...
	Summary

	Lake Maumelle is the major drinking-water source for the Little Rock metropolitan area in central...
	Ambient hydrologic and water-quality conditions demonstrate the relatively undisturbed nature of ...
	A two-dimensional, laterally averaged hydrodynamic and water-quality model (CE-QUAL-W2) was const...
	A simulated spill of conservative material at the upper end of Lake Maumelle during a major storm...
	Results from this study will aid in the protection and management of the Lake Maumelle drinking-w...
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