
TWENTY-ONE-YEAR SIMULATION OF CHESAPEAKE BAY WATER QUALITY

USING THE CE-QUAL-ICM EUTROPHICATION MODEL1

Carl F. Cerco and Mark R. Noel2

ABSTRACT: The CE-QUAL-ICM (Corps of Engineers Integrated Compartment Water Quality Model) eutrophi-
cation model was applied in a 21-year simulation of Chesapeake Bay water quality, 1985-2005. The eutrophica-
tion model is part of a larger model package and is forced, in part, by models of atmospheric deposition,
watershed flows and loads, and hydrodynamics. Results from the model are compared with observations in mul-
tiple formats including time series plots, cumulative distribution plots, and statistical summaries. The model
indicates only one long-term trend in computed water quality: light attenuation deteriorates circa 1993 through
the end of the simulation. The most significant result is the influence of physical processes, notably stratification
and associated effects (e.g., anoxic volume), on computed water quality. Within the application period, physical
effects are more important determinants of year-to-year variability in computed water quality than external
loads.
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INTRODUCTION

Predictive models have been used to guide manage-
ment of Chesapeake Bay almost since the inception of
the Chesapeake Bay Program (CBP) in 1983. The ini-
tial multidimensional model of the bay (HydroQual
Inc., 1987) revealed multiple deficiencies in contempo-
rary modeling technology. These included lack of a
predictive model of sediment diagenetic processes and
inability to conduct continuous multiyear simulations.
Initial nutrient reduction goals (40% reduction in
nitrogen and phosphorus loads to the bay) (CBP,
1987) were formulated based on expert consensus and
available models, but stakeholders recognized the
need to reexamine the goals following the develop-

ment of required technology. A basic model frame-
work was established to meet the needs of the CBP
and has been subject to continuous revision since
then. Three major study phases preceded this one.
The first phase (Cerco and Cole, 1993) provided mod-
eling technology for the 1991 reevaluation of the 1987
nutrient reduction goals. The second phase (Cerco
et al., 2002) refined the computational grid to improve
representation in the Virginia tidal tributaries and
introduced living resources into the computational
framework. This phase provided computational tools
(Butt et al., 2000) for the Tributary Strategy manage-
ment effort. The third phase (Cerco and Noel, 2004)
continued the grid refinements and extended the
model into still smaller tributaries. This version of
the model provided verification for a 2003 agreement
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to cap annual average nitrogen and phosphorus loads
to the bay. The present phase of the modeling effort
commenced in 2004. The primary goal was to provide
guidance for the development of Total Maximum
Daily Loads (TMDLs) for the Chesapeake Bay and its
watershed (USEPA, 2010). The TMDLs are intended
to achieve water quality standards by removing
impairments in three areas: dissolved oxygen (DO),
water clarity, and chlorophyll (CHL) (USEPA, 2003).

CE-QUAL-ICM

The Corps of Engineers Integrated Compartment
Water Quality Model (CE-QUAL-ICM or simply ICM)
is part of a larger Chesapeake Bay Environmental
Model Package which combines multiple interactive
models. The Community Multiscale Air Quality
Model (Dennis et al., 2010) and a set of regression
models (Grimm and Lynch, 2004) compute daily
atmospheric nitrogen and phosphorus loads to the
Chesapeake Bay watershed and to the water surface.
The Watershed Model (WSM) (Shenk and Linker,
this issue) provides daily computations of flow, solids
loads, and nutrient loads at the heads of major tribu-
taries and along the shoreline below the tributary
inputs. Flows from the WSM are one set of inputs to
the Computational Hydrodynamics in Three Dimen-
sions (CH3D) hydrodynamic model (Kim, this issue).
CH3D computes surface level, 3-D velocities, and ver-
tical diffusion on a time scale measured in minutes.
Loads from the WSM and transport processes from
CH3D drive the CE-QUAL-ICM eutrophication
model. ICM computes, in 3-D, physical properties,
algal production, and elements of the aquatic carbon,
nitrogen, phosphorus, silica, and oxygen cycles. These
are computed on time scales of minutes although
computations averaged up to longer time periods,
hours to one day, are more representative of observa-
tions. ICM incorporates several submodels including
sediment diagenesis (DiToro, 2001), submerged aqua-
tic vegetation (SAV) (Cerco and Moore, 2001), and
benthic invertebrates (Cerco and Meyers, 2000).

Several new capabilities were added to CE-
QUAL-ICM to enhance management applicability
during the TMDL development process. The previous
computation of light attenuation via a partial attenua-
tion model (Cerco et al., 2004) was replaced by a model
based on inherent optical properties including beam
attenuation and scattering (Gallegos et al., 2011).
Parameters in the optical model were based on in situ
measures, which related optical properties to environ-
mental variables including color, CHL concentration,
and suspended solids. The revised light attenuation

model was intended to place the computation on a
sound physical basis instead of relying on the empiri-
cal parameterization of the partial attenuation model.

Inorganic (fixed) solids for computation of light
attenuation were provided by a fully predictive sus-
pended solids module (Cerco et al., 2010) which incor-
porated four classes of solids: fine clay, clay, silt, and
sand. The module incorporated sediment resuspen-
sion based on shear stresses generated by tidal
currents and wave action. Resuspension was included
to avoid a perceived shortcoming with the previous
model version (Cerco et al., 2004) which relied on net
settling to the sediments. In the previous version, a
particle which settled to the bottom remained on the
bottom. Although this approach provided good agree-
ment between computed and observed solids, the
potential existed for exaggeration of benefits from sol-
ids load reductions as the continuous source from
resuspension was not considered.

The present CE-QUAL-ICM incorporates 36 state
variables (Table 1) and operates on a computational
grid of 50,000 cells (each 1,000 m 9 1,000 m 9 1.5 m)
which extends from the mouth of the bay to the heads
of tide of the bay and major tributaries (Cerco et al.,
2010). A Z-plane coordinate system is used in the ver-
tical in which the number of layers varies from 1 to
19 according to local depth. Integration time step is
five minutes although computations are typically
averaged up to daily values before output from the
model. Duration of the model simulations varied. Cali-
bration was conducted in a continuous simulation of
the years 1991-2000. Following calibration, the simu-
lation was extended to 1985-2005 and results of that
simulation are presented herein. We restrict attention
to the main stem of the bay (Figure 1). System-wide
model results are available in Cerco et al. (2010).

TABLE 1. CE-QUAL-ICM State Variables
as Applied to Chesapeake Bay.

Salinity
Temperature
Blue-green algae
Spring diatoms
Green algae
Microzooplankton
Mesozooplankton
Dissolved organic
carbon
Labile particulate
organic carbon
Refractory particulate
organic carbon
Ammonium
Nitrate-nitrite
Dissolved organic nitrogen
Labile particulate
organic nitrogen

Refractory particulate
organic nitrogen

Phosphate
Dissolved organic phosphorus
Labile particulate organic
phosphorus
Refractory particulate organic
phosphorus
Particulate inorganic
phosphorus
Chemical oxygen demand
Dissolved oxygen
Dissolved silica
Particulate biogenic silica
Fine clay
Clay
Silt
Sand
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FORCING FUNCTIONS

Runoff

The Susquehanna drains a 70,000 km2 watershed
and empties into the bay at its northern extent
(Figure 1). The river is by far the largest source of
freshwater to the main stem bay and contributes 60%
of the total freshwater flow to the bay and its

tributaries (Chesapeake Bay River Input Monitoring
Program. Accessed June 2012, http://va.water.usgs.
gov/chesbay/RIMP/01578310.html). The preponder-
ance of flow and associated loads occur during winter
and spring although major flows can occur in late
summer during tropical storm events. Winter/spring
flows and loads are major influences on water quality
during the SAV growing season and the period of
summer hypoxia. The greatest winter/spring flows
during the calibration period occur during the mid-
1990s (Figure 2). The decade is unusual as it shows
years of alternating extremes. The year 1995 has the
least winter/spring runoff, whereas 1993 has the
greatest. The period 1985-1992 is characterized by
moderate flows and low variability. The 2000 decade
commences with a drought in 2001 after which flows
increase until the end of the simulation period.

Nutrient Loads

Nutrient loads (multiple forms of nitrogen and
phosphorus) for this application are provided by
Phase 5.3 of the Bay Program’s WSM (Shenk and
Linker, this issue). Loads from the watershed above
the head of tide on major tributaries are input at the
head of tide on a daily basis. Daily loads directly to
the tidal system are distributed according to local
watershed area. As with runoff, loads from the Sus-
quehanna River provide the major source of nutrients
to the main stem bay and these are used to charac-
terize loading during the simulation period. Loads of
total nitrogen (TN) and phosphorus mirror the flow
pattern (Figure 3). The largest loads during the simu-
lation period occur in the mid-1990s coincident with
the largest flows. Due to the dependence of loadings
on flow, no long-term trends in loads are apparent. A
view of nitrate concentration, the dominant compo-
nent of nitrogen loads, suggests a dome-shaped trend
(Figure 4). Concentrations increase from 1985 to
1990 and remain at the highest levels for that dec-
ade. The 2000 decade commences a decreasing trend
through the end of the simulation. In an analysis of
observed nitrate concentration from 1945 to 2001,
Hagy et al. (2004) found the peak winter/spring
concentration occurred in 1989 and declined there-
after. The WSM results concur with the Hagy et al.
(2004) timing of peak concentrations, but the WSM
decline is delayed relative to the analysis of observa-
tions. Phosphate concentration, analogous to nitrate
in its availability to phytoplankton, shows a sharp
decrease for a decade, from 1993 through 2002, then
increases again to the end of the simulation (Fig-
ure 4). Winter/spring concentrations at the end of the
simulation are similar to the beginning and no trend
is apparent.

FIGURE 1. The Main Stem of Chesapeake Bay. This figure shows
aggregation regions and sample stations considered in model-data
comparisons (white stars). The entry point for Susquehanna River

loads is indicated by the arrow at the top of the figure.
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Stratification

The degree of density stratification in the bay is an
important determinant of bottom-water hypoxia.
Stratification is characterized here as the surface-to-
bottom salinity difference computed at midbay (Sta-
tion CB5.2, Figure 1) and averaged over the summer
months (June-August). Summer stratification (Fig-
ure 5) is directly linked to winter/spring runoff; high
runoff produces strong stratification (R2 = 0.64)
although the relationship is not absolute. Stratifica-
tion is stronger in 2003 than in 2005 although runoff is
greater in 2005. Variations in the relationship of

runoff to stratification may originate in the temporal
runoff pattern. High flows late in the winter/spring
season may produce stronger summer stratification
than equivalent flows early in the season. Variations in
prevailing winds will also have an effect (Scully, 2010).

Monitoring Program

The CBP operates an extensive monitoring pro-
gram (CBP Data Hub. Accessed on June 2012. http://
www.chesapeakebay.net/dataandtools.aspx) compris-
ing more than 90 stations throughout the system.

FIGURE 2. Observed Winter-Spring (January-May) Runoff at Conowingo, Situated at the Chesapeake Bay Head of Tide, 1985-2005.

FIGURE 3. Winter-Spring (a) Total Nitrogen and (b) Total Phosphorus Loads at the Chesapeake Bay
Head of Tide, as Computed by the Bay Program Watershed Model, 1985-2005.
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From these, 12 were selected to characterize the main
stem bay (Figure 1). These stations are sampled once
or twice monthly at various depth intervals. For
stratified stations in the main stem, samples for labo-
ratory analysis are collected 1 m below the surface,
above the pycnocline, below the pycnocline, and 1 m
off the bottom. In situ measurements of temperature,
salinity, and DO are recorded at 1-m increments. For
comparison with the model, laboratory analyses are
interpolated at 1-m intervals from surface to bottom
and compared with computations in the model sur-
face, mid-depth, and bottom cells. Light attenuation
derived from vertical profiles of irradiance is avail-

able for different periods depending on station loca-
tion and monitoring agency. Measures of disk
visibility (Secchi depth) have been collected at all
stations since commencement of the monitoring
program. To form a consistent 21-year record for com-
parison with the model, light attenuation reported
here is derived from the relationship

Ke ¼ 1:4=DV ð1Þ

in which Ke is the diffuse light attenuation (m�1);
and DV is the disk visibility (m). This relationship is
appropriate for turbid waters (Holmes, 1970) and is

FIGURE 4. Winter-Spring (a) Nitrate and (b) Phosphate Concentration at the Chesapeake Bay Head of Tide,
as Computed by the Bay Program Watershed Model, 1985-2005.

FIGURE 5. Computed Summer-Average Surface-to-Bottom Salinity Difference at Station CB5.2, 1985-2001.
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applicable to Chesapeake Bay (Gallegos, 2001)
although recent investigations indicate a long-term
decline in the product Ke DV (Gallegos et al., 2011).

Comparisons with Observations

The number of measures, analyses, and model
variables provides a formidable array of potential
comparisons between observations and computations.
Comprehensive comparisons in various formats are
found in Cerco et al. (2010). We focus here on sum-
mary graphics and statistics which illustrate overall
model performance and then move to long-term
trends and behaviors revealed by the model. Empha-
sis is placed on the variables which relate directly to
the water quality impairments (DO, Ke, CHL) and to
a limited suite which indicates long-term trends in
bay water quality (TN, total phosphorus [TP], total
suspended solids [TSS]). Cumulative distribution plots
are provided for the 21-year series of observations col-
lected at 12 stations (Figure 1) and multiple depths.
Statistical summaries are provided for three statistics
over two intervals. The statistics (Cerco and Cole,
1993; Cerco and Noel, 2005) are as follows: mean dif-
ference (MD), absolute mean difference (AMD), and
relative difference (RD). The first interval, 1985-1986,
is utilized to provide statistics for comparison with
previous summaries of model performance (Cerco and
Noel, 2005). The second interval, 1985-2005, provides
a comprehensive summary of present model perfor-
mance. Time series comparisons of computations and
observations are shown for Station CB5.2, situated
near the center of the bay (Figure 1).

Spatial and Temporal Aggregation

Detection and illustration of computed trends
require aggregation of modeled results in space and
time. The main stem of the bay was aggregated into
four regions (Figure 1) as well as into one overall
result. The regions are aggregations of CBP Seg-
ments which are defined based on salinity and physi-
cal configuration. The main stem regions were
selected to facilitate comparison of model results with
a recent analysis of observed trends and behaviors
(Williams et al., 2010). CHL, light attenuation (Ke),
and TSS, which determine light attenuation were
considered in surface cells only. DO, TN, and TP
were aggregated into three levels which correspond
to the surface mixed layer (Level I, depth < 6.7 m),
pycnocline (Level II, 6.7 m < depth < 12.8 m), and
mixed bottom waters (Level III, 12.8 m < depth).
Daily volumetric averages were determined for each
variable over the region and depth interval. Temporal

averages were constructed from the daily time series
based on periods during which water quality impair-
ments are significant and to facilitate comparisons
with published observations. CHL, Ke, TSS, TN, and
TP were averaged over the SAV growing season
(April-October). DO was averaged over the summer
period of bottom-water hypoxia (June-August).

Observed and modeled DO concentrations were
summarized to produce a statistic denoted “anoxic
volume days” (AVD). The volume of water with
observed DO < 1 mg/l was calculated for each sam-
pling cruise (Murphy et al., 2011) using published
values of bay bathymetry (Cronin and Pritchard,
1975). For this study, cruise volumes were integrated
over time within each modeled year to produce an
annual statistic. Similar spatial and temporal sum-
maries were calculated within the model based on
cell volumes and concentration calculated at each
model time step.

RESULTS

Cumulative Distribution of Observations and
Computations

The cumulative distributions of observed and com-
puted CHL are coincident through 90% of the popula-
tions (Figure 6a). The 90th percentile of both
populations is �18 lg/l. The extreme upper end of
the observations exceeds 100 lg/l whereas the
extreme model values do not exceed 30 lg/l. The dis-
tribution of modeled Ke exceeds the observations
throughout the range (Figure 6b). At the median, the
excess is �0.2 m�1. The observed and computed dis-
tributions of TSS (Figure 6f) mirror the distributions
of Ke and indicate the excess of computed Ke origi-
nates with an excess of computed TSS, �4 mg/l at
the median of modeled and observed distributions.
The cumulative distributions of observed and mod-
eled DO (Figure 6c) coincide well through the range
from 0 to 16 mg/l. For the most part, the model falls
short in TN (Figure 6d); the median of the observa-
tions is 0.55 mg/l whereas the median modeled value
is 0.45 mg/l. The agreement between observed and
modeled distributions of TP is superior to TN (Fig-
ure 6e). The distributions are virtually coincident
except for a few outlying values (1 or 2% of the popu-
lations). The shape of the DO distribution differs
from the other substances. Extreme values at the
upper end of the DO distribution are absent as the
maximum concentration is bounded near the satura-
tion concentration. In contrast, distributions for the
other substances, both modeled and observed, exhibit
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sharp upturns to encompass extreme values at the
upper end of the distributions. The extreme values in
the observations indicate rare occurrences of natural
events. The highest modeled values are associated
with loading events which are often supplied to the
model water column in pulses characterized by
extreme concentrations of short duration. In reality,
these pulses may be damped by passage of loads
through wetlands or vegetation beds at the margins
between open water tidal waters and the adjacent
land surface.

Statistical Summary

A wide range of model performance statistics can
be employed. The statistics employed here (MD,
AMD, RD) are selected to provide a consistent series
dating back to the original Chesapeake Bay applica-
tion of this model (Cerco and Cole, 1993). The statis-
tics for the 21-year simulation (Table 2) reflect the
graphical summaries and previous experience. Com-
puted TSS and Ke exceed observations, on average,
whereas observed TN exceeds modeled values. The
MD statistic also reveals differences in average CHL,
TP, and DO that are not apparent in the distribution
plots. The RD statistic indicates DO computations are
overall the most accurate. We attribute the relative

accuracy to the physical processes which limit and
partially determine the concentration. The least accu-
rate computations are CHL and TSS. CHL is a biotic
component with no upper boundary on concentration.
The majority of TSS is inert, but accurate computa-
tion requires simultaneous accurate calculations of
loading, physical processes, and biological production
of the organic solids fraction. The remaining sub-
stances (Ke, TN, TP) occupy a mid-range of relative
accuracy.

Statistical summaries were repeated (Table 3)
using only observations from the years 1985-1986 to
provide consistency with previous summaries (Cerco
and Noel, 2005). To provide consistency with previous

FIGURE 6. Cumulative Distribution Plots of Observed and Computed (a) Chlorophyll, (b) Light Attenuation, (c) Dissolved
Oxygen, (d) Total Nitrogen, (e) Total Phosphorus, and (f) Total Suspended Solids. Results are drawn from

three depths (except attenuation) at 12 stations sampled monthly over the interval 1985-2005.

TABLE 2. Performance Statistics for 21-Year Simulation.

MD AMD RD

Chlorophyll �0.801 4.09 53.6
Light attenuation 0.233 0.533 47.6
Total nitrogen �0.124 0.194 27.2
Total phosphorus 0.002 0.017 40.9
Dissolved oxygen �0.081 1.04 13.5
Total suspended solids 3.95 12.2 76.7

Notes: MD, mean difference; AMD, absolute mean difference; RD,
relative difference. Chlorophyll MD and AMD in lg/l. Light
attenuation MD and AMD in 1/m. All others in mg/l. RD in percent
for all substances.
MD > 0 indicates model computation exceeds observations on average.
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DO statistics, comparisons were limited to observa-
tions collected during summer at the bottom of the
water column. This restriction coincides with the per-
iod of hypoxia and emphasizes computations that
depend on processes including respiration and strati-
fication. Saturated surface concentrations which rely
largely on the computation of temperature are not
considered. Under this limitation, AMD is nearly 25%
higher and RD is double the value obtained when the
population of DO observations is considered.

DO is perhaps the only substance which shows a
consistent improvement due to grid refinements and
model developments. On average, computed TN and
TP concentrations have been low since the inception
of the modeling effort while computed CHL has been
high. Cerco and Cole (1993) suggested that the MD
statistic for phosphorus indicates a missing source,
likely particle-bound phosphorus associated with
bank erosion. No explicit reason can be offered for
the consistent average differences in CHL and TN.
We note, however, that the model is calibrated based
on visual inspection of model results. A calibration
aimed at optimizing performance statistics might

improve on the results shown. Absence of consistent
improvement in computations of multiple substances
has been noted previously (Cerco and Noel, 2005).
Model improvements have added capability rather
than accuracy. Grid refinements have pushed the
model into regions of smaller and smaller extent.
Refinements to the algorithms for light attenuation
and TSS (Cerco et al., 2010) have improved realism
and reduced the amount of human judgment involved
in computing these constituents. To an extent,
removal of judgment and freedom to arbitrarily
adjust parameters adversely affects model perfor-
mance. Maintaining performance statistics while
increasing model rigor is, in fact, an overall improve-
ment in the model.

Time Series

Selected time series comparisons of computed and
observed properties (Figure 7) are presented at sta-
tion CB5.2 (Figure 1). The station is situated in open
water near the center of the bay and demonstrates
typical behavior including bottom-water hypoxia.
More extensive comparisons may be found in Cerco
et al. (2010). Careful inspection of the modeled sur-
face CHL concentration (Figure 7a) indicates two
peaks each year. The first, higher peak is the spring
diatom bloom and the second, lower peak corresponds
to the summer period of maximum productivity (Mal-
one et al., 1988; Miller and Harding, 2007). These
annual occurrences are difficult to discern in the
observations. The model encompasses the majority of
the CHL observations although extreme outliers
occur that are not captured. The model is highly
accurate in reproducing the recurring annual sum-
mer anoxia as well as the saturated concentrations
which occur during the cooler, well-mixed periods
(Figure 7c). Light attenuation (Figure 7b) is perhaps
the only measure considered here which shows a
clear trend. Observations increase over the simula-
tion period due to a trend of decreasing disk visibility
(Williams et al., 2010). Whether the decreasing disk
visibility truly indicates increasing attenuation has
recently been called into question (Gallegos et al.,
2011). Our model is not capable of addressing this
issue. However, the model clearly shows higher vari-
ability and the highest computed values of attenua-
tion in the latter half of the record. Observed TN
concentrations (Figure 7d) fluctuate widely, due to
runoff events. The highest observations occur in the
mid-1990s and in the last three years of the record,
reflecting high runoff in those same years (Figure 2).
Although the model reflects the flow events as well,
the magnitude of the observed peaks is not repro-
duced, perhaps indicating that modeled losses of TN

TABLE 3. Performance Statistics for Four Model Phases: (1) the
Original Version Created for the Reevaluation of the 1987 Nutrient
Reduction Goals; (2) the Version with Improved Resolution and
Living Resources Employed for Virginia Tributary Refinements; (3)
the 2003 Version with Further Improved Resolution; and (4) the
Present Version. Comparisons are restricted to model years 1985-
1986 to provide consistency among versions and with previously
published statistics. See text for details.

Phase 1 Phase 2 Phase 3 Phase 4

Chlorophyll
MD 1.55 1.52 0.32 1.35
AMD 4.97 4.9 5.01 4.53
RD 61.6 57.6 59.2 66

Light attenuation
MD 0.085 0.147 �0.065 0.07
AMD 0.367 0.469 0.36 0.461
RD 36.5 45.2 38.5 44.5

Total nitrogen
MD �0.002 �0.023 �0.025 �0.15
AMD 0.149 0.143 0.17 0.192
RD 22.1 21.3 21.9 27.1

Total phosphorus
MD �0.014 �0.011 �0.012 �0.008
AMD 0.018 0.017 0.014 0.022
RD 42.5 38.5 41.5 44.3

Dissolved oxygen
MD 0.775 �0.522 0.03 0.221
AMD 1.94 1.362 1.47 1.24
RD 44.9 31.6 27.9 27.7

Notes: MD, mean difference; AMD, absolute mean difference; RD,
relative difference. Chlorophyll MD and AMD in lg/l. Light
attenuation MD and AMD in 1/m. All others in mg/l. RD in percent
for all substances.
MD > 0 indicates model computation exceeds observations on aver-
age.
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from the water column are exaggerated. A shortfall
in loading is also possible. Variability in the observed
TP confounds interpretation of trends and events,
although there is some evidence of the mid-1990s and
2003-2005 runoff events (Figure 7e). Variability in
modeled TP is produced by two phenomena: runoff
events and sediment phosphorus release during peri-
ods of bottom-water anoxia (Boynton and Kemp,
1985; DiToro, 2001). Higher concentrations during
the mid-1990s and 2003-2005 runoff events are obvi-
ous. Inspection of phosphorus peaks, however, indi-
cates that they occur in late summer and indicate
diffusion of phosphorus from deep, anoxic water
rather than loads from upstream. The years with the
highest computed TP, 1989 and 1996, are the years
with the greatest computed anoxic volume. Additional

discussion of this connection follows in a subsequent
section. Observed TSS are limited to a range of
�10 mg/l and show little connection to runoff events
(Figure 7f). The model, in contrast, shows high vari-
ability and excess concentrations, especially during
the second half of the record. Modeled TSS at this
location is influenced by multiple factors including
loading, circulation, deposition, and resuspension.
The factor (or combination of factors) that causes the
excess in computed TSS is not obvious.

Modeled Trends

Intermittent surveys of Chesapeake Bay extend
back into the 1930s (CBI Water Quality Database

FIGURE 7. Time Series Comparisons of Observed and Computed (a) Surface Chlorophyll, (b) Light Attenuation, (c) Bottom
Dissolved Oxygen, (d) Surface Total Nitrogen, (e) Surface Total Phosphorus, and (f) Surface Total Suspended Solids (TSS)

at Station CB5.2, Located Near the Center of Chesapeake Bay. (*) Indicates TSS concentration of 90 mg/l.
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(1949-1982). Accessed on June 2012. http://www.ches
apeakebay.net/data/downloads/cbi_water_quality_data
base_1949_1982). Intensive, regular monitoring com-
menced in late 1984 with the inception of the U.S.
Environmental Protection Agency CBP. Multiple pub-
lications in recent years (Hagy et al., 2004; Prasad
et al., 2010; Williams et al., 2010; Murphy et al.,
2011) have examined the data record, identified
trends, and ascribed causes to the trends. Detection
of trends in observed time series is difficult and sub-
ject to interpretation due to data gaps, inherent vari-
ability, superposition of multiple forcing functions,
and the potential influence of unknown factors. Trend
detection in the model is easier as the model record is
complete. Computed concentrations are known

throughout the system at all times. The forcing func-
tions are known exactly although the interpretation
of multiple forcings with different recurrences can
still be daunting. In view of the recent examinations
and interpretations of the observed record, we con-
centrate here on interpretation of the modeled trends
and comparison with recent reports.

Computed surface CHL (Figure 8a) shows the
highest values in the mid-1990s, corresponding clo-
sely to the years with the highest TN concentration
and the greatest winter-spring TN loading (Figure 3).
Concentrations prior to the high-loading years (1993-
1998) and after are roughly equivalent and show no
trend. Computed Ke (Figure 8b) increases sharply in
1993 relative to the preceding years. Although flows

FIGURE 8. Bay-Wide Trends in Computed (a) Surface Chlorophyll, (b) Light Attenuation, (c) Level III Dissolved Oxygen (DO), (d) Level I
Total Nitrogen, (e) Level I Total Phosphorus, and (f) Surface Total Suspended Solids. Surface results are from depths <2 m. Level I results

represent the surface mixed layer, up to 6.7 m deep. Level III results are from bottom water, depth >12.8 m. DO is from the period of
summer bottom-water hypoxia (June-August). All others from the submerged aquatic vegetation growing season (April-October).
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decline to some of the lowest values in the sequence,
in 1999 and 2001, Ke never recovers its pre-1993 val-
ues. This pattern in Ke is linked to a similar pattern
in surface TSS. The high-flow years (Figure 2) influ-
ence the TN and TP concentrations; the highest
concentrations predominantly occur during the years
with the highest flows.

No temporal trends are apparent in computed bot-
tom-water DO (Figure 8c) or AVD (Figure 9a)
although a relationship between runoff and AVD is
apparent. Large volumes are computed in 1993 and
1996, years of high runoff. Small volumes computed
in 1982 and 2001 correspond to low runoff. The appar-
ent correlations are not universal, however. Anoma-
lously large and small volumes are computed in 1986
and 1989, years of comparable, moderate runoff. Com-
puted annual AVD is correlated with observed
(R2 = 0.31, p = 0.01). One-to-one comparisons with
observed AVD are confounded, however, by the inter-
polations and extrapolations necessary to integrate
the observations over the bay volume and by differ-
ences in bay volume determined by bathymetry and
by model grid. The influence of different bay volumes
was eliminated by normalizing the observed and mod-
eled AVD by the mean values and examining the
excursion from long-term mean value in each model

year (Figure 9b). The result demonstrates consistency
between the observed deviations from mean and mod-
eled deviations. Observed excursions above or below
mean tend to be matched by modeled deviations. The
model demonstrates much greater variability about
the mean than the observations, however.

Examination of model results reveals few mono-
tonic trends, but numerous patterns and associations.
The significance of patterns and potential cause-and-
effect relationships were examined via linear regres-
sion. Model results (surface CHL, Ke, surface TSS,
Level III DO, Level I and III TN, Level I and III TP)
were regressed against causative factors (TN load,
NO3 load, TP load, PO4 load, annual AVD, midbay
stratification) using stepwise regression (SAS 9.3,
http://www.sas.com/software/sas9/) with variables
entered in order of significance (p < 0.15). Loads were
considered at the Susquehanna fall line (Figure 1).
Regressions were performed for individual segments
(Figure 1) and overall.

In most cases, results from individual segments
reflected overall results although significant regional
differences were noted for surface CHL. The best pre-
dictor of bay-wide surface CHL is TN load (R2 = 0.74,
Table 4). In the upper bay (segments CB1-3), how-
ever, the best predictors of surface CHL are AVD

FIGURE 9. (a) Computed Annual Anoxic Volume Days (AVD) in the Chesapeake Bay Main Stem, 1985-2005.
AVD are a spatial and temporal integral of the volume of water with dissolved oxygen less than 1 mg/l.

(b) Observed and computed annual deviation from mean AVD.
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(R2 = 0.287, Table 4) and Delta Snorm, a normalized
measure of stratification (R2 = 0.197, Table 4). The
regression results indicate associations but not neces-
sarily cause-and-effect relationships. We interpret
these results as follows. The positive relationship
with AVD is indicative of anoxia-induced nutrient
releases (Boynton and Kemp, 1985; DiToro, 2001)
which support CHL production in the upper bay. The
stratification measure reflects flow; high runoff
induces high stratification while low runoff minimizes
stratification. The negative relationship with stratifi-
cation reflects a negative relationship with flow. CHL
is higher during low-flow periods. Flow itself does not
figure in the regressions, perhaps because the rela-
tionship between upper bay CHL and flow is nonlin-
ear. Moving down the bay, surface CHL in segments
CB4-5 is best predicted by PO4 load (R2 = 0.698,
Table 4) whereas surface CHL in the lower bay, seg-
ments CB6-8 and TANMH, is best predicted by NO3

or TN load (R2 = 0.788 and 0.684, respectively,
Table 4). The results from individual segments indi-
cate a model progression in influences on CHL, from
physical factors in the upper bay to phosphorus loads
in midbay, to nitrogen loads in the lower bay.

Baywide KE and TSS are best predicted as func-
tions of NO3 load (R2 = 0.617 and 0.613, respectively,
Table 4). The relationship reflects the origin of sus-
pended particulate matter in primary production of
particles which is stimulated by nitrogen loading. TN
concentration is, of course, related to TN loading
(R2 = 0.73 to 0.76, Table 4) although a secondary
relationship with AVD exists (R2 = 0.094 to 0.109,
Table 4), indicating the role of sediment nitrogen
release during anoxic intervals. Sediment nutrient
release is a prominent influence on TP concentration
in both surface and bottom waters as indicated by
the predictive relationship between AVD and TP
(R2 = 0.739 to 0.816, Table 4). TP load provides sup-
plementary predictive capability to AVD (R2 = 0.066
to 0.129, Table 4). The relative importance of loading
vs. sediment nutrient release is reversed when exam-
ining TN and TP. The primary predictor of Level III
DO is stratification, expressed as surface-to-bottom
salinity difference. The relationship is strong
(R2 = 0.688) and negative. High stratification induces
low bottom-water DO whereas low stratification
permits high bottom-water DO concentrations.

DISCUSSION

Our 21-year simulation shows few monotonic
trends. The modeled bay is neither improving nor
deteriorating, with one exception. Light attenuation

post-1993 is greater than the earlier period. The
pattern in computed light attenuation is the same as
surface TSS, which are a major component in attenu-
ation. Regression analysis indicates that model TSS
are related to NO3 loading. Nitrogen loads stimulate
phytoplankton production and the production of par-
ticulate organic matter which comprises a significant
fraction of TSS (Cerco et al., 2012). Williams et al.
(2010) found that disk visibility was deteriorating in
multiple regions of the bay, reflecting our model
results. They attributed the deterioration to increased
annual flow post-1992 and development in the coastal
plain watershed. Our model reflects increased flows
as increased loads (Figures 2 and 3) although we
indicated NO3 concentration is lately declining. The
decline in concentration is overwhelmed by the flow
effect, however.

Analysis of model relationships indicates a progres-
sion of dominant influences on surface CHL. In the
upper bay, physical factors are most important. Low
runoff from the watershed promotes surface CHL by
increasing residence time whereas higher runoff
dilutes surface CHL concentration and decreases resi-
dence time. However, influences from runoff are con-
founding. Higher runoff induces stratification which
promotes bottom-water anoxia and sediment nutrient
releases which stimulate algal production. Further
down the bay, influences on surface CHL transition
from P loads to N loads. Overall, N loads are most influ-
ential on CHL. The relative importance of P vs. N loads
agrees with research and paradigms regarding the
roles of nutrients in Chesapeake Bay phytoplankton
production (Fisher et al., 1992; Malone et al., 1996).

The strongest predictor of model bottom-water DO
concentration is stratification. This result is analo-
gous to Hagy et al. (2004) who found that the only
predictor of hypoxic volume in the years 1985-2001
was winter-spring river flow. Hagy et al. also noted
the presence of inherent and unexplained variability
in the record of hypoxic volume. The year with the
greatest nutrient loads in their examined sequence
(1996) had less hypoxic volume than the preceding
low-flow year. The modeled record indicates a rela-
tionship between hypoxic volume and flow, but
contains anomalies as well.

We do not claim that nutrient loads from the
watershed are unimportant in determining hypoxia.
Rather, we find that the variation in loads over the
model application period is small relative to the
changes required to induce major improvements in
water quality. Our findings are consistent with Hagy
et al. (2004) who related changes in hypoxia over
50 years to changes in loads, but were unable to
detect the influence of loads in the interval 1985-2001.
We also note that recent work (Murphy et al., 2011)
indicates that early-summer hypoxia is related to
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stratification whereas late-summer hypoxia is related
to loads. Our analysis of annual AVD does not parse
out these potential relationships in the model.

The model indicates that the TN concentration in
the bay is largely influenced by loads with a second-
ary influence of anoxic volume which induces sedi-
ment nutrient releases. The roles of loads vs. hypoxia
are reversed for TP concentration. Our results are
similar to Prasad et al. (2010) who found that a sig-
nificant fraction of variation in bay dissolved inor-
ganic nitrogen was related to river loads whereas
only 5% of the variation in bay PO4 could be related
to loads. They attributed the weak connection
between PO4 concentration and PO4 loads to release
from sediments.

Our methodology must be considered when inter-
preting our results. We used linear regression, with
variables entered stepwise, to relate forcing factors
(e.g., loading) to effects (e.g., CHL concentration). In
the analysis of bottom-water DO concentration, the
strongest linear predictor of DO is stratification
(R2 = 0.688). Our results do not imply that bottom-
water DO is unrelated to TN load or, potentially, other
factors. The correlation between bottom-water DO and
TN loading, R2 = 0.46 is strong. Once stratification is
incorporated in the regression, however, the addi-
tional predictive power added by TN load is insignifi-
cant. Although we distinguish causative factors and
results, these cannot always be separated. Hypoxia
induces sediment nutrient releases which stimulate
algal production. Deposition of algal organic matter
enhances hypoxia and further stimulates nutrient
releases. Finally, nonlinear predictive relationships
may exist and escape notice in linear regression.

Results of our model examination emphasize the
influence of physical factors (runoff, stratification) on
water quality. Stratification is the most significant
influence on bottom-water DO. Hypoxia, induced by
stratification, has the strongest correlation with mod-
eled TP concentration. AVD and stratification (a
surrogate for runoff) are the primary determinants of
upper bay CHL. Our emphasis on physics parallels
recent work (Scully, 2010), which emphasizes the role
of climate patterns and wind direction on hypoxia.
Although our work does not specifically examine
climatic influences on hypoxia, both works stress the
role of physics in bay water quality.

SUMMARY AND CONCLUSIONS

We have created a 21-year simulation of eutrophi-
cation processes in Chesapeake Bay and tributaries.
Modeled eutrophication processes are determined by

internal transformations of modeled substances and
by external forcing factors. One forcing factor is the
CBP WSM (Shenk and Linker, this issue) which pro-
vides nutrient and solids loads. Computed trends (or
lack of trends) in the eutrophication model reflect
loading trends in the WSM. Hydrodynamics from the
CH3D hydrodynamic model (Kim, this issue) provide
a second set of external forces. Hydrodynamics are,
in turn, determined by runoff from the watershed
and climatic factors including wind. We introduced
several new features to the eutrophication model,
notably a rigorous optical model and resuspension of
suspended solids. Model accuracy is comparable with
previous applications with improvements noted in
terms of model capacity and management utility. Our
model displays few long-term trends in water quality
although multiple patterns and relationships are
revealed. The most significant result is the influence
of physical processes, notable stratification, and asso-
ciated effects (e.g., anoxic volume) on water quality.
Within the application period, physical effects are
more important determinants of year-to-year variabil-
ity in water quality than external loads.
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