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Abstract
The Patuxent River walershed is a heavily impacted basin (2290 kan’) and estoaring
mibutary (126 km® of the Chosapeake Buy, USA. 'To assist management of the basin, we
are festing a coupled modeting system composed of a watershed modet (HSPF), an
estuarine cirgulation model {CH3E), and an estaanine water quality model (CE-QUAL-
ICM). The modaling sysiotn is being tested to made the development of Total Maxinaes
Baily Loads (TMBLs), and therefore errots in the models mest be carefully evaluated A
comparison of daily total nigrogen (TN) concenirations simmialed in HSPF with
observasions indicated that there was no stpnifieant bias, with mres error = 37%. In
contrast, modeled fotal phosphorus (TP} and total suspended solids (TSS) had sigpificant
bias with larper s errors (65% and 259%, respeciively). In the esteary, CH3D
soenrately simlated tides, tempersture, and salinity, CE-QUAL-ICM overestimated
nitrogen {N) and phosphorus (P) in the upper estuary and vmderestinated in the lower
estuary, prirarily because intertidal marshes sre not erently & model component.
Model errors declined from short (< 1 day) to Jong (multi-vear time scales as under- and
overesttrnations curmtatively carceled.  Watershed moded ervors propagase into the
estuntine models, ntomcting with cach subsequent modet’s emrors, which Himits the

gfectiveness of this TMBD. managament 100} al short firme scales.
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introduction

Increasing nuiltient inpuls to receiving waters have been associated with rising
human population densities, changes in land use, and intensification of agricnituryl
practices in many watersheds (Cole et al. 1993, Howarth et al. 1906, Galloway 1998,
Bover ot 8. 2002). Problems associated with waler goality degradation are increasingly a
threat 10 aquatic systems worldwide, particulasdy in estnanies (Vahiela of al. 1992,
Howarth et al, 2000),  For example, nutrient anrichment from urban wastewsater and
agricubtural runoff is responsible for excessive phytoplankion production, the decline of
submerged agualic vegoiation, moreasing abumdance of musance aigac blooms, and the
increasing extend and duration of hypoxic and anoxic waters in the United States (Turper
ard Rabalais 1991, Vitousek et ab. 1997, Boesch et al. 2001}

The Chesapeake Bay and its inhutaries are part of this group of opacted estuaries.
the Pataxent River, & fributary of the Chesapeake Bay iving entirely within Marviand, is
being used as & model for testing environmerdal and management strategies without the
sociopolitical complications sssoctated with mutti-state juristietional contiicts {Boyanton
ef 8l 1995) Extensive developroent and population increases in the Patuvent basin in the
1960s and 1970s increased wastewater discharges te the niver, and the resulting poilution
and ecolopical degradation of the Patuxeni estoary resuited in agreements o regudate
development and to remove nutrients from wastewater (O Elia et gb 2003). For exampie,
tn the 1980s, mumnzcipal, state and federal agencies agreed to achieve a 40% reduction in
nutriend loadimg to the Chesapeake Bay {ncluding the Patoxent) by the vear 2000,
Upgrading wastewater plants resulted i larpe reductions n nutrient discharges to the

aquatic envitonment in the upper Pahocent watershed. but these have not yvet produced
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dramatic improvements in water quality in most of the estuary because of contimuing and
substantial diffuse sowrce loads. There apparently needs to be further reductions m both
posnt and ponpoint $NPSY nutrient discharges {07 Elia et al. 2003, Jordan ol &l 2003,
Weller ef al. 2003) to improve water qualily in the estuary.

Contining population incresses in the Patuxent basits will make this goal harder to
achieve, There is contimied development in the upper basin as residential commumilies in
the Bathmore-Washington cornidor ag well as in the lower basin for tourism on the Bay,
Development in both parts of the basin present challenges to water resource managess
allemnpiing to improve water guality in the Patuxent estupry. Managers will need & clear
understanding of 1} nutrient sources, 2) quanittative predictions of the effects of
increasing popuation and changing land vse on strient loads. and 3) how these loads
will be processed i the estuary to conld water guality condsions.

Remote sensing 15 ar important :oof commoenly used to accurately defermane the
{and sseiand cover (EULC) of watersheds (Weller of al. 2003, Williams of al, 20043 A
practical application of remote sensing is $o determine LLULCs and include these as
essential parameters in hydrochemical models. Conceptually, watershed hydrochersical
models deseribe fluxes of water and associated sediment and mumients from various land
use iy pes 1o rivers and estuaries (Kasanova ol al, 1999), whereas estuarine models prodict
miemal water fwes, and mirient transformations and trapspost. Because of the
complexity of factors involved in water guality problems, simulation reodels have been
widely used as lools to predici the known hydrologicat and Blogeochemical processes
controlling sediment and nuirient transpori and dynanscs in rivers and estearies. Such

models alfow alierative land use or management scenurtos 10 be evaiuated, based on our
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currard understanding of watershed and estuarine bogeochemistry.

The objective of this paper s to describe a linked modeling system for the Patuxent
watershed and estoary. The medeling system ineludes 3 watershed model (HSPF), a3~
dunensional eswraring circidation moedel {CH3DY, and a water quality model {CE-QUAL-
HCM), which will be used to develop Fotal Maximun Daily Loads (¥MDPLs) for nutrtent
management of the Patuxent basin, I successful, these integrated models ave potentially
iransferable 1o other subsystems of the Chesapeake watershed. Here we present initial
analvses of modet errors and desertbe several changes that have been incomorated into
the estuarine models that tnprove the predictive capability of the integrated modeling

sysiem.
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Study Site

The Patuxent River drains a 2290 km® watershed and is (he sixth iargest iributary of
tise Chesapeake Bay (ligure 1) Estirates of vear 2000 lamd cover in the watershed were
detarmined from a 30 m % 30 m grid based on ETM+ imepery obtzained from the
Chesapeake Bay RESAC (8, Prince, PI, Geography Pept. University of MDD}, Land
cover within the basin is 16% urban {part of the Balemore-Washingtlon metropolitan
cortidor), 20% apnceitural, 4% forest, and G.4% wetlands. The watershed has two
reservoiss above the fali line that separases the Piedmont from the Coastal Plain (see
figure 1), and these reservoirs supply drinking wier for local sxrdcipakities, many of
which are locled oumside of the basin (inferbasin trsfer).  Aboud 27% of the watershed
i5 i $ae Predmont above the fall line, and the renunnder (73%) kes on the coasta piain
Nudrient inputs are from a variety of sowrces, including agricadture, industnial wastes, and
over 120 000 m’ d™ of efffuent from nine rmajor sewage treatmens facilities. Although
nitropen (N) inpies Som sewaps offfuent incressed sl 1O Gmes betwuen 1963 and
1989, the removal of phosphorus (P} From efffuect, due 1o the ban on detergent P in 1986
and by managed P removal, has reduced P concentrations in effluent by sbout a third
(Magnien et al. 1992). Similarly, application of BNR techaology {biological N reduchion,
which employs successive oxic and anoxic conditions 1o induce denigification) has
sigmficantly reduced sumamer N concendrations in efffuent by 75% (Boyaton et al, 1995)
however, increasing wastewsler volunes and high winmer N concenirafions continue tc

losd the estuary with boih N apd £.
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Methods

Modet descriptions

Watershed hydrachemical moded

Hydrologzeal Simulation Program in Fortran {HSPE) 15 4 comprehensive model
that simuiates hydrologic and blogeochemmcnl processes in watersheds with pervious and
inpervicus iand surfaces, as well ag within gtreams and well-mixed impoundments
{Bicknedl et al. 1997). The model can simmiate urban and apnicueiral land-use, surface
and subsurface processes, ronoff, sediment export, and the fate and wansport of nutnents,
pesticides and other constituents. The model was developed over several decades by the
Eovironmental Protection Agency (EPA} and is commonty used t0 assess the effects of
Fand-use changes, flow diversions and point of non-point source reatrnent alternatives on
the hydrology and water quality of watersheds. The strength of the model lies m iis
abiliy 10 contipuously simulate the comprehensive range of hvdrological pnd associsted
water quality processes in watersheds with compiex land-use. The weakness of the
madel 15 that i i3 heavily parametenized, requinmg considerable and often unknown
values of Iputs of parameters.

Structurally, HISPF is z lvnped parameter rodel witch is $ivided o three
blocks. Each block simulates processes ocoumring i 1) pervious fand (e forest,
agricniure, etc.), 2) impervious lamd €e g high density whan), and 3) streams, lakes and
reservoirs. HSPE is a complex, highly parameterized model, particalarly for nitrogen
processes. For example, in the pervious land bock, there is 2 module that simulates the
behavionr of nilrate, amnonium and organic N in four soil avers, and snother moedule

that sirmdales N i s various forms in the stream reaches. Transformations of ™ in
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pervious fands include plant uptake of norgamc forms, fixation, retarn o so from plant
tgsues, immobilization, mineralizaton, nifrification, denitnification,
adsorption/desorption of ammmonium, and parfitioning of organic N o dissolved and
particulate forms, either as labile or refractory species. The N iransformations are
signodated individually in each of the four soil layers. Mitrogen thad collects on
npetvions lands (e.g. parking lots, streets) from atmospheric deposition and wrban
activities is advecied by overland flow to the aguatic module withowt transforsmation.

C. N, P and eroded soil are transported in the moded by rain and groundwater to
the aguatic module. Within the aguadic system, advected materials wnderpo funher
processing and transport in stream reaches. Several different routings are used {0
sinwilate inorganic N, P and total suspended solids {155} in ihe roaches, These include
adveclion, exchangess belween the sedimente and e overlying waters, nirification and
denitrification, adsorption and desorption, and fondzation and volatthization of ammonia,
Addinons sinks and sources of N and P are simulated for plankion and benthic
populations and associated reactions. Fn all three modales, blochemical reactions sre
modeled with either first-order or Michactis-Menten kinctics.

i our study, the model was run for 11 to 14-vear periods. For TN, TP and TS5,
we used model ouipd and observations for 1984-1994, whereas simmulated and observed
Now were available for 1984-1997. The model runs in hourdy fime steps with inputs of
meteorelogical data, such 38 precipitation, wr femperature, dew-point lemporaiare, solfar
radiation, and wind speed. Other input data for the model included alrnospheric
depositon loads, septic sysiem loads, and Fertlizer spplication rates. These data were

obiained by the modelimg subcommitiee of the Chesapaake Bay Program and detatied
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information on model parameters and data sources is available elsewhere

fwww . chesapeakebay nelymoded him).

Estearine hydrodynamic msodel

The numerical hydrodynamic model (CH3D - Curvitinesr Hydrodynamies in 3
Dimensions) transports sait and water within a three-dimensiona syslem of volutne
elements (voxets, figute 1), CH3D solves conservation squations for water mass,
momenfum, salinity, and heat on a2 bomdary-fitted grid of voxels in the honzontal and
vertical planes at Ave-minmee Bme steps. A finite difference solution scheme is wsed to
soive vertically-averaped eguations in order 1o vield the water surface clevations on tidal
timo scales.

CH3D is validated by comparing modeled ontput to observed dat over tdal 1o
seasonal penods (6.2, tdal elevations, Bme series of tempernture and salinity af
Chesapeake Bay Program (CBP) monitoring stations). n owr study, the mode was
appdied to smelate estuarine hy drodynamics for the 1984-1994 period, and the cuipas
from CH3D for each of 488 870 voxels was ther esed to drive the three-dimensional

water guatity mode! (Johnson 2001},

Estuarine water quality model

The cerdral compulztions of the water gualily meodel (CE-QUAL-ICM) are alpdl
hiomass, dissolved oxygen, and water clarity. Through primary sroduction expressed in
anits of carbon (C), algae provide the energy reganred by the scosysien to fimction,

aithoasph excessive primary production lesds to large vertical flines of organic matter,

i
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decomposition In battom walers, and deficits of oxygen. In order fo compute algae and
dissolved tuygen concentrations, the model uses twenty-fing state vanables, including
dissolved, particulate, orgamic and inorgamic forms of CON and P CE-QUAL-ICM treats
each voxel as a control volume that exchanges material with adiacent voxels, a¢ deseribed
by CH3D. The model solves, [or each voxel and for each stale variable, a three-
dimenstonal conservation of mass equation, detaiis of which are deseribed i Cerco and
Cole {1954). Inpuis o 2 benthic submodet include sinking pardcodale {forganic and
inorganic} materia) and dissoived oxvgen. The sediunent organic matter decays o
inorganic nutrients, which are recy cled m benthic decomposition processes and diffuse to
the overlying water along a concentration gradient. Benthic macrofmma, whach are
supporied by inpuis of particulate organic matler, can substaniially enhance ovcling of
nuenens and consmapiion of dissolved oxygen. Key processes and phenomena relevany
to the water quahity madel semadation include 1) oxyeen consumption and diffusion, )
the spring phyvtoplankion bloosn, 3} sutrient limitation, 4) sediment-waler interacton, awd

53 nitrogen and phosphonss budgets.

Nitragen budpet

An empisical N budget was developed for the Patuxent to provide validation For the
modeling system. Valves in the nitropen budget were apdated from those used in the
Boynlon et =l (1995) estirnates in order to coincide with the peried used i the currend
muodeling effort, New information included here are: 1) a Hinie series of data from 1985~
2000, 73 measurements of long-term murient burial {based on **Pb profilingd, 33 an

evaluation of N and P losses due to burtal and dendtrification in the tidal marshes (Merrill

10
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1999}, 43 a box model of the tidal Patuxent that enables estimates of nuirient Fansport at
key portions of the system (Hagy et ab. 2000}, 5} availability of several watershed models
estiznating diffuse source marient inpats, and 6) a svstem-wide ‘experiment’ of attempted
N reductions, including the completion of biotagical nitrogen reduction (BNR)

techrology at gl of the mgfor sewage treatment piants in the basin

Ba voxel marsh areas

An improversent to the estuarine models was the development and incorporation of
arefined bathymetric grid.  Using dala collecled by the Maryland Department of the
Environment in August, 2801, as weli as NOAA pomnt soumdings, we created & point
coverage and grid fite in ArcGIS. The point coveraze was the sctosd soumding data with
spatial coordinstes, wheress the prid file was extrapolated frors e poiat coverage to
provide a spatally continucus and smoothed depth field for the development of the new
eshuntine voxel grid.

The refined batirymetric grid was complemented by the development of 4 more
detuiied voxel gead (igure 1) We aflempted to match the model voxels with the ttue
hathymetry and estoarine shoreline as much as possibie. The original voxel gid in use
for the Patuxent was developed from the perspective of Chesapeake Bay as a whole by
the Chesapeake Bay Program, and kad refatively low resolution in the Patuxent {3136 by
96 by 19). Consequently, the spatial fidality relative to shorelines and bathymetry was
ew when viewed from within the Patuxent, perticuiarly in the upper estaary. The
bathy metry data described above and a shorgline arc fle created from USGS topographic

maps were wsed o develop 2 higher resoletion voxel grid (152 by 166 by 19) which

11
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preserved more of the true shorelineg and bolforms bathymetry, and which aiso incorporated
more of the tributary streciwre of the Patuxent, including Westers: Branch in the upper
estuary.

Intertidal estuarine marnsh aregs were estimated from digital, georeforemoed
topographic maps compiled by USGS. These raster maps (projecton LM, datsrs NAD
27} display mursh areas visible from aenal photographs with a spatial resolution of ~2 m
and marsh polvgons were dipitized as polygons on-screen wsing AreGES v8 2. Marsh
polygons adjacent it an estuarine voxet or 2 HUCI4 watershed were given appropriste

attribuges to provide linkages betwoen land and water.

K .
Stagistics for madel errors were calcuizted as;

ME =3 {0 PYN

AME = YJo - Pi/N
RE=Sjo-#/S.0

RMS = 100* (sari(sam(O - 1123/ sum0O))

{1

where O and P are observed snd prodicted values, respectively. N denotes the nunsher of
chservaiions, M is the mean error, AME is (he absolute mean error, RE i the relative

ersor, and RA4S'is the root-mean-square {rms) error.

12



Witliams ot al — Aninmgraled modeling system for the Pafusent

Resalis

s mandel mtﬂ,ﬂrﬁmm

We determined the model biss for the catibrated ontput of HSPF penerated by the
CBP phase 4.3 modsl. We compared model output at several time scales with the dags
coliected by the United States Geological Survey {LISGS) for Bowie, Marvland {segmens
340 of the Patuxent basin — see figure 1), We used the model oulpis that was generated
over the calibration period of 1084 - 1995 For total nitrogen (TN), 1atal phosphorus (TP}
and fotal suspended solids (T5S), and cugme over 1984 - 1997 for flow (niver discharge).
A scatter plot of daily model output for flow versus observed flow data indicates that the
refationship is imbiased with a siope of §.86 (oot significantly different from 1, p=0.05)
and an £ of 0.71 (Guwe 22). The mms error {root-mean-square difference belween
predicied and observed, relative to observed) i3 & measure of precision (# 93%;) and
reflects the scatier about the 1:1 kne. The ring error indicates that on a daily basis most
of the predicied flow values are within & factor of two of the observed fows (figure 3a),
ard the average absolute error indicates an average daily bias of +56%.

Baily flow data were also sgeregsted 1o snnuat discharpe for 1984-1997. This
comparison showed good sgresment between: the observed and predicted srmaal
discharge for 1984-1997 {f*=0.83; fipnre 4). Annuat rms exrors indicated 4 precision
(s erroy) of + 33%, & considerable improverment compared to daily s erroes of D3%
becavse daily model ander- and overestimales tend to cancel af ionger time scales. The
comptirison of aneunt nnofl valaes suggested (hat there is moderate modet bias for the
Bowig station (approximately equal scatter about the 1:1 line with 33% s amoms). For

the antire 14-vour peroad, fiow bad cumalative modet erroes that declined again to +25%,

13
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indicating & long-serm mode} bias by overpredicting Slow by 23% ever at the decadal
gme seste. The dependence of model errors on lime scale ks a common aggregational
effect {e.g. Lee et al 2000}, Hence, it is harder to predict a short-term bydrologic
Tesponse B0 a rain evend than the long-derm bydrologic behavioor of a watershed.

HEPF alzso produced reasonably accurate simuiations of TN, Observed TN data
coflocted on 2 specific date and Hime were compared with modeled TN averaged for the
emlize day. The log-log plot of these data in Bgure 2b shows that there is substantiad
scatter about the 1:1 line but fairdy good syrmetry on either side of this hine, indicating
Hifle spparend bias, The slops was (.68 (rot sigmficantly different from 1, p0.05), tns
errors were 37%, and average shsolute errors were 27%. As for flow, the (requency
disiribution of the % difference between predicted md observed TN velues relative to
observed TN concentrations indicate $hat errors sre approximately fog pormally
distrilnted and range from -70% (fow predicied values) to +140% Guigh pradicted
values) {(figure 3b). The median error is -17% and the average absolute error is +27%,
mlicating a shight tendency of the model 1o overestimate TN 2t the daily time scale.
Most predicted values 5 within £50%6 of the observed values.

Modet estimpation of TP and TSE estimates wire weaker than for TN and fiow. For
ingtance, the comparisen of medeled and observed TP (figure 2¢) shows clear evidence of
model bias (stope of 0.32, sigrificsntly <1, p<0.05) and considerable scatter {1ms errors
of 65%). Moreover, # is apparent from the log-fogz plot that the model is averpredicting
the iower concentrations of TP observed at (his station. As for TN, the % ervors for TR
were log nosmally distrivaed and ranged from -0 to +400%, with most falling

between £106% (fzwre 3¢ The average absolnte error was 44%, and e median error

14



Wiiliams et a8, - An mtegrated modeling systera for the Patuxent

was 8%,

The model had even more difficully accurately predicting concentrations of 188,
There was more scatter (o errors of 259%) and asyinmetry in the relationship of the
modeted output of TSS versus observed TSS data for the Bowie station than that of T8
(figure 2d). Moreover, there was evidence of model bias {sfope of (049, significamly <3,
pr.05), and rens errors were large (2599), with a retatively poor coefficient of
determination ("=0.22}, The average ahsoluis error (sccimacy) was 121%. I a large
fraction of the paired predicied and observed values, there was & large range of ohserved
FSS values {2-500 mp 17} for which modeled values varied over the more restricted
range of only 7-30 mg L7,

The tisne-scale dependence of HESPE model srrors i summaarized in table { For
flow, EN, TR, md TES, 2 we increased ge time scale (aggregated the observed data snd
mdel sutput), rns and average abscluie modet errors decreased. Flow agpregstion was
a simple suraming of daily values, wheress TN, 'T¥, and 'TSS were aggregated as export
fhmes {concentration x fow). Pespiie anv compounding of modeled concentration and
flow errors, there was betler agreciment between the observed and modeled annusl and
decadal fluxes than observed and modeled concenirations a2 the daily fime scale. For
istance, the precision of TN predictions improved from the daily tisee scale (average
absolute errors of 27%, n=363) o the decadal time scale (cometslive ervor + 6%, g = ).
This analysis (table 1) mdicales that at longer time scales, the model accurately predics
N (cumualative error of +6%, probably similar to observationsl errors) md fairly
accurately predicts fuxes of P and water (+16% 0 +25% cumulative errors, atthough

TES errors are considerably higher (+122% cumidative errors).

15
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A more robust test of the watershed modet’s pradictive capabiiitios was done by
evaiuating validation errors associated with the model output.  All ervory deseribed above
are cafibration errors, or those which cosld not be further mininazed by model parameter
adiustenenst. A dree lest of 2 model’s abikity i 10 apply a calibraged modet 10 4 basie with
independent observations (not used in calibration) fhat can be wsed to estirnate validation
ermors. An example of validation error analysis for flow was done for 2 sub-basin of the
watershed as Laurel, Marviand G.e. segment 330, in figure 1), which accounts For shout
33% eof the Piedmont area of the entire watershed and inchades hwo reservoirs, The
Lawre! miodel owiput for flow agreed less well with observations, amd there was more
sealter in the log-fog plot (Fgure 3). For (be statiorn at Lanrel, the average observed and
predicted annuat nmoff values were 8 and 14 cmy™!, respectively, with snnsal rms errors
of 166% and a cumoiative error of +67% over vears 1984 10 1997, Hence therawas a
positive bias with [arger ring ervors af the Lanrel site compared o the Bowie side (table 1}

Unbiased predictions by the watershed moddel are essential for the model systern to
Emclon effectively a5 a management tool.  Errors associated with watershed raodel
output are propagated throagh the estnarine models, further compounding errors which
may be associated with these modeis. Bven it HSPF produces imbissed estimates of
export of water, N, P, and sedimenis on & #me scale relevant for management te.g
seasonal or annual $ime scales), st shorter fime scales with nsufficient averaging io
cancel errors, deviations of model predicgons from real conditions will propagats through
the estuarine models. Only H the estnanne models respond stowly to e short form

HSPF arrors wiil an unstable error cascade be avoided,

16
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Estuarine circglation medel
CHID simmdations of Bdes, temperature and sahinity kad reascnable precision and

socuracy. For instance, statistics of salintly st CBP monitoring stations along the
Patuxent River channel show that there was refatively low bias and good precision
overalf (rable 2). For sulinity precision, the rms errer increased slightly from the mouth
of the estuary (Le &t gver kin 9, rms error ~ 0.2 ppt) 1o the middle of the fransect (at km
45, rms errors - 0.3 ppt for the botiom), where the hotizontnt salinity gradients are stosp,
Fusther upstream in low salinily regions, errors decreased to very low values {rms exror -
0.61). Model bias {mear eror) behaved singlar 1o ra ervor in susfrce waters (e 6.2
prt at river km O, -1 ppt af river lon 34, and -0.6 gpt at tiver ki 45), indicating 2 slight
serdency to wmderestimate salinity throughowt most of the estuaty. In general, CH3D

reproduces salinity in the estuary to within 0.5 units,

Estuaripe water guality model

Preliminary sismgations of waler quality in the Patuxent estuary ndicated large
discrepancies in the upper estumy. The water qualify model tended o overestimata N
and P in the upper reaches of the estuary compared to obsorved surface water
concentrations of nidnients, and there was alarge positive hins for averape values of
predicied-observed TN and nitrate concenirations as & function of position along the ads
of the estuary {figure da). Likewise, there were larpe average negative hiases in
modefed-observed P concentrations, particularly iz the middle estuary (figure 6b),
Interestingly, the distnibolions of model arors in figures 62 and b are similar to the

distrinztion of mtertidal marshes slong the Patusent estuary (Ggure 60). Tntertidal maesh
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ares mcreases abruptly downstream of niver m 50 fthe approximate head of tide) and
then gradually decreases tovand the mouth of the Pafnent estimry, The discropancies
(maleled oupa minus observed N and P concenirations) are genorally well correiated
with the area of intertidal marshes Gable 3. figure 7), particdarly in the repion from river
km %0 10 20, where marsh ares exceads sstuanine water sorface area fsee figwe 1) The
corretations in table 3 and figwre 7 strongly suggest that the irtertidal rarshes of the
middle estaary are micracting with estuarine waters, a rols confirmed below by an
alternative approach using a box model. Marshes are not curtently a componant of the
ssfanae water quatity model, bod 1his comparisen of modeled and observed
concentrations and marsh focasion and area suggests that the intertidal marshes play a
critical role in the processing of estuarine N and P and should be incleded for more

accueate moded predicions,

IN bu

Average annual TN inputs from: ali sources were determined for the period 1985-
2000 The fall kne load was compiled by USGS measyrements of fow sd nubrient
concenirations. This approach uses statistical modeling and inclndes point, diffuse and
direct atmospheric deposition of TN 1o the river susface. The loads to the middie estusry
inctuded direct atmospheric deposition {0 esfuaring surface waters, estimated seplic
mputs, point source inpsts, and sll other diffuse source inpuis as estimaded from the
Chesapeske Bay Program watershed hydrochemmicst modet (HSPF), Inputs to the lower
basin were computed in the sarne fashion as for the mididie basin except that there were

no sigmeficant point sowrce inpuits. Transpor! from (he middle to the lower basin and from

18



{E0w X concondrationy) are within &% of fose calciiated with he arnpincs Gata tabie |),
Hence, the watershed model is doing 2 good job estimating the loading of TN, probably
because highly soluble nifrate is the dominant component of e TN bud, more
importantly, the pesitive bias of How compensates for the negative bias of TN
concentrations in TN foading (ficures 92 and b). Moreover, there is a large nogagive bias
associated with the model output for TP and TSS conceniratons (fipues Y¢ and d),
although only the first 5 years of the calibration period fir TSS is negative {{igure 54d)
whereas the P bias 18 consistendly negative {(figtre 9¢). The abrpt change in the
rgjectory of "T58 in 1989 could be relnted 1o some environmental forcing affecting
HSPY, such as the wetter-thum-average precipiatzon that occarred in 1989 (see figure Ya);
however, the other constituanis do not exhibit similar changes m their frgjecionies. For
example, curmiative wodeled and obgerved TN and TP concentrations diverge from one
another throughout the calibration period, whereas there are essentially 3 instances where
the modet bias is quite large for predicted flow, and these resull in a divergence or
converpence of the cumlstive trends,

The ranges of watorshed model predications for T and TS5 are much less than the
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ranges of ohservations (Bpure 2c, d). Becanse TP and TSS concentrations are commeonly
higher duning stormflow events (Yordan et al. 2003), modet biases for these two
constituens iy be dicative of mismatches in the tming of discharge events {e..
modeled water discharge lags or precedes observed discharpe). Unforhmately, as far a5
W are awars, there appear 1o be po instances where comprehensive measurements of TN,
TF or TSS were done over the rising and falling Embs of any stormBow hydrographs at
the Bowie station. However, we were sbla to avaluale whether there were dpbyvicus
mismatches in the timing and magnitude of sormilow peaks in 2 comparison of daly
randel ot of flow and flow messarements from the Bowie station,

In a sampie of 196 major siormflow bydrographs {aken from throughout the
calibration period {1984-1997), we made guslitative estimates of the timing and
mapnitide of modeled and observed stormftow peaks. In terms of the relative mamnitude
of stormilow peaks, MSPF, as currently calibrated, was relatively wnbiased in that sbowt
54% of the integrated flows associated with hydrographs were underestimated (by aboul
a factor of 2}, 32% were oversstimated by a factor of 2), and abow 14% were similas in
mzgnitude. However, in termyg of the relative toung of stormffow peaks, the modet had a
pronoimoed premature peak bias (Lo the modeled bydrograph preceded the observed
storznflow hydrograph by ¥ day in 76% of the storms).  Aleratively, only 2% of the
modeled hydrographs were delayed (by 1 day), and 22% had observed peaks on the same
day as those of the modeled owmput.

Evidently, this premature stormflow bias is 2 result of e lumped parsmeter naturn
of the HSPF model. Waier is modeled io move from the entire basin 1o $ie downstream

node instantaneocusly, thereby circumnventing the process whereby water graduaily Sows
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through & watershed after a storm event, evergually making Hs way to the cutflow. At the
Bowie stalion, ohserved flows peak -2 days foliowing 2 storm event, and this is
presursably the cxose of the fiming mismaick. I this model behaviour ks scale-
dependent, the premature prediction of hydrograph peaks might increase i latger
watersheds, as resl fravel times increase. The implications of the rusmaich in the tming
of stormflow pesks are thut the chermical concentrations of streans water during the period
prior to the storm event are Bikely to be different than those during the event,
Consequently, because stormflow is commonty responsibie for 2 large amount of
particuiate fransport, and TP is commoenly correlated with this transport, there would be a
tendency 10 aver- oF underestimate fording of these two constifeenis. I is intriguing,
however, that the model tends o overestimals the ansmal loading of all the chemical
constituents we analyzed in this study primarniy because modeled fiows exceed observed
flows (ligure %) Ope might expect, due o the premanre stormflow peak bias, snd the
generally lower concentrations of TN, T2 and 'TS8 (Grures 9b - ), that the modd would
anderestimate these constiteents. However, the consistentdly higher modeled flows
{fizure Ya) appear fo dominate the lcading cafculation,

We bave identifled several biases and sowrves of error it HSPF as applied to the
Patuxent These are the lack of basin refention of water fotlowing storm events, and
msuilicient mode! flexibility or Sdelity for processes influsncing the movement of T
and TES, While the model is capable of estimating flaxes of water, ‘TP, and TSS, more
stiention showdd be given to these three parts of the modet fo improve model
performance. 1f is interesting fo note that the mode!’s greatest complexity snd

parsmelerization of constituents ransported by water lies it the N processes, and the

22



Williams et af. — An integrated modeling svstom for the Patuxent

madel’ s N performanee was the besl of the three constitaerts at the annusl tirae scale,
aithough P was reasonably good at decadal time scales. With the exception of TSS, the
errors surmmgrized i table | suppes| thal mode! rung for testing management scenarios
are likely to have comnuiative modet errors of only 6-25% i run for a decade or more,
This will provide an acournte, climatologically average watershed response §0 &
manapement action. What is curreatly vakaown, however, is the potential cascading
effect of short-teem grrors as watershed moded ouiputs are fed into the esrurine modsls.

This i an area thal we are currently expioring.

Evidence of a marshland nutrient sink

Nutrient hixigats done in successive sectors of 4 walershed are an effective mesns
by which empinical data can be used 1o delerming somrce or sink sress in an aguatic
gvstam.  Previcus efforts to calculate nutrient budpets in the Patxent watershed
{Boynion el a. 1995) have shown that 1) there is moderate Ioading of both N snd P
rehutive 1o other esfuarine systems, 2) there are importers poing and diffisse sources
responsible for manent loading, 3) there are substantial losses of N fram burial and
denitrification, ard 4} export o Chesapeake Bay was small For N and atmost zerc for P,
mnpiying retention within the estoary, As population pressure increases and remedial
efforts are implemented, changes are fikely to occur in the spatial snd temporal dypamics
of putrient processing @ the estuary. Accordingly, the ‘TN budget for the watershod has
been updated to help us identify possibie new sowrce and sink areas md the relative
magnHudes of these rreas in different yeurs,

There was just over s factor of twe difference between the lowest and highest load
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years on recond (igure 8), 'This represents a substantial difforence, considering that
nuirient management poals for Chesapeske systems generally aim for smalier reductions
than indicated here for inter-mnund variability, The loads were afl higher during the wet
vear of 1996, particutarky in the middio bagin.  Even though the Pahuxend basin is
wpically shonght o be point source dorminaled, increased foads ecowrring sfler full
implementation of BNR. at the msjor sewage treatment plands indicate that diffuse sources
are also important. This fnding is supported by the ohservation that the lowest loads
oceurred in 1993, prior to full implementmion of BNR techrology.

Foszes within the esteary were significant i the revised budget (figure 8}, Pusing
the dty year about 34% of allt N entering the estvary upstream of fhe mesobaline zope was
removed, while in the wet year 45% of all inputs upstream: of the meschaline zone were
removed. These Tosses appear to be related fo denitrificagion and long-term huriad of Nin
both: sub-tidal and tidsl marsh sediments. Direct measurements of {hese losyes have yet
to be systematically measwred, but prefiminary estivistes suggest that measired tates are
gufficient fo account for these large estimated losses in the budget,

Intortidal and non-tidal marshes were not considerad as fandscape sinks for T58, N,
and P in either the walershed or eshanne modeling. However, becanse marshiand arcas
are cormmonly regarded s Hnportant mgrient processing cendres, fheir oenission from the
estuaring wader guality model woeld Bhely resilt in a significanl overestimation, of
simutated N and P concentzations compared 10 areas of the wpper sstunry where interidal
marshes are abundant. Further evidence of the importance of interfidal marshes as &
mstrient sink is provided in our preliminary CE-QUAL-FCM simulations. For instancs, in

figure 6, the difference between the modeted ouipar sand observed concentrations of
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nutrients 13 what the estuarine water quality model cannot explain based on walershed
model loads, observed estuanine concenirations, and moedeled water column processes.
Ome weskness of this approach is that some process other than marsh effects conld be
capsing the difference. However, the sigmficand cotrelation of, for mstance, tutrient
concendrations and the srea of mmshland per wnit of estmary jength {table 3. figure Ty is
strong evidence in suppost of an istertids] marsh effect on {he system. We note, however,
ihat this water quatity meoded rum porposefutiy eliminated shoreline micmactions fo
enhance our chance of detecang & marsh effect, and tat ir other model rims the
cosrelations of marsh ares with model errors i3 weaker. Alihough we have not vet
quartified the mapniede of any mechanism for marsh notriend relention:, we are currently
wreestigating seasonsal plant uptake, denitrification, and long-ferm sediment accumuiation
as possible mechanisms of N and P removal by masshes. Consequently, one of the major
improvemenis of the sysiem of infegrated modols presentad here is the inclusion of a

detailed polypon coverage of intertidal marshes (ipuwre 1 thst con be sebzed as N, P, and

TES ginks by the estearine models.

As isdicated above, preliminary simuiations of the estuaring waler guatity model
suggest that the inck of irtertidal marshes in the model is responsibie for the sigrificant
vvergstimation of simudated N and ¥ concentrations in the apper estuary. In order to
inciude these iraportand landscape components i 1be coupled Patuxent modeling system,
we created a detailed polvgon coverage of wetlands from USGS topographic maps
{figure 1}, Polygons defined inclded 1) those which exchange 1aterally with the
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estagrine voxels, 2} those which ocenr at the downstresm end of a creek and exchange
with an estaarine voxel, and 3) those which are surrovnded by jand and interact with the
land only. ¥n addition 1o the atributes normally assigned by ArcGIS, each intertidal
marsh polygon has afivibutes consisting of the adiacent estuaring voxel cetl with whach it
exchanges water and materials as weli as the mumber of the nearest estuarne kan from the
estuanine teansect dine (figure 1) These marsh polygons will also have attributes such as
denitrification rates, CN¥ buriad rates, and biomass, These modifications to the sstuarine
models are Hikely to oprove the predicive capabilities of the system of integrated
models.

Nevertheless, one of the key issues reialed fo the preparagon of 8 TMDL
management tool concerns accurate estisation of nutrient loading rates. For some of the
sources iypicatly affecting estuaries, estirages are either quite acorste {2 g point soufce
discharges which are regeirad to be monitored by Natonal Poliution Discharge System
permits) or are relatively small (e.g. direct atmospheric deposition to surface waters);
girors i these sources ars, thercfors, refatively untmporiant. In cases where eost of $e
drainage basin is above the bend of tide, excellont estmates cas be developed from high
frequency Hlow and concentration measurernents {e.g. USGS dats seis). However, showt
32% of the drainage basin of the Patuxent is locaisd below the bead of tide, and the
applicagion of a watershed hydrochemical modet such as HSPF i likely 1o have 2 great
deal of uncertainty s this aros. Becanse our calibrations and validation error analysts of
ihe watershed model indicates that there are considerable bisses even af the gaugad
outfiow 1o the head of the estuary, the binses associated with the application of the
watershed hydrochemical model in the watershed area below the gavged station are lkely
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t0 be cven larger. Fherefore, improvements in the model calibration are necessary before

the sysiem of integrated rmodels can be used scomately a5 a TMIN. manspement tool for

the Patuxent Estuasy.
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Table 1. Sommary %ﬂf maodel biases for daily predictions and the average annual export
errors fmodeled vs gh‘smed; flow-weighted for N, TP and TSS af the USGS gauging

station ai Bowie, Mandand) The modest overestmated averape arnuai expert for ali
constituents.
i
ave,
Conslituent  tire scale HHks n s ettor absolute  cummlstive
2ITor gRoy
;
Flow daily m’ 4 5114 G3% 56%
attngsl cmy” 14 33% 26%
dedcadal  mdecade” 1 +25%
TN daity conc.  mgNLY 363 37% 27%
H
sramyal e kp yr iz 2¥g 5%
deca%flal fux Mg docude ™ : +H6%
TP daily cone.  mgPLY 41 65% 44%
annal fhx kg yr* 12 59% 40%
decadal S Wig dosads ™ 1 +16%
TSS daily conc.  mg L™ 438 259%  121%
amonfel fhex gyt 12 194% 130%

dmc_ial flis Mg deomic -+ 1 + 12700
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Table 2. Stabistics for salinity ag selected stations in the Patuxent estiary and rver. Here,
ME is mean aror, AME is absolute mean ervor, RE is relative error, nd RMS is root-

mean-sguare {ros) érmr ME s 3 measare of bigs. Both AME and RMS are indicators

of precision.
Surface Botsom

River ~ ME| AME RMS ME  AME  RMS

kmo et (p)  Ged T @e)  Gpd  Gp)
) 024 LIT 036 00038 016 122 018 0.0032
9 024 121 017 CO0044 908 114 016 60031
15 031 L1700 006 00843 095 111 015 00030
24 Q5E 132 017 06053 025 LI7 616 60034
34 L0l 155 020 00052 069 130 038 00633
45 065 135 020 00000 -19%6 240 033 00057
5% 022] 060 011 00614

64 0.36| 021 06T 00006

72 0031 003 002 0.0000

8 0.00| GO0 000 00000

90 0011 003 001 09000

33



i

Williams et 9i. — A& inteprated modeling system for the Patntent

‘table 3. Coefficients of determination between marsh arsas and errors of N and P
concenirations pendrated by the estuaring water quadity model, 1 was catoulated for al
stations (op lined, snd excluding the three lower stations betow km 20 with Hitle marsh
area. The lower 30:ken reach aear the mouth of the Paiuxent estuary 1 more influencexd
by fluxes of water snd nulciends from the masa-slem of Chesapeake Bay than is the vpper

estuay, The asterizk indicates that the relationship is not sipnificant (p~8.05)

stutistic stations Nitrate ™ Phosphate T
'a ail ¢.54 0.82 0,37 0.£02%
. 16 018" 0.84 €90 .54
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Fabic 4. Esdimated N budget for the Panseent River and estuamy {i'ijigum Bl
Avemage

|
|

tial rates of N inpus and ransport sve given as kg N &7, an,

o

rakes are GK%‘ESEE& a5 & % of total inputs (4). Losses oi N 1o #dal marshes

iri the naddl

estimated by difference.

estrary (7) and burial + denitnficsiion in lower esluary wesre

1951 {drv) 1996 {wet)d
PHOCESS kg N 47 % kpNd* %
H mp|to tiver 4t 1857 5 2E40 33
haad of tide
2 inpul| o middle 1604 39 42635 =0
3 H83 | ¥ 1470 i7
4 4144 i RE5TS 100
] mpu;ﬁ to middle 6t 84 TS 83
aary §1+2}
6 fratshort io lower 23083 5G 3900 45
estuary
' esiintaled 1oss io 114] 28 325 37
tidal marshes
] T ) 1o hower 2883 12 3370 63
aary {6+3)
% expoltie Bay 950 23 1866 21
1G  estigiated burial and 2033 49 357G 42
daf,iiriﬁcatim in
lopver estusry
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Figures

Figure 1. Map of ﬂéa Patuxent River basin indicating ifs location in the Chesapeake Bay
waltershed. l\%}de]ing segments 330 {Laurel) and 340 (Bowie} are loctad above
;
and below theifalk fine, respectively. Examples of marshland coverage and voxel

grid improverbents to the estaaring models are provided

H

1

Figure 2. Log-og &'rxms of daity seasurements vs modeled output of flow, TN, T2, and
TSS for Sagn:;gnt 340 (Bowie}r. Piols indicate the slope of the relationship, average
absolute m.‘mi root-tenn-sueare (ro) arror, and sample size (X} for each

H
i

Consiibisernt.
Figure 3. Frequency distributions of the errors (predicted — observed)/observad) for
daijy m&smen?:nmts of all comstifuents for Segment 340, Distributions are fop-
i
normal, Varijus statistics are provided, such as he median ervor that 15 a measure
of accuracy. E’.Ize raode and rmedian, average absciute, and nins errors ase

, o
Figure 4. Daity flow data aggregated to annual discharge for 1984-1997 at the Bowie

(Segrment 340§ and Lavrel {Segrment 330) dasons.

Figure 5. Log-log é-:)t of daily measurements vs modeied ouiput of flow for Segment

330G (E.anret),
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Figure 6. Modcled jm;m (CE-QUAL-ICM) mimus observed dats errors of N and P
cmmmnmg for the Patuxent eshzary,  Marsh area is summed over 5 km intervals
and divided bj* 5 to represent the average ares of intertidal marshes in ke’ per ki
lenyrih alony 1%!5 Patxent estuary. This 15 essendiatly equivalent to the average

width of ma:sizes it kre atong the length of the estaary.

Figure 7. The rﬂiat%ms}_lip of phosphate output Fom CE-QUAL-ICM with murch ares
slong z reach é}f the Pattxent estnary. Coeffickenis of determination of the modated
outpry etrors é.mt'h marsh area are peperally significans for inorganic sed total N and
P, and using o;ﬂy the stalzons from rver km B0 to 30 km where larger marsh arsas
ocear fie 1 t%; & from the headwater of the estaary) tends 10 bmprove the
relntionship {1? fior N0 == 0,99 for ststons 3 1o &)

Figure 8. A summary of otal nitrogen loads from afl sotrces to the Patuxent River

H

astaary for m&%iﬂmt {1991} and hiphest {1996) loading vears on record {1985

2000},

Fimae 9 Daily cm:é}aﬁative miodeled output and observed data for the calibration pericd

for il mnsﬁtt;hnts,
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figare 1
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Witliams ef al. - As integrated modefing sysiem for the Patwent

i A

i BT 4 DO
qmyTa oz AP
¥ 3i7d

3

endeted dedy fiow, md 51
&

i

oagremalon yu G I BAR Y
Fogrl

i
|
i .
1 _‘ﬂ HAI
ﬂbaawar daily Aoav, et 5
1

E

WA ik e R
L o ]
et

=
g

mogated dally ave TP, mg P LY

.."

Mt

cagrasaed ¢ lF5l 4532
r=nat

WRE
LEild

| L)

1= 23
TP mgP L

mpdeied deily ave IS8, mg 133 L

41

maodeded daily ave TN, mg N L

g

)

@

fimze 2

. b e e 2%

LYy~ -

Seginkgbat e 41 0 +EHEE "
F=drid

obsarved daily ave TN, mg N |

)

ek s 121N 2 *
e i ) - b
FY
ftm A - H :
=
- *
Pl il
- L. e
s W R

PN D LT,
e

= 10 o
cheaived TES, mg TE5 L1



Willizms o al. — An integrated modeling system for the Patuxent

figare 3
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Willians ¢t 8l — Andnteprated rxxdeling sysiem for the Patuxent

madelad fow {em v

T g ] T ] ¥ ¥ T T
w2 30 &4 5 60 T it L)

chserved flow {cm ¥}

Segment 330 - Laurel

modeied flow {om y ™)

& .' F L] F T ¥
o 5 10 15 20 z5 30

observad fow fem y )

43



Williams et af, - Animaegmied modeling svstem for the Patuxernst

figare 5
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Wiktliams ¢ al. — An:inlegrated modeling system for the Patuxent

figure 6
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Willimms ot al. - An?integraiﬂ& wxdeling system for #he Patuoxent

maodel ermor for PO,

{modeled - observed)

figure 7
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Witiiams ef ab. - An%magmted medeling system for the Patuxent
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