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Abstract Understanding the dynamics of water exchange betBeéimore Harbor and the
Chesapeake Bay is essential when evaluating tretrespe fate of dissolved substances in both ofehes
systems. Conservative artificial tracers are usddis study to investigate transport processesititr a
three-dimensional hydrodynamic model (CH3D). Thelelavell reproduced the three-layered
circulation pattern in Baltimore Harbor. Severahmarical experiments are performed to trace therwate
mass coming from different sources. The resulteatd that both the upper and lower layers of the
Harbor are the dominant pathways of transportisgalived substances from Susquehanna River to the
Harbor. Such inward transport is intensified (segped) during the high-discharge (low-discharge)
period. The upper layer inflow transports water snagh high concentrations of dissolved substances
while the inflow from the lower layer transportsteamass with low concentrations of dissolved
substances. The bottom layer is the dominant patlievaransporting dissolved substances from the
lower Bay to the Harbor. Lower river discharge atrdnger along-Bay pressure gradient (resulting in
stronger landward residual flow in the bottom lagkthe Bay) facilitate the bottom intrusion of stidved
substances from lower Bay to the Harbor. Once ooini@nts are transported into the Harbor, they
usually stay for a longer time in the mid-depthhaf Harbor than those in other layers due to treeth
layer circulation in the Harbor. The time needettlfi@ contaminants being transported out of thébbtar
during a typical low-discharge period is about Inthdonger than that needed during a typical high-
discharge period. The results, from the environalguerspective, provide new insights for quantitati
evaluation on the transport processes of the disddliogeochemical substances between Baltimore

Harbor and Chesapeake Bay.

Keywords. Water exchange; three-dimensional model; Tracee; Bgltimore Harbor; Chesapeake Bay
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1. Introduction

Baltimore Harbor is a tributary embayment ie thipper western portion of Chesapeake Bay
draining a highly urbanized and industrialized Pat® River basin (Fig. 1). Water quality and
ecosystem health in the Harbor is susceptible édriiustrial, municipal, and stormwater runoff
from the surrounding watershed as well as the wfimm the adjacent Bay. Excessive nutrient
runoff from the Chesapeake Bay drainage basin asvknto contribute to the hypoxia or anoxia
events in deepwater (referred to as “dead zonethenmainstem of the Bay during much of the
summer (Kemp et al., 2005). These deepwater aremiptharmful to the aquatic life in the Bay
itself, but can also spread into most of the nearopayments (Kuo and Neilson, 1987). Owing
to the different source and transport pathways isSalved substances, the quantitative
interpretation of water exchange between Baltintéagbor and the Bay is necessary for better
protecting and utilizing the environmental resogrtethese areas.

The stratification in upper Chesapeake Bay @ntained by dynamic processes associated
with freshwater discharged into the system primgaoy the Susquehanna River, resulting in a
two-layered circulation (Schubel and Pritchard, @9&altimore Harbor has relatively small
drainage areas. The combined average daily disetadrthe tributaries to the Harbor represents
only about 1/315 of the volume of the Harbor (SeHudnd Pritchard, 1986). The mean tidal
range of the Harbor is about 0.35 m and the tidatents in the Harbor are relatively weak

(http://tidesandcurrents.noaa.govhe estimated maximum tidal excursion is abo@ Z&km.

Given the insignificant freshwater discharge anel lthw tidal energy input to the Harbor, the
unique three-layered circulation developed in tharbdldr and the stratification are mainly
controlled by the density conditions in the adjadgay.

Although the three-layered circulation in Baltre Harbor has been extensively investigated
by many previous studies (e.g., Carpenter, 196@u$tet al., 1961; Cameron and Pritchard,
1963; Chao et al., 1996), quantitative evaluatibthe water exchange and pollutant transport
processes between the Harbor and the Bay from rlk#oemental prospective is still very
limited. The questions that need to be further eskzd include: (i) what amount of dissolved
pollutants in the Baltimore Harbor is associatethwhe inflow from the main Bay? (ii) how

long does it take for these substances to be toatesp from the source area to the area of
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concern? and (iii) how does the transport timeesadlange spatially and temporally under
different hydrodynamic conditions?

Transport of water and dissolved substancessinary is strongly influenced by numerous
factors such as river discharge, tides, wind, mottopography, Coriolis effect, etc. It is usually
difficult to trace water mass ( or nutrients, diged pollutants, etc. ) coming from different
source regions im-situ observations since hydrodynamic processes usugiyt in the mixture
of them. However, the fate and transport timescafethese biogeochemical substances are
essential to both oceanographic research and emvéotal assessment. Using artificial tracers
in numerical modeling is one of the feasible methttdht can be used to address the problem.

Previous studies have demonstrated the advantdgesing artificial tracers in numerical
simulations to determine the fate and transporésicales of dissolved substances since they left
the source region. For example, Hirst (1999) exadhitne penetration and fate of North Atlantic
Deep Water in a global ocean model; Delhez andddstgder (2002) simulated the advection-
dispersion of tracers discharged at the nucledrrépeocessing plant of Cap de La Hague; Shen
and Haas (2004) used a three-dimensional numerodkl to calculate the age distribution for
the substance released from the head waters ofYtr& River estuary under different
hydrodynamic conditions. In addition, both partiti@ectories and passive tracers were used in
a three-dimensional circulation model byd3 and Engqvist (2007) to estimate the potential fat
and distribution of radio-nuclides released in tvastal region of the Baltic Sea. Through age
tracer modeling, Gustafsson and Bendtsen (2007ntdjeal the timescales of downward
(upward) mixing of surface (bottom) water in a $halfjord. In these studies, artificial tracers
are integrated simultaneously with the hydrodynaficls and provide powerful tools that can
help us to quantify the transport processes ofotisd substances and understand the
mechanisms that control their temporal and spasiations.

For the purpose of quantifying water excleahgtween Baltimore Harbor and the mainstem
of the Chesapeake Bay, we add conservative aalifidacers in an extensively calibrated three-
dimensional hydrodynamic model. The hydrodynamicdetcand the method of quantifying
water exchangeare introduced in Section 2. Section 3 simply dbssr the hydrodynamic
background of the concerned area. The diagnosticqaantitative analyses of water exchange
between Baltimore Harbor and main Bay are presant&ection 4. Discussion and conclusions

are provided in Section 5.
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2. Model Description

2.1 Hydrodynamic Model

A three-dimensional numerical hydrodynamic madd&urvilinear Hydrodynamics in Three
Dimensions, CH3D) was used in this study. CH3D waginally developed by Sheng (1986),
and subsequently modified extensively by the USeneys Experiment Station for application
to Chesapeake Bay (Johnson et al., 1991; 1993;; W¥86g and Chapman, 1995). The detailed
description and theoretical aspects of CH3D cafobed in Johnson et al. (1991). Second order
k- &£ turbulence closure model (Kundu, 1980) is usedcdfrulate the eddy viscosity and
diffusivity coefficient. The background horizontdiffusivity is set to ¥10°m’s®. A particular
feature of CH3D is the solution of transformed emus on a boundary-fitted curvilinear
coordinates in the horizontal plane. This allows thodel grid to cope with the complicated
shoreline configuration and keep a good repredentatf the deep channel orientation in the
Chesapeake Bay and its tributaries, whereas higitrgon grids are required in other models
with orthogonal curvilinear coordinates to meet theeds of keeping reasonable
orthogonalization and good representation of compgtuarine bathymetry.

CH3D has been successfully used to investigage hydrodynamic features and transport
processes of dissolved substances in the ChesapBegkée.g., Hood et al., 1999; Xu et al.,
2002; Shen and Wang, 2007). It is also extenddddaode the sediment transport (Lin et al.,
2004; Park et al., 2008) and biogeochemical subein{@du and Hood, 2006), in which the
physical model provides hydrodynamic background tioe sediment and biogeochemical
constituents in three dimensions. The model grithf application (developed by Wang et al.,
2004) is shown in Fig. 2. There are 19 layers m\thrtical with a uniform layer thickness of
1.52 m, except for the top layer whose thicknesstdiates with water level. The model is
initialized by the Chesapeake Bay  Program (CBP) iMong data
(http://www.chesapeakebay.net/dataandtools.qspx/ Daily fresh water inflow
(http://waterdata.usgs.gov/nwis/@ivivith zero salinity and time-varying temperatureasw
prescribed for the major tributaries, which inclu8asquehanna River, C&D Canal, Chester
River, Choptank River, and Patapsco River (see Figr the locations of these tributaries). At

the southern open boundary the tidal elevationspaescribed by hourly data observed at
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Solomons Island, MD hftp://tidesandcurrents.noaa.go®tation ID: 8577330). The upstream

schemes are adopted for the temperature and gafieitls at the southern open boundary
condition in which the observed vertical salinitydatemperature profiles at Station CB4.4 (see
Fig. 2 for its location) are advected into the madtemain for the inflow conditions. Since the
observed salinity and temperature data are cotlemt@pproximately monthly intervals, the data
were first linearly interpolated into daily intefgao obtain the annual cycle. Then the station
data were interpolated onto the model grid as dpmmdary forcings. The radiation boundary
condition was used for the velocity field. The ety at the open boundary was calculated in the
model based on the observed surface elevation diedidthe density profile. The daily averaged
surface heat exchange and equilibrium temperatoee camputed from the corresponding
meteorological data (NOAA, 2007).

Lin et al. (2004) used this model configuratiorstmulate hydrodynamic fields covering both
very wet and very dry hydrological years. Modeledtom velocity fields were compared with
observations at a mooring station inside the BaltearHarbor in spring of 2000. The simulated
along-Harbor velocity agrees very well with the etstions. Park et al. (2008) also used this
model configuration to simulate the hydrodynam@diin 1996. By using the two surveys in
October followed a peak discharge of 5,26%hon October 21 and the two surveys in July
under the low discharge conditions (data presemtedsanford et al. (2001)), the model
performance were validated over a wide range ddhinater discharge values. The spatial
distribution characteristics of observed along-Balinity profiles were reproduced well by the
model. The model-data comparisons at a mooringpatatdicated that the model could catch
the observed vertical structure variations andvéiréical mixing scheme worked properly. These
model-data comparisons indicated the success oehpmiformance on tidal timescales. Liu et
al. (2009) presented a good example of model-datgarisons. They evaluated model skill not
only for tidal properties but also for subtidal peoties. Since we are focusing on the seasonal
variations in this study, further model validatitlms been conducted to confirm the model
performance in modeling seasonal estuarine cinomat¥Whereas simulations were conducted for
multiple years, only the results in 2000 are pressbrinere (similar model performances were
obtained in other years). Comparisons between theéelad salinity and CBP monitoring data
are shown in Fig. 3a. Model results show consisgeatonal variations with the observations. It

is shown that the model can catch the seasonaitgalariations in the upper Chesapeake Bay.
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Fig. 3b presents the comparisons of water surfen@ton at NOAA observation stations. Both
the modeled and observed results are 15-day low{ggesed before plotting. It can be seen that
model results reproduced the seasonal water suddmations very well. The correlation
coefficients (CC) at each station are also presemid-ig. 3b, which are at the 95% confidence
level. The CC at Tolchester is the lowest (= 0.%3%an be seen that this model reproduces the
upper Bay seasonal variations very well. The presedel configuration is robust and suitable

for this study.

2.2 Methods

Water coming from a specific origin is idergdi by the passive tracer, which also represents
the dissolved substances (contaminants, etc.)einveiter. There are two aspects that need to be
addressed for quantifying the exchange of waterimgnirom different origins. One is the
amount of the dissolved substances, which is repted by the tracer concentration. The other
is the transport timescale of the dissolved sulest®nwhich is represented by the tracer age (the
tracer age is defined as the time elapsed sincgdber under consideration is released into the
water body where its age is prescribed to be ZBebhez et al., 1999)). The concentration and
the age of the tracer are calculated in the numlerinodel using transport equations
(Deleersnijder et al., 2001). The tracer conceiainagquation is
% + O (e(t, X) - KIOC(t, X)) = 0 )

Wherec(t,X)is the tracer concentratiokijs the velocity vectorK is the diffusivity tensortis

the time, aniis the spatial coordinate. There is no sink of titaeer within the study area.

According to Deleersnijder et al. (2001), the etiolu of age concentratiora(t, X)) is described

as
a"gt’ X) + et %) - KDat, %)) = c(t.X) )

Then the mean age(t, X)) can be calculated as
a(t %)= 5 ®)

At the releasing site, the tracer concentratioh {arbitrary unit) and the tracer age is zero. The

tracer age at any other location is representativéhe timescale for water or a dissolved
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substance to be transported from its source tddb&ion. The spatial and temporal variations of
tracer concentration and mean age (hereafter eefetw “water age”) will be used in the

following to quantify the water exchange underaliéint hydrodynamic conditions.

2.3 Numerical Experiments Design

In this study, tracers are released from threeeudfit locations in three independent
experiments for quantifying water exchange betwberBaltimore Harbor and Chesapeake Bay.
Previous studies have indicated that the circulaiio the upper Chesapeake Bay is driven
primarily by the discharge of Susquehanna Riveh@Bel and Pritchard 1986). In order to
obtain more general results of seasonal variatinuse the climatological daily river runoff
data (1985-2007) instead of using the data fronmglesyear. In reality, the perturbation/mixing
induced by wind forcing is more complicated (Mac&the et al., 2009). We exclude the wind
effect in this study for simplicity and only focas the effects of river discharge, which is the
dominant physical process determining the seasa@rgltion in the upper Bay. We are aware of
the importance of wind mixing as it affects theuasine stratification. Wind effects are more
dominant during synoptic events. The influencesshort-term wind events on long-term
stratification and long-term transport warrant mobservations and studies and will be studied
separately. The three tracer simulation experimargshereafter referred to as Exp. 1, Exp. 2,
and Exp. 3. In Exp. 1, tracers are continuouslgastd from the entrance of Susquehanna River,
which are used to track the water masses (contamsinatc.) coming from Susquehanna River.
In Exp. 2, tracers are continuously released froennid-Bay (along the southern open boundary
of the model), which are used to track the watessea coming from the lower Bay. In Exp. 3,
tracers are instantaneously released over theeaBaiitimore Harbor, which are used to track the
dissolved substances over the Harbor. There isther source of tracer in each experiment.
Hydrodynamic equations and passive tracer equatonstegrated simultaneously. In order to
reach the dynamic equilibrium condition and elinn#&ansition errors resulting from model
spin-up, the model is run repeatedly for 2 yeats wie annual cycle forcing fields. Only outputs
of the last year are used for the following anady$éote that the spin-up time in Chesapeake Bay
is relatively longer than most estuaries, for exi@nghe spin-up time is less than two weeks for
Columbia River estuary hindcast modeling (Liu et 2009). This is due to the relatively slow

adjustment of baroclinic fields in the highly sified Chesapeake Bay.
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3. Circulation patterns

To understand the long-term variability of watecleange between the Harbor and the Bay,
two fundamental processes need to be addressed.fifBheone is the variation of the
Susquehanna River discharge. Susquehanna Rivea baasonal flow pattern typical of mid-
latitude rivers: high discharge in spring produbgdsnow melting and spring rains followed by
low-to-moderate flow throughout most of the remaindf the year (Carpenter, 1960; Schubel
and Pritchard, 1986). This variation greatly imgattte vertical stratification of the main Bay,
horizontal salinity gradients between the Bay aattiBiore Harbor, and the amount of dissolved
substances transported by river discharge. Thendegoe is the impact of deep water coming
from lower Chesapeake Bay, in which the high-siliniater is advected up-Bay mainly through
non-tidal gravitational circulation (Pritchard, 35 Because of the persistence of stratification
and strong two-layered circulation developed in riren Bay, the flow in the bottom layer not
only plays a role of conveying saline water frone lower Bay to the upper Bay, but also
conveys biogeochemical substances that mix intaddep water during various destratification
events.

The Susquehanna River discharge accounts for 87%eototal river runoff in the upper
Chesapeake Bay. The 23-year (1985-2007) daily mgan runoff of Susquehanna River (Fig.
4) indicates that the maximum (minimum) river disie usually appears in March-April (July-
October), which can be defined as the typical Wgitharge (low-discharge) period. Baltimore
Harbor is famous on its three-layered circulatiaitgrn driven by differences in the vertical
salinity structure in the Harbor and in the adjadehesapeake Bay (Carpenter, 1960; Stroup et
al., 1961; Boicourt and Olson, 1982; Chao et &96). The typical three-layered circulation in
Baltimore Harbor is shown in Fig. 5a (after Cameamd Pritchard, 1963). The characteristic
salinity distribution of the Harbor has the convenal positive seaward gradient in the lower
layer, but a negative seaward gradient nearerutiace. Thus, there is flow into the Harbor both
at the surface and at the bottom driven by thespresgradient. These inflows return to the
Chesapeake Bay at mid-depth. Figs. 5b and 5c prékentypical three-layered circulation
(along the navigation channel of the Harbor, tran$en Fig. 2) simulated in this study. The

model results show similar pattern with that denti@ted by Cameron and Pritchard (1963): in

9
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the upper water column, the less saline, less dauréace waters of the Bay tend to overflow the
more saline, denser surface waters in the Harbear bhe bottom, the more saline, denser waters
of the Bay tend to flow under the less saline, l#ssse waters of the Harbor. The mid-depth
water flows outward to offset the inward flow.

The mean salinity of Chesapeake Bay is a ptoafuigvo competing processes, i.e., freshwater
influx into the Bay through rivers and exchangehwiihe adjacent ocean (Austin, 2002). The
modeled surface salinity fields in the upper Chealip Bay averaged during the typical high-
discharge and low-discharge periods are showngn@a. Competitions between the river runoff
and lower Bay saline water intrusion are clearlffested. During the high-discharge period,
water in the upper Bay is greatly diluted. Theuston of the freshet into Baltimore Harbor can
be clearly discerned from the isohalines. Durirg ltw-discharge period, the saline water takes
over much of the domain gradually and the surfagghler water intrusion from the main Bay to
the Harbor is greatly weakened and mainly confittethe area along the northern bank of the
Harbor. The residual velocity profile across theuthoof Baltimore Harbor (facing west, transect
II'in Fig. 2) is presented in Fig. 6b. Without thwnd forcing, three-layered circulation appears
throughout the year, but both the spatial distidsutind the strength of the flow vary with time.
Uniform surface inward flow usually occurs durirgethigh-discharge period, whereas surface
inward flow only occurs near the northern bankhe Harbor during the low-discharge period
resulting in the two-layered circulation near tloaithern bank. The mid-depth outward flow is
strengthened when the surface inflow is fully depeld during the high-discharge period, and
then weakened during the low-discharge period. imtvard flow in the bottom layer shows less
variation compared with those in the upper layé&rss is consistent with the findings of Chao et
al. (1996) that indicated the existence of perstsédd dominant intrusion into the bottom of the

Harbor against all adversities.
4. Results
The introduction of artificial tracers in a nuneal model is a convenient way to quantify the

timescale for the transport process of dissolvdabtances relative to its source region. It also
can reveal the spatial distribution of tracer caricgions of dissolved substances coming from a

10
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specific source. These are usually difficult to mea in observations. Water exchange between

Baltimore Harbor and Chesapeake Bay are investgagtow from three different aspects.

4.1 Water Mass Coming from Susquehanna River (Exp.

Exp. 1 tracks the dissolved substances comiog fiSusquehanna River. The selected
snapshots (daily mean results sampled at Day 9Day®55, respectively) of surface water age
distribution are shown in Figs. 7a and 7b, whichre&gpond to the very high-discharge and very
low-discharge conditions (see Fig. 4), respectivélye water age at Day 91 is much lower than
that at Day 255, indicating that the transport tiofi¢he water mass coming from Susquehanna
River during a high-discharge period is much Iésstthat during a low-discharge period. The
water age difference between Days 91 and 255 iappately 70 (40) days at the mouth (head)
of the Harbor. The corresponding surface velod#ldf(Figs. 7e and 7f) shows that the flow at
Day 91 is much stronger than that at Day 255. Thestrong and consistent surface inflow in
the Harbor at Day 91, whereas weak and divergent #ippears in the Harbor at Day 255. These
demonstrate that Susquehanna River discharge Hestastial influence on water exchange
between the Harbor and the main Bay.

Fig. 8 presents the monthly mean water agdilgsoalong the navigation channel in
Baltimore Harbor. Since the tracers are continyousleased at the entrance of Susquehanna
River, the age distribution in Fig. 8 represents titansport timescale needed for the dissolved
substances to reach the Harbor. The common featuhe age distribution is that the water age
at either the surface or bottom layer of the Haibarsually lower than that in the mid-depth of
the water column. The largest vertical age diffeeecan be about 50 days and appears in winter.
After the high-discharge period starts, such valtdifference decreases to about 20 days. The
lowest water age appears in April when SusquehRivex is at its maximum discharge. The age
starts to increase from May and reaches its maximudovember.

More detailed structure of the water exchange m®oan be observed from the time evolution
of tracer concentration and water age at seledsibss (Fig. 9). Stations C, D, and E are
located in the mouth, the exterior, and the inteofothe Harbor respectively, and Station B is in
the main channel of the Bay (see Fig. 2 for thesatlons). For the water mass coming from the
Susquehanna River, the tracer concentration dexseeith depth in the Harbor (Figs. 9a-c). The

highest tracer concentration (>80% at the mouthhef Harbor, >60% in the interior of the

11
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Harbor) appears in April. The time required for th@cer concentration in the lower layer to
reach its maximum value (>30%) is delayed approtetgea half-month compared with that in
the surface layer. When examining the tracer cdnagon in the main channel of the Bay
(Station B, Fig. 9d), we can find such temporal apdtial variations of tracer concentration also
occur in the main Bay. The corresponding water ageach station in the Harbor (Figs. 9e-g)
show significant temporal variations. In generhg tvater age during the high-discharge period
is about 2 months longer than that during the losefthrge period. As the inflow is greatly
weakened during the low-discharge period (Fig. & lig. 7f), the bottom layer water age in the
inner Harbor is aproximately 1 month larger thaattht the surface layer due to reduced
gravitation circulation. The largest water age @ppeat about 6 m (4 m) depth during the high-
discharge (low-discharge) period, correspondingvhere the mid-depth outflow exists. Such
pattern disappears in the main channel of the Exgtion B, Fig. 9h) where the water age
always increases with depth due to the stratificagiffect (Shen and Lin, 2006).
4.2 Water Mass Coming from Lower Chesapeake Bap.(Ex
Exp. 2 tracks the water mass coming from the lo®besapeake Bay. Since the transport
timescale of water mass coming from the lower Bagplly relies on the releasing site, the mean
age can be different for tracers released at éiffiesites. However, using the same reference site,
the results in Exp. 2 are still efficient for stuly the variations of transport timescale for
dissolved substances coming from the lower Bay. Jdlected snapshots (daily mean results
sampled at Day 91 and Day 255, respectively) dasarage distribution are shown in Figs. 7c
and 7d, which correspond to the very high-dischaage very low-discharge conditions,
respectively. A notable feature existing in thegse snapshots is that the water age near the head
of the Harbor is lower than that in the inner Hartfuch difference tends to be augmented at
Day 255 compared with that at Day 91. In genehd,water age near the northern bank of the
Harbor is lower than that near the southern bamceSthe water mass coming from the lower
Bay mainly occupies the lower layer of the Bay bahd enters Baltimore Harbor mainly
through the bottom inflow, the detailed verticalusture needs to be examined to reveal the
water exchange processes of the lower Bay and dnledr

The monthly mean water age profiles alongrtaeigation channel in Baltimore Harbor are
shown in Fig. 10. Unlike the results in Exp.1, thghest water age does not manifest in the mid-

depth of the Harbor in Exp. 2, except near the Blanmouth. The water age decreases
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consistently with depth. The contours are quit¢ fathe mid-depth. The water age near the
bottom of the Harbor is usually less than that riearsurface by 40-50 days. During the high-
discharge period, bottom water age increases broappately 20 days. This indicates that the
bottom water exchange between the Harbor and tlgesHaster during the low-discharge period
than during the high-discharge period.

Fig. 11 presents the depth-time profiles of tracencentration and water age at selected
stations. Tracer concentrations in the Harbor (Eigs-c) increase with depth throughout the
year. The lowest tracer concentration appears gthie high-discharge period (at both the upper
and the lower layers of the water column), and timeneases gradually as the low-discharge
period begins. The tracer concentration duringlthedischarge period is usually higher than
that during the high-discharge period by 20-30%gd ahe vertical difference of tracer
concentration during the high-discharge period ighér than that during the low-discharge
period. Similar patterns can be seen in the may (Bag. 11d). The time evolutions of vertical
age profiles at selected stations are shown in. Hifys-h. The highest vertical age variations
appear at around 6 m, where the haloclines fluetuath the dynamics. The bottom layer water
age is almost the same between the Harbor andaieBit in the upper layer, the water age in

the Harbor is about 30 days larger than that imtaan Bay.

4.3 Influence of Water Mass in Baltimore Harbothe upper Bay (Exp. 3)

The highly urbanized and industrialized watedsteaining to the Harbor contributes various
contaminants. In order to better understand theerpiaii impact of the Baltimore Harbor
watershed on downstream water quality, tracers welesased instantaneously in the Harbor
(Exp.3). The spatial and temporal variations oktheracers were used to quantify the influences
of the contaminants in the Harbor to the Bay. Athegrid cell in the Harbor, the tracers were
released over the entire water column. Two modes$ muere conducted under the typical high-
discharge and low-discharge conditions, respegtiviédr the high-discharge simulation, a flow
rate of 1900m*® s from the Susquehanna River was specified. Fordhedischarge simulation,

this flow rate specification was 366’ s™.

The temporal evolution of the total tracer
concentration for the entire Harbor is shown in. Big. Following the instantaneous release, the
total tracer concentration decreases quickly. Téwrahse of total tracer concentration under the

high-flow condition is much faster than that unttee low-flow condition, which indicates the
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high-flow condition facilitates the renewal of wate the Harbor. According to Prandle (1984),
the turnover time is defined as the time neededhfertotal mass of a material within the area of
interest to be reduced to a factor of iee.

R(7)=Re™" (@)
whereRis the total tracer concentration anid the turn over time. So the total tracer
concentration will be reduced by a factor oBethe time =7,. The turnover time equals the

residence time if the concentration in an embayrdentease exponentially (Zimmerman, 1976).
The turnover time of the Harbor is 21.7 days (3%$s) under the high-discharge (low-
discharge) condition. Fig. 13 shows the evolutibtracer concentration in the Harbor under the
typical high-discharge condition (a similar patteevelops under the low-discharge condition).
It can be shown that dissolved substances in thbeddasually remain for a longer time in the
mid-depth of the Harbor (and upper layer of theemidarbor) than those in other areas. Thus
when organic contaminants are discharged into #mbdt from the drainage basin, the mid-
depth of the Harbor (and the upper layer of theirharbor) usually sustains water quality stress
over a longer period than other areas.

Examining the conditions at Stations f, g, anghn provide additional insight about the
influence of Baltimore Harbor outflow on water gtiain the main Bay. Stations f and h lie in
the south and north of the Harbor, respectivelyileMBtation g lies near the mouth of the Harbor
(see Fig. 2). These stations are used to reprdgéerent areas in the Bay. The depth-averaged
tracer concentrations at each station are showigs 14a and 14b. Under the high-flow
condition, the tracer concentrations at Statiomegzaro at the beginning and start to increase
after the first week. The peak tracer concentratippears at around Day 27, at which point it
starts to decrease gradually with small perturlpati®imilar temporal variations can be observed
at other stations, with peaks occurring at diffetenes at each station (Day 35 and Day 45 for
Stations f and h, respectively). The concentratiistribution shows the age density function.
The calculated mean age values suggest that cardataiin Baltimore Harbor can be
transported to the selected stations f, g, anddncaind 66, 58, and 73 days, respectively, after
being released in the Harbor. The mean age unddowflow condition is about 1 month
longer than that under the high-flow condition (ard 97, 82, and 105 days for Station f, g, and

h, respectively). The appearance of peak tracesesuration under the low-flow condition is
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also later than that under the high-flow conditidhe time evolution of the vertical tracer
concentration profile helps to reveal the distridwtof tracer concentration for the entire water
column at each station. As an example, the reanller the low-flow condition (a similar
pattern appears in the high-flow condition) arevaman Fig. 14c. These results suggest that,
after the dissolved substances are transportedfolé Harbor, they show different vertical
occupation patterns in different areas of the nBaig. At the station south (north) of the Harbor,
the tracer concentration decreases (increases)yefith. For the station close to the mouth of
the Harbor, the highest tracer concentration ocatissound 6 m depth. The difference in the
vertical distribution of tracer concentration dfelient locations suggests that the contaminants
in the Harbor may influence different habitatshe mainstem of the Bay.

5. Discussion

The results presented in the previous sectsum(narized in Table 1) reveal that tracers
coming from different origins have different pathywsaand different transport timescales under
the three-layered circulation condition in the Batire Harbor. These reflect the difference of

water exchange processes with respect to diffei@nice origins.

5.1 Dominant Pathway of Water Exchange for DifféAfater Sources

The dissolved substances that originate frosgGehanna River (lower Bay) mainly occupy
the upper (lower) layer of the water column bothitha upper Bay and in the Harbor and their
concentrations decrease (increase) consistently agpth (Figs. 9 and 11). However, this kind
of symmetric distribution does not appear in theigal age distribution. In the case of releasing
tracers from the Susquehanna River (Exp. 1), themage profile along the navigation channel
of the Harbor shows a ‘sandwich’ structure (hightewage in the mid-depth and low water age
in both the upper and the lower layers, Fig. 8). the case of releasing tracers from the lower
Bay (Exp. 2), the water age within the Harbor sha@awsonotonic vertical structure (decreasing
consistently with depth, Fig. 10). The results kpE1 indicate that both the upper and the lower
layer inflow of the Harbor are the dominant pathgay transporting dissolved substances from
Susquehanna River to the Harbor. The upper layleminassociated with the high concentration

of dissolved substances, dominates the mass traripong a typical high-discharge period. But
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the mass transportation through the bottom infleawedmes dominant during a typical low-
discharge period. Although the concentrations afsalved substances associated with the
bottom inflow is less than those in the surfacdoiuf the transportation by bottom inflow is
faster than that by the surface inflow during aidgplow-discharge period. In Exp. 2, on the
other hand, only the inflow from the lower layertl®e dominant pathway for transporting
dissolved substances from the lower Bay into thebbla Because of the persistence of
stratification in the main Bay, which prevents tlegtical mixing of bottom water to the surface,
the transport of water that originates from thedowBay through the upper layer is still much
slower than that in the lower layer, even duringypical high-discharge period with strong
surface inflow to the Harbor.

5.2 Comparison with theoretical scales

Examining the age distribution for Exp. 2 (Fid.), the low age distribution near the bottom
does not follow the freshwater discharge, which lsarattributed to the influence of the lower
Bay through the gravitational circulation. The abvee salinity values at Station CB4.4 (see Fig.
2 for its location) is presented in Fig. 15a, whisere used as the model open boundary
conditions in this study. The temporal verticalirg@y distribution shows that there are several
high-salinity water intrusion events (i.e., saljnit 20 ppt) in the bottom layer of the Bay. The
depth-time profiles of water age in Exp. 2 are shawFigs. 15b and 15c, which are sampled at
Stations B and C, respectively. It can be seenthietow water age events (and the high tracer
concentration events, (Fig. 11)) are usually asgedi with the high-salinity water intrusion
events. Although Station CB4.4 is miles away frotatiSns B and C, the bottom layer salinity at
Stations B and C (figures not shown) have condigemporal variations with salinity at Station
CB4.4. In order to further examine the underlyirgnsport mechanisms, the depth-time profile
of modeled along-Bay velocity at Station V (see. Rpis presented in Fig. 15d. A 15-day low-
pass filter was applied to the velocity data befitve plotting. Thees results clearly show the
two-layered gravitational circulation development the Bay and the bottom residual flow
variations are highly in phase with the bottomrsglifield. Velocity profiles at other stations in
the main channel of the Bay show similar tempoaalations to those at Station V. Those results
indicate that the higher bottom salinity field ubp@orresponds to the stronger landward flow

resulting in a decrease of water age in the bottayer (Figs. 15b-c). The gravitational
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circulation is critical in changing the transporbpesses. When the return flow is stronger, tracer
transportation is faster, which results in small@ter age. In general, the water age near the
bottom of the main Bay decreases about 20 days Wieefandward residual velocity increases
by about 8 cm§Fig. 15).

The gravitational circulation in the estuaryimdluenced by the combined effect of river
discharge and bottom saline water intrusion froemdbean. The competition between freshwater
inflow from the head and high-salinity water iniars from the mouth results in the variation of
the along-Bay pressure gradient. The Hansen anwlaRdfi965) solution (HR65 hereafter) for
the along-channel velocity provides a classical waguantify the contribution of along-channel
pressure gradient and river discharge to the grortal circulation. Progress has been made
since HR65 and several assumptions in HR65 have teaxed now (e.g., Geyer et al., 2000;
MacCready, 2004; 2007). MacCready and Geyer (2@t6yide an excellent review on the
recent advances of the theoretical solution anthddae for calculating adjustment timescales
under perturbations. Using the solution technigfeMacCready (2007), the along-channel

velocity u(x,z,t) can be divided into depth-averaged (overbar) aedations from depth-

averaged (prime) components so thatu+u'. The quantityG:Qr/A whereQ, is the river

discharge andAis the cross-sectional area. The quantitihas the standard vertical profile as
described in MacCready (2004):

u'=ubf +u.Ph,
—— —
@ (b
Where

P =1—§(5)2 and P =1- 9(5j2 - B(ET )
2 2\h h h
The magnitude of the exchange flowis= g,&’§XH3/(48Km), H is the channel deptlgis the
acceleration of gravity, ari€l_is the vertical eddy viscosity. For simplicity, tHensity anomaly
in the solution is assumed to depend only on sglify = p,(1+ 8S), whereB =0.77x 10°).
The depth-averaged along-estuary salinity gradseistset to be constant in the HR65 solution.

Here we use the solution of MacCready (2004) (Baqvhich allowss,to vary along the estuary

Following MacCready (2007), we assume Wgt=a,C,U,H, whereC, is a drag coefficient
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(=2.6x10%) and a, is a tuning coefficient (0.0325 in MacCready (2Q03ut 0.0227 in this

study). Part (a) in Eqg. (5) represents the cirauhatontributed by river discharge (RV), and part
(b) represents the circulation contributed by presgradient (PG). Channel depth and width are
prescribed based on the realistic conditions inujiger Chesapeake Bay. In the following, we

uses,_,, to represent the oceanic salinity, which are basedbservations at Station CB4.4 (Fig.
15.1). Based on our 3D model configuration, Wwease river discharge values of 2408sth

and 800 ms?, which largely represent the conditions of higketiarge and low-discharge
periods, respectively. Using the linear adjustm@ne theory of MacCready (2007), the salt

. . oS .
intrusion length can be scaled byl ZjRidxand the freshwater replacement time can be
S

ocn

approximated by%é When river discharge is 2400°ms%(800 n? s%), the freshwater
u

replacement time is about 15.2 (56.0) days, andsditeintrusion length is about 104 km (128
km). The estimated freshwater replacement timescaaie quite consistent with the water ages at
the mouth calculated by Exp.1 which representantean transport timescale of the freshwater
from the Susquehanna River. As the freshwater mdeesistream, it replaces the old water.

For transport of water from the lower Bay, the sport timescale depends on the exchange flow.
The Knudsen relation provides a suitable estimawbnthe exchange flow from a given

stratification. For Ul u. , the dimensionless stratification is estimated by

— 2 =
) = S "8 =iu |_|—i(KSis the vertical eddy diffusivity, which has the saghefinition

s 20 F K_s

ocn S Tocn

as Eq. 3.9 in MacCready (2007)). A dimensionlegsression for the exchange flow can be

2
written as-e =4_18(I::| % wherec=,/gfs,,H is twice the speed of the fastest internal wave
¢ M

that could be supported in the estuary given tmsitedifference between ocean and freshwater.
Following the methodology of MacCready and Gey&l1(® and using the theoretical solution,
the graphical presentation of these scaling ressilshown in the plane oluf/c,®) (Fig. 16).
The Knudsen relation is purely diagnostic. It teissonly which exchange flow is consistent with
a given stratification. On its own, it cannot pidioth stratification and exchange. Meanwhile,

our 3D model results are sampled to calculate imemkionless exchange flow and stratification
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under various real forcing conditions. The 3D ma@sults largely match the theoretical results
(Fig. 16). It is indicated that in the upper Chessge Bay stronger exchange flow corresponds to
stronger stratification. During the high salinityater intrusion events, the horizontal salinity
gradients increase and both the vertical stratiboa and exchange flow becomes stronger.
Therefore, the age of the water mass coming frarotier Bay is relatively smaller.
5.3 Renewal of Baltimore Harbor
Persistent low DO during the summer in tieep-water (dead zone) of the main Bay

remains a serious concern for water quality marsag@bservations indicate that the hypoxic or
anoxic water in the deep channel of the main Bayerger most of the major tributaries due to
gravitational circulation (Kuo and Neilson, 198This phenomenon has been observed in the
Baltimore Harbor, which greatly degrades the edesydn the inner Harbor. In the experiment
of tracing deep water coming from the lower Bay, fimel the upper layer tracer concentration
near the head of the Harbor is higher than th#éninner and outer Harbor (figure not shown).
The age distribution (Figs. 7c-d and Fig. 10) sstgehat, in the upper layer of the water
column, the time needed for the deep water of dlaeet Bay to reach the head of the Harbor is
less than that to the inner and outer Harbor. Atinog to Cameron and Pritchard (1963), the
characteristic salinity distribution of the Harbeas a positive seaward gradient in the lower
layer, but a negative seaward gradient nearerutace. The resulting stratification is weakest
near the head of the Harbor, where vertical mixengtronger than in other areas of the Harbor.
The increased vertical mixing (or upwelling) nebe thead of the Harbor may facilitate the
upward transport of dissolved substances in thest.ar

Although the concentrations of riverine polhtta entering the Harbor are higher during the
high-discharge period than that during the low-disge period, the renewal of water in the
Harbor is faster during the high-discharge peribdnt that during the low-discharge period.
Thus, the impact of dissolved riverine pollutantsthe Harbor is not severe during the high-
discharge period as large amounts of substancédeviransported out of the Harbor quickly.
The worst situation can occur at the end of thédigcharge period when the concentrations in

the Harbor are still high but the water renewalltsving down.

6. Conclusions
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The water exchange between the Baltimore HaahdrChesapeake Bay is investigated using
artificial tracer in conjunction with a calibratedalistic 3D model. The tracer concentration is
representative of water or dissolved substancesngpfrom the concerned source region, while
the water age can indicate the transport timesafathese dissolved substances. These features
are important factors that need to be examined whgng to protect the tidal environmental
resources and manage pollutant transport in estuiari

The results suggest that the temporal andaspadriations of water exchange between the
Harbor and the Bay have obvious seasonal featuwbgh are highly correlated with the
Susquehanna River discharge. The hydrodynamic tondiluring the high-discharge period
facilitates the intrusion of dissolved substancasiog from Susquehanna River to the Harbor
(mainly via the upper layer of the water columnpr Ehe case of releasing tracers from
Susquehanna River (Exp. 1), the tracer concentraiicrease approximately 40%, but the water
age decreases approximately 2 months during adiggiinarge period compared to the results
during a low-discharge period. Both the upper amgel layers are dominant pathways for
transporting dissolved substances from the SusquehRiver to the Harbor, but the upper layer
tends to transport water masses with higher coratgans of dissolved substances.

During a high-discharge period, the salinigciibases in the upper Bay and the baroclinic
pressure between the Bay and the Harbor decreabid) suppresses the saline water intrusion
to the Harbor thus decreases the transport timgabér coming from the lower Bay (Exp. 2).
Compared to a high-discharge period, the tracecemmnation decreases about 20% and the
water age increases about 20 days during a loviraiige period. Only the lower layer is the
dominant pathway of transporting dissolved subgiammoming from the lower Bay into the
Harbor.

The transport in the main channel is highlatedl to the dynamic conditions in the lower Bay.
A high-salinity water intrusion event in the bottdayer of the Bay usually corresponds to a low
water age event near the bottom both in the Bayimitkde Harbor. The transport time depends
on the strength of the exchange flow. The waterdeygeases by approximately 20 days when
the landward residual velocity in the main Bay @ases by approximately 8 cm/s. Diagnostic
analyses suggest that the low river discharge &mothgs along-Bay pressure gradient facilitate

the up-Bay transport of dissolved substance corfnorg the lower Bay.
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The time needed for the contaminants in thebétato be transported to the main Bay
during a typical low-discharge period is about 1ntholonger than during a typical high-
discharge period. Because of the development of thinee-layered circulation, dissolved
substances usually remain the longest in the mpdhdef the Harbor. The maximum tracer
concentration occurs at around 6 m depth in tha el@se to the mouth of the Harbor. As soon
as the dissolved substances are transported dbedflarbor, water mass follows two different
pathways. When being transported toward the doeastrof the Bay, high tracer concentrations
occur near the surface. Conversely, when beingpi@ted toward the upstream of the Bay, high
tracer concentrations occur near the bottom.

The long-term mean transport processes, which sndepend on the low frequency and mean
motion of the water, are essential to evaluate matehange between the Harbor and the Bay.
This study indicates that the water age and treaecentration in the Harbor are sensitive to the
perturbations of the Susquehanna River dischanmgeredlity, the perturbation can also be
induced by the wind forcing. and affect the wat@change over shorter timescales. The
incorporation of the wind effect will be coveredaunr future work. As the freshwater discharge
dominates stratification in the upper Bay, the Itsspresented in this study represents the
seasonal density-driven exchange flow between #rbdt and the Bay. The approach used here

can be used to study the water exchange processéser estuaries and harbors.
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Figure Captions

Figure 1. Bathymetry of upper Chesapeake Bay. Bhar gradient represents water depth in meters.

Figure 2. Model domain and boundary-fitted compategl grids (101 X 153). The red bold lines denote
transects along the navigational channel of thébtaftransect 1) and across the mouth of the Harbor
(transect Il) respectively. The star symbols regmestations where time series analyses are ccdiuct
The rectangle (Station V) in the main channel efBtay is the sample site of modeled velocity peofil
The triangles represent CBP monitoring statiorthénBay.

Figure 3. Model-data comparisons. (a) Salinityitss The subscriptsandb represent surface
salinity and bottom salinity, respectivel{b) low-pass filtered water elevation. The obaépns
(black line) are missing in some time intervalse Torrelation coefficients (CC) in (b) are at ti&®
confidence level.

Figure 4. Long-term mean (1985-2007) daily freslwaischarge (xfn®s?) from Susquehanna River.

Figure 5. (a) Typical longitudinal-vertical sectiofithe salinity (ppt) distribution along the naaigpnal
channel of the Baltimore Harbor, with the Chesapdddy lies in the right entrance of the figure.o\vs
indicate the schematic depiction of the three-lagiagirculation pattern in the Harbor (after Cameand
Pritchard, 1963). (b) Modeled salinity (ppt) prefilong transect I. (c) Modeled velocity (c) profile
along section |. The positive (negative) valuesesent the outward (inward) flow. The abscissa is
consistent with model grid coordinates in Figure 2.
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Figure 6. Surface salinity (ppt) in the upper Gipesake Bay averaged during (a) the typical high-
discharge period and (b) the typical low-dischgrggod. Zonal velocity (cm™ profiles across the
mouth of Baltimore Harbor (transect Il in Fig. 2)eaaged during (c) the typical high-discharge pério
and (d) the typical low-discharge period. The pesi{negative) values represent the outward (injvard
flow. The contour interval is 1 ppt for salinityefd and 0.5 cm$or the velocity field.

Figure 7. Snapshot of surface water age (day) (EXp-b) and Exp. 2 (c-d)) and velocity (cil) ¢e-f) at
Day 91 (left) and Day 255 (right). The contour mtd is 4 days.

Figure 8. Monthly mean vertical profile of waterea@lay) resulting from Exp.1 along the navigation
channel of Baltimore Harbor (transect | in Fig. Bhe contour interval is 5 days. The abscissa is
consistent with the model abscissa in Figure 2.

Figure 9. Temporal vertical tracer concentratiamifeary unit) (left, a-d) and water age (day) (rige-h)
profiles resulting from Exp. 1 at Stations C, Daid B (from top to bottom), respectively. The camto
interval for the tracer concentration and water @ge0.1 and 10 days, respectively.

Figure 10. Same as Fig. 8, but for the resultsxpf. 2.

Figure 11. Same as Fig. 9, but for the resultsxpf. 2.

Figure 12. Temporal evolution of total tracer cartcation (arbitrary unit) in Baltimore Harbor under
high-flow (thin line) and low-flow (bold line) cotitibn, respectively. The dashed lines indicate whbe
total tracer concentration is reduced to a fact@’'@.e., measure of the turnover time of the Harbor
waters).

Figure 13. Evolution of tracer concentration (aebig unit) in the case of releasing tracers inggant
Baltimore Harbor under typical high-discharge ctindi (Exp. 3). Chesapeake Bay lies to the righhef
figure. The abscissa is consistent with the molstissa in Figure 2.

Figure 14. Time series of depth-averaged tracecarnation under (a) typical high-discharge conoditi
and (b) typical low-discharge condition. The tengeertical profiles of tracer concentration under
typical low-discharge condition are shown in (€)elch row, the results at Stations f, g, and h are
presented from the left to the right.

Figure 15. The temporal vertical profile of (a) ebs&d salinity (ppt) at Station CB4.4; (b) wateeag
(day) at Station C (Exp. 2); (c) water age at 8taB (Exp. 2); and (d) residual velocity (ciH st Station
V. The negative (positive) velocity representssbaward (landward) flow.

Figure 16. The plane (UE/®) presentation of all possible estuary stafeand uE/c denotes the
dimensionless stratification and exchange flowpeesively. The solid line represents the results
calculated using theoretical solution, the triarmgjeresents the results calculated using the 3Demod

Table
Table 1. A summary of the tracer age results irBhkimore Harbor.
Description Exp. 1 Exp. 2 Exp. 3
Vertical age distribution Low age occurs at both Decreases consistentlyLarger in the mid-depth
pattern surface and bottom, andwith depth than those in other areas
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Figure 1. Bathymetry of upper Chesapeake Bay. The color gradient represents water depth in meters.



Figure 2. Model domain and boundary-fitted computational grids
(101 X 153). The red bold lines denote transect along the
navigational channel of the Harbor (transect I) and across the
mouth of the Harbor (transect Il) respectively. The star symbols
represent stations where time series analyses are conducted. The
rectangle (Station V) in the main channel of the Bay is the sample
site of modeled velocity profile. The triangles represent CBP
monitoring stations in the Bay.
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Figure 4. Long-term mean (1985-2007) daily freshwater discharge (x10° m3s) from Susquehanna River.
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Figure 5. (a) Typical longitudinal-vertical section of the
salinity (ppt) distribution along the navigational channel of
the Baltimore Harbor; Chesapeake Bay lies to the right of
the figure. Arrows indicate the schematic depiction of the
three-layered circulation pattern in the Harbor (after
Cameron and Pritchard, 1963). (b) Modeled salinity (ppt)
profile along transect I. (c) Modeled velocity (cm s) profile
along transect I. The positive (negative) values represent
the outward (inward) flow. The abscissa in (b) and (c) is
consistent with the model abscissa in Figure 2.
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Figure 6. Surface salinity (ppt) in the upper Chesapeake Bay averaged during (a) the typical high-discharge period and (b) the
typical low-discharge period. Zonal velocity (cm st) profiles across the mouth of Baltimore Harbor (transect Il in Fig. 2) averaged
during (c) the typical high-discharge period and (d) the typical low-discharge period. The positive (negative) values represent the
outward (inward) flow. The contour interval is 1 ppt for salinity field and 0.5 cm sfor the velocity field.
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Figure 8. Monthly mean vertical profile of water age (day) resulting from Exp.1 along the navigational channel of Baltimore
Harbor (transect | in Fig. 2). The contour interval is 5 days. The abscissa is consistent with the model abscissa in Figure 2.
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Figure 9. Temporal vertical tracer concentration (arbitrary unit) (left, a-d) and water age (day) (right, e-h) profiles resulting from
Exp. 1 at Stations C, D, E, and B (from top to bottom), respectively. The contour intervals for the tracer concentration and water
age are 0.1 and 10 days, respectively.
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Figure 10. Same as Fig. 8, but for the results of Exp.2.
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Figure 11. Same as Fig. 9, but for the results of Exp.2.
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Figure 12. Temporal evolution of total tracer concentrations (arbitrary unit) in Baltimore Harbor under high-flow (thin line) and
low-flow (bold line) condition, respectively. The dashed lines indicate where the total tracer concentration is reduced to a
factor of e! (i.e., measure of the turnover time of the Harbor waters).
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Figure 13. Evolution of tracer concentrations (arbitrary unit) in the case of releasing tracers instantly in
Baltimore Harbor under typical wet condition (Exp. 3). Chesapeake Bay lies to the right of the figure.
The abscissa is consistent with the model abscissa in Figure 2.
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Figure 14. Time series of depth-averaged tracer concentration (arbitrary unit) under (a) typical wet and (b) typical dry conditions.
The temporal vertical profiles of tracer concentrations under typical dry condition (the same pattern occurs during the typical wet
condition) are shown in (c). In each row, the results at Stations f, g, and h are presented from the left to the right.
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Figure 15. The temporal vertical profile of (a) observed salinity (ppt) at Station CB4.4; (b) water age (day) at Station C (Exp. 2);
(c) water age at Station B (Exp. 2); and (d) residual velocity (cm s) at Station V. The negative (positive) velocity represents the
seaward (landward) flow.
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Figure 16. The plane (ue/c, ®) presentation of all possible estuary states. ® and ue/c denotes the dimensionless stratification
and exchange flow, respectively. The solid line represents the results calculated using theoretical solution, the triangle
represents the results calculated using the 3D model.



