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In Chesapeake Bay substantial quantities of organic matter are produced during the
spring bloom, which contributes to severe chronic bottom oxygen depletion during

the summertime. However, the details of this transport in the estuarine system under
realisic forcing is still unclear. In this Research, a thdgmensional model was used

to investigate the production, transport, and fate of organic matter in Chesapeake Bay.
Analysis of a control volume in the deep channel revealed that the sinking flux of
fag-sinking particulate organic nitrogen (PON) into the deep channel is comparable

to the horizontal advective transport. The model analysis also revealed a pronounced
east to west transport of PON during the springtime and a tendency to export mass
from theeastern shore to the deep channel and from the deep channel to the western

shore of the Chesapeake Bay, and also a convergence of mass transport on the



western shore. This transport is consistent with the lateral estuarine circulation in
Chesapeake Bapat arises due to the asymmetry of the floedp tidal cycle. In
addition, the model revealed that seasonal variations in wind alter the magnitude and
distribution of organic matter flux in the along channel and cross channel direction,
with northerly wirds during the springtime favoring more northward organic matter
transport and more organic matter accumulation in the deep channel, however, the
lateral net flux direction remains the same.

In Chesapeake Bay, phytoplankton biomass typically peaks irgsphiareas

primary production peaks in summer. For this to happen, phytoplankton growth rates
must be low in spring and high in summer and very likely there must be low grazing
losses in spring and high grazing losses in summer as well. In this resedhrele, a
dimensional coupled physiehlological model is used to explore how these seasonal
patterns in phytoplankton and primary production arise during the year from 2000 to
2005. It is shown that with the seasonal variation of maximum carbon to chltbrophy
ratio, temperature control on phytoplankton growth, and temperdéprendent
zooplankton grazing effects, my model can capture the spring peak in phytoplankton
biomass and the summer peak in the primary production, agreeing well with the
observationsThe model simulates high phytoplankton growth rates in the summer,
with the maximum growth rates occurring in late summer. The model also reveals
that nutrient supply shifts from rivelerived nitrate in the springtime to organic

matter derived ammoniumuting summer. The simulation results also reveal that a
substantial fraction of the ammonium that supports the high summer production is

derived from allochthonous transport rather than autochthonous ammonium



production. The transport process providesagge as 50% ammonium needed for
uptake during summertime in the mesohaline Chesapeake Bay. My research also
confirms the importance of nutrient recycling in supporting high summer production
in Chesapeake Bay.

Denitrification is an essential processhie imarine nitrogen cycle because it removes
bioavailable nitrogen from the aquatic system. Current understanding of
denitrification variability in Chesapeake Bay is severely constrained by the sparse
observations that provide insufficient coverage in lspidice and time. In this

research, denitrification variability is examined in the Chesapeake Bay using a three
dimensional coupled physiealogeochemical model based on the Regional Ocean
Modelling System (ROMS). Model simulations indicate that denittificeoccurs

not only in the sediment but also in the water column at significant, though somewhat
lower rates. Model results indicated that the water column accounts for around 7.5%
of the total denitrification amount that occurred in the system duringQbe and

2002 period of this study. This conflicts with the historical assumption that water
column denitrification in Chesapeake Bay is negligible. The model also reveals the
spatial patterns in denitrification with more denitrification occurring irugheer to

middle bay due to higher availability of organic matter in these areas compared to the
lower bay. In terms of temporal variability, denitrification peaks in the sediment in
spring while in the water column it peaks in the summer. The reasondor th
difference in the timing is related to the availability of oxygen: In the spring oxygen
levels in the water column are too high to allow denitrification so it happens only in

the sediment where low oxygen levels persist all year around. In summexygano



and depletion of nitrate below the pycnocline completely shuts down denitrification

in the sediment in the mesohaline and polyhaline region of the by. However, water
column denitrification continues at the interface between oxygenated waters near the
surface and oxygedepleted waters below where coupled nitrificatomitrification
happens. The model also reveals that denitrification removes significant quantities of
biologically available nitrogen, meaning that without this process, more summertim
primary production would occur in the form of more surface chlorophyll, increasing

as much as 10ug/L in the middle bay region, which would, in turn, lead to more

oxygen depletion.
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Chapterl: | ntroduction and Overvi

Motivation

Particulate organic nitrogen transport
Estuaries are serainclosed water bodies and transition zones that connect freshwater
to marine environments with strong salinity gradigbéger and MacCready (2014)
and they are often negatively influenced by human actjioxvarth et al. 201)1
Over the passeveral decades, estuaries worldwiidabalais et al. 200%ave
suffered from anthropogenic eutrophication stemming from agricultural fertilization
(Zhang 201y and disposal of urban and industrial waste wg&@nsil 2000 with
elevated nitrogen leve(®eegan et al. 20)2The resulting increases in primary
production can lead to the generation of particulate organic matter (POM) and
elevated biological oxygen demand. Eutrophication is one of the leading risks to
estuarine ecosystemtegrity (Paerl and Scott 20)@nd jeopardizes these ecosystems
through, in particular, depletion of bottom wabtxygen(Breitburg et al. 201,8iaz
and Rosenberg 2008esta etl. 2018).
The eutrophicatiofiueled POM that drives depletion of oxygen may be subjected to
diverse transport pathways in natural highly stratifRedlston et al. 2000 partially
mixed (Scully and Geyer 20)2and weltmixed (Wei et al. 201y estuarine systems
before it arrives at the bottom. Estuaries with complex bathyr@tylly 2016
Scully and Friedrichs 200 ¢an have heterogeneous residence times and circulation
patterns due to the interaction of river discharge, tidal asymrf@tang et al. 2018

and wind forcing(Li and Li 2012 Li and Li 2013. This variability will result in

e w



retention, settling and remineralization of POM in s@reas and mixing, transport

and dispersal of POM on others. Understanding POM transport, transformation and
fate in estuaries is clearly important for understanding then negative impacts of
eutrophication.

Chesapeake Bay is the largest estuary in tham#Sone of the most productive
estuaries on the east coast of North America. Eutrophication of Chesapeake Bay
began with land clearing in the 18th cent(Bpesch et al. 2001hat resulted in
increased nutrient loading. Today the Bay suffers from excessive primary production
resulting in chronic bottom oxygen depion during the summéCowan and

Boynton 1998. Many studies have been conducted that focus on the onset and
development of oxygen depletion in Chesapeake(Baynp et al. 2005Murphy et

al. 2011 Testa and Kemp 20)4In contrast, relatively few studies have been
conducted that focus on the complicated physical and biological processes that
control the transport and fate of the POM in the estuary that drives the oxygen
depletion. There are the direct sources oMFA@put from the overlying water

column via sinking that drive the deemter oxygen depletiofLi et al. 2016 Zhou

et al. 2014. In addition, there are direct sources from the shallow flanks of the
estuary and the lower Bay via advection, but the relative importance of these have not
been extensively studied.

In the second chapter of my thesasthreedimensional hydrodynamic and nitrogen
based biogedemical model was employed to study the particulate organic nitrogen
(PON) transport, transformation and fate in ChesapeakeNBagbjectives were to

identify the spatial and temporal variability in the autochthonous and allochthonous



processes that debv PON (which includes phytoplankton and organic detritus) to

the deep channel of the Bay. In achieving these objectives, | hope to discern the
physical and biological factors that lead to the accumulation of PON in the thalweg of
the Bay that fuels summtene bottom dissolved oxygen depleti@iresta and Kemp

2014).

Gross Primary Production and biomass
The process that transforms dissolved inorgaarbon, nitrogernphosphorus to
organic form is called primary productiorrifRary production forms the base of
estuarine food web and so is a key driver of higher trophic level productivity
(Blanchard et al. 202 Zloern and Jassby 201 G-actors governing phytoplankton
dynamics in coastal and estuarine systems include water temperature, light
availability, salinity, stréfication and nutrient availabilitfCloern 199%. The strong
nutrient, light, and salinity gradient&le et al. 2008Kocum et al. 2002Lohrenz et
al. 1999 along with the threglimensional estuarine circulatigGeyer and
MacCready 2011give rise to complex variations in primary production in both time
and space. There is a growing need to fully comprehend the factors that control
primary production, especially in highly eutrophic urbanized estu@€msp et al.
2009 where improving water quality and water security hanerged as important
issueqStrokal et al. 2016
In Chesapeake Bay, the largest estuary in North America, excessive nutrient inputs
from major tributaries like the Susquehanna River and Potomac RAhers et al.
20149 stimulates excessive phytoplankton growth, which contributes to high

biological oxygen demand and the developmemaimfe recurring hypoxic and



anoxic conditiongKemp et al. 2006 Yet the current understanding of the factors
that control the spatial and temporal variabiiityprimary production and biological
oxygen demand in Chesapeake Bay is still rudimentary in many respects. There has
been only a handful of in situ studies of primary production variability in the
Chesapeake Bgdolf et al. 2006 Harding et al. 200ZKemp et al. 199) These
studies have revealed that phytoplankton biomass (chlorophyll) and phytoplankton
primary production are not tightly linked tm® another, with chlorophyll often
peaking in spring and primary production usually peaking in suriivedone et al.
1988. However, the data that have been used to characterize these patterns are
relatively sparse and there is tremendous seasodahmannual variability in the
chlorophyll and production patterns. Although ocean ebised measurements of
chlorophyll concentration and estimates of primary production provide the potential
to help fill the observational gaps, they may not be @btapture the observed
disconnect between chlorophyll and primary production, nor can they reveal the
underlying mechanism&on et al. 2014 Suffice it to say, there is insufficient
observational data available to adequately characterize the seasonal and interannual
chlorophyll and primary production variability ih€sapeake Bay, much less
determine the factors that control it.

The seasonal variability of phytoplankton biomass and growth rate in coastal and
estuarine systems varies substanti@@ioern and Jassby 201 #or example, in the
northern Gulf of Mexico, the peak growth rate happens in the late spring and
beginning of summer coincident with the biomass fd€a&knelet al. 201).

Nonetheless, severfdld seasonal variations in the phytoplankton growth rate are



alsopresentedn theintermediate part iGulf of Mexicofrom the mode(Fennel et

al. 201). This is in contrast to the aforementidrecoupling of the phytoplankton
biomass and production rate peaks in Chesapeaké@Bdgne et al. 1988which is

also indicative of large seasonal variations in phytoplankton growthQatend

Shen (2017gstablished a thredgimensional water quality model and introduced a
variablegrowth coefficient that allows the model to simulate observed phytoplankton
biomass variations in the James River. Although this parameter is not exactly the
same as growth rate, it is interesting to note that at least 2 to 3 fold seasonal variations
in this parameter must be imposed from spring to summer to get the model to
correctly simulate the seasonal variability in phytoplankton bioif@issand Shen

2017). In a related study,iu and de Swart (201&stablished a two dimensional
idealized dynamic phytoplankton production model that can simulate the vertical
distribution of phytoplankton, and also the spatial distribution of growth rate in spring
under diferent stratification conditions in the Columbia River, but they did not
simulate the growth rate variation across the se&@ero and Noel (2B4)

established a procesased biogeochemical model that can generally capture the
seasonal variability of primary production in Chesapeake Bay as revealed by
observations from the 1990s. However, upon close inspection in some years there are
large digrepancies between the modeled and observed primary production, and the
phytoplankton biomass variability is not shown. None of the previous biogeochemical
modeling work conducted in Chesapeake Bagrco and Noel 2004eng et al.

2015 Shen et al. 201Jesta et al. 2014Xu and Hood 200phas successfully

simulated the aterved seasonal transition of both primary production (which



generally peaks in summer) and accumulation of biomass (which generally peaks in
spring), nor have any of these studies examined how phytoplankton growth rate must
vary seasonally to make thisggeen, or what the environmental factors are that

control this growth rate variability. Fromdolf et al. (2006pbservations, it can be
estimated that the summiene phytoplankton growth rate should be abott8nes

larger than the growth rate in springtime in order to capture the observed seasonal
changes in phytoplankton biomass and primary production.

Although satellitebased primary production resu{on et al. 201yobtained in

recent years provide more largeale coerage and resolution, the physical,
biogeochemical and physiological mechanisms behind the observed patterns are
difficult to discern. This difficulty is exacerbated by the fact that satellites tell you

very little about what is going on under the surfatthe water. However, a

processed based physimabgeochemical model including growth, aggregation and
mortality can cover a | arge spatial scale
direct insights into the factors that control the seasonarpattn phytoplankton

biomass and primary production in Chesapeake Bay if the model can be

parameterized to capture these patterns.

Denitrification
Low-efficiency agricultural utilization of nitrogen in fertilizéiuelleret al. 2017
Zhang 201y combined with auto and industrial emissions of NOx, septic system
release of both organic and inorganic nitrogen and release of nitrogen in municipal
wastewater treatment effluent result in significant nitrogen loading worldwide,

considerably impacting the global nitrogen cy(®uwman et al. 2009



Conventional denitrification, from the sequential reduction of @tr@amitrite, then to
nitric oxide and nitrous oxide and finally becoming dinitrogen(gasnft 1997 has

long been considered as the primary sink process in the nitrogen cycle that can help to
mitigate the effects of excessive fixed nitrogen load@gwan and Boynton 19%&
aguatic ecosystems that suffesrh eutrophicatioffChristensen et al. 1987

Seitzinger and Giblin 1996Given the magnitude of the ecological and economic
problems that are caused by eutrophicafi®anaglia et al. 2014Dodds et al. 2009
Kemp et al. 2005Smith 2003, it is essential to understand the nitrogen cycle in
aguatic ecosystems, and especially nitrogen removal processes like denitrification for
its application in nutrient management. At the global scale both shelf sediments
(Seitzinger et al. 200&nd open oceamxygen minimum zones which include the
Arabian SedBulow et al. 201pWardet al. 2009, the eastern tropical South Pacific
(Chang efl. 201Q Lam et al. 200Pand eastern tropical North Pacifidorak et al.
2016 are weltstudied hot spots for nitrogen loss via denitrification. In contrast, the
relative importance of sediment and water column deicatibn in estuaries has not
been extensively studidemp et al. 1990

ChesapeakBay, which is the largest estuary in United States, suffers from
eutrophication due to excessive nitrogen loading as in other coastal (Kaens et

al. 2005 Kemp et al. 200p During the summertime, the chronic oxygen depletion in
bottom wate(Testa and Kemp 2017 esta et al. 20183 esta et al. 2018lpromotes
denitrification that transforms nitrate to nitrogen ¢@srnwell et al. 1999Cowan

and Boynton 199&ana et al. 2006 which is then released to the atmosphere.

Therefore, understanding the spatial and temporal variability of denitrification in



Chesapeake Bay is of great importance for understanding the Chesapeake Bay
nitrogen cycle, budgeand also for nutrient management efforts. An example of the
importance of denitrification can be seen in measurements of bottom water tK®
main stem mesohaline Bay (e.g., CB3.3C) every year when values drop #30n 10
pmol/L in early summer to zeria less than one montfihis happens after bottom
water oxygen levels are depleted forcing facultative heterotrophic bacteria to switch
to usingNQ; as an alternative elector accepf@umft 1997. This loss of nitrogen via
generation of dinitrogen gas represents a substantial term in the Chesapeake Bay
nitrogen cycle, yet the number of measurements that have been collected to
characterize denitrification rates in the Bay are surprisingly spadseaemarkably,

they are restricted almost entirely to the benthos (Boynton et al. 1995). There are no
reported measurements of water column denitrification in Chesapeake Bay. This is in
contrast to the open ocean where water column denitrificatios atee been

routinely measuring for many yedfsuchsman et al. 201 Fuchsman et al. 209

Since a large Mame of the bay becomes anoxic during summer there must be
significant amounts of water column denitrification as observed in the open ocean,
yet this was ignored in the nitrogen budget that was estimatBdyayton et al.

(1995) Using a global modeDeVries et al. (20123stimated that about 28% of the
oceanic nitrogen loss occurs in the ocean water column oxygen minimum done
contrast, the relative importance of water column versus benthic denitrification in
Chesapeake Bay is still unknown.

In addition to denitrification, there is another pathway of nitrogen loss in marine

systems through anaerobic ammonium oxidation (MWAOX) (Bulow et al. 2010



Dalsgaard et al. 03 Dalsgaard and Thamdrup 20@2m et al. 2009Thamdrup

and Dalsgaard 2002As with denitrification, there are also a very limited number of
reported rates of dinitrogen gas production due to the ANAMMOX process in
Chesapeake BgyBabbin et al. 201,8Babbin and Ward 201 Rich et al. 2008

Babbin and Ward (2013uggested that the stoichiometry of organic matter, rather
than the total amount of organic matter, regulates the relative contributions of
ANAMMOX and dentrification to overall nitrogen loss in Chesapeake Baigh et

al. (2008)found that the percent ofaproduction due to ANAMMOX ranged from O
to 22% in Chesapeake Bay, with the highest peaggrst occurring in the freshwater
portion of the main stem of the upper bay. Due to the controversy and uncertainty
surrounding the role of ANNAMOX in driving nitrogen loss in marine systems,
combined with the difficulty of representing ANNAMOX in marin@geochemical
models,| only consider heterotrophic denitrification in this research.

Modeling technology provides a powerful tool to help us quantify the nitrogen cycle
and denitrification variability over a wide range of space and time g@&ibasucci et

al. 2012 Fennel et al. 20Q%ennel et al. 20Q6esta et al. 20)3Feng et al. (2015)
used a coupled physiealogeochemical model to determine fiyear average
nitrogen budget for the entire Chesapeake Bay without presenting a spatial and
temporal variability in detail and the relative contribution between therwatumn

and sediment.

Dissertation Structure

In my dissertation, it is structed as follsvin Chapter 1, | conductegumerical

investigationf particulate organic nitrogen prodien, transport and fate in a



partially mixed estuary, Chesapeake Baginga validated modehat focused on
having thebestpossiblemodel skillfor chlorophylt In Chapter 2| used the same
model, but with théuning andvalidationfocused on &alance between the best
chlorophyllskill andgross primary productioskill atthe seasondime scale, to
investigate the lag peak between the phytoplankton bioatassnulation in the
spring andpeakgross primary productioim thesummey as well as the mechanism
controlling these patterndn Chapter3, | used the same model, but with model skill
balance between tralorophyll nitrogen, oxygen and denitrification, to conduct
research on temporal and spatiatiability of denitrification and its possible effect
on thenitrogencycle inChesapake BayThrough allthis researchl hope to
understandhow physicaland biogeochemicarocessesontrolthe observed

biogeochemical variability in Chesapeake Bay.
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Chapter2:. Transport and Fate of

Nitrogen i n Chesapeake Bay:

Abstract

In Chesapeake Bay substantial quantities of organic matter are produced during the
spring bloom, which contributes to severe chronic bottom oxygen depletion during
the summertime. However, the details of this transport in the estuarine system under

realistc forcing is still unclear. In this Research, a thdg@ensional model was used

to investigate the production, transport, and fate of organic matter in Chesapeake Bay.

Analysis of a control volume in the deep channel revealed that the sinking flux of
fad-sinking particulate organic nitrogen (PON) into the deep channel is comparable
to the horizontal advective transport. The model analysis also revealed a pronounced
east to west transport of PON during the springtime and a tendency to export mass
from theeastern shore to the deep channel and from the deep channel to the western
shore of the Chesapeake Bay, and also a convergence of mass transport on the
western shore. This transport is consistent with the lateral estuarine circulation in
Chesapeake Bapat arises due to the asymmetry of the floedp tidal cycle. In

addition, the model revealed that seasonal variations in wind alter the magnitude and
distribution of organic matter flux in the along channel and cross channel direction,
with northerly wirds during the springtime favoring more northward organic matter
transport and more organic matter accumulation in the deep channel, however, the

lateral net flux direction remains the same.
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Introduction

Estuaries are sereinclosed water bodies and trdiwgi zones that connect
freshwater to marine environments with strong salinity grad{&@#ger and
MacCready 2014and they are often negatively influeacby human activity
(Howarth et al. 201)1 Estuaries worldwidéRabalais et aR009 have suffered over
the past several decades from eutrophicataarsed agricultural fertilizatiozhang
2017 and dumping of nitrogeenriched industrial and urban waste wa{@segan
et al. 2012Smil 200Q. The resulting increases in primary productoan lead to the
generation of particulate organic matter (POM) and elevated biological oxygen
demand. Eutrophication is one of the leading risks to estuarine ecosystem integrity
(Paerl and Scott 20)@nd jeopardizes these ecosystems through, in particular,
depletion of bottom water oxygéBreitburg et al. 201;8iaz and Rosenberg 2008
Testa et al. 2018
The eutophicationfueled POM that drives depletion of oxygen may be subjected to
diverse transport pathways in natural highly strati{Redlston et al. 2000 partially
mixed (Scully and Geyer 20)2nd weltmixed (Wei et al. 201y estuarine systems
before it arrives at the bottom. Estuaries with complex bathyr{®tuylly 2016
Scully and Friedrichs 200'¢an have heterogeneous residence ti{pesand Shen
2016 and circulation patterns due to the interaction of river discharge, tidal
asymmetry(Zhang et al. 200)8nd wind forcing(Li and Li 201% Li and Li 2013.

This variability will result in retention, settling and remineralization of POM in some

areas and mixing, transport and dispersal of POM on others. Understanding POM
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transport, transformation and fate in estuaries is clearly important for understanding
the negative impacts of eutrophication.

Chesapeake Bay is the largest estuary in therlddae of the most productive

estuaries on the east coast of North Ameifiégure2.1a,b). Eutrophication of
Chesapeake Bay began with land clearintp@18th centuryBoesch et al. 2001

that resulted in ineased nutrient loading. Today the Bay suffers from excessive
primary production resulting in chronic bottom oxygen depletion during the summer
(Cowan and Boynton 1996Miany studies have been conducted that focus on the
onset and development of oxygen depletion in Chesapeak@&Bmp et al. 2005

Murphy et al. 2011Testa and Kemp 20)4In contrast, relatively few studies have

been conducted that focus on the complicated physical and biological processes that
control the transport and fate of the POM in theiary that drives the oxygen

depletion. Accumulating evidence suggests that there is a connection between bottom
water accumulation of organic matter during springtime and the summertime hypoxia
(Testa and Kemp 201Zesta et al. 2008There are direct sources of POM input

from the overlying water column via sinking that drive the deafer oxygen
depletion(Testa and Kemp 20)4In addition, there are indirect sources from the
shallow flanks of the estuafitemp et al. 199¥and the lower Bay via gravitational
circulation, but the relative importance of these have not been extensively studied.

In this research, a threkmensional hydrodynamic and nitrogbased

biogeochemical model wasnmployed to study the particulate organic nitrogen (PON)
transport, transformation and fate in Chesapeake Bigyre2.1c,d). My objectives

were to identify the spatial and temporal variability in the autochthonous and
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allochthonous processes that deliver PON (which includes phytoplankton,
zooplankton and orgamdetritus) to the deep channel of the Bay. In achieving these
objectives, | hope to discern the physical and biological factors that lead to the
accumulation of PON in the thalweg of the B&ygQre2.1e) that fuels summertime
bottom dissolved oxygen depleti¢hesta and Kemp 20)4

This paper is structured as follows. In Sewct?, | provide a description of the
numerical models that were used in the study along with a description of the PON
volume transport flux methods and an assessment of model skill. In Section 3, |
examine the results of ay@ar simulation of ChesapeakayB These results illustrate
the transport patterns and the fate of PON in different organic forms in the Bay and
their seasonal and spatial and variability. In Section 4, | discuss the physical and
biological mechanisms that cause the observed transaberns in the context of
previous investigations and provide suggestions for future work. Lastly, the primary

findings are briefly summarized in section 5.

Methods

The physical Model
The physical component of the coupled model is basd¢deoRegional
Ocean Modeling System (ROMS) version @hchepetkin and McWilliams 2005
and the model domain and horizontal grid follow the Chesapeake Bay community
implementation of ROMS (ChesROM®&ju et al. 2012 The physical component is
identical to that described in previous resed&tully 2013 Scully 20163 The
domain spans the region mo77.2°W to 75.0°W and from 36°N to 40°N, covering

the main stem and primary tributaries of Chesapeake Bay, as well as part of-the mid
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Atlantic Bight (Figure2.1c). The horizontal grid spacing varies with the highest
resolution (430 m) in the northern Bay near the Chesapeake and Delaware Canal,
lowest resolution (12 km) in the southern end of the-Atldntic Bight, and average

grid spacing within the Cisapeake Bay of 1.7 km. The model has 20 terrain

following vertical layers with a higher resolution near the surface and bottom
boundaries. The bottom topography is also smoothed to avoid pressure gradient errors
caused by steep bathyme(Scully 2013. ChesROMS is forced by open ocean tides

and nonrtidal water levels, river dischargeingls, and heat exchange across the air

sea interface. Water level forcing at the oceanic boundary includes nine tidal

harmonic constituents and the observed-tida water level based on an

interpolation between observed values at Duck, NC and Wachepkégue
Chapmandés condition for surface el evation
velocity is applied to the barotropic component at the open ocean boundary, while for
the baroclinic component a radiation condition is used for velocity and a radiation
condition with nudging is used for temperature and salinity. Climatological

temperature and salinity from the World Ocean Atlas 2001was used for nudging at

the open ocean boundary. Atmospheric forcing quantities, includirayBy winds,

net shortwave ahdownward longwave radiations, air temperature, relative humidity,
and pressure, are obtained from the National Center for Environmental Prediction

(NCEP) North American Regional Reanalysis (NARR) model products.

The Biogeochemical Model

The biogeochemical model is based on an N2, nitrogerbased ecosystem

model(Fennel et al. 2006which comes bundled with the ROMS sourceecdthe
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model Figure2.1d) has been modified as describeiggert et al. (2017and it is

very similar to the model describedkeng et al. (2015Here | focus on the

components of the model thatfdr from Wiggert et al. (2017)The detailed model
eguations and parameters are provided and descrifebie0-1 and

Table0-2 in the Appendices

The biogeochemical model contains ten state variables: phytoplankton, chlorophyll,
zooplankton, ammauam, nitrate, dissolved organic nitrogen, inorganic suspended
sediment, small detritus, large detritus and oxygen. With the exception of chlorophyll,
oxygen and ISS, all of the state variables are in nitrogen Engisré2.1d). The

dissolved oxygen (DO) component of the biogeochemical model includes
representation of disea exchange, oxygen produced during photosynthesis, and
oxygen demand associatedhwil) nitrification; 2) zooplankton metabolic costs; and

3) remineralization of particulate and dissolved organic matter within the water
column and the benthos. The DO configuration allows the remineralization processes
to transition from oxic to anoxistates in both the water column and the sediments.
The originalFeng et al. (201%)iogeochemical model assumes aerobic respiration in
the water column and a fixed fraction (14%) of anoxic remineralization in the
sediments. However, during the summertime in Chesapeake Bay Hpgcudicline

water column transitions to hypoxic and fully anoxic conditions in the mesohaline
deep channel and, as a result, the sediments also transition to fully anoxic conditions
(Kemp et al. 2005Kemp et al. 200P Thus, during the summer in the mesohaline

deep channel, organic matter is remineralizegegaobically in both the sub

pycnocline waters and in the sediments with nitrate acting as the alternative electron
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acceptor. In order to account for the impacts of changing water column oxygen
concentrations my model has been modified as describ&fbigert et al. (20170

allow the ratio of anaerobic to aerobic remineralization to change in response to
changes in the oxygen concentrations in the overlying water column extending all the
way to a fully anoxic overlying water column withetbottom sediment transitioning

to fully anaerobic remineralization. As this transition takes place the stoichiometry of
sediment remineralization switches from coupled nitrificatienitrification (which

does not require N@rom the overlying water camn) to denitrification (which does
require nitrate from the overlying water column).

The dissolved organic nitrogen (DON) pool is of a similar magnitude to the inorganic
nitrogen pool in Chesapeake B@oynton et al. 1996and it has a pronounced effect
on the nitogen budget in the estugigradley et al. 2010 Therefore, a single DON

state variable was added to the model as describ&tgigert et al. (2017)The

sources of DON are from the river, algal exudation and mortality, and zooplankton
excretion. This DONs remineralized both aerobically and anaerobically like
particulate organic nitrogen throughout the year.

The light attenuation model is the same as that which is describedanal. (2005)
Following Xu and Hood (2006he sinking speed for phytoplankton varies as a
function of season with a high sinking speed in winter and spring to represent the
dominance of larg diatoms that sink rapidly, while during summertime, the sinking
speed is reduced to represent the dominance of small flagellates and dinoflagellates
that sink slowly(Marshall and Nesius 199%6T'he maximum carbon to ldrophyll is

also assumed to increase during summertime follo@Wkergo and Noel (2004yvhich
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impacts the models calculated chlorophyll concdrins. For the model results |
defined PON to be the sum of phytoplankton, zooplankton, small detritus, and large
detritus together for validation. For the PON budget analysis, the zooplankton was
ignored because it contributes very little to bottom H{DK during springtime. For

the river boundary nutrient forcing, | used measured values form the Chesapeake Bay
Program upstream station located as close as possible to the river bd@ndary et

al. 2013 in the model dmain (forNH;, NG;, chlorophyll, oxygen and D) rather

than using watershed model outputs aSang et al. (2015 general carbon to
chlorophyll ration value 50 and Redfield is applied to get the rivemigitoplankton
value. Riverside zooplankton was set 1/10 of phytoplankitaif of TSS was set to

be OSS and rest was ISrtotal detritus, we get that though OSS (phytoplankton
+zooplankton). Then 1/8f the OSSwvas set to be small detritus and 2/3 weaisto be

large detritugXu and Hood 2006

Volumetric transport flux calculation
ROMS provides a basic volume transport diagnostic program to investigate different
physical processes such as horizontal advection, vertical advection and diffusion in
the momentum and tracer transport governing equations, and this program has been
widely used by other investigatofBan et al. 2014Scully 2010hWang et al. 201)3
However, theoriginal diagnostic program does not provide information about the
tracer volume transport direction. For this study it was critical to know where the
volume flux comes from and where it goes in order to examine, for example, the east
west asymmetry in Gisapeake Bay volume transport. For this research | modified

the ROMS volume transport code so that it can calculate volume and tracer transport
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and direction on each side of a control volume and integrate the transport over time to
generate a budget. Trr@arrow control volumes were selected to better understand
the PON flux transport and transformation in the deep channel of Chesapeake Bay
and its exchange with the flank regions-A was positioned in the deep channel

along the mainstem of Chesapealsy BA>-A2>was positioned parallel to the deep
channel on the western shore, ang was positioned parallel to the deep channel

on the eastern shorEigure2.2a). These volumes were one grid cell wide sird

layers thick extending upward from the bottom as showrigare2.2b.

Model scenarios: Base run and experimental scenarios
In order to investigate the impacts of variations in wind and river forcing on PON
transport a sensitivity analysis was carried out with different wind and river input

forcing. The details of these different runs are present@edbie2-1.

Results

Model validation
My model produced similar, and in some respects better, skill in simulating
chlorophyll, PON, nitrate, ammonium, and dissolved oxygen, cadgdarprevious
Chesapeake Bay modeling studiEsng et al. 201,3rby et al. 2016Li et al. 2009
Testa et al. 2004 as pesented irFigure2.3 to Figure2.7.
Target digrams(Hofmann et al. 2008olliff et al. 2009 are presented iRigure2.3.
The modekapturegshe mean values of the measurement data. The normalized bias is
less than 0.5 for most of the chlorophyll statiodfigre2.3 a) and less than 0.25 for

oxygen Figure2.3b), NH; (Figure2.3c) and NQ(Figure2.3 d) results. The model
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tends to overestimate the mean chlorophyll and oxygen values in the northern bay
stations while it underestimates them in the southern bay. FgitiNOmodel slightly
overpredicted the mean values in the southern bay and it underestimated the mean
values in the northern bay. The model also overpredicted the variability of in
chloroplyll, oxygen,NH; andNO,. The model reproduced the oxygen variability
more accurately than the other biogeochemical state variables.

The Taylor diagramgTaylor 200} provide a similar assessment of the model skill
(Figure2.4). The oxygen displayed the highest correlatioafficient. The model

skill was better in the northern bay region I, andNO; compared to the southern
bay region. For nitrate, the model was closer to the mean in the northern bay region
with relatively high correlation coefficient&igure2.4d).

The spatial distribution of the model skiWillmott 1981) depicted inFigure2.5,

shows that the overall skill values decrease from oxyg&lO NH; to chlorophyll,
which is typical for coupled physichiogeochemical model simulatiofBeng et al.
2015 Irby et al. 201§ For chlorophyll, the highest skill is in the CB4.4 region with
values > 0.6 with only slightly loweskill values in the upper and lower bdsiqure

2.5a). Oxygen shows highest skill at ~0.9 throughout the Bayu(e2.5b). An

overall decreasing trend in the model skill was observed fdrfiirh 0.75 at the
CB3.3C to near 0.6 at the bay mouth station CB6.4. The model simulation skill for
NQ; is relatively high in the upper bay achieving ~0.8 at station CB3.3C and then
decreasing southward. The southern bay stations from CB5.4 to CB7.1 had relatively

low simulation skill between 0.5 to 0.6, except station CB6.4.
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Not only does the model captuboth seasonal variability of the chlorophyll, but also

the spatial variability in the along channel direction as well as local vertical
distributions. Note that high bottom chlorophyll was observed in spring in the CBP
data, as well as in my model, foranple at stations CB3.3C and CB4.2C during the
year 2005 Figure2.6) with skill of 0.7 and 0.63, respectively. This phenomenon of
bottom accumulationf chlorophyll in the spring, which was also noted and

simulated byXu and Hood (2006has not been addressed in other Chesapeake Bay
biogeochemical modeling studiffer exampleDa et al. 2018Feng et al. 2015

High chlorophyll concentrations develop during the spimGhesapeake Bay due to
blooms of large diatoms. These diatoms subsequently sink to the bottom resulting in
the Ainverted c¢hl oXuapdiHgod (2009)Thermoddladsss 6 not e d
captures the seasonal, as well as interannual variabilitgttdm PON in the system

with pronounced interannually variabilitiFiure2.7). High bottom PON levels

(more than 50 umol Nitrogen/L) were observed amulated during springtime

many years at the mesohaline stations CB4.1C, CB4.2C and CB4.3C. These high
values largely disappear during summertime. Wet years, like 2003 also produced
more PON in the bottom compared to dry years like 2002. Given tredtsre

consider that this model generally captured both the temporal and spatial variability in

the nitrogen cycle in Chesapeake Bay.

Deep channel particulate organic matter budget from base run Al
The primary motivation for this research is to bettetarstand where the POM/PON
comes from that gives rise to the oxygen depletion in the deep channel of Chesapeake

Bay during summer. Toward this end, it is possible to separate the autochthonous
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(physical) and allochthonous (biological) processes that dan@dl variability

through the model budget analystggure2.8 depicts monthly averaged PON
transport due to advection and sinking over the entire clesmnel control volume
A1-A1 during the model periods 2000 to 2005. Substantial variability was observed in
the monthly averaged biological and physical transports. In all, autochthonous
(physical) and allochthonous (biogeochemisaiking Gink inFigure2.8)

contributions of PON to the deep channel were approximately the same magnitude
(Figure2.8). The peak values occurred in rgdring (April), they sharply decreased

in the summer and they increased again in the fall. The magnitudes of both
autochthonous and allochthonous transport processes@lated to PON
concentration, i.e., the transports were highest in the spring and fall when the PON
concentrations were highest and they were lowest in summer when the PON
concentrations were lowest. For the physical processes, the cross charmvetggast
xadv inFigure2.8) transport is positive, i.e., it adds PON to the deep channel, while
the along channel (nor$outh, yadv irFigure2.8) transport acts as a sink term for

the deep channel PON budget. The net horizontal advection (h&dyuire2.8)
contributes to PON accumulation in the deep channel with the largest contribution
due to lateral processes, i.e., PON lateral transport (xaegime2.8). In contrast,

the vertical advection is a sink term, i.e., it moves PON upward and out of the deep
channel. The horizontal and vertical advection processes are approximately the same
magnitude ad display similar seasonal variabilityigure2.8). Vertical diffusion is

also a sink term but it is very small compared to the other tuahifé in Figure2.8).
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For the biological processes, sinking always contributed to PON accumulation in the
deep channel and the contributions were é#gln the spring and lowest during
summer Figure2.9), reflecting the seasonal changes in PON concentrétigare

2.9 shows the contribution of PON in the form of phytoplankton, small detritus and
large detritus to the deep channel. The contribution due to sinking was always larger
than the losses duo mortality, coagulation and grazing for phytoplankton and large
and small detritus (seffinking inFigure2.9a,b,c). Coagulation was the major loss

term for the phytoplankton budget, and it is a source term for large detritus, consistent
with the biogeochemical transformations between different forms of PON in the
model. The coagulation was especially large during March and April when the
chlorophyllconcentrations were largest. The remineralization processes all act as a
sink transforming PON to DIN for both large and small detrikigure2.9a,b,9.

There is less remineralization of large detritus during summertime because there is
less large detritus. During summertime the detritus pool is dominated by small
detritus or small size organic matter particles. In my model, small detritus
remineralizéion occurs from May to NovembéeFigure2.9c).

Considerable PON accumulation in the deep channel of Chesapeake Bay is due to
sinking from above, as obsed in the open ocedRernandezJrruzola et al. 2016

The downward sinking process transports organic matter from euphotic zone to
aphotic zone. The largest downward sinking flux of PON to the lower water column
happens during spring in association with the spring bloom, which highlights the
importance of high concentrations of large, rapidking PON in spring. In

Chesapeake Bay these large regiitking particles are due to diatom blooms that
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happen in the spring when the grazing pressure is low. As a result, much of the
diatom biomass escapgsazing and sinks to the bottom where it accumulates in the
deep channel. In the summertime, the downward PON flux is close to zero due to the
low PON concentrations and low sinking speeds. These low concentrations are due to
predation and remineralizatia@uring summer. In Chesapeake Bay the
phytoplankton community in summer is dominated by small flagellates and
dinoflagellates that sink slowly and are subject to high predation pré#loi et al.
2006 Marshall and Nesius 1996As a result, very little of this biomass egsea

grazing and sinks to the bottom.

It is important to emphasize that the circulation dynamics of the Bay are relatively
stable over daily to monthly timescales, while, in contrast, POM and phytoplankton
concentrations exhibit considerable variabilityepthese time scales due to variations
in primary production. As a result, the variability in both the sinking flux and
advective transport flux magnitude is driven primarily by variations in the PON
concentrations that are high in spring and fall anditosummer.

Two additional control volumes that run parallel to the deep channel (sectighs A
and As-Az depicted inFigure2.2a) were analyzed to qotify the PON fluxes on the
flanks of the deep channellAA1. For example, the blue color represents the volume
flux (Figure2.10a) along the left side of AA1 the interface, while the red color
represents the volume flux along the right side 6AA Positive values represent
fluxes in the eastward direction while aige value represent fluxes in the westward

direction.
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These sections revealed that there is a PON flux accumulation in the deep channel A
A1 (Figure2.10a) with more flux (red color) coming into the-A1 control volume

from the right side and less flux (blue color) coming out from the left side (blue

color), resulting an accumulationhroughout the seaspleft flux (blue color) for the
Ax-A: (Figure2.10b) transect is always positive, representing PON transport toward
the east. In contrast, the right flux (red color) was negative (moving towanckhe

in the spring, and then reversed during summer (positive, toward the east/thalweg),
which indicates a local convergence along the flank in the spring. That is, along A

A2 during spring there is export of organic matter from the western shore ttheard
deep channel, and there is also export of some organic matter toward the western
shore from the deep channel in the bottom water. In contrast, during summer the
transport along AA: is toward the east/thalweg. Fog-Asz, the general pattern is
exporting to the deep channdtom east tavest inFigure2.10) throughout the year.
These results reveal substantial exchange between the flank and the deep channel as
suggested b$cully et al. (2009)ith the most significant PON flux occurring in the

springtime.

Sensitivity Experiments
Model run B1 (with no wind forcing) was conducted and compared with the reference
run Al (with wind forcing). This compision revealed that winds play an important
role in altering the PON mass distribution in the bay, especially during March and
April when, more bottom PON was found in the radd northern bay (red color,
Figure2.11), and less bottom PON was found in the lower bay (blue deigure

2.11). This shift n the PON distribution is consistent with the role of wind influence
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on the estuarine circulation: predominantly northerly winds during the winter and
spring tend to enhance the estuarine circulation and thus induce more bottom PON
transport northward. Latal flux results without wind are presentedrigure2.12a.

This figure shows that the peak flux in 2005 in April dropped to Bridle nitrogen
/day, more than 40% lower than the six years averaged April value presented in
Figure2.10a, but the net flux direction remained the saftet is, although the
magnitude changed, the net PON flux alongAA was still westward with
accumulation in the deep channel and export of PON to western shore. Without
wind the transport along2AA: is altered but still convergent during the spramgl
eastward throughout much of the year. Without wind the transport aleAg A
remains largely unchanged, i.e., the transport is westward with more flux out of the
left side and less flux out of the right side (red color and blue color, respectively, in
Figure2.12c. Northerly winds prevail during the spring tintequre2.12d). Without

the wind effects, the PON spatial distribution is altered substantially, but the lateral
flux patterns remain largely unchanged.

A comparison of model runs Al and B2-@\wind shut down) also elucidated the
role of NSwind in shifting the PON laterally. Differences in the bottom PON
concentrations between these rurigre2.13) shows that there is significant
enharement of bottom PON concentrations during spring (particularly in March) in
the run with NS wind (base run A1) compared to the run withot# Wind

(sensitivity run B2).

Lee et al. (2013point out that relatively larger amosntf organic matter are

transported into the deep channel in 2003 compared 2000. Similar results were
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observed in the model when the when 2003 wind forcing was replaced by the wind
forcing from 2000 (sensitivity run C1). This change resulted in more irgaatter
accumulation in the middle region of deep channel of the bay during Amgure

2.14). However, it should be noted that, although the winchportant and

Susquehanna River discharge is similar between 2000 and 28928t al. 20183

river discharge in the Potomac River differs between these two years. The bottom
PON decreased noticeably when 2003 Potomac river discharge was replaced by that
in 2000 Figure2.15, run C2). Thus, the lateral river forcing also effects PON

transport and distribution especially in the southern bay ré@iorand Shen 2037

Model results also show the importance of using different sinking speeds for
phytoplankton. Model run C3, which uses a low sinking speed for phytoplankton as
in Feng etl. (2015) and Fennel et al. (2006) while maintaining the high sinking

speed for large detritus, alters the spatial PON distribution and thalweg lateral volume
flux significantly Figure2.16 andTable2-2). The peak of the flux was shifted from

April (base run) to February (slow phytoplankton sinking speed). | speculate that this
is due tadecreasedenitrification that removegsnitrogen ot of the system. While

more organic matter was produced during the spring bloom during March and April,
bottom concentrations are not as high as the run Al.

These model experiments reveal that different factors like wind direction, river flow
and sinking peed have a significant impact on PON distributions and fluxes, i.e., the
PON distributions and fluxes changed substantially among these experiments, and the
timing of the flux peaks also shifted. However, the general PON flux patterns in all

of these expriments are similar: the deep channel is accepting more PON from
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eastern flank than its exporting to the western flank, resulting a net accumulation in
the deep channélable2-2). In addition, vertical advection results a net loss of PON

from the deep channel all these experiments.

Discussion

Mechanism for organic matter transport laterally in Chesapeake Bay
The volume transport results, includinigypoplankton, and small and large detritus,
revealed, in general, that PON near the bottom of the Chesapeake Bay on the eastern
side of the deep channel will move westward towards the deep channel, and that PON
accumulated in deep channel will move westiamwards the western shore. This
result of westward bottom PON transport is consistent with earlier research in
Chesapeake Bay alone et al. (1986)ho concluded that the accumulation of
biomass in the westeriare was primarily physically driven. These transport
patterns in Chesapeake Bay are consistent with the lateral circulation pattern reported
in the partially mixed Hudson River estugB8cully et al. 200p They result from the
asymmetry in the strength in the lateral flow through the interaction between the
baroclinic pressure gradient and the lateral Ekman transport in the battmmasy
layer. During the flood tides the lateral Ekman transport is consistent with the
baroclinic pressure gradient while during the ebb tide it opposes it, making a net
lateral residual flow that is clockwise looking up estu&@sgully et al. 2008 For
Chesapeake Bay, freshwater input from large western shore tributaries dilutes the
western side of the bay, enhancing the bottom flow towards the western shore. This

was futher demonstrated through the model run B1 without winds effects where the
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change in the PON lateral transport pattern was consistent with this estuarine
circulation theory Figure2.12b). In addition, the transport of PON from the western
shore downslope to the deep channel and the convergence with the westward upslope
flux from the deep channel in the main run during spring has been observed in other
research(Chen and Sanford 2009labarrieta et al. 20}8The convergence of PON

flux during spring on the western shore flank revealed in thabudget analysis is

due to freshwater laying on top of saltwater on thetara shore flank, which is, in

turn, due to the Coriolis forcing that pushes freshwater westward which then creates
and eastward for barotropic pressure gradient (higher water level in western side). At
the same time, deep channel high density watarshgd westward, as previously
described. The conceptual diagram for lateral transport of flux is displayeglire

2.17.

Wind also played an important role in shifting the bottom PON transport and
distribution bay wide from the previous run comparisons. Frequent wind from the
north would favor more bottom PON transport northward along the bottom, resulting
in elevated bottorPON concentrations in the upper bay and reduced PON
concentrations in the | ower bay. This win
distributions during springtime is consistent with wind effects on estuarine circulation
(Xie and Li 2018 Xie et al. 201Y). Du and Shen (201&pncluded that there is

significant variation in the horizontal distribution of residence time, which it is
consistent with my finding that the magnitude of transport changed sigtiifican

when the winds were altered.
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Importance of organic matter downward flux
The vertical fluxes of particulate organic matter play a crucial role in the distribution
of nutrients throughout the ocegf®rnandedJrruzola et al. 2016as well as in
Chesapeake BayHagy et al. 2006 When the sinking rate of phytoplankton is
relatively small phytoplankton are transported primarily by mixing and advection and
they do not accumulate arethe bottom (results not shown here). It is crucial to have
elevated sinking rates in the winter and spring in order to reproduce the chlorophyll
accumulation that is observed near the bottom in sg¥ognd Hood 2006
Whether or not it is crucial to haveete elevated phytoplankton sinking rates for
realistic simulation of the Chesapeake Bay nitrogen cycle is an open question. Itis
possible to choose a large sinking speed for detritus and still achieve organic matter
accumulation in the deep channel aneréfore drawdown of bottom water oxygen
concentrations as iReng et al. (2015).e., applying a large sinking speed for large
detritus while using a small sinking speed for phytoplankton. Suffice it to sag, the
is considerable uncertainty in how to set sinking rates in Chesapeake Bay
biogeochemical models. As mentionedsimetacek (19853he enhancement of
sinking through the formation of large flo(Shen et al. 2018&hen et al. 2018kwan
lead to settling rates as high as 10 to100%sdfficient to deposit an entire diatom
bloom to Chesapeake Bay sediments within one(Hagy et al. 2006 Therefore,
with the present biveekly or monthly measurements conducted by GB$possible
that these measurements fail to capture this potentially rapid and important process
(Hagy et al. 200p Increasing the CBP sampling frequency in the mainstem Bay

from February to May would help corain sinking speeds in models.
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The budget analysis revealed that the sinking transport (cyEgune2.8) was
balanced by vertical advection (purpleFigure2.8). The monthly averaged vertical
velocity at 16m depth reveals that in the midaliger Bay, the flow tends to be
upward Figure2.18a,b,c,d), thus, balancing the sinking process, while in the lower
bay the flow and the sinking fluxes are both downward, commensuratéheith
bottomPON concentration nortsouthgradually decreasin@igure2.18e to |),

resulting a loss term for the vertical advection process on PON budget.

Implication for hypoxia issue in Chesapeake Bay

Extensive investigations have been undertaken to better understand the mechanisms
that control the oxygen depletion in Chesapeake Bay during su(fonexample,

Scully 2010aWang et al. 2015Zhou et al. 2014 The modeling conducted in this

study revealed that the large pool of PON that is deposited in the deep channel in the
spring is largely remineralized by summe&he mechanism for deposition to the deep
channel is through combination of POM sinking and lateral circulation. That is, our
model results showed that the lateral circulation contributes to POM accumulation in
the deep channel while the classic dager gravtational circulation and vertical
advection processes move POM out of the deep channel. Other research has pointed
out the potential importance of this lateral process for transporting PON from flank to
the adjacent deep chanigemp et al. 199;7Shen et al. 201 Testa et al. 20)but

without quantifying the PON transport and its seasonal variation. Ouglrhad been

used to quantify this phenomenon.

It should also be pointed out that during the summertime, although the flux is

significantly lower, the lateral circulation is still exporting PON to the deep channel
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(Figure2.12b,c). This fact could help to explain the finding that spring bloom
generated organic matter is insufficient to maintain water column biological oxygen
demand through the entire summ(iesta and Kemp 20)4This lateral process of
shifting PON from the flanks to the deep channel may provide the organic matter
supply that continues to drive oxygen consumptiothe deep channel region during
summertime. These results suggest that the classic Chesapeake Bay paradigm, that
organic matter produced by the spring bloom and subsequently deposited on the
bottom drives oxygen depletion in the sumrfieemp et al. 1992Malone et al.

1988, might need to be extended to consider the role of lateral PON transport.

Conclusion

The couped physicalbiogeochemical model presented in this research was shown to
have reasonably good skill in reproducing the spatial and temporal variability of PON
and other biogeochemical constituents in Chesapeake Bay similar to previous
modeling researcffFeng et al. 2015Testa et al. 2004 Given this skill the model was
considered valid to examif®ON production, transport, and transformation in
Chesapeake Bay. From my analysis | conclude, in general, that in Chesapeake Bay
bottom PON moves from eastern flank of the bay to the thalweg and that the thalweg
also exports PON to the western shore.d alsserved that PON moves from western
shore towards the thalweg during spring, resulting in a PON convergence and
accumulation on the western flank of the deep channel.

Wind forcing also plays an important role in shifting the spatial distribution of the
PON during springtime when substantial organic matter is produced. The northerly

wind during springtime pushes bottom PON northward while the southwesterly wind
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drives bottom PON transport towards the west. Although the wind modulates the
PON volume trargort magnitudes and changes the transport direction in some
seasons, it does not fundamentally alter the dominant lateral circulation pattern, i.e.,
the general westward flow near the bottom due to thdlebtd asymmetry lateral

flow, as well as the obsexd convergence on the western shore flank of the deep

channel during spring due to the freshwater inputs from the western shore tributaries.

Further, | conclude that the sinking of particulate matter is an important process that
transports PON to the dp channel with the organic matter sinking contributing the
same magnitude of PON fluxes as the lateral processes. This conclusion also
highlights the fact that the sinking speeds of phytoplankton and detritus are important
parameters for modeling PON flthat are poorly constrained. Moreover, the
monthly-weekly measurement of chlorophyll and other biogeochemical variable is,
potentially, not frequent enough to capture rapid downward chlorophyll and detritus

flux events as suggested by other investigeatiduring springtiméHagy et al. 200p

Finally, although the lateral PON flux to the deep channel of the bay during
summertime is small compare with the flux during spring, these lateral processes still
move PONrom the eastern and western shore flanks toward the deep channel. This
lateral transport potentially provides an important supply of organic matter that fuels
continued oxygen consumption in the deep channel during summer. This suggests

that lateral P@®1 transport processes and, more generally, the-threensional PON
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transport must beonsideredor understanding where the organic matter comes from

thatresultsoxygen depletion in the deep channel of Chesapeake Bay.
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sinking (sink, cyan); Positive values indicate that the process makes the budget increase while
negative valuesrepresentdecreasesn Ai-Aai.
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Monthly average bottom PON lateral volume budget
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Figure 2.10: PON Budget of lateral transport terms on a) A-A1, b) A>-Az and c¢) As-As control
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the right hand and left hand side of these control volumes, respectively, looking bay. Positive
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Figure 2.11 Monthly averagel bottom PON differences in late winter and spring between the
base run (Al) and a run without the wind forcirg (B1) in 2005 (Model run A1 minus model run
B1).
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Figure 2.12 (a-c) Monthly averagel bottom PON lateral flux for run B1 at a) A1-A1, b) A>-Azand
c) As-Ags, respectively; d) 720 hr low pass filtered wind forcing from NARR in 2005.
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Figure 2.13 Monthly averaged bottom PON differences in late winter and spring between the
base run (Al) and a run shuttirg down N-S wind (B2) in year 2005.
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Figure 2.14: Monthly averaged bottom PON differences in late winter and spring between the
base run (Al) and run using the year 2001 wind forcing to replacthat for the year in 2003 (C1).
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Figure 2.15: Monthly averaged bottom PON differences in late winter and spring between the
base run (Al) and a run using the year 2001 Potamc River forcing in in place of the year in 2003
Potomac River forcing (C2).
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Figure 2.17: Conceptual diagram for PON lateral transport in a transverse section across the
bay. Blue lineAs, Az, and Az represent control volumes located in the thalweg, western shore
flank, and eastern shoe flank, respectively (sedrigure 2.2a). Blue points indicate the vertical
upper limit location of the control volume analyzed; Grey arrows represented background
lateral circulation, while pink, red, and dark yellow arrows represent the residual velocity
patterns near the bottom;Brown vertical arrows represented PON aggregation and sinking.
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Figure 2.18 2005 monthly averaged verticavelocity at 16m depth in the deep channel of the bay
for February, March, April and May (a,b,c,d, respectively); 2005 ottom PON from January to
August (e,f,g,h,i,j,k,l).

Table 2-1 Descriptions of model runs
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Model Model description

ID
Al Base run withrealistic forcing
B1 Same as base ruealisticforcing, except during year 2005, wind was shu
down
B2 Same as base ruealisticforcing, except during year 2005-Swind was
shut down
c1 Same as base run realistic forcing, except 2003 wind forcing was repla
by that the wind forcing in 2001
Co Same as base run realistic forcing, except year 2003, Potomac River
discharge was replaced/Potomac River discharged in 2001
c3 Same as base run realistic forcing, but with phytoplankton sinking spee
constant as 0.5m/day in 2005
Table 2-2 Lateral flux through different model run Ai-Aithalweg transect L: left interface
lateral flux; R: right interface lateral flux: N:net gain (+) or loss €) in the control volume.
Run Bl B2 Cl C2 C3

L R N L R N L R N L R N L R N

Jan | -0.27 -0.40 0.14 | -0.32 -047 0.15| -1.22 -1.50 0.28 | -1.90 -2.83 0.93 | -6.58 -8.81 2.23
Feb | -0.83 -1.24 041 | -1.32 -1.90 0.58 | -4.44 -5.56 1.12 | -6.55 -7.43 0.89 | -26.49 -32.64 6.15
Mar | -2.79 -294 0.15 | -598 -6.96 0.98 | -11.29 -13.27 198 | -8.45 -9.80 1.35 | -10.98 -15.10 4.11
Apr -3.67 -6.00 233 | -581 -958 377 | -8.72 -14.21 549 | -12.96 -17.14 4.18 | -5.07 -11.08 6.01
May | -3.15 -443 128 | -4.08 -483 0.75| -2.37 -3.88 151 | -1.69 -3.06 1.36 | -6.15 -8.97 2.82
June | -090 -1.82 092 | -0.77 -196 119 | -1.17 -3.20 2.02 | -1.27 -3.24 1.97 | -0.88 -2.77 1.89
July | -0.37 -0.85 048 | -052 -1.11 0.60 | -0.58 -2.22 1.65 | 0.24 -1.60 1.84 | -0.98 -2.15 1.17
Aug | -0.24 -054 030 | -0.29 -065 0.36 | -0.75 -2.05 1.30 | -1.23 -2.52 1.29 | -0.45 -1.16 0.71
Sep | -0.44 -0.89 045 | -047 -1.14 0.68| -1.92 -3.79 1.88 | -1.94 -4.64 2.70 | -0.66 -1.87 1.21
Oct | -094 -154 060 | -1.39 -2.26 0.87 | -4.78 -7.50 2.71 | -5.66 -8.67 3.01 | -3.93 -6.50 2.57
Nov | -1.43 -154 0.1 | -232 -258 0.26 | -4.24 -5.71 147 | -2.79 -4.33 1.53 | -9.96 -14.78  4.82
Dec | -0.33 -0.33 -0.01 | -040 -045 0.05 | -1.10 -1.26 0.16 | -2.18 -2.89 0.71 | -12.75 -17.44 4.69
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Chapter3: Model ing Primary Product

Phyt opl ankton Bi omass Var i

Abstract

In Chesapeake Bay, phytoplankton biomass typically peaks in spring whereas
primary production peaks in summer. For this to happen, phytoplankton growth rates
must be low in spring and high in summer and very likely there must be low grazing
losses in sprig and high grazing losses in summer as well. In this research, a three
dimensional coupled physiehlological model is used to explore how these seasonal
patterns in phytoplankton and primary production arise during the year from 2000 to
2005. It is show that with the seasonal variation of maximum carbon to chlorophyll
ratio, temperature control on phytoplankton growth, and temperdéprendent
zooplankton grazing effects, my model can capture the spring peak in phytoplankton
biomass and the summer paakhe primary production, agreeing well with the
observations. The model simulates high phytoplankton growth rates in the summer,
with the maximum growth rates occurring in late summer. The model also reveals
that nutrient supply shifts from riveterived nitrate in the springtime to organic

matter derived ammonium during summer. The simulation results also reveal that a
substantial fraction of the ammonium that supports the high summer production is
derived from allochthonous transport rather than dbtmnous ammonium

production. The transport process provides as large as 50% ammonium needed for

uptake during summertime in the mesohaline Chesapeake Bay. My research also
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confirms the importance of nutrient recycling in supporting high summer production

in Chesapeake Bay.

Introduction

Estuaries receive substantial inputs of nutrients via the connection to the land that
stimulates high rates of primary producti@ioern et al. 2014Nixon 1995. This

primary production forms the base of estuarine food web and so is a key driver of
higher trophic level productivityBlanchard et al. 202 Zloern and Jassby 20110
Factors govering phytoplankton dynamics in coastal and estuarine systems include
water temperature, light availability, salinity, stratification and nutrient availability
(Cloern 1998. The strong nutrient, light, and salinity gradief@e et al. 2008

Kocum et al. 2002Lohrenz et al. 199%long with the threelimensional estuarine
circulation(Geyer and MacCready 20jdive rise to complex variations in primary
production in both time and space. There is a growing need to fully comprehend the
factors that control primary production, especially in highly eutrophic uzbdni
estuariegKemp et al. 200pwhere improving water quality and water security have
emerged as important issu&irokal et al. 2016

In Chesapeake Bay, the largest estuary in North America, excessive nutrient inputs
from major tributaries like the Susquehanna River and Potomac Rhers et al.

20149 stimulates excessive phytoplankton growth, which contributes to high
biological oxygen demand and the development of large recurring hypoxic and
anoxic conditiongKemp et al. 2006 Yet the current understanding of the factors

that controlthe spatial and temporal variability in primary production and biological

oxygen demand in Chesapeake Bay is still rudimentary in many respects. There has
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been only a handful of in situ studies of primary production variability in the
Chesapeake Bgdolf et al. 2006 Harding et al. 200ZKemp et al. 199) These
studies have revealed that phytoplankitiomass (chlorophyll) and phytoplankton
primary production are not tightly linked to one another, with chlorophyll often
peaking in spring and primary production usually peaking in suriivieone et al.
1988. However, the data that have been usecharacterize these patterns are
relatively sparse and there is tremendous seasonal and interannual variability in the
chlorophyll and production patterns. Although ocean eblsed measurements of
chlorophyll concentration and estimates of primary potién provide the potential

to help fill the observational gaps, they may not be able to capture the observed
disconnedbn between chlorophyll and primary production, nor can they reveal the
underlying mechanism&on et al. 201, 4Zheng and DiGiacomo 2020Suffice it to

say, there is insufficient observational data available to adequately characterize the
seasonal and interannual chlorophyll and primary production variability in
Chesapeake Bay, much less determine the factors that control it.

The seasonal variability of phytoplankton biomass and growth rate in coastal and
estuarine systems varies substanti@@ipern and Jassby 201 @or example, inhe
northern Gulf of Mexico, the peak phytoplankton growth rate happens in the late
spring and beginning of summer coincident with the phytoplankton biomass peak
(Fennel et al. 20)1Nonetheless, sevettdld seasonal variations in the
phytoplankton growth rate are observed in the Gulf of Mexico. This is in contrast to
the aforementioned decoupling of the phytoplankton biomass and production rate

peaks in Chesapeake B@yalone et al. 1988which is also indicative of large
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seasonlavariations in phytoplankton growth rat@in and Shen (201 8stablished a
threedimensional water quality model and introducedaable growth coefficient

that allows the model to simulate observed phytoplankton biomass variations in the
James River. Although this parameter is not exactly the same as growth rate, it is
interesting to note that at least 2 to 3 fold seasonal varsaitothis parameter must

be imposed from spring to summer to get the model to correctly simulate the seasonal
variability in phytoplankton biomag®in and Shen 20)}7In a related study.iu and

de Swart (2018¢stablished a two dimsional idealized dynamic phytoplankton
production model that can simulate the vertical distribution of phytoplankton, and
also the spatial distribution of growth rate in spring under different stratification
conditions in the Columbia River, but they didt simulate the growth rate variation
across the seaso@erco and Noel (2004stablished a processsed biogeochemical
model that can gendhacapture the seasonal variability of primary production in
Chesapeake Bay as revealed by observations from the 1990s. However, upon close
inspection in some years there are large discrepancies between the modeled and
observed primary production, and thleytoplankton biomass variability is not shown.
None of the previous biogeochemical modeling work conducted in Chesapeake Bay
(Cerco and Noel 2004eng et al. 20155hen et al. 201Testa et al. 2014Xu and

Hood 2006 has successfully simulated the observed seasonal transition of both
primary production (which generally gesain summer) and accumulation of biomass
(which generally peaks in spring), nor have any of these studies examined how
phytoplankton growth rate must vary seasonally to make this happen, or what the

environmental factors are that control this growth vatgability. FromAdolf et al.
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(2006)observations, it can be estimatedttthe summertime phytoplankton growth

rate should be about3times larger than the growth rate in springtime in order to
capture the observed seasonal changes in phytoplankton biomass and primary
production.

Although satellitebased primary productiaesults(Son et al. 201¢dobtained in

recent years provide mol&gescale coverage and resolution, the physical,
biogeochemical and physiological mechanisms behind the observed patterns are
difficult to discern. This difficulty is exacerbated by the fact that satellites tell you

very little about what is going on uedthe surface of the water. However, a

processed based physithiogeochemical model including growth, aggregation and
mortality can cover a | arge spatial scale
direct insights into the factors that contrad tteasonal patterns in phytoplankton
biomass and primary production in Chesapeake Bay if the model can be formulated
and parameterized to capture these patterns.

The aim of this research is to answer the following questions: 1) Can a simple
nitrogenbasedecosystem model capture the observed seasonal patterns of
phytoplankton biomass and primary production in Chesapeake Bay? And 2) what are
the physical, biogeochemical and physiological factors that give rise to these

patterns?

Methods

The physical andibgeochemical model components that are used in this study are
consistent with previous chapt&esearch region, its subgions and monitoring

stations are presentedhigure3.1. For the gross primanyroduction (GPP), | use the
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first term in the phytoplankton budget equation as showraibie0-2. Lno,, LnH;, Li

are the light, nitrate and ammonidimitations in this term, respectively. The

modeled primary production is converted to carbon units using the Redfield ratio for
comparson to'“C primary production measurements. The light formula is based on
Xu et al. (2005)1 used the 1% light level as a critical value to estimatiy d

averaged euphotic zone thickness, thus removing euphotic zone thickness fluctuations
at short time scales. In ChesROMS, the salinity background vertical diffusion
coefficient was set to 1n?%/s as in Scully (2013) | defined the mixed layer depth as
the location where the salt vertical diffusion is*ré/s, which is an order of

magnitude larger thaBcully (2018)or better visualization (1Dis hard to detect).

The Fratio defined in this research is the ratio of locallpeyated\H;, uptake over

the sum oNH;, uptake and NQuptake in the euphotic zone.

All the measurement data presented in this paper is from the Chesapeake Bay
Program (CBP) (https://www.chesapeakebay.net/what/data). | conducted simulations
with the same parameter sets for the year 1991 andyeeaixsimulation from 2000 to
2005. The 1991 simulation was carried to validate the model against primary
production as measuremefiemp et al. 199)/while also aiming at providing the

best simulation results simultaneously for GPP, chlorophyll and phytoplankton
growth rate. The 2000 to 2005 results were used for climatological analysis. In
addition,year 2005 was also used for additional process analysis.

In order to elucidate the processes that control primary production, especially the
ammonium remineralization, uptake, and transport during the summer, the original

ROMS code diagnostic terms weredified to include biogeochemical source and
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sink terms, as well as the transport terms, for example, the horizontal advection,
vertical advection and vertical diffusion. With these tehosuld distinguish the
allochthonous and autochthonous sourcesrohanium. For evaluation of the
contribution of allochthonous transport on summertime nutrients, | defined the ratio
of transport and total uptake as presentdignation3-2. Sensitivity runs were also
conduced to examine the factors controlling the summertime GPP. Run descriptions
are provided inrable3-1. Particulate organic nitrogen (PON) is defined as the sum of
the phytoplankton, zooplankton, large organic detritus and small organic detritus in

nitrogen unit{Feng etal. 2015. Model skill assessment follow¥illmott (1981)

Equation3-1
T OO o cn o e s a
OOAI OBIIAEM6 WBdQDHE QQ
Equation3-2

Results and Discussions

Model performance in Biomass and GPP
The model results were validated using GPP measurements fromFi§ae8.2).
The model generates a clear seasonal pattern of GPfheamibdel results capture
the observed seasonal variations, but generally underestimate GPP values in the
middle and lower bay regions, but overestimate GPP in the upper bay. For example,
the summertime measurements indicate more than 3.5g Caffamfiiemp et al.
1997, both in the middle and lower bay, but the model generates arowgh~2

Carbon/m/day in these regions. The model also overestimates the upper bay GPP,
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where measurements indicate ~0.5g Carbéfaéy during summertime but model
predicts >1.5 g Carbonffday Figure3.2). Surprisingly, observations indicate that

the lower Bay GPP is higher than it is in the middle B&mp et al. 197). My

model fails to capture this pattern of elevated GPP in lower Bgyre3.2).

Figure3.3 andFigure3.4 compare modeled and observed bottom and surface
particulate organic nitrogen (PON) levels, respectively. Clear seasonal variation was
observed in the bottom PON in both the observations anchddel, with

accumulation occurring primarily in the springtime followed by PON disappearance
in the summerKigure3.3). Interannual PON variability véaalso observed in both the
observations and the model with higher PON concentrations in wet years, like 2003,
compared to drier years like 2002dure3.3). In both the observations and the

model, the surface PON concentrations are higher during the summer compared to
spring due to high productivity in the surface during summer. The model also
overpredicted the surface PON concentrations in some yeaexample 2004
(Figure3.4).

Figure3.5 shows point to point comparisons between the modeled and observed
chlorophyll concentrations over all depths at several stations along the mainstem of
Chesapeake Bay for a selected year: 2005. Larger symbols represent deeper water
values while smaller synalts represent more shallow water values. These plots
clearly reveal that the model captures the observed bottom chlorophyll accumulation
during the spring seasoiigure3.5 also reveals that the model generally captures the
seasonal variations in chlorophyll concentration throughout the bay, with chlorophyll

concentrations higher in the spring and lower in the summer. The model chlorophyli
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skill for all of themonitoring stations is 0.6 or higher, except for CB5.2. The model
chlorophyll skill for other years is consistent with the previous Chapter.

Figure3.6 shows the modeled spatial patterns in vertically integrated chlorophyll for
March, April, July and August. As observed, the model generates -aefeled

spring bloom and chlorophyll concentrations decline in summer. Observations show
that during smmmer, the species composition of the phytoplankton is dominated by
dinoflagellates and cyanobacte¢idolf et al. 2006 Marshall and Nesius 1996and

that there is very little bottom chlorophyll or PON accumulation due to the impacts of
high zooplankton grazing, loginking speed, and a more stratified water column.
Parameter adjustments can be made to lower chlorophyll concentration during
summer to obtain better model skill, but this comes at the price of degrading the
model 6s GPP per f or masomevhatdverestgnateser al , t he
chlorophyll concentrations in the surface during sumragiufe3.5). But the model

does clearly capture the seasonal patteaniorophyll concentrationRigure3.5),

i.e., the chlorophyll biomass peak occurs during the springtime, with more than 500
mg/n? in the mesohaline regm of the Bay Figure3.6). In contrast, the model

maintains a relatively low amount of chlorophyll biomass in the summer, around 200
mg/n? and even Iss in the upper mainstem Bay in Augusig(ire3.6). The biomass
accumulation occurs during the spring season resulting in the spring chlorophyll peak
even though the growth rate is relatively low at this time due to the low temperatures.
Figure3.7 shows the climatological, depthtegrated gross primary production for

2000 to 2005. In general, the model simulates the seasonal patterns in primary

production reasonably well in the upper, middle, and lower bay regions. The model
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also captures the obsed lower GPP in the upper bay compared to the middle bay
region due to the turbidity/light limitation effects. However, the model fails to capture
the elevated primary production in the lower bay discussed alSntdly (2018)also
failed to capture this pattern. 8cully (2018)the highest simulated GPP is in the
mid-Bay region as in this studyinterestingly, satellite remote sensing estimates of
primary production also indicated relatively higher net primary production in the
middle bay compared to the lower b@on et al. 201¢

In summary, the comparisons presented here reveal that the model provides a
reasonable simulation of the seasonal variahilitthe GPP in Chesapeake Bay with

an acceptable chlorophyll skill as well. Although GPP is underestimated by the
model, the results clearly show that the model can reproduce the observed summer
GPP peak. It should also be noted that the model GPP is aderagr the middle

Bay subdomain, which is a large region. At specific locations in the middle Bay in
the spring, the maximum monthly averaged GPP in the model is around 1 t01.5 g
carbon/m/day, whereas when the summer approaches, it can exceed 4.0 g
cabon/nf/day in some places. The latter is compared to theleuiain summer
average of ~2 g carbonffday. Thus, the averaging can significantly lower the
maximum simulated summertime GPP values. A pronounced spatial gradient in GPP
is also simulated by thmodel during summer with low GPP in the upper bay, much
higher GPP in the middle Bay, followed by a gradual decrease in GPP in the lower
Bay (Figure3.7). The same spatial distribution in GPP has been observed in other

investigationgScully 2018 Son et al. 2014
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Growth rate estimation

The modeled neaurface (0.5m depth) and subsurface (1.5m) from 2000 to 2005
averageghytoplankton growth rate, in units ofdis plotted inFigure3.8 andFigure

3.9, respectively. Assuming carbon to chlorophyll ratio of 40, this growth rate is
reasonable compared to previous resegkdolf et al. 2008. For example, irAdolf

et al. (2006)the multiple year averaged summertime GPP israr@200 mg/rfiday

with chlorophyll around 85mg/frand, assuming a carbon to chlorophyll ratio 40, the
euphotic zone growth rate is ~0.64. d@hough, obviously, the growth rate estimated
from Adolf et al (2006)will vary depending onhte assumed carbon to chlorophyll
ratio. My model generatesmilar growth rates, although for different years. These
modeled growth rates are lower than the rates estimat8dully (2018)using the

diel oxygen method but they have a similar seasonal distrib{8e& Figure T

Scully, 2018. It should also be noted that the growth rates estima&edfty (2018)

are based on surface oxygen measurements. The average growth rate in the euphotic
zone will be much lower due to the light attenuation effect that rapidly reduces the
growth rate with depth, as shownkigure3.8 andFigure3.9. The high modeled

growth rate at 0.5 m depth of 225 d' in August and Seapmber drops to ~1.2'cht

1.5 m depth. Field measurements have shown thatituigrowth rates, which

include the effects of light and nutrient limitations, can vary by more than a factor of
4 (Harding et al. 2002 Our modeled growth rates also vary by a factor of 4 at 0.5 m
depth from spring to summer compared to a factor of 2 at 1.5 meter depth. Previous

researct{Harding et al. 2002has shown that the primary factor controlling the
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phytoplankton grow rate Bay wide is temperature. The model resultsoactyb
consistent with these findings present ifrigure3.10a.

Figure3.10 shows the variability in phytoplankton growth rate for different locations
along the estuarine gradient and different water depths. The growth rate at CB3.1 is
lower than at CB4.1 during spring at 1.5m, largely due to the increased light
limitation at the northern station. In contrast, the growth rate is only slightly lower
for CB3.1 compared to CB4.1C at 0.5m depth because the light levels are more
similar at shallower depths. During springtime the phytoplankton growth rates at the
northern bay location CB4.1C are much higher than further south at CB5.3C and
CB6.2C, due to nuint limitation effects. However, in the summer, the growth rates
are more similar throughout the, Bay except at CB3.1C at 1.5 depth, which is reduced
by light limitation as discussed above. During summertime phytoplankton growth
rates at CB5.3 are hightttan the CB4.1C, likely due to the greater water clarity at
CB5.3 due to reduced CDOM.

It should be noted, however, that the model probably underestimates the
phytoplankton growth rate in early summer (May and June), i.e., in the modeled
growth rates areetatively low at this time (Figures 3i83.10) whereas previous

studies indicate that they should be fairly hfgfarding et al. 2002Scully 2018.

This likely happens because the nitrate and ammooamoentrations are near zero at
the surface during this time in the model. This problem might be solved in the future
by increasing nutrient recycling in the surface layers. In anidithe model probably
overestimates the phytoplankton growth rates in September, i.e., in the model the

growth rates are highest in September (Figures 3.80) whereas previous studies
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indicate that they should peak in rsdmmer(Harding et al. 2002Scully 2018.

This may be the result of having too much zooplankton grazing and nutrient recycling
during the late summer and aaf4ll in the model.

In Scully (20189 s di el met hod of estimating gross ¢
chlorophyll specific production rate (assimilation number) iBighk as 28 to 30

[LgC/ug Chl h} at stations in the Patapsco River and near Annapolis during July to
August for the period 201@016(see Figure 7 in Scully, 201L.8Assuming a carbon

to chlorophyll ratio of 50, this gives growth rates as high as 134, daych higher

than the surface values generated by the model (-2’5 Bayre3.10a). This

monthly surface growth rate inferred fradsully (2018)is even larger tharhé
instantaneous grow raté day'suggested bZerco and Noel (2004puring

summertime the phytoplankton growth rates in the model are mmoilarsirom north

to south, which is consistent with the phytoplankton growth rate patterns reported in
Scully (2018)see his Figure 7).

Figure3.11 shows the vertical diffusion coefficiefdr salinity, plotted on a log scale,

in July Figure3.11a) and OctoberHigure3.11b) in 2005. The4 value Figure

3.11a,b) near the surface was used to represent the mixed layer depth. These plots
reveal that the mixed layer depth is varies substantially from July to October. For
example, during the summertinraixed layer depth is around 1.5 to 2.5 meters

depth, while in the October, it is more than 8 meters depth. It is expected that average
phytoplankton growth rate in the mixed layer will decline from summer to fall due to
the increase in the mixed layermpdle due to increasing light limitation, which is not

apparent in Figures 3.8 and 3.9 where the growth rates are plotted as specific depths.
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Allochthonous and autochthonous NFHj, effects on Primary production
Figure3.12 shows that theJatio shifts from 1 to zero from spring to summer,
revealing that nitrate fuels the spring phytoplankton bloom whereas ammonium fuels
the high summertime primary praoction. Previous studies have emphasized the
importance oNHj, recycling in supporting high summertime primary production in
Chesapeake Bay, with the source of this ammormdarived from remineralization of
detritus deposited on the bottom in the sp(ihgsta and Kemp 20)2Presumably,
remineralization of organic matter generated during summer also plays a significant
role in supporting high summertime primary production. Thus, it is important to
investigate the sources BH; production in the summer in order to understand how
high summer GPP is support&esults presented Figure3.13g, whichreveal the
allochthonous contributions in the total ammonium uptake during the summertime
along the white dashed lineigure3.11a, indicate that thallochthonous supply
contributes 20% to 50% of NHuptake during the summertime. This also reveals the
importance of autochthonous ammonium supplied from organic matter
remineralization which constitutes 50% to 80% of the uptake. Indeed, the magnitude
of these two processes become approximately equal as one moves northward in the
mesohaline region of the mainstem BRig(re3.13g). Thus, this analysis supports
the classic conceptual model which asserts that the nutrients that support high
summer primary production in the mainstem, mesohaline Chesapeake Bay are
supplied by transport processes (allochthonous) that move ammonium derived from
remineralization of organic matter deposited on the bottom into the euphotic zone

(Kemp et al. 1992Kemp et al. 199) Also, an equally important source of
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ammoniumcomes from organic matter remineralization within the euphotic zone
itself (autochthonous). These finding® also consistent with classical research on

the nitrogen budget in Chesapeake BByynton and Kemp 1985i.e.,Boynton and
Kemp (1985)stimated that benthic remineralization of organic matter supplies about
50% of the water column ammoniudsadget.

A significant amount of both new production and recycled production occurs in many
upwelling(Hahm et al. 201,i et al. 2019Kadko 2017 and estuarine systems
(Boynton and Kemp 198%®in and Shen 20)9There is a londpeld belief that

estuarine primary production is high, in part, due to trapping and recycling of
nutrients(Kemp et al. 2009Testa and Kemp 20)2An examination of th&lH;

volume flux, along the subsurface pink transecFigure3.11b, revealed that much
moreNH; was transported upward (~ 500 to 1200 mm¥day) northof 39° N in

the bay, through vertical advection compared to vertical diffustayufe 3.14f,g).
Diffusion plays an important role in supplying nutriéme¢ surface water only in May

and JuneKigure3.14d,e). Negative (downward) advective ammonium flux was
observed in the southern Bay regidrig(re3.14aj), but the magnitude was small
compared to the northern Bay. This small downward flux is due to the effects of
downward gravitational atulation combined with lowH; concentrations in the
polyhaline region of the Bay (e.gigure3.14f,g). It is widely accepted that in

estuaries higlprimary production is driven by the new production. The model results

show that the nitrogen was recycled and reused as a result of the estuarine circulation.
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Sensitively analysis on the primary production
The results presented in this paper reveal thatogel is capable of capturing the
observed phytoplankton chlorophyll and primary production patterns in Chesapeake
Bay, where phytoplankton chlorophyll concentrations typically peak in spring and
primary production typi cabiltyyj cgptaratkese i n s umm
patterns is related to four key attributes: 1) the temperature dependence of
phytoplankton growth rate which allows the phytoplankton growth rate to increase
substantially in the summer compared to spring; 2) the temperature daperad the
zooplankton grazing rate which allows phytoplankton biomass accumulation in spring
when grazing rates are low and prevents phytoplankton biomass accumulation in
summer when grazing rates are high; 3) a variable carbon to chlorophyll ratio which
reduces the amount of chlorophyll per unit phytoplankton nitrogen in summer
compared to spring; and 4) a seasonally variable sinking speed for phytoplankton and
detritus which results in rapid export of PON to the bottom in spring while retaining
PON in te surface in summer where it can be recycled to ammonium.
In order to examine the relative impacts of these three attributes | conducted an
additionalfour runs where each of these features of the model were turned off to
determine theirelative importanceTable3-1). Model run B, where the temperedu
dependence of phytoplankton growth rate was turned off, shows the model skill for
simulating chlorophyll concentration remained relatively high (> 0.65) in many main
stem Bay stations, but the maximum summertime GPP dropped to < 1.4/day/m
comparedo the base Run A where GPP is > 3 g @diay. This indicates that the

high primary production during summertime is largely driven by the impact of
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temperature on the phytoplankton growth rate. Model run C, where the carbon to
chlorophyll ratio in the moel was held constant from spring through summer, also
gave a similar chlorophyll skill and high GPP (~2.9 gttay) compared to the base

run, but the surface chlorophyll is much higher than observed during surigue(
3.15). This suggests that simulating changes in the carbon to chlorophyll ratio
associated with seasonal changes in phytoplankton species composition (spring
dominance of diatoms versus summertoieninance of dinoflagellates and
cyanobacteria), and/or the carbon to chlorophyll ratio response to light, are very
important for capturing the relatively low chlorophyll concentrations that are
observed in summer in Chesapeake Bay. Model run D, wheragrate was held
constant from spring to summer, gave a high summer GPP (~ Sayn but the
chlorophyll skill was substantially lowered. Without temperatostrolled

zooplankton grazing, the surface chlorophyll was much higher than the base run
during summer Figure3.15), which allowed the model to achieve the high GPP

during summer even with sarplytoplanktorgrowth rate. Model run E, where the
sinking speed of phytoplankton and detritus was held at the high springtime (diatom)
value throughout the year, gave a low GPP during summer because phytoplankton
biomass in the euphotic zone was too low to support the high observed GPP. Rather,
in modelrun E the phytoplankton and PON quickly dropped to the bottom during
summer, which also inhibited PON remineralization to ammonium in the surface

layers that also supports high summertime GPP
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Conclusion

In this research, a@imensional coupled physiehlological model was used to

simulate seasonal and spatial patterns in phytoplankton biomass (chlorophyll) and
primary production in Chesapeake Bay, USA. It is shown that the model can capture
the seasonal variability of both chlorophyll and primary paiihn and that it can
reproduce the observed spring maximum in déepégrated chlorophyll and summer
maximum in depthntegrated primary production that has been reported in many
observational studies. The key to reproducing these patterns is rel&ikbovtong

key attributes of my model: 1) the temperature dependence of phytoplankton growth
rate on temperature which allows the phytoplankton growth rate to increase
substantially in the summer compared to spring; 2) the temperature dependence of the
zooplankton grazing rate which allows phytoplankton biomass accumulation in spring
when grazing rates are low and prevents phytoplankton biomass accumulation in
summer when grazing rates are high; 3) a variable carbon to chlorophyll ratio which
reduces theraount of chlorophyll per unit phytoplankton nitrogen in summer
compared to spring; and 4) a seasonally varying sinking speed which allows the
model to represent the predominance of-&asking diatoms in the spring and slow
sinking flagellates and dinofellates in the summer.

These results highlight the idea that that multiple factors are involved in generating
the seasonal patterns in chlorophyll concentration and primary production that are
observed in Chesapeake Bay which conspire to keep phytomtegitdwth rates low

and chlorophyll concentrations high in spring and phytoplankton growth rates high

and chlorophyll concentrations low in summer.
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It should also be emphasized that the summertime high primary production (and
growth rate) is the resuitf the combined effects of high temperature, light

availability, and nutrient supplements in the form of ammontihiat is provided

through both transport and mixing processes (new nitrogen) and euphotic zone
recycling (old nitrogen). The control volumedget analysis revealed substantial

nutrient inputs via upward transportMH; flux during the summer in the mesohaline
region of the Bay, while there was more downward flux in the southern Bay region,
consistent with the expected influence of gravitaicairculation on nutrient

transport, retention and recycling. The model indicated that the vertical transport
processes make a large contribution (as much as 50%) to the total ammonium uptake
in northern Bay region. This modestimated transport conttibon to total nitrogen

uptake was also consistent with previous nutrient cycling and budget research in the
Chesapeake Bay and it provides an explanation for the conundrum revealed in
previous studies that nutrients remineralized from bottom detritusrdarsupport

about half of the summer primary production. The explanation emerging from this
study is that the remaining nutrients are supplied through euphotic zone recycling (old

nitrogen).
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Figure 3.1: Research region and monitoring station locations. The black circles represent the
CBP stations that provided biogeochemical data for validation. The black lineepresents the
deep channel transect along estuarine salinity gradient. The light red, light green and light
yellow regions represent the upper, middle and lower bay regions, respectively, that were used
for averaging.
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Gross Primary Production in 1991
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Figure 3.2: Seasonal whole Bayaveraged and monthlyaveraged gross primary production
comparison between the model and observations. The plot shows averages for the upper Bay,
middle Bay and lower Bay for the yearl991. The circles represent observed production and the
lines represent the modeled production.
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Figure 3.3: Surface PON from the model (red line) versa measurements (black points) at

stations CB 4.1C, CB 4.2C, CB4 .3C from 2000 to 2005.
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Figure 3.4: Bottom PON from the model (red line) versis measurements (black points) at

stations CB 4.1C, CB 4.2C, CB4 .3C from 2000 to 2005.
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Figure 3.5: Point to point modeled (circles) vs. measurements (stars) comparisons of chlorophyll
in the deep channel stdons; the larger symbols represent deeper water.
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Figure 3.6: Model-simulated Bay-wide depth-integrated and monthly averaged chlorophyll
concentration for March, April, July and August of 2000 t02005.
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