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Chapter 1: Introduction

1.1 Motivation

Coastal lagoons are ecosystems that are formed by interactions amestyial
stream discharge, tides, and waves to create a dynamic systenptrétidarly
responsive to changes in climate, land-use, or coastal engineering (Htelnidsom,
2007; Roy et al., 2001). The 86 lagoons of the Chesapeake Bay (CB) are nested withi
coastal watersheds and are responding to changes in climate such asl sis& Jev
increased variability in streamflow, and changes in storminess and thushneaie
(Kaushal et al., 2008; Najjar et al., 2000; Schmith et al., 1998). Analysis of regional
geomorphic data for lagoons in New South Wales, Australia, has demonstrated the
usefulness of these data in predicting lagoon vulnerability to these climatgecha
variables (Haines et al., 2006). Previous research has been conducted on seme inlet
basins in CB (Byrne et al., 1980); however the geomorphic features of this enosgst
a whole have not been well characterized, which limits reliable predictions of
environmental change.
1.2 The lagoon as an evolving and dynamic physical system

Lagoons have formed in the mouths of coastal streams behind sedimens barrier
as sea level rose during the Holocene (Kjerfe and Magill, 1989). , Sideamflow and
wave processes interact to build and maintain lagoon and inlet morphology (Figure 1.1
Lagoons are connected to the sea or larger estuary through an inletshbtaugh a
sand barrier. The geometry of inlet channels is both shaped by and governs tidal and

stream discharge between the lagoon and the CB. Although tides and streams provide

1



discharge through the inlet, Id grain size characteristics are determine sediment
transported landard by waves. The coastal grain sizdeermined by local sedime
sources anthe wave heights and wave perithat influence their transpoiKraus,
2007;Elwany et al., 1998; Hume and Herdendorf, 1992 uBret al., 19780’Brien,
1976, Bruun anéerritsen, 196). Therebre, coastal sediment transj provides an
additional influence on inl channel geometrgnd is the main driver for inlet clost

(Kraus, 1998Bruun et al., 1978; Bruun, 1967; Bruun and Gemitd960)

Lagoon Chesapeake Bay
@
Drainage | S
Basin [Ag)— . &= ~
. 0= \
\ | Q=Asxhg Inlet TidalStage (n)
L. \ Tidal Flow Y ) B h_
- ) Wave Action
Tidal Prism (02): Cross Sectional Area (Ag):
Volume of water that Width
moves through the inlet Ac=CO" Ac TIDepth
during a tidal period \h__ﬂ,/

Figure 1.1: Definition sketch of aCB lagoon. Wave action transports sediment anc

creates a sediment barrier across a lagoon. FluxX water from tides and streamflow
form a channel through this material. The tidal prism can be estimated as the wate

surface area As) multipl ied by the tidal range @r).



By conservation of mass, the discharge through the inlet must beakequito
fluctuations in the level of the lagoon (Gao and Collins, 1994; Bruuh, 619938), thus a

continuity equation for the inlet can be written as:

_af9n
AUy _As( dtj+QB 1.1)

whereAc is cross sectional ared,, is mean inlet velocityAs is water surface areg,s

tidal stage, an@g is basin discharge. Note that all of these variables change with time,
therefore static variables can only be defined for specified conditions. When basin
discharge is assumed to be zero, this relationship reduces to the areaiptisrshep
defined as:

Ac=CQ" (1.2)
where tidal prism) is defined a®2 = hgAs, hr is tidal rangeAs is water surface area
andC andn are empirically derived and have units that are dependent on the units used
for analysis (Haines et al., 2006; Townend, 2005; Spaulding, 1994; Jarrett, 1976;
Johnson, 1973).

Previous research on tidal inlets has focused on defining this area-prism
relationship for various lagoon-inlet systems (Townend, 2005; Seabergh et al., 2001;
Hume and Herdendorf, 1993; Byrne et al. 1980; Jarrett, 1976; O’'Brien, 1976). This
relationship is often used to assess the stability of an inlet, even though ot tese
into account all of the variables that control lagoon morphology. The area-prism
relationship is a power function that describes many independent lagoon syktdoes
not account for drainage basin area or the streamflow that it may contributiyrthtre

area-prism relationship must be an emergent property and | can thesedorme



populations of data, test hypotheses and determine the underlying controls on inlet cross
sectional area and tidal prism by using a data-driven downward modeling approach.

1.3 Previous research

Tidal inlets govern flow rates and volumes of water exchanged between two water
bodies. For coastal lagoons, this exchange can include water derived fratnidérre
watersheds. Geometric and stability analyses of tidal inlets waedlyntonducted to
facilitate commercial navigation; therefore many of these studieseeaducted in large
inlets (through which boats would pass) to determine natural stable inlet cro®sssec

(Machemehl et al., 1991; Jarrett, 1976; Escoffier, 1940).

Tidal inlets, however, come in a range of sizes and they serve many fumctions
coastal environments. They are a permeable boundary between two distindeaetasys
and inlet channels are sites for exchanges of water, organic matter, sedngemsms
and nutrients. Inlet connections also make it possible for lagoons and bays to provide
nursery or temporary habitats for many species that need shelter framcogaves,
currents, and large predatory species (Roy et al., 2001; Machemehl et al., 1891). T
exchange of water through the tidal inlet controls lagoon water quality, whicisaffe
physical and biological aspects of the coastal embayment (Battalip21G6; Roy et al.,
2001; Smith and Atkinson, 1994). In tidal marshes, the inlet channel regulates
hydrologic fluxes and thus the amount of nitrate that can be processed by miastssur
(Seldomridge, 2009). Therefore, inlet stability is not only important for naorgsdt

purposes, but also for ecosystem functioning and services.

Tidal inlets are found along coastlines around the world and they range in size

from very small Ac < 1 nf) to orders of magnitude largekd> 10 m?) (Hughes, 2002;

4



Byrne et al., 1980; Jarrett, 1976). Large inlets have been well characterized due t
commercial navigation needs, but small inlets have not received much attention until
recently (Hughes, 2002; Byrne et al., 1980). The most widely used stability istiue
empirical area-prism relationship, first established by O’Brien (188&} initial work

done by LeConte (1905). Jarrett (1976) used data from 108 tidal inlets spanning all three

United States coastlines to determine an area-prism relationship of:
Ac = 1.576x 10°Q%% (1.3)

whereAc andQ are measured in Sl units and therefore the coefficient and exponent also
have Sl units (Hughes, 2002). While various studies around the world support Jarrett’s
relationship (e.g. Townend, 2005; van de Kreeke, 2004; Hume and Herdendorf, 1993;
1992), the CB inlets measured by Byrne et al. (1980) are not consistent with thieampi
trend established by Jarrett (1976). Additionally, small-scale inlets iniexqreal

(model and laboratory) studies (Seabergh et al., 2001; Mayor-Mora, 1977) do not follow
the defined trend of the area-prism relationship indicated by Jarrett’s ([@@n@)lation.

The purpose of Byrne et al.’s (1980) study was to examine mid-range sizedrnrdat

effort to improve navigation into inlet-basin systems that are found along the many
shorelines of CB. The observations from their study demonstrated that small to m
ranged tidal inlets tend to have larger channel areas than expected froendisederived
from large inlets. CB itself is a drowned river valley estuary walowtn inlet that

shelters the bay from oceanic tide and wave action. Therefore, tidal inlets in CB
experience different distributions of waves and tidal forcing than oceanidnielzsl

Many authors, however, have questioned whether this provides a sufficient égplana

for the behavior of CB inlets (Townend, 2005; Hughes, 2002), particularly since



laboratory experiments also found different characteristics for smad#.indethird

population of small tidal inlets is found at the entrance to tidal marshem(Salge,

2009; Jenner, 2010; Rinaldo et al., 1999a; 1999b), but there have been no comparative
studies of the geomorphic characteristics of these two types of tidal ifletsefore,
comparison of tidal inlet geometry and stability for small CB lagoon ialedsPatuxent

River (PR) tidal marsh inlets might provide new information about inlet morphology

1.4 Research approach

Previous tidal inlet stability studies have taken two main approach€sasg)
Studiesthe study of one or a few tidal inlets in a specific region with detailet! fiel
measurements (e.g. Battalio et al., 2006; van de Kreeke, 2004; Gao and Collins, 1994;
Hume and Herdendorf, 1992; Gammisch et al., 1988; van de Kreeke, 1985; Byrne et al.,
1980) or 2)Regional or Inter-regional Comparisdstudiesin this approach, previously
acquired and/or new geomorphic and other data from multiple sites is pooled together
and further analyzed by new methods and technology (e.g. Townend, 2005; Hughes,
2002; Hume and Herdendorf, 1993; Machemehl et al., 1991; Jarrett, 1976). In this study,
| will conduct a modification of the second approach. The main difference inutis st
is that entire populations of geomorphic data will be used in the regional and inter-
regional comparative analysis. This portion of the study will be used to define inter
regional relationships, which are emergent properties of lagoon-inlet sys(@nce
these relationships are defined, a data-driven “downward modeling” approable will
used to identify controlling processes for both inlet cross sectiogmlead tidal prism.

Although this analysis will be conducted on multiple data sets, the focus is CB lagoons.



Lagoon-inlet systems are often referred to as “tidal inlets” even thougimtine
not be built or formed by exclusively tidal processes. Therefore, in this stwdly, |
compare CB inlet-lagoons with data from CB tidal inlets #raformed by tidal
processes alone. Geomorphic features (e.g. inlet width, water surfaceargaarea)
are measured for all PR tidal marshes in the freshwater and oligopaltions of the
Patuxent Estuary. Comparison of these two populations may help elucidatatitie re
roles of tidal and streamflow processes in determining tidal prism for @Brag Tidal
marshes are self-formed basins; during tidal inundation, channels araifitidbde upper
marsh is flooded. Previous studies suggest that headward erosion and migration of
channels occurs during outgoing (ebb) tides, when water drains from the mamsh bas
(French and Stoddart, 1992). Furthermore, feedbacks between vertical marsbraccreti
and the tidal prism redistribute tidal energy, which maintains the chastickeof these
tidal marshes (French and Stoddart, 1992; Pethick, 1981). Thus, water sweéaandar

basin area for tidal marshes is controlled by tidal processes.

In addition to tidal processes and waves, streamflow from terrestteishads
also influences lagoon-inlet morphology and behavior (Haines et al., 2006; Elwalny et
1998). Therefore, CB lagoon systems are compared with data from other lagaon-inl
systems that have different tidal and wave conditions. Geomorphic features such as
water surface area and basin area were compiled for New South Wales I@d¢Sd)s
and creeks by the NSW Office of the Environment and Heritage
(http://www.environment.nsw.gov.au/estuaries/index.htm). The NSW lagoonsage al
an oceanic coast that has larger wave heights and wave periods than the CE&BWr'he N

lagoons and creeks provide a great comparison to CB data, as these inlet-bagititeal



southeastern coast of Australia experience a spring tidal rangardim@B lagoons, but
are subject to higher and longer period oceanic waves (Haines et al., 2006)e A mor
limited geomorphic data set (lagoon water surface areas and inlet arpavendy
compiled for United Kingdom (UK) estuaries from the study by Davidson and Buck
(1997). Estuaries along the UK coastline experience micro- (< 3 m) t@-sdak (> 9

m) ranges, therefore providing a comparison to inlet-basin systems rgigttildal

ranges.

Many geomorphic features exhibit self-similarity over many ordensagiitude
(Rodriguez-lturbe and Rinaldo, 19%ptnick and Prestegaard, 1993; Mandelbrot,
1983). Therefore, the size distributions of geomorphic features commonly exhibit power
law scaling behavior within geomorphic constraints. If size distributivhbie power-
law behavior, then they do not vary randomly around a mean and there is no
“representative” average size (Plotnick and Prestegaard, 1995). Thesefecting
random sites for field measurements may not provide information that is sffwie
determine controls on inlet size. This research uses an alternative desiigrasiye
entire regional populations of inlet dimensions; 2) Determine upper and lower bounds on
inlet size, and 3) Compare populations of inlet sizes that experience sighjificant

different physical processes to elucidate controlling variables.

In this thesis, | use the inter-regional data sets to search for power law
relationships among geomorphic and hydraulic variables. Using these atmerge
relationships as a guide, | then use a data-driven “downward modeling” approach t
search for underlying processes that give rise to these emergeionstips, and can

cause differences among these regions. The term “downward modeling” was firs



introduced by Klemes (1983) and later re-introduced into hydrologic studiesdpatin

et al. (2003) to describe this top-down approach to understanding behavior in dynamic
systems. “Downward modeling” is an alternative approach to reductiorpgtioaches

that are used to forward-model complex systems. If sufficient datvatlable, these
forward and down-ward modeling approaches can merge to provide enhanced
understanding of the system. Downward modeling encourages large data sets to be
obtained, such that multiple hypotheses can be derived and tested in a stepwise manner.
This enables controlling processes to be identified and tested throughrahaér
procedure (Sivapalan et al., 2003). For example, if CB lagoons and PR tidal marshes
exhibit similar probability distributions of all geomorphic parameters, then

controlling factors (e.g. tidal controls on inlet width) must be present in both
environments. If different geomorphic probability distributions are found, then the
environmental condition(s) present in one ecosystem but not the other, might explain
differences in geomorphic distributions.

This report is organized in the following manner. Emergent relationshipbseand t
underlying controls on tidal prism are presented in Chapter 2. The area-prism
relationship and underlying controls on inlet cross sectional area are preseregter C
3. The final chapter focuses on CB lagoons and integrates results fromr€Ragutel 3
to present methods for assessing equilibrium among lagoon-watershed system

components.



Chapter 2: Geomorphic Controls on Tidal Prism foa&tal
Lagoons and Tidal Marshes

2.1 Statement of the problem

Coastal inlets govern exchanges of water, nutrients, and sediment between a
coastal basin (e.g. lagoon, tidal marsh, or coastal lakes) and adjacent ocagr or m
estuary. These fluxes help maintain the morphology and biological productivity ef thes
coastal ecosystems (Gale et al., 2007; Roy et al., 2001). Lagoons and coastédlszdi
are considered to be particularly sensitive to anthropogenic impacts due to pgiexcom
dynamics that affect lagoon morphology (Haines and Thom, 2007; Roy et al, 2001). Inlet
closure due to wave-induced sedimentation in the inlet channel can cause environmental
changes that may be either favorable or detrimental to coastal eebloginmunities
(Gale et al., 2007; Roy et al., 2001). Rapid sedimentation and closure often results from
landward transport of sediment by waves or storm surges that is not offetdmy and
tidal outflows that scour sediment (Battalio et al., 2006; Elwany et al., 1998 Stor
frequency and magnitude, sea level rise, and sediment transport charestamesall
subject to climate change and will have a significant effect on tidal inlgtholargy and
stability (Haines and Thom, 2007). Haines et al., (2006) used geomorphic indices to
evaluate the sensitivity of coastal ecosystems to anthropogenic forcing. |&yoatis in
Chesapeake Bay (CB) may also be vulnerable to climate or anthropogenie,cfeing
they have not been as extensively studied as the lagoons, coastal lakes aieg estuar
New South Wales (NSW), Australia, the United Kingdom (UK) and New Zealangd (NZ

Previous research indicates that the small lagoons in CB exhibit diffemnbgghic
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characteristics (e.g area-prism relationship, width to depth ratios) thaniocdet-
basins systems (Byrne et al., 1980). Furthermore, previous researaners\igend,
2005; Hume and Herdendorf, 1993) found that different estuary types exhibit different
area-prism relationships. Thus an assessment of geomorphic features cd @R kagd
associated drainage basins may provide tools to predict responses to chalmgeasen c
or anthropogenic forcing.
2.2 The area-prism relationship

Empirical relationships between inlet cross sectional &gaafd tidal prismQ)
have been used to assess inlet stability (Hughes, 2002; Jarrett, 1976; O'Brien 1976).
Tidal prism is often defined as the tidal rankg (multiplied by the lagoon surface area
(As) (Haines et al., 2006; Spaulding, 1994; O’Brien, 1976; Johnson, 1973). The form of
the area-prism relationship suggests that tidal inlets are maintainethbjavs only,
but most studies of inlet stability indicate that tidal fluxes alone aremuffito maintain
inlets for tidal marsh channels, but not for coastal lagoon inlets (de Swart and
Zimmerman, 2009; Roy et al., 2001; Elwany et al., 1998; Pethick, 1980). As indicated in
Figure 2.1, tidal marsh inlets along the Patuxent River (PR) Estuary form a
communication node between marsh basin processes and estuarine processes. Lagoon
inlets form at the node between lagoonal processes and coastal processe2(E)g
Coastal sediments are transported landward by waves, often creating a santhbar
which the inlet is formed and maintained by tidal flow and streamflow.

Therefore, lagoon inlet characteristics are maintained by fluxeslfodimstream

and tidal sources that generate sufficient shear, through the velocityudistrj to move
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sedimenthat has been deposited in the inlet by wave & (Hughes, 20C; Gao and

Collins, 1994).Mean inlet velocit (Uy) can be expressed as a continuity eque

oS3 o

(Gao and Collins, 1994; Bruun et al., 1), wherez, is tidal stage; the water eleven
difference between the lagoon and Qg is freshwater inflow fron a watershed into tf
lagoon, andAsis lagoon surface areiNote that total inlet discharge is defined Qy =
UwAc. This equatiorsuggests a continuum between tidal and streansources for
inlet maintenance, antdescribes a physical system with four main vargbQy, As,

n, andQg, all of which vary with tim. Figure 21 shows a diagram of how these fi

main variables interact.

(a) Chesapeake Bay Lagoon (b) Patuxent River Tidal Marsh
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Legend
Water Surface Area (Ag)

Drainage Basin Area (Az)

Total Inlet Discharge (Q,) —>

Streamflow from Az (Qp) =
Spring Tidal Range (/)

000N
Sand Bars
formed by

Wave Action

Figure 2.1: Definition sketch for tidal marsh and lagoon inletsand their associatec
drainage basins Ag) and water surface areasAs). Tidal range (g) is the difference
in tidal stage @) over a given tidal period T). (a) CB lagoons are nested withil
small Coastd Plain drainage basins; watershed boundaries areften truncated by
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roads. (b) PR tidal marshes form their own drainage basins and inlets dag tidal
flows.

If the area-prism relationship is an emergent property of lagoon-irgsrssy,
then | should be able to search for the underlying processes that control bqgthdidal
and channel cross sectional area. In this chapter, | will evaluate psotesseontrol the
tidal prism.

Most studies of the area-prism relationship have focused on tidal inlet
characteristics and few have examined drivers of the tidal prism. lropsestudies, the
role of freshwater inflow on forming or maintaining the tidal prism is oftenlovked
and (@ is assumed to be zero. This assumption might be reasonable for conditions where
streamflow has no role in either forming the tidal prism or the inlet changebpessibly
the NZ inlet-basin systems from Hume and Herdendorf (1992)). Streamflow, hpweve
has been shown to be important for inlet maintenance in many studies (Kraus, 2007;
Haines et al., 2006; Elwany et al., 1998). For example, Elwany et al. (1998) found that
periodic river flooding was the dominant long-term mechanism for maintaining an
equilibrium inlet cross section and thus tidal flow through Southern California lagoon
inlets. This suggests that streamflow may play a significant role iothefion of tidal
prism, possibly by controlling water surface area.

Tidal prism is determined by either: a) measuring the total volume of water tha
passes through a tidal inlet over a tidal cycle (Bruun et al., 1978) or b) asgirtindel
prism by multiplying water surface area by tidal range (Spaulding, 19®84ieD; 1976).

The second method requires simplifying assumptions, but is commonly employed in most
regional studies of tidal prism for small systems. In previous studies, totzgses are

assumed to be important for maintenance of inlet-basin systems. In thid stilbigst
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that assumption by comparing lagoon inlet-basin systems with those of tidakesjars
which have no freshwater inflow (see Figure 2.1).

For coastal lagoons that have relatively large water surface agehsange is a
smaller component of the tidal prism than the water surface area. CB lagoons have
significantly larger water surface areas than tidal marshes, but muttersudace areas
than many oceanic inlet-basin systems (Haines et al., 2006; Hume and Herdendorf 1993;
1992). In the UK, which experiences micro- (< 3 m) to supra- (> 9 m) tides, Townend
(2005) found that lagoon tidal prisms were not particularly sensitive to tida.rartgs
suggests that processes that control water surface area provide aeagigaifiderlying
control on tidal prism. This underlying control might be stream discharge frogstteat
watersheds that contribute to lagoon basins.

Streamflow from most watersheds varies many orders of magnitude due to
seasonal and inter-annual variations in hydrological processes. Most studidigidtial
tidal inlets suggest that high frequency flood events form or help maintain tietal inl
(Kraus, 2007; Haines et al., 2006; Elwany et al., 1998). Streamflow data are not
available for all watersheds, and data are particularly meager fdrcorasial watersheds
(Harmel et al, 2003; Menabde and Sivapalan, 2001). Recently, however, therenhas bee
significant research on scaling relationships that can be used to estimteflstv in
small basins (Peel and Bldschl, 2011; Gupta, 2004; Sivapalan, 2003).

For most humid temperate regions, drainage basin area is the major varable us
to predict streamflow for ungauged watersheds (Magilligan and Nislow, 200dh e
al., 1997). Streamflow for small catchments (< 1G)ksioften heterogeneous (Gupta,

2004; Sivapalan, 2003), and is more susceptible to variations in land-use, geology,
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topography, soil type, etc. (Birkinshaw et al., 2011; Villarini and Smith 2010; Datia
al., 2000; Meigh et al., 1997; Dillow, 1996). For the regions included in this analysis,
basin area is the major variable for all locations. For small watershed$imargland
and the UK, other variables in addition to drainage basin area affect streamélow. F
example, for small watersheds in the Maryland Coastal Plain, soil typd, doves, and
land-use have significant influence on flood flows (Villarini and Smith, 2010; Dillow,
1996). Therefore, in this study, drainage basin area is investigated as aoproxy f
streamflow. For small basins where land-use might also affect stregrhfiolv
examine the effects of land-use and forested area on the use of drainagechbasinea
proxy for discharge.
2.3 Hypotheses
I.  Due to contributions from both tidal and streamflow sources, water surface areas
will be larger for CB lagoons than for PR tidal marshes.
ii.  Geomorphic probability distributions for both basin area and water surface area
can be expressed as power laws.
iii.  For both CB lagoons and PR tidal marshes, the water surface area component of
tidal prism will exhibit a direct correlation to drainage basin area.
Iv.  The water surface area-drainage basin area relationship for CB lag@imdar
to that for oceanic lagoon systems.
2.4 Methods

2.4.1 Determination of geomorphic characteristics from aerial photographs

CB lagoons and PR Estuary marshes are first identified as permaatent$an

the landscape by viewing USGS air photo images from the period (1993 to 2011)
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accessed via Google Earth. Geomorphic characteristics (e.g. wéeesanea, basin

area) were measured for the April 2007 date photographs using the GIS program MD
MERLIN Online (http://www.mdmerlin.net/). Basin areas for CB lagooes ar
determined using a variety of resources. MERLIN Online provides watersipesi m
which help determine watershed boundaries for larger basin areas. Smatierbasi

are often truncated by roads. Topography and changes in vegetation are also used to
determine watershed boundaries. PR marsh basin areas are identifiaddpgsan
vegetation and topography.

2.4.2 Probability distributions of water surface area and drainage basin area

Two methods for expressing probability distributions are used in this study. The
first uses cumulative number and the second expresses data as a cumulativetprobabil
distribution. A cumulative frequency distribution is determined for basin Agdy
ranking the population of basin areas from smallest to largest where thessinasin
area is assigned the largest raNk4nd the largest basin area is assigned a value of 1.
This results in a cumulative frequency distribution such that the probabilityrtiaes
basin has a basin ar@&) greater than or equal & can be write a®(Ag > Ag).

Data exhibit a power law relationship if:

P(Re > Ae) = aAg” (2.2)
where P is the probability of a drainage bagis) Qreater thar\s, o andg are

empirically derived coefficient and exponent, respectively (Kefi et al.,;Z8€ahlon et

al., 2007; Rodriquez-Iturbe and Rinaldo, 1997; Rinaldo et al., 1993). The population is a
truncated power law if it follows:

P(As > As) = aAs”exp{-A/Ax} (2.3)
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whereAx marks the lower bound of increasiAgvalues wher®(Ag > Ag) is decreasing
faster than power law form (Kefi et al., 2007). Discerning between the twe ¢ype
relationships will help determine if there is an upper or lower bound to the geomorphic
feature of interest within a given population.

A cumulative probability distribution is determined for drainage atgplly
ranking the population from smallest to largest, where the smajestassigned a value
of 1 and the largegts is assigned the largest rarm)(the rank is divided by the total
number N). The same methods are followed for water surface Agpa (

2.4.3 Determination of tidal range and tidal period

Tide stations are located around the CB; therefore, a tide station is used to
estimate tidal ranges for numerous lagoons. Data compilations for idestperated
by National Oceanic and Atmospheric Administration (NOAA) provide meanratgie,
spring tidal range and mean tidal level, for all CB lagoons and the oligoR&tine
marshes (see Table 2.1). Tidal ranges for freshwater marshetaraided from data
compiled by Maryland’s Department of Natural Resources. Tidal rardgdirsed as the
difference in tidal stagey) between high and low tide for a given tidal peridy (

Table 2.1: Tidal ranges in Chesapeake Bay at select NOAA tide stations

Region Tide Spring Mean Mean Open or Intermittent Inlet-
Station Range Range Tide basin
(m) (m) Level (m)
CBW  North Point 0.35 0.31 0.23 Hines Pond
CBW  Mountain 0.27 0.24 0.18 Broadwater Road, Cape St
Point Claire, Lake Claire, Morgan
Drive
CBW  Annapolis 0.34 0.30 0.22 Big Pond, Blackwalnut,

Chase Pond, Deep Pond,
Heron Lake, Mezic Ponds,
Sharps Point
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CBW
CBW

CBW

CBW

CBE
CBE
CBE

CBE

PR

PR

Rose Haven 0.31

Chesapeake 0.34
Beach

Cove Point 0.36
Solomons 0.41
Tolchester 0.41
Love Point 0.41
Matapeake 0.35
Kent Point 0.38
Marina

Lower 0.62
Marlboro

Jug Bay 1.00
website

0.27
0.30

0.32

0.36

0.37
0.36
0.31

0.34

0.55

0.46

0.18
0.21

0.19

0.23

0.25
0.26
0.22

0.23

0.33

Herring Bay
Brownies Beach, North
Beach, Sewage Plant Road
Calvert Cliffs North, Calvert
Cliffs South, Camp Conoy,
Cove Lake, Webster Ponds
Aztec, Algonquin, Biscoe,
Carroll, Cheyenne,
Clubhouse, Drum Point, Far
Cry Farm, Fresh Pond, Holly
Drive, Lake Charming, Shaw
Road, Long Lane, Long
Neck, Massum Eyrie Road,
Massum Eyrie Way, Murray
Road, Norris Pond, Page
Pond, Peters Pond, Shipwreck
Way, Sivak Way, Spring
Lake, St Clarence Middle, St
Clarence North, St Clarence
South, St James Church,
Tippitt Pond
Bramble, Mendinhall, Stavley
Love Point, River Shore
Bay Drive, Lake Cardoza,
Price Creek, Price Farm,
South Terrapin Beach,
Wellman Way
Bloody Point, Carter Creek,
Holligans Snooze, Kent Fort
Manor, Northwest, Scaffold
Creek, Skove Lane
Oligohaline Marshes

Freshwater Marshes

These tidal ranges are used to evaluate tidal prism at CB and PR sites. A

frequency analysis of the Annapolis tide station shows that the spring tidal ggris

~24,000 s; this value is used for all tidal period analyses.
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2.4.4 Watershed characteristics of Chesapeake Bay lagoons

A drainage basin is the total area that contributes to stream dischargreher
most cases, drainage basin area is proportional to streamflow. For watemdnauisl
temperate regions, basin area is often the only parameter used in regioraticst of
streamflow. For example, for most of Maryland, regional flood frequendyoresaips
take the following formQg = y(As)"; wherey and/ are derived from gauged streams
within a given region and Ais drainage basin area (Dillow, 1996). For small,
heterogeneous watersheds, other explanatory variables (e.g. pereshto@sin relief or
runoff curve number) are included in multiple regression equations to estimate
streamflow.

The coastal watersheds that directly contribute to CB lagoons are ofténesidal
thus susceptible to the heterogeneity often observed for small watershedsl |Sede
use categories have been identified as having significant effect on tiodolgya
characteristics of a watershed (Birkshaw et al., 2011; Villarini anchS&0.0; Dillow,
1996). In order to better understand the underlying controls on tidal prism for CB
lagoons, the relationship between land-use characteristics and streaviiflogs
examined. Increased forest cover, in small basins, greatly increasgg stodatherefore
decreases the rate of delivery of water to the lagoon, therefore a \wdtesitih a
significant area of forest (> 60%) will require a larger basin ar@adduce an equivalent
peak flow discharge of an unaltered basin. Residential land-use, which incoasy
watersheds that contribute to CB lagoons, has the opposite effect; roads, roofseand ot
impervious surfaces increase runoff, creating larger flows from a giveragesarea

(Dillow, 1996).
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The state of Maryland is divided into five physiographic provinces (Fenneman,
1938); all CB lagoons lie within the Coastal Plain province. Dillow (1996) further
divided the Coastal Plain into two regions (western and eastern) due to diféeirence
elevation and stream discharge. Thus, in each region, different parametersenflue
runoff and thus are used in equations to estimate the magnitude and frequency of flood
events. This study follows the guidelines established by the USGS foatstjrmpeak-
flow discharges (Dillow, 1996). Western shore peak flow discharges for ther 2-ye
recurrence interval are determined from the following equation:

Q. = 1410~ "*(F + 10)°782 (2.4)
whereA is the drainage area in square miles lamslthe percent forest cover. These
equations suggest that forested areas store runoff, but this mechanism desemes
effective for larger storm and flood events.

Eastern shore peak flow discharges for the 2-year recurrence listerva
determined from the following equation:

Q. = 0.25A%(RCN — 33y BR39F + 10)%*°4ST + 10> (2.5)
whereRCNis the run-off curve numbeBRis the basin elevation ai8T is the percent
storage. Drainage ared)( percent forest coveF], percent storage and basin elevation
are measured using MERLIN Online. Characterization of the 2-year jpaklischarge
for each region will allow determination of the role of streamflow in produtiagvater
surface area and tidal prism.

An average value of forest cover is determined for the western shore so that a
relationship between basin area §ican be determined for western shore lagoon

watersheds. Similarly, average values of basin relief, percent storagetderest
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cover and a run-off curve number are used to determine a relationship between basin are
andQ; for eastern shore lagoons. These relationships are then combined to produce one
simple relationship for all CB lagoons:

Q. =2.9AF" (R*=0.99) (2.6)
WhereQ:; is the 2-year peak discharge in cubic meters per seconssanthasin area in

square kilometers (Figure 2.2).

100
@
E
o = 2.9A0 71
@ Q;
S 10 R2= 0.99 04
© /
ey
O
D
©
I /
o 1
o
8 /
g
N
0.1 &
0.01 0.1 1 10
Basin AreaAg (km?)

Figure 2.2: Relationship between the 2-year peak discharge and drainage baarea
determined from Dillow (1996) for average CB lagoon watersheds.

With respect to river discharge and other geomorphic processes, Wolman and
Miller (1960) found that low magnitude, high frequency events exhibit the largesinam
of work, in the form of erosion and deposition, on the landscape. Subsequent work on
river morphology has found a small range of recurrence intervals (from 1.5 thd.0) t
are associated with bankfull discharges (Simon et al., 2004; Williams, 1978; d.etpol
al., 1964). In this study, the bankfull discharge is defined as the maximum discharge
contained within a channel and is considered to be the most effective at forming and

maintaining channel geometry (Simon et al., 2004; Leopold et al., 1964). Leopold et al
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(1964) also found the 1.5-year recurrence interval discharge to best regdredsantkfull
discharge. Flood frequency equations for the Maryland Coastal Plain do not include a
1.5-year recurrence interval (Dillow, 1996); therefore the 2-year recermetesval
discharge will be used for estimating bankfull discharge from the watkerdtee 2-year
peak discharged,) will be tested against basin dischar@g)(values derived from

bankfull inlet conditions (Equation 2.1) in a later chapter.

2.5 Results

2.5.1 The role of tidal forcing on Chesapeake Bay marsh and lagoon tidal prisms

The relationship between tidal range and water surface area for CB lagoons
indicates wide variation in water surface area for a small range of valugdal range
(Figure 2.3). In comparison, PR tidal marshes experience a wide range cfrigks
due to the larger tidal range (up to 1.2 m) and the variation in tidal range provided by the
increase in inlet elevation with a decrease in inlet size. This cee&dege range of tidal

ranges and thus tidal marsh basin areas that have been formed by tidal pedoasses
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Figure 2.3: Water surface area plotted as a function of spring tidal range for PR
marshes and CB lagoons.

Figure 2.3 also demonstrates that for a given tidal range, CB lagoons hdve muc
larger values of lagoon water surface area than the self-formed wateresaréas of PR
tidal marshes. These data support the hypothesis that the “tidal” lagoons of dne CB
not formed by tidal processes alone but require streamflow inputs.

2.5.2 Geomorphic probability distributions for Chesapeake marshes and lagoons

Probability distributions for basin area and water surface area werendtetd for
entire populations of both CB lagoons and PR tidal marshes. | present these as a
comparison population study in order to determine tidal and streamflow controls on CB
lagoon tidal prisms; in a further section | compare these new data to two other
populations of geomorphic data obtained from studies in the UK (Davidson and Buck,
1997) and NSW, Australia (NSW Office of the Environment and Heritage, access

October 2010).
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Figure 2.4: (a) PR marshes exhibit a power law relationship, with a logr bound of

42 nf and an upper bound of 1.86 m”. Lagoons form in a subset of coastal

watersheds with basin areas >84 m? (0.01 knf) and < E7 n? (10 kn¥). (b) Same as

(a), but PR marshes at the mouth of tributaries contributing to the PRhave been
removed, so that the upper bound is <g5 m?.

The PR tidal marsh data set contains all oligohaline and freshwater marshe

within the PR estuary and these data exhibit a power law for both basin greagF.4a

and 2.5a) and water surface area (Figure 2.8a) when all PR tidal marsinetudes,

however when only self-forming basins, those that do not contain upland tributaries, are
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plotted alone, they exhibit a truncated distribution (Figures 2.4b and 2.8b). The basin
area for self-forming marshes ranges from 4aav4,300 A (0.743 knf). The smallest
tidal marsh area is associated with the smallest tidal inlets that casthmed during

the growth of marsh vegetation, whereas the upper limit of tidal marshareatli self-
forming and upland tributaries, may indicate the largest marshes thatrcawithin the
boundaries of the PR, by tidal range and inlet bed elevation. The upper bound is
determined by travel times in a tidal cycle and the finite space withiARhEstuary. CB
lagoons form within a subset of all coastal watersheds just as self-fommanstpes are a

subset of the PR tidal marshes along the PR estuary.
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Figure 2.5: (a) Basin area (or marsh surface area) for the entire population of
oligohaline and freshwater marshes along the PR estuary exhibits a powerv
relationship. (b) ldentifying marshes at the mouth of upland tribuaries shows a
transition zone between 22,000 f(0.022 knf) and 100,000 rfi (0.1 kn?).

The drainage basin areas that contribute to CB lagoons also exhibit a truncated
power law distribution. Most research (Rodriguez-lturbe & Rinaldo, 1997; Rodriguez-
Iturbe et al., 1994; Rinaldo et al., 1993; Nakano, 1983) suggests that drainage basin areas
usually exhibit power law distributions. Inclusion of all drainage basins thatmaetto
all embayments, lagoons and estuaries, in CB suggests that these powes laws ar
truncated at both the upper and lower ends (Figure 2.6a). Further investigation indicates

a transition for basin area sizes between 0.4dmd 10 krf (Figure 2.6b) that separates

lagoon data from open estuary data.
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Figure 2.6: (a) Cumulative frequency for all inlet-basin systems i€B indicates
power law behavior. (b) Identification of lagoons within the cumulatve frequency
indicates that lagoons have basin areas > £4 m’ and the transition between
lagoons and sub-estuaries occurs between basin area sizesas i (0.1 knt) to 17
m® (10 kn?).

Mean basin area for CB lagoons (1,178,73Dimthree orders of magnitude
larger than the mean basin area for self-forming PR tidal marshesdr2.7). If tidal
marshes with upland tributaries are included in the PR marsh population the déferenc

mean basin area remains the same order of magnitude (data not shown).
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Figure 2.7: Cumulative probability distributions of basin area for CB lagoors and
PR tidal marshes. Note the differences in maximum, minimum, and edian basin
size. Mean basin size (mean of 650", and 84" percentiles) is significantly larger
for lagoons (1,178,700 fmor 1.18 knf) than tidal marshes (3,300 rhor 0.0033 knf).

Tidal prism is a product of water surface area and tidal range; therefore in a
regional study with similar tidal range, water surface area digoilmiaire proxies for
tidal prism distributions. The entire population of PR tidal marshes exhibit @r pew
for water surface area (Figure 2.8a), however, as before when marghaglamnd
tributaries are removed from the population, both PR marshes and CB lagoons exhibit

truncated distributions (Figure 2.8b).
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Figure 2.8: (a) PR marshes exhibit a power law relationship for waterusface area,
whereas CB lagoons do not. (b) When tidal marshes near terrestrial tributaes
mouths are removed, the tidal marsh surface area shows a truncated disttibon.
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Figure 2.9: Cumulative probability distributions of water surface areafor CB
lagoons and PR tidal marshes. Note the differences in minimum, maximum, and
median water surface area. Mean water surface area (mean of the™&0", and
84" percentiles) is 56,700 M(0.0567 kn?) for lagoons and 210 rh(0.00021 knf) for
PR tidal marshes.

Cumulative Probability

The mean surface area for CB lagoons is two orders of magnitude largdrethan t
mean surface area for self-forming PR tidal marshes (Figure 2.9).idkddly, the
minimum water surface area (475)mecessary to form a CB lagoon is two orders of
magnitude larger, indicating a threshold for formation.

Table 2.2: Bounding values for Chesapeake Bay lagoons and Patuxent River tidal

marshes
CB Lagoons Self-forming PR Marshes
Lower Upper Range Lower Upper Range
Bound Bound Bound Bound
Basin Areza 11,835 8,308,059 8,296,224 42 74,300 74,258
(m?)
Water Surface 475 941,668 941,193 6 332,049 332,043
Area (m?)
Spring Tidal 0.41 1
Range (m)

CB lagoons and PR tidal marshes not only show different types of distributions,

for basin area and water surface area, but the data also have differestaiadg
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bounding values (Table 2.2). The range of basin sizes that support CB lagoons is
~8,296,000 rf self-forming PR tidal marshes exist at a much smaller range of basin
areas ~74,000 inThe ranges of water surface area values are on the same order of
magnitude for both populations: ~941,008for CB lagoons and ~332,000% fior PR

tidal marshes.

2.5.3 Comparison of geomorphic probability distributions for Chesapeake Bay

and oceanic inlet-basin systems

Geomorphic data for oceanic inlet-basin systems are presented in tios aadt
compared with data from CB marshes and lagoons. Both NSW and UK coastlines
experience ocean waves, however tidal range for the two populations is vagndliffe
The southeast coast of Australia typically experiences a tidal raf®g@ of (similar to
CB) and almost never exceeds 0.5 m (Haines et al., 2006). Systems in the UKhegperie

tides that range from micro-tidal (< 3 m) to supra-tidal (> 9 m), depending diolnca
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Figure 2.10: All populations show truncated distributions, indicating unique ranges
of basin sizes for formation of each landscape typéNSW data are from the NSW
Office of the Environment and Heritage, accessed October 2010.
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All three populations (Chesapeake lagoons, PR tidal marshes and NSW lagoons
and creeks) exhibit truncated power law distributions for drainage basin are@ (Figu
2.10). NSW data have systematically larger basin areas than CB lagd@minimum
basin area required for a NSW lagoon or creek to form is 760,000r1®.76 knd), an
order of magnitude larger than the minimum basin area required for a CB lagoan.to for
Mean basin area is three orders of magnitude larger for NSW lagoons thagoGisla
(Figure 2.11). Basin area is often determined by regional geology and topodmapmhy a
with anthropogenic impacts such as storm water drains, channelization or damming. The
variation in upper bounds on the basin area may be influenced by the size of the basin

that can keep the waterway clear of sand in which an inlet might be constructed.
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Figure 2.11: Cumulative probability plots show where the tails of the distbutions
overlap. There is a significant overlap between the large CB basins and alifNSW
basins. CB lagoons have a mean basin size (mean of th& 1", and 84"

percentile) of 1,178,700 M(1.179 knf), PR marshes have a mean basin size of 3,300
m? (0.0033 knf) and NSW have a mean basin size of 45,800,000 @5.8 knf).

INSW data are from the NSW Office of the Environment and Heritage, accessed
October 2010.
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Comparison of water surface area distributions between CB lagoons and NSW
data is useful because each experiences similar tidal ranges, butandlyifdifferent
wave heights and periods. All populations show truncated power law distributions for
water surface area (Figure 2.12). The bounding values for NSW wateesamas are
46,000 i and 36,300,000 fm Estuaries in the UK exhibit a wide range of water surface
areas from 180,000 7o 666,540,000 fn CB lagoons overlap the smaller end-members

of both of these populations, ranging from as small as 486 841,668
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Figure 2.12: Water surface distributions for various inlet-basin populéions’ shows
truncated distributions, indicating that there is a minimum water surface area
necessary for formation. *:NSW data are from the NSW Office of the Environment
and Heritage accessed October 2016UK data are from Davidson and Buck (1997).
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Figure 2.13: Cumulative probability plots for water surface area. CB lagoons have
a mean water surface area (mean of the 650", and 84" percentile) of 56,700
(0.0567 knf), PR marshes have a mean water surface area of 216 (8.00021 knf),
NSW have a mean water surface area of 1,633,008 (.63 knf) and UK has a
mean water surface area of 20,430,0007t20.4 knf). ‘NSW data are from the
NSW Office of the Environment and Heritage, accessed October 2018UK data

are from Davidson and Buck (1997).

Mean surface area for UK estuaries is an order of magnitude largex 8\&
lagoons and creeks and three orders of magnitude larger than CB lagoons (Figure 2.13).
UK estuaries also experience the largest tidal ranges of all four gopslaherefore it is
expected that UK estuaries have the largest tidal prisms. NSW ando€ieexe
similar spring tidal ranges, therefore lagoons and creeks along the NSWiawasarger
tidal prisms than CB lagoons due to the relatively small water sunfeas af CB
lagoons. Additionally, because the spring tidal range is larger foldBRhiarshes than
it is for CB lagoons, tidal prism should be larger for marshes with similar satace
areas as lagoons. Across all tidal range spectrums, inlet-basins with lageerarger

water surface and larger basin areas than PR tidal marshes, whictmaed by tidal
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inundation alone. This has implications for the role of drainage basin area and
streamflow on controlling tidal prism for an inlet-basin.

2.5.4 Relationship of water surface area to basin area

The relationship between basin arfg) @nd water surface are@g for CB tidal
marshes and lagoons is shown in Figure 2.14. The relationship for self-formed tidal
marsh systems is (Figure 2.14b):
A,=0.027A2% RF=0.88 (2.7)
and the relationship for CB lagoons is:
A,=0.038007° RP=0.49. (2.8)
There is, however, wide scatter in this relationship, which is likely due to the
heterogeneity of hydrologic response to land-use and soil type (Dillow, 1886hay be
enhanced by the small watershed sizes (< 13).kfurther investigation of causes of
variation in this relationship will be conducted in Chapter 4, however the wataceurf
areas that show significant variation are briefly examined here.

Ten lagoons with surface areas significantly smaller than the regiomélare
shown in red on Figure 2.14b. These lagoons are from the eastern and western shore and
have significant forest and/or wetland cover in the watershed or signifn@ash
vegetation encroachment into the lagoon. Seven of these lagoons have forest cbver equa
or greater than 80%; the remaining three have approximately 60-75% forestvibver
significant marsh vegetation in the lagoon. Forest cover significantly redaakslow
estimates (Dillow, 1996), due to hydrologic storage in forested floodplains. Lagoons
with water surface areas > 0.2 kare also both western and eastern shore lagoons with a

maximum of 30% forest cover (blue diamonds in Figure2.14b). Some of the lagoons

35



with large water surface areas have significant agricultural ardergil land-uses.

This suggests that CB lagoons might respond to changes in land-use or climatechat af

streamflow.
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Figure 2.14: (a) Water surface area as a function of basin area for PR tidal mdres
and CB lagoons. The PR marshes that overlap the CB lagoons have tributary
basins. (b) PR marshes with upland tributaries have been removed frothis plot.

36



These two regional populations show a transition from tidally dominated irgt-
basins to tidal and streamflow dominated inlet-basins.

Some of the large PR tidal marshég ¢ 0.02 knf) have larger water surface
areas than predicted by the power l&g= 0.061A" therefore each of these marshes
were examined individually for heterogeneities. The largest mmaeskeat the mouths of
terrestrial tributaries, suggesting that these marshes recesaenfibw runoff as well as
tidal inflow. The tidal marsh data are provided as a comparison of wateresaréa
created by tidal processes alone; therefore, these data were removeesdiltirey
transition from tidally-dominated end members with small water surfees and
streamflow-dominated lagoons with larger water surface areas is shovgure Bil4b.

CB lagoon and PR tidal marsh data were compared with data from NSW that have
similar tidal ranges to CB lagoons (Table 2.3), but the NSW inlet-basinseaaic
lagoons that experience higher wave heights and longer wave periods. Tibestaia

between drainage basin area and water surface area for NSW sgstems i

A.=0.067A"" R?=0.45. (2.9)
Table 2.3: Bounding values for geomorphic populations
Basin Area, Ag (m°) Lower Bound Upper Bound Range
CB Lagoons 11,835 8,308,059 8,296,224
PR Marshes 42 1,277,976 1,277,934
NSW Lagoons & Creeks 760,000  2,800,000,000 2,799,240,000
Water Surface Area,As(m°)  Lower Bound Upper Bound Range
CB Lagoons 475 941,668 941,193
PR Marshes 6 332,049 332,043
NSW Lagoons & Creeks 46,000 36,300,000 36,254,000
UK Estuaries 180,000 666,540,000 666,360,000
Spring Tidal Range, hr (M) Lower Bound Upper Bound
CB Lagoons 0.27 0.41
PR Marshes 0.62* 1
NSW Lagoons & Creeks 0.3 0.5
UK Estuaries <3 >9

* lower effective tidal ranges are defined by the elevation of the tidl inl
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streamflow characteristics. (NSW data are from the NSW Office of the
Environment and Heritage, accessed October 2010).

The relationship for combined data for drainage basin area and water sugtace ar
for CB lagoons, PR tidal marshes and NSW lagoons is shown in Figure 2.15b. Each of
the different systems occupies a separate portion of this graph (Eigjgeg. The
watershed area and lagoon water surface areas are considerablfplakgV systems,
but the relationship between water surface area and basin area for theas systey
similar (Figure 2.15). The general relationship exhibited between basinAgyeand
water surface are#\{) is:

A, =0.04A3¥ R =0.95. (2.10)
This relationship suggests a strong relationship between drainage basindarea

waterway area and is similar for streamflow prediction equations for negigns

(Meigh et al., 1997; Dillow, 1996).
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Figure 2.16: Spring tidal prism is plotted as a function of water surface aa. For a
given water surface area, PR marshes have a similar tidal prism to CB lagoons,tbu
PR tidal marshes experiences a larger spring tidal range than CB.
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The relative effect of tidal range and water surface area on the tidalqaisbe
investigated by plotting the spring tidal prism as a function of water sunfeaae &hese
data for CB lagoons and PR tidal marshes are shown in Figure 2.16. The relattwatship t
relates water surface are&)to spring tidal prism) for CB lagoons is:

Q=0.34A"° R =0.995 (2.11)
and the relationship for PR tidal marshes is:

Q=0.055A" R =0.94. (2.12)
CB lagoons have much smaller tidal ranges, and thus for a given water stetace a
would be expected to have a smaller tidal prism, however results show (seeZ-ig)
that tidal prisms are similar for CB lagoons and PR tidal marshes, withrsivater
surface areas.

2.6 Discussion

Previous work on coastal lagoons has focused on the relationship between tidal
prism and inlet channel cross sectional area (e.g. Jarrett, 1976; O’Brien, 1976; 1931)
This emphasis on tidal prism and “tidal” inlets has focused attention on the tidal
component of lagoon formation and maintenance. In this study, | assumed that-the area
prism relationship is an emergent property of inlet-basin systems and da&atdriven,
downward modeling approach (Sivapalan, 2003; Klemes, 1983) to examine the
components of tidal prism.

These data indicate a narrow range of values for both drainage basin area and
water surface area in each population of inlet-basin systems. These boundaries ar
probably defined by underlying processes. Without significant wave actidhtidéi

inlets, PR tidal inlets can be sustained at small dimensions (0.2 m in width) aad thes
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inlets form very small marsh drainage basins (~ 42 rfihe upper bound for PR tidal
marshes might be controlled by available riparian space or the distaterecan travel
into tidal marsh channels during a spring tidal cycle (Jenner, 2010).

Although CB and NSW systems have similar tidal ranges, the minimum drainage
basin area for lagoon formation is much larger for NSW lagoons than CB lagoons. This
suggests that the lower limit of supporting basin area is defined by a processs suc
sediment transport by waves that truncates the lower portion of the geomorphic
distribution. The upper bound may also be defined by wave transport. The upper bound
of watershed areas associated with CB lagoons is a transition betwsegdrbasins
with coastal lagoons at their mouths and drainage basins with open sub-estuaages. T
data suggest that stream discharge from larger watersheds can maietainanhel
depths that are sufficiently large to prevent deposition of a beach across théd cieinne
through which a lagoon inlet channel could be built.

This research has generated an additional inter-regional, emergent relptionshi
(the drainage basin-water surface area relationship) that appears to lnesaasdhe
area-prism relationship for coastal lagoons. The inter-regional relaifafiastrates the
central tendency of these systems. Within a given region, such as the CBptredeea
to drainage basin area relationship indicates considerable scatter, whinhkistent with
the variability observed between stream discharge and basin area foiCoaathl Plain
watersheds with heterogeneous topography, soils, and land-use (Birkinshaw et al., 2011;

Daviau et al., 2000; Dillow, 1996).
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2.7 Conclusions

The cumulative distribution of drainage basin areas contributing to PR tidal
marshes, and the lagoon data for CB and NSW exhibit truncated power laws. These data
indicate that the drainage basin area associated with each systemQs|d@R tidal
marshes, NSW lagoons) exist within a small window of drainage basin areaizdhefs
self-formed drainage basins created by PR tidal marshes (4Ztorif)Bare much
smaller than the drainage basin areas that contribute to CB lagoasst(18.36 nt) or
NSW lagoons and creeks (&5to 3.&7 nt). Examination of coastal watersheds in CB
indicates that larger coastal watersheds are present, but coastal lagoontduo at
their mouths.

The size distribution of water surface areas also show relatively neanges for
each population. Each of these systems show upper and lower boundaries that restrict
associated water surface areas to a narrow range of values.

The relationship between basin area and water surface area is sinota: the
three inlet-basin system populations that experience different tidal rang@fcant
wave heights, and stream flow inputs. Each of these three populations (CB lagoons, PR
tidal marshes, and NSW lagoons and creeks) occupies a different region oétgergm
power law. Examined individually, the tidal marshes have higher exponents for the
power law, than NSW and CB lagoons. The power law exponent for the drainage basin-
water surface area relationship for CB lagoons is similar to that fimadebasin area —
stream peak discharge relationships (Dillow, 1996), and the inter-regionalnsthéb

also has an exponent consistent with regional flood frequency relationshipb(Mena
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and Sivapalan, 2001; Meigh et al., 1997), which suggests that this emergent fafations

might be controlled by stream discharge.
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Chapter 3: Inlet Cross Sectional Area and Sedif@éaracteristics

3.1 Introduction

Inlet channels that connect coastal lagoons to estuaries or oceans arddiognd a
coastlines around the world. Inlets to coastal lagoons have been examined alé:g) the
Coastline and numerous studies (O'Brien, 1976; Johnson, 1973; Escoffier, 1940;
O’Brien, 1931; LeConte, 1905) have developed and extended an empirical relationship
between the inlet cross sectional arsg @nd the tidal prism¢f). Jarrett (1976)
compiled available data for U.S. inlets and determined the following relatiodgp:
0.0001582°% This relationship also applies to inlet data from the United Kingdom
(UK), and New Zealand (NZ) oceanic coastlines (Townend, 2005; Hume and
Herdendorf, 1993; 1992). Small tidal inlets, such as those along Chesapeake Bay (CB)
shorelines however, appear to diverge from the area-prism relationship definddté
along oceanic coastlines (Hughes, 2002; Byrne et al., 1980).

Previous research on small inlefg & 100 nf) has shown that Jarrett’s empirical
area-prism relationshipA¢ = 0.0001582%%) under-predicts cross sectional area for
small inlet-basin systems (Hughes, 2002; Seabergh et al., 2001; Byrne et al. 1980;
Mayor-Mora, 1977). Bryne et al. (1980) found that CB inlets are larger than predict
from Jarrett’s area-prism relationship. Previous research has aftrifnse deviations
to the smaller waves, basin areas and tidal ranges that are found in @B .ptavious
chapter, | evaluated the relationship between drainage basin area and wateraned
and determined that CB systems follow similar relationships as other laggiemsy

This suggests that the differences in the area-prism relationship fors@&Bnsymay be
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caused by processes that control inlet cross sedtavea. Figur3.1 shows a lagoo

inlet, viewedfrom two different direction:

e a2 o
A -~ S

(b) Leoking towards the lagoon

Figure 3.1 Drum Point lagoon inlet. (¢) Looking towards the bay,waves bring sanc
and gravel sized sediment into the inlet. Ek-tidal currents must maintain a critical
velocity in order to scour the inlet. (k) Looking landward, the inlet banks are
stabilized as the inlet meanders through vegetationinlet cross secons were
measured where the vegetation ends and the beachgibes. Image taken May 21
2011.

Byrne et al. (1980) examined small inlets in CB and found that they hay

smaller width to depth ratios and small maximunaltieelocities compared with ocec
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inlets. Hughes (2002), however, suggested that maximum velocity is not as useful of a
parameter for determining inlet geometry equilibrium. Due to diffesemcedal and
streamflow conditions, maximum velocity at a single cross sectioreahaag vary by an
order of magnitude, Hughes (2002) suggested a wide variety of factors, suchrastdiffe
primary flow channels, multiple inlets over time, or changes in littorél rdes, that can
affect inlet cross sectional area. Hughes developed a theoretical apprpasthdt
equilibrium channel area, but in his analysis of CB inlets, he had to estimatergedime
size. In this analysis, | propose that cross sectional area and its réigtionsdal prism
might be influenced by streamflow and sediment size.

Byrne et al. (1980) suggested that the mean of the maximum flow velocities
through CB inlets is approximately 0.35 m/s. This value was suggested as thenotver |
of velocity required to transport medium to fine sand in the inlet and therefore it provides
a lower limit of inlet stability. Coarse sediment in the CB, however, candilg ea
mobilized on beaches due to the short period waves with high local accelerati@o (Gras
et al., 2011). Therefore, sediment size may not be restricted to the sarmsizesn on
ocean beaches, and must be sampled.

In the previous chapter, | examined factors that control water surfacarate
thus tidal prism for tidal marsh and lagoon systems in CB and other seldictriecdn
this chapter, | will examine factors that influence inlet cross sectazaal As in the
previous chapter, the approach will be to measure or estimate paranretieeseiatire
population of CB lagoon inlets and to compare these data to Patuxent River (PR) tidal

marsh inlet channels and inlets from oceanic lagoon systems.
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3.2 Hypotheses
I.  Due to streamflow contributions from terrestrial watersheds, CB lagoon inlet
widths will have larger average and maximum values than PR tidal marshes
ii.  Probability distributions of inlet width for CB lagoons and PR marshes can be
expressed as power laws.
iii.  Tidal inlet grain size for most inlets is larger than 0.25 mm, and grain dize wi
provide an explanation for the larger cross sectional areas for CB lagoon inlets.
iv.  Due to underlying contributions of streamflow discharge, inlet geometry data for
a representative sample of lagoon inlets will behave as a homogeneous
hydrological system as indicated by their hydraulic geometry oakttips.
3.3 Methods

3.3.1 Measurement of channel width

CB lagoons and PR tidal marshes are first identified as permanent $aatthre
landscape by viewing USGS air photo images from the period (1993 to 2011) accessed
via Google Earth. Inlet widths were measured using a GIS program, MD MERLI
Online, which uses high-resolution photo images from April 2007. The inlet width will
change over time due to natural or human-induced processes; therefore a common
sampling date was used in this analysis. In addition, lagoon inlets have variahke widt
along their lengths, therefore all lagoon inlets were measured just landwhedbafach.
Lagoon channels at this location are typically stabilized by vegetatioerefbre,
measurement of width at this location will provide a measurement of the eguililiet

width.
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Cumulative distributions of inlet width will be compared for CB lagoon and PR

tidal marsh data. If inlet width exhibits a power law distribution thennotscale

dependent, whereas if the population does not exhibit a power law, then different

processes at different scales may control inlet width.
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Figure 3.2: Inlet widths for CB lagoons were logarithmically binned in orekr to
determine a sampling regime. Sites were chosen based on the widthhe channel

inlet and ease of access to the field site.

Sample sites for field measurement were chosen by logarithmicafiyngiinlet

width data to identify the distribution of inlet sizes (Figure 3.2). From thesgadata

sampling scheme was developed such that a proportional number of field sites were

chosen from the bimodal distribution. The histogram indicates that over 80% of CB

lagoon inlets are less than 10 m in width, therefore a proportional number of field sites

were chosen to have widths less than 10 m. Of the 14 inlets chosen to measure, 12

(~86%) were less than 10 m wide and 2 (~14%) were greater than 10 m wide.
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3.3.2 Field measurements of cross sectional area

Inlet cross sectional area was measured at 14 CB lagoon inlets sitediarmghse
samples were retrieved from 11 of these inlets. One cross section wasated®ach
field site, with an except for Brownies Beach where a foot bridge occupiedelvehsite
the cross section measure should be; therefore, cross section measurementade
above and below the bridge. A cross section for one of the larger inlets, atieeke C
was obtained from NOAA Nautical Chart 12270. These additions provide 16 total cross
sectional area measurements; 13 (~81%) inlets less than 10 m wide and 3 (~18%) inlet
greater than 10 m wide.

Each cross section was measured from the left bank, facing shoreward toavard t
lagoon following the midsection method, outlined by the United States Geological
Survey (USGS). The total cross sectional area is determined by dtishggg the width
so that a rectangle is formed around each depth measurement (Buchanan and Somers,
1969). The area of each small rectangle is the product of the small widdm fé¢tiand
the depthD;) that is bisecting the small width section (Figure 3.3). The total cross

sectional area is the sum of these small areas:
Ac=X A=Y W;xD; (3.1)

Accurate measurement of the channel cross section requires measufesnéitient
verticals in a cross section. Although the number of measurements to defiresthe cr
section depend upon cross section complexity, 15-20 measurements within a simple

channel, with a flat bed, are sufficient to define the channel.
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Measurement and Calculation of Cross Sectional Area
Ap: Cross Sectional Area

7: Cross Sectional Width
D: Mean Depth (A-W)

D local depth at i

W width of rectangle 7
A; area of rectangle J
Ap=T4,=3(d,x W)
MNote: At the banks, the area
is determine from a half-
rectangle and triangle
Figure 3.3 Definition sketch of cross sectional area. Therass sectional area i
found by summing the rectanglesW; x D;) and outer triangles (*2W; x D;). Average
depth is defined as the cross sectional area dividéy the width.

3.3.3 Determination of relationships betweinlet width and cross sectional ar

Field measurements of cross sectional area weducted on a ipresentative
sample of alinlets. These data were used to determine aoektip between inlet widl
and cross sectional area. This relationship id ts@stimate inlet cross sectional &
from channel width for inlets not measured in tieddf

3.3.4 Inlet grain size stributions

Sediment samples from the bed of channel inlete wellected from 11 of th
CBinlets for grain size analyses following the methodfl Folk and Ward (1957). Befo
sieving, each sample was weighed and then sievedgh-4 ¢, -3¢, -2¢, -1¢, 09,
0.2¢,0.5¢, 19, 1.3¢, 29, 2.5¢, 3¢, and 4 sieves; the sediment caught by each s

pan was weighed individually and recorded. Siewvuag done in two steps: first t

entire sample was sieved for 10 minutes througl-5¢ to 0.5¢ sieves and then tt

remaining sediment was sieved for 10 minutes thrahghl ¢ through «¢ sieves. Grain
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size diameterd) is reported in mm, where = -log,(d). Cumulative weight percent is
used to determine median grain sidg)and mean grain sizel\gan), defined as:

d84 + dSO + d16

dMEAN :# (3-2)

wheredg, is the 84 cumulative percentilasg is the 58" cumulative percentile ardig is
the 16" cumulative percentile (Prothero and Schwab, 1996).

3.3.5 Theoretical prediction of equilibrium inlet area (after Hughes, 2002)

Recently, Hughes (2002) derived a process-based relationship, which predicts

cross sectional areAd) in the form of:

%

W 8

A =08 7 o (77 (3.3)
{g(ss 1>@d5%*TA

whereW s the inlet widthg is the acceleration due to gravig,is the sediment specific
gravity (pdpw; whereps is the density of the sediment giglis the density of waterjlso
is the median grain size diamet€iis the tidal period an@ is the tidal prism® = Adhg;
whereAgs is water surface area ahgdis tidal range). The coefficient (0.87) was
empirically derived to provide a best-fit area-prism relationship for ssndlllarge inlets.
In his conclusions, however, Hughes (2002) acknowledges that the small CB inlets do not
fit the proposed relationship. This result, however, could be due to an underestimation of
grain size; Hughes (2002) used an estimated median grain size for CB inlets to be 0.25
mm. Actual values that are significantly coarser than this estimatedaiid affect the
predictions.

In order to test the Hughes (2002) equation, | will use field measurementstof inl
characteristics and actual values of grain size. An average graforsgaeh region of

the CB (South West, Central West and Eastern) will be established and useyhéors|
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where sediment sampling was not conducted. Thensed specific gravity$s) of
quartz (2.65) is used in all calculations, whicl iseasonable estimate based on field
observations.

3.3.6 Determination of tidal prism, tidal range atidal period

The tidal prism is calculated a:= Ashg WhereAgis the water surface area and
hr is the tidal range. The tidal range for spriniglil tides is used to calculate tidal
prism. Water surface area is measured using tBep@&igram MD MERLIN Online
(http://wvww.mdmerlin.net/). Tidal data are retgeMfrom tide stations in CB, operated
by National Oceanic and Atmospheric Administratibi®©AA). Tidal period was found
by analyzing an annual data series of tidal ramgelstidal periods from the NOAA
Annapolis tide station. The average tidal peri®4, Q00 s) associated with the average
spring tidal range was chosen to represent thepgetéod for spring tides for CB lagoons.

3.3.7 Determination of channel hydraulic geometry

Field measurements were used to determine “bafikfudkth, depth, and channel
area for selected CB lagoon inlets. These fieldsueements are also used to determine
an estimate of maximum velocity(), which was determined by assuming critical flow
with a Froude number = 1:

Uy= gD (3.4)
whereg is the acceleration due to gravity ddds mean inlet depth (Bruun, 1967,
Henderson, 1966). This velocity is used to caleuialet dischargeQy), defined as:
Qm = UnAc (3.5)

whereUy, is mean channel velocity a#d is cross sectional area.
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The relationship of the hydraulic variables widikepth, and velocity to bankfull
discharge is evaluated for the sites measureckifigtd. For river systems, width, depth,
and velocity are expressed as power functionssafhdirge and the sum of exponents and
product of coefficients are constrained by contynand are equal to unity (Leopold and
Maddock, 1953). Although there is not necessaritpntinuity constraint among
isolated lagoon inlet channels, width, depth, agldaity might exhibit hydraulic

geometry relationships due to an underlying cordfavatershed discharge:

W = a(Qu)° (3.6)
D = c(Qu)’ 3.7)
Un = k(Qw)™ (3.8)

whereW s inlet width,D is mean inlet depth)y is mean cross sectional velocity dnd
f, andm anda, ¢, andk are empirically derived exponents and coefficiergspectively
(Leopold and Maddock,1953). The inlet cross secliareafc) can also be expressed
as a power function of dischardg@w):
Ac = x(Qu)* (3.9)
such thak andz are also empirically-defined coefficient and exgat) respectively. For
systems constrained by continuity, the coefficieritsk =1 and exponents+f+ m= 1.
Channel morphology responds to two independenabbas: discharge and
sediment characteristics (Leopold et al., 1964 |&goon inlet systems, discharge is
from both tidal and watershed sources, while sedirolearacteristics at the inlet are
primarily supplied by onshore transport by wavesa&so et al., 2011; Hume and
Herdendorf, 1992; Fitzgerald, 1988; Bruun, 196¥).incorporate sediment

characteristics into regional assessments of hjidrgeometry, Parker (1979) developed
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dimensionless hydraulic geometry equations thatamemonly used for regional
assessments when grain size characteristics vasggsystems with similar discharge.

These, dimensionless hydraulic geometry paramaters

we =WV

ds, (3.10)
pr=2

Ay, (3.11)
Q*= QM 5

\ gd84d84 (3_12)

whereW* is dimensionless inlet widtlD* is dimensionless inlet depttl, is the 8
cumulative percentile of grain size at the surfaicéhe channel bed* is dimensionless
discharge and is the acceleration due to gravity (Parker et281Q3; Ashmore and
Parker, 1983; Parker, 1979). Leopold and Wolm&3T) found that flow resistance is
often created by the grain size that is one stahdeviation above mean grain size'(84
percentile). Wiberg and Smith (1987) later conéththis theory, demonstrating that
sediment transport across a poorly-sorted, hetasmes bed exhibits much different
critical shear stresses than a well-sorted bedhibdbum grain size. Therefore the grain
size of morphological importance for this studyhisds, grain size.

3.4 Results

3.4.1 Inlet width probability distributions for Céapeake Bay lagoons and

Patuxent River tidal marshes

The inlet width was measured for the entire popariedf CB lagoons (Figure

3.4). The width characteristics were compared wighwidth measurements for the
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entire population of PR tidal marshes. These dat@ examined to determine upper and

lower bounds, cumulative probability, and power laethavior.

a 1000 !
< CB Lagoons
OPR Marshes
100
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Figure 3.4: (a) CB lagoons and PR marshes do not exhibit a power law for the &at
population of inlet widths; (b) however, both populations exhibit a bifactal
distribution, with fractal dimensions of 2 for the larger inlet populations.
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The power law equations for the two populationst&t width data are similar.
Neither population is a simple power law; therefohese data were treated as a bifractal
distribution where two power laws were used to akpeach population of inlet width
data. The breakpoint in each population was detemito be a function of inlet depth.
Marshes with inlet widths less than 15 m experiembankfull tidal range equal to their
maximum depth, which is less than the full tidalge and they drain completely during
spring low tides. Inlets with widths greater tHeéihm experience the full tidal range and
do not completely drain during low tides. The #iéion point between the two fractal
distributions for lagoon inlet width occurs at 10 ifhis break corresponds to a transition
from predominately naturally opened inlets withfatties to predominately-altered inlets
with one or two jetties. Systems that are engieebéor navigation by jetties only include
inlets that do not completely drain during most kides. Jetties restrict width and thus
increase depth and velocity for the same bankfatitcarge. This reduces the width to
depth W/D) ratio. The value of the exponep) or the lagoon inlets with width greater
than 10 m for CB lagoons and greater than 15 nPRtidal marshes have values of
S~2, which indicates a space filling feature (Rodeg-Iturbe and Rinaldo, 1997;
Tarboton et al., 1988; Mandelbrot, 1983).

Cumulative probability plots of inlet width (FiguBe5) indicate upper and lower
bounds, and median inlet width values for CB lagand PR tidal marsh inlets. Median
inlet width is larger for CB lagoons than for PRl marshes, yet the largest PR marsh
inlet width is greater than the largest CB lagadeti(Figure 3.5). There are

proportionally more small tidal marsh inlets thhare are small lagoon inlets.
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Figure 3.5: Cumulative probability distributions show where the tils of each
distribution overlaps. Mean inlet size is determined by averaging the 650", and
84™ percentile. Lagoons have a mean inlet width of 6.6 m, whereas marshes have a
mean inlet width of 2.4 m.

Upper and lower bounds of inlet width can also é&dnined from these
probability distributions. Differences in tidalnge, grain size, and significant wave
height may play a role in the different boundinguea for the two populations. The
smallest CB lagoon inlet is 0.97 m wide, whereasstimallest PR tidal marsh inlet is 0.2
m wide. These lower bounds were validated witld freeasurements. The upper bound
for PR tidal marshes (65.5 m) is greater than figeubound for CB lagoon inlets (38.6
m), which represents a transition to a differepetgf inlet-basin system, such as an
embayment, sub-estuary or marsh (Figure 3.5).

3.4.2 Morphology of Chesapeake Bay lagoon inlets

Field measurements of CB lagoon inlets providedpmologic data that are
evaluated in this section to determine the rangshafacteristics and to identify controls

on equilibrium channel cross sections (Table 3ThHese data were compared with

57



similar data for CB inlets from Byrne et al. (19&0)d are used to establish a relationship
between inlet width and cross sectional area (Ei§uB).

Table 3.1: Geometric characteristics of Chesapeake Bay lagoon inlets

No. Lagoon Name  Cross Sectional Width (m) Depth (m) W/D ratio
Area (m?)
78 Bay Drive 0.99 7.92 0.12 64
45 Big Pond 3.55 8.84 0.40 22
12 Biscoe Pond 1.57 5.79 0.27 21
47 Blackwalnut 1.79 6.55 0.27 24
39 Brownies Down 0.06 2.13 0.03 78
39 Brownies Up 0.45 4.88 0.09 53
80 Carter Creek 10.52 17.98 0.59 31
49 Chase Pond 0.85 3.57 0.24 15
25 Drum Point 0.18 3.35 0.05 67
42 Herring Bay 9.49 12.19 0.78 16
60 Hines Pond 0.52 3.05 0.17 18
23 Long Lane 1.93 4.27 0.45 9
41 North Beach 0.41 1.86 0.22 8
79 Price Creek 20.193 26.50 0.76 35
13 St James Church 4.74 6.55 0.72 9
75 Terrapin South 3.28 7.62 0.43 18
100
T Ac=0.14W5 /
%’, 10 —— R2?=0.92
o /
<
s A.=0.011W3__
2 R2=0.99
(8}
0
0
g 0.1 ‘/
O eW/D< 35
®W/D> 35
0.01
1 10 100
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Figure 3.6: The relationship between inlet width and cross sectional @a show two
relationships. Data shown in blue have an averagh/D ratio of 23 (N = 21),
whereas data shown in black have an avera@®/D ratio of 56 (N = 7). The power
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law represented by blue circlesAc = 0.14W) can be used to estimate a streamflow-
dominated cross sectional area. The power law exhibited by black circle&dq =
0.011W3) shows an alternative relationship for cross sectional area. Data are from
this study and Byrne et al. (1980).

The channel width-cross sectional area data inglivad different relationships
(Figure 3.6), which might be alternate stable stéittolling, 1973). As observed in most
studies of inlet geometry (Townend, 2005; Hume ldaddendorf, 1992; Jarrett, 1976;
O’Brien, 1976), there is a range of cross sectianah values for a given inlet width,
which produces significant scatter in the crossiceal area data to be used in an area-
prism relationship. The larger values of area mesakin both this study and by Byrne et
al. (1980), are interpreted to be the equilibritnmss sectional area formed during
channel opening events. The alternative relatipnsith smaller cross sectional depths
might represent the alternative channel morphoielggn the channel is altered by
infilling sediment, transported by waves. The diuefor the maximum channel areas
is:

A. =0.14V"*for W/D< 35 R =0.92 (3.13)

whereAc is cross sectional aréd/is inlet width and is inlet depth. This relationship is

similar to the relationship derived from inlet gestny data from Byrne et al. (1980):
A. =0.18N"° for W/D< 35 RP=0.94 (3.14)

that was collected more than 30 years ago.
Inlets that have shallow depths (large width totdeptios) exhibit a different

power law relationship:

A.=0.1W?>° for W/D>35 R =0.99 (3.15)
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whereAc is cross sectional ared/is inlet width andD is inlet depth. These inlets have
partially filled in with sediment transported irttze inlet by waves (e.g. see Figure 3.1)
and might be considered the wave-dominated stadiie. sNote that the two trends
converge at the upper end of the width values, Wwhi@ssociated with lagoon inlets that
are always open and do not close temporarily dgedament transport by waves (Figure
3.6).

Plots of inlet width as a function of inlet depteareveals two distinct states of
inlet geometry (see Figure 3.7). Those inlets wiithth to depth ratios greater than 35
show a different relationship between width andtidethan inlets with width to depth
ratios less than 35. This diagram also suggeatdhlk width is a stable feature of the
tidal inlet and that inlet depth shifts from onatsetto another, depending upon recent

dynamic events.
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Figure 3.7: Inlet width plotted as a function of inlet depth shows atsong
relationship for alternate stable state inlets withW/D ratios greater than 35.
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3.4.3 Grain size analyses for Chesapeake Bay laguets

Sediment samples were sieved to determine gragndsstributions for CB lagoon
inlets (see Appendix A for cumulative grain sizetp). Analysis shows that CB has a
heterogeneous grain size distribution (see Talde I he South Western shoreline of
CB, which has 38 lagoons along its coast, has aameptain sizedso) of 0.7 mm and a
mean grain sized(ean) of 1.2 mm. The Central Western shoreline, wiiak 25
lagoons, has a median grain sidg) of 0.5 mm and a mean grain sioggan) of 0.7
mm. Finally, the Eastern shore, which containg&agdons, has a median grain sidg)
of 0.7 mm and a mean grain siziggan) of 1.0 mm.

Table 3.2: Representative cumulative grain sizes for Chesapeake Bay lagoon islet

Lagoon Name dgs (Mm) dso (Mm) dis (Mm) dvean (Mm)
45 Big Pond 4.0 0.4 0.2 15
12 Biscoe Pond 1.6 0.6 0.2 0.8
47 Blackwalnut 0.5 0.3 0.3 0.4
39 Brownies Beach 0.7 0.5 0.2 0.4
80 Carter Creek 0.8 0.5 0.2 0.5
49 Chase Pond 0.4 0.3 0.2 0.3
25 Drum Point 1.0 0.7 0.5 0.7
23 Long Lane 2.0 0.4 0.2 0.9
41 North Beach 2.0 0.8 0.3 1.0
13 St. James Church 55 1.0 0.3 2.3
75 Terrapin South 2.9 0.9 0.5 1.4
South Western Average 2.5 0.7 0.3 1.2
Central Western Average 15 0.5 0.2 0.7
Eastern Average 1.9 0.7 0.3 1.0
Chesapeake Bay Average 1.9 0.6 0.3 0.9

All lagoons show a median grain size greater thas thm, which was used by
Hughes (2002) to predict the cross sectional ave@8 inlets from Byrne et al. (1980).
Grain size analyses show a median grain size ah@3or greater, with an average

median grain size of 0.6 and a mean grain size®frin. This indicates that CB lagoons
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must be in equilibrium with a dominantly coarses(8.1 mm) grain size in order to be
open and functioning. Grain size is not closelgitasl to cross sectional area for CB
lagoon inlets (Figure 3.8). This suggests thaingseze is an independent variable,
controlled not by the channel flow, but by localliseent supply and transport conditions

produced by waves.
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Figure 3.8: Cross sectional area as a function of grain size diameter shows n
relationship; therefore grain size is an independent variable.

3.4.4 Measured cross sections compared to the Hu@®2) equation

Calculation of the equilibrium cross sectional drean the Hughes (2002)
process-based equation yields scatter above aod Iie¢ 1:1 line when compared with
field measurements (Figure 3.9). Scatter is skeabede the 1:1 line in Figure 3.9a,
where field measurements were compared to theqteeddarea. The four field sites
highlighted in orange are the sites that are egpenng infilling and therefore are not at
equilibrium. In order to test the equilibrium aréaave used the field relationship
between inlet width and cross sectional area teecbthese alternate stable state inlets

into equilibrium inlets, which | then compare t@thredicted area in Figure 3.9b. Using
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the corrected cross sectional areas (in orangajdition to the equilibrium cross
sections (in black) shows equal scatter above at@hbthe 1:1 line (Figure 3.9b), which
indicates that when using correct grain size, thghes (2002) equation does not skew
the data, but rather gives a predicted cross sedtarea within 6 square meters of its
measured value. The scatter in Figure 3.9 alseate\that larger inlets are better

predicted than smaller inlets.
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Figure 3.9: (a) Hughes (2002) equation was modified by including the correatagn
size data and compared with field measurements. Data in orange are thosadi
sites whosaN/D > 35. (b) These cross sections have been re-calculated using the
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field relationship between width and area folW/D < 35. Both plots show scatter,
however neither are skewed above or below the 1:1 line.

Using the field relationship (Equation 3.13) betwadet width {\) and cross
sectional area’¢), | have calculated cross sectional areas forgh&ining inlets, whose
inlet width was remotely sensed. | have chosemtg use Equation 3.13, as the other
power law (Equation 3.15) represents an alterrnatdesstate and | would like to test
whether inlets in equilibrium can be predicted friira Hughes (2002) equations.
Determination of the predicted area from the HugR6€2) equation required grain size.
Sediment samples were not taken at every sitegfitrera spatial distribution of grain
size was determined and applied to each lagooneXample, all lagoons along the
southwestern shoreline were assigned a median gje@nwhich is the average of the

median grain sizes found at the sites sampled almgouthwestern shoreline of CB.
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Figure 3.10: Cross sectional areaXc) for the black circles is determined from the
field relationship: Ac = 0.14W> where W is inlet width measured from air photo
images. Gray circles represent field measurements. Comparison Wwipredicted
cross sectional areas calculated from the Hughes (2002) equations yields equal
scatter above and below the 1:1 line.
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To estimate cross sectional area for un-measutets,ih used the upper
relationship of width to cross sectional area mess$in the field (Equation 3.13). These
data for the entire population of open and intetienitlagoon inlet areas were compared
to theoretical cross sectional areas determined the Hughes (2002) equation.
Although this comparison shows scatter above atahbihe 1:1 line (Figure 3.10) there
appears to be no bias in using the Hughes (20a®teq, however it can under- or over-
predict the cross sectional area by an order oinhadg.

3.4.5 Hydraulic geometry of Chesapeake Bay lagotsts

Hydraulic geometry parameters for lagoon inlethwi/D < 35were plotted as
functions of inlet discharge (Figure 3.11). Thdegrams indicate the following

relationships:

W =3.0Q°°* R=0.89 (3.16)
D =0.22Q,>* R=0.90 (3.17)
Um = 1.5Q°* R =0.90 (3.18)

Note thatb + f + m= 1.00 anda*c*k = 1.0, which suggests that these inlets functea a
homogeneous hydrologic system. Additionally, th& andm exponents are similar to

exponents for downstream hydraulic geometry (Ledbpold Maddock, 1953).
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Figure 3.11: (a) Hydraulic geometry parameters (width, depth, velocity) a plotted
as functions of discharge. (b) Relationship between inlet cross senal area and
discharge.

Although the inlets in this analysis are from diéfiet drainage basins, the product
of the coefficients and sum of the exponents (gufé 3.11a) do equal unity. The

relationship between inlet cross sectional afeq &énd discharge() given by:

Ac = 0.38Q,°% R =0.995 (3.19)
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exhibits a significantly higher coefficient of detgnation &) than the width and depth
relationships R < 0.90). This suggests that parameters in additiatischarge influence
channel shape. In the next section, | examine wmsmaless hydraulic geometry
relationships that incorporate bed grain size theorelationships.

3.4.6 Dimensionless hydraulic geometry for Cheske&ay lagoon inlets

Dimensionless hydraulic geometry relationshipddgoon inlets were
determined to incorporate the effects of variatimngrain size on channel inlet geometry
(Figure 3.12). Dimensionless widttW¢f) and depthD*) are plotted as functions of
dimensionless discharg®y) for CB lagoons in Figure 3.12 and exhibit thddaling

power law relationships:
W+ =842,63M***® R?=0.96 (3.20)

D*=11,23MQ*** R?=0.97 (3.21)
where the grain size of morphologic importanceoissidered to be thay, grain size
(Wiberg and Smith, 1987; Leopold and Wolman, 195IMese dimensionless
relationships exhibit stronger correlation coeéitis than the hydraulic geometry
relationships, suggesting that grain size consolse of the variation in channel

morphology, which generates scatter in the hydragdometry relationships.
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Figure 3.12: Dimensionless hydraulic geometry parameters, scaled by thg grain
size show a stronger relationship than traditional hydraulic geometry parareters,
therefore indicating that inlet hydraulics are dependent on grain size

3.4.7 Area-prism relationship for Chesapeake Bayptms

Plotting the inlet cross sectional area and spiateg prism for CB lagoons shows
a similar relationship to the inlet-basins studigdByrne et al. (1980); however this
study’s data set shows much more scatter (Figdi®).3.The resulting power law for CB
lagoons is:
Ac = 0.00332°% R =41. (3.22)
This relationship describes the central relationg@tween inlet area and tidal prism for
CB lagoon data, the Bryne et al (1980) equatiginslar:
Ac = 0.00632°%" R =81 (3.23)

and it describes the relationship for maximum cledareas (Figure 3.13).
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Figure 3.13: The area-prism data for CB lagoons from this study is plottewith the
CB data of Byrne et al. (1980), PR marshes, NSW lagoons, the compilation by
Jarrett (1976) and laboratory scale models by Mayor-Mora (1977). The power
function includes combined data for all studies but excludes thalboratory models.
INSW data are from the NSW Office of the Environment and Heritage, accessed
October 2010

Data from PR tidal marshes, NSW lagoons, laboratorgels from Mayor-Mora
(1977), CB lagoon data from this study and fromrigyet al. (1980) and the oceanic
lagoon data compiled by Jarrett (1976) are showkigare 3.13b. Including all but
laboratory model data yields a power law:
Ac = 0.00132°% R =95, (3.24)
This relationship extends over 8 orders of mageitufihe exponent is slightly different
than Jarrett’s (1976) relationship, but there ssgaificant change in the value of the

coefficient from Jarrett’s well-accepted empiricalationship; however this relationship

better fits small and mid-ranged inlet-basin system
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In previous compilations (e.g Hughes, 2002), diatan laboratory experiments
(Mayor-Mora, 1977) were included in the comparisowéen these data are included in
the analysis the relationship becomes:

Ac = 0.00382°7" R =0.97. (3.25)
Therefore, the inclusion of these laboratory dagaicantly modifies the exponent for
the area-prism relationship. Data from Mayor-M@@77) were conducted with
sediment that did not satisfy dimensional analy3iserefore, these data should not be
used in the comparisons of natural systems. Tlygests that “small systems” are not
significantly different than larger systems, budtthon-scaled laboratory studies are
different from natural systems. The scatter indata from CB lagoons, however,
suggests that small systems may be heterogenemsjlhalso observed in the basin
area and waterway surface area relationships.

3.5 Discussion

Previous research has suggested different mechamisrthe formation and
maintenance of equilibrium lagoon inlet cross el areas. Elwany et al. (1998) and
Prestegaard (1979) suggested that Southern Cadiftargoons require river flooding
events for channel maintenance, whereas in NewaddaHume and Herdendorf (1992)
found that tidal currents are the dominant mecmarics transporting sediment out of the
inlet. Kraus (2007) determined that diurnal tidesl wind-driven tides are the two most
important mechanisms for maintaining inlet stapiitong the Texas coast. The
hydraulic geometry results and area-width lagodet irelationships suggest that CB
lagoon inlets are formed by primarily streamflowdanlet depth can be altered by

infilling sediment transported by waves.
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Grain size analyses indicate that sediment in @Bda inlets is coarser than
observed for many oceanic lagoon inlets. Prevstudies have found that inlet size is
not sensitive to grain size, but these studiesamignexamined oceanic lagoons with
sand-sized sediment, where flow resistance andngediinitiation conditions are more
likely affected by sand bedforms rather than miarations in grain size (Hughes,
2002; O’Brien, 1976; 1931). Short period waveghsas the 2-4 second period waves
observed in the CB, are capable of moving grawessediment with small wave
heights (Grasso et al., 2011). Therefore, CB lagare adjusted by both streamflow
discharges and grain sizes found on Bay beachieslaSconstraints may apply to other
inlets along bay, lake or other coasts with snettties and thus short period waves and
local sources of coarse sediment.

The hydraulic geometry relationships and the argayprelationship might be
useful as guidelines for management and restoratioa study of intermittently open
and closed lagoons in New South Wales, Australanés and Thom (2007) postulated
that sea level rise and changes in littoral trartsgpad precipitation patterns may affect
these vulnerable ecosystems. In stream flow-damghiagoon inlets, changes in
precipitation or runoff (caused by climate or lamgk changes) may result in
morphological responses at the lagoon inlet cressa, which may affect lagoon
flushing times and water quality (Elwany, 2011 heTdimensionless hydraulic geometry
relationships could be particularly useful for mg@@ent of lagoons in CB that
experience anthropogenic or other changes thatth#esize or supply of sediment. Field

measurements of cross sectional area and sediareptisg could provide data for
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comparison with the dimensionless hydraulic geoynetiationships established in this
study.

Finally, although CB lagoons are consistent witlerisregional area-prism
relationships, the local relationship derived f@ I@goons alone reflects variability
related to: a) variations in inlet grain size; bjadl watershed sizes leading to
heterogeneous stream flow; c) land-use variatiand,d) dynamic changes resulting
from temporal variations in streamflow, wave chégastics, and sediment supply.

3.6 Conclusions

In this chapter, | investigated the factors th#itience cross sectional area and the
area-prism relationship for CB lagoons. | measamdlcompared CB lagoon inlet width
data with a reference data set of tidal marshsnl@he lagoon width data were used to
identify representative field sites to characteitet geometry. Inlet channel
morphology was measured in the field and bed sadimas sampled and sieved to
obtain grain size distributions. Channel geomdata were used to determine hydraulic
geometry and dimensionless hydraulic geometryiogiahips. Channel characteristics
were also used in the evaluation of the channal-adal prism relationship for CB and
other lagoons. The main conclusions are:

1. Inlet width data for all 86 CB lagoons indicateattthese lagoons have a small
range of inlet sizes. The largest CB lagoon indeéssignificantly smaller than
the largest Patuxent tidal marsh inlets.

2. Cross sectional area measurements indicated tatoreships between inlet

width and cross sectional area. Inlet width isable feature, but depth is
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variable, probably due to infilling of channels\wgve-induced sediment
transport.

. Sediment analyses indicate that CB lagoons inkg lcoarser grain sizes than
most oceanic lagoon inlets. Grain size was sigguifily larger than the value
assumed by Hughes (2002), and Hughes’ equationgseneral agreement with
measured channel cross sections.

. The hydraulic geometry analysis suggests that lagadet channels represent a
homogenous hydrologic system. The hydraulic gegneeponents determined
from this analysis are more similar to regionaViah hydraulic geometry
(Wolman, 1955; Leopold and Maddock, 1953), thatidal marsh hydraulic
geometry (Langbein, 1963; Myrick and Leopold, 196Bhis suggests a central
role of stream flow in forming and maintaining bddigoon surface area and tidal
inlets. Dimensionless hydraulic geometry, whictoiporates grain size,
improves hydraulic geometry relationships and satgghat grain size explains
some of the variability in inlet characteristics.

. The area-prism relationship determined for CB lagoexhibits a larger
coefficient and smaller exponent than Jarrett'sy @®mpirical relationship for
oceanic inlets. The relationship derived by Byehal. (1980) defines the upper
limit of channel areas for the combined CB lagoatadgset. Comparison of these
data with other lagoon inlets (Byrne et al., 1984yett, 1976) yields a power law
relationship that extends over 8 orders of mageitedh an improved regression
coefficient. The data from laboratory experimgiMgsyor-Mora, 1977) of tidal

inlets do not fit this empirical relationship.
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Chapter 4. Geomorphic Characteristics of ChesapBaie
Lagoons with Methods for Lagoon and Watershed Assest

4.1 Introduction

Chesapeake Bay (CB) lagoons are small coastal €emsy that exhibit a range of
sizes, inlet conditions, and salinities (Bird, 19B4erfve and Magill, 1989; Byrne et al.,
1980). Coastal lagoons are important sites fanary productivity, biogeochemical
processes and as hatcheries or habitat for acgpaaies (Alvarez-Borrego, 1994;
Knoppers, 1994; Yafez —Arancibia et al., 1994)e Blodiversity of a lagoon is
influenced by water exchange between the lagooritentay, nutrient inputs, and
turbulent mixing (Macedo et al., 2001; Bacheletlet2000). Lagoon geomorphic and
hydraulic characteristics are influenced by tidesyes, and streamflow from lagoon
watersheds (Elwany et al., 1998; Kraus, 1998; GabCollins, 1994; Bruun et al.,
1978). These processes can be affected by lodakegmonal land-use characteristics and
lagoon inlet geometry (Haines and Thom, 2007; Rat.e2001; Lowrance and Leonard,
1988). Watershed runoff can be affected by bathd-ase changes and climate changes
(Elwany, 2011; Haines and Thom, 2007; Sivapalaf320 Sea-level rise due to climate
changes may also cause changes in lagoon ananatghology that may affect closure
conditions, salinity, water quality, and coastasson.

To assess the response of these important ceastsystems to climate and
anthropogenic changes, we need assessment tobpgakie information on the
governing processes of lagoon and inlet behavAar area-prism relationship (e.g.

Jarrett, 1976) has been developed for CB lagooysnéBet al., 1980), but while it can
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assess possible disequilibrium between lagoon gatéace area and inlet
characteristics, it provides little informationtasunderlying causes for disequilibrium.
Therefore, the purpose of this paper is to examamwmmorphic characteristics of CB
lagoons, inlets, and associated watersheds, tdagepeedictive relationships between
lagoon hydraulic and geomorphic characteristicd,tardevelop tools for watershed,
lagoon, and inlet channel assessment.

4.2 Study sites and methods

CB lagoons were examined on USGS air photos fopdhnied 1993-2011. From
these air photos, 86 lagoon-inlet systems weretiitkzhin 3 regions of CB, Maryland
(Figure 4.1). Inlet status (open, closed, intetenif) was assessed from these sequential
air photos. The high-resolution photos from A@D07 were chosen for measurement of
geomorphic features. Inlet widtilf was measured from air photos; watershed aga (
and lagoon water surface ardég)(were determined from air photo and topographta da
using the GIS program MD MERLIN Online (http://wwwdmerlin.net/). Spring tidal
range fir) was obtained from 11 National Oceanic and AtmesphAdministration
(NOAA) tide gauges and used to determine spring) pdsm @dhg) for each lagoon
(Table 4.1). Inlet width data were used to deveggoportional sampling scheme for
field data collection. The 86 inlet widths werarted into 10 logarithmic size classes
from which 15 lagoon inlets were selected thatesented the range of inlet channel
sizes. Cross sections of these selected inlets measured in the field. A relationship
between cross sectional area and inlet width weasldeed from the field data and this
relationship was used to estimate the cross sedtawaa of unmeasured inlets. Sediment
samples of inlet bed sediment were obtained irig¢he for sieve analyses to determine

sediment grain size. From these data, average gjié data were determined for each
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of the three regions shin in Figure 4.1. All measured and estimated dat@&ch of the

86 lagoons is shown in Table ¢
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Figure 4.1: CBhosts 86 Iagoons which are clustered along threedwland

shorelines. Lagoons B8 are found along the Southwestern shoreline, lagns 3¢-63
are found along the central western shoreline andajoons 6-86 are found along the
central eastern shoreline, numbers indicate lagooristed in Table 1. Tide stations
(stars) provided spring and mean tidal range data.Inset (a): definition sketch

lagoon and basin geomorphic variable
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Table 4.1:

Measured and estimated data for Chesapeake Bay lagoons

Median  Water Spring  Spring % %

Inlet Inlet Inlet Grain Surface  Tidal Tidal Basin Basin % Resi- Sto-

Width, Length, Area**, Siz€, Area, Range, Prism, Area, Area, Forest dential % Ag rage

Nat- W L Ac dso As hgr Q Ag A Cover, Cover, cover, cover,

No. Region ural* Status (m) (m) (m?) (mm) (m?) (m) (md) (m’)  (mid) F R Ag ST
1 SW Y I 80 3774 3.46 0.7 941668 0.41 386084 5181783 2.001 20% 50%  30%
2 SW Y I 1.6 37.9 0.28 0.7 21552 0.41 8836 295984 0.114 10% 60%  30%
3 Sw Y I 15.5 65.2 9.61 0.7 43086 0.41 17665 827932 0.320 80% 10% 10%
4 SW Y I 2.1 15.4 0.42 0.7 6102 0.41 2502 180670 0.070 90% 10%
5 SwW Y I 6.4 51.5 2.42 0.7 48096 0.41 19719 818938 0.316 80% 10% 10%
6 SW Y C 20 135.0 0.7 34338 416692 0.161 80% 20%
7 SW Y I 134 15.9 7.71 0.7 157333 0.41 64506 798607 0.308 30% 40%  30%
8 Sw Y I 2.4 54.7 0.53 0.7 84939 0.41 34825 658061 0.254 30% 40%  30%
9 Sw Y I 6.9 127.9 2.78 0.7 127928 0.41 52451 1741362 0.672 20% 50%  30%
10 SW Y I 3.2 0.0 0.84 0.7 75778 0.41 31069 1733903 0.669 40% 40%  20%
11 sSwW Y I 25 26.6 0.57 0.7 130609 0.41 53550 6203718 2.395 50% 35%  15%
12 SW Y I 3.8 35.0 1.57 0.6 56025 0.41 22970 2141445 0.827 80% 20%
13 sSwW Y I 55 20.7 4.74 1.0 90931 0.41 37282 1793278 0.692 75% 5%  20%
14 SW Y C 0.7 12480 156245 0.060 85% 5% 10%
15 SwW Y I 0.00 0.7 35335 0.41 14487 2274445 0.878 85% 5%  10%
16 SW Y I 1.6 46.4 0.30 0.7 37594 0.41 15414 989469 0.382 75% 15% 10%
17 SW Y I 9.8 48.3 4.77 0.7 23654 0.41 9698 1755108 0.678 85% 5%  10%
18 SW Y I 4.4 24.3 1.37 0.7 22033 0.41 9034 1359838 0.525 75% 10% 15%
19 sSwW Y I 4.3 19.1 1.30 0.7 1631 0.41 669 435377 0.168 85% 10% 5%
20 Sw Y I 1.7 0.0 0.30 0.7 1023 0.41 419 57967 0.022 90% 10%
21 Sw Y I 5.3 65.1 1.80 0.7 32885 0.41 13483 2047188 0.790 40% 40%  20%
22 SW Y I 2.7 14.2 0.63 0.7 2749 0.41 1127 1840060 0.710 70% 20%  10%
23 SwW Y I 4.0 16.1 1.93 0.4 4253 0.41 1744 2365576 0.913 70% 20% 10%
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Median Water Spring  Spring % %

Inlet Inlet Inlet Grain Surface  Tidal Tidal Basin Basin % Resi- Sto-

Width, Length, Area**, Size, Area, Range, Prism, Area, Area, Forest dential 9% Ag rage

Nat- w L Ac dso As hr Q As A Cover, Cover, cover, cover,

No. Region ural* Status (m) (m) (mP) (mm) (mP) (m) (m°) (m?)  (mid) F R Ag ST
24 SW N O 12.5 57.0 6.90 0.7 124948 0.41 51229 7801683 3.012 30% 40% 30%
25 Sw Y I 6.7 1034 2.66 0.7 76293 0.41 31280 458233 0.177 60% 20% 20%
26 SW N I 3.0 20.7 0.77 0.7 60583 0.41 24839 772838 0.298 55% 20% 25%
27 SW N I 2.0 24.1 0.40 0.7 163634 0.41 67090 1826369 0.705 50% 20% 30%
28 SWwW Y I 17.1 0.00 0.7 17283 0.41 7086 1129896 0.436 65% 15% 20%
29 SwW Y I 2.7 29.2 0.64 0.7 3059 0.41 1254 42842 0.017 80% 20%
30 Sw Y I 1.0 25.5 0.13 0.7 475 0.41 195 66181 0.026 85% 15%
31 sSw N I 3.6 375 1.02 0.7 31833 0.36 11460 2629683 1.015 75% 10% 15%
32 SW Y I 2.6 26.1 0.62 0.7 169461 0.36 61006 1851564 0.715 55% 15% 30%
33 Sw Y C 0.7 1584 128657 0.050 85% 15%
34 SW Y I 2.6 57.5 0.60 0.7 53417 0.36 19230 3018020 1.165 75% 5% 20%
35 Sw Y I 46  226.8 1.47 0.7 58865 0.36 21191 2955853 1.141 70% 10% 20%
36 SW N I 2.2 46.1 0.46 0.7 1222 0.36 440 430031 0.166 85% 10% 5%
37 SwW Y C 0.7 1899 17762 0.007 85% 15%
38 Sw Y C 0.7 22220 242584 0.094 80% 20%
39 CwW Y I 5.2 20.7 1.75 0.5 2044 0.34 695 3579705 1.382 80% 10% 10%
40 CW N O 2.6 10.9 0.60 0.5 6344 0.34 2157 2401882 0.927 60% 25% 15%
41 CW N I 2.7 1492 0.41 0.8 79174 0.34 26919 3245902 1.253 75% 15% 10%
42 CW N O 17.6  106.7 9.49 0.5 107445 0.31 33308 8308059 3.208 50% 10% 20% 20%
43 CW Y C 0.5 4577 35944 0.014 80% 5% 15%
44 CW N I 142.2 0.00 0.5 93435 0.34 31768 1230388 0.475 70% 10% 20%
45 CW Y O 7.3 165.7 3.55 0.4 75966 0.34 25829 836187 0.323 40% 30% 30%
46 CW Y C 0.5 7921 49790 0.019 60% 10% 30%
47 CW Y O 9.1 43.0 1.79 0.3 145001 0.34 49300 1842068 0.711 40% 30% 30%

78



Median Water Spring  Spring % %

Inlet Inlet Inlet Grain Surface  Tidal Tidal Basin Basin % Resi- Sto-

Width, Length, Area**, Size, Area, Range, Prism, Area, Area, Forest dential 9% Ag rage

Nat- w L Ac dso As hr Q As A Cover, Cover, cover, cover,

No. Region ural* Status (m) (m) (mP) (mm) (mP) (m) (m°) (m?)  (mid) F R Ag ST
48 CW Y I 2.4 27.9 0.55 05 17481 0.34 5943 302006 0.117 40% 30% 30%
49 CW Y I 4.0 50.8 0.85 0.3 24934 0.34 8477 384650 0.149 30% 40% 30%
50 CwW Y C 05 11341 55187 0.021 90% 10%
51 CW Y I 2.3 11.5 0.52 0.5 1588 0.34 540 53158 0.021 30% 30% 20% 20%
52 CW N C 0.5 130092 744713 0.288 30% 30% 40%
53 CW N O 319 3014 29.37 0.5 149974 0.34 50991 2561220 0.989 30% 30% 40%
54 CW N O 17.0 201.6 11.13 0.5 285386 0.27 77054 6575682 2.539 30% 35% 5%  30%
55 CW Y O 1.8 81.6 0.35 0.5 16822 0.27 4542 186841 0.072 50% 30% 20%
56 CW Y I 1.7 28.4 0.30 0.5 479 0.27 129 11835 0.005 80% 5% 15%
57 CW Y I 0.00 0.5 4899 0.27 1323 76393 0.029 40% 20% 10%  30%
58 CW Y C 0.5 9310 157728 0.061 80% 20%
59 CwW Y C 0.5 65587 717979 0.277 60% 15% 25%
60 CW N O 4.7 97.9 0.52 0.5 81813 0.35 28635 718013 0.277 60% 20% 20%
61 CW Y C 0.5 19273 293390 0.113 55% 10% 20% 15%
62 CW Y C 0.5 10242 74831 0.029 75% 25%
63 CW N C 0.5 48657 151372 0.058 60% 10% 30%
64 CE N I 40 1023 1.19 0.7 147928 0.41 60650 3484611 1.345 10% 70%  20%
65 CE Y C 0.7 132514 1296254 0.500 40% 40% 20%
66 CE Y I 8.8 45.8 4.03 0.7 81884 0.41 33572 3082919 1.190 25% 55%  20%
67 CE N O 55 86.7 1.92 0.7 143598 0.41 58875 4300763 1.661 50% 30%  20%
68 CE N C 0.7 14650 1239006 0.478 20% 65%  15%
69 CE Y C 0.7 37770 190943 0.074 20% 70%  10%
70 CE Y O 38.6 78.0 39.52 0.7 64666 0.41 26513 2091429 0.808 20% 55%  25%
71 CE Y O 1.8 248.0 0.35 0.7 49990 0.41 20496 467024 0.180 40% 20% 40%

79



Median Water Spring  Spring % %

Inlet Inlet Inlet Grain Surface  Tidal Tidal Basin Basin % Resi- Sto-

Width, Length, Area**, Size, Area, Range, Prism, Area, Area, Forest dential 9% Ag rage

Nat- w L Ac dso As hr Q As A Cover, Cover, cover, cover,

No. Region ural* Status (m) (m) (mP) (mm) (mP) (m) (m°) (m?)  (mid) F R Ag ST
72 CE Y I 15 31.0 0.26 0.7 6891 0.35 2412 248632 0.096 15% 75%  10%
73 CE Y C 0.7 25235 506578 0.196 30% 10% 30% 30%
74 CE Y C 0.7 4616 32150 0.012 60% 10%  30%
75 CE Y I 3.28 0.9 109401 0.35 38290 1613042 0.623 40% 10% 40% 10%
76 CE N I 19.2 84.4 13.42 0.7 51073 0.35 17875 653797 0.252 20% 60% 20%
77 CE Y I 0.00 0.7 11948 0.35 4182 444856 0.172 80% 5% 15%
78 CE Y I 9.4 87.3 4.42 0.7 19725 0.35 6904 1482208 0.572 30% 20% 30% 20%
79 CE N O 26.5 96.0 20.19 0.7 492255 0.35 172289 2652033 1.024 10% 20% 30%  40%
80 CE N O 141  193.3 10.52 0.5 166245 0.38 63173 1260186 0.487 20% 25% 25%  30%
81 CE Y I 9.3 11.7 4.36 0.7 17741 0.38 6742 573789 0.222 80% 20%
81 CE Y I 56 1954 1.99 0.7 428551 0.38 162849 2611819 1.008 30% 25% 5% 40%
83 CE Y O 234 5181 18.27 0.7 86555 0.38 32891 638586 0.247 20% 20%  40%
84 CE Y O 13.7 135 7.95 0.7 6113 0.38 2323 284543 0.110 15% 60%  25%
85 CE Y O 5.0 54 1.69 0.7 40815 0.38 15510 386563 0.149 15% 55%  30%
86 CE Y ©) 6.4 6.7 2.45 0.7 35531 0.38 13502 607559 0.235 20% 50%  30%

SW: south western shoreline; CW: central westeanadime; CE: central eastern shoreline; I: intetemt; O: open; C: closed

*Natural refers to the presences of jetties orrggpa natural inlet has no coastal engineeringires and is assigned a Y for yes.
**Cross sectional area is determined by field measents or by the field relationshifge =0.14W°
+The average median grain size for each region (SW, CW, CE)
Note:Remote measurements are from April 2007 high-réisolaerial photography; valueshiold are from field measurements.
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Coastal lagoons are physical systems with four roamtrolling variables. These
variables: drainage basin dischar@g)( water surface areédd), cross sectional areld)
and tidal stagerf), determine the total fluxQu) through the lagoon inlet. Although each
of these variables change with time, they are carapts of a continuity equation, which
when expressed in terms of lagoon inlet velodity)(produces the following equation

(Gao and Collins, 1994; Bruun et al., 1978):

= (22 + (2), @)

This equation indicates that both stream dischangktidal forcing govern inlet velocity
and thus discharge through the lagoon inlet.

In this study, streamflow discharg®4d) is estimated from two different
procedures. The first is by solving the above iocoiitly equation foIQg, and making the
assumption that maximum inlet velocityy) occurs when the Froude number = 1. All
other terms in Equation 4.1 are measured. Maxinmleh velocity Uy) is calculated as:
Uy = /gD (4.2)
whereg is the acceleration due to gravity ddds mean inlet depth. Solving Equation
4.1 for basin discharge and substituting the sptha range Itr) and tidal periodT)

into the expression yields the following relatioipsh

Qp = UyAc — As (h?R)' (4.3)
which was solved for all 15 measured inlet crossiees. Note that/uAc is the total
discharge from all sources that moves throughitia inlet. This discharge will be
referred to as inlet maximum dischax@g.

Although basin discharge would be best determinggdhysical measurements of

stream discharge into the lagoons, none of theolageatersheds and contributing
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streams are gauged. Therefore, stream dischamgestamated from regional flood
frequency equations constructed for the CB redhaw, 1996). We make the
assumption that inlet channels are in dynamic éayiiim (supported by historical air
photo data) and like terrestrial streams, theybark and maintained by high frequency,
low magnitude floods (1.5-2 year recurrence inteevants; Leopold et al., 1964;
Wolman and Miller, 1960; Leopold and Maddock, 195Bherefore, regional flood
frequency relationships were used to determine pgesharges@,) for the 2-year
recurrence interval flood (Dillow, 1996). Dillowqvides a series of relationships in
which Q- is determined primarily by basin area sizes, withdifications due to percent
forest cover, runoff curve number, topography, soiticharacteristics for Coastal Plain
watersheds (Table 4.1). We used land-use and ollaeacteristics for CB watersheds
that contribute to lagoons (Table 4.1) and defiastimple, average scaling relationship

for these small (<10 kfn Coastal Plain watersheds to provide an estimati@y :

Q,=2.9A" (4.4)
whereQ; is the 2-year peak discharge if/snrandAg is the basin area in Km
4.3 Geomorphic characteristics of Chesapeake Bay lagoons and watersheds

In this section, we present the geomorphic chamatits of 86 CB lagoons and
their associated watersheds. Lagoon water sudi@ee drainage basin area, and inlet
width data for all the lagoons are presented inEgl.2 as cumulative probability
distributions. These data are used to obtain uapeédower bounds, median, and mean
values for each geomorphic feature (Table 4.2)n&ely-sensed and field geomorphic
data were used to develop the following relatiopshia) inlet channel width to cross

sectional area, which can be used to estimate sexd®nal area for unmeasured
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channels; b) drainage basin area to water surfaee @ water surface area to tidal
prism; and d) inlet channel area to tidal prism.

4.3.1 Cumulative distributions of geomorphic data

Geomorphic data were measured and these dataess&d as two different
types of cumulative probability distributions (Frgu4.2). The first diagram (Figure 4.2a)
is a plot of the rank of each lagoon (rank of hrgést) versus cumulative water surface
area. This diagram indicates that the largesa@6dns (ranks 1 through 10) encompass
50% of the total water surface area of all 86 laxgooThe other three diagrams (Figures
4.2b-d) are cumulative probability distributionstbé& contributing drainage basin area,
lagoon water surface area, and inlet channel waitiCB lagoons. These cumulative
probability distributions are used to determineergnd lower bounds, median, and
mean for each geomorphic parameter (Table 4.2gsd Btatistics indicate that these
geomorphic parameters encompass relatively namoges; less than two orders of
magnitude for each parameter. These geomorphacadlatnot normally or log-normally
distributed; they represent truncated power lawriistions with a large number of small
systems and relatively few large ones. This is dligstrated in Figure 4.2a, which
indicates that the 45 smallest lagoons (half ofpihieulation) provide less than 10% of

the total lagoon water surface area provided b§@&ICB lagoons.
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Figure 4.2: (a) Lagoon rank (largest =1) versus cumulative fraction of lagoon water
surface area. (b-d) Cumulative probability distributions of geomorphic da& for 86
CB coastal lagoons: (b) Watershed area, (c) Inlet width, (d) Lagoon surface area.

Table 4.2: Statistics for geomorphic features

Geomorphic Feature Median Mean Lower bound  Upper bound
Basin Area (nf) 772,840 1,178,700 11,835 3,208,060
Wa;ter Surface Area 35,530 56,700 475 941,670
(m?)

Inlet Width (m) 4.4 6.6 0.97 38.6

4.3.2 Relationship between channel width and chlaamoss sectional area

Field measurements of inlet cross sectional area s@nbined with the previous

measurements of inlet geometry obtained by Byrrad. £1980) on protected CB
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shorelines (Figure 4.3a). These combined datd ywed distinct equations: inlets with
width to depth ratios < 35 exhibit the followindatonship:

Ac=0.14W° (R*=0.92) (4.5)
whereAc is cross sectional area avdis inlet width. Inlets with width to depth raties
35 exhibit the following relationship:

Ac = 0.011W* (R?=0.99). (4.6)
This relationship merges with the previous relaltp at the upper limits of both inlet
width and cross sectional area. These two distalationships may indicate two
alternate states that reflect the local effectigsraf streamflow, wave, and tidal

processes that transport sediment into or outeofatjoon inlet.
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Figure 4.3: Relationship between lagoon inlet width and (a) inlet crosgstional area
and (b) inlet length for CB lagoons.

Inlet channel length is plotted as a function ¢dtnvidth in Figure 4.3b.
Assessment of inlet status (intermittent, openicates that inlet length is independent of
inlet width and appears to have no bearing on titeture. Inlets that are always open
tend to have inlet widths greater than 15-20 meteingch is the range of inlet widths
where the two alternate states in Figure 4.3a ageve

4.3.3 Relationship of lagoon water surface aredrminage basin area

Data on basin are&§) and water surface aredg[ for CB lagoons were used to

develop the following relationship (Figure 4.4):

A.=0.038"° R=0.49. (4.7)
This relationship shows significant scatter andtretly low R? values. The value of the
exponent, however, is similar to the exponent giaral flood frequency equations for

the Maryland Coastal Plain (Dillow, 1996), in whistneam discharge is expressed as a

power function of basin area. The average expdoetasin arealg) in the flood
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frequency relationship (Equation 4.4) for lagoortexsheds is 0.71, which is very similar
to the exponent between water surface area and &g (Equation 4.7). Investigation
of the scatter in this relationship indicates thatay be related to land cover variability
observed in these watersheds (Table 4.1). Waigsshigh >80% forested area have
proportionally smaller 2-year floods and the lagsarface area in this watersheds falls
below the regional trend on Figure 4.4. Urbangicaltural land-uses increase runoff,
and watersheds with significant proportions of éhlesmd-uses fall above the regional

trend in Figure 4.4.
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Figure 4.4: Relationship of watershed areaAg) to lagoon water surface areaAs)
for CB lagoons.

4.3.4 Relationship between water surface area aa prism

The relative effect of tidal range and water sugfacea on the tidal prism can be
investigated by plotting the spring tidal prismaafsinction of water surface area. These

data for CB lagoons are shown in Figure 4.5a. |Talage was determined from 11 tidal
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gauges located in proximity to the lagoon channélse relationship between water

surface areals) and spring tidal prism) for CB lagoons is:

Q=0.34A° R*=0.995

(4.8)

This relationship is linear (exponent of 1.0) anihdicates little variation in spring tidal

range in regions of the CB where lagoons are fouftte average spring tidal range for

all of the lagoons is 0.34 m.
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Figure 4.5: (a) Relationship between lagoon water surface area and springdid
prism for CB lagoons; (b) Relationship between spring tidal prism ad inlet cross
sectional area for CB lagoons and inlet-basins measured by Byrne et al. (1980)
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4.3.5 Inlet area-tidal prism relationship

The data on inlet channel area and tidal prism weegl to develop an area-prism
relationship exhibited by CB lagoons, which is:
Ac = 0.00332°% RF=0.41 (4.9)
whereAc is inlet cross sectional area?jrand® is tidal prism (n; Figure 4.5b). This
relationship is poorly defined’f = 0.41), which might be expected due to the
dependence of tidal prism on water surface arehttenheterogeneity of the watershed
characteristics that provide underlying controldaiyoon water surface area. The upper
boundary of these data is consistent with the priesain relationship defined by Byrne et
al. (1980) for sheltered CB inlets:
Ac = 0.0063F°" RF=0.81. (4.10)
Due to the small tidal range, tidal prism is defirimarily by lagoon water surface area
for CB lagoons. Therefore, the area-prism relatmn reflects both the heterogeneity of
runoff from small drainage basins and the indepenhdariation in inlet grain size and
other factors that affect inlet morphology. Thpsacesses might lead to the considerable
variation observed in the area-prism relationshipdB lagoons.

4.3.6 Comparison of basin dischargesf@ 2-year R.1. peak discharge {Q

In this section, | compare results from the twohods used to determine
discharge from the contributing watersh@g éandQ.) and then compare this discharge
to the maximum bankfull discharge for the lagodetifQuy). Basin dischargedg) was
calculated by solving Equation 4.3 (the contingityiation) for basin discharge, where
cross sectional areAd) and water surface are@dgf are measured values, maximum

velocity Uy) is estimated from a Froude number = 1, and spritaj tange ijr) and
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period ) are determined from nearby NOAA tide stationsisTcalculation was made
for all 15 measured inlet cross sections and yeeluteth positive and negative basin
discharge values. Negative or zero valueQgindicate that the tidal prism\éhg) is
large in proportion to the inlet geometry and pceztl stream discharge. Most of the
basin discharge values were positive and the ptigpoof velocity contributed by the
basin discharge i$Jg/Uy whereUs is the velocity of the basin discharge, defined as
Qs/Ac and the total inlet velocityJy) is obtained from the critical Froude number
estimation. Results indicate that for most oflHgoons, at least 60% of the total inlet
velocity is from basin discharge contributions. t&for water surface areAd) and basin

discharge @g) from the continuity equation (Equation 4.3) i®®n in Figure 6.
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Figure 4.6: Relationship between water surface area and basin discharderived
from the continuity equation (see text). The solid line on this diagransithe 2-year
peak discharge Q) predicted from the average regional flood frequency
relationship for Coastal Plain streams.

The contributions of basin discharge derived frminlet continuity equation

can be compared with the 2-year flood dischargexpyessing both discharge3,(and

Qg) as functions of equilibrium lagoon surface amdg.( The empirical relationship
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between water surface area and drainage basirfFagese 4.4) is given by Equation 4.7
and the relationship between the 2-year peak digei@.) and drainage basin area
derived from flood frequency equations for Marylarwéstal watersheds is given by
Equation 4.4. Thus, these two equations and thagables Q., As, As) can be
manipulated to solve for an additional equatiomieein the 2-year peak dischar@e)(
and lagoon water surface arég)( which is the equation and solid line shown igufe
4.6; a figure in which the basin discha@gewas determined from continuity

considerations. First, each equation is solvedfor

A= (ﬁ)” (4.11)
Ap= (%)1'4 (4.12)

and then set equal to one another:

Gi) - ()" (413)
Solving forQ; I find:

Q= 62.7A"% (4.14)
whereQ, is measured in ffs andAsis in knf. This relationship and its agreement with
data (Figure 6) justifies the simplifying assumptaf using a Froude number of 1 to
estimate maximum average velocity for the lagodetinThese results also suggest that
inlet channel formative velocities are predominafedm basin discharge sources.

4.3.7 Relationship of @to inlet channel geometry

Lagoon channels with large width to depth ratiasiaterpreted to have shoaled
due to landward transport of sediment by wavess Wave-modified inlet geometry,

however, should not be used to estimate channalifigrdischarges, which suggests that
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the relationship of channel width to discharge (Fe&g4.7a), rather than cross sectional
area to discharge (Figure 4.7b) provides a morerate procedure for the estimation of

channel-forming inlet discharg®).
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Figure 4.7: (a) Relationship between inlet width and maximum inlet dicharge. (b)
Relationship between cross sectional area and maximum inlet discharge 6B
lagoons.
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4.4 Lagoon and watershed assessment procedures
The classic approach to assess lagoon charaaef(stial prism and inlet

characteristics) has been provided by the areaamesationship (e.g. Jarrett, 1976). This
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relationship includes water surface area (a compaofeidal prism), inlet cross sectional
area, but it only includes discharge from drainbg&n sources indirectly through the
controls of basin area on lagoon water surface arée provides significant limitations
on the usefulness of the area-prism relationshigantifying sources of disequilibrium
among components of lagoon-watershed systems. uggest that the area-prism
relationship identified by Byrne et al. (1980) shiblbie used as a first step to identify
disequilibrium between water surface area and toflatacteristics.

If the area-prism relationship suggests disequiiiror if you wish to predict
changes due to climate or land-use changes, westiggeries of assessment procedures
based on lagoon, watershed, and inlet charactsisti the area-prism relationship
implies disequilibrium, these procedures can bel tsedentify controlling variables that
affect the area-prism relationship.

Lagoon—inlet systems in equilibrium should haveilsinQg andQ, values, where
Qg is obtained from continuity considerations of lag@and inlet characteristics aQd is
determined from watershed characteristics and nedjftood frequency equations. The
assessment procedures are provided in two flowtsfigure 4.8). The first flow chart
is designed to assess basin discharge. It begfihdasin characteristics and uses the
average regional relationship (Equation 4.4) fgotan watersheds to estimate the 2-year
peak flow from drainage basin area data (Figura)4.# the watershed under evaluation
is significantly different from the average coagtiain watersheds, then more detailed
flood frequency relationships defined by Dillow @B) should be used for analysis. The

results of the drainage basin analysis can be cardpaith the water surface area-basin
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area relationshifequation 4.7to determine whether the water surface and thas

prism are in equilibrium with tt contributing drainage basin area.

a b
Measure: | Measure inlet width () ]
I} Water surface area {Ag)
2} Drainage Basin Area (dg) 'l‘

| Predict {0y, from: (3, = 0167 ]
h 4

1} Predict Ag from: Ag= 0.0384 %7 /\
2)  Compare predicted and measured A
/\ Obtain Q) from
Obtain @, from continuity equation:

P Dy = Dy = Agdhy'Th
o X previous flow chart = = .
It Ay is not well predicted: where bz =0.34 m

as| : 3 and 7= 24,000 s
If A is well predicted: 1} Measure !“'l'd"-l-* an 5
Estimate (J, from: characteristics

U= 0274 2)  Use flood frequency 3

where Ay is in km? and 0, equations from

is n mg Dillow (1996) to Ua 1o L
predict £,

If @2y = 2 then:
Water surface area is
larger than predicted
and may not be in
equilibrium

If ¢y = O, then:
Water surface area is
in equilibrium with
basin discharge

Figure 4.8: Flow diagram for (a) watershed assessment and (lgdoon inlet
assessment for CBagoons

The second flow chart begins with inlet geometrgrelteristics (Figure 4.8l
and uses inlet hydraulic relationss as well as the ear peak discharge to determ
the proportion of streamflc-derived velocity in the inlet. Results from thiady
indicate that maximum channel velocities are larglele to streamflo-derived
velocities.

If a lagooninlet system icconsistent with: a) the argatsm relationship, b) th
drainagebasin water surface relationship, and c) tidal @mahage basin discharge
sufficient to maintain inlet morphology, then thestem is considered at equilibrium; t|
does not, howeveensure that the inlet will be maintained in an opendition.

Intermittent lagoon closure is a natural phenomenaost of the inlet channels wi
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widths less than 15m are susceptible to tempoilasure conditions. The relationships
between inlet width and inlet cross sectional &Fegure 4.3a) indicate at any given time,
inlet channel morphology can take one of two alitarstable states (Holling, 1973), due
to recent streamflow or wave transport events.

4.5 Discussion

In this study, | have captured a snapshot of laggamorphic characteristics for
86 lagoons, which provides a robust data set forparison with other geomorphic
populations. The “alternate states” observed éninket channel area provides a
cautionary note for the measurement and assessihiahgt channel area and its
relationship to underlying processes. Data frotarmittent and open lagoons indicate
that inlet length is independent of inlet width aappears to have no bearing on inlet
closure. Most inlets that are always open hawt inldth greater than 15-20 meters.
Widening a channel to 20 m, however, will not ceeah open inlet unless this inlet can
be maintained by combined tidal discharge and stidiacharge from small, frequent
floods.

This project, however, was not designed to evalteatgoral changes in inlet
characteristics or water surface areas. Futuearel on CB lagoons could identify the
frequency of closure for various lagoons underedéht scenarios of waves and flood
events. Field study of a set of lagoons that ssrethe population distribution could
provide important information on these sedimenigport processes and feedbacks
among stream discharge, inlet morphology, tidal/fland sediment transport by waves.

The assessment procedures described here areipeglirand assessment by

empirical equations should be accompanied by atgand field measurements to
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assess watershed and lagoon changes over timey dvtall lagoon inlets are naturally
dynamic and will periodically open and close, depeg on the sequences of sediment
transport events (e.g. streamflow, waves). A lagbat is intermittently open may
provide unique habitats where small fish and caestas can escape predators, and these
intermittently lagoons may be important for the &®system (Roy et al., 2001; Yafez —
Arancibia et al., 1994). The duration of opening alosing may change due to changes
in wave climate due to changes in sea-level onstwss (Haines and Thom, 2007).
Inter-annual variations in streamflow may be insneg, with more frequent floods and
droughts (Kaushal et al., 2008; Acker et al., 200&if et al., 2000); which may lead to
significant changes in inlet behavior, salinity,odiher drivers of ecosystem change.

These small coastal ecosystems, however, are yarticvulnerable to climate
change and anthropogenic changes in lagoon watkrshe to their dependence on
streamflow generation processes that can be higtrlgble and because of their
intermittent connection to CB (Elwany, 2011; Haia@sl Thom, 2007; Kemp et al.,
2005; Roy et al., 2001). One of the most importasatilts of this research is that the
heterogeneity of the contributing drainage basasl$ to variable hydrologic responses
that may directly impact lagoon morphology and tiore The small size of these
watersheds make them particularly vulnerable td-4ase changes (Birkinshaw et al.,
2011; Villarini and Smith, 2010; Gupta, 2004; Dillp1996), which could affect basin
contributions to streamflow that in turn may affeggoon inlet status (i.e. open, closed,
intermittent).

This research indicates that lagoons occupy a waiange of small watersheds

that are responsive to changes in land-use. Adtheea level is rising, population
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growth in CB coastal communities continues to iasee which puts additional pressure
on these small coastal ecosystems. For exampleases in urban and residential land-
uses may result in higher peak flows that may tesuhcreases in lagoon water surface
area. Erosion of lagoon shorelines may have dinggacts on the people who have built
along the shorelines. Alternatively, truncatiom@atersheds by roads, ponds, and other
structures may limit streamflow contributions tgdans, which may result in low water
levels during dry periods and limit the peak flatvat maintain inlet morphology.
Positive feedbacks among anthropogenic changegooh watersheds and lagoon
morphological responses may create disequilibrianditions that are difficult to

correct.

These changes in land-use and lagoon charactsiistie been observed at
Northwest Creek lagoon, located on the westernesbbKent Island. The lagoon was
bulldozed shut in the 1970s to enhance the betde erosion has significantly
expanded the lagoon surface area; a processdsathaeen enhanced by variable water
levels and removal of marsh vegetation along tloeedime. Roads, dams and other
structures have decreased streamflow dischargéhatlagoon. These series of changes
have created a lagoon water surface area thangisantly larger than predicted from
the area-prism relationship and the basin areaslagarface area relationship presented
in this paper. The lagoon cannot be restored lrgiynee-opening the channel inlet.
Restoration procedures would require changes iw#ter surface area, restoration of
marsh vegetation along the shorelines, and finthegest compromise to equilibrium

conditions among the system components.
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4.6 Conclusions

Lagoons in the CB region represent a unique ecasyttat has formed within a
narrow range of geomorphic conditions that are taimed by streamflow, tidal, and
wave processes. These processes act with andsagaeanother over time, creating
both open and closed inlet conditions and a ram¢ggoon and inlet characteristics. The
results of this study indicate that for CB lagoatsgam discharge is the dominant driver
of both lagoon surface area and inlet cross seatiorphology; however, inlet
characteristics can be altered by wave sedimemspiat. Results from this study
indicate that streamflow-dominated lagoon inletsw@eat least 60% of their inlet
velocity from the basin discharge velocity. Figathe two alternate inlet states suggest
that large inlets tend to remain open, whereaslemalets are more susceptible to
intermittent closure, which depends on whethelastfeow can maintain inlet depth
during prevailing wave conditions.

In this study, | have derived a number of relatiops for watershed and lagoon
assessment that can be used to predict responsesaished or sea level changes and to
assess the success of management efforts. Ewalwdtiagoon characteristics through
the series of empirical relationships that | hagewkd will provide information on
processes that control the area-prism relationshigese empirical relationships can be
used to find disequilibrium among lagoon system gonents and identify restoration

strategies.
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Appendix A: Chesapeake Bay Lagoon Data

No. Name of Lagoon No. Name of Lagoon No. Name of Lagoon
1 Long Neck Creek 31 Cove Lake 61 Curtis Bay Pleasure S.
2 Holly Dr 32 Webster Ponds 62Curtis Bay Pleasure N.
3 Fresh Pond 33Cove Point Rd 63 Fort Smallwood Park
4 Murray Road 34 Calvert Cliffs S. 64 Stavley Pond
5 Peters Pond 35Calvert Cliffs N. 65 Big Fairlee Pond
6 Filbert Pond 36 Camp Conoy Rd 66 Mendinhall Lake
7 St. Clarence Creek S. 37Modds Pond 67 Bramble Lake
8 St. Clarence Creek M.  38Flag Ponds 68 Hinchingham Lane
9 St. Clarence Creek N. 39 Brownies Beach Rd 69 Cabin Cove
10 Shipwreck Way 40 Sewage Plant Rd 70River Shore Lane
11 Carroll Pond 41 North Beach 71 Love Point
12 Biscoe Pond 42 Herring Bay 72 Price Farm Lane
13 St. James Church Rd 43 Beverly Beach Park 73Terrapin Beach Park N.
14 Elms Environmental 44Deep Pond 74 Terrapin Beach Park M.
15 Spring Lake Dr 45 Big Pond 75 Terrapin Beach Park S.
16 Page Pond 46 Southbreeze Lane 78Nellman Way
17 Tippitt Pond 47 Blackwalnut Creek 77 Lake Cardoza
18 Norris Pond 48 Heron Lake 78 Bay Dr
19 Far Cry Farm Lane 49 Chase Pond 79 Price Creek
20 Massum Eyrie Way 50W Road 80 Carter Creek
21 Sivak Way 51 Sharps Point Rd 81Bloody Point Rd
22 Massum Eyrie Rd 52Westinghouse Bay 81Northwest Creek
23 Long Lane 53 Mezick Ponds 83 Holligans Snooze
24 Shaw Rd 54 Cape St Claire 84 Skove Lane
25 Drum Point Pond 55 Lake Claire 85 Scaffold Creek
26 Lake Charming 56 Morgan Dr 86 Kent Fort Manor
27 Clubhouse Dr 57 Broadwater Rd
28 Cheyenne Lane 58Downs Park
29 Algonquin Trall 59 Kurtz Ave
30 Aztec Trall 60 Hines Pond

Field measurements were made atltbkeled lagoons.
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Appendix B: Patuxent River Tidal Marsh Data

Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q w Ac
ID (m?) (m?) (m)* (m’) (m) (M)
Self-forming tidal marshes

63 515 61 1.00 61 16.8 10.5
64 876 212 0.43 91 6.6 2.9
65 20336 3197 0.46 1470 7.8 3.6
66 3191 342 0.28 97 2.3 0.7
67 2427 325 0.31 102 3.0 0.9
68 388 70 0.31 22 2.9 0.9
70 7847 343 0.25 86 1.7 0.4
71 5875 394 0.26 103 1.9 0.5
72 1667 138 0.23 32 14 0.3
73 3146 264 0.19 49 0.8 0.2
75 42 6 0.15 1 0.5 0.1
76 48 7 0.11 1 0.2 0.0
77 3919 301 0.20 60 1.0 0.2
78 203 17 0.14 2 0.4 0.1
79 49 9 0.15 1 0.5 0.1
80 105 18 0.20 4 0.9 0.2
81 411 49 0.30 15 2.8 0.8
82 1364 142 0.45 64 7.3 3.3
83 4334 544 0.55 302 12.4 6.9
84 1698 148 0.18 26 0.7 0.1
85 2213 166 0.19 32 0.9 0.2
86 3249 239 0.30 71 2.7 0.8
87 1061 110 0.22 24 1.3 0.3
88 789 50 0.24 12 15 0.4
89 1714 134 0.27 36 2.0 0.5
90 5979 495 0.54 267 11.6 6.2
91 230 13 0.20 2 0.9 0.2
92 888 90 0.34 31 3.7 1.3
93 494 21 0.22 5 1.3 0.3
94 674 92 0.30 27 2.6 0.8
95 3684 292 0.43 126 6.6 2.8
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

96 137 13 0.21 3 1.1 0.2
97 268 18 0.27 5 2.1 0.6
99 7001 585 0.37 215 4.5 1.6
100 264 23 0.30 7 2.7 0.8
101 342 32 0.14 5 0.4 0.1
102 110 10 0.25 3 1.6 0.4
103 90 10 0.11 1 0.2 0.0
104 2601 205 0.19 39 0.9 0.2
105 101 13 0.11 1 0.2 0.0
106 131 12 0.11 1 0.2 0.0
107 7632 745 1.00 745 16.5 10.3
108 1140 120 0.20 24 1.0 0.2
109 1576 146 0.19 28 0.9 0.2
110 852 67 0.12 8 0.3 0.0
111 853 110 0.16 18 0.6 0.1
112 2408 237 0.42 99 6.2 2.6
113 1656 238 0.19 44 0.8 0.2
114 311 60 0.24 15 1.6 0.4
115 2478 255 0.25 63 1.6 0.4
116 742 72 0.22 16 1.3 0.3
118 1190 83 0.16 13 0.6 0.1
119 97 15 0.11 2 0.2 0.0
120 551 47 0.15 7 0.5 0.1
121 1849 196 0.37 72 4.5 1.7
122 337 69 0.25 17 1.7 0.4
123 107 21 0.34 7 3.6 1.2
124 1154 183 0.29 53 2.5 0.7
125 1298 128 0.34 44 3.7 1.3
126 135 15 0.11 2 0.2 0.0
127 100 13 0.14 2 0.4 0.1
128 419 28 0.26 7 1.8 0.5
129 224 21 0.19 4 0.8 0.2
131 78 18 0.11 2 0.2 0.0
132 123 17 0.11 2 0.2 0.0
133 198 50 0.27 13 2.1 0.6
134 2470 289 0.23 66 1.3 0.3
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona
Area, Area, Range, Prism, Width, | Area,
Channel Ag As hr Q w Ac
ID (m?) (m?) (m)* (m®) (m) (M%)

135 544 35 0.17 6 0.7 0.1
136 31318 4392 1.00 4392 65.5 70.9
137 3987 259 0.19 50 0.9 0.2
139 1390 95 0.23 22 1.4 0.3
140 467 32 0.25 8 1.7 0.4
141 2281 337 0.59 200 14.6 8.7
142 2237 228 0.54 124 11.9 6.5
143 1284 155 0.47 73 8.3 3.9
144 8464 560 0.41 227 5.7 2.3
145 29833 1956 0.58 1131 13.8 8.0
146 9632 605 0.53 319 11.0 5.8
147 6788 588 1.00 588 17.6 11.2
148 112 18 0.11 2 0.2 0.0
149 5026 440 0.36 158 4.2 15
150 4534 429 0.29 126 2.5 0.7
151 166 20 0.11 2 0.2 0.0
152 1738 151 0.26 39 1.9 0.5
153 2122 232 0.32 74 3.1 1.0
154 612 33 0.30 10 2.7 0.8
155 2581 171 0.24 40 1.5 0.3
156 512 59 0.24 14 1.5 0.4
157 433 39 0.41 16 5.7 2.3
158 17884 1512 1.00 1512 31.1 24.9
159 3163 436 0.55 239 12.0 6.6
160 57920 4256 1.00 4256 44.0 40.6
161 6494 155 0.44 68 7.1 3.1
162 1565 55 0.31 17 2.8 0.9
163 440 37 0.27 10 2.2 0.6

164 1350 162 1.00 162 23.1 16.4
165 6401 248 1.00 248 21.3 14.7

166 1428 116 0.27 32 2.2 0.6
167 1284 108 0.27 30 2.2 0.6
168 220 41 0.24 10 15 0.4
169 3393 168 0.36 61 4.3 1.6
170 393 28 0.13 4 0.4 0.0
171 437 36 0.26 9 1.9 0.5
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

172 7666 567 0.29 164 2.5 0.7
175 5716 265 0.22 59 1.3 0.3
177 9130 406 0.22 89 1.2 0.3
178 2104 98 0.24 24 1.6 0.4
179 4665 260 0.25 64 1.7 0.4
180 3545 313 0.47 147 8.3 3.9
181 1937 128 0.45 57 7.3 3.2
182 1672 90 0.22 19 1.2 0.3
183 655 28 0.11 3 0.2 0.0
184 1377 108 0.11 11 0.2 0.0
185 12247 648 0.59 383 14.5 8.5
186 8178 334 0.35 116 3.9 1.3
187 2525 129 0.18 23 0.8 0.1
188 4074 203 0.14 29 0.4 0.1
189 10489 557 0.47 261 8.2 3.8
190 13544 906 1.00 906 20.6 14.0
191 4514 282 0.19 53 0.8 0.2
192 2628 219 0.27 60 2.2 0.6
193 1429 62 0.11 7 0.2 0.0
194 447 37 0.11 4 0.2 0.0
195 451 28 0.11 3 0.2 0.0
196 471 30 0.11 3 0.2 0.0
197 335 35 0.13 5 0.3 0.0
198 766 99 0.17 16 0.6 0.1
199 214 54 0.14 7 0.4 0.1
200 174 40 0.11 4 0.2 0.0
201 598 46 0.14 6 0.4 0.1
202 806 86 0.14 12 0.4 0.1
203 6689 264 0.46 120 7.7 3.5
204 2341 110 0.36 39 4.2 15
205 356 41 0.14 6 0.4 0.1
206 424 37 0.15 6 0.5 0.1
207 2237 146 0.24 35 1.6 0.4
208 256 59 0.16 9 0.5 0.1
209 212 49 0.13 6 0.3 0.0
210 197 32 0.15 5 0.5 0.1
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

211 268 42 0.11 4 0.2 0.0
212 317 51 0.15 8 0.5 0.1
213 961 94 0.13 12 0.3 0.0
214 920 92 0.13 12 0.3 0.0
215 895 110 0.21 23 1.1 0.2
216 1742 197 0.15 29 0.5 0.1
217 343 33 0.11 4 0.2 0.0
218 449 53 0.15 8 0.5 0.1
219 1377 125 0.16 20 0.6 0.1
220 1998 173 0.16 29 0.6 0.1
221 1925 233 0.15 35 0.5 0.1
222 2338 243 0.13 31 0.3 0.0
223 891 48 0.12 6 0.3 0.0
224 2144 236 0.15 37 0.5 0.1
225 1249 147 0.15 21 0.4 0.1
226 1340 230 0.14 31 0.4 0.1
227 1032 151 0.16 24 0.6 0.1
228 438 45 0.14 6 0.4 0.1
229 248 29 0.12 4 0.3 0.0
230 467 47 0.14 7 0.4 0.1
231 710 50 0.14 7 0.4 0.1
232 3579 266 0.14 36 0.4 0.1
233 2222 240 0.19 46 0.9 0.2
234 6255 562 0.23 132 15 0.3
235 4439 420 0.24 100 15 0.4
236 26259 1755 0.29 517 2.6 0.8
237 777 53 0.11 6 0.2 0.0
238 1385 119 0.11 13 0.2 0.0
239 45133 3536 0.50 1778 9.7 4.9
240 3734 281 0.15 42 0.5 0.1
241 4686 326 0.13 41 0.3 0.0
243 1551 277 1.00 277 33.3 27.5
246 19981 3255 0.40 1300 5.5 2.2
247 1461 125 0.11 13 0.2 0.0
248 1157 101 0.11 11 0.2 0.0
249 3200 171 0.17 29 0.6 0.1
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

250 5202 266 0.29 78 2.6 0.8
251 11366 1069 0.30 323 2.7 0.8
252 13228 743 0.20 150 1.0 0.2
253 691 70 0.20 14 1.0 0.2
254 3754 282 0.26 73 1.9 0.5
255 5234 498 0.17 86 0.7 0.1
256 3856 884 0.15 133 0.5 0.1
257 334 36 0.18 6 0.8 0.1
258 582 62 0.18 11 0.8 0.1
259 2651 249 0.16 39 0.5 0.1
260 3766 320 0.13 43 0.4 0.0
261 3117 207 0.17 35 0.6 0.1
262 2200 205 0.22 46 1.3 0.3
263 8322 1031 0.45 464 7.4 3.3
264 3401 257 0.50 128 9.4 4.7
265 3277 245 0.33 81 3.4 11
266 1002 78 0.22 17 1.2 0.3
267 11317 700 0.42 294 6.2 2.6
268 8835 660 0.35 228 3.8 1.3
269 7179 514 0.27 139 2.1 0.6
270 2593 223 0.43 97 6.7 2.9
272 7280 89 0.16 14 0.5 0.1
273 2436 116 0.16 19 0.6 0.1
274 5269 163 0.16 25 0.5 0.1
275 6535 465 0.11 49 0.2 0.0
276 20935 1005 0.14 142 0.4 0.1
278 763 71 0.19 14 0.9 0.2
279 24983 1034 0.21 217 1.1 0.2
280 1574 156 0.11 16 0.2 0.0
282 1071 74 0.16 12 0.6 0.1
284 755 64 0.15 10 0.5 0.1
285 2648 179 0.33 58 3.3 11
286 1176 77 0.17 13 0.6 0.1
287 1028 66 0.11 7 0.2 0.0
288 1059 110 0.11 12 0.2 0.0
289 666 51 0.20 10 1.0 0.2
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

290 1698 77 0.20 15 1.0 0.2
291 911 60 0.14 8 0.4 0.1
292 4858 102 0.22 23 1.3 0.3
293 14260 353 0.17 59 0.6 0.1
294 7172 229 0.16 36 0.5 0.1
296 788 42 0.11 4 0.2 0.0
297 1618 100 0.15 15 0.4 0.1
298 3520 255 1.00 255 16.8 10.5
299 372 48 0.33 16 3.4 11
300 7180 516 1.00 516 31.1 25.0
301 5110 240 1.00 240 22.8 16.1
302 11725 786 1.00 786 16.6 10.4
303 2067 155 0.23 36 1.4 0.3
304 288 38 0.18 7 0.8 0.1
305 611 41 0.21 9 1.1 0.2
306 2353 126 0.18 23 0.8 0.1
307 1813 126 0.14 18 0.4 0.1
308 371 33 0.11 3 0.2 0.0
309 4432 295 0.45 133 7.4 3.4
310 3095 204 0.14 29 0.4 0.1
312 680 47 0.33 15 3.3 1.1
313 6081 78 0.39 30 5.2 2.0
314 17108 731 1.00 731 25.8 19.2
315 1385 134 0.12 17 0.3 0.0
317 5513 418 0.22 93 1.3 0.3
318 6100 521 0.31 164 3.0 1.0
319 1788 147 0.14 20 0.4 0.1
320 3333 339 0.36 123 4.4 1.6
321 1703 308 0.34 105 3.7 1.3
322 48096 4518 1.00 4518 52.7 52.3
323 7924 94 0.16 15 0.5 0.1
324 600 40 0.13 5 0.3 0.0
325 2592 143 0.37 53 4.5 1.7
326 5125 397 0.27 108 2.1 0.6
327 2419 185 0.50 92 9.4 4.7
328 6458 437 0.21 90 1.1 0.2
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

329 16586 684 0.43 297 6.8 2.9
330 1473 51 0.11 5 0.2 0.0
331 4724 134 0.24 32 15 0.4
332 2168 158 0.22 34 1.2 0.3
333 1137 107 0.14 15 0.4 0.1
334 774 54 0.13 7 0.3 0.0
335 524 55 0.12 7 0.3 0.0
336 162 21 0.11 2 0.2 0.0
337 33884 1924 0.62 1193 27.6 21.1
338 13485 853 0.19 158 0.8 0.2
339 1018 67 0.19 13 0.8 0.2
340 246 49 0.11 5 0.2 0.0
341 403 59 0.15 9 0.5 0.1
342 11684 246 0.31 76 29 0.9
343 18221 814 0.36 294 4.3 15
344 1042 37 0.12 4 0.3 0.0
345 5547 265 0.13 35 0.3 0.0
346 20596 1115 0.46 517 8.0 3.7
347 807 70 0.13 9 0.3 0.0
348 58897 3628 0.62 2250 22.4 15.8
349 809 39 0.12 5 0.3 0.0
350 499 36 0.17 6 0.6 0.1
351 6709 191 0.29 55 2.4 0.7
352 521 61 0.18 11 0.7 0.1
353 11936 395 0.40 156 5.4 2.1
354 3155 99 0.20 20 1.0 0.2
355 3319 74 0.17 12 0.6 0.1
356 2298 85 0.15 13 0.5 0.1
358 603 43 0.19 8 0.8 0.2
359 318 52 0.17 9 0.6 0.1
360 1737 81 0.17 14 0.7 0.1
361 1351 124 0.15 18 0.5 0.1
362 505 95 0.12 11 0.3 0.0
363 153 24 0.11 3 0.2 0.0
364 10743 984 0.30 293 2.7 0.8
365 1673 55 0.19 10 0.8 0.2
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona
Area, Area, Range, Prism, Width, | Area,
Channel Ag As hr Q w Ac
ID (m?) (m?) (m)* (m®) (m) (M%)

366 2013 129 0.14 19 0.4 0.1
367 1393 84 0.19 16 0.8 0.2
368 8721 563 0.33 184 3.3 1.1
369 1067 122 0.34 41 3.7 1.3
370 21943 789 0.62 489 53.8 53.8
371 2027 175 0.25 44 1.7 0.4
372 2224 179 0.25 44 1.7 0.4
373 2758 330 0.30 99 2.7 0.8
375 5579 126 0.20 26 1.0 0.2
376 16147 533 0.34 182 3.8 1.3
377 6509 96 0.23 22 1.4 0.3
378 9655 353 0.43 152 6.6 2.9
379 7412 538 0.62 334 15.8 9.7
380 18224 1660 0.25 415 1.7 0.4
381 1495 98 0.32 31 3.2 1.0
382 3358 263 0.39 102 5.1 2.0
384 763 42 0.32 13 3.1 1.0
385 65396 7300 0.62 4526 29.6 23.3
386 247 40 0.11 4 0.2 0.0
387 1066 117 0.15 17 0.5 0.1
388 3028 120 0.20 24 1.0 0.2
389 1521 160 0.13 21 0.4 0.0
390 1728 152 0.29 44 2.5 0.7
391 33486 1927 0.62 1195 27.6 21.1
392 14567 705 0.53 370 10.9 5.7
393 11921 707 0.40 280 5.4 2.1
394 1521 73 0.35 25 3.9 1.4
395 4461 319 0.29 92 2.4 0.7
396 3823 249 0.27 67 2.1 0.6
398 695 50 0.17 9 0.7 0.1
399 652 23 0.17 4 0.7 0.1
400 1603 32 0.17 6 0.7 0.1
401 2073 358 0.45 162 7.5 3.4
402 944 30 0.11 3 0.2 0.0
403 62730 4655 0.62 2886 23.9 17.3
404 1864 147 0.17 26 0.7 0.1
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona
Area, Area, Range, Prism, Width, | Area,
Channel Ag As hr Q w Ac
ID (m?) (m?) (m)* (m®) (m) (M%)

406 9629 344 0.62 213 225 15.9
408 844 79 0.16 13 0.6 0.1
409 1462 175 0.20 34 0.9 0.2
410 1167 146 0.22 32 1.2 0.3
411 688 69 0.15 10 0.5 0.1
413 1557 182 0.37 68 4.6 1.7
414 7822 337 0.26 88 1.9 0.5
415 428 31 0.17 5 0.6 0.1
419 386 32 0.11 3 0.2 0.0
420 482 65 0.11 7 0.2 0.0
421 512 38 0.19 7 0.9 0.2
422 3178 349 0.27 95 2.1 0.6
423 40807 3141 0.36 1145 4.4 1.6
424 8360 308 0.19 58 0.8 0.2
425 28861 1403 0.41 572 5.8 2.4
426 746 65 0.11 7 0.2 0.0
427 66639 4834 0.62 2997 20.9 14.3
428 65774 3444 0.52 1794 10.6 5.5
429 8156 325 0.34 110 3.7 1.2
430 67678 4425 0.51 2253 10.0 5.1
431 22789 1391 0.33 454 3.3 1.1
432 4177 324 0.11 34 0.2 0.0
433 5915 293 0.19 55 0.8 0.2
434 4360 301 0.17 51 0.7 0.1
435 4687 321 0.33 106 3.4 1.1
436 9202 309 0.30 91 2.6 0.8
438 906 19 0.13 2 0.3 0.0
439 788 86 0.14 12 0.4 0.1
440 1341 68 0.14 10 0.4 0.1
441 4828 194 0.23 45 1.4 0.3
442 5122 267 0.25 66 1.7 0.4
443 4154 331 0.43 144 6.8 2.9
444 1090 41 0.15 6 0.5 0.1
445 595 43 0.14 6 0.4 0.1
446 571 23 0.17 4 0.6 0.1
447 506 47 0.21 10 1.1 0.2
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona

Area, Area, Range, Prism, Width, | Area,

Channel Ag As hr Q W
ID (m?) (m?) (m)~ (m°) (m) (m?)°

448 929 88 0.34 29 3.6 1.2
449 909 47 0.23 11 1.4 0.3
450 831 26 0.12 3 0.3 0.0
451 2498 187 0.17 32 0.7 0.1
452 1291 30 0.16 5 0.5 0.1
453 4181 134 0.14 19 0.4 0.1
454 4639 235 0.23 55 1.5 0.3
455 55803 3308 0.58 1931 14.1 8.2
456 8704 362 0.23 82 14 0.3
457 144 31 0.11 3 0.2 0.0
458 285 25 0.11 3 0.2 0.0
459 3802 190 0.24 45 1.5 0.4
460 47270 4575 0.59 2717 14.7 8.7
461 410 110 0.11 12 0.2 0.0
462 920 94 0.11 10 0.2 0.0
463 614 79 0.11 8 0.2 0.0
464 1731 248 0.18 46 0.8 0.1
465 597 113 0.11 12 0.2 0.0
466 23596 1740 0.43 749 6.6 2.8
467 724 86 0.15 12 0.4 0.1
468 2005 225 0.17 39 0.7 0.1
469 265 38 0.11 4 0.2 0.0
470 214 18 0.11 2 0.2 0.0
471 644 60 0.18 11 0.8 0.1
472 1131 72 0.20 15 1.0 0.2
473 174 29 0.11 3 0.2 0.0
474 275 64 0.14 9 0.4 0.1
475 204 68 0.14 10 0.4 0.1
476 2964 232 0.14 34 0.4 0.1
477 2146 126 0.28 36 2.4 0.7
478 206 31 0.11 3 0.2 0.0
479 303 49 0.12 6 0.3 0.0
480 23571 1892 0.50 943 9.5 4.7
481 201 33 0.23 8 1.3 0.3
482 198 42 0.11 4 0.2 0.0
483 29268 2521 0.50 1254 9.5 4.7
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona
Area, Area, Range, Prism, Width, | Area,
Channel Ag As hr Q w Ac
ID (m?) (m?) (m)* (m®) (m) (M%)

485 310 87 0.14 12 0.4 0.1
486 272 36 0.11 4 0.2 0.0
487 2036 166 0.23 39 15 0.3
488 2748 257 0.15 39 0.5 0.1
489 72591 6058 0.62 3756 16.2 10.0
490 169 39 0.17 6 0.6 0.1
491 1102 122 0.15 18 0.5 0.1
492 29884 2928 0.43 1266 6.7 2.9
493 519 73 0.15 11 0.5 0.1
494 4472 248 0.31 78 3.0 0.9
495 1471 133 0.20 27 1.0 0.2
496 2293 127 0.19 24 0.8 0.2
497 888 114 0.11 12 0.2 0.0
498 4179 193 0.18 35 0.8 0.1
499 29513 1425 0.48 690 8.9 4.3
500 764 94 0.11 10 0.2 0.0
501 74290 3712 0.46 1717 7.9 3.7
502 1959 158 0.23 37 1.4 0.3
503 1058 68 0.16 11 0.6 0.1
504 803 119 0.15 17 0.5 0.1
505 369 23 0.16 4 0.5 0.1
506 548 58 0.13 8 0.3 0.0
507 1820 121 0.31 37 2.9 0.9
508 328 34 0.11 4 0.2 0.0
509 679 106 0.14 15 0.4 0.1
511 8790 306 0.32 98 3.2 1.0
512 381 61 0.11 6 0.2 0.0
513 1108 130 0.15 20 0.5 0.1
514 680 111 0.15 17 0.5 0.1
515 2543 191 0.19 36 0.9 0.2
516 1104 191 0.14 26 0.4 0.1
517 1718 185 0.18 33 0.7 0.1
518 530 36 0.14 5 0.4 0.1
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Marsh Water  Spring  Spring Cross

Basin Surface Tidal Tidal Inlet Sectiona
Area, Area, Range, Prism, Width, | Area,
Channel Ag As hr Q w Ac
1D (m?) (m?) (m)* (m®) (m) (m*)°*
Tidal marshes located at the mouths of PatuxergrRinbutaries
69 27037 6971 0.73 5089 12.2 6.7
74 99042 24963 1 24963 20.7 14.1
98 576617 69865 1 69865 44.0 40.6
117 59324 9179 0.73 6701 14.6 8.7
130 45370 10724 1 10724 26.7 20.2
138 250574 23337 1 23337 49.0 47.2
173 336147 42452 1 42452 47.5 45.3
174 72657 8880 1 8880 43.9 40.4
176 1277976 130682 1 130682 71.5 80.2
242 22698 7768 1 7768 93.4 116.7
271 221996 17406 0.73 12707 14.8 8.8
277 121618 6493 0.73 4740 54 2.1
281 474169 69865 1 69865 28.7 22.3
283 887812 146007 1 146007 26.3 19.7
295 141167 19779 1 19779 31.9 25.9
311 650234 107676 1 107676 77.0 89.1
316 47033 8988 1 8988 58.7 60.9

357 101667 20836 0.62 12918 15.2 9.1
374 71607 18018 0.62 11171 41.5 37.5
383 159233 35688 0.62 22127 48.8 47.0
397 464596 97538 0.62 60474 54.8 55.2
405 952879 332049 0.62 205870 102.1 132.3
407 409666 73177 0.62 45369 43.5 40.0
412 57946 16146 0.62 10011 53.0 52.7
416 30627 6892 0.62 4273 38.1 33.2
417 158918 29364 0.62 18206 44.8 41.6
418 33604 13657 0.62 8468 50.9 49.9
437 73114 9315 0.62 5775 26.1 195
484 247414 30425 0.62 18864 20.1 13.5
510 165612 11886 0.62 7369 20.8 14.2

*For tidal marshes with W<15mihe 0.20W*°
*Cross sectional area is determined frog=20.20W*
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