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Weirs Beach is a public beach located in the city of Laconia, New Hampshire on the
shores of Lake Winnipesaukee. Since its inception, the beach has gone through a variety
of transformations and configurations. Currently, Weirs Beach is experiencing ongoing
erosion and sediment loss that has impacted its stability, length (primarily on the
northwestern end), and effectively, the recreational value to the City of Laconia. In order
to provide a better understanding of the coastal processes, assess the sediment transport
pathways and sediment loss, and provide potential mitigation options to help stabilize the
beach, the City of Laconia has contracted Woods Hole Group to conduct a scientifically
based sand migration study. The study focused on assessing the shoreline erosion and
identifying the potential feasibility of possible alternatives. The study was divided into
two specific phases. The first phase focused on developing a clear understanding of the
existing conditions at Weirs Beach that may be causing the sediment erosion. Based on
this increased understanding of the coastal processes, an informed short-list of potential
alternatives could be developed. The second phase of the study would be to analyze the
options and perform an alternatives evaluation. As such, the following tasks were
included in the overall study:
Phase I







Review the existing data and literature related to Weirs Beach
Collect new data (e.g., beach profile and survey information) with assistance from
the City
Develop a wind-generated wave model to determine the wave transformations and
energy that impacts Weirs Beach
Determine the sediment transport processes that act on Weirs Beach (including
development of a physics based sediment transport model)
Assess other modes of sediment transport (e.g., wind-blown sediments, boat wave
induced erosion, stormwater runoff, etc.)
Develop a preliminary short-list of erosion mitigation alternatives to be evaluated
in Phase II

Phase II
Additional and supplemental years of data collection
 Assessment of historical beach change
 Alternative evaluations, performance assessment, and recommendations
 Final reporting and documentation
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This report details the results of Phase I of this study, and follows a logical step-by-step
process that presents the analysis and numerical modeling components, as well as the
alternatives to be considered for the Phase II portion of the work. This report does not
include the results of Phase II, which would be analyzed in the potential Phase II portion
of the study. This report is also intended to provide an update to the ongoing study, and
will be further refined in the submittal of a final report after the completion of Phase II.
The report is organized in the following chapters:







Chapter 2.0 provides a brief history of Weirs Beach, including the development of
the original beach and the anthropogenic changes and engineering at the beach.
Chapter 3.0 presents the results of the data collection effort and surveying at
Weirs Beach. This includes the calculation of volume changes that have occurred
at the beach.
Chapter 4.0 presents the wind-generated wave modeling developed for Weirs
Beach. The chapter details the wave model and presents the wave model results.
Chapter 5.0 presents the results of the sediment transport modeling, including
results of the wave based sediment transport and the Aeolian (wind-based)
sediment transport modeling. A rudimentary, conceptual sediment budget is also
developed.
Chapter 6.0 provides a brief summary of the potential alternatives that were
considered to mitigate the erosion at Weirs Beach, and also provides
recommendations for the alternatives that should be considered in the Phase II
alternatives analysis.
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This chapter provides a regional overview of the Weirs Beach area, as well as a brief
history of site, including the engineering modifications that have influenced the beach
since the late 1800s.
2.1

REGIONAL OVERVIEW

Weirs Beach is located in Laconia, New Hampshire on the western side of Lake
Winnipesaukee (Meredith Bay). The shoreline of Weirs Beach is oriented in an
approximately east-west direction, and is exposed to the waters of Lake Winnipesaukee
to the north. The current beach is anchored on the eastern side by a jetty constructed by
the United States Army Corps of Engineers (USACE) in the 1950s. The jetty confines
Weirs channel, that allow Meredith Bay to drain into Paugus Bay. Weirs Channel was
constructed by the USACE in 1882 and was dimensioned to be 5 feet deep and 50 feet
wide (and subsequently stabilized by the jetty in the 1950s). The beach narrows in width
to the west, and merges with the upland and an anthropogenic rocky shoreline
approximately 630 feet east of the jetty. An oblique aerial photo of the area from 1998 is
shown in Figure 2-1.

Weirs Beach

Figure 2-1.

Aerial photograph of Weirs Beach site in 1998.
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2.2

HISTORY OF WEIRS BEACH

A summary illustrating the history of Weirs Beach can be found on the Weirs Beach
website
located
at
http://weirsbeach.com/reasons-to-visit/beach/beach-history/.
Information from this website, in conjunction with work done in the Weirs Beach Erosion
Study by Wright-Pierce-Barnes-Wyman Engineers in 1976, and other existing literature,
was used to provide a brief summary of the changes that have occurred at Weirs Beach.
Weirs channel, lying directly east of Weirs Beach, was constructed in 1882 by the
USACE. The Corps dredged the channel to initial dimensions of 50 feet wide with an
average depth of 5 feet. The channel was constructed to promote drainage from Meredith
Bay to Paugus Bay. In the 1930s, a small sandy shoreline was naturally established to the
west of the 1882 Weirs Channel. This was a minor change over the previously rocky
shoreline, but could not be considered a beach. The beach itself was formed during the
1950s when the USACE constructed a jetty adjacent to Weirs channel, as well as two
groins that extended from the shore into the lake. The addition of fill dredged from the
lake, as well as material obtained from the neighboring town of Gilford, was used to
create Weirs Beach starting from the western end (near the public boat house), and
moving to the east towards the jetty by Weirs Channel. A photograph taken during the
construction of the beach is shown in Figure 2-2.

Figure 2-2.

Photograph showing partial construction of Weirs Beach. At this
point in the construction, the beach had only been built the public
docks to the first groin (Photo courtesy of http://weirsbeach.com/).
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Figure 2-3 shows the beach in 1958, when an additional 2,000 cubic yards of sediment
was added to nourish the beach due to erosional concerns, especially on the western end
of the beach. By 1960 (Figure 2-4), the beach continued to reshape into a crenulate
shaped beach, consisting of a narrow width on the western end, but still connected to the
public docks. By 1965 (Figure 2-5), the beach on the western end no longer extended to
the public docks.

Figure 2-3.

Photograph from 1958 indicating relatively wide beach in the western
section; however, initial signs of erosion also existed as a 2,000 cy
nourishment was required (Photo courtesy of http://weirsbeach.com/).

Due to the ongoing erosional concerns, in 1974, the City of Laconia contracted the
engineering firm of Wright, Pierce, Barnes, and Wyman (WPBW) to assess Weirs Beach.
According to the report (WPBW, 1975), the study was geared to assess processes
contributing to the erosion of the beach, as well as other factors such as pollution and
environmental impact. This conclusions of this report indicated that the erosion was
attributable to storm water runoff, wave action during periods of high lake level, and fine
grain size sediments on the beach. The study also conjectured that the existing sheet pile
groins (originally installed by the USACE in the 1950s) were creating circulatory
currents that contributed to the erosion; however no measurements or analysis was
provided to verify this conclusion. The study (WPBW, 1975) also considered a number
of potential alternatives including offshore floating breakwaters, improved drainage,
groin removal, improved maintenance, and beach nourishment. The report ultimately
recommended that the groins be removed, the Weirs channel jetty be reconstructed with
an increased elevation, the upland drainage system be improved, and the beach nourished
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with approximately 100 cy/yr of sediment. These recommendations resulted in a series
of modifications to the beach, including construction of a storm water runoff drainage
system, removal of the two groins, a minor extension of the Weirs channel jetty, and
some minimal beach nourishment.

Figure 2-4.

Photograph from 1960 indicating ongoing erosion, especially on
western end of the beach, near the public docks (Photo courtesy of
http://weirsbeach.com/).
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Figure 2-5.

Photograph from 1965 showing the continued erosion ont eh werster
portion of Weirs Beach such that the beach no longer connected to the
public docks (Photo courtesy of http://weirsbeach.com/).

Figure 2-6.

The three panels (from left to right) show aerial views of the Weirs
Beach site, the first of which is from 1949, the second from 1960 and
the final is 2011. The first panel shows the site prior to the
development of the beach, the second panel shows the groins and
beach soon after construction, and the third panel shows the current
state of the beach. (Photos courtesy of http://weirsbeach.com/ and
Google Earth©).
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Figure 2-6 shows, from left to right, the temporal evolution of Weirs Beach. The left
hand panel shows an oblique aerial view of Weirs Beach in 1949, prior to the
construction of the beach. The middle panel shows an oblique aerial view of Weirs
Beach in 1960, soon after initial construction of Weirs Beach, while the right hand panel
shows current conditions.

This chapter briefly summaries the existing atmospheric, hydraulic, and topographic data
used to assess the existing conditions at Weirs Beach and set up the models to simulate
the wave and sediment transport processes. The data utilized in this study, and discussed
in this chapter, include:





3.1

Historic Lake Winnipesaukee water levels
Historic wind data
Lake Winnipesaukee bathymetry
Weirs Beach sediment grain size
Recent Beach survey data conducted by the City of Laconia
WATER LEVELS

Variations in the Lake Winnipesaukee water level have a significant impact on the
sediment transport processes and the erosion potential at Weirs Beach. For example,
higher lake levels lead to more subaqueous beach area available for erosion, and when
high lake levels are coupled with a storm event, erosion can be significantly increased.
Lake level data for Lake Winnipesaukee are available from the New Hampshire
Department of Environmental Services (2013). Figure 3-1 shows the hydrograph of the
lake level data from 2012. The upper panel shows the lake level in feet (red line), the
center panel shows discharge into Lake Winnipesaukee at Lakeport and estimated inflow,
and the lower panel shows the cumulative precipitation over 2012. These types of
hydrographs are available for all years dating back to 2006.
Woods Hole Group utilized all the lake level data between 2006 and 2012 to determine
the variations in water level that occur within Lake Winnipesaukee. These data were
used to determine the average annual lake level for use in simulation of an average
annual year in the wave model (Chapter 4). The lake level data were also used to
determine the extreme lake levels that may occur over time (i.e., the maximum lake
levels). Figure 3-2 shows a longer temporal time series of the Lake Winnipesaukee water
level (between January 2008 and July 2011). The vertical axis shows the lake level
relative to a datum of 500 feet. Therefore, a lake level of 4 feet on the figure is at an
elevation of 504 feet. The figure indicates that there is a consistent seasonal variation in
the lake level. The seasonal variation is important to consider when simulating the
average annual year, which is presented in Chapter 4. The average annual variation of all
7 years (2006-2012) was used in the wave modeling effort. The maximum water level
observed in lake over these years was approximately 506 feet.
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Figure 3-1.

Lake Winnipesaukee lake level hydrograph for 2012. The upper
panel (red line) shows the 2012 lake level, the center panel shows
discharge at Lakeport, while the lower panel shows the precipitation
observed in 2012.
(http://des.nh.gov/organization/divisions/water/dam/winni_levels/inde
x.htm).

Figure 3-2.

Lake Winnipesaukee lake level from January 2008 through July 2012.
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3.2

WIND DATA

In an enclosed water body such as Lake Winnipesaukee, the primary wave generation
mechanism is the wind. In addition, Aeolian sediment transport (wind-blown sand) is
also an important aspect of the sand movement at Weirs Beach. Therefore, wind is a
critical process to consider in evaluating the sand migration at Weirs Beach. Long-term
wind data (27 years) were acquired from the Weirs Beach Weather Station,
KNHWEIRS3. Figure 3-3 presents the directional distribution of wind speed (miles per
hour) data (illustrated using a wind rose plot) at the observed at the Weirs Beach Weather
Station Offshore Wave Station. The colored sidebar indicates the magnitude of the wind
speed, the circular axis represents the direction of wind approach (coming from) relative
to true north (0º), and the extending radial lines indicate percent occurrence within each
magnitude and directional band. The most dominant wind is from the East, which is
important from an Aeolian transport perspective, while winds from the northeast, north,
and northwest are important from a wave generation standpoint. All 27 years of wind
data were used to determine the average annual wind conditions for use in the modeling
efforts (Chapters 4 and 5).

Figure 3-3. Wind rose plot of observed wind speeds at height at the Weirs Beach
Weather Station, KNHWEIRS3.
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3.3

BATHYMETRY

Bathymetry is the underwater equivalent to topography, and is the measure of the lake (or
water body) depths. In order to determine the wave conditions that impact the shoreline
at Weirs Beach, the bathymetric features offshore of the beach need to be defined. As
such, a significant amount of bathymetric information is required in order to accurately
predict wave transformations offshore a coastal environment. Existing data sources
combined with the recent survey data were used in the Weirs Beach model.
A depth contour chart from February of 1966 which was prepared by the New Hampshire
Fish & Game Department (Figure 3-4) was digitized and used to define the offshore
bathymetry. These data were also supplemented with more recent bathymetric data and
beach profile data collected by the City of Laconia. These data consisted of three sets of
transects taken over the course of a year. The surveys were made on July 20, 2011,
November 9, 2011 and June 7, 2012, and are discussed in more detail in section 3.5,
while the use of these data to create the modeling domain and grid is discussed in Chapter
4.

Figure 3-4.

Meredith Bay section of depth contour map produced by the New
Hampshire Fish & Game Department.
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3.4

SEDIMENT GRAIN SIZE

This section provides a brief summary of the sediment sampling that was completed for
the native material on Weirs Beach. The focus of this discussion is on the physical
characteristics of the various sediments, which in important to understand when
evaluating the transport of the sediment. The grain size of the sediment is an important
parameter for both the wave-driven and wind-driven sediment transport analysis.
Eight samples were extracted from Weirs Beach for grain size analysis. Figure 3-5
presents the grain size distribution (blue broken line) for the 8 samples collected along
Weirs Beach as grain size (vertical axis) versus percent of material passing sieve
openings (horizontal axis). The majority of the material was relatively homogenous,
containing approximately 94% medium to coarse sand. On average, the samples
contained less than 2% gravel by weight. The grain size envelope is shown in by the
black lines in Figure 3-5. These black lines bound the grain size envelope and represent
the coarsest and finest material that was native to Weirs Beach. The blue broken grain
size line shows the composite (average) of the native beach sediment samples. The
composite sample shows the mean grain size of Weirs Beach to be approximately 0.3 mm
(medium sand based on Wentworth scale).

Figure 3-5.

Grain size distribution limits and composite curve for Weirs Beach
samples.
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3.5

BEACH SURVEYS

To provide an improved understanding of the dynamic nature of Weirs Beach, the City of
Laconia surveyed the beach using cross-shore beach profiles three times during 2011 and
2012. The surveys were conducted on July 20, 2011, November 9, 2011 and June 7,
2012. These data were invaluable to provide not only the conditions of the beach for use
in the coastal modeling, but also to provide an estimate of the annual sediment loss. The
survey data were used to identify the observed beach profile evolution, which was useful
in validating and understanding model results and other predictions of sediment transport.
The location of the beach profiles are shown in Figure 3-6. The figure shows the exact
location of the survey points made on each of the three surveys. The blue x markers show
the points observed on July 20, 2011, the red circles show the points observed on
November 9, 2011, and the green stars show the survey points observed on June 7, 2012.
The individual transects (or profiles) are labeled with a nomenclature A through I (from
west to east). On the first day of surveying an extra transect was made, this transect was
not used in calculations and was labeled Z on the map. An example of the cross-shore
profiles observed along transect G are shown in Figure 3-7.

Figure 3-6.

Location and nomenclature of transects observed at Weirs Beach.
The survey points are also shown as individual markers.
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Figure 3-7.

Survey results at transect G for the three observation periods. Survey
data collected by the City of Laconia.

These three sets of data were used to calculate the changes in sediment volume along the
beach. These calculations of volumetric changes are based on simple differences in
shape and the time elapsed between the surveys. The three steps involved in calculating
these rates, include:





Calculating the cross-sectional area change between the profiles made during each
survey. This gives an area change for each transect line A thru I.
Calculate the total volume change. This is done by summing the volume change
between the transect lines. The volume change between the transect lines (for
example between transect A and B) is equal to the mean of the area change
multiplied by the distance between the two transects.
The sediment volume change rate is then simply the total volume loss divided by
the elapsed time between the two profiles.

The total loss between the first and third surveys was calculated to be 975 m3/yr (1275
yd3/yr).
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In order to evaluate local sediment transport pathways, as well as assess impacts of, and
identify potential alternatives to mitigate the erosion at Weirs Beach, an understanding of
the regional wave climate is required. Before an effective solution can be determined,
wave modeling is required to simulate refraction, diffraction, shoaling and breaking of
waves at the regional level. Both refraction and diffraction have a significant impact on
the effects waves will have on the shoreline. Wave refraction and diffraction produce an
uneven distribution of wave energy along the coast and affect sediment transport in the
region. Wave modeling allows for quantitative predictions of these processes. Although
wind-generated wave are not the only process that transports sediment at Weirs Beach
(e.g., boat wakes and wind-blown transport on the dry beach also move sediment), it is an
important component of the overall sediment migration.
4.1

ANALYSIS APPROACH

A quantitative understanding of wave characteristics is key to the evaluation of nearshore
coastal processes and sediment transport. Wave energy is comprised of a large variety of
waves moving in different directions and with different frequencies, phases, and heights.
These waves undergo significant modifications as they advance into the coastal region,
interact with the lake floor, and eventually reach land. The lake climate also changes
temporally with seasonal modulations. The variability in offshore wave climate, the
transformations occurring as waves propagate landward, and the temporal modulations,
all result in significant fluctuations in the quantity and direction of sediment transport in
the coastal zone. Therefore, in many cases, using a single representative wave height,
frequency, and/or direction is not the most accurate technique for assessing the wave
climate and, subsequently the sediment transport at the coastline.
This section evaluates the wave generation and transformations waves experience as they
propagate towards Weirs Beach. To quantify the wave impact along the shoreline, sitespecific wave conditions were determined using wind data and a numerical wave
transformation model. Wave transformation models provide predictive tools for
evaluating various forces governing wave climate and sediment transport processes.
4.2

WAVE MODEL DESCRIPTION

A spectral wave model was used to generate and propagate random waves in Lake
Winnipesaukee to the nearshore region and to investigate potential changes to the wave
field caused by the bathymetry. The spectral wave model STWAVE version 4.0 (Smith,
Sherlock, and Resio, 2001), developed by the U.S. Army Corps of Engineers Waterways
Experiment Station, was employed to evaluate changes in wave propagation across the
nearshore region fronting Weirs Beach. STWAVE is regularly used and widely accepted
in coastal design and studies. STWAVE is a steady state, spectral wave transformation
model, based on a form of the wave action balance equation of Jonsson (1990):
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where
i = x,y spatial coordinates
Ca = absolute wave celerity
Cga = absolute wave group celerity
 = current direction
 = propagation direction of spectral component
E = spectral energy density
r = relative angular frequency (frequency relative to current)
S = energy source/sink terms
Source and sink terms include wind input, non-linear wave-wave interactions, dissipation
in the wind field, and surf-zone breaking. The model simulates wave refraction and
shoaling induced by changes in bathymetry and by wave interactions with currents. The
model also includes wave breaking, wave growth, and influences of wave white capping
on the distribution and dissipation of energy in the wave spectrum. Model outputs
include zero-moment wave height, peak wave period, and mean wave direction at all grid
points and two-dimensional spectra at selected grid points.
STWAVE simulates the behavior of a random sea surface by describing wave energy
density as a function of direction (directional spectrum) and frequency (frequency
spectrum). The two-dimensional wave spectrum is discretized into separate wave
components, which constitute an essential part of the input for STWAVE. Through a
combination of the various wave directions and frequencies, STWAVE is able to
simulate the behavior of a natural, random sea. In addition, detailed analysis and
selection of input spectra allows the model to assess the impact of different seasonal
conditions, varying wave approach pathways, and storms. By simulating numerous wave
components that propagate towards the Weirs Beach shoreline, a spectral wave model is
superior to a monochromatic wave model, which would include only one specific wave.
A comprehensive discussion of the theoretical background of STWAVE can be found in
Smith, Sherlock, and Resio (2001).
The STWAVE model also allows for grid nesting (Smith and Smith, 2002). Grid nesting
involves using multiple grids to transform waves from an offshore location to nearshore
and coastal regions. A coarse (lower-resolution) offshore STWAVE grid is used to
transform the waves to the boundary of a nearshore STWAVE grid with a higher spatial
resolution. The nearshore grid is considered the “nested” grid. The output wave spectra
from the coarse grid are saved at several locations and interpolated onto the nearshore
grid boundary. Grid nesting is a useful technique for larger regional applications where a
coarse grid is sufficient offshore while complex bathymetry and current fields in the
nearshore require a finer resolution grid to give a more accurate simulation of the wave
field.
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In terms of wave modeling, Weirs Beach is a somewhat unique case in that it is in effect
a closed system. As such, when modeling the whole of Meredith Bay there are very
limited open boundaries, and wave activity at these boundaries is minimal when
compared to the usual STWAVE case where an open boundary represents an offshore
location in an ocean or other very large body of water. Therefore, a two stage nesting
scheme is used to model the lakes wave conditions. The first stage is a course grid that
covers the entirety of Meredith Bay and is used to generate wind induced waves. The
second stage is a nested grid in the direct vicinity of Weirs Beach, this grid is much finer
and at its boundary uses input generated by the first stage model.
4.3

BATHYMETRY AND GRID GENERATION

In STWAVE, the reference grid consists of a mesh of points with dimensions NI and NJ,
as shown in Figure 4-1. At each point within the model domain, water depth, as well as
ambient current data, is specified. Reference points are separated by spacing DX (xdirection) and DY (y-direction). The DX and DY for the larger grid are 30 meters and
for the smaller grid are 5 meters.

Figure 4-1.

Illustration of reference grid notation (Smith, Sherlock, and Resio,
2001).

The bathymetric and topographic data sources (sections 3.3 and 3.5) were combined with
water depths referenced to 500 feet above sea level to create a scatter of points. Two
grids were then created, one encompassing the whole of Meredith Bay and one in the
vicinity of Weirs Beach. For each grid, water depths interpolated from the bathymetry
data are associated with points in the model domain. Figure 4-2 shows the location and
geometry of the regional modeling grid.
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Figure 4-2.
4.4

Regional, offshore bathymetric modeling grid. Depths are in meters
(not to be used for navigational purposes).

INPUT CONDITIONS

Transformation wave modeling can only be as accurate as the input data; therefore, a key
component of accurate wave modeling is the analysis and selection of input data. The
results derived from numerical wave transformation modeling, as well as the subsequent
movement of sediment in the coastal zone, are controlled by the selected input
conditions. This section describes the generation of the wind climate and selection of
input parameters for the wave transformation modeling. This includes the assessment of
average annual conditions and return-period storms. The data and methodology utilized
to develop the wave climate is presented herein.
STWAVE simulates the behavior of a random water surface by describing wave energy
density as a function of direction (directional spectrum) and frequency (frequency
spectrum). The two-dimensional wave spectrum is discretized into separate wave
components, which constitute an essential part of the input for STWAVE. The twodimensional wave spectrum is given as the product of the energy and directional spectra.
Through a combination of the various wave directions and frequencies, STWAVE is able
to simulate the behavior of a natural, random water surface. In addition, detailed analysis
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and selection of input spectrum allows the model to assess the impact of different
seasonal conditions, varying wave approach pathways, and storms.
The scenarios simulated at Weirs Beach were determined by an analysis of 27 years of
wind data. The data from the Weirs Beach Weather Station, KNHWEIRS3 were used to
generate both an average annual case, as well as return-period storm events. All 27 years
of wind data were evaluated, and based on the data, 1991 was selected as a representative
average year. As such, the entire year of 1991 was simulated on an hourly basis. This
also included variations in the lake level that occurred throughout the year (1991). As
such, the year-long simulation represented what is likely to occur at Weirs Beach in terms
of waves and winds over the course of an average year.
In addition to the average annual year, extremal analysis of the wind data set was
completed to produce return-period wind values that corresponded to storm events. These
extreme wind speeds used in the wave-generation model are shown in Table 4-1. To
produce conservative results during these storm events it was assumed that the wind for
these events was directed perpendicular to the shore, and a maximum lake water level
(506 feet) was also assumed.

Table 4-1.

Return period wind speeds based on 27 years of wind data from the
Weirs Beach Weather Station.

Event
5-Year
10-Year
25-Year
50-Year
100-Year
500-Year
4.5

Wind Speed (m/s)
24.2
26.8
30.4
33.1
35.3
41.1

MODEL RESULTS

The comprehensive results of the wave model were used in further analysis of the Weirs
Beach site to assess sediment transport due to the waves (Chapter 5). This output
included the wave height and direction, bottom stress and wave spectral parameters at
each point in the computational grid. Figure 4-3 illustrates STWAVE results for the
nearshore grid modeling domain from an individual time step during the 1991 year-long
simulation. The color map corresponds to the distribution of significant wave height (m)
throughout the modeling domain. Reds indicate higher wave heights, while blues
indicate smaller wave heights. Arrows on the figure represent the modeled wave
direction as they propagate and approach the shoreline. Visualization of the wave results
show minimal variation in the wave field at each individual time step, as shown in Figure
4-3, which is expected due to the relatively low wave energy of the lake. However,
although small, the changes in wave direction and amplitude, do aggregate over the
course of the average annual year to result in variations in the sediment transport, which
will be detailed in Chapter 5.
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Figure 4-3.

Example spectral wave modeling results for Weirs Beach at an
individual time step during the 1991 simulation. The wave height is in
meters (given by the colorbar scale) and the wave direction is denoted
by the arrows.
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Sediment transport at Weirs Beach is comprised of different mechanisms driven by different
physical processes. These processes include wave-driven alongshore sediment transport,
Aeolian (wind-blown) sediment transport along the dry beach, cross-shore sediment movement
due to higher energy storm waves, and the influence of wake-induced erosion from local vessel
traffic. The varying components of sediment transport are evaluated in this Chapter.
5.1

ALONGSHORE TRANSPORT

Understanding the wave transformations (Chapter 4.0) is a critical step in the determination of
shoreline processes and changes, and this wave information is required in order to provide an
estimate on how sediment moves in the nearshore region. The wave modeling system results
were the key input into the sediment transport modeling and will also be used in the Phase II
performance assessment of potential alternatives. The specific objective is to obtain estimates of
the alongshore sediment flux integrated across the surf zone. This section evaluates the regional
sediment transport for Weirs Beach in the alongshore direction.
5.1.1

Analysis Approach

Sediment movement in the coastal zone, as well as the effects of coastal structures on shoreline
processes, can be estimated by using various types of sediment transport models. These models
may differ in their detail, in their degree of representation of the physics, in their complexity, and
in other manners. Process-based sediment transport models (those that address directly the
fundamental physics of waves and sediment transport) may focus on those essential physics that
capture the variable wave field. Such sediment transport models may not represent all aspects of
physical processes accurately, but they can be used to demonstrate the regional sediment
transport trends and spatial influence of coastal structures on adjacent shorelines. The sediment
transport model presented herein is a process-based model of the regional sediment transport
trends in the presence of time-variable (in direction and height) waves.
The goal of this model is to provide a physically-based representation of alongshore currents and
sediment transport driven by breaking waves in the surf zone. The specific objective is to obtain
physically-based estimates of the alongshore sediment flux integrated across the surf zone. To
achieve this physically-based representation, it is important to understand what alongshore
sediment processes may cause erosion or accretion. Typically, a section of shoreline can be
represented as a cell, having finite length along the shore. A certain amount of sediment enters
this cell from the updrift side (direction from which the waves advance), and a certain amount
leaves the cell from the downdrift side. This sediment balance may vary depending on the height
of the wave, the direction of the wave, and the period of the wave. If the effects of a particular
wave passing a cell are examined, there are three possibilities that may be observed for that wave
condition:




The same amount of sediment enters a cell as leaves the cell.
More sediment enters a cell than leaves the cell.
More sediment leaves a cell than enters the cell.
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The first possibility leads to a stable shoreline. The shoreline neither erodes nor accretes. The
second possibility leads to an accumulation of sand in the cell, which is a situation causing
accretion (building out of the shoreline) to occur. This possibility is referred to as sediment
convergence, as sediment converges in the cell. The final possibility leads to a net loss of
sediment in the cell, which is a situation causing erosion. This possibility is referred to as
sediment divergence, as sediment diverges from that cell. Thus, shoreline erosion or accretion
can be thought of as a simple divergence or convergence of sediment moving alongshore. Of
course, storms also can move sand offshore, and other waves may move sand onshore; however,
as discussed, this onshore-offshore process is not directly modeled, and the focus is on the
alongshore movement of sand in the region.
The regional sediment transport model requires the results of the wave field presented in Chapter
4.0. The sediment transport model itself consists of a hydrodynamic component to determine the
wave-induced currents and a sediment transport component to quantify the amount of sediment
moved by the wave-induced currents. The hydrodynamic component is based on a standard set
of equations that are widely accepted and generally used, more specifically known as the steadystate depth-averaged mass and momentum equations for a fluid of constant density. These
equations are standard in many surf zone applications (e.g., Mei, 1983) and provide a state-ofthe-art representation of the alongshore current. The sediment transport component is based on a
recent peer-reviewed and published formulation by Haas & Hanes (2004), which has been shown
to be consistent with recent complex formulae for wave-driven sediment transport and with the
Coastal Engineering Research Center (CERC) formula for the total (laterally-integrated)
alongshore sediment flux.
5.1.2

Average Annual Conditions

In order to understand the nature of the localized erosion occurring at Weirs Beach, the regional
sediment transport patterns were evaluated to ascertain the overall sediment transport fluxes.
This section uses the results of the regional wave model, as presented in Chapter 4.0, to
determine the nearshore hydrodynamics, and subsequently, the sediment flux (representing the
rate of sediment moving along the coast) and divergence (indicating potential areas of
erosion/deposition) along Weirs Beach.
The regional wave modeling results (Chapter 4.0) were used as input into the non-linear
sediment transport model. Wave results from the average annual year (1991) were used to
develop the hourly sediment movement based on the varying wave conditions throughout the
year. Sediment transport results were then combined to define the average annual sediment
transport regime throughout the region.
Figure 5-1 illustrates the sediment transport results for the average annual year. The figure
presents the alongshore sediment flux (red line) along Weirs Beach, where Weirs channel is
located on the left hand side of the figure, and the public docks are located on the right hand side
of the figure. The sediment flux represents the rate of sediment moving along the coast.
Negative sediment flux values indicate movement towards the east (from left to right) and
positive values indicate movement towards the west (from right to left). This rate is presented in
units of cubic yards per year (vertical axis) and can be used to quantify the annual alongshore
sediment transport at Weirs Beach. These calculations assume that sediment is available on the
beach for transport (e.g., potential transport). If the shoreline is armored (e.g., revetment), or
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doesn’t have a sediment source readily available, then the sediment transport rates may vary
compared to the values presented herein. For example, if the developed shoreline (public docks)
to the west of Weirs Beach shoreline no longer supplies a significant amount of sediment to the
system, then the amount of material available for transport to move from west to east may not be
available. The black arrows show the direction of sediment movement, the black plus sign
shows an area of sediment convergence (which would result in accretion), and the black negative
sign shows an area of sediment divergence (which would result in erosion). The alongshore
sediment transport results indicate a net transport of approximately 250-500 cubic yards per year
to the east (towards Weirs channel).

Weirs
Channel

Figure 5-1.

5.1.3

Public
Docks

Annualized sediment flux for Weirs Beach.

Sediment Transport during Storms

In order to put in context the amount of additional material transported during a significant storm
event, the sediment transport model was also used to evaluate the sand movement for significant
storm events modeled with the wave transformation model (Chapter 4.0). Figure 5-2 presents
the sediment flux results for a 100-year storm event at Weirs Beach. During a 100-year storm
event, sediment transport rates approach approximately 1,500 cubic yards per year to the east.
This is significantly larger than the average annual conditions. Although short in duration (i.e.,
these storm conditions don’t last an entire year), these high-energy storm events result in a
significant amount of sediment movement at Weirs Beach and play an important role in the
overall consideration of alternatives for erosion mitigation.
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Weirs
Channel

Figure 5-2.

5.2

Public
Docks

Alongshore sediment transport results for 100-year storm event at Weirs
Beach.

CROSS-SHORE SEDIMENT TRANSPORT

While the alongshore sediment transport is mostly due to the long-term average wave conditions,
the cross-shore sediment transport is most often a result of these infrequent storm events, and to
a certain extent vessel wake conditions. During a storm, natural wave forces will shape the
cross-shore profile based on a number of parameters including wave height, wave steepness, and
the median grain size of the beach. Since the profile shape is sensitive to water level, periods of
significant storm surge conditions generally govern the overall cross-shore transport. The crossshore sediment transport assessment, specifically for storm events, is presented in this section.
At Weirs Beach, due to the generally low wave energy during most of the year, cross-shore
sediment transport is only expected to be significant during storm events with high wave activity.
As such, Woods Hole Group performed a numerical analysis based on the most recent set of
transects to estimate the potential for cross shore sediment transport.
SBEACH (Larson and Kraus, 1989), a cross-shore beach evolution model, was used to evaluate
the cross-shore transport during storm events. SBEACH is an empirically based numerical
model for simulating two-dimensional cross-shore beach change. The model was initially
formulated using data from prototype-scale laboratory experiments and further developed and
verified based on field measurements (Larson and Kraus 1989; Larson, Kraus, and Byrnes 1990).
The model predicts the time-dependent evolution of existing or design beach and dune profiles
for specified water levels and wave conditions. In addition to the proposed nourishment
template, the model requires a time series of wave heights, wave periods and water levels as
forcing inputs. The specific storm information required by SBEACH is a time history of total
water level, wind wave height and period. For evaluation of the proposed beach nourishment
templates, Woods Hole Group used SBEACH to simulate erosion of the beach profile during
storms of record using the wave information developed in for STWAVE. Specifically, 5-year
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and 100-year return period storms were simulated for existing conditions. These storm cases
were simulated under both normal and elevated water conditions.
Figure 5-3 shows the results of this simulation for a 5-year storm during a period of elevated
water elevation. The solid blue line shows the initial beach profile and the dashed red line shows
the profile following the 24-hour long storm event. The results show erosion of the upper
portion of the beach (approximately 50 feet), and the formation of an offshore bar. Sediment is
mobilized over a distance of approximately 125 feet in the cross-shore direction. Figure 5-4
shows a similar figure for the behavior of Weirs Beach during a 100-year storm event. The
figure includes the beach profile readjustment occurring due to the 100-year storm for cases with
and without an elevated water level. During this event, sediment is mobilized over a distance of
approximately 300 feet in the cross-shore direction.

Figure 5-3.

Weirs Beach cross-shore profile before (blue line) and after (red broken line)
a 5-year storm event.
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Figure 5-4.

Weirs Beach cross-shore profile before (blue line) and after a 100-year storm
event with (green broken line) and without (red broken line) an elevated
water level.

The cross-shore movement model showed that under normal conditions and for normal water
levels the amount of sediment likely transported cross shore makes up a small, but not
insignificant amount of sediment transport. The rate for an average year, in which no great
storms (50-year or greater) occur, is estimated to be around 100 yd3/year or less. Years with
significant or multiple significant storms or storms that occur when the lake is at exceptionally
high water levels could result in larger transport values.
5.3

AEOLIAN SEDIMENT TRANSPORT

Aeolian sediment transport refers to the process by which wind forces move sand grains on the
beach. Raudkivi (1976) provides a summary of the processes involved when wind moves sand.
Sand grains move through saltation, the process of bouncing along the surface, and by surface
creep. Once the wind is able to dislodge a sand grain, the material is carried up into the moving
air by turbulence where it acquires energy from the moving air, and then eventually settles
through the air column due to its weight. When the saltating grains impact the ground surface, a
portion of their energy is transmitted to the grains on the ground. As such, some of the grains on
the surface are dislodged and are carried upward into the flow where they continue the process of
saltation, while others are moved forward on the surface by the horizontal momentum, a process
called surface creep.
Numerous field and laboratory studies have been conducted to evaluate Aeolian sediment
transport mechanisms.
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provides an evaluation of several methods and compares the relative capability and performance
of equations that define Aeolian transport. Chapman (1990) assessed the predictive capability of
seven methodologies and determined that Hsu’s (1986) equation had the highest predictive
capability. Hsu (1986) equation which is also the most recent of the evaluated methodologies, is
given by:
(5-1)
where
q = sand transport rate in gm/cm-s
u* = shear velocity
g = acceleration due to gravity
D = mean sand grain diameter
K = dimensional Aeolian sand transport coefficient
Of primary concern at Weirs Beach is the amount of sand being blown to either the north or to
the east and into either Meredith Bay or Weirs Channel. The current conditions at Weirs Beach
provide little resistance to the transport of wind-blown materials over and into the channel.
The long-term hourly wind data observed at the Weirs Beach Weather Station, KNHWEIRS3
that were used in the wave modeling, were also used as a basis for the Aeolian sediment
transport assessment. These wind data, in concert with the sediment grain size analysis (section
3.4), were used to determine the transport of wind-blown sediments. The critical shear velocity
was calculated based on the site-specific grain size, and the required wind velocity threshold
required to mobilize sediment was determined. From the approximately 27 years of hourly
observations, the wind speed and direction met or exceeded the required threshold to initialize
movement approximately 0.57% of the year.
Using Equation (5-1) to determine the sand transport rate (q), the total Aeolian volumetric
sediment transport rate was then determined by:
(5-2)
where
qv = the volumetric sand transport rate (cm3/cm-s)
q = sand transport rate in gm/cm-s
p = sediment porosity
= specific density of the sediment
This volumetric rate was determined for the average conditions that are able to mobilize
sediment to find the total amount of sediment that is mobilized by wind-blown processes over an
average year. The result of these calculations was that the Aeolian sediment transport rate was
612 yd3/yr to the east, as illustrated in Figure 5-5.
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612 yd /yr

Figure 5-5.
5.4

Aeolian transport at Weirs Beach.

COMBINED SEDIMENT TRANSPORT

Figure 5-6 provides a summary of the sediment transport processes that shape Weirs Beach. The
red arrow represents the alongshore, wave-driven sediment transport, which over an average
annual year is approximately 500 cubic yards per year to the east. It is likely that this material is
transported around the seaward end of the Weirs channel jetty and is deposited in the channel or
transported to the south into Paugus Bay and eventually deposits in the various marinas and
boating dock areas to the south. The black arrow represents the Aeolian (wind-blown) sediment
transport, which over an average annual year is approximately 600 cubic yards per year. It is
likely that this material is blown over the low profile jetty and into Weirs channel to the same
fate as the along-shore driven sediment (deposited to the south in Weirs channel). The blue
arrow represents the cross-shore wave-driven sediment transport due to storms and boat wakes,
which over an average annual year is highly variable, but generally is around 100 cubic yards per
year. It is likely that this material is deposited just offshore of Weirs Beach, and is unable to
migrate back on to the beach as it was transported beyond the normal depth of closure (the
offshore limit were sediment can be transported during normal conditions).
The observed annual erosion on the beach (as discussed in section 3.5) was determined to be
1,275 cubic yards per year. The modeled erosion on the beach was calculated to be
approximately 1,200 cubic yards per year. This indicates that the models did reasonably well in
predicting the sediment transport rates, and provides confidence that the models could be used to
accurately assess potential mitigations option, such as those recommended in Chapter 6, in the
Phase II portion of work.

Woods Hole Group

100 cy/yr

500 cy/yr

600 cy/yr

Figure 5-6.

Combined sediment transport processes and sediment budget at Weirs
Beach.
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An alternatives analysis is the basis for determining the optimal solution and assessing potential
impacts, both physical and environmental. A variety of factors are considered when evaluating
the various alternatives (e.g., cost, feasibility, performance, environmental impacts,
constructability, maintenance, permit requirements, etc.), with the overall objective focused on
selecting the optimal solution. As such, the goal of the assessment is to evaluate reasonable,
practicable, and feasible alternatives that will achieve the goals and objectives of the project,
while minimizing the short and long-term adverse effects, if any. The preliminary alternatives
discussion presented herein is based on the results of the existing conditions assessment and is
intended to lay the groundwork for the Phase II portion of this study. As such, this chapter
briefly presents a list of all of the alternatives that were considered, and then provides a subset of
those that are recommended for more detailed analysis and assessment.
The studied alternatives were geared towards mitigating the ongoing erosion occurring at Weirs
Beach. Careful consideration was given to all factors associated with each alternative. For
example, potential impacts on the neighboring shoreline, engineering feasibility, likelihood of
success, cost, etc. were all considered in the final selection process. The alternatives that were
viewed as the most highly advantageous were recommended for further analysis.
Over ten alternatives, in addition to the no action alternative, were considered in the initial
evaluation of potential solutions to the erosion occurring at Weirs Beach. Types of alternatives
that were considered included:






No action
Non-structural “soft” solutions (retreat/relocation, beach nourishment and manual
backpassing)
Structural “hard” solutions (revetments, groins, jetty modifications, breakwaters, and
seawalls)
Combinations of solutions (perched beach, beach nourishment with groins, etc.)
Alternative technologies (beach dewatering, nearshore berms, submerged offshore reefs,
and other alternative technologies)

Prior to the detailed alternatives analysis that will be conducted in Phase II, an initial screening
of all the alternatives was completed to narrow the alternatives to the most feasible options. This
initial screening process focused on evaluating the initial list of alternatives to ensure that the
proposed alternative met the project goals, was cost effective, used proven technology that was
successful in other similar projects, and was feasible from an engineering perspective. For
example, the proposed alternative should:




Maintain or improve current beach usage for a range of valuable recreational activities
(beach goers, swimmers, walkers, etc.)
Maximize beach lifetime
Minimize potential adverse impacts to neighboring shorelines, marine navigation, and the
environment
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Protect existing upland infrastructure from a return period storm
Be cost effective
Minimize shoaling in the Weirs Channel and areas to the south

After evaluating the alternatives in respect to the existing coastal processes at the site, Woods
Hole Group recommends that the following alternatives are passed forward to the Phase II
evaluation.












No Action – The no action alternative implies there would be no change to the present
conditions at Weirs Beach. Although this is not the preferred alternative for the City, nor
recommended by WHG, this alternative will be required to be evaluated as part of the
regulatory process
Enhance the Weirs Channel Jetty – Currently, a significant amount of sediment is
transported around the end of the existing jetty, as well as over the top of the jetty from
the dry beach. This alternative would evaluate extending and/or raising the elevation of
the jetty to reduce the amount of sediment transported into Weirs channel.
Target Sand Fencing along the East End of Weirs Beach – Aeolian transport is a
significant contributor to the sediment movement at Weirs Beach. This alternative would
evaluate the installation of target sand fencing and/or drift fencing along the east end of
Weirs Beach to limit the amount of sediment that is being lost to Weirs channel.
Improved Upland Drainage Management – Despite significant advancements in handling
the stormwater drainage at Weirs Beach, there is still room for improvement at the beach.
For example, significant runoff from the bathhouse has resulted in the slow erosion of
certain sections of the beach. This alternative does not have to be directly evaluated by
Woods Hole Group, but rather is a recommendation for the City to pursue.
Beach Nourishment - One of the primary causes of coastal erosion is a deficit of sediment
within the coastal littoral cell. To offset this deficit, nourishing the beach with
compatible sediment placement is a logical means for improving the longevity of the
shoreline where such a project is economically feasible. Beach nourishment does not
stop erosion. Rather, erosion and retreat is postponed by extending the shoreline further
seaward. As such, periodic renourishment must be anticipated. At a site like Weirs
Beach, the beach also provides a major recreational, and subsequently commercial,
benefit. Beach nourishment is typically the most non-intrusive technique for coastal
protection and involves placing sand, from an offshore, local dredging, or upland source,
in a designed template on an eroding beach. Beach nourishment is recommended for
further evaluation, and a range of potential design layouts, including various lengths,
beach widths can be evaluated in Phase II. In addition, beach nourishment is also
considered in concert with other structural alternatives (e.g., adjustable groins).
Beach Nourishment and Installation of Adjustable Groins - Woods Hole Group also
recommends that the beach nourishment also consider potential installation of an
adjustable groin(s) to help stabilize the beach. These groins would be significantly
different than the historic groins that were along Weirs Beach and are intended to be
easily adjusted such the sediment allowed to bypass each structure can be controlled.
This would allow the City to adaptively manage the beach to help try to extend the
longevity of sediment on the beach. Figure 6-1 presents an example of an adjustable
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groin cross-section constructed of timber with removable wood lagging that can be used
to control both the height and length of the structure(s). The structures are also much
safer than the steel based structures that had historically existed at Weirs Beach.
Manual Backpassing of Sediment - Manual backpassing consists of mechanically moving
sand form an accretion area back to an erosional area within a littoral cell or beach. This
approach has been implemented at other beaches (e.g., New Jersey coastline). Although
this method can provide some additional material to the eroding portion of the beach, it
will not supply enough material to fully stem the erosion on the western portion of the
beach. All of the material naturally transported from the western beach is not directly
obtainable by simple mechanical excavation. Therefore, manual backpassing would
require additional sediment supplements as well. However, manual backpassing is
recommended for further evaluation as a potential cost saving approach, and as a
supplemental source to recycle sediment as needed.

Figure 6-1.

Example of an adjustable groin.

These alternative would be evaluated thoroughly in Phase II in relationship to various factors
(e.g., cost, feasibility, performance, environmental impacts, constructability, maintenance, permit
requirements, service life, adaptive ability) to determine the optimal erosion mitigation control
solution for the City of Laconia. The final screening and alternatives analysis will consist of
applying the developed models to conduct detailed wave modeling, assessment of the sediment
transport, and evaluation of beach performance for each of the alternatives. The preferred
alternative may include one, or a combination of the above recommendations.

Woods Hole Group

Chapman, D. M. 1990. “Aeolian Sand Transport – An Optimized Model,” Earth Surface
Processes and Landforms, Vol 15, pp 751-760.
Haas, K. A. and D.M. Hanes. 2004. Process Based Modeling of Total Longshore Sediment
Transport. J. Coastal Res. v. 20, p. 853-861.
Hsu, S. A. 1986. “Correction of Land-Based Wind Data for Offshore Applications: A Further
evaluation,” Journal of Physical Oceanography, Vol 16, pp 390-394.
Jonsson, I.G. 1990. Wave-Current Interactions. The Sea. Vol. 9, Part A, B. LeMehaute and
D.M. Hanes, ed., John Wiley & Sons, Inc., New York.
Larson, M., Kraus, N.C., 1989. SBEACH: numerical model for simulating storm-induced beach
change. Report 1. Empirical foundation and model development. Technical Report
CERC-89-9. Coastal Engineering Research Center, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS.
Larson, M., Kraus, N. C., and Bymes, M. R. (1990). “SBEACH: Numerical model for
simulating storm-induced beach change; Report 2, Numerical formulation and
model tests,” Technical Report CERC-89-9, U.S. Army Engineer Waterways
Experiment Station, Coastal Engineering Research Center, Vicksburg, MS.
Mei, C.C. 1983. The Applied Dynamics of Ocean Surface Waves , Wiley-Interscience.
Raudkivi, A. J. 1976 Loose Boundary Hydraulics, 2nd ed., Pergamon Press, New York.
Smith, J.M, A.R. Sherlock, and D.T. Resio. 2001. STWAVE: Steady-State Spectral Wave
Model User’s Manual for STWAVE, Version 3.0. U.S.Army Corps of Engineers,
Vicksburg, MS.
Smith, J. M., and S.J. Smith. 2002. “Grid nesting with STWAVE,” ERDC/CHL CHETN I-66,
U.S. Army Engineer Research and Development Center, Vicksburg, MS.
Wright, Pierce, Barnes & Wyman. Beach Erosion Control Study for Weirs Beach. City of
Laconia, NH. 1976

