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Abstract 

Using digital photographs, this study investigates sediment movement eastwards 

by the dominant northwest swell in Freshwater Bay, WA. Twenty samples were taken at 

five locations and analyzed with the Cobble cam analysis package. It was found that sand 

and smaller pebbles were more prevalent on the western updrift shore than on the delta 

face and that no silt and clay were found on the foreshore. Sand was not evident on the 

most eastern site and mean sediment grain size increased eastward. Wave rays hit the 

western face of the delta orthogonal to the shore and result in more pronounced cusps in 

the eastern direction. The westerly portion experiences oblique waves and results in 

longshore transport eastward in Freshwater Bay. Pacific Ocean swell from the west had 

the most impact while local wind-generated waves from the northeast and northwest had 

the least. Pebbles were selectively moved by the wave regime for each section of beach. 

All the sediment along the western delta was removed and indicates that longshore 

transport is sediment starved. 
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1. Introduction  

 Wave activity transports sediment along beaches with a net movement in the 

direction of the dominant wave climate.  These sediments are supplied by eroding bluffs 

or river discharge and the sand portion may be deposited in accretionary spits, low-

energy bays, or stored in offshore bars. Historically, the shoreline between the Elwha 

delta and Ediz Hook (the spit that forms Port Angeles harbor) was nourished both by 

Elwha River sediments and by erosion of the glacial bluffs west of the delta (Fig. 1). 

Beginning in 1913, Elwha River sediment delivery to the ocean has been disrupted by 

two dams: the Elwha Dam (~8 km from the mouth) and the Glines Canyon Dam built in 

1927 (~21 km from the mouth). As a result, the only significant sediment supply in the 

last century has been from erosion of the bluff along Freshwater Bay. The predominant 

transport direction of this beach sediment is from west to east (Warrick, et al., 2011). 

This sediment is insufficient to nourish the beach east of the delta and has resulted in 

significant erosion from the delta east to Ediz Hook. This is a study of how the dominant 

wave pattern transports sediment differentially depending on grain size along the 

shoreline of Freshwater Bay and how much is supplied to the downdrift side of the delta.  

The specific goals of this study were 1) to find a correlation between wave characteristics 

collected with an instrument tripod on the delta and wave events recorded by the wave 

buoys at Neah Bay and Hein Bank, and 2) to build a conceptual picture of the littoral 

transport system presently active on the delta. 
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Figure 1. Northern Olympic Peninsula and Strait of Juan de Fuca. Locations of the study 
area and two NOAA wave buoys.    
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2. Background  

2.1 Regional  
The Elwha River drains ~800 km2 of the Olympic Peninsula and flows north into 

the Strait of Juan de Fuca. Its drainage basin lies primarily in the Olympic National Park. 

The river has a short length and steep gradient, ~1.4 km fall in 70 km of river (Warrick, 

et al., 2011). Poorly-sorted bluffs of glacial till deposited ~20,000 ago and tectonic uplift 

of the wave terrace resulted in erosional bluffs ~50m in height. Material from both these 

sources is carried eastward by wave activity predominantly from the NW direction 

(Miller, et al,. 2011). 

2.2 Topical  
The westward face of the Elwha delta is perpendicular to the predominant wave 

pattern and experiences no change, neither prograding nor degrading, on an inter-annual 

scale. The cusps can be transitory and change position and size quickly with changing 

wave patterns (Van Gaalen, et al., 2011).  

Sediment transport is driven by wave energy re-suspending sediment within the 

surf zone. Waves oblique to the shore surface drive sediment downdrift (Bramato, et al., 

2012). Bramato also found that cusps were modified by strong onshore wave patterns on 

the shore at Carchuna Beach, Spain. Gravel remained on the beach while sand was driven 

offshore and stored in an offshore bar. Subsequent milder conditions returned this 

sediment to the beach. 

 

3.0. Methods 
 
Two data sets were collected for this study: sediment grain size and wave height 

data. Groups of four photographs were taken along the shoreline between the Freshwater 
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Bay bluffs and the Elwha River delta to the east (Fig. 2). Photographs representative of 

bed sediment were taken on 4/4/2012 at paired cusp horns and embayments. The four 

photos were of the seaward end of the horn, berm end of the horn, berm end of the 

embayment, and seaward end of the embayment. Sediment samples representative of the 

morphology of a group of cusps were taken. Photos were taken from ~1 m height with a 3 

in. x 5 in. (76 mm x 128 mm) index card in the photo as a scale bar. Digital size analysis 

conducted on the photos (Warrick, 2009) with slight adjustment for scaling was used for 

grain-size analysis. Cobble cam is not a strictly quantitative system, Pentney and Dickson 

(2010) find that correlation increases between sieved samples and digitally analyzed 

samples when the same sample is re-distributed multiple times. This is due to the depth 

dimension of a hand-collected sample. The digital samples only compare the surface, 

while the hand-sieved samples incorporate some grains from beneath the surface.   

Two sediment samples were also taken to corroborate the digital sediment size 

analysis. These samples were wet sieved and the sediment larger than 4 phi was dry-

sieved at whole phi intervals from 4 phi to -8 phi in order to determine the sediment size 

distribution. These hand-sieved samples were then compared to the digital grain-size 

analysis. 

  The second data set was composed of wave and current data taken from NOAA 

buoys at Neah Bay and Hein Bank (http://www.ndbc.noaa.gov/), and data from an 

acoustic Doppler current profiler (ADCP) on an instrument tripod in the Elwha delta. The 

NOAA buoys are northwest and northeast of the Elwha delta and take measurements 

twice each hour (Fig. 1). The ADCP was placed off the mouth of the Elwha River from 

November 2011 to April 2012, the ADCP collected data in six minute bursts every hour.  
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Figure	
  2.	
  Study	
  site	
  along	
  eastern	
  edge	
  of	
  Freshwater	
  Bay.	
  Samples	
  proceed	
  from	
  
west	
  to	
  east	
  and	
  include	
  a	
  sample	
  of	
  a	
  bluff	
  along	
  the	
  Strait	
  ((183)	
  and	
  a	
  sample	
  
from	
  a	
  bluff	
  along	
  the	
  river.	
  Elwha	
  River	
  mouth	
  is	
  between	
  sample	
  #188-­‐#187.	
  
Wind	
  and	
  swell	
  exposure	
  is	
  to	
  the	
  northwest.	
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Significant wave heights obtained from ADCP and buoy data were compared during 

storm-events and during periods of calm in order to find a correlation between surface 

waves at the NOAA buoys and waves at the delta tripod.  

 
 
4. Results 
 
4.1 Beach grain size 
 Freshwater Bay (Fig. 2) beach sediment is characterized as mixed cobble and 

sand. Mean grain sizes were 0.8-50 mm (0Φ to -6Φ) at the western end of the study area 

and 31.9-119 mm (-5Φ to -7Φ) at the eastern end. The beach along Freshwater Bay is 

supplied with sediment from a poorly-sorted bluff (Fig. 3) with grain size from -5 phi to 8 

phi. Figure 3 shows a bluff sediment sample from Freshwater Bay beach (#183) that is 

dominated by large clasts and sand. The beach in front of this bluff had moderate cusp 

formation with very coarse sand (0Φ) in the embayments and very coarse pebbles (-4Φ) 

at the base of the cusp horns. There was no sand present and only very coarse pebble and 

cobble at the eastern site (#187). The beach samples taken show a general trend towards 

larger mean grain size and reduced sand content in an easterly direction (Fig 4). As you 

progress eastward, the clasts are larger and cusps start to form. 

In figure 4, two anomalies stand out: the horn base in #184 and the cusp mouth in 

#184. Visual inspection of these photographs shows one very large clast in the horn base 

that skews the digital analysis. Likewise, in the cusp mouth photograph, there are only 

four clasts in a photograph that is 95% sand. The high values for mean grain size are an 

artifact of the processing method. The Cobble cam method has difficulty recognizing 

clast differences over a range of phi sizes that is too large. In both these cases, the system 

recognizes the largest clasts and doesn’t register the smaller ones (Warrick, et al, 2009).  
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Figure 3. Hand-sieved sample from bluffs at Freshwater Bay. This poorly-sorted sample 
was dominated by coarse pebbles but had a wide range of fine pebbles, sand, and mud. 
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Figure 4. Mean grain-size distribution along Freshwater Bay beach. Five groups of four 
photographs were taken from west (#183) to east (#187) along the beach. 
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4.2 Morphology 
 Visually, beach steepness and backshore change along the shoreline in Freshwater 

Bay. The beach was less steep at the western end (#183) and had a low-tide terrace 

composed of sand or finer sediments. The western portion of the beach was backed by a 

bluff ~50 m in height and had minimal driftwood armoring. The portion of the beach 

where samples #184-186 were taken had a wide backshore with many houses and 

prominent driftwood on the more recently deposited storm berm (Fig. 5). Lastly, sample 

#187 was taken on the delta near the river mouth, where the shoreline faces northwest. 

The eastern end had a steeper profile with a cobble low-tide terrace (Warrick, et al, 2011) 

and was backed by a winter berm capped with driftwood (Fig. 5). 

The easternmost cusps (#187) were much more pronounced than the western with 

a height of ~0.5 m and wavelength of ~10m. Very coarse pebble horns with very coarse 

sand embayments were present in the western end of the study area. Larger cobbles were 

present in the horns at the eastern end of Freshwater Bay and the embayments were 

composed of pebbles and small cobbles (Fig. 4). The shorter wavelength and more 

pronounced cusps were present on the area of the delta exposed to the dominant swell 

arriving from the northwest. 
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Figure 5. Eastern portion of Freshwater Bay and the Elwha River delta. The up-raised 
wave terrace composed of glacial till can be seen behind the backshore. The wide 
backshore protects this bluff from erosion. Faint cuspate forms can be seen on the 
foreshore. 
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4.3 Dominant wave pattern 

 Ocean swell from the northwest can be accompanied by short period waves 

generated by local winds. These short period wave patterns can propagate from the west, 

north, or the east. Winds from the south will be blocked by the Olympic Mountains (Fig. 

1). Box A shows an event with easterly winds at Hein Bank (Buoy #46087), a swell of ~1 

m, and almost no wave activity on the delta (panel 5, Fig. 6). Box B indicates SW wind at 

Neah Bay (Buoy #46088) and waves of 6-8 m with a substantial period, this is 

accompanied by high wave activity at #46087 and winds alternating from the east and 

west. Box C associates high wave activity on the delta with westerly winds and large 

swell in the Strait of Juan de Fuca. 
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5. Discussion 
  
5.1 Morphology 
 By visual inspection, Freshwater Bay beach has a shallower profile and more 

fines offshore. There is a sandy low-tide terrace and the toe of the bluff directly behind 

the beach is lightly armored with driftwood. 

 Again, visually, the portion of the beach along the Elwha delta is steeper with a 

cobble low-tide terrace and a storm berm capped with driftwood. It was shown that 

steeper beach profiles increase the speed of the returning flow and lead to offshore 

movement of larger grain sizes (Hequette, et al., 2001).  

5.2 Beach grain size 
 Beach mean grain size increases in an eastward direction, progressing from #183 

to #187. Horn points in Freshwater Bay (#183) are medium pebble to very coarse pebble 

while points along the Elwha delta (#187) are small cobbles. The same holds true with 

the embayments, cusps at #183 are very coarse sand and cusps at #187 are very coarse 

pebble or cobble. This illustrates either a fining towards the west or removal of fine 

sediments in the east.  

In an unpublished report related to this study, Yiyan Ge found fine particles in the 

subaqueous area of Freshwater Bay just offshore of #183. She also found fines on the 

subaqueous delta offshore of #187 where we found very coarse cusp formations in the 

intertidal region.   

Given that there are appreciable amounts of silt (Fig.3) in the bluffs that are the 

sediment source for Freshwater Bay, but no silt visible in any of the digital photographs 

of the beach, or, for that matter, no visible staining of fingertips when we rubbed the sand 

between our fingers, then the silt must move offshore or very quickly alongsore. This 
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agrees nicely with Ge’s findings. The same situation holds true on the subaqueous delta 

to the west of #187. Here Ge found fine particles on the seabed just offshore of the area 

we encountered with substantial cusp formation, large pebbles and cobbles in the cusps, 

and a relative lack of sand.  

There are relatively few studies of mixed sand and gravel beaches according to 

Mason and Coates (2001), they contend that there are no studies that observe the most 

important factors of mixed grain sediment transport, namely, hydraulic conductivity and 

infiltration and groundwater. Our samples were taken in a short length of beach that 

changes from low hydraulic activity to much higher activity, since we move from small 

grain with silt directly off the bluffs towards a large clast, open pore situation where the 

cusps have formed from large pebbles and cobbles.  

5.3 Dominant wave direction 
Figure 6 (panel 4) shows that the dominant wind and wave direction at the Neah 

Bay buoy, at least for the winter months, is from the west. This concurs with Warrick, et 

al., (2011) which states that the dominant ocean swell impacting the Elwha delta is from 

the northwest. Also seen in Figure 6 (panels 1-5, box A), when wind and swell from the 

west is reduced, there is minimal wave activity on the delta. This allows us to assume that 

longshore transport will be from the westerly swell. If we recorded noticeable wave 

activity on the delta when there were periods of reduced western wind or swell then we 

would have to correlate longshore transport with whatever wave and wind conditions 

were ongoing. During the winter months, we should be able to assume the constant wind 

form the west and that longshore transport is towards the east. Again, this agrees with 

Warrick, et al, (2011), but it should be noted that tidal currents still play a part in moving 
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suspended sediment and that ebb tides can carry sediment to the west. The point we are 

making is that sediments in the surf zone will most often be transported to the east. 

Backstrom, et al., (2008) find that cuspate delta shape and topography control the 

near shore currents with longshore being favored under some conditions and offshore 

being favored under others. Another similarity to the Elwha delta is their finding that 

continuous unidirectional waves favor offshore transport and this is exactly the situation 

on the western face of the delta. Offshore transport along the seabed is the condition 

likely to result in cusp formation. On the delta face we have waves almost continuously 

from the northwest and where they dissipate on the shoreline we have cusp formation. 

Bluck (2011) also finds a correlation between wave strength and beach profile. He 

observed a strong correlation between wave energy and beach steepness. More energetic 

waves lead to steeper beaches, these steeper beaches have a faster backwash carrying 

sediment offshore, and the steep profile is maintained. 

6. Conclusion 
Sediment movement is driven by dominant swell from the Pacific and results in 

transport eastward. In addition, sediments in Freshwater Bay come from the bluffs 

backing the beach. The ocean swell refracts around Observatory Point and results in 

oblique waves approaching the shoreline in Freshwater Bay. This induces longshore 

transport eastward of sand grains and the possible re-suspension of fine particles that are 

carried offshore by wave backwash and deposited in the subaqueous portion of 

Freshwater Bay.  The eastward-moving sand grains continue to move along the shore 

until they reach the area of the delta that has direct exposure to swells approaching from 

the northwest. As the sand grains enter this area of prominent cusps they are driven 
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offshore by the more powerful wave rays perpendicular to the beach and are deposited on 

the subaqueous delta. 
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