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ABSTRACT 

 The roughness of ninety-nine rocky bottoms is measured for nearshore 

bathymetric surveys (depths >5m to several km offshore) resolved at 1 or 2m extending 

the length of California. Visual inspection shows a wide variety of rock formations 

comprising the bottoms. Many flat areas are found in depressions amongst the rocks that 

presumably are filled with sediments. Roughness is measured as the standard deviation of 

the residual elevation, , about a mean planform that is averaged over 750m in the 

alongshore and cross-shore. The  vary from 0.35m to 8.6m with a mean of 2.1m. The 

measured rocky bottoms are significantly rougher than previously measured coral reef 

bottoms. Roughness scale is determined from ensemble-averaged wavenumber (k) 

spectra of elevation, , and of bottom slopes, (k) in both the cross-shore (x) and 

alongshore (y). All  are red with maximum variance at low wavenumber with 

slopes increasing from -1 to -3, have similar shapes, and appear near isotropic in x and y. 

Assuming a power law relationship in k, the slopes of  denoted as , are 

shown to be related to the slopes of , denoted as  by log   

+2 in x and y. Both  and  are isotropic in x and y evidenced by their 95% 

confidence intervals overlapping across the intermediate wavenumber scales <1/666m. 
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I. INTRODUCTION 

About 75% of the world’s coastlines can be described as rocky (Bird, 2011). Gon 

et al. (2020) defines the rocky shore as “quasi-random undulations of rock mounds or 

platforms that result in quick transitions between bathymetric highs and lows”. They 

further divide rocky shores into categories, including sub- and intertidal rocky reefs and 

rocky platforms. Rocky shores as a defined habitat have also been the focus of marine 

biological studies (e.g., Witman & Dayton, 2001). Rocky platforms are near planar 

beaches composed of relatively flat erodible rock comprising about 20% of rocky shores 

(Kirk, 1977; Emery and Kuhn, 1982; Trenhaile, 2002). To date, only Poate et al. (2018) 

explored the wave transformation on a few rocky shore platforms. And to date, only Gon 

et al. (2020) explored wave transformation across rocky reef seaward of the surf zone. To 

our knowledge, there has been no detailed quantification of the subaqueous rough 

bottoms of rocky reefs. The objective of this study is to characterize the roughness of the 

subaqueous rocky bottom for application to wave and current studies. 

Ardhuin et al. (2003) summarized the different processes for swell-sea waves due 

to bottom variability at different bathymetric length scales, L (see Fig. 1 in Ardhuin et al., 

2003). Refraction and shoaling of waves are described by large-scale (L>750 m) 

bathymetry associated with mild bottom slopes. The effects of intermediate-scale 

(750m>L>1m) bottom variability are described with wave–bottom Bragg (forward) 

scattering theory (Hasselmann and Collins, 1968; Long, 1973; Ardhuin and Herbers, 

2002; Ardhuin et al., 2003). The effect of small-scale roughness elements (1m>L>0.1m) 

is to enhance wave energy dissipation (Grant and  Madsen, 1982; Nielsen, 1992; Soulsby, 

1997). On sandy shores with O(cm) ripple roughness, bottom friction only causes 

significant wave attenuation over distances of O(10 km) (e.g., Ardhuin et al. 2003). On 

rougher topography, such as coral reefs, bottom friction induces large wave dissipation in 

shorter distances, significantly impacting wave transformation (Lowe et al., 2005; 

Monismith et al.,  2015; Lentz et al., 2016). Gon et al. (2020) found significant wave 

dissipation owing to bottom friction over a short distance on a rocky reef. They found 
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energy friction factors, fe, ranging from 4 to 34 that are larger than previously measured 

fe on coral reefs and three orders of magnitude greater than on sandy beaches.  

Coral reefs have rough bottoms and have been well-studied in recent years 

(Rogers et al., 2018; Duvall et al., 2019; amongst others). Although coral reef bottoms 

are generally not as rough as rocky bottoms (Gon et al., 2020), considerable insight can 

be gained from the knowledge obtained on coral reefs. Roughness metrics that have been 

commonly used to describe elevation variations about a mean profile (z’) include the 

standard deviation, 𝜎𝜎𝑧𝑧′, the ratios of physical length scales (rugosity), and topographic 

variation with spatial scale (wavenumber spectra) (Duvall et al., 2019). It was found for 

coral reefs 𝜎𝜎𝑧𝑧′ ranged from 0.03 to 0.99m (Table 1) (Nunes and Pawlak, 2008; Jaramillo 

and Pawlak, 2011; Rogers et al., 2018; Duvall et al., 2019, 2020), which are smaller than 

0.9m found by Gon et al. (2020) on a rocky reef.  

Table 1. Roughness as measured by standard deviation about the mean 
profile, σz’, and spectral wavenumber slope, αz. 

Morphology/ 
Author 

Area Resolution 
Technique 

σz’ (m) αz 

Rocky Bottom 
Current Paper 

California Coast  
99-(~860m x1345m) 

1m or 2m 
Sidescan sonar 

0.35-8.6 
mean 2.1 

-1 to -3 

Rocky Bottom 
Gon et al. (2020) 

Hopkins Marine 
Station, CA 
(100m x150m) 

1m 
Sidescan sonar 

0.9  

Coral Reef 
Nunes and 
Pawlak (2008) 

Honolulu, HI 
1100-(12.5m lines)  

10cm 
sonar 

 -3.0+/-0.7 

Coral Reef 
Jaramillo and 
Pawlak (2011) 

Honolulu, HI 
(6m x 6m)  

~10cm 
UAV sidescan 
sonar 

0.03-0.07 -0.89 to -1.73  

Coral Reef 
Rogers et al. 
(2018) 

Ofu, Samoa 
12-(~24m x 32m) 
 

10-30cm 
UAV video 

0.15-0.5 ~-2 

Coral Reef 
Duvall et al. 
(2019) 

Moorea, French 
Polynesia  
(256m x1000m) 

1m 
Topographic lidar 

0.22-0.99 -0.76, -1.12, -2 

Coral Reef 
Duvall et al. 
(2020) 

Moorea, French 
Polynesia 
3-(10m x10m) 

1cm 
Rotating scan 
sonar 

0.16-0.27 -1.44, -1.68, -1.78 
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Based on the studies of coral reefs, Rogers et al. (2018) argued that for the 

expected rough, turbulent flow, form drag dominates the bottom friction. Form drag is 

characterized by the hydraulic roughness, 𝑧𝑧0 = 𝑓𝑓(𝑧𝑧′,𝑑𝑑𝑑𝑑′ 𝑑𝑑𝑑𝑑⁄ )), where 𝑧𝑧′ is a measure of 

bottom roughness and 𝑑𝑑𝑑𝑑′ 𝑑𝑑𝑑𝑑⁄  is a measure of bottom slope. Both 𝑧𝑧′ and bottom slope 

were described at scale by wavenumber spectra over coral reefs (Nunes and Pawlak, 

2008; Jaramillo and Pawlak, 2011; Rogers et al., 2018; Duval et al., 2019, 2020). It was 

found that the wavenumber spectra could be generally described in terms of a power law, 

𝐺𝐺𝑧𝑧′(𝑘𝑘) = 𝐴𝐴𝑘𝑘−𝛼𝛼𝑧𝑧, where k is wavenumber, and the spectral slope 

−𝛼𝛼𝑧𝑧~ log�𝐺𝐺𝑧𝑧′(𝑘𝑘)� log(𝑘𝑘).⁄  Values of -αz for coral reefs range from -0.76 to -3.0 (Table 

1). In this study, wavenumber spectra of the elevations about the mean bottom planform 

and their bottom slopes are calculated to quantify the roughness variability of rocky 

bottoms over horizontal length scales in both the alongshore and cross-shore directions. 

High-resolution bathymetric surveys of complex bottoms are required to 

appropriately describe the roughness scales. High-resolution bathymetric surveys remain 

a costly, arduous task and often limit surveys to small, O(100mx100m) regions. In coral 

reef studies, multiple methods of obtaining high-resolution bathymetric surveys, O(cm), 

are used, including airborne topographic lidar, three-dimensional scanning multibeam 

sonar, unmanned aerial vehicle quadcopters, and autonomous underwater vehicles 

equipped with sidescan sonar (Table 1: Jaramillo and Pawlak, 2011; Rogers et al., 2019; 

Duvall et al.,2019, 2020). Evaluating the roughness of rocky bottoms along the length of 

California is uniquely possible owing to high-resolution (1-2m), nearshore seafloor 

datasets made available through the California Seafloor Mapping Program (CSMP) and 

the Seafloor Mapping Laboratory (SFML) at California State University Monterey Bay 

(CSUMB). The CSMP was formed to create coastal marine geological and habitat base 

maps for California’s waters from Mean Higher High Water (MHHW) out to ~ 6km 

(Johnson et al., 2017). A total of 280 subaqueous (>5m water depth) bathymetric surveys 

were provided spanning California’s ~1350km coastline. The California coast is complex 

owing to tectonics and geology. About 72% of the California coastline consists of rocky 

shores (Griggs et al., 2005), consistent with Bird’s (2011) analysis that 75% of the 

world’s shores are rocky.  
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Here, the subaqueous bottom roughness for rougher, rocky reefs along California 

is evaluated using CSUMB bathymetry. The research focuses on the intermediate scale. 

The methods for the preparation of the bathymetric surveys for analysis are described 

next in Chapter II, with the finding that rocky bottoms vary widely in appearance with no 

apparent typical bottom identified. In Chapter III, statistical analysis and results are 

presented and discussed in Chapter IV. The summary and conclusions are given in 

Chapter V, with a surprising conclusion that all the rocky bottoms examined are 

statistically similar and isotropic in cross-shore and alongshore in the range of 

intermediate wave scales (<666m). 
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II. METHODS-DATA PREPARATION 

A. HIGH-RESOLUTION BATHYMETRY 

Bathymetric surveys conducted from 2000-2014 were provided by the Sea Floor 

Mapping Laboratory (SFML) at California State University at Monterey Bay (CSUMB). 

The SFML used REASON Seabat multibeam sonars 8101, 8111, 7125, and 7111, with 

the model determined by the depth range of the survey area, and most having resolutions 

of ±20cm in the vertical and ±2m in the horizontal depending on the depth. SEA 

SWATHplus interferometric sidescan bathymetric sonars augmented the REASON 

multibeam systems in the extreme shallows (0-10m) (CSUMB-SFML, 2016). The inertial 

navigation system and global positioning system (GPS) that provided position and 

attitude had position accuracies of ± 2m in pitch and roll, heading accuracy of  ±0.02°, 

and heave accuracy of ± 5cm. (CSUMB-SFML, 2016). Each survey varies in cross-shore 

and alongshore extent. The bathymetric data are described in meters in Universal 

Transverse Mercator (UTM, zones 10 and 11) Easting, Northing, and vertical elevations 

in MLLW. 

Out of the 280 surveys, 102 surveys supported a spatial resolution of 1m or 2m 

that is adequate for describing the intermediate-scale, O(1-1000m), rocky morphology. 

The locations of the high-resolution surveys are shown in Figure 1. Excluded from the 

analysis herein are surveys with a spatial resolution coarser than 2m, those associated 

with bays and estuaries, and in locations where the bathymetry is altered by artificial 

structures (i.e., jetties and seawalls). Some regions were surveyed more than once, and 

the survey with the highest resolution with the most prominent coverage was selected. 

Lastly, surveys that did not extend to the 30m isobath were excluded.  
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The high (1m and 2m) resolution bathymetric survey regions are denoted by white-filled 
polygons overlaid on a bathymetric and topographic map of California. Regions 
subjectively identified as rocky are denoted by black-filled polygons. The red boxes 
indicate the regions with the highest rocky bottom roughness. 

Figure 1. Locations of bathymetry and rocky bottom subsets 
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B. INTERMEDIATE-SCALE, O(10-1000M), MORPHOLOGY 

1. Local Coordinate Frame Transformation 

Bathymetric surveys are transformed from a UTM geographic coordinate frame 

into a local coordinate frame for describing cross-shore (x) and alongshore (y). For a 

cross-shore and alongshore coordinate frame, a local (0,0) and rotation angle are 

required. The 30m isobath is the most consistent isobath amongst the bathymetric surveys 

and is the basis for describing the local coordinate frame. The Eastings and Northings 

(e30, n30) associated with the 30m isobath are extracted from the bathymetric data, where 

the subscript 30 represents the 30m isobath. The local (0,0) is the mean e30 and n30. The 

rotation angle (θ30) is determined by Principal Component Analysis (PCA) (Thomson 

and Emery, 2014) applied to e30 and n30. The PCA major axis represents the alongshore 

direction, and the PCA minor axis represents the cross-shore direction (Figure 2). 

Depending on the orientation, the PCA analysis may have a180-degree ambiguity. To 

address the orientation ambiguity, the e and n are extracted for 27m and 33m isobaths 

using the same local (0,0) and are locally rotated by θ30. The rotation is correct if x for 

the 33m isobath is located farther than the x for the 27m isobath. A 180-degree angle is 

added to the rotation angle if the opposite occurs. This procedure locally transforms all 

surveys. The assumption is that the rotated coordinate frame by the 30m isobath is the 

most representative of the cross-shore and alongshore orientations (Figure 2). This 

assumption matches the relative shoreline orientation for straight coastlines. Here the 

PCA major axis is much greater than the minor axis. For surveys associated with strongly 

curved or abrupt coastlines (e.g., regions around the Monterey Peninsula, Figure 2), the 

assumption is no longer valid, as seen by an increase in the PCA minor axis relative to 

the major axis. The procedure is still applied for complex shorelines. The orientations of 

intermediate-scale statistics are evaluated to determine the validity of using the 30m 

isobath to define the local coordinate frame.  
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Examples of the local coordinate frame transformation for varying bathymetric surveys 
(outlined in cyan and yellow) around the Monterey Peninsula based on the PCA of the 
e30 and n30. The magenta lines represent the PCA major (alongshore), and minor (cross-
shore) axes associated with e30 and n30. The survey outlined in yellow with green PCA 
major and minor axes is an example that occurs along a strongly curved coastline. 

Figure 2. Monterey Peninsula Principal Component Analysis (PCA) 

2. Intermediate-Scale Bathymetry 

The intermediate-scale bathymetry is separated from the total bathymetry (Figure 

3a) defined in the locally rotated coordinate frame. First, a low-pass filter described by a 

running average is applied to the bathymetric surveys to describe the large-scale 

bathymetry. The average of z is computed with a 750m-square window and spatially 

defined at the center of the window. The window is spatially shifted by 75m in both the 

cross-shore and alongshore directions across the survey (Figure 3a). The running spatial 

average represents the large-scale bathymetry (Figure 3b). A window size of 750m was 
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chosen, as it represents the approximate wavenumber cutoff between shoaling wave 

processes and those associated with Bragg scattering and bottom friction (Ardhuin et al., 

2003). The intermediate-scale results were similar using the 75m spatial step to that of 

the resolution (e.g., 1m or 2m) though computationally more efficient. The running 

average has inherent edge effects, which are accounted for by a spatial coverage 

percentage. The percentage of spatial coverage is defined as the available observations 

divided by the total amount within a 750m-square window multiplied by 100 (Figure 3c). 

A reduction in spatial coverage occurs near the edges. Here the spatial extent is limited to 

spatial coverages greater than 60% (green line in Figure 3a,c). The 75m-spaced, large-

scale bathymetry is linearly interpolated to the original 1m or 2m resolution. The surface 

elevation (𝑧𝑧′) of the intermediate-scale bathymetry (Figure 3d) is computed by 

subtracting the large-scale bathymetry (mean planform) (Figure 3b) from the total 

bathymetry (Figure 3a).  
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a) The total bathymetric survey from Cypress Point to Point Pinos off the Monterey 
Peninsula, defined in a local, rotated coordinate frame. b) The large-scale bathymetry 
computed spatially using a running mean average with a 750m-square window. c) The 
percentage of spatial coverage that occurs within the 750m-square boxes. d) The surface 
elevation (𝑧𝑧′) of intermediate-scale bathymetry obtained by subtracting the large-scale 
averaged bathymetry from the total survey. The yellow boxes represent the rocky bottom 
subsets that are visually selected for analysis. The green lines denote the location where 
the spatial coverage is 60%. 

Figure 3. Bathymetry of Cypress Point to Point Pinos, Monterey Peninsula 
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3. Selecting Representative Rocky Bottoms

Rocky bottom subsets were visually selected from intermediate-scale bathymetric 

maps to represent rocky bottoms. Rocky shores are complex and are often described by 

irregular mixed sections of sandy shores and rocky shores. The complexity of including 

mixtures of rock and sand bottoms is outside of the focus of the study herein but requires 

a subjective selection of rocky bottom subsets. There can be multiple subsets in a 

bathymetric survey. Examples of rocky bottoms selected for heterogeneity are outlined in 

yellow boxes in Figure 3d. The selection is based on areas that appear rocky and are 

nearly continuous in being rocky for approximately 1000m in the alongshore and 500m 

in the cross-shore. The alongshore distances range from 800m to 3300m, averaging 

1345m. The cross-shore lengths range from 200m to 2400m, with an average of 860m. 

The rocky bottom subsets selected are compared against available USGS seafloor 

compositional maps to verify that the subset co-occurs with rocky seafloor composition 

(Golden, 2016). A total of 99 rocky bottom subsets were selected believed to be 

representative rocky bottoms along the length of California (Figure 1, black polygon 

regions). Of the 99 rocky bottoms, 11 have 1m resolution and 88 have 2m resolution. 

Inspection of all 99 rocky bottoms finds a wide variety of planforms with no "typical 

rocky bottom" identified. The yellow box 2 (Figure 3d) is selected as an example of 

rocky bottom elevations for closer examination. Once the subset is selected, the bottom 

slopes in the alongshore and cross-shore are calculated (Figures 4b,c). The bottom slopes 

are calculated by taking the difference in the z’ divided by the resolution of the survey. In 

the rocky bottom of Figure 4a, the rocks appear to be slightly oriented in the cross-shore. 

For the bottom slopes, however, it is hard to identify an orientation and to discriminate 

the differences between x and y bottom slopes. 
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a) Example of an expanded view of the rocky bottom subset for bathymetry in the
vicinity of China Rock (Figure 3d yellow box 2) and histogram of bottom elevations, z’.
b) Bottom slope in the alongshore (βy) and histogram of βy. c) Bottom slope in the cross-
shore (βx) and histogram of βx.

Figure 4. Rocky bottom slopes in the alongshore and cross-shore directions 
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III. RESULTS 

The roughness as measured by the standard deviations of z’ (σz’) and slope (σβ) 

are plotted by latitude for each rocky bottom survey (Figures 5a,b). The σβ are calculated 

as the mean value of all slopes in the x- and y-directions for each subset. The σz’ range 

from 0.35m to 8.6m with a mean of 2.1m. The σβ range from 0.01 to 0.81 with a mean of 

0.22. There is an apparent correlation between bottom variability and bottom slope. 

Histograms for σz’ and σβ are shown beneath in Figures 5c and 5d.  

 
a) Standard deviations of z’ (triangles) for all 99 rocky bottom surveys shown in Figure 1 
by latitude. b) Standard deviations of β (squares) for all rocky bottom surveys shown in 
Figure 1 by latitude. c) Histogram of σz’ and d) histogram of σβ. The orange triangle and 
square correspond to China Rock (Figure 4), and the blue triangle and square correspond 
to Yankee Point (Figure 11).  

Figure 5. Standard deviations of z’ and β by latitude and histograms of σz’ 
and σβ 
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Linear regression analysis is performed to evaluate the relation between σβ and σz’ 

shown in Figures 5 a,b. A mean slope of 0.08 with a value of R2=0.75 is calculated 

(Figure 6). 

 
Figure 6. Linear regression of σβ with σz’  

Probability density functions (pdf) of 𝑧𝑧′� , 𝛽̂𝛽𝑥𝑥, and 𝛽̂𝛽𝑦𝑦 (hats indicate transformed to 

a standard normal variable) along with standard deviation, mean, skewness, and kurtosis 

calculated for all 99 rocky bottom subsets. Examples of the pdfs for the subset in Figure 4 

(China Rock) and the subset with the largest standard deviation of z’ (Yankee Pt.) are 

shown in Figure 7. The mean statistics for all 99 rocky bottom subsets and four example 

rocky bottom subsets are given in Table 2. 
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Examples of probability density functions for the subset in Figure 4 (China Rock) and the 
subset with the largest standard deviation (Yankee Pt.): a) Elevation pdf(𝑧𝑧′� ). b) 
Alongshore (x-direction) rocky bottom slope pdf(𝛽̂𝛽𝑥𝑥). c) Cross-shore (y-direction) rocky 
bottom slope pdf(𝛽̂𝛽𝑦𝑦). Hats indicate using a standard normal variable. 

Figure 7. Distributions of z’ and bottom slopes 
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Table 2. Rocky bottom statistics 

 All 99 
subsets 

CyPt to 
PtPn (1) 

CyPt to PtPn (2) 
(China Rock) 

CyPt to 
PtPn (3) 

Yankee 
Point 

σz' (m) 2.1 3.6 1.6 2.2 8.6 
σβx .22 .37 .25 .29 .53 
σβy .22 .40 .29 .31 .51 
Sz' .80 .49 .48 .59 .43 
Sβx 2.9 3.1 1.7 1.7 3.4 
Sβy 3.0 3.0 1.8 1.7 3.5 
Κ z' 2.6 1.7 1.7 1.8 1.8 
Κβx 14 13 5.1 5.3 15 
Κβy 15 12 5.8 5.1 16 

The standard deviation (σ), skewness (S), and kurtosis(Κ) of z’, βx, and βy. Column two lists the 
statistics for all 99 rocky bottom subsets. Columns three through five show statistics for Cypress 
Point (CyPt) to Point Pinos (PtPn) and rocky bottom subsets 1, 2, and 3 (Figure 3d). Column six 
is the statistics for Yankee Point (Figure 11). 

 

For determining roughness with length scales, wavenumber spectra are calculated 

for z’, 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘), and bottom slopes 𝛽𝛽, 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘), in both the x- and y- directions every 1m or 

2m dependent on the resolution for each rocky bottom subset. The hat signifies ensemble 

averaging. Individual wavenumber spectra of z’ in the x-direction, 𝐺𝐺𝑧𝑧𝑧𝑧(𝑘𝑘), are calculated 

for each cross-shore profile for every increment in the alongshore direction about the 

mean planform (e.g., Figure 4a) by detrending the profile, applying a Hanning window, 

and normalizing by dividing by the high-passed variance (>1/750m). The ensemble-

averaged normalized spectrum of z’ in the x direction, 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘), is then calculated as the 

average of all the cross-shore spectra. The degrees of freedom are two times the number 

of cross-shore profiles, nominally 1345 degrees of freedom for the 2m resolution data. A 

similar procedure is performed for z’ in the y-direction resulting in a normalized 

ensemble average spectrum with nominally 860 degrees of freedom for the 2m resolution 

data. All 99 rocky bottom 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) for x and y are shown in Figure 8a. The 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) in x and 

y are similar in shape and approximately isotropic. The result is that the cross-shore and 

alongshore spectra are plotted together over each other as 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) (Figure 8a). The 
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variance of 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) is dominant at low wavenumbers and decreases towards the highest 

wavenumbers by two orders of magnitude. There is apparent higher variability of the 

spectra at the higher wavenumbers that may result from normalizing by the total variance, 

where the total variance is dominated at low wavenumbers. The curve up at the highest 

wavenumbers is owing to aliasing about the Nyquist wavenumber. The spectra appear to 

have at least two power law slopes, which are examined next. 

The slopes of the log𝐺𝐺𝑧𝑧𝑧𝑧(𝑘𝑘) spectra, log 𝛼𝛼𝑧𝑧 = 𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙𝐺𝐺𝑧𝑧𝑧𝑧(𝑘𝑘)) ⁄ (𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙 (𝑘𝑘) ), are 

calculated by computing a linear regression for five successive spectral estimates moving 

one k interval at a time across each 𝑙𝑙𝑙𝑙𝑙𝑙𝐺𝐺𝑧𝑧𝑧𝑧(𝑘𝑘) for all 99 rocky bottom subsets for both x 

and then y directions. Then the slopes from all rocky bottom spectra are binned into forty 

equal logarithmically spaced bins to obtain a mean ensemble averaged slope, 𝛼𝛼𝑧𝑧�(𝑘𝑘), for 

both x and y (Figure 8c). The 𝛼𝛼𝑧𝑧�(𝑘𝑘) gradually decrease with wavenumber from -1 to -3. 

The turn-up at high wavenumbers owing to aliasing is even more pronounced as 

differentiating the spectrum (calculating the slope) acts like a high pass filter that 

accentuates high wavenumbers. The spectra in Figures 8c,d have been truncated at the 

Nyquist for the 2m resolution data. The 95% confidence intervals are computed for each 

bin based on the degrees of freedom for 99 averaged values times the number of spectral 

estimates in each bin times two that vary across the spectrum. The x and y slope spectra 

are similar except at low wavenumbers. The confidence intervals of x and y spectra 

overlap for wave numbers >(1/666m), indicating the 𝛼𝛼𝑧𝑧�(𝑘𝑘) are isotropic within this 

region of wavenumbers with 95% confidence. 

The bottom slopes of z’s in x and y are computed as a measure of roughness by 

calculating the difference between adjacent points and dividing by the respective 

resolution (e.g., Figures 4b,c). The wavenumber spectra for bottom slopes, 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘), in x 

and y are calculated in the same manner used to calculate the 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) by detrending the 

data, applying a Hanning window, and normalizing by dividing by the high-passed 

variance (>1/750m) and ensemble-averaging. The normalized spectra for bottom slopes 

in x and y are also similar and are therefore plotted over each other as 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) (Figure 

8b). The variance of 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) is dominant at a middle wavenumber of about 0.05 m-1 
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(1/25m). The curve up at the highest wavenumbers is again owing to aliasing about the 

Nyquist wavenumber. 

The spectral slopes for the bottom slope wavenumber spectra, 

 𝛼𝛼𝛽𝛽�(𝑘𝑘) = 𝑑𝑑(𝑙𝑙𝑙𝑙𝑙𝑙(𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘)) 𝑑𝑑(log(𝑘𝑘))⁄ , are calculated in the same manner as 𝛼𝛼𝑧𝑧�(𝑘𝑘) above 

for all 99 rocky bottom subsets for both x and y directions. (Figure 8d). The slopes of the 

bottom slope spectra are statistically isotropic over wavenumbers >1/666m based on the 

overlapping confidence intervals between the x and y slope spectra. The 𝛼𝛼𝛽𝛽�(𝑘𝑘) decrease 

with wavenumber from .75 to -1.5 and have shapes similar to the 𝛼𝛼𝑧𝑧�(𝑘𝑘) (compare Figure 

8d with 8c and note different scales). The turn-up at the highest wavenumbers again is 

owing to aliasing. 

 
99 rocky bottom wavenumber spectra: a) Normalized (by variance) wavenumber spectra 
of z’, 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘). b) Normalized (by variance) wavenumber spectra of bottom slopes, 
𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘). c) Averaged 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) spectral slopes (αz’). d) Averaged 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) spectral slopes 
(αβ). Black lines are the y-direction (alongshore), and red lines are the x-direction (cross-
shore). The vertical black and red lines are the 95% confidence intervals. 

Figure 8. Average spectra and spectral slopes of z’ and bottom slope of 
rocky bottoms 
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Standard deviations of z’ in the x and y directions are calculated as the area under 

the high-pass spectra of z’. A high-pass cutoff of 1/666m is used because if the cutoff of 

1/750m is used the standard deviations are dominated by variance at lowest 

wavenumbers, where the spectral slopes in x and y diverge at 1/666m (see Figure 8c,d). 

The histogram of the standard deviations of z’ in the x-direction divided by the y-

direction is shown in Figure 9a. 80% of the ratios occur within ±20% of 1, suggesting the 

rocky bottoms are approximately isotropic in the x- and y-directions. The histograms of 

the standard deviations of the bottom slopes in the x-direction divided by the y-direction 

are shown in Figure 9b. 87% of the ratios occur within ±20% of 1, also suggesting the 

rocky bottoms are approximately isotropic in the x- and y-directions. 

 
a) Ratio of the standard deviations of z’ in the x-direction (cross-shore) divided by the y-
direction (alongshore). b) Ratio of the standard deviation of the bottom slopes in the x-
direction (cross-shore) divided by the y-direction (alongshore). 

Figure 9. Histogram of the ratio of the standard deviations in x- and y-
directions 
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IV. DISCUSSION 

A. BOTTOM ROUGHNESS 

The roughness of the bottom is measured as the standard deviation of the 

elevation (z’) about the demeaned planform, 𝜎𝜎𝑧𝑧′ , for the ninety-nine selected rocky 

bottoms along the California Coast (Figure 5a). The largest 𝜎𝜎𝑍𝑍′ are located approximately 

at latitudes of 36.5N and 39.2N. The mean 𝜎𝜎𝑍𝑍′ for all subsets is 2.1m with a range of 0.35 

to 8.6. By comparison, coral reef 𝜎𝜎𝑍𝑍′ ranged from 0.03 to 0.99m. The rocky bottom at 

China Rock (Figure 4), for which 𝜎𝜎𝑍𝑍′= 1.7m, has large undulations spread out over the 

1800m by 500m subset with peaks (red) up to 10m, and relatively large areas of flat 

depressions (-2m) displayed in blue. For comparison, the rocky bottom with the largest 

𝜎𝜎𝑍𝑍′ out of the ninety-nine rocky bottom subsets is 8.6m at Yankee Point (Figure 10). The 

bottom at Yankee Point has large undulations spread out over the 1100m by 600m subset 

with peaks (red) up to 35m, and relatively large flat depressions (-15m) displayed in blue. 

The bottom slopes of the rocky bottom subsets are calculated as another measure 

of roughness. The standard deviations of bottom slope, 𝜎𝜎𝛽𝛽, are found to be largest at the 

same locations that have the highest 𝜎𝜎𝑍𝑍′ (Figure 5b). Qualitatively, it is difficult to 

distinguish by eye the differences between plan views of the slopes in x and y shown in 

Figures 4b,c, and 10b,c. The areas with a larger positive or negative slope in the x 

direction are similar to areas with a larger positive or negative slope in the y direction. 

The white areas representing 0 slope are in the same areas in both x and y and generally 

occur in depressions indicated by negative z’ (blue). The depressions presumably are 

filled with sediments that are relatively smooth. To quantify the suggested isotropy, the 

distribution of the ratio of 𝜎𝜎𝑍𝑍′ in the x-direction are divided by the 𝜎𝜎𝑍𝑍′ in the y-direction 

are calculated. 80% of the ratios are found to occur within ±20% of 1 (Figure 8a). The 

ratios for 𝜎𝜎𝛽𝛽 are similarly calculated with  86% of the ratios occurring within ±20% of 1 

(Figure 8b), indicating the rocky bottoms are approximately isotropic in the x- and y-

directions.  
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a) The rocky bottom subset with the largest 𝜎𝜎𝑍𝑍′=8.6m at Yankee Point bathymetry. b) 
Bottom slope in the alongshore (βy) of the rocky bottom subset. c) Bottom slope in the 
cross-shore (βx).  

Figure 10. Rocky bottom elevation (z’) and bottom slopes (β) of Yankee Point 

B. WAVENUMBER SPECTRA OF Z’ 

The wavenumber spectra of z’ and their spectral slope spectra are computed as a 

measure of roughness with scale. The ensemble-averaged normalized wavenumber 

spectra of elevations 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) in x and y for all 99 rocky bottom subsets are similar across 

wave numbers (Figure 8a) as further evidence the rocky bottoms are near isotropic and 

homogeneous in x and y. The three coral sites studied by Duvall, et al. (2020) also 
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exhibited isotropy. However, the coral reefs were over separate inhomogeneous areas. On 

the other hand, sandy bottoms tend to be homogeneous but may be strongly anisotropic 

owing to directional sand features such as linear ripples (Jackson and Richardson, 2007) 

or large sand ridges up to 10m heights found by Ardhuin et.al. (2003). The wave-number 

elevation spectra are limited to intermediate wave process scales of <750m, which does 

not capture all of the variance as 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) are still increasing at the lowest wavenumbers 

(<1/750m). Thus, the variance along the California coast is calculated at limited scales. 

The spectra are red with the spectral density highest at the largest scale features and 

decreasing for the smaller-scaled features (Figure 8a), which was also found by coral reef 

researchers (Table 1). It was found in the previous coral reef studies that wavenumber 

spectra could be described in terms of a constant power law where the 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑧𝑧𝑧𝑧(𝑘𝑘)  spectra 

had a constant slope in log k. The spectral slopes of z’ of coral reefs ranged from -.76 to -

3.0 (Table 1). The averaged wavenumber spectra of the spectral slopes 𝛼𝛼𝑧𝑧�(𝑘𝑘) for all 99 

rocky bottom subsets in x and y are isotropic with 95% confidence for k<1/666m (Figure 

8c). The x spectral slopes at wavenumbers lower than 1/666m tend to flatten or decrease, 

whereas the spectral slopes in y tend to increase. The 𝛼𝛼𝑧𝑧�(𝑘𝑘) range from -1.0 to -3.0, 

proceeding from lowest to highest wavenumbers (Figure 8c). 

C. BOTTOM SLOPE WAVENUMBER SPECTRA 

The bottom slope ensemble-averaged normalized wavenumber spectra, 

𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘), and their averaged slopes, 𝛼𝛼𝛽𝛽�(𝑘𝑘), in x and y are calculated for the rocky bottom 

subsets (Figures 8 b,d). The spectral slopes 𝛼𝛼𝛽𝛽�(𝑘𝑘) range from 1 to -1 (Figure 8d). The 

averaged slope spectra for surface elevation log 𝛼𝛼𝑧𝑧�(𝑘𝑘) and the slope wavenumber spectra 

𝑙𝑙𝑙𝑙𝑙𝑙 𝛼𝛼𝛽𝛽�(𝑘𝑘) are identical in shape with a shift of +2 in magnitude (compare Figures 8d 

with 8c). The 𝛼𝛼𝛽𝛽�(𝑘𝑘) are also isotropic.  

Rogers et al. (2018) found in coral reef studies that finer resolved bathymetry 

resulted in greater variance in z’. They examined bottom slope spectra with varying 

resolutions from 6 to 270cm. The maxima of the spectra appeared to shift to lower 

wavenumbers as the resolution increased. Here, bottom slope spectra with different 

resolutions were examined by truncating the 1m resolution bottom data to 2m and 4m. 
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No difference in spectral shape could be discerned for different resolutions (not shown). 

Therefore, it is concluded that there is no significant difference in the spectra as the 

resolution increases, at least for the resolutions examined here. 

D. FOURIER MODEL OF BOTTOM ROUGHNESS 

Following Duval et.al. (2020), the rough bottom elevation in the x-direction can 

be represented in Fourier space as 

  [1] 

where 𝐴𝐴(𝑘𝑘) is the amplitude of the Fourier component, and 𝜀𝜀 is a random phase. 

The wave-number spectrum is approximated as 

  [2] 

The slope can be expressed as 

  [3] 

The slope spectrum is similarly given by 

  [4] 

Building on these results and letting the normalized wave number spectrum be 

given by a power law 

  [5] 

where 𝐵𝐵(𝑘𝑘) is the spectral magnitude, 𝛽𝛽(𝑘𝑘) is a local slope. Then, 

  [6] 

From [4] and [5], the slope spectrum is 
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  [7] 

where 𝑘𝑘2 acts as a transfer function transforming 𝐺𝐺𝑧𝑧𝑧𝑧(𝑘𝑘) to 𝐺𝐺𝛽𝛽𝛽𝛽(𝑘𝑘). Taking the 

log of [7] gives 

  [8] 

The interest here is to relate the slope spectra of the bottom elevations to the 

bottom slopes. The slope spectra from [6] and [8] are given by 

  [9] 

and, 

  [10] 

where here  and . 

Combining [9] and [10], 

  [11] 

The effect of applying the transfer in log space is to shift the spectral slopes of the 

z’ spectra by a magnitude of +2, giving the same shape (dotted line) compared with the 

spectra of the bottom slope spectra (Figure 11). The spectral slopes of the surface 

elevation are all negative. However, shifting the magnitude by +2 results in the spectral 

slopes of the bottom slopes being positive and negative. The transformed bottom 

elevation spectra compare well with the spectra of the independent directly measured 

bottom slopes except at the lowest and highest wavenumbers (Figure 11). The differences 

between measured and transformed spectra at low numbers may be due to the noisiness 

(variability) of the bottom slope spectra at low wavenumbers or a bias in the transformed 

slopes owing to differentiating at the highest wave number (Brandt and Brincker, 2014). 
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The discrepancies at the highest wavenumbers are associated with the aliasing. When 

transforming to  the 2 orders higher energy is transformed into the aliased 

tail, making it too large. It is found that using a Fourier representation of the bottom 

elevation gives a good representation of the bottom. 

 
The lower black (x-direction) and red (y-direction) curves are spectral slopes for z’ 
spectra, 𝛼𝛼𝑧𝑧�(𝑘𝑘) for the rocky sub boxes. The upper black (x-direction) and red (y-
direction) curves are the spectral slopes of the bottom slope spectra, 𝛼𝛼𝛽𝛽�(𝑘𝑘). The dashed 
black and red lines are the result of applying the transfer function of the spectral slopes of 
z’ (eq. 11). 

Figure 11. Transfer function of the spectral slope 

The 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) tend to have maxima at intermediate wavenumbers (Figure 9b). 

Individual unnormalized 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) are smoothed using a 5-point running average and the 

location of the maxima is determined (Figure 12). The maxima in 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) indicate at 

what scale the bottom has the steepest slope. 80% of the maxima fall in the range of 15 to 

80m. Rogers et al. (2018) concluded that for fully developed turbulent flow expected 

over rough coral reef bottoms, the bottom stress is dominated by form drag that is 

greatest for the steepest slope; they associated the steepest bottom slope at the maximum 

of 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) as the scale of dominant hydrodynamic processes.  
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Ardhuin et al. (2003) calculated bottom slope wavenumber spectra for the sandy 

bottom shelf off Duck, North Carolina with regions of large sand ridges and ripples 

owing to wave motion indicated (Figure 12). The rocky bottoms measured here are orders 

of magnitude greater than the sandy bottom roughness over all scales. Regions of wave 

processes dominated by wave refraction and Bragg scattering are indicated. Using 

Ardhuin’s scale, it is found that the bottom slope wavenumber spectra of the ninety-nine 

rocky bottom subsets occur where wave-bottom interactions are dominated by Bragg 

scattering (Figure 12).  

 
Wave bottom interactions, for different topography scales. The light gray lines are the 
unnormalized bottom slope spectra (αβ) of the rocky bottom subsets. The location of the 
maximum variance for each spectrum is indicated for the cross-shore (red dots) and 
alongshore (black dots). The black lines depicting sand ridges and relic ripples are 
adapted from Ardhuin et al., 2003. 

Figure 12. Wave bottom interactions 
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V. CONCLUSION 

The bottom roughness of 99 rocky bottom subsets is calculated along the entire 

California coast from bathymetry data with 1 or 2m resolution obtained from California 

State University Monterey Bay’s Seafloor Mapping Laboratory. The 99 subsets provide a 

large population to make meaningful statistical inferences. Roughness is defined as the 

elevation deviation, z’, about a mean planform that is averaged over 750m in the 

alongshore and cross-shore. The <750m is the scale of intermediate wave processes. 

Visual examination of the rocky bottom z’ find them to vary widely in appearance. 

Measures of roughness include statistical parameters of standard deviation, σz, skewness 

and kurtosis, probability functions, and wavenumber spectra of elevation, 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘), and 

bottom slopes,  𝐺𝐺𝛽𝛽𝛽𝛽�(k). 𝜎𝜎𝑧𝑧 of the rocky bottom subsets vary widely from 0.3-8.6m with 

an average roughness of 2.1m (Table 1). The measured rocky bottoms are significantly 

rougher than previously measured roughness for coral reefs ( 0.03 < 𝜎𝜎𝑧𝑧<  0.99). 𝜎𝜎𝑧𝑧 and 

𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) in x and y are similar, suggesting rocky bottoms are isotropic in the cross- and 

alongshore directions. The 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) spectra are red, with the highest variances at the lowest 

wave numbers. The bottom slope 𝜎𝜎𝛽𝛽 are linearly related to bottom roughness 𝜎𝜎𝑧𝑧 with 

𝜎𝜎𝛽𝛽 ∝ 0.8𝜎𝜎𝑧𝑧 (𝑅𝑅2 = 0.75). 

The average spectral slopes of all 𝐺𝐺𝑧𝑧𝑧𝑧� (𝑘𝑘) in x and y, 𝛼𝛼𝑧𝑧�(𝑘𝑘), and the average 

spectral slopes of all 𝐺𝐺𝛽𝛽𝛽𝛽� (𝑘𝑘) for bottom slopes in x and y, 𝛼𝛼𝛽𝛽�(𝑘𝑘), are isotropic with their 

95% confidence intervals overlapping for the intermediate wave scales <1/666m (Figure 

8c,d). The range of spectral slopes of z’ are similar to those found in coral reefs (Table 1). 

The 𝛼𝛼𝑧𝑧�(𝑘𝑘) decreases with wavenumber from -1 to -3, the same range found for coral 

reefs. The spectral shapes of 𝛼𝛼𝑧𝑧�(𝑘𝑘) and 𝛼𝛼𝛽𝛽�(𝑘𝑘) are near identical. A Fourier model is 

derived for surface elevation and bottom slopes. Assuming the elevation spectra are 

described by a power law in wavenumber space, it is shown that the slopes of the bottom 

slopes can be obtained by the spectral transformation log 𝛼𝛼𝛽𝛽�(𝑘𝑘) = log 𝛼𝛼𝑧𝑧�(𝑘𝑘) +2. The 

𝛼𝛼𝛽𝛽�(𝑘𝑘) obtained by the spectral transformation and 𝛼𝛼 𝛽𝛽� (𝑘𝑘) and from independently 

measured bottom slopes compare well. Therefore, rocky bottom roughness can be 
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reasonably described using a Fourier representation. The k at which 𝛼𝛼 𝛽𝛽� (𝑘𝑘) is maximum 

indicates the scale of the steepest mean slope. The steepest slope is the scale that 

determines the dominant form drag for bottom dissipation (Rodgers et al., 2018). The 

length scales where 80% of the maximum slopes occur range from 15 to 80m for rocky 

bottoms.  
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