
204

Wind-generated ocean waves deliver energy to coastal
ecosystems and fundamentally structure the physical environ-
ment and associated biological communities. Wave orbits are
compressed as they enter shallow water and generate bottom
orbital velocities that expose coastal regions to forces unri-
valed in terrestrial environments (Denny 1987). The seafloor
and associated benthic organisms are frequently exposed to
forces equivalent to those generated by 130 mph winds and
when waves shoal forces can be comparable with those asso-
ciated with 1600 mph winds (Denny and Gaylord 2002).
Ocean waves can be economically and ecologically devastat-
ing when reaching catastrophic magnitudes capable of erod-

ing coastlines (Dayton et al. 1989), leveling entire coral reefs
(Dollar and Tribble 1993; Fabricius et al. 2008), denuding kelp
forests (Ebeling et al. 1985; Seymour et al. 1989), and destroy-
ing nearshore nursery habitats (Swiadek 1997; Valiela et al.
1998). Even moderate waves are important for structuring
physical environments of coastal regions through their effects
on local oceanography. For example, they induce currents
(Storlazzi and Jaffe 2002), mix the water column (Storlazzi et
al. 2003), and modify the seafloor by suspending and trans-
porting sediments (Bagnold and Taylor 1946; Cacchione and
Drake 1982; Hanes and Huntley 1986) and eroding hard sub-
strates (Storlazzi and Griggs 2000).

Wave energy can determine the structure and function of
nearshore ecosystems by modifying the relative strengths of
disturbance, recruitment, and species interactions (Menge and
Sutherland 1987). It can be a major source of mortality by dis-
lodging organisms from substrates (Gaylord et al. 2008; Stor-
lazzi et al. 2005), scouring (Irving and Connell 2006; Konar
and Estes 2003), battering (Dayton 1971; Denny 1985; Ebeling
et al. 1985; Seymour et al. 1989), and overturning boulders
and cobbles (Sousa 1979). These processes are known to influ-
ence species diversity of communities (Connell 1978). In addi-
tion, waves contribute to the delivery of nutrients (Leigh et al.
1987) and planktonic prey (Finelli et al. 2009) in coastal
marine environments and drive water column mixing, influ-
encing levels of dissolved oxygen (Storlazzi et al. 2003). These
factors, through their influence on organisms that vary in
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metabolic requirements, may contribute to patterns of species
abundance and community composition. Furthermore, wave
exposure can have strong indirect effects on communities by
influencing the growth (Hurd 2000; Storlazzi et al. 2005),
movement (Lauzon-Guay and Scheibling 2007), and interac-
tions (Navarrete and Menge 1996) of marine organisms. All of
these effects in combination make wave exposure one of the
most important processes contributing to the structure and
function of nearshore marine ecosystems.

Oceanic swell is modified in the nearshore by bathymetry
and the coastline resulting in substantial spatial variation in
the magnitudes of wave-associated forces, ranging from large-
scale exposure gradients (Harrold et al. 1988) to small-scale
variation within habitats (Denny et al. 2004; O’Donnell and
Denny 2008). Consequently, individuals, communities, and
ecosystems experience and respond to wave exposure at a vari-
ety of spatial scales. While measuring wave exposure at appro-
priate spatial scales is fundamental to understanding marine
ecosystems, this remains a challenge because instruments are
expensive, difficult to use, or don’t measure at appropriate
temporal scales (Denny et al. 2004). Because of this,
researchers have often resorted to simply characterizing areas
as either “exposed” or “protected,” as noted by Palumbi
(1984). More quantitative approaches are possible using inex-
pensive devices designed to measure hydrodynamic force with
small drogues and springs (Bell and Denny 1994; Palumbi
1984), or that measure average water flow through the disso-
lution of blocks of plaster (Doty 1971) or gypsum discs
(Santschi et al. 1983). Unfortunately, these devices only mea-
sure maxima or averages, and therefore, are unable to charac-
terize the temporal distributions of events. Acoustic instru-
ments, which have largely replaced older impeller,
electromagnetic, and pitot tube technologies that measure
currents, provide very accurate measurements of water veloc-
ity at high sampling frequencies. However, acoustic Doppler
velocimeters (ADVs) and acoustic Doppler current profilers
(ADCPs) are expensive (typically US$15-25 thousand) and
logistically difficult to deploy, requiring the support of vessels
with hydraulic hoists for deploying heavy instrument pack-
ages. These factors restrict the number of units that can be
deployed concurrently, limiting the spatial coverage and reso-
lution of measurements.

In addition to advances in instrumentation, our under-
standing of the factors affecting wave generation and propa-
gation through the ocean is rapidly improving with the pro-
liferation of oceanographic buoys and the development of
increasingly accurate swell models such as those available
through the Coastal Data Information Program (CDIP). How-
ever, the accuracy of models degrades in nearshore environ-
ments due to the complexity of coastal topography (Wiberg
and Sherwood 2008) and general lack of high-resolution
bathymetry data in the nearshore (0-10 m depth).

As a solution to the current tradeoff between accuracy and
cost of measuring wave exposure, we developed what we sub-

sequently refer to as the Underwater Relative Swell Kinetics
Instrument (URSKI). It is a submerged float anchored just
above the substrate by a tether, which moves freely with the
water motion generated by waves. An inexpensive, off-the-
shelf, accelerometer and data logger (hereafter referred to as an
acceleration logger) is mounted inside a protective housing
and records the tilt of the float. Analysis of the acceleration
record provides estimates of bottom orbital velocities. In this
article, we (1) describe how to build an URSKI, (2) explain its
operation in theoretical terms, (3) assess its accuracy and pre-
cision, and (4) evaluate theoretically and empirically how
aspects of its design affect performance.

Materials and procedures
An URSKI consists of a float, housing (for the acceleration

logger), tether and anchor (Fig. 1, Appendix A: Section A).
“Pendant G” acceleration loggers produced by Onset Corpora-
tion (UA-004-64) were selected for this application because
they are small (58 ¥ 33 ¥ 23 mm), waterproof (to 30 m), inex-
pensive (< US$80 in 2009), reasonably accurate (± 0.105 g),
have relatively high resolution (0.025 g), and enough memory
for short deployments (64 kb). The loggers record time series
data that can be downloaded directly to a computer using an
optic USB base station (U-1). Interruption to continuity of
time series caused by downloading can be eliminated by over-
lapping the sampling periods of replacement URSKIs with
those they are replacing. Another approach is for divers to
download the loggers underwater using a waterproof shuttle

Fig. 1. An expanded view of an URSKI. The housing is designed to sep-
arate in the center, allowing easy access to the acceleration logger for
downloading. Air in the float provides buoyancy. 

http://www.aslo.org/lomethods/free/2011/0204a.pdf
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(U-DTW-1). Underwater downloading requires less than 3 min
and also eliminates the need for replacement URSKIs.

Tethers were made from 3-mm nylon parachute cord, and
floats were made from inverted translucent beverage bottles
(diameter: 61 mm, length: 225 mm overall length, volume: 520
mL). The floats were marked with a permanent marker to indi-
cate the level to which they should be filled by divers in the
field to achieve standardized air volumes. URSKI housings were
made in two parts (Fig. 1, Appendix A: Section A) to allow
divers to access the acceleration loggers: a section of PVC pipe
(35 mm inner diameter) and a slip-on pipe coupler (length:
31.5 cm, weight: 110.6 g, internal volume: 136.3 cm3). All parts
were fastened with nylon cable ties through holes in the pipe.
Although URSKIs used in this study were attached to metal
earth anchors that were screwed into sand, they can be
attached to the sea floor in many ways including with
weighted anchors or eyebolts cemented into rocky substrates.
Principles of operation

The maximum bottom orbital velocity (ub) generated by
wave surge is a good indicator of forces exerted on substrates
and marine organisms and is calculated for shallow water
using linear theory as

(1)

where H is wave height, T is wave period, d is water depth, s is
height above substrate, k is wave number (= 2p/L), and L is
wavelength (Denny 1988). Wavelength can be approximated
for shallow water as L = (gT2/2p)(tanh(4p2d/T2 g)0.5, where g is
acceleration due to gravity (Eckart 1952).

URSKIs move with wave surge in an arc defined by the
length of rope (i.e., tether) that affixes them to the bottom
(Fig. 2). The movement of URSKIs depends on the magnitude
of water velocity and the wave period. To explain how URSKIs
work, the effect of each component on URSKI movement will
be addressed separately.
URSKI response to water velocity

The response of URSKIs to the horizontal component of
orbital velocities is analogous to how they would behave in a
steady, unidirectional flow of water. As water flows past
URSKIs, they experience a lateral drag force (Fd)

(2)

where rw is the density of seawater, u is water velocity relative
to the URSKI, Cd is the coefficient of drag, and A is the pro-
jected area of the buoy and housing. URSKIs experience a ver-
tical buoyant (Fb) and horizontal drag force (Fd) resulting in a
net force (Fnet) with magnitude

(3)

At equilibrium, Fnet will be both equal in magnitude and
opposite in direction to the force (Ftension) applied by the tether,

at which point the angle of deflection (q) of the buoy is equal
to the angle of the Fnet vector (Fig. 2). Therefore q can be cal-
culated as

(4)

It is clear from Eqs. 2-4 that buoyancy, drag coefficient, and
projected area are key components of URSKI design that deter-
mine the sensitivity of URSKIs to horizontal water motion.
URSKI response to wave period

If displaced laterally and then released in still water, URSKIs
oscillate in damped harmonic motion at a natural period (Tn)
determined by the “stiffness” of the system and the length of
the tether. For small deflections, the natural period is calcu-
lated as

(5)

where S is the length of the tether and m is the effective mass
(i.e., the sum of the URSKI’s mass and the added mass of sea-
water that acts as if it moves with it). The added mass is cal-
culated as arwV; where a is the added mass coefficient, rw is
the density of seawater, and V is the volume displaced by an
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Fig. 2. Terms defining the equilibrium position of an URSKI float (circle)
in water flowing at velocity u. URSKI horizontal position and the associ-
ated angle measured by the accelerometer (q) is defined by the balance
between horizontal drag (Fd) and the horizontal component of FTension (Fr). 
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URSKI. In wave environments, the natural period of an URSKI
must be less than the period of the waves it is measuring. Oth-
erwise, an URSKI may underestimate water velocity if the nat-
ural period (Tn) is greater than the period of the waves and
may overestimate water velocity, due to resonance, if the peri-
ods are equal. To avoid these problems, we designed the URSKI
with a natural period shorter than 5 s, the periods of most
ocean waves (Denny 1988), and furthermore, used computer
simulations, based on the mathematical model presented for
Nereocystis luetkeana by Denny et al. (1997), to ensure that
URSKIs are sufficiently damped to prevent resonance. We also
used computer simulations to verify that an URSKI has ade-
quate buoyancy to avoid chaotic motion, a condition
described by Denny and Hale (2003) for N. luetkeana that
would have compromised the accuracy of an URSKI.
Adjusting URSKIs for variable conditions

URSKIs can be used across a wide range of wave conditions,
however to maximize their sensitivity and accommodate max-
imum water velocities in different environments, some adjust-
ments to tether length and buoyancy may be required. In gen-
eral, greater buoyancy maintains URSKls within operable
amplitudes. While increasing buoyancy favorably reduces the
natural period (Tn) of URSKls, it comes at the cost of sensitiv-
ity. Low buoyancy, in contrast, maximizes sensitivity but
increases the natural period of URSKls and can reduce accu-
racy. This problem is overcome by shortening the tether,
thereby reducing the natural period of URSKls (but see Appen-
dix A: Section B for guidelines).
Calculating instantaneous tilt (qi)

Tilt is calculated from the proportion of gravity recorded in
the horizontal axes of the accelerometer. The instantaneous
angle of an URSKI (qi), therefore, is calculated from the mag-
nitude of the vector sum of accelerations in the X-and Y-axes
(Fig. 3)

(6)

where xi and yi are the measured accelerations for each axis at
time i. The calculation of qi is based on the assumption that the
URSKI is stationary because the accelerometer does not distin-
guish between acceleration due to a change in velocity and
acceleration due to gravity. Although URSKIs are not stationary,
maximum accelerations due to non-breaking waves are typi-
cally less than 1 m/s2, about 10% of gravitational acceleration.
In our simulations (with depth = 9 m, height = 1 m, period = 10
s), lateral accelerations never exceed 5% of the gravitational
acceleration recorded in the instrument’s horizontal axes. Thus
the contributions of lateral accelerations can be ignored.
Sources of instrument error and solutions

An important potential source of error is intrinsic, derived
from variation among instruments themselves. Nonvertical
alignment of the accelerometer within the URSKI housing and
asymmetries that cause URSKIs to lean are additive sources of
error that are minimized by constructing URSKIs with stan-

dardized dimensions, symmetry, and balance. Some error,
however, is unavoidable, and must be corrected for by either
(1) calibrating instruments before use or (2) determining cor-
rection factors from the data following deployment. In both
cases, correction factors are used to correct for tilt error in each
axis by incorporating them into the calculation of the instan-
taneous angle

(7)

where xc and yc are the tilt correction factors (see Appendix A:
Section C for generating correction factors).
Effect of currents on URSKI measurements

Another source of error is extrinsic, derived not from the
instruments themselves but from water currents that can con-
found measurements of orbital velocities. Currents may cause
error in URSKI measurements of wave energy (1) by damping
oscillations of instruments (thereby reducing estimates of ub)
and (2) by holding URSKIs at a tilt (thereby inflating estimates
of ub), making spatial and temporal comparisons problematic.
To address this problem, we discuss how to analyze URSKI data
to (1) generate a simple index of relative current strength for
identifying periods of strong currents or (2) generate correc-
tion factors for URSKI measurements of waves (for a descrip-
tion of these approaches refer to Appendix A: Section D).

URSKIs may also be used to measure the strength of unidi-
rectional water flow, even in environments with waves. Cur-
rent strength is estimated from the average deflection of
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Fig. 3. Illustration showing how tilt of an URSKI (q) is calculated from
instantaneous accelerations. As the logger tilts, the proportion of gravity
recorded in the horizontal X- and Y-axes of the acceleration logger
increases toward 1 g, allowing the calculation of q by simple geometry. 
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URSKIs from their vertical position over appropriate time
intervals (1,n). Average deflections are calculated using Eqs. 6,
7, or D2 by substituting xi and yi with the means of accelera-
tions in the X- and Y- axes over that interval:

(8)

where i is all observations [1,n] during hour interval v. With
calibration against a flow meter or by calculations from a force
model, angles of deflection can be converted to flow velocity.
Generating time series

Instantaneous URSKI measurements do not individually
estimate wave energy, but the distribution of these observa-
tions can be used to characterize wave energy. Over time,
URSKIs sample at different phases of the waves, so mea-
surements are combined over relevant time intervals, such as
hours, to generate each estimate. Time intervals must be short
enough to capture temporal variability across the times series,
yet include enough measurements to populate a distribution
that characterizes the wave form. We suggest two methods for
summarizing URSKI measurements over intervals using (1)
hourly means of angles, and (2) hourly standard deviations of
accelerations (Fig. 4).
Method 1: Hourly means of angles

One approach for generating a time series of URSKI mea-
surements is to summarize the angles calculated by Eqs. 6, 7,
or D2 over hourly intervals using an appropriate statistic. We
suggest calculating the average magnitude of deflection that
URSKIs experience over hourly intervals (but for some appli-
cations, percentiles may be more appropriate). Method 1 is pre-
ferred over Method 2 for calculating real (not relative) water
velocity in the absence of an ADV (or similar instrument) for
calibration because the relationship between angles of deflec-
tion and water velocity can be calculated from a force model.
If relative magnitudes are all that are desired or calibrations
against another instrument are possible, it is preferable to use
Method 2 to summarize URSKI data for comparisons.
Method 2: Hourly standard deviations of accelerations

URSKI measurements can also be summarized using the
standard deviations of accelerations over hourly periods. Wave
orbital velocities are continuously changing in magnitude and
the associated variance better characterizes the range of wave-
induced velocities than the mean. To generate a relative esti-
mate of orbital velocities over a time interval, the standard
deviation of the magnitude of the accelerations in the X-Y
plane over that interval is calculated as:

(9)

This approach provides relative estimates of orbital veloci-
ties, however, if actual rather than relative orbital velocities
are desired, the values can be calibrated against an ADV or
ADCP. The method using standard deviations rather than
hourly means in wave environments is recommended because

it is robust to intrinsic tilt error and does not require correc-
tion factors or prior calibrations.

Assessment
Materials and procedures

The accuracy of URSKIs was tested by comparing their per-
formance to orbital wave velocities measured in situ by an ADV
and to velocities generated by computer models provided by
CDIP. In addition, the influence of specific attributes of URSKI
design (i.e., tether length, buoyancy, and sampling frequency)
on sensitivity and operable range was tested. To isolate the
effects of each component, a baseline URSKI design was com-
pared with three others, each with only a single change to
either the frequency of sampling, tether length, or buoyancy
(Table 1). Three replicates of each design were deployed adja-
cent to an ADV operated by the US Geological Survey as part of
a long-term deployment at the end of the municipal wharf in
Santa Cruz, California (USA) at a depth of 9 m (MLLW). URSKIs
were deployed over a level sandy bottom on the same isobath
as the ADV, roughly parallel to shore. URSKIs were spaced 2 m
apart to prevent them from tangling with each other, and repli-
cates were arranged in an alternating configuration to ensure
independence. Comparative trials were initiated just before the
arrival of large swells (reaching significant waves heights of 4 m
and peak wave periods of 13 s) on 10 Dec 2008 and 15 Jan 2009.
The trials ran for 10 and 8 d, respectively.
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Fig. 4. Flow chart outlining the possible methods used to generate time
series data from raw accelerations in X- and Y-axes of URSKIs. Method 1
calculates the angle associated with the average of accelerations over an
interval and can be used with a force model to calculate water velocities
(u). Method 2 yields relative values for u unless calibrated against an ADV
or ADCP. 
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In the deployment adjacent to the municipal wharf, the
ADV sampling volume (~1 cm3) was located approximately 40
cm above the bed. The ADV system measured velocity and
pressure at 4 Hz for 1024 s every 2 h, and data were transmit-
ted to shore daily by Ethernet.

Wave statistics were calculated from the instantaneous data
following Wiberg and Sherwood (2008). For each 1025 s burst,
representative bottom orbital velocity ubr was calculated as

(10)

where u and v are the two horizontal components of velocity,
and the primes indicate the difference from the burst mean.
Significant wave height Hs and dominant wave period Td were
calculated from the spectrum of wave orbital velocities.

Model results in the form of Hs and Td for the location and
time period of the trials were furnished by the Coastal Data
Information Program, Integrative Oceanography Division,
operated by the Scripps Institution of Oceanography
(http://cdip.ucsd.edu/) based on buoys 029, 46042, 071, and
157 for ground swell and 46042 and 157 for seas.
Analyses

To determine the accuracy of the URSKI designs tested in
this study, URSKI measurements were compared with inde-
pendent estimates of ub generated by the CDIP model and the
ADV. Estimates of significant maximum water velocity (ubs) for
the CDIP model were calculated from Eq. 1 using hourly sig-
nificant wave height and dominant period. ADV estimates of
ubr were available for every other hour. URSKI hourly time
series (averaging across replicates for each design) were calcu-
lated using both Methods 1 & 2 and were compared with ubs

from the CDIP model and ubr from the ADV using correlation
analyses. Hourly values of wave statistics and URSKI mea-
surements were log transformed to improve normality.

To evaluate precision (i.e., variation among replicates) for
all URSKI designs, hourly standard deviations and coefficients
of variation among replicates for each hour were calculated.
Based on the assumption that replicate URSKIs experienced
identical wave conditions (because they were along the same
isobath and separated by no more than 30 m), standard devi-
ations of hourly URSKI measurements were used as estimates

of instrument error among replicates. Coefficients of variation
for the upper and lower 10% of ubs (based on CDIP wave sta-
tistics) experienced during the trials were used to test the mag-
nitude of instrument error at high and low wave energies.

To test whether error among instruments would confound
spatial or temporal comparisons of orbital velocities for each
URSKI design, variance tests that indicate the proportions that
instrument error contributed to overall variation of each trial
were used. The proportions were calculated as (Pr

σ2 = σ
2
r /[σ

2
r +

σ2
t]), where variance among replicate URSKIs (σr), is the geo-

metric mean of the variances among replicates of hourly data
(summarized by Method 2) for each trial, and the temporal
variance (σt) is among hourly means of replicate URSKIs over
the trial. This approach scales the contribution of instrument
error to overall variance between 0 (small) and 1 (large),
thereby indicating the limit below which URSKIs cannot dis-
tinguish differences between loggers. The best URSKI design
has the highest correlation with ubs and ubr, lowest standard
deviation among replicates, and the lowest variance in pro-
portion to overall variance.
Results

Wave conditions during the trials were typical of winter
swell events along the coast of central California, USA. Repre-
sentative Hs measured by the on-site ADV ranged from 0.12 to
0.62 m (mean = 0.30, sd = 0.10) in trial 1 and 0.15 to 0.53 m
(mean = 0.38, sd = 0.11) for trial 2. Td ranged from 7.19 to
14.46 s (mean = 11.17, sd = 1.80) in trial 1 and 10.57 to 15.33
s (mean = 12.71, sd = 1.12) in trial 2. ubr ranged from 0.05 to
0.21 m/s (mean = 0.13, sd = 0.04) during trial 1 and 0.07 to
0.26 m/s (mean = 0.18, sd = 0.05) during trial 2. URSKI-
recorded values tracked changes in ubs and ubr from both the
CDIP model and ADV, respectively (Fig. 5).

ADV and CDIP estimates of ub over both trial periods were
highly correlated (P < 0.0001, Pearson r = 0.93). URSKI mea-
surements obtained using both Methods 1 and 2 were compared
with values of ub measured by the ADV and modeled by CDIP.
The strongest overall correlation was between ADV mea-
surements and the hourly standard deviations from Method 2 (P
< 0.0001, Pearson r ≥ 0.93) (Table 1). In general, standard devia-
tions of accelerations by Method 2 showed stronger correlations
with ADV measurements than did means of angles by Method 1

u u vbr = ′ + ′2 2 2( ( ) ( ))σ σ

Table 1. Specification of four URSKI designs used in this study and correlations with measurements of orbital velocity made by an in
situ ADV (ubr) and with calculations of orbital velocities generated from a CDIP wave model (ubs). URSKI data were summarized using
Method 2. All correlations are highly significant (P < 0.0001). Bold values indicate URSKI properties that differed from the other designs. 

Specifications Correlations
URSKI Float Tether Sampling CDIP ADV 
design volume Buoyancy length Tn Area frequency N ubs (m/s) ubr (m/s)

(mL) (N) (m) (s) (m2) (Hz) (hours) Pearson R Values

A 75 0.3912 1 9.48 0.0171 0.1 165 0.90 0.95
B 75 0.3912 1 9.48 0.0171 0.025 358 0.90 0.93
C 300 2.6536 1 3.65 0.0171 0.025 358 0.92 0.93
D 75 0.3912 0.5 6.71 0.0171 0.025 358 0.93 0.95



Figurski and Malone Measuring wave exposure inexpensively

210

(Table 1). Of the different physical designs tested, URSKIs with
short tethers showed the highest correlation, explaining 91% of
the variation in ubr (Table 1). However, the lowest performing
designs, baseline and high buoyancy, still explained 86% of the

variation in ubr (Table 1). Increasing the sampling frequency of
the acceleration logger from 0.025 to 0.1 Hz (Design A)
decreases variation among replicate URSKIs (Fig. 6), but in this
study explained only 3% more variation (Table 1).

Fig. 5. Temporal variation of orbital velocities and measurements made by URSKIs over two field trials (A and B). URSKIs were precise (top panel). All
URSKI designs were accurate (middle and bottom panels), showing good correlation with ubr measured in situ by an ADV and against ubs predicted by a
CDIP swell model. 
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URSKI precision was assessed using standard deviations and
coefficients of variation (CV) among replicates of hourly mea-
surements (Table 2). The CVs for all URSKI designs were over-
all quite low, ranging from 4.3-18.4%. Designs B-D demon-
strated lower precision (using Method 2, CVs ranged from
12.2% to 18.4%) during periods with slowest water velocities
(i.e., lowest 10%) compared with periods of high water veloc-
ity (i.e., upper 10%) when precision was greatest (CVs of 8.8%

to 10.5%). This represented a 14% to 52% decrease in CV. Of
these three designs, the one with the greatest buoyancy
(design C) had poor precision (CV = 18.4%) at low water veloc-
ities and excellent precision (CV = 8.8%) at high water veloci-
ties. Design D with the short tether had good precision across
the range of water velocities (CVs = 12.2% and 10.5% for low
and high, respectively). Design A, that sampled at the highest
frequency demonstrated good precision at low water velocities
(CV = 12.5%) and excellent precision (CV = 4.3%) at high
water velocities.

The power of URSKIs to discern spatial differences when
single instruments were used at each location also was
assessed. URSKIs were found to be capable of detecting differ-
ences as little as 4% to 7% using Method 2 (Table 3).

Discussion
URSKIs precisely and accurately estimated orbital velocities

(Fig. 5), explaining as much as 91% of the variation in ubr mea-
sured by the ADV (Table 1), and distinguished differences of as
little as 4% of the overall variation during the field trials (Table
3) conducted during moderate swells for central California.
Whereas modifications to key components of URSKI design
(e.g., tether length and buoyancy) may improve results, this
study shows that URSKI performance is relatively robust across
a range of design specifications, including increases of tether
length from 0.5 to 1.0 m and buoyancy from 0.4 to 2.7 N.
Where maximum performance is needed, the accuracy of
URSKIs can be optimized by maximizing their sensitivity,
keeping them from leaning past an angle of 70°, reducing
their natural period, and avoiding chaotic motion. Although
this can be accomplished with modifications to tether length,
buoyancy, effective mass, or projected area, the latter two are
difficult to modify once an URSKI is built. Therefore, it is sug-
gested that URSKIs be constructed according to the directions
here, but with adjustments to floats and tethers, as needed, for
optimizing performance in different wave environments.

The relatively small amount of memory in the acceleration
loggers used for this study could be a constraint for many
applications, limiting the sampling frequency and overall

Fig. 6. A comparison of identical URSKIs sampling at different frequen-
cies during field trial #2. Increasing sampling frequency from 0.025 to 0.1
Hz increased precision of URSKIs as shown by lower variation among repli-
cates (red, blue, and green). Accuracy of individual replicates also
increases, shown by their improved relationships with in situ ADV mea-
surements of ubr. 

Table 2. Precision of URSKI designs. Standard deviations (SD) and coefficients of variation (CV) were calculated among replicate URSKIs
for the lower and upper 10% of ubs. Precision is greatest (lower CV) for the upper 10% of ubs. 

Lower 10% of ubs Upper 10% of ubs All statistics
Design Method N SD Mean CV N SD Mean CV N Max Min Mean

A 1 18 0.625 3.265 0.192 17 0.525 7.040 0.074 165 2.783 0.044 1.129
B 1 39 0.564 3.353 0.167 38 0.596 6.689 0.088 358 2.280 0.027 0.470
C 1 39 0.296 2.250 0.131 38 0.270 4.683 0.058 358 0.809 0.006 0.221
D 1 39 0.401 4.025 0.098 38 0.512 7.602 0.068 358 1.765 0.030 0.468
A 2 18 0.003 0.028 0.125 17 0.003 0.078 0.043 165 0.013 0.000 0.005
B 2 39 0.003 0.027 0.126 38 0.006 0.066 0.097 358 0.018 0.000 0.005
C 2 39 0.004 0.019 0.184 38 0.004 0.049 0.088 358 0.013 0.000 0.004
D 2 39 0.004 0.036 0.122 38 0.010 0.100 0.105 358 0.022 0.001 0.007
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duration of deployments. This limitation can be overcome by
adding memory, allowing for higher sampling frequencies,
and software-permitting, enabling burst sampling that would
increase the accuracy of measurements. In this study, when
sampling frequencies were increased, from 0.025 to 0.1 Hz,
accuracy went up by 3.8% (Table 1; Fig. 6). Therefore, it is rec-
ommended that sampling be made at the highest frequencies
possible and ideally at frequencies above 0.2 Hz, which is the
smallest wave frequency commonly encountered.

Time series of URSKI measurements can be used to make
temporal or spatial comparisons of wave conditions. However,
the appropriate statistic used for making those comparisons
depends on the research questions being addressed. For
instance, maximums or percentiles (e.g., 85, 95, or 99) are use-
ful for comparing the upper end of wave forces experienced
among locations or periods, whereas averages dampen the sig-
nal of extreme events but may better reflect differences in the
overall wave energy experienced.

The simplest use of URSKIs is for relative measurements of
u. If true velocities, rather than relative, are required, they can
be calibrated against other instruments such as ADVs or
ADCPs, or u can be calculated from force models.

Like any equipment deployed in harsh environments, the
performance of URSKIs in the field can be confounded by a
number of environmental factors. The most common problem
is tangling by debris such as drifting algae, especially when
instruments are deployed on or near temperate reefs where
algae grow. In this study, URSKIs were deployed less than a
kilometer from a bed of giant kelp, Macrocystis pyrifera, but
were never fouled. URSKIs have been deployed in kelp forests
where they experienced some fouling, prompting increased
frequencies of instrument inspection. URSKIs also have been
punctured by harbor seals, Phoca vitulina, causing them to
sink. In areas with pinniped populations, it is recommended
that floats be made from puncture resistant plastic. Fortu-
nately, even if URSKIs are tangled or bitten, resulting anom-
alies in the time series data can be used to detect and remove
bad data. Water currents are also potential sources of error,

and although we have addressed ways to identify and correct
for them, we advise users to be cautious when interpreting
wave data from regions known or suspected to be affected by
strong currents, such as lagoons, inlets, areas with breaking
waves, or headlands.

To maximize precision among URSKIs, it is important that
they are constructed symmetrically and identically. It is rec-
ommended that replicate URSKIs be deployed for redundancy
in case of failure and for improving estimates of wave energy
by averaging their values. Finally, the use of standard devia-
tions of accelerations for summarizing hourly data (Method 2)
is recommended because this approach is more robust than
Method 1.

Comments and recommendations
URSKI designs presented in this study function well, but

undoubtedly will benefit from further development aimed at
increasing their accuracy, precision, durability, and reliability.
In reality, the motion of URSKIs is more complex than a sim-
ple arc because the tether is flexible, and there are multiple
pivot points (i.e., the attachment points on both ends of the
tether). Restricting the design to only the single pivot point at
the base and using a rigid tether (e.g., thin fiberglass rod) may
simplify the trajectory of URSKIs, thereby increasing accuracy.
In addition, directional data for swell or currents may be
attained by restricting the rotation of URSKIs by replacing the
nylon line with a non-rotating tether (e.g., fiberglass rod,
cable) and pivot (e.g., chain-link joint). In this case, the pro-
portions of acceleration values in the positive and negative
directions of both horizontal axes can be used to calculate
both the magnitude and direction of orbital velocities. Further
development may also allow URSKIs to be used as flow meters
for unidirectional flow, such as is found in rivers, creeks, and
tidal flats.

Conclusion
Coastal marine ecosystems are structured by physical

processes. Wave energy, in particular, has important effects

Table 3. Variance test used to determine the power of URSKIs to discern differences in magnitudes of orbital velocities. Pr
σ2 is the pro-

portion that variance among replicate URSKIs (σ2
r) contributes to overall variance (σ2

r+σ
2
t) over the trials. σ2

prop thus indicates the mini-
mum proportional difference in water velocities that URSKIs are capable of detecting. 

Trial 1 Trial 2 Combined Trials
Design Method σ

2
r σ

2
t σ

2
prop σ

2
r σ

2
t σ

2
prop σ

2
r σ

2
t σ

2
prop n (hours)

a 1 1.61520701 1.04688490 0.61 0.27123501 2.98397534 0.08 0.84421440 2.65354884 0.24 165
b 1 0.12984934 1.04484504 0.11 0.19305609 1.47955238 0.12 0.15554770 1.61045956 0.09 358
c 1 0.02698760 0.47838379 0.05 0.03873052 0.68737197 0.05 0.03181244 0.83083175 0.04 358
d 1 0.08811887 2.80753545 0.03 0.25378314 3.31274251 0.07 0.14263768 4.71328361 0.03 358

a 2 0.00002651 0.00008660 0.23 0.00000891 0.00053538 0.02 0.00001783 0.00024757 0.07 165
b 2 0.00000995 0.00012795 0.07 0.00001954 0.00021756 0.08 0.00001353 0.00023781 0.05 358
c 2 0.00001239 0.00007674 0.14 0.00001051 0.00014427 0.07 0.00001149 0.00014548 0.07 358
d 2 0.00001778 0.00035889 0.05 0.00005712 0.00058528 0.09 0.00003025 0.00065989 0.04 358
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on the nearshore by altering the structure of coastlines and
physical oceanography and, in turn, the diversity and pro-
ductivity of biological communities. Fundamental to under-
standing these processes is our ability to measure wave expo-
sure, but the high cost of oceanographic instrumentation is
often a barrier to research in this area. URSKIs address this
problem by being a simple, inexpensive, and easy to use tool
for accurately measuring bottom orbital velocities. Because
URSKIs are orders of magnitude less expensive than acoustic
instruments, measurements can be replicated over much
larger spatial scales and at much finer resolutions than were
previously possible.

URSKIs are accurate, precise, and robust. Their performance
can be optimized by making them all symmetrical and identi-
cal in construction and by appropriately adjusting tether
length and buoyancy to accommodate different wave envi-
ronments. They can also be used to measure unidirectional
water flow and also, with development of a non-rotating
tether, can measure flow direction.

URSKIs can be used alone to measure water flow or can be
used alongside ADVs and ADCPs to increase spatial scales and
resolution of measurements. We anticipate that URSKIs will be
used to address research questions in many disciplines (from
physical oceanography to freshwater and marine ecology)
because of their accuracy, low cost, and simplicity.

References
Bagnold, R. A., and G. Taylor. 1946. Motion of waves in shal-

low water. Interaction between waves and sand bottoms.
Proc. Roy. Soc. Lond. A 187:1-18 [doi:10.1098/ rspa. 1946.
0062].

Bell, E. C., and M. W. Denny. 1994. Quantifying “wave expo-
sure”: A simple device for recording maximum velocity and
results of its use at several field sites. J. Exp. Mar. Biol. Ecol.
181:9-29 [doi:10.1016/0022-0981(94)90101-5].

Cacchione, D. A., and D. E. Drake. 1982. Measurements of
storm-generated bottom stresses on the continental shelf. J.
Geophys. Res. 87:1952-1960 [doi:10.1029/JC087iC03
p01952].

Connell, J. H. 1978. Diversity in tropical rain forests and coral
reefs. Science 199:1302-1310 [doi:10.1126/science.199.
4335.1302].

Dayton, P. K. 1971. Competition disturbance and community
organization the provision and subsequent utilization of
space in a rocky inter tidal community. Ecol. Monogr.
41:351-389 [doi:10.2307/1948498].

———, R. J. Seymour, P. E. Parnell, and M. J. Tegner. 1989.
Unusual marine erosion in San Diego County, California,
USA, from a single storm. Estuar. Coast. Shelf Sci. 29:151-
160 [doi:10.1016/0272-7714(89)90004-8].

Denny, M. W. 1985. Wave forces on intertidal organisms a case
study. Limnol. Oceanogr. 30:1171-1187 [doi:10.4319/
lo.1985.30.6.1171].

———. 1987. Life in the maelstrom the biomechanics of wave-

swept rocky shores. Trends Ecol. Evol. 2:61-66 [doi:10.1016/
0169-5347(87)90150-9].

———. 1988. Biology and the mechanics of the wave-swept
environment. Princeton Univ. Press.

———, B. P. Gaylord, and E. A. Cowen. 1997. Flow and flexi-
bility: II. The roles of size and shape in determining wave
forces on the bull kelp Nereocystis luetkeana. J. Exp. Biol.
200:3165-3183.

———, and B. Gaylord. 2002. The mechanics of wave-swept
algae. J. Exp. Biol. 205:1355-1362.

———, and B. Hale. 2003. Cyberkelp: an integrative approach
to the modelling of flexible organisms. Phil. Trans. R. Soc.
Lond. B 358:1535-1542 [doi:10.1098/rstb.2003.1341].

———, B. Helmuth, G. H. Leonard, C. D. G. Harley, L. J. H.
Hunt, and E. K. Nelson. 2004. Quantifying scale in ecology:
Lessons from a wave-swept shore. Ecol. Monogr. 74:513-
532 [doi:10.1890/03-4043].

Dollar, S. J., and G. W. Tribble. 1993. Recurrent storm distur-
bance and recovery: A long-term study of coral communi-
ties in Hawaii. Coral Reefs 12:223-233 [doi:10.1007/
BF00334481].

Ebeling, A. W., D. R. Laur, and R. J. Rowley. 1985. Severe storm
disturbances and reversal of community structure in a
Southern California, USA, kelp forest. Mar. Biol. 84:287-294
[doi:10.1007/BF00392498].

Eckart, J. D. 1952. The propagation of gravity waves from deep
to shallow water. National Bureau of Standards, Circular
521. Washington, DC, pp. 3-25.

Fabricius, K. E., G. De’ath, M. L. Puotinen, T. Done, T. F.
Cooper, and S. C. Burgess. 2008. Disturbance gradients on
inshore and offshore coral reefs caused by a severe tropical
cyclone. Limnol. Oceanogr. 53:690-704 [doi:10.4319/
lo.2008.53.2.0690].

Finelli, C. M., R. D. Clarke, H. E. Robinson, and E. J. Buskey.
2009. Water flow controls distribution and feeding behav-
ior of two co-occurring coral reef fishes: I. Field mea-
surements. Coral Reefs 28:461-473 [doi:10.1007/s00338-
009-0481-0].

Gaylord, B., M. W. Denny, and M. A. R. Koehl. 2008. Flow
forces on seaweeds: field evidence for roles of wave
impingement and organism inertia. Biol. Bull. 215:295-308
[doi:10.2307/25470713].

Hanes, D. M., and D. A. Huntley. 1986. Continuous mea-
surements of suspended sand concentration in a wave
dominated nearshore environment. Cont. Shelf Res. 6:585-
596 [doi:10.1016/0278-4343(86)90024-5].

Harrold, C., J. Watanabe, and S. Lisin. 1988. Spatial variation
in the structure of kelp forest communities along a wave
exposure gradient. Mar. Ecol. 9:131-156 [doi:10.1111/
j.1439-0485.1988.tb00204.x].

Hurd, C. L. 2000. Water motion, marine macroalgal physiol-
ogy, and production. J. Phycol. 36:453-472 [doi:10.1046/
j.1529-8817.2000.99139.x].

Irving, A. D., and S. D. Connell. 2006. Physical disturbance by

http://dx.doi.org/10.1046/j.1529-8817.2000.99139.x
http://dx.doi.org/10.1046/j.1529-8817.2000.99139.x
http://dx.doi.org/10.1111/j.1439-0485.1988.tb00204.x
http://dx.doi.org/10.1111/j.1439-0485.1988.tb00204.x
http://dx.doi.org/10.1016/0278-4343(86)90024-5
http://dx.doi.org/10.2307/25470713
http://dx.doi.org/10.1007/s00338-009-0481-0
http://dx.doi.org/10.1007/s00338-009-0481-0
http://dx.doi.org/10.4319/lo.2008.53.2.0690
http://dx.doi.org/10.4319/lo.2008.53.2.0690
http://dx.doi.org/10.1007/BF00392498
http://dx.doi.org/10.1007/BF00334481
http://dx.doi.org/10.1007/BF00334481
http://dx.doi.org/10.1890/03-4043
http://dx.doi.org/10.1098/rstb.2003.1341
http://dx.doi.org/10.1016/0169-5347(87)90150-9
http://dx.doi.org/10.1016/0169-5347(87)90150-9
http://dx.doi.org/10.4319/lo.1985.30.6.1171
http://dx.doi.org/10.4319/lo.1985.30.6.1171
http://dx.doi.org/10.1016/0272-7714(89)90004-8
http://dx.doi.org/10.2307/1948498
http://dx.doi.org/10.1126/science.199.4335.1302
http://dx.doi.org/10.1126/science.199.4335.1302
http://dx.doi.org/10.1029/JC087iC03p01952
http://dx.doi.org/10.1029/JC087iC03p01952
http://dx.doi.org/10.1016/0022-0981(94)90101-5
http://dx.doi.org/10.1098/rspa.1946.0062
http://dx.doi.org/10.1098/rspa.1946.0062


kelp abrades erect algae from the understorey. Mar. Ecol.
Progr. Ser. 324:127-137 [doi:10.3354/meps324127].

Konar, B., and J. A. Estes. 2003. The stability of boundary
regions between kelp beds and deforested areas. Ecology
84:174-185.

Lauzon-Guay, J.-S., and R. E. Scheibling. 2007. Seasonal varia-
tion in movement, aggregation and destructive grazing of
the green sea urchin (Strongylocentrotus droebachiensis) in
relation to wave action and sea temperature. Mar. Biol.
151:2109-2118 [doi:10.1007/s00227-007-0668-2].

Leigh, E. G. J., R. T. Paine, J. F. Quinn, and T. H. Suchanek.
1987. Wave energy and intertidal productivity. Proc. Nat.
Acad. Sci. U.S.A. 84:1314-1318 [doi:10.1073/pnas.84. 5.1314].

Menge, B. A., and J. P. Sutherland. 1987. Community regula-
tion variation in disturbance competition and predation in
relation to environmental stress and recruitment. Am. Nat.
130:730-757 [doi:10.1086/284741].

Navarrete, S. A., and B. A. Menge. 1996. Keystone predation
and interaction strength: Interactive effects of predators on
their main prey. Ecol. Monogr. 66:409-429 [doi:10.2307/
2963488].

O’Donnell, M. J., and M. W. Denny. 2008. Hydrodynamic
forces and surface topography: Centimeter-scale spatial
variation in wave forces. Limnol. Oceanogr. 53:579-588
[doi:10.4319/lo.2008.53.2.0579].

Palumbi, S. R. 1984. Measuring intertidal wave forces. J. Exp.
Mar. Biol. Ecol. 81:171-180 [doi:10.1016/0022-0981(84)
90004-2].

Santschi, P., P. Bower, U. P. Nyffeler, A. Azevedo, and W. S.
Broecker. 1983. Estimates of the resistance to chemical
transport posed by the deep-sea boundary layer. Limnol.
Oceanogr. 28:899-912.

Seymour, R. J., M. J. Tegner, P. K. Dayton, and P. E. Parnell.
1989. Storm wave induced mortality of giant kelp Macro-
cystis-Pyrifera in Southern California USA. Estuar. Coast.

Shelf Sci. 28:277-292 [doi:10.1016/0272-7714(89)90018-8].
Sousa, W. P. 1979. Disturbance in marine inter tidal boulder

fields the nonequilibrium maintenance of species diversity.
Ecology 60:1225-1239.

Storlazzi, C. D., and G. B. Griggs. 2000. The influence of El
Niño-Southern Oscillation (ENSO) events on the evolution
of central California’s shoreline. GSA Bulletin 112:236-249
[doi :10.1130/0016-7606(2000)112<236:IOENOE>
2.0.CO;2].

———, and B. E. Jaffe. 2002. Flow and sediment suspension
events on the inner shelf of central California. Mar. Geol.
181:195-213 [doi:10.1016/S0025-3227(01)00267-5].

———, M. A. Mcmanus, and J. D. Figurski. 2003. Long-term,
high-frequency current and temperature measurements
along central California: insights into upwelling/relaxation
and internal waves on the inner shelf. Cont. Shelf Res.
23:901-918 [doi:10.1016/S0278-4343(03)00045-1].

———, E. K. Brown, M. E. Field, K. Rodgers, and P. L. Jokiel.
2005. A model for wave control on coral breakage and
species distribution in the Hawaiian Islands. Coral Reefs
24:43-55 [doi:10.1007/s00338-004-0430-x].

Swiadek, J. W. 1997. The impacts of Hurricane Andrew on
mangrove coasts in southern Florida: A review. J. Coast.
Res. 13:242-245.

Valiela, I., and others. 1998. Ecological effects of major storms
on coastal watersheds and coastal waters: Hurricane Bob on
Cape Cod. J. Coast. Res. 14:218-238.

Wiberg, P., and C. Sherwood. 2008. Calculating wave-gener-
ated bottom orbital velocities from surface-wave parame-
ters. Comp. Geosci. 34:1243-1262 [doi:10.1016/ j.cageo.
2008.02.010].

Submitted 19 July 2010
Revised 16 March 2011
Accepted 15 April 2011

214

Figurski and Malone Measuring wave exposure inexpensively

http://dx.doi.org/10.1016/j.cageo.2008.02.010
http://dx.doi.org/10.1016/j.cageo.2008.02.010
http://dx.doi.org/10.1007/s00338-004-0430-x
http://dx.doi.org/10.1016/S0278-4343(03)00045-1
http://dx.doi.org/10.1016/S0025-3227(01)00267-5
http://dx.doi.org/10.1130/0016-7606(2000)112<236:IOENOE>2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(2000)112<236:IOENOE>2.0.CO;2
http://dx.doi.org/10.1016/0272-7714(89)90018-8
http://dx.doi.org/10.1016/0022-0981(84)90004-2
http://dx.doi.org/10.1016/0022-0981(84)90004-2
http://dx.doi.org/10.4319/lo.2008.53.2.0579
http://dx.doi.org/10.2307/2963488
http://dx.doi.org/10.2307/2963488
http://dx.doi.org/10.1086/284741
http://dx.doi.org/10.1073/pnas.84.5.1314
http://dx.doi.org/10.1007/s00227-007-0668-2
http://dx.doi.org/10.3354/meps324127

