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[1] Video measurements of wave runup were collected during extreme storm conditions
characterized by energetic long swells (peak period of 16.4 s and offshore height up to
6.4 m) impinging on steep foreshore beach slopes (0.05–0.08). These conditions induced
highly dissipative and saturated conditions over the low‐sloping surf zone while the
swash zone was associated with moderately reflective conditions (Iribarren parameters up
to 0.87). Our data support previous observations on highly dissipative beaches showing
that runup elevation (estimated from the variance of the energy spectrum) can be scaled
using offshore wave height alone. The data is consistent with the hypothesis of runup
saturation at low frequencies (down to 0.035 Hz) and a hyperbolic‐tangent fit provides
the best statistical predictor of runup elevations.
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1. Introduction

[2] Runup is the time‐varying vertical position of thewater’s
edge on the foreshore of the beach. It is usually decomposed
into a (quasi) steady component above the still water level (the
wave setup) and a time‐varying, fluctuating, component
termed as “swash.” Runup is the main driver of beachface
hydro‐ and morphodynamics [Elfrink and Baldock, 2002] and
so is of great relevance when studying the sediment exchanges
between the subaerial and subaqueous zones of the beach
[Puleo et al., 2000;Masselink and Hughes, 1998]. Runup also
plays a crtical role in dune erosion during storm conditions
[Ruggiero et al., 2001] and structure overtopping [vanderMeer
and Stam, 1992]. Thus, runup is key to successful coastal
planning and management and a critical parameter in assessing
the effect of sea level rise on coastal inundation. As one might
expect, interest is primarily focused on the estimation of
extreme runup during storm conditions, essential for accurate
predictions of the impact on and damage to the coast.
[3] Runup characteristics change with beach and offshore

wave properties. A generally accepted nondimensional param-
eter linking information related to beach and wave character-
istics is the Iribarren number [Battjes, 1974], which is defined as

�0 ¼ tan�

H0=L0ð Þ1=2
; ð1Þ

where b is the beach slope, L0 is the deep water wavelength
given by linear theory and H0 is the offshore wave height.
Dissipative conditions are generally associatedwith low values
of Iribarren parameters, typically less than 0.3 [Stockdon et al.,
2006;Ruggiero et al., 2001;Ruessink et al., 1998;Raubenheimer
andGuza, 1996;Raubenheimer et al., 1995;Guza and Thornton,
1982], whereas intermediate and reflective conditions are
associated with larger values [Holland and Holman, 1999;
Holland, 1995;Holman, 1986;Holman and Sallenger, 1985].
[4] The behavior of runup under dissipative conditions is

different than during reflective and intermediate conditions.
Combining Miche’s [1951] hypothesis and the analytical
monochromatic, nonbreaking standing wave solution pro-
posed by Carrier and Greenspan [1958], the normalized
total vertical runup height S [Guza et al., 1984; Meyer and
Taylor, 1972; Stoker, 1947] becomes
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where xc = (p3/2b)1/4. In the saturated region of equation (2),
S is independent of the offshore wave height. Saturation
experienced under dissipative conditions therefore implies
that runup does not increase with increasing offshore wave
height.
[5] Equation (2) applies to idealized conditions but does

not account for the frequency distribution of runup on real
beaches. Runup on natural beaches has been investigated by
separating the infragravity Sig ( f < 0.05 Hz) and incident
Sinc ( f > 0.05 Hz) components. Indeed, runup heights within
these bands are forced by different processes whose interplay
changes depending on beach state. Using an extensive data
set based on a variety of beaches and conditions, Stockdon
et al. [2006] showed that on intermediate and reflective bea-
ches, both frequency bands respond to increases in (H0L0)
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The same data set was used to show that while on dissipative
beaches runup at incident frequencies, Sinc, saturates, runup at
infragravity frequencies, Sig, continues to growwith increasing
(H0L0)

1/2. This finding was initially presented by Guza and
Thornton [1982] who showed that Sig varied linearly with
H0 (Sig = 0.7 H0). Similar findings have been presented by
several other authors under dissipative [Holman and Sallenger,
1985] or even under highly dissipative [Ruessink et al., 1998;
Ruggiero et al., 2004] conditions, although they did not agree
on the value of the proportionality coefficient between Sig
and H0.
[6] There is still a lack of understanding on the relation

between infragravity runup height and environmental para-
meters. In particular, the role of the foreshore beach slope is
still not well understood. Using a 90 min data set of
33 individual cross‐shore transects spaced every 50 m in the
alongshore, Ruggiero et al. [2004] reported that vertical
infragravity runup elevation under high‐energy dissipative
conditions was linearly dependent on the local foreshore
beach slope. Other studies [Ruggiero et al., 2001; Ruessink
et al., 1998] showed instead that infragravity runup eleva-
tion on highly dissipative beaches could be scaled using
offshore wave height alone. This result has been further
supported by Stockdon et al. [2006] who also suggested that
accounting for wave period allows for improved predictions
of infragravity wave runup. Furthermore, attempts to link x0
and Sig/H0 [Ruessink et al., 1998; Raubenheimer and Guza,
1996; Holland, 1995; Holman and Sallenger, 1985] have
failed to provide a consistent relationship to the point that
Raubenheimer and Guza [1996] suggested this relationship
could be site specific.
[7] Even though there was lack of evidence in the wide‐

ranging data set examined by Stockdon et al. [2006], there is
increasing support for the hypothesis that during dissipative
conditions, when infragravity energy dominates runup, the
saturation commonly limiting Sinc also extends to infra-
gravity frequencies [Ruggiero et al., 2004; Ruessink et al.,
1998]. Ruessink et al. [1998] and Ruggiero et al. [2004]
reported an f−3 and f−4, respectively, spectral roll‐off, typi-
cal of saturation, extending to frequencies in the infragravity
band. The cause of infragravity saturation has been recently
further investigated by several authors. Battjes et al. [2004]
showed that the conventional gamma criterion used to dis-
tinguish breaking and nonbreaking incident waves on a
slope also applied to infragravity waves near the shoreline,
on the basis of which they postulated that the energy losses
observed in their laboratory experiments were due to the
breaking of infragravity waves. This was supported by
further experiments by van Dongeren et al. [2004, 2007].
Henderson and Bowen [2002] indicated that the observed
shoreline dissipation of infragravity waves might be due to
the enhanced effect of bottom friction in very shallow water.
However, van Dongeren et al. [2007] showed that the dis-
sipation due to breaking was locally almost 20 times larger
than the dissipation due to bottom friction and concluded
that bottom friction was not the agent for infragravity wave
energy dissipation. Similar conclusions had been reached
analyzing field observations by Henderson et al. [2006] and
Thomson et al. [2006] who suggested that energy was
instead transferred from infragravity to incident wave fre-
quencies. The wavefront steepening which caused infra-
gravity breaking in the study of van Dongeren et al. [2007]

was observed to be driven by energy transfer from infra-
gravity to incident waves associated with self‐self interac-
tions of the infragravity waves in very shallow water.
[8] This work presents new data of runup elevation under

conditions that have not been previously reported in the liter-
ature. While previous studies [Ruessink et al., 1998; Ruggiero
et al., 2004] described highly dissipative conditions under
gently sloping beaches (typically less than 0.03), the data
presented here were collected during very high energy condi-
tions associated with a 10 year return storm event, charac-
terized by offshore wave heights of 6.4 m and peak period up
to 16.4 s. Since the storm occurred during spring tide, the
swash region experienced unusually steep foreshore beach
slopes (higher than 0.05 and up to 0.08) while the surf zone
was characterized by much milder slopes and was in a dis-
sipative state. Aside from reporting detailed observations
of runup under extreme offshore conditions, the objective of
this work is to increase understanding of swash dynamics
under extreme (because of the large offshore wave heights
and wave periods) and peculiar (the cross‐shore profile is
constituted by a steep swash zone and a mildly sloping surf
zone) conditions. By analyzing variations in infragravity and
incident swash during the experiment, we aim to characterize
swash saturation and in particular the hypothesis that also
infragravity swash can show signatures of saturation (as
suggested by Ruessink et al. [1998] and Ruggiero et al.
[2004]). Finally, our data will also be used to test and
extend to extreme values existing relationships [Stockdon
et al., 2006] for predicting runup elevation.
[9] The runup data obtained using video images are

described in section 2, and results are presented in section 3. In
section 4, we compare our results with previous studies linking
infragravity runup to environmental conditions (mainly
Stockdon et al. [2006], Ruggiero et al. [2004], and Ruessink
et al. [1998]). Finally, conclusions are provided in section 5.

2. Methods

[10] Runup data were obtained during the ECORS‐Truc
Vert’08 beach experiment (France). The field experiment
lasted 6 weeks, from 3 March to 13 April 2008. Truc Vert’08
was designed to measure beach modifications with emphasis
on large winter waves, three‐dimensional morphology, and
macrotidal conditions. Hydrodynamic processes, sediment
characteristics and transport, and morphodynamics of the
beach were measured over many spatial and temporal scales
and are summarized by Senechal et al. [2011].
[11] The field site (Figure 1) is situated on the southern part

of the French Atlantic coastline (Figure 1, left) and is typical
of the relatively natural coast extending 100 km between the
Gironde Estuary (90 km to the north) and the Arcachon inlet
(10 km to the south). This sandy coast is bordered by high
aeolian foredunes (Figure 1, right). The sediment consists pri-
marily of medium grained quartz sandwith amedian diameter
of about 0.35 mm [Lorin and Viguier, 1987]. More recent
work [Gallagher et al., 2011] reported that mean surface
grain size varies with the morphology, with coarser sediments
(∼0.6 mm) observed in the deeper rip channels and finer
sediments (∼0.3mm) observed on the shoals between the rips.
On the shoreface the mean grain size is nearly 0.35 mm. Truc
Vert beach exhibits complex three‐dimensional and highly
dynamic morphologies commonly involving two distinct
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sandbar systems. The inner bar (see Figure 1, right) can
experience all the states within the intermediate classification
[seeWright and Short, 1984;Masselink and Short, 1993] and
usually exhibits a Transverse Bar and Rip morphology
[Senechal et al., 2009]. The outer bar system exhibits long‐
term persistent crescentic patterns at a narrow range of
wavelengths and the shape of which varies from symmetric to
asymmetric [Castelle et al., 2007]. During the present field
experiment, the inner bar was nearly 2DH at the beginning of
the storm and became slightly 3‐D during the storm probably
because of a Shoreward propagating accretionnary waves
[see Almar et al., 2010], while the outer bar became 2DH over
the same period. No beach cusps were observed during the
field experiment and the upper beachface was relatively
uniform in the alongshore direction. The field site experiences
an annual mean spring tidal range of 3.7 m. Alongshore tide‐

driven currents in the nearshore zone are essentially negligi-
ble. The wave climate is energetic with an annual mean sig-
nificant wave height of 1.36 m and mean period around 8 s
associated with long distance swells traveling mainly from
NNW directions. The wave climate has a clear seasonal
dependence with higher waves in winter than in summer (see
Butel et al. [2002] for a complete wave classification of the
Aquitanian coast).
[12] During the experiment, waves ranged from small

swells (offshore significant heights, H0, ranging from 0.3 to
2m and peak periods, Tp, between 12 and 16 s) to heavy swells
with a maximum H0 of 8.1 m, on 10 March, associated with a
peak period 16 s to 18 s (Figure 2). This event, a storm with a
10 year return period, coincided with large tidal amplitudes
(more than 4 m, Figure 2), and was also characterized by a
narrow‐banded frequency and directional spectrum. As our

Figure 1. Aerial view of Truc Vert beach at low tide. Notice the aerial image was not captured during
the field experiment when no regular transverse bar pattern was present.

Figure 2. Hydrodynamic conditions during the experiment. (top) Theoretical tide (data provided by the
French Navy), (middle) significant wave height and (bottom) peak period measured by a wave buoy in
20 m water depth are shown.
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main interestwas in runup characteristics during extreme storm
conditions, the data discussed in this paper will focus on this
extreme event from its onset to the decay (8–15 March). Sea
state conditions were measured with a directional Mark III
Datawell waverider buoy anchored in 20 m depth situated
offshore of the field area, about 1.5 km from the beachface.
[13] Throughout the experiment, runupwasmeasuredwith a

video system mounted on an 8 m high scaffolding built on the
top of the dune backing the beach. The height of the camera
above mean sea level was about 27 m. The system contained
two high‐resolution digital cameras (hereafter referred as
North and South camera). Overlap in the field of view of the
two cameras allowed for continuous coverage of the swash
zone so that, overall, an alongshore distance of about approxi-
mately 600 m at high spring tide could be covered. The data
discussed below consist of 89 fifteenminwave runup elevation
time series measured along 2 individual cross‐shore transects
spaced by 50 m. The sampling frequency of the video system
and of the derived runup time serieswas 2Hz.One transectwas
obtained from camera South and the other one from camera
North (Figure 3). The use of two transects each from a different
camera was critical to cover the full duration of the event.
Indeed during the apex of the storm, images fromcameraNorth
were not used because of the wind and heavy rain facing the

camera while camera South, pointing in a different direction,
was less affected and provided data that could be used for
analysis. On the other hand, images from camera South could
not always be used because light during the sunset rendered the
images unusable for analysis. Runup elevation time serieswere
mostly acquired around high tide to maximize stationarity of
the location of wave breaking and of the area of the foreshore
over which runup propagated. During the apex of the storm,
runup elevation time series were acquired during rising con-
ditions because the high tide occurred at nighttime. The mean
water level elevations for the time series considered in this
study, according to in situ pressure measurements, varied by
less than 0.4 m for each day.
[14] The runup along the selected transects (Figure 3) was

manually digitized by two operators. Runup and rundownwere
identified as a white edge moving back and forth in the swash
zone (Figures 4a–4c). To extract runup elevations along indi-
vidual transects from video, the topography of the beach is
needed in addition to the geometry of the cameras. To obtain
the beach surface topography, a survey using Real Time
Kinematic Differential Global Positioning System (RTK
DGPS) was performed at each low tide (see Parisot et al.
[2009] for a full description). Photogrammetric relationships
[Holland et al., 1997] were used to convert the digitized runup
into time series of water level elevation relative to the French
National datum (Figures 4d–4f). The vertical resolution of the
runup elevation, depending both on lens properties and dis-
tance from the cameras, was estimated by mapping the hori-
zontal pixel resolution (typically <1.0m) to the elevation along
the cross‐shore transect. Despite the steep beach slope (see
below and Table 1) the vertical resolution was less than 0.10m
for all the data analyzed in this work.
[15] Energy spectra, PSD ( f ), were computed from

detrended, tapered data segments of 1800 points (900 s).
The runup data were then partitioned to determine the
incident band component (0.05 Hz < f < 0.24 Hz) and the
infragravity band component (0.004 Hz < f < 0.05 Hz).
Because of the large wave periods encountered during the
peak of the storm, we have also repeated the analysis using
a cutoff between infragravity and incident bands equal to
0.04 Hz and found that results reported in sections 3 and 4
show limited sensitivity to the choice of such frequency
cutoff. Runup heights, S, were calculated as

S ¼ 4*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

PSD fð Þdf
q

: ð3Þ

[16] Runup heights in the incident band, Sinc, and in the
infragravity band, Sig, were calculated by summing only
over frequencies within the specified limits.
[17] Since the digitization of the rundown could be prone

to subjectivity between the two operators, especially during
extreme storm conditions, the accuracy of the digitizations
was analyzed by comparing the transect runup heights
obtained by the two operators from the same runs. Differ-
ences between runup height values from the two operators
were always less than 10%.
[18] Finally, the definition of the foreshore beach slope b

in this study was taken, in agreement with other studies of
swash zone hydro‐ and morphodynamics [Coco et al., 2004;
Ruggiero et al., 2004] to be the linear slope within the

Figure 3. Plan view images from 10 min time‐averaged
video exposure of Truc Vert beach at high tide on 8 March
2010. The two solid lines indicate the position of the cross‐
shore transects used in this study.

SENECHAL ET AL.: RUNUP DURING EXTREME STORM CONDITIONS C07032C07032

4 of 13



region between ±2 standard deviations from the mean runup
elevation.

3. Results

[19] An overview of environmental parameters is reported
in Table A1 provided in Appendix A. Conditions during the
period analyzed were very energetic with an associated
mean offshore significant height of 2.5 m and maximum
heights reaching up to 6.4 m (Table 1). The incident wave
period was also very long with a mean of 11.2 s and max-
imum reaching 16.4 s (Table 1). Apart from data collected
by Ruggiero et al. [2001] where wave periods equal to 17 s
were measured, the values we report are substantially higher
than the ones previously discussed in the literature under
dissipative saturated conditions (see Stockdon et al. [2006]
for a review). The average foreshore beach slope experi-
enced during the storm was 0.06. The high spring tidal levels
experienced during the experiment imply that the swash
region is located landward of where the foreshore is charac-
terized by increasingly steeper slopes due to the presence of
embryonic dunes [Capo et al., 2009]. Figure 5 illustrates the
intertidal beach profile for each day of the period analyzed
and for each cross‐shore transect (blue is for camera South
and red is for camera North). Onshore and offshore limits
(mean ±2 standard deviations) of runup excursion for each
day (high tide) and each cross‐shore transect are indicated
by a circle and square, respectively. The horizontal excursion
of runup is relatively short (typically less than 50 m) because
of the steep foreshore slopes.
[20] A consequence of the steep foreshore beach slopes is

the relatively high Iribarren numbers experienced during this
field experiment (Table 1). The mean Iribarren parameter for

the data set is 0.65 with minimum andmaximum values being
0.47 and 0.87, respectively. Despite the highly dissipative
conditions experienced in the surf zone during the field
experiment, the values of the Iribarren parameter in the
swash fall in the category of moderately reflective conditions.
Figure 6 shows averaged spectra during the rising, apex and
falling stages of the storm. The associated degrees of freedom
(dof) for averaged spectra computed during rising and
falling conditions is 18. During the apex of the storm, the dof
decreases to 12 since only one transect could be used. Con-
sistent with spectra collected under energetic conditions [e.g.,
Ruessink et al., 1998] no significant peak (at confidence level
0.95) was observed in the infragravity band even thoughmost
of the energy variance is concentrated well below the 0.05
cut‐off. A summary of runup parameters, obtained from the
individual spectra (equation (3)) is given in Table 2. Table 2
shows that the mean significant vertical runup elevation S
during this period was 1.5m. It varied by a factor of 3 over the
data set, ranging from 0.8 m, under the less energetic con-
ditions, to 2.5 m under extreme storm conditions. The mean
infragravity component (1.3 m) was higher than the incident
one (0.6 m) by a factor 2 and experienced higher variations. A
summary of nondimensional swash parameters is given in
Table 3. Table 3 shows that the vertical runup was dominated
by infragravity waves during most runs with the ratio Sig/S

Figure 4. Example time stacks during (a) moderate (8 March), (b) energetic (12 March), and (c) calm
conditions (15 March) and (d–f) detrended runup elevation time series.

Table 1. Summary of Environmental Parameters

H0 (m) T0 (s) b x0

Mean 2.5 13.6 0.06 0.65
Standard deviation 1.3 1.6 0.01 0.09
Minimum 1.1 11.2 0.05 0.47
Maximum 6.4 16.4 0.08 0.87
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having an average value of 0.88, similar to the previous
values reported in the literature under highly dissipative
conditions [Holman and Bowen, 1984; Ruessink et al., 1998;
Ruggiero et al., 2004; Stockdon et al., 2006].
[21] In sections 3 and 4, empirical models based on regres-

sions between the different parameters will be described. To
evaluate these empirical models, the correlation coefficient

r and the 98% significant level, rsig, are presented as ameasure
of the linear relationship between the two parameters. A
summary of the regression coefficients, correlation coefficient
(r), squared correlation (r2) and RMS errors for all suggested
parameterizations is presented in Table 4.As shown in Figure 7
(left), the total vertical runup elevation S (circles) is signifi-
cantly correlated to H0 (correlation coefficient r is 0.86, sig-
nificant at the 0.02 confidence level). The slope of the best
linear fit is 0.30 ± 0.05 and the intercept is equal to 0.73 (not
shown in the figure). The presence of a high intercept (arising
because of the saturated incident conditions) is somewhat
counterintuitive as it implies a vertical runup of 0.73mwithout
waves. Forcing the fit linear line to intercept at 0 drastically
decreases the coefficient correlation to 0.42 (still significant at
the 0.02 confidence level). Despite the presence of some scatter
in the data, Figure 7 shows that the vertical runup elevations are
principally driven by the increase in Sig. Variance in total
vertical runup elevation represents only 5% of variance in
offshore significant wave heights above 4.0 m whereas it
represents 23% for offshore significant wave heights below
4 m. Variance in incident vertical runup elevation represents
only 1% of variance in offshore significant wave height
whereas variance in infragravity vertical runup elevation
represents 12% of variance in offshore significant wave height.
Saturation of the incident swash is even more evident when
wave period is accounted for (Figure 8). Using a hyperbolic‐
tangent fit (S = 2.14 tanh(0.4H0)) improves the correlation

Figure 6. Averaged runup elevation spectra of the present data set during rising (dof = 18), apex (dof = 12),
and falling (dof = 18) of the storm. The vertical solid line is the limit between the infragravity and incident
bands ( f = 0.05 Hz). The vertical dashed lines represent the concomitant offshore peak frequency.

Figure 5. Cross‐shore beach profiles corresponding to the
positions where time stacks were collected. Blue is for cam-
era south and red is for camera north. Onshore and offshore
limits of runup excursion (mean ±2 standard deviations) for
each day and each cross‐shore transect are indicated by a
circle and a square, respectively. Offshore is to the right.
All time stacks were collected around high tide.

Table 2. Summary of Runup Parameters

S (m) Sinc (m) Sig (m)

Mean 1.5 0.6 1.3
Standard deviation 0.5 0.1 0.5
Minimum 0.8 0.4 0.6
Maximum 2.5 1.2 2.4
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coefficient to 0.91 (Figure 7, left) which is a statistically sig-
nificant improvement compared to the linear fit (at the 5%
significance level, F test). The hyperbolic‐tangent fit allows
vertical runup to be 0 when the offshore significant wave
height is 0 and also shows saturation to take place for values
greater than 4.0 m as observed in the present data set.
[22] As shown in Figure 7 (right), the infragravity runup

elevation Sig is significantly correlated to H0 (coefficient
correlation is 0.84). The slope of the best linear fit is 0.29 ±
0.05 with an intercept equal to 0.59. This result closely
agrees with Ruggiero et al. [2004] reporting Sig = 0.33H0 +
0.33. However, these results, in terms of both the slope and
the intercept of the best fit, are higher than those predicted
by Ruessink et al. [1998], Sig = 0.18H0 + 0.16. Again, the
presence of a high intercept in our results is counterintuitive.
Forcing the linear fit to a 0 intercept maintains statistically
significant relationship and induces a slope of 0.48 ± 0.03,
slightly smaller than the 0.7 found by Guza and Thornton
[1982]. As the total runup S is dominated by the infra-
gravity band, Figure 7 (right) also suggests Sig to become
saturated for offshore significant wave heights above 4. 0 m.
The ratio of variance in infragravity vertical runup elevation
over variance in offshore significant wave height decreases
to 5% for offshore significant wave heights above 4 m (23%
for offshore significant wave heights below 4 m). If one
considers only the values obtained for offshore significant
wave heights below 4.0 m, the slope of the best linear fit
with an intercept forced to 0 is 0.62 ± 0.04, close to the
value suggested by Guza and Thornton [1982] under similar
offshore wave conditions. Using a hyperbolic‐tangent fit
improves the coefficient correlation to 0.90 (Figure 7, right).
In particular, it allows infragravity component of vertical
runup to be 0 when the offshore significant wave height is 0
and indicates saturation to take place for values greater than
4.0 m.
[23] Figure 9 illustrates the b dependence of both the

infragravity Sig and the incident Sinc components of runup.
The solid line represents the regression proposed by
Ruggiero et al. [2004] for foreshore beach slope below 0.05

and extended to the higher values of foreshore beach slope
measured in the present data set. The Truc Vert data are
consistent with the proposed regression by Ruggiero et al.
[2004] for Sinc. The slope of the best fit linear line is
11.6 ± 4.7, consistent with the 11.4 slope established by
Ruggiero et al. [2004]. The associated correlation coeffi-
cient is not too high (0.54) but is still statistically signifi-
cant at the 0.02 confidence level. Our results also indicate
that the linear correlation between the infragravity compo-
nent Sig and the foreshore beach slope is weakly (0.30)
significant at the 0.02 confidence level, consistent with pre-
vious observations [Ruggiero et al., 2004; Ruessink et al.,
1998].
[24] Figure 10 presents an overview of the relationships

between x0 and Sig/H0 published in the literature together
with our observations. The Truc Vert data fall within a
relative small intermediate range of Iribarren numbers (0.5 <
x0 < 0.9) and reveal a moderate, but significant at the
0.02 confidence level, dependence of normalized significant
runup height on this parameter (r = 0.53). As previously
mentioned, despite highly dissipative conditions in the surf
zone, the range of Iribarren numbers in the swash zone falls
within the intermediate and reflective conditions. The slope
of the linear fit is 0.79 ± 0.33, slightly higher than the one
proposed by Ruggiero et al. [2004] on a limited data set
(only 9 points) when considering runup data with x0 > 0.3
and much higher than the two other values previously pro-
posed, 0.3 [Holland, 1995] and 0.53 [Holman and Sallenger,
1985]. On the other hand, it is much smaller than the
2.2 shown by Ruessink et al. [1998] and the 1.1 for x0 < 0.3
proposed by Ruggiero et al. [2004]. As suggested by
Ruessink et al. [1998], the use of a local parameter such as
the Iribarren number may not be appropriate [see also
Herbers et al., 1995] especially for cases like the present
one where the complexity of the beach profile (steep in the
swash region and flat across the wide surf zone) cannot be
reduced by a single beach slope parameter. It is also possible
that the transition zone between dissipative and intermediate
conditions is characterized by different relationships
between Sig and xo. In line with the suggestion of Ruessink
et al. [1998], we speculate that this transition zone strongly
depends on the extent of saturation in the infragravity band
as well as on the local mechanisms leading to energy dis-
sipation (e.g., presence, location and depth of sandbars).
[25] Figure 11 represents the infragravity component Sig

as a function of the dimensional parameter proposed by
Stockdon et al. [2006]. Their extensive data set indicated

Table 3. Overview of Nondimensional Runup Parameters

Sinc/S Sig/S S/H0 Sinc/H0 Sig/H0

Mean 0.42 0.88 0.66 0.28 0.58
Standard deviation 0.10 0.05 0.15 0.10 0.13
Minimum 0.22 0.75 0.31 0.11 0.27
Maximum 0.62 0.97 1.03 0.46 0.92

Table 4. Regression Parameters for Components of Runup Model

Quantity Modeled Model Input Slope (m) Intercept ba r (rsig) r2 (r2sig) RMSE (cm)

S H0 0.30 (±0.05) 0.73 0.86 (0.28) 0.74 (0.08) 23.7
S H0 0.53 (±0.04) 0 0.43 (0.28) 0.18 (0.08) 41.7
S H0 Hyperbolic Tangent 0.91 (0.28) 0.83 (0.08) 18.9
Sig H0 0.29 (±0.05) 0.59 0.84 (0.28) 0.71 (0.08) 25.4
Sig H0 0.48 (±0.03) 0 0.59 (0.28) 0.35 (0.08) 37.6
Sig H0 Hyperbolic Tangent 0.90 (0.28) 0.80 (0.08) 20.5
Sinc b 11.6 (±4.7) −0.1 0.54 (0.28) 0.29 (0.08) 12.2
Sig b 20.8 (±17.1) 0.1 0.30 (0.28) 0.09 (0.08) 44.5
Sig/H0 x0 0.79 (±0.33) 0.06 0.53 (0.28) 0.28 (0.08) 11.5
Sig (H0L0)

1/2 0.05 (±0.01) 0.10 0.91 (0.28) 0.83 (0.08) 19.1
Sig (H0L0)

1/2 Hyperbolic Tangent 0.91 (0.28) 0.83 (0.08) 18.8

aIntercept b = 0 indicates that regressions are forced through the origin.
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that the magnitude of infragravity runup was linearly inde-
pendent of the foreshore beach slope (consistent with our
data set) and best parameterized as

Sig ¼ 0:06 H0L0ð Þ1=2: ð4Þ

[26] Truc Vert data are consistent with the results provided
by the large data set reported by Stockdon et al. [2006]. The
correlation coefficient of the best linear line is relatively high
(0.91) and the associated slope, 0.05 ± 0.01, is only slightly
lower than the one reported by Stockdon et al. [2006]. This
lower slope can be explained by themagnitude of infragravity
runup Sig associated to the highest (H0L0)

1/2 values that all fall
below the predictor provided by Stockdon et al. [2006]. It is
worth pointing out that these values (all characterized by
(H0L0)

1/2 values higher than 35) are beyond the largest
data reported by Stockdon et al. [2006]. Use of a hyperbolic‐
tangent fit provides a slight (statistically not significant)
improvement to the linear fit but allows avoiding a non-
physical intercept.
[27] To further analyze the possibility of saturation at

infragravity frequencies, the infragravity band was subdivided
into three classes, namely 0.004 < f < 0.025 Hz, 0.025 < f <
0.035 Hz, and 0.035 < f < 0.05 Hz and the runup elevation was
then determined for each class using equation (3). Results are
shown in Figure 12. Runup elevations over the three frequency
bandswere about the same forH0 less than 2m, consistentwith
previous observations by Ruessink et al. [1998] who ascribed
this to the white infragravity spectra under these conditions
(see Figure 6, falling conditions).When the conditions become
more energetic, 2 < H0 < 3 m, the runup elevation related to
each frequency band tends to grow (more rapidly for the
lowest‐frequency band). If one considers only data for H0 <
3 m, the slopes of the best linear fits are 0.45 ± 0.08, 0.30 ±
0.05, and 0.18 ± 0.05 for the lowest‐frequency band, the

middle‐frequency band, and the highest‐frequency band
(correlation coefficients, respectively 0.88, 0.84 and 0.78 are
all significant at the 0.02 confidence level), respectively.
Beyond a value of the offshore wave height around 3–4 m
runup elevation does not grow anymore for the highest‐
frequency band.With respect to themiddle frequency band,we
still observe a slight increase. The slope of the best linear fit is
0.13 ± 0.08 for H0 > 3m (coefficient correlation is 0.67, sig-
nificant at the 0.02 confidence level), that it is smaller than the
value obtained for H0 < 3 m. With respect to the lowest‐
frequency band, we also still observe a slight increase for
offshore wave heights between 4 and 6 m although Sig dis-

Figure 7. Vertical runup elevation versus offshore wave height H0. (left) Total vertical runup elevation,
(middle) incident component of vertical runup elevation, and (right) infragravity component of vertical
runup elevation. Symbols represent observations, and line is the hyperbolic‐tangent fit to observations.

Figure 8. Incident, Sinc, runup as a function of (H0L0)
0.5.
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plays a noticeable decrease for the largest offshore wave
heights.

4. Discussion

[28] We have presented new observations of wave runup
during storm conditions. Time series of wave runup have

been derived from video images of runup collected along
two cross‐shore transects from the onset to the decay of an
extreme storm (10 year return period). To our knowledge,
only three other works describing highly dissipative surf
zone conditions are reported in the literature. Holman and
Bowen [1984] presented results from runup records col-
lected from 14 locations spaced irregularly over a 7 km

Figure 9. Incident and infragravity runup as a function of beach slope. Diamonds and squares refer to
infragravity, Sig, and incident, Sinc, runup, respectively. The solid line represents the extended linear rela-
tionship proposed by Ruggiero et al. [2004], Sinc = 11.4b − 0.01.

Figure 10. Overview of published relationships between x0 and Sig/H0. The black symbols represent the
present data set. Ruggiero et al. [2004] proposed two relationships for highly dissipative conditions (x0 <
0.3) and for moderate to reflective conditions (x0 > 0.3).
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stretch of a low‐slope beach in presence of significant wave
heights up to 3.5 m with wave periods with a mean value of
15.5 s. Ruessink et al. [1998] presented results from a field
experiment conducted in Terchelling (Netherlands). They
experienced offshore significant wave heights up to 4.8 m
with incident wave periods with a mean value of 10.7 s. The
other work concerns data collected at Agate beach on the

central Oregon coast [Ruggiero et al., 2004]. Offshore wave
height for such data set was 2.3 m and the incident wave
period was 13 s. Despite highly dissipative surf zone con-
ditions, these values are still low compared to the values
experienced in the present study (Table 1). In particular, the
Truc Vert data were collected during both high offshore
significant wave heights (up to 6.4 m) and long periods (up

Figure 11. Infragravity runup elevation parameterized using the dimensional predictor proposed by
Stockdon et al. [2006].

Figure 12. Runup elevations associated to different partitions of the infragravity band (a–c) versus off-
shore wave height H0 and (d–f) versus (H0L0)

0.5.
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to 16 s, see Appendix A for more details). The present data
set is also novel due to these extreme wave conditions
occurring with steep foreshore beach slopes b (Table 1). For
example, the minimum foreshore slope experienced during
our field experiment is higher than the maximum foreshore
beach slope in the field experiments by both Ruggiero et al.
[2004] and Ruessink et al. [1998]. Also, the associated mean
foreshore beach slope is three times steeper than the mean
slope examined by Ruessink et al. [1998] and Ruggiero
et al. [2004]. The steep slopes characterizing the swash
zone are in contrast with the mildly sloping surf zone. As a
result of these peculiar conditions, the swash zone experi-
ences nearly reflective conditions while the surf zone is in a
dissipative state. The Iribarren number was developed for
laboratory plane beaches, and its application to field studies
has required a single beach slope value to characterize the
whole cross‐shore profile and, for the present conditions,
this approach can be misleading.
[29] The total significant vertical runup elevation S varied

by a factor of 3 over the data set, ranging from 0.81 m under
the least energetic conditions to 2.50 m under extreme storm
conditions (Table 2), and is correlated to H0 (Figure 7),
consistent with the previous observations. Nevertheless,
Truc Vert runup values are higher than the ones reported by
Ruessink et al. [1998] exposed to similar offshore significant
wave heights. Ruessink et al. [1998] reported a maximum
vertical runup elevation of 1.19 m associated with offshore
significant waves of 4.8 m while Truc Vert data show a
vertical runup elevation higher than 2 m for similar offshore
significant wave heights. This difference can probably be
ascribed to the associated wave period which was signifi-
cantly higher in the Truc Vert data set, 15.4 s in the present
case compared to 10.7 s as given by Ruessink et al. [1998].
If we compare the Truc Vert data to the ones reported by
Ruggiero et al. [2004] who experienced similar periods and
offshore significant wave heights, the difference in S is
smaller but still present. In this case, the difference could be
partly explained by the higher foreshore beach slope expe-
rienced in the Truc Vert data set. Indeed, various authors
[Stockdon et al., 2006; Ruggiero et al., 2004; Ruessink et al.,
1998] found the significant vertical runup elevation to be
linearly dependent on the local foreshore beach slope. Truc
Vert data indicate a weak dependency of the incident ver-
tical runup Sinc on foreshore beach slope (Figure 9). This
weak dependency contrasts with the previous works under
dissipative and lower‐slope conditions [Ruggiero et al.,
2004; Ruessink et al., 1998], where results indicated a
high correlation coefficient. This is possibly related to both
the limited range of b values (0.05–0.08) in the Truc Vert
data set and to the combination of extremely energetic
conditions and steep foreshore beach slopes.
[30] Truc Vert data support previous observations [Ruggiero

et al., 2001; Ruessink et al., 1998] showing that runup on
highly dissipative beaches can be scaled using offshore wave
height alone (Figure 8). When using offshore wave height
alone, the data suggests the possibility of runup saturation
above approximately H0 = 4m (Figure 7). This is also con-
firmed by further subdividing the infragravity frequency band
into three classes (Figures 12a–12c). When conditions
become more energetic, the growth in the runup elevation of
the highest‐frequency band is slower and nearly stops when
H0 exceeds a value of around 3.0 m. These observations are

qualitatively consistent with previous observations [Ruessink
et al., 1998] showing that runup elevations in the 0.018 < f <
0.033 Hz and the 0.033 < f < 0.05 Hz frequency bands were
arrested (i.e., full saturation) at a value around 3 m. The Truc
Vert data also indicate that at the lowest‐frequency band,
0.004 < f < 0.025 Hz, saturation might take place when H0

reaches a higher threshold (between 4.0 and 5.0 m). The data
presented by Ruessink et al. [1998] did not support possible
saturation of the very low frequency band and overall indi-
cated a linear growth with increasingH0, probably because of
the less energetic conditions experienced in their data set.
This result is intriguing and relevant (especially for those
interested in the prediction of extreme runup) but should be
taken with caution. The presence of an upper limit to wave
runup and runup saturation also at infragravity frequencies
should be studied on several other beaches before results
can be generalized. Finally, the reason for the decrease in Sig
at the lowest‐frequency band for H0 > 6 m (Figure 12a)
is unclear but it might be worth pointing out that the obser-
vations collected for the largest offshore wave heights (H0 >
6 m) are not associated with the largest wave periods (see
Appendix A). In fact, using a parameter that accounts for
wave period, (H0L0)

1/2 (Figures 12d–12f), reduces the scatter
and still shows saturation of the different infragravity bands.
Scatter in the data distribution could be the result of the
drastic morphological changes that occurred during the apex
of the storm. In fact, video images showed the straightening
of the outer bar and its migration 100 m offshore after about
1 day [Almar et al., 2009, 2010]. The effect of crescentic bar
horns, as well as the effect of bathymetric changes on runup
(including changes from alongshore‐variable to alongshore‐
uniform configurations), are expected to be small as the dis-
tance between the position of the timestacks and the closest
onshore‐protruding bar horn was about 150 m in the along-
shore and around 500 m in the cross shore, at high tide.
Although this an active area of research and 3‐D bathymetric
effects are unknown, it is worth reporting that for one beach
of the Atlantic coast of the USA, Stockdon et al. [2006]
found the bathymetry to have limited effect on runup
predictability.
[31] Using (H0L0)

1/2 as a predictor of infragravity runup
elevation results in a relationship extremely close to the
predictor provided by Stockdon et al. [2006] and, impor-
tantly, collapses the data into a straight line (Figure 11).
Overall, the (H0L0)

1/2 dependency further validates the find-
ings of Stockdon et al. [2006] and indicates that the combi-
nation of wave period and height is critical in explaining
variability of runup elevation. Appendix A shows in fact that
the largest runup elevations are not necessarily associated
with the largest offshore waves but they can also result from
extremely large wave periods (and not extreme wave
heights). Finally, consistent with Stockdon et al. [2006] the
use of a predictor that includes beach slope does not improve
the fit to the data (not shown).

5. Conclusions

[32] Observations of wave runup were collected during
very high energy conditions characterized by offshore wave
heights reaching up to 6.4 m and peak periods up to 16.4 s.
At the same time, the swash region was characterized by
relatively steep foreshore beach slopes (higher than 0.05 and
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up to 0.08). This induced highly dissipative and saturated
conditions over the low‐sloping surf zone while the swash
zone was associated with moderately reflective values of the
Iribarren parameter (up to 0.87). The total significant ver-
tical runup elevation S varied by a factor of 3 over the data
set, ranging from 0.81 m, under the less energetic condi-
tions, to 2.50 m at the peak of the storm. Our data show that
the vertical runup elevations are driven by the increase in Sig
while the incident component Sinc is saturated, consistent
with the previous observations reported in the literature
under disspative conditions [Stockdon et al., 2006; Ruggiero
et al., 2004; Ruessink et al., 1998; Holman and Sallenger,
1985; Guza and Thornton, 1982]. Truc Vert data support
the previous observations on highly dissipative beaches
showing that runup can be scaled using offshore wave
height alone but also extends the range of applicability of
relations reported in the literature and indicates that
accounting for wave period is critical in explaining runup
variability. Our observations are consistent with previous
laboratory [van Dongeren et al., 2007] and field [Ruggiero
et al., 2004; Ruessink et al., 1998] observations suggesting
that saturation at infragravity frequencies is likely to occur.
Furthermore, for extreme conditions, our observations
indicate that saturation can dominate at almost all the
infragravity frequencies. As a result, the best statistical
predictor of runup is a hyperbolic‐tangent fit showing sat-
uration for extreme values of the offshore wave height.
Although at present this result cannot be generalized to other
beaches, the data presented in this contribution provides
evidence of saturation at infragravity frequencies. Work is
under way to assess the generality of these findings at other
locations and the possible role of other variables (e.g., the
effect of large‐scale offshore morphology, angle of wave
approach) on runup variability.

Appendix A

[33] Table A1 provides an overview of environmental
parameters including offshore significant wave height (H0),
offshore wave period (T0), wave incidence (a), foreshore
beach slope (b), Iribarren number (x0), runup heights (S),
runup heights in the incident band (Sinc), and in the infra-
gravity band (Sig).

Table A1. Overview of Environmental Parameters

Run H0 (m) T0 (s) H0/L0 a (deg) b x0 S (m) Sinc (m) Sig (m)

1 2.5 16.3 0.007 8 0.056 0.687 1.61 0.64 1.44
2 2.7 16.4 0.007 12 0.057 0.679 1.83 0.76 1.64
3 2.7 16.4 0.007 12 0.059 0.706 1.68 0.81 1.42
4 2.7 15.3 0.008 13 0.061 0.674 1.86 0.87 1.63
5 2.7 15.3 0.008 13 0.061 0.674 2.00 0.90 1.74
6 2.7 14.3 0.009 15 0.061 0.636 1.83 0.76 1.60
7 2.7 14.3 0.009 15 0.061 0.636 1.69 0.75 1.49
8 2.7 15.5 0.008 14 0.061 0.686 1.84 0.74 1.65
9 2.7 15.5 0.008 14 0.059 0.665 1.82 0.76 1.64
10 2.7 14.3 0.009 14 0.057 0.592 2.03 0.80 1.83
11 3.3 13.3 0.013 16 0.060 0.528 1.41 0.74 1.17
12 3.1 14.2 0.011 16 0.065 0.628 1.43 0.64 1.26
13 3.1 14.2 0.011 16 0.066 0.643 1.44 0.72 1.23
14 3.2 14.0 0.011 19 0.070 0.657 1.50 0.73 1.29
15 3.2 14.0 0.011 19 0.068 0.641 1.70 0.62 1.57
16 3.3 14.1 0.011 18 0.072 0.671 1.48 0.68 1.29
17 3.3 14.1 0.011 18 0.072 0.671 1.48 0.79 1.23
18 3.4 14.2 0.012 18 0.068 0.633 1.43 0.56 1.27
19 3.4 14.2 0.012 18 0.068 0.632 1.71 0.55 1.60
20 3.3 14.1 0.012 18 0.066 0.617 1.59 0.55 1.47
21 6.4 14.3 0.022 12 0.075 0.513 1.95 0.89 1.72
22 6.4 14.3 0.022 12 0.081 0.548 2.17 0.91 1.96
23 6.2 14.4 0.021 12 0.081 0.560 2.37 1.16 2.03
24 4.1 15.4 0.012 15 0.060 0.545 2.21 0.54 2.12
25 4.4 15.4 0.013 18 0.062 0.544 2.24 0.70 2.10
26 2.0 14.3 0.007 16 0.059 0.712 1.83 0.50 1.74
27 2.0 14.3 0.007 16 0.059 0.712 1.62 0.40 1.52
28 2.2 13.3 0.008 14 0.060 0.655 1.58 0.44 1.51
29 2.2 13.3 0.008 14 0.060 0.655 1.66 0.58 1.54
30 2.2 13.3 0.009 13 0.061 0.661 1.56 0.74 1.36
31 2.2 13.3 0.009 13 0.061 0.661 1.55 0.60 1.42
32 2.0 13.3 0.008 13 0.061 0.703 1.48 0.44 1.39
33 2.0 13.3 0.008 13 0.060 0.688 1.54 0.58 1.42
34 2.0 13.3 0.008 14 0.059 0.669 1.59 0.58 1.48
35 2.0 13.3 0.008 14 0.057 0.654 1.57 0.55 1.45
36 2.0 11.8 0.010 15 0.056 0.567 1.51 0.49 1.39
37 1.2 11.8 0.006 13 0.048 0.640 0.97 0.52 0.80
38 1.2 11.8 0.006 13 0.052 0.699 1.05 0.47 0.92
39 1.1 11.9 0.006 13 0.054 0.725 1.09 0.49 0.95
40 1.1 11.9 0.006 13 0.057 0.765 0.85 0.45 0.70
41 1.1 12.4 0.005 15 0.057 0.809 1.11 0.49 0.97
42 1.1 12.4 0.005 15 0.058 0.829 1.12 0.49 1.00
43 1.2 11.2 0.006 13 0.058 0.725 1.03 0.48 0.89
44 1.2 11.2 0.006 13 0.058 0.725 0.90 0.48 0.74
45 1.2 11.8 0.006 11 0.059 0.785 0.93 0.49 0.78
46 1.2 11.8 0.006 11 0.059 0.785 0.91 0.47 0.75
47 1.3 11.8 0.007 12 0.058 0.719 1.03 0.51 0.88
48 1.3 11.8 0.007 12 0.057 0.702 1.10 0.50 0.96
49 1.3 12.5 0.006 9 0.057 0.745 1.06 0.48 0.92
50 1.3 12.5 0.006 9 0.054 0.706 1.07 0.45 0.92
51 1.3 11.8 0.007 10 0.051 0.616 0.87 0.50 0.69
52 1.6 11.8 0.008 8 0.051 0.572 1.05 0.47 0.92
53 2.5 16.3 0.007 8 0.049 0.597 1.52 0.40 1.44
54 2.7 16.4 0.007 12 0.050 0.592 1.72 0.37 1.66
55 2.7 16.4 0.007 12 0.051 0.605 1.63 0.59 1.50
56 2.7 15.3 0.008 13 0.051 0.559 1.77 0.61 1.64
57 2.7 15.3 0.008 13 0.052 0.571 1.74 0.60 1.59
58 2.7 14.3 0.009 15 0.052 0.539 1.61 0.63 1.44
59 2.7 14.3 0.009 15 0.052 0.539 1.63 0.67 1.46
60 2.7 15.5 0.008 14 0.050 0.565 2.06 0.60 1.94
61 2.7 15.5 0.008 14 0.049 0.547 1.92 0.61 1.81
62 2.7 14.3 0.009 14 0.046 0.474 1.93 0.77 1.74
63 3.3 13.3 0.013 16 0.056 0.490 1.80 0.61 1.67
64 3.1 14.2 0.011 16 0.061 0.588 1.69 0.55 1.58
65 3.1 14.2 0.011 16 0.061 0.588 1.59 0.69 1.41
66 5.4 15.3 0.016 10 0.063 0.494 2.18 0.61 2.08
67 5.1 16.3 0.014 7 0.065 0.561 2.45 0.60 2.37
68 5.1 16.3 0.014 7 0.068 0.581 2.20 0.59 2.09
69 5.0 15.6 0.014 10 0.068 0.563 2.16 0.68 2.02
70 5.0 15.6 0.014 10 0.069 0.575 2.50 0.87 2.31
71 4.1 15.4 0.012 15 0.058 0.529 2.10 0.50 2.01
72 4.4 15.4 0.013 18 0.059 0.518 1.88 0.65 1.74

Table A1. (continued)

Run H0 (m) T0 (s) H0/L0 a (deg) b x0 S (m) Sinc (m) Sig (m)

73 1.2 11.8 0.006 13 0.050 0.663 0.83 0.39 0.73
74 1.2 11.8 0.006 13 0.053 0.714 0.95 0.46 0.82
75 1.1 11.9 0.006 13 0.055 0.746 0.94 0.43 0.81
76 1.1 11.9 0.006 13 0.057 0.771 0.81 0.48 0.63
77 1.1 12.4 0.005 15 0.059 0.841 0.95 0.50 0.79
78 1.1 12.4 0.005 15 0.061 0.867 0.93 0.47 0.78
79 1.2 11.2 0.006 13 0.061 0.759 0.85 0.47 0.69
80 1.2 11.2 0.006 13 0.061 0.759 0.83 0.46 0.67
81 1.2 11.8 0.006 11 0.062 0.821 0.84 0.52 0.63
82 1.2 11.8 0.006 11 0.062 0.821 0.81 0.48 0.64
83 1.3 11.8 0.007 12 0.062 0.769 0.90 0.52 0.72
84 1.3 11.8 0.007 12 0.059 0.731 0.98 0.46 0.84
85 1.3 12.5 0.006 9 0.059 0.773 0.94 0.57 0.74
86 1.3 12.5 0.006 9 0.055 0.726 0.87 0.46 0.71
87 1.3 11.8 0.007 10 0.053 0.648 0.94 0.53 0.75
88 1.6 11.8 0.008 8 0.053 0.601 1.02 0.50 0.84
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