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STATISTICAL ASPECTS OF ICE GOUGING
ON THE ALASKAN SHELF OF THE
BEAUFORT SEA

W.F. Weeks, P.W. Barnes, D.M. Rearic and E. Reimnitz

INTRODUCTION

A survey of the bathymetry of the Beaufort Sea
shows that large areas of this marginal sea of the
Arctic Ocean have water depths of less than 60
meters. In this region ungrounded pressure ridge
keels may protrude downward for at least 50 m,
and ice floes containing such keels drift in a gener-
al pattern from east to west along the Beaufort
coast. Therefore it is reasonable to presume that
such sea ice masses could interact with the sea
floor. Indeed, ice-related disturbances of the sea
floor have been inferred for some decades from
observations of sea floor sediments entrained in
obviously grounded ice masses (Kindle 1924). At
the time, such processes were largely of academic
interest, and there was little motivation to explore
them systematically.

With the discovery of oil and gas along the mar-
gins of the Beaufort Sea at Prudhoe Bay and off
the Mackenzic Delta, processes modifying the
foor of the Beaufort Sea became of interest due to
their possible effect on offshore design and opera-
tions. Early side-scan sonar and precision fathom-
etry data coupled with diving observations (Shear-
er et al, 1971, Kovacs 1972, Pelletier and Shearer
1972} showed clearly that much of the sea floor

was heavily marked by long linear depressions,
which we will refer to as gouges, produced by the
ploughing action of ice. The depths and widths of
gouge incisions in the sea floor reached several
meters and several tens of meters respectively,
with gouges occurring as both individual isolated
cvents and as multiple events, presumably pro-
duced by projections on the same pressure ridge
keel gouging the sea floor as part of the same ice
motion (Kovacs and Mellor 1974, Reimmitz and
Barnes 1974).

In this paper we discuss some random-appear-
ing aspects of ice-produced gouges that occur
along a 190-km stretch of the coast of the Beau-
fort Sea between Smith Bay and Camden Bay (re-
fer to Fig. ). We also include a briet discussion ot
the statistical concepts and technigues that are
utilized. As much of the study area s part of the
1979, 1982, and 1984 [ease sales offered by the
State of Alaska and the Federal Government, we
believe that the results reported here are of imme-
diate interest to the engineering commumity In
volved in offshore design tor the deaufort Sea as
well as of long-term interest to the scientific com-
munity interested in near-shore processes in shal-
low, ice-covered seas. The paper concludes by dis-
cussing some of these potennal apphcations,
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Figure [ Part of the Aluskan coustline of the Beaufort Sea.

BACKGROUND AND
ENVIRONMENTAL SETTING

Because of their importance 1o ofishore design
in arctic areas, ice-produced gouges have been the
subject of a number of investigations, especially
since they were recognized as a recurring sea-tloor
feature in the shallow portions of ice-covered seas.
Rather than review this literature here, we will
simply mention publications of general interest
that provide more exhaustive reference lists. Re-
views of early work can be found in Kovacs (1972)
and Kovacs and Mellor (1974). Early studies off
the Mackenzie Delta are described by Shearer et
al. (1971), Pelletier and Shearer (1972), and by
Kovacs and Mellor (1974). Early work off the
Alaskan coast is reported by Skinner (1971),
Reimnitz et al. (1972, 1973), Barnes and Reimnits
(1974), and Reimnitz and Barnes (1974). More re-
cent work is discussed by Shearer and Blasco
(1975), Hnatiuk and Brown (1977), Reimnitz et al.
(1977a,b; 1978), Barnes et al. (1978), and Barnes
and Reimnitz (1979). These studies provide a de-
scription of the nature of the gouges, the charac-
teristics of the ice involved in the gouging process,
the general distribution of gouging along the
coast, and, to some extent, the forces involved in

1)

the process and the rates of gouge recurrence. In
most of the studies little attention was paid to how
the observed gouge parameters varied or 1o
methods for estimating infrequent gouging events,
such as the formation of deeper gouges. Excep-
tions to this are the papers by 1 ewis (1977a.b) and
Wiahlgren (1979a,b), which examine the statistical
aspects of the gouges located in the general arca of
the Mackenzie Delta.

Present evidence suggests that the Beautort Scu
shelf has been relatively stable during the lav
10,000 vears (i.c. major tectonic or glacio-isostatic
adjustments have not taken place [Hopkins
1967]). As sea level has risen approximately 38 m
in this time period. the entire sea floor of the pres-
ent study area was land in the geologically recent
past. The gentle slope of the present land urface
continues northward to a water depth of 60 10 70
m, where the shelt break occurs (Baines and
Reimnitz 1974). Figure 2 gives generalized bathy -
metry tor the study area. The broad, gently slop.
ing shelf is quite evident. When the sea-floor top-
ography in the study area is examined in more de-
tail it 1s found to be very comples (see map given
as Appendix A; Barnes and McDowell 1978). The
most notable features are a number of sabmerged
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Figure 2. Generalized hathymetric chart of the study area.

shoals and bottom irregularities that have been re-
lated to ice zonation (Reimnitz et al. 1977b). On
the scale of the gouging it is even more compley
(not shown). Holocene sediments (chietly poorly
sarted silty clays and sandy muds) cxhibit mansi-
mum thicknesses of § to 10 m over the inner shelf.
The seabed of the region is characterized by ex-
treme diversity and variability of sediment types,
seabed character, and sedimentary structures.
Sedimentary structures are dominated by wave-
and current-related processes inshore of 10 m, by
ce-, wave-, and current-related processes between
10 and 20 m, and by primarily ice-related pro-
cesses out to water depths of S0 m or more, where
water-related depositional processes again domi-
nate. Noteworthy is the nearly ubiquitous occur-
rence of stift silty clavs in outcrops on the inner
shelf.

The oceanographic regime of the region has
been little studied. The near-shore circulation ap-
pears to be strongly wind-driven during the sum-
mer, with flushing rates and currents closely re-
lated to local winds. The most striking oceano-
graphic events are waves, currents, and surges re-
sulting from late summer storms. Local sea-level
rises of 3 m coupled with 3-m waves have been ob-
served. Limited data during the summer suggest a
general westward water motion produced by the
prevailing easterlies, but wind-driven reversals are
not rare. During the winter the dominant currents
on the inner shelf are belicved to be the results of

thermohaline drainage out of the r ore
regime of dense, cold. salt-rich water pre B
the formation of sea ice (Mathews 1981,

The ice regime of the region shows greac cnang-
es with season and distance from shore. During
the summer, ice conditions are extremely variable,
Much of the study area is commonly ice-free, with
the southern edge of the multivear pack ice occur-
ring between 10 and 100 km offshore. New ice
starts to form in October: during the early stages
of its formation ice movement velocities nearshore
are similar to velocities offshore (S km-dayv on the
average with highs of 35 km day during storms
{Thomas and Pritchard 1979)). As the new ice
thickens, velocities decrease at nearshore locations
until the ice becomes truly fast, experiencing tvpi-
cal motions of only a few tens of meters over the
remainder of the winter (on occasion motions ex-
ceeding 1000 m have been observed [Kovacs
1979]). At offshore locations, motions also de-
crease somewhat but average movements still re-
main significant (1 to 2 km day). At times the
whole ice pack may be nearly motionless for sev-
eral days. Numerous pressure ridges form in the
moving ice, and in shallower areas many of these
ridges become grounded. Arcas of particularly
heavy groundings occur off the barrier islands in
water depths of roughly 15 to 20 m. In areas such
as Harrison Bay that are not protected by barrier
islands, large grounded ridges occur in shallower
waters (roughly 10-m depth). Once the grounded




ridge or stamukhu zone develops, the ce shore
ward of this teature remains relatively motionfess
untl spring.

During ~spring, which on the coast ot the Beau
tort Sea oceurs i June, meltng alfows tormeris
bottom-tast ice near the shore to float. Fhis atlows
the nearshore ice o become mobike onee again,
Many examples of e pile-up and override on
beaches are Anown o have oceurred durnimyg this
perniod (Kovaes and Sodhy 1980). Within the con-
straints presented by the coast aad by grounded
ndges and rubble tields, the nearshore wee remains
mobile throughout the summer unless it disap-
pears by melting or is blown out to sea. However,
the massive arcas ot grounded ndges and rubble
often remain grounded throughout most or even
all of the summer (Kovaces 1976, Barnes and Reum-
nitz 1979). Associated with these grounded e tfea-
tures at the 18- to 20-m water Jdepth s a break in
the seabed slope and changes in vouge character
and sediment texture (Reimnitz and Barnes 1974).
Addwonal information on the oceanography and
sedimentology ot the study arca can be tound in
APO (1978).

DATA COLLECTION
AND TERMINOLOGY

Seven vears of data obtained between 1972 and
1979 (excluding 1974) were used in the present

meters

study, with o total sampie trackhine fength of ap
provatately 13O0 ke Data were collected 1rom
the tescarch vessels Loonand Aurfich using a side
sedtl ot and a prectsion tathometer (200 ks
Both svstems were capable ot resonang bottom
relict ot Jess than 10 cmo The side-scan reconds
conered the sea tToor beneath the ship m 200-m o
230em awaths, depending on o sade selection, Fg
utes Yand 4 are arepresentatine sonograph and a
Pathogram respectivedy . The tracks were spaved o
provide tairhy evenhy distributed samphng alonyg
the coast between Smith Bay and Camden Bay. i
Data were obtamed both mside and seaward ot the
barrier islands to the AN-m sobath, Figure S showe
the Tocations of the difterent sampling hnes. The
trackhline navigatton was ploted i T-hm ey
ments. The sonographs and tuthograms were also
divided into T-hm seements and correlated direthy
with the navigation. As some aspects of the data
interpretation are subjective. all the counting and
measuring was pertormed by one idiadual (D,
Rearic) to minmmize varidions

A complete ive gouge data record sheet showmny
all measurements is given by Reanie et dl. (198D
A description of the general technigues that were

used in analyzine the sonographs and tathograms
s given in Barnes et al (1978) but a tew impor:
tant points attecting the parameters used i the
prosent study should be mennoned:

Average waier depth (2). This was deternuned
by averaging the water depths observed at the start

meters

Figure 3. Sonograph of we-gouged sea tloor. Water depth s 20 m
Record rahen 20 km NE of Cape Halkett
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and at the end of cach 1-hm secuon: as & changes
are usually gradual and reasonably smooth, =
should be g reasonable approximation to g spatial-
hoantegrated value.

Dominant  ¢ouce orentation (1), Templates
were used to remove horizontal exaggeraton trom
the sonographs and to obtain all measurements ot
the estimated Jominant onentation to within §
true. It should be noted that the gouge orienta-
tons within cach hine segment are svanable (see
Frg. 3).

Sputtal gowge irequency (N 0 In determining
the number of gouges per kilometer ot sampled
trach (V), every feature on the tathograph pre-
sumed to result from wee contact with the bottom
was counted, including individual gouges pro-
duced by ditterent segments of what was probably
the same pressure ridge keel (our interest is in the
number of gouges 10 the bottom, not in the num-
ber ot ice eventsy; these NV values were then cor-
rected in order (o estimate NV, the expected num-
ber ot gouges that would have been seenon a 1-km
~samphng line it the shp’s track were oriented nor-
mal 1o the dominant gouge trend. This correction
was made by using N - N sina, where o s an
acute angle between the ship’s track and the gouge
ortentation. As most gouges are oriented parallel
to the coast and the majority ot the sampling hnes
were roughly normal to the coast, these corree-
tons were usually small. Gouges with depths of
less than 0.2 m were not counted, as it was often
difticutt to wdentity positively all of these small
gauges on the fathogram. Actually, in the onginal
data tabulations (Rearic et al. 1981) a value was
given tor the number of gouges in the 0 to 0.2-m
range that could be distinguished on the sonar
record. Although this value can be usetul, o
should not be combined with the data on gouges
deeper than 0.2 m, as it includes a number of
gouges that do not cross bencath the ship's track

500

N

Freure 4. Fathogram ot ice-voueed sea Hoor
Water depth (s 36 m Record tahen 25 km NE o7 Cupre
Hulhert.

(3¢, that would not appear on the tathometer
track).

Gouge depth (). The depth was measured (on
the tathometer track) vertically trom the level ot
the (presumably undisturbed) adjacent sea tloor to
the lowest point in the gouge (see Fig. 6). Values
were grouped in 20-cm class intervals: in some
cases. because of factors such as ground swell and
wind chop, 1t was only possible 1o determine the
number of gouges that have depths greater than a
specified value, so gouges less than 0.2 m deep
were not considered. Each individual gouge was
measured. The maximum gouge depth (d,,,,) ob-
served in each kilometer ot sample track was also
determined. It should be noted that, because ol in-
filling by sediment, the measured d values are pre-
sumably less than the o values at the time the
gouge tormed. It is also important to note that the
gouge depth is almost always less than the depth to
the base of the ice mass that produced the gouge,
because of ploughed sediment sliding back into
the gouge as soon as the keel moves on.

Maximum gouge width (w_ ). This measure-
ment was taken between the inside walls of the
gouge at the level of the undisturbed surrounding
sea floor (see Fig. 6); the maximum value in each
kilometer of sample track was recorded.

Maximum {ateral embankment height (hg ).
This measurement is the maximum height (in each
kilometer of sample track) of the embankments of
sediment plowed from the gouges, measured rela-
tive to the undisturbed sea floor (see Fig. 6) and
occurring along the margins of the gouges.

It should be noted that values of d and A, are
determined purely from the linear fathometer pro-
files. It is, however, known trom other data (sono-
grams, dive observations, and repetitive track-
lines) that both gouge depths and lateral embank-
ment heights can vary considerably along the
length of a given gouge.
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tegend d gouge depth

w qouge width

8 - gouge orientation

h - lateral embankment height
Z - water depth

st - sea tioor

N trite north

Figure 6. Schemane drawing of a gouge showine the locarions of several measure

ments reterred oo the text.

As iy clear from comparing our terms with the
titles of papers in our reference list, terminology
for ice-induced sea floor features is tfar from stan-
dardized. This should not be a problem as long as
individual authors clearly spell out their usage of
specitic terms. There is little we can do here to re-
solve terminology disputes. We would simply like
to point out that gouge and gouging in the present
study correspond to scour and scouring in the
papers of Pelletier and Shearer (1972) and Lewis
(1977a,b) and to score and scoring in the papers of
Kovaes (1972) and Kovacs and Mellor (1974).
In the analysis the data are commonly combined
into several different groups based primarily on
geographic location. A given group is referred to
by either a geomorphic characteristic common to
the group or by the name of a geographic feaiure
occurring within or near the location of the group.
Specifically, the groups are:
a. Lagoons (lines 2-4, 14, 15;3-7, 8,9, 12, 13,
14; 5-3, 12; 8-37, 40, 41)

b. Lonely (lines 7-39, 40, 41, 42)

¢. Harrison Bay (lines 2-19, 5-12, 6-22, 7-35;
note that nearshore lines 6-20, 21, 23, 24,

and 25 were not used, as the sonar records in-
dicated sand waves and other features that
suggested  extensive movement o bottom
sediment)

d. Jones INands (ines 2-15, 17, 210 7-31, 66,
67, 715 9-92; observations from north of Spy
[sTand to the north or the Midwayv Islands)

e. McClure Islands (nes 3-9, 10, 11, 13, 14;
S-3.4; 7-76; 9-44, 63, 65, 66, 78; observa-
tions trom Cross Island to Camden Bayv)

t. Jones Islands and East (a combination of the
Jones and the McClure Islands data sets; e,
all the data seaward ot the barner islands
and east of Harrison Bayv)

g. Harrison Bay and East (a combination of the
data sets from Harrnison Bay, Jones Islands,
and McClure Islands; i.e. all the data sca-
ward of the barrier islands except the four
tracks off 1 onclyv).

DATA ANALYSIS

In the following five sections we will analvze
our field results concerning a) gouge depths, b)



pouge onentations, O) gouge frequency, dy govee
widths, and ¢) lateral embankment heghis,

Gouge depths

Fo exanune the distribution ot gouge depths, we
prepared histograms of gouge depths tor ditterent
regrons. The general natute of these graphs ap-
peared o be a decreasimge exponential with a rapid
tall-ott i the tiequency ot occuttence ot Larger
vouges. A simudar tendency s been noted by both
Fewis (1977w by and Wahigren (1979a,b) tor
vouges ovcurtimg north ot the Mackenszie Delta,
but examinanon of this data (L ewis 19774) shows
that the number ot small gouges s sigmiticantly
less than would occur inan exponential model,
sugpesting that some other tvpe ot distribution
might also be a possitilitn . As will be seen, this
Cnon-esponental decrease in the number ot
small gougesis notapparent in the data set studied
i the present paper. We also note that the as-
sumption ot an exponential distribunon ot itial
vouge depths is, as a first approsimantion, reason-
able i that the depths ot pressure nidge keels
measured o the north ot the study area by sub-
marine sondr cdan also be well deseribed by the use
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Figure 7. Senulog plot of the number of gouges
ohserved vs gouge depth (d} for four regions along
the Alaskan coust of the Beaufort Sea.

ot an exponental distnibution (Wadhams and
Horne 1980y,

Figure = shows aosennfog plot of the number of
gouges with ditterent gouge depths tor toar repre
sentatinve areas ot the study regon: 1y trom the
lagoons (41 data pointsy, 2) trom Harnson Bay
(842 data points), 3 trom ottt Lonely (28369 data
ponts), and B trom the profiles seawara ot the
barrier islands and cast ot Harrson Bay (16,620
data pomnts). Other groupings of the data and data
trom other areas gave sinnlar plots. The towr
cunves are well separated because the number ot
gouges observed in the tour regrons are quite Jit
terent. This s the result of ditteniny Tengthe ot
samphng hine and ot diftenmye spatial voupe tre
quencies  assoctated  with ditferences o water
depth, It the same sets of data are plotted as
relatnve frequeney (the propornon of the total
number of observatons trom that region that oy
curs in cach ot the 0.2-m depth classes), the shapes
of the curves are identical but there is considerable
averlap. Note that all plots are reasonably linear
over the complete range of four decades (7 values
vary from 0,94 1o 098 {r gives the traction of the
vanation i the number of gouges observed ac-
counted tor by the regression hiney i this case, 94
to 98]y, This suggests that the utihzaton ot an
exvponental distribution i the Mackenzie studies
(L ewis 1977a) s reasonable as an imnal approwa-
mation. However we note that even though the
correlation coefticients are high, 7 tests for good-
ness of Ot are commonly tatled. Future studies of
gouging <hould explore the possibility ot either
finding a more satstactory distnibution tuncuon
or of better rationalizing the deviatnons from ex-
ponentiahty.

The eaponential disteebatron v a4 convement,
well-studied distribution (see, among others, Ben
yanin and Cornell 1270, Miller and breund 1977)
It the simple frequency distnibution s a negatne
exponential, then the probability density tunction
(PDE) of X will also be ot a sinilar torm

I ke M voe 0,

(Here v represents the values that the random vart
able N may acquire.) Because the integral of /()
from 0 to oo must equal 1, as it contains all the
sample points with non-zero probabilities,

< k * k

.o\ RN
‘ Ao dr \ ¢ \ |
0 "




m

This gives the tollowimg PDE:
A A M Ve (h

Here the mavmum ikelthood estimate of the free
parameter M s simply the reaiprocal of the sample
mean (\):

A\ [

The probatality that a random vanable will as-
sume a value in the interval (v, vy s then

\ v

Py - Y- S_/\(\')(/.\ A s ¢ Mdv,

\ 1

Fhe cumulative distnibution function (CDFY s,
i turn, Yound by integration

1

F) PLY - ) j_r’\(u)(lu 1 e ™

{)

where v - 0. Finally, because we are interested in
the probability of occurrence of gouges that have
depths greater than or equal to some specitied
value, we are largely concerned with the value of
the exceedance probability given by the comple-
mentary distribution function Gy(v)

Gy PN R e M D)

G s a particularly simple function to graph as
1 as a strawght line on semilog paper and has a
value of L at v - 0. Theretore the simple relation

MDA A

PlD ~d) \

3

can be used to estimate n{D=d] (the expected
number of gouges with depths greater than or
equal to d, given that N gouges have occurred).
Values for X for the four data sets shown in Figure
7 are given in Table la. In determining X the fact
that the 0 to 0.2-m gouge depth class was excluded
was handled by letting d* = (d - ¢) where ¢ = 0.2
m, the cutoff value. (Note that in Figure 9 the
nominal d = 0 location is, in fact, d = 0.2 m.)

Note also that when the manber of gouges s
geven, only gouges with depths equal 1o or greater
thun 0.2 m are counted. The use of a cuto!! has an
undesirable effect on the estimates of the mean
gouge depth in that the o value obtained depends
upon the cutotf in use tn Table 1 the value @,
refers to a mean gouge depth caleulated using the
0.2-m cutott). To tacihtate comparisons between
aur data set and those of other investugators we
also include o values in Table | that are caleulated
by first estimating the number of gouges n the 0
to 0.2-m class interval by exponential extrapola-
tion and then including this estimate in the calcu-
lation of the mean. The use of the resulting values,
of course, implicitly assumes that the distribution
of gouge depths is exponential, The values givenan
parentheses in Tables 1a and 1b tor the 0.1-m class
interval are the extrapolated values,

It is, however, possible to sharpen up the above
by noting that, at least oft the Mackenzie Delta,
the nature of the gouge depth distribution
known to change with water depth (Lewis 1977a),
This 1s hardly surprising in that the large ice
masses that presumably produce the deep gouges
observed in deeper water are not, because ot
grounding, available to produce similar gouges in
shallow water.

We will now examine the effect of such a vana-
tion within our study arca. That similar changes
will be tound to occur in the Beaufort Sea can be
surmised from Figure 7 in that the shallower areas
(lagoons, Harrison Bay) show no deep gouges.
The X and d values corresponding to varnous S-m
water depth classes in the different regions are
given in Table la, and the X values are plotted
against water depth (2)in Figure 8. There is cleardy
a general decreasce in X with increasing o within the
range of the data set.

For a discussion of the arca in general, we have
combined all the data for offshore areas unpro-
tected by barrier islands (Lonely, Harrison Bay,
Jones Islands and cast) into one data set (Table
Ib). Figure 9 pives three representative plots of
data from this combined set for three different
S-m water depth intervals, and shows the fitted
curves based on eq 1. Figure 10 shows the seven )
values for this combined set plotted versus 2. We
have chosen to fit the & vs 2 data with a negative
exponential (= 0.95) purely as a matter of con-
venience. This curve should not be extrapolated
beyond the range of the data. For instance, s
known (Lewis 1977a) that gouges off the Macken-
zie Delta do not appear on the sea tfloor at water
depths greater than 80 m and show a peak in the
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Table 1 (cont’d). Summary of gouge depth () measurements.

Mid .oint

ot class Attt regions (C+D+E) excluding B, Lagoons .

interva! 0-5m 5-10 m 10-15 m 1520 m 20-25 m 25=30 m 30~35 m
0,1 (1849) (2196) (1953) (5273) (7006) (3390) (1ant)
0,3 43 609 1761 2110 4135 2427 764
0,5 1 78 532 616 1587 1486 520
0,7 13 196 184 428 604 241
0,9 6 61 85 250 482 176
1.1 24 34 93 252 86
1.3 7 1 41 94 47
1.5 5 5 28 72 33
1.7 1 ! 8 23 10
1,9 0 3 12 1"
2.1 0 3 5 1
2,3 1 a 1
2,5 ] 1
2,7 1 1
2,9 0 1
3,1 0
3.3 0
3.5 1 o
N 44 706 2588 3046 6576 5464 1893
A 9,57 7,43 5,03 5.09 4,48 2.98 2,73
d 0,30 0,33 0,40 0,40 0,42 0,54 0,57

(=4
.
N
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Figure 8. Plot of N (m') vs water depth (2} in

meters for four geographic areas ualong the
Aluskan coast of the Beauforr Sea.
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Figure 9. Relative frequency of occurrence of
gouges of differing depths based on all data from
offshore areas unprotected by barrier islands.

L SN ‘1‘479-(,»: -y
1

(m'y ] .

o g . 2; . o

oW ter Deprr o

Figure 10. X values (m ) vs water depth (2) based
o the data set from olfshore areas unprotected by
harrier stands.

mean gouge density at a water depth of 23 m.
Therefore, one might expect that in the present
study area A values may increase again at & - 38
(.

Clearly, water depth is @ most important param-
cteran studies of gouging.

Gouge orientation

Determining the absolute cartographic orienta-
tion of every gouge would be very time-consum-
ing. To provide some information on gouge orten-
tations we have visually estimated the dominant
orientation that exists along cach kilometer of
sample track. These orientation values, however,
do not provide information on the actual direction
of the ice movement; for instance, the direction
90 indicates only that the gouge runs along the
907 10 2707 line (in an east-west direction).

Figure 11 shows linear histograms of the proba-
bility of the occurrence of different orientations.
The data are displayed between 0 and 180, This
proved to be convenient, as there was a natural
break in the observations at this orientation (i.c.
very few gouges were aligned north-south). Sum-
mary statistics for these observations are pre-
sented in Table 2. The mean given here is the cir-
cular mean as calculated for axial data; the circu-
lar variance has a value near 0if the data are tight-
ly clustered and a value near | if the directions are




Lagoons Xo

N=190

ol
Ol ’ﬁ v °
0” 90 180
Xo
Lonely
e i
E 10-20m [_1
0.2 N=52
Harrison Bay Xo
0.1 02[Mo-20m
N=72
0 —— 0 o1+
03ro-iom 0 - —
N=32
0.2k 02rp-j1om %
N=126
= Qe O.lF
X, [
% 0 B [ ‘ 0 — /]
=z, McClure I. %o 0o Jones I "
~02F So0m 20 500m
N={37 N=129 :
Ol OlF
0 o) '
O02ri0-20m % 0.2
N=99
ol oX
0 0 y
02ro-1om
N:=14
Ol
1l 0 ,
180° 0° 180°
Azimuth

Figure 11, Linear histograms of the observed probability of dominant gouge ortentalions.
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Table 2. Descriptive statistics on variations in the dominant gouge orienta-

tion.
Waurer Segn Standard
depth range Surrtple diredtion Curcular deviation
L ocation it [YNEIAY fdegreesy vdrdttoe S tdevreesy
[ agoons all R0l LN 1142 [
L oneh o1 2 LR 0 048 L
ITTENLES < 96 6 [ARIAR] 62
Harrson Bay Uy 126 L (IR TN 170
20 "2 w7y 004" NG
Tones Island 010 14 ERIN O 032 T4
{a 20 IR L2 T 0.066 e
-0 129 ENR .08 11 x
Mot bure Ishands oo B e 169 174
o2 9y X6 4 0149 163
L0 RN 9 ) (0 (K0 [N

widely dispersed; the standard devation s some-
what analogous to the ordinany standard deviation
on a hine (Marda 1972, pp 18 27)

Figure 11 and Table 2 show several obvious fea-
tures. kFirst, the dommant gouge onentations ap-
pear to have a ummodal distrnibunion that is rea-
sonably clustered. Second, gouge onentations
show more variability 1o the tagoons and in other
shallow water (0-10 m) arcas. Farther off the
coas! n deeper water, these vanations generally
decrease (increased clustering: lower S and s val-
ues). The average orientation in water deeper than
20 m is 977 10 99T, which 1s just a few degrees
fess than parallel to the coast (110°7). In shallow
areas the gouges generally show a higher angle
(717 to 83°7) to the coast, although this tendency
is not evident in the measurements made off the
Jones Islands. It is reasonable to expect a ground-
ed floe to rotate and move toward the coast (this
effect has been observed in radar imagery at Bar-
row by Shapiro [pers. comm.]). However, it is not
clear to us why this phenomenon should be more
pronounced in shallow water. The mean gouge
orientation in the lagoons is 99°7, which is similar
to the gouge orientations in water deeper than 20
m.

Three factors presumably control the orienta-
tion of the gouges. The first factor is the wind d-
rection, which at Kaktovik is predominantly in
two directions: from the ENE-E (55°-100°7)
35% of the time and WSW-W (235°-280°T) 23%
of the time (the mean wind speed is the same [6.7
m:s] in both directions [APO 1978]). Therefore
the ice drift, which is roughly 45 to the right of
the surface wind, would be expected to be between

14

100 and 145 7, a value range just above that ob.
served. Secondly, because the fast ice edge gen-
erally parallels the isobaths, ice-ice interactions
tend to force the near-shore ice o drift parallel (o
the coast even when the free-drift direction is not
exactly parallel with the coast.

Finallv, as mentioned, the higher resistance
commonly encountered by grounded features on
the near-shore (shallow water) side of a tloe will
cause gouges to torm at angles less than expected
from a tree-drift situation. The end result is there-
fore an average gouge direction in the range ot KO
to 12577, as observed.

Gouge frequency

We now have a reasonable description of the
probability of a gouge having ditferent gouge
depths, given that a gouge has occurred. Neat we
need to determine how many gouges have occurred
s0 that we can estimate NV in eg 3. The number of
gouges that is of primary interest is the temporal
gouge frequency, that is, the number of gouges
that intersect a unit length of line per unit of ume
(gouges per kilometer per vear). As will be seen,
data leading to such estimates are extremely
sparse. What is available are measurements of the
spatial gouge frequency (c.g. gouges per Kilom-
eter) as seen at a given location at essentially a
fixed instance in time. We will now discuss these
two parameters.

Spatial gouge frequency

To study variations in the spatial gouge fre-
quency, the number of gouges deeper than 0.2 m
per kilometer was determined for each kilometer
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Figure 12. Number of gouges per kilometer measured normal 10 the
trend of the gouges (N,) vs swarer depith (7).

of sampling track. These values were then con-
verted to N, the number of gouges per kilometer
that would have been encountered if the sampling
track were oriented perpendicular to the trend of
the gouges. The values were then separated into
five different groups (lagoons, Lonely, Harrison
Bay, Jones Islands, and McClure Islands and cast)
and plots were made of N, vs water depth. Exam-
ination of these plots showed that lagoons differed
from the other four areas in that gouges were rare
(92% of the 298 kilometers sampled contained no
gouges and the fargest N, value was 12 gouges-
km). The four other regions showed differences
but these appeared to be largely caused by changes

in the water depths sampled in the different areas.
Therefore all four regions were combined and
considered as one. Figure 12 shows the N, vs 2 plot
for the combined data. A data tabulation i
presented in Table 3. As was the case in the
lagoons, in shallow water N, values of zero (N,
values) are common and N, values greater than 50
are rarc. In water 15 to 20 m deep. zero values be-
come less common and larger N, values are en-
countered. Finally, as water depths increase above
22 m, all samples show 20 or more gouges per kil-
omeler.

These changes can be shown (Fig, 13) by taking
10-m-wide vertical shices through Figure 12 and

~




Table 3. Summary of the number of gouges per kilometer deeper than 0.2 m.

N
Nurnther of gouyes frequency
deeper than 02 m of vcourrence
per Atlometer tiagaonsy

g

(02 A ke mts —
—_— = ts T b x

N JUN

displaying the results as histograms giving relative
trequency vs .V, 10, As can be seen, in the lagoons
there is a rapid exponential drop-ott in frequency
as the N, 10 value increases. In shallow water
(< 10 m) outside of the barrier islands the trend is
similar, although null values are not as trequent
(429%). At depths of 10 to 20 m, the null values
compose only 24% of the total sample and N - 10
values in excess of 10 are not rare. In deeper water
the distribution from 20 to 30 m and 30 10 38 m
had nearly identical means and forms and were
therefore combined. The histogram is now more
clearly Gaussian and shows only a slight positive
skew. Again, the nature of the distribution is
clearly a function of the water depth. One addi-
tional piece of information should be added here:
at one location (off Lonely) a study was made of
the distribution of the spacings between the
centers of gouges (as measured along the sampling
line); the distribution resembled a negative ex-
ponential (Fig. 14).
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It would be convenient to have one distribution
function that would describe all the histograms
shown in Figure 13, 1f possible this distribution
should have the following characteristios:

a. It should be discrete in that we are describing

a counting process (either a gouge is present
or it is not)

b. 1t should be capable of dealing with a posi-

tive frequency of zero values

. It should have a shape that varies trom a
negative exponential to normal as the mean
value of A, increases

d. The distribution of spacings between oceur-

rences should be given by the exponential
dist: .bution.

The Poisson distribution has. in fact, all these
characteristics and is given by

g

) o

e
Sx(N.a) = ‘ o (4
x = 01,23, a~>0




where the parameter o is the sample mean, which oft too rapidly at large N 10 values Fhe Poison

1M our case varies trom 0,08 for kigoons to 8.07 tor distribution also possesses the additive property
depths inoexcess of 20 mo As we have plotted that the sum ot twoandependent Porson random
N 10, these sample means correspond o N vanables with parameters o and o s also i
values of 0.8 and 8.7 gouges hkm . The use of Poisson random vanable with parameter o

N 10 was necessitated by the tact that N values TRRRTYS

as large as 270 gouges km occur. The Poisson Fhe use ot the Porsson distiibution brimgs 1o
distribution, on the other hand. s not convenient mind ity association with the Poisson process, de-
for values much in excess of 200 When V10 s seribing the frequency ot random events oceurring
used, the Poisson probability tor an integer such A comtant rate along a4 conunuous space (or
as 3 is used to represent the probability of N oc- tme) seale. To be a Poisson process, the underly
curring in the interval 25 < N« 35 pouges per ing  phyacal mechamsm generating the events
kilometer. Examination ot igure 13 shows that must satisty the tollowing three assumptions:

the Poisson distribution (the discrete values) does, 1. Stattonariy--The probabihiey ot ac lea: one
N tact, give a reasonable representation of the tre- cvent in any shortinterval s propos aonal to
quency plots of the N values, although it drops the length of the interval.

2. Nonmudupliciey— The probabilits of two or
more events in a short intersal Avis neghgr-

ble in comparison 1o aAx.
° 5[_ 0 .0Om or Lageens P . L
i @ ok Y 3. Independence — The number of events i am
o interval v independent of the number ot
“‘“F " \ events in any non-overlapping interval.
i [ - . . . - .
4 | T‘ ‘ The probability distribution ot the number ot
S _zy‘ i cvents Noin distance v tor a Poisson process s
- ' .
- ‘ ) ; given by
‘ skl
|
(G : n "N
s ) (ry)y' e
i v Y
w norx) T S
: | , ! n' {
2= :
}( : no 012300 ex -0
. < IS A 5 o where vxhas replaced o ineq 4 and parameter o s
N7 0 fnumber ot gouges per 100 m) the average spatial rate of occurrence ot the event,
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Figure 13. Relative frequency of different N 10 values for lugoons and three different water depth ranges
offshore of the barrier islunds. The solid line bar graph represents the data, the discrete values indicate the fitted
Poisson distribution, and the stppled area indicates the fitted gamma distribution,
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the gouges off Lonely, Vusha.

We would judge that, when gouging is looked
onas an annual event, it would satisty the require-
ments for a Poisson process reasonably well as a
first approximation. W¢ note however that when
the spanal distribution of gouging i~ examined in
more detail it is tound that there are locations
where gouges occur in groups (on the seaward
sides of shoals, for example). In addition, it goug-
ing is examined on a time scale finer than vearly,
the assumption of stationarity is clearly not satis-
fied, since in many locations no gouging occurs
during the summer months. However, these prob-
lems are probably no worse than in many other

areas, such as customer arrivals and number of

telephone calls per unit time, where the Poisson
process has oeen found to be 4 very useful model,

It is, of course, possible to use other distribu
tion functions, such as a gamma distribution. This
distribution is attractive for several reasons. First,
it is capable of assuming shapes similar to those
shown in Figure 13 (Hahn and Shapiro 1967, Fig-
ures 3-7b and 1-8). It is also an applicable distri-
bution to data such as .V, that are bounded on one
end (however it 1s not capable of treating the oc-
currence of zero values). In addition, this distribu-
tion has been used successfully in a variety of engi-
neering problems because of its flex:bility (Benja-
min and Cornell 1970). The gamma distribution is
given by

Ay? ]C At
It = I:‘(n?) - (6)

where I'(y) Is the gamma tunction

x€
I'op = S X" te Vv (%)
0

Here the two free parameters y and X can be con-
sidered to be shape and scale parameters respec-
tively. The mean, variance, and coefficient of
skew for the distnbution are respectively

Ety) = /N (8)
Var(x) = p/\° 9)
T =241, (10)

The exponential distribution is, in fact, a special
case of the gamma distribution with » = 1,

As can be seen in Figure 13, the gamma distri-
bution (the dashed lines) gives a very reasonable
representation of A data 1if the presence of zero
values is arbitranily introduced in calculating the




lable 4. Parameters of gamma distributions fitted to observational data on spatial gouge frequency. or the
combined offshore data sel, the data are expressed in terms of the number ot gouges per hilometer 10).
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appropriate probabilinies. Note that the gamma
distribution is more successtul in titnng the larger
N 10 values than iy the Poisson distribution,
which drops off 100 quickly ar large values of
N 100 Table 4 gives the values ot the parameters
of the titted gamma distributions. The A and nval-
ues were obtained using the maximum hikelihood
procedure suggested by Thom (see Haan 1977, pp.
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102-106). In comparing the Poisson and the gam-
ma mean values it should be remembered that the
Poisson mean includes the eftects of the presence
of zero N values while the gammu mean Joes not,

Tempaoral frequency

In investigating  problems  concerming e
induced gouging of the sea tloor s highly desr-
able to have independent information on the rates

Table 5. Number of new gouges during the indicated time and space intervals. (Determined from
replicate sonar data collected during the summers of the years indicated.)

Inera Tost ine 3% Tt vinie 3 Tese Lo Sy
Ay ity [AZR R fv7™s T A2 w7 iy lv™s A 1y ~4 1y A
o] ) y Ny . H 42 1)
12 '5} i s ot ) | SN 0
AR S0 N < 6 ] 117 . [ T 1"
e 9.0 - < " 120t - 6 .4 0
4 < Y Xy 1< < ~ 1 RN < < 93 i
S 6 oo f : 1 9 140l 1 12 0"
67 0] } 0 2 2 1 ]J\: 1 < IR 0
TN 106 - 3 <0 < e 2
Ay 11:% | o s 4 146 | 4 124 <
930 b ox 0 ) jsat 2 ] "
1011 R . 6 4 158 . i 140 <
1oL IR - B 163! 2 146 1
(AR (R - 12 Im.20 4 150 il
nos et ! * 9 23 o f " 1 15 12
1418 M2y . 2 K RSy ) 4 P63 <2
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1519 154 001 | 189 y
1920 15k 4 193 0
2021 158 - 19 ]
n-n 16.0 - 21 201 6
2N 16.3 1 3 2001 0
24 16s 6 4 9 204 0
2428 168 2 202 0
25-26 19.2 0
26-27 1”9 2
2728 1" 0
28-29 o

2 0.4 20 4.4 9.2 1.1 2 6.8

Note: The 1973-78 and 1975 76 data are trom Barnes et al. (1978).
The symbol - - indicates no data was collected.
Also given are values of g, the average number of new gouges per hilometer per seat
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at which new gouges form (the number of new
vouges per kilometer per vear). Untortunately
such data are rather himated; tor our study area
they are largely contained in a paper by Barnes ct
al. (1978). This work describes replicate observa-
tions made on sample line 38 (see Fig. 5 tor loca-
ton) during the summers of 1973, 1975, 1976, and
1977 and on line 31 during the summers ot 1975,
1976, and 1977, We have reanalyvzed the data set
trom hine 31 for 1976-77 and on hne 33 for the
1976-77 and 1977-78 intervals so that the counts
of new gouges are based on [-km sampling lines.
We have also analveed replicate runs on hne 19
(north of Cape Halkett) tor 1977-78.

Because the quality of the 1973 sonar records
was poor {(Reimnitz et al. 1977a), data based on
the 1973-75 tme interval should receive less
weight than the fater observations. The results of
this analvsis and that of Barnes et al. (1978) are
combined and presented in Table S. We have arbi-
trarily deleted the g values obtained on line 39 at
20.3 m and farther offshore, since this portion of
the line 1s known to be in the shadow of a nearby
shoal area, thereby receiving fewer gouges. If the
[973-75 data on test line 35 are also exctuded be-
cause of the poor quahty of the sonar record, we
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Figure 15. Values of g (number of gouges
km™' vr') vs water depth (7).
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obtain an average g value ot S.2 gouges per hilom
eter per vear with values tor individual vears varny
mg trom 2.4 (1975 76) to 3.5 (1976 77) to T 9
(1977 78). These are apprecably larger values
than have been obtained using similar procedures
oft the Mackenzie Delta i 15 1o 20 m of water
(.19 + 0,06 gouges per Kilometer per vear, Lewis
1977a) and they give a return period per kilometer
of 0.2 years as compared 1o 8.3 vears.

Figure 15 shows a plot of observed ¢ values v
water depth. There s no strong trend. In addition,
there is a large scatter and zero values (1-km hines
with no new gouges) are rather evenly distributed
at all water depths. Because of this we have treated
all the observations as a single group.

Figure 16 shows a plot of the observed probabil-
ity of oceurrence of different values of g. The dis-
tribution shows a strong positive skew. The Pois-
son distribution for this set of data is also shown.
The representation of the data is not encouraging
(again the probability of occurrence talls oft much
too rapidly at large g values). Also shown is a
gamma distribution, which gives a better fit (the
shape and scale parameters are respectivels -
1.205 and A = 0.196).

While the characteristics of the new gouges are
being discussed, it is of interest to examine the dis-
tribution ot their depths to see if they appear 10
follow an exponential distribution similar to that
obtained by sampling all the gouges on the sea
tloor, a data set that contains a number of old
gouges that presumably have been partially filled
with sediment as well as new unfilled gouges. The
observations used (n = 76) were from both test
lines 31 and 35 and occurred between 1976 and

(S,
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Figure 16. Relative frequency of different values
of g (number of gouges km' vr ). The discrete val-
ues indicate the fitted Poisson distribution and the sup-
pled area indicates the fitted gamma distribution.
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Figure 17. Semilog plot of relative fre-
quency of occurrence of new gouges of
differing depths (d).

1977. The results are shown in Figure 17. Again
the data appears to show an exponential dropoff
with a’X value of 4.52 m™'. This value is close to
but somewhat lower than the values obtained
from the samples of all the gouges (taking {5 m as
a mean water depth along the replicate sampling
lines, we obtain a value of 5.5 m™' from Figure 10,
as contrasted with 4.5 m™' from the new gouges).
That new gouges should have a lower A value than
a corresponding distribution of old and new
gouges could be anticipated (E. Phifer, pers.
comm.) from the observation that at other loca-
tions deep gouges in the sea floor receive more fill
per year than do shallow gouges (Fredsoe 1979).
At the present there clearly is no strong reason to
doubt that the distribution of new gouge depths is
exponential or that the \ values that will be ob-
tained are greatly different (presumably slightly
less) than values obtained from our earlier analysis
of all the gouges.

Extreme value analysis

Another way to view portions ~f the gouging
data is by extreme value analysis. In this case the
complete data set is not examined. Instead the
largest (or smallesi) value in each of a number of
specified sampling intervals is used. In most appli-
cations, such as hydrology, the data are in the
form Of time series, and the largest (smallest)
event in each of a sequence of fixed time intervals
is used to generate a distribution of rare events. In
our study, the basic data set 1s a space series, as
separate frequency distributions of gouge charac-
teristics were developed for each kilometer of
sampling line. For instance, in a kilometer of hne
one might observe 85 gouges of different depths,
with the largest gouge having a value of 2.2 m; in
the next kilometer there might be 178 gouges with
a maximum value of 3.1 m. The extreme value
distribution would then be composed of the values
2.2, 3.1, and subsequent values. Good discussions
of the different types of extreme value distribu-
tions can be found in Hahn and Shapiro (1967),
Benjamin and Cornell (1970) ard Haan (1977).

The particular extreme value distribution ap-
plicable to a given situation depends on the nature
of the initial distribution being sampled and on the
sample size n, with the extreme distribution being
approached asymptoucally as n becomes large. A
commeon problem is that many times n does not
appear to have been large enough, and the extreme
value distribution that would be expected to apply
to a given data set is not particularly successful in
fitting it. For instance, a Type | extreme value dis-
tribution should apply to maximum values sam-
pled from an initial distribution that is of the ex-
ponential type. However, Tucker et al. (1979}, in
their study of maximum pressure ridge heights
whose initial distribution appears to be the expe-
nential type, found that their data were not linear
on Type I paper but were effectively linearized by
standard probability paper. Similar results have
been obtained by other workers in hydrology and
in Monte Carlo simulations by Slack et al. (1975).
In practice, a number of different approaches
(Type I, normal, log-normal, log-Pearson Type
111) are commonly tested, and the most successful
relation is selected to analyze the data.

Gouge depths

As we have shown, gouge depths appear to be
exponentially distributed. Therefore, the appro-
priate extreme value distribution for maximum
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Figure 18. Plots of d,,,,, vs water depth (z) for different regions within the study area.
gouge depths should be a Type I distribution. o =X
However, testing shows that the data were not lin- N
earized by either a Type I, a normal, or a log-nor- _
mal distribution. However, a log-Pearson Type 111 § = (X - Xy
(LPIII) distribution proved to be quite effective. N-1
This distribution, which is in fact a three- _
parameter gamma distribution fitted to the log., G = NI(X-X)
of the extreme values, has been used successfully (N-1)N-2)$*
in treating flood observations (USWRC 1977).
The three parameters describing an LP111 distribu- The computed d,,, value is then given by the rela-
tion are the mean X, the standard deviation S, and tion
the skew coefficient G, which, if X = log.. d,,,. ~
where d,., is the maximum gouge depth in a kil- lognd,,, = X+KAS (n
ometer track and N is the number of maximum
gouges, are calculated as follows: where K is the Pcarson Type Il coordinate ex-

pressed in magnitudes of the standard deviation




from the mean for various exceedance percent-
ages. Values of A are tunctions of G and are given
in Appendix 3 in USWRC (1977), as are the com-
puting equations for X, 8, and .

In analyzing the d,  values on gouging, indi-
vidual plots (Fig. 18) were prepared showing o
vs 2 tor five different areas. The different regions
were compared by overlaying the figures on a light
table. If ditferences in water depth are taken into
consideration, the data from Lonely, Harrison
Bay, Jones Islands, and McClure Islands overlap
very well and appear to form one continuous dis-
tribution. Therefore, as betore, the data were
pooled into one sample. The data from the
lagoons were treated separately, both because they
appear different and they represent a different
marine environment.

Another characteristic of the o, data, which
might be anticipated from our earlier discussion
and that is apparent in Figure 18, is that the values
clearly change with water depth. There are null
values, many small values, and no large values in
shallow water; large values of d . become in-
creasingly common with increasing 2; and small
values are rare in water deeper than 20 m.
Therefore, as before the pooled offshore d,
data were separated into 5-m water depth in-
crements. As no similar ¢ trend was apparent in
the data from lagoons and, as the depth range was
himited, these results were not separated nto
similar groups.

In analyzing the data, two problems were en-
countered. First, in a number of shallow water
areas we commonly found appreciable lengths of
track that did not contain gouges, resulting in
dna = 0 values. For instance, in the data set for
lagoons, 119 km of the 324 km sampled (37%)
were gouge-free. This precludes the normal statis-
tical analysis of the data using an LPIII distribu-
tion, as the log,, of zero is minus infinity. Sec-
ondly, in a number of cases it was impossible to

determine precisely the depth of the smahier
gouges, only that a gouge existed and that i
depth was less than some specified value. Such
gouge depths are wdentified by circles i bigure I
In most cases they had values of Jess than 0.3 1y
and were situated in shallow water. This created
considerable uncertainty i speciiving the et
number of gouges 1n the O.1- and 0.2-m depth
Where such gouges were common  (al
water depths of fess than 16 m), large G values and
1 PI distnbutions were obtumed that were not
particularly good fits to the data ar the lurger d |
values (which, ot course, is the area of prime inter-
est).

Both of these problems were handled using a
procedure deseloped tor treating zero flood vears
and incomplete records in hydrofogy. First, the 0,
0.1-, and 0.2-m values were deleted from the sam-
ples. Then the X, S, and G parameters were caleu-
lated from the censored distributions and used to
caleulate d |, as a tunction of exceedance proba-
bility. These exceedance probabilities were then
adjusted by multiplyving them by the ratio of the
number of values in the censored distribution to
the number of values i the uncensored distribu-
tion (i.e. with the 0, 0.1, and 0.2 values included).
The results were then plotted on og-probability
paper for comparisons with the observed data. In
plotting the data against the adjusted curve, the
plotting positions were determined by using the
Weibull plotting formula

classes.

P=m({N+D

where P is the exceedance probability; m the se-
quence of d,,, values, with the largest values cor-
responding to m = 1, the next largest value corre-
sponding to m = 2, ete.; and N the total number
of data points before censoring (i.e. including 0,
0.1, and 0.2 values).

Table 6. Parameters of the log-Pearson Type 11 distribution (determined from values of o, observed along
I-km sampling lines. Values outside the barrier islands include data from Harrison Bay and north of Lonely.
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Table 6 gives the X, S, and G values caleulated
from the difterent sets of censored data as well as
the adjustment ratio and the number of o, val-
ues equal to zero and between 0.3 and sero. The
exceedance probabilities—the probabilities  that
given a single kilometer of sample track, the maxi-
mum gouge depth will be equal to or greater than
some indicated value, o, —are shown in Figure
19. Also shown is the spatial recurrence interval
for 1-km segments with one or more exceedances,
which is equal to the reciprocal of the exceedance
probability. This parameter gives the expected
number of kKilometers of sea floor that must be ob-

served before the maximum gouge depth in one of

those kilometers is expected to equal or exceed
daax- Another parameter of possible interest is the
number of kilometers per 100 km of sample track
in which the maximum gouge depth is expected to

equal or exceed o . This number can be ob-
max

tained simply by multiplying the appropriate ex-
ceedance probability by 100. The curves sweep
across the graph and show systematic changes
with water depth as was expected. The 10- to 15-
and the 20- to 25-m curves, which are omitted to

restrict clutter, fic as expected on the figure. The
30- 1o 35-m curve isvery similar to the 28 to 30-m
curve, which is not too surprnising as there are not
many o, values in the 20- to 35-m range. Nt
should also be noted that in the plots of W

[AATERN
from the Mackenrzie Delia region (1 ewis 19774),
the o, values peak at approumately 40 m and
decrease in deeper water.

In Figure 19 the 0 to S-m data and the data trom
the lagoons overlap cach other. As there are only
three data points in the 0 1o S-m data set (as the
result of censoring the lower values), the caleu-
lated curve was not particularly simifar to the
curves from deeper water. The curve presented in
Figure 19 is based on the data tfrom lagoons and
appears 1o give a reasonable representation of the
0 to S-m data points as well.

Figure 20 presents X - fogd,,.. 4. G, and s
plotied as a function of 2. This plot should be use-
ful to those interested in developing eq 11 to apph
to other water depth intervals than those con-
sidered here. The most systematic change in a pa-
rameter with 2 is the roughly lincar increase in X\
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Gouge widthy
¢ Figure 21 shows all maximum gouge widths
(Wiay) measured outside the barrier islands com-
pared with the average water depth (2). The trends
are similar to those present in Figure 18, which
‘ plotted d,,,,. vs average water depth. There is a
general increase in wp . oas Tincreases. This may
stmply reflect that, on the whole, gouges that are
deeper are also wider. In addition, in deeper waten
there do not appear to be any small w  values as
there were in shallow water.

N

Luateral embankment heighis

Finally, a comparison of A .. the maximum
lateral embankment height, and o, is presented
in Figure 22 (the numbers indicate the number of
values). 1t is hardly surprising that, on the aver-
age, regions with deeper gouges should contain
higher embankments as the material from the
gouges produces the embankments. However, we
were surprised at how symmetrically the values
were distributed around the one-to-one line. This
15 shown by the histogram (see the inset in Fig. 22)
of the relative frequency of deviations from the :
one-to-one line (measured normal to that line). g Gruge Leptr fr

Gixt-Plasy!

v

Figure 23 Plot of the exceedunce probabilins [Gyisg)
vs gouge depth for different water depihs (71 in the
offshore region unprorected by barrier istands. 1 cal
culating the Gy values, the N values are obhtained

APPLICATIONS TO
OFFSHORE DESIGN

In the preceeding sections we have attempted to
systematize and clarify some of the essential char-
acteristics of a large set of measurements on the
geometry of ice-induced gouges in the sediments
of the Alaskan portion of the shelf of the Beautort
Sea. These observations are, of course, valuable in
themselves. For instance, it is useful to know that
outside of the barrier islands in water up to 38 m
deep the deepest gouge observed was 2.6 m, ob-
tained from a sample of 20,313 gouges collected
over 1500 km of sampling track. In the protected
lagoons, on the other hand, the deepest gouge (0.7
m) was much shallower (from a sample of 41
gouges obtained from 298 km of sampling track)
and a large percentage (92%) of the 1-km .eg-
ments examined contained no gouges at i1, In the
remainder of this section we will attetapt 1o use the
data anaiysis performed carlier in this paper to
make a series of preliminary estimates of the prob-
ability of occurrence of gouges with certain pre-
scribed depths and frequencies.

Gouge depths
To obtain the exceedance probability for the oc-
currence of gouges of different depths, given that

from the relation shown in Figure 10,

gouging has occurred, the relation in Frgure 10 can
be used to obtain an estimate of M applicable to the
water depth of interest. The exceedance probabil-
ity is then obtamned fiom cq 2. Forinstance, for a
water depth of S m, A = 8.16 and

PID=1] = exp| B.16(1-0.2)] - 1.46~10 "

gives the probability of a gouge exceeding 1 m in
depth. Therefore, using eq 3. one pouge in 688
would be expected to be at least 1 m deep. The
0.2-m correction in the above calculation is caused
by the fact that the 0 to 0.2-m depth class was de-
leted in the estimation of N, At the same water
depth, one gouge in 2.39 million would be expect-
ed to be at least 2 m deep. For 35 m of water (’;\
2.46) things are very different; one gouge in seven
exceeds 1 m and one in 980 exceeds 3 m. A graphic
display of the variations in the exceedance proba
bility as a function of water depth tor the offshore
region is given in Figure 23.




The X values determined for lagoons appear to
be in the 7- to 9/—\m" range, Lo, in general agree-
ment with the N values obtained from <imilar
water depths in the oftshore data set.

Fxtreme value statistics

It is important to aote two tactors concerning
the extreme value statistics that have been pre-
sented. First, the sampling lines cross the gouges
at a variety ot angles. Therefore, trom an area
where the gouging s strongly aligned. the maxi-
mum value used was selected, in some cases, from
a small number of gouges (when the sampling line
nearly paralleled the gouges) and in other cases
from a much larger number (when the sampling
was perpendicular to the gouges). We have not at-
tempted to correct the extreme value data in the
manner that we corrected the observations on the
observed number of gouges per kilometer (\) 10
the number that would be expected if the sampling
were perpendicular to the gouging (V). We do not
know how to make such a correction.

Secondly, it should be realized that the extreme
value and the complete distribution technigues
give estimates of wwo different factors. The ex-
treme value approach provides an estimate ot the
number of 1-km segments that will have ar feast
one gouge greater than or equal to some specitied
value d,, along a given length of sampling line
On the other hand, an estimate using the complete
PDF gives the expected number of gouges along
the line that are greater than or equal to d,,,. The
two estimates are not the same because a given
1-km sampling segment may have more than one

F——m

gouge greater than or equal to o, Nevertheless,
both approaches can be usetul it apphed appropn
ately.

Consider three 200km pipehine toutes, one i the
lagoons und two at sites unprotected by lands i
S0 10 and 25 1o 30 m of water respectively . by
the lagoons, the extreme value exceedance proba-
bility tor I-hkm sampling mtervals s approvamatceh
0.0065 and 000013 tor gouge depths of 0.5 and
O m respectnely ccorrespanding to spatial recur -
rence intervals ot 183 and 7692 km. Correspond:
ing values for S- to 10-m and 25 1o 30-m wate
depths outside of the barrier islands are given i
Table 7. Based on this able we could conclude
that it one was to contemplate using an engineet -
g technique that would encounter ditficulties in
the presenice af gouges of Tm or more, we would
not anugipate problems in constructing 4 20-km
line within the tagoons. On the other hand,
water depths of 2510 20 m we would expect ween
counter pouges at least 1T m deep in roughly 18 o1
the 20 km,

Another parameter of interest s the probabihins
-1y that the maximum gouge depth per Milometer
will equal or exceed a given value (e T my along
the pipeline. This s caleulated as tollows:

Py 1 P
where P(B) s the probabihiny that the masimum
gouge depth per hilometer will not equal or exeeed
I min any ot the 20 km. 22(8) in turn equals the
probability that the mavimum goupe depih per ki

Table 7. Exceedance probabilities.*
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ceed the indicated gouge depth along a 20 km hine based on the extreme value
statishics




mutnphed by the probabiiny that it will not be -+
m in the second kdomcter, ete. up to the iwentieth
ktlometer. Assuming that cach hilometer has the
same probabiliny. 2O that the masimum gouge
depth per kilometer will not be -1 m, then P(B8)

IPLON™ . PUCY s, howeser, equal to | minus the
probability. 2y that the manimum gouge depth
pet kilometer will be =1 m. In short,

£y L 2y ()

where o s the number of 1-hm ~egments compos-
ing the line. In our example, n 20 and (D)
0.00013 tor lagoons so that P 0.0026. These
values as well as similar values at water depths ot §
to 10 m and 25 to 30 m are also included in Table
7o As iy shown, the probability of encountering an
extreme pouge with a depth equal 1o or greater
than 4 m in water 25 to 30 m deep is appreciabh
larger than the probability of encountering a 1-m
exreme goupe in the lagoons,

Burial depths

I'he problem of burial depth can be considered
i several different ways, Clearly, every gouge
greater than a specitied vatue s important, so it is
flecessary to use the PDE based on the complete
setof pouge depths, as opposed to the extreme val-
ue distribution based on the masimum gouge in
cach ktlometer,

First, we consider the situation where we wish to
bury the pipehine at a depth so that it is all covered
(assuming an aceeptably low probability of en-
countering a gouge deeper than our burial depth
that would leave the line uncovered). In this case
we are dealing with gouge depths as they exist on
the sea tloor at a given instance of time. Again as
an example we will consider a 20-km line that will
be, i turn, restricted to lagoons and to water

M

depths of Sto 10 m and 25 1o 30 m outside the bar-
tier islands. We will also consider the case where
the direction of the line s 200 ottt the direction o
the gouges as well as normal to the direction of the
pouges, Formstance, ata water depth of 25 1o 30
m we would expect 1o encounter an dverage ot 80
pouges per hilometer if the tine s normal 1o the
rouges and 8O <in 20 27 gouges pet hilomieter 1t
the anele between the gouges and the line s 20

Considermy 20-hkm Lines, this corresponds 1o 1600
and 540 pouges, respectively. Next, one must de-
aide how many gouges can be tolerated deeper
than the depth of bunal. We will take two cases:
one exceedance per 20 km and one exceedance per
100 km. Bunal depths (1) can then be caleulated
from eq Y. which, when rearranged dand modined

to treat the above cases, becomes

n( > d nll) - dj W0 gy
N N (sinth)] ’
ar, l‘Ci\lTiln_ﬂing
)~
voor g aed (14)

AN A inayt

Asstated, at a water depth of S1o10m, N 73,
N 10, 0 200r90 1 20 or 1O km and
nld) ~dj 1 masmuch as we only winh 1o allow
one  exceedance. The results of several such
calculations are given in Table 8.

Unfortunately, the problem we would really like
to solve s somewhat ditferent and more ditticult
than the above: a pipeline is buried and we wish to
estimate as a function of burtal depth how often
(1n s time sense) the pipeline can be expected to be
impacted by a pressure ridee heel. This problem
also requires knowledge of the rates of occurrence

‘Table 8. Estimated burial depths assuming that one existing gouge will exceed the burial

depth along the length of the line.
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of new gouges. What length of time do the ob-
served gouge sets represent? This quesoon can be
exanined from several different viewpoints. First,
we can estimate sedimentation tates m the studs
arca to see how fast gouges would be erased
tfilled), assuming uniform sedimentation, Aser:
age sedimentation rates appear to be guite low

Retmmitz et al. (1977) obtaied an average value of
0.06 ¢m vro by dividing the observed average
thichness of recent (Holocene) sediments (3 m) by
the period of time thewr study arca was believed to
have been covered by the sea (3000 vears). Lewis
(1977a) obtained similar but generally higher val-
ues (00310 0.2 em vr ) tor hus study arca north of
the Mackenzie Delta. Using chie 0.06 cmovr value
and assuming that no other processes are active, it
would rake about 1666 vears to Ol 4 -m-deep
rouge and SO0 years e il a 3-me-deep gouge.
Based only on this antormation. an observed
gouge set would represent a long period ot tme.

[n the above, the assumpuon ot umtorm seds-
mentation on the shelt v probably in error. A
gouged bottom morphology creates abrupt local
reliet and local sedimentation rate anomaties that
amount to large ditterences in sedimentatnion rates
over short distances. Gouge embankments may be
sites of erosion while the gouges, as depressions,
act as loct of much hugher rates ot sedimentation
than would be apparent on a regional bawis. bur-
thermore, sedimentary structures tn-shore of 20 m
show shelt deposits to consist ot gouge intill mate-
nal (Barnes and Reimnitz 1974, Barnes et al.
1979).

In addition, 1t v becoming increasingly  ap-
parent that shallow water gouges are rapidly oblit-
erated due to high levels of hvdrodynamic activity
(Kovacs 1972, Pilkington and Marcellus 1981).
For instance, recent field observations by Barnes
and Reimnitz (1979) show that the extensive open-
water conditions that occurred during the summer
of 1977 resulted in hvdrodynamic conditions (pre-
sumably, large waves and wind-generated shelf
currents associated with the presence of a large
fetch) that have obliterated ice gouges ta a water
depth of 13 m and caused pronounced infilling of
gouges in deeper water. Apparently, the rates of
reworking a.ad redepositing sediment from such
episodic events are much greater than the average
sediment accumulation rate on the Beaufort Sca
shelf.

We know of no studies of the recurrence fre-
quency of conditions such ac those observed dur-
ing the summer of 1977, but we would guess that
they are fairly common, with return periods of no

e R ) .. L

mote than 25 vears. Pwentyv-tive vears appears to
be a reasonable estimate for the return pertod ot
significant storm surges along the coast of the
Beautort Sea (Reimnite apd Maurer 1978), events
that would presamably be assovated with sinilar
or more energetic hvdrodvnamie condittons. In
short, although sedimentaton rates aught lead
ane to believe that the Beaufort Shelf 1s a rather
statie environment sedimentologically, this s tar
trom the caser particularhy i locations where
water depths are less than 10 m.

Theretore, i most ot the area we have studied,
we would not have confidence i the assumption
that the sea Hoor, as seen at a given ume, repre-
sentts @ steadvestate conditton with the number of
new gouges per unit time equaling the number ot
gouges mtilled by sedimentation plus the number
of new gouges superimposed on existing gouges.
Such statstical tme invanance of the gouging i
an essential assumption 1t the rate of production
at new gouges v estimated using the scour budget
approach developed by Lewis (19774, b)), We think
the method i interesting and quite possibly appli-
cable to certain regrons of gouging, for instance
oftshore areas an the Chukchr Sea with water
depths of 30 to SO m. However, tor the Baautort
Sca in general, and in particular tor water depths
less than 20 m, we feel that the appheabihty of the
steady-state assumption s doubttul.

Another approach used to get 4 rough estimate
of the age of an observed set of gouges is te divide
the average value for the annual sum of the gouge
widths by the length of the samiple track (Reimnits
et al. 1977a). For instance, if our sample hine iy 10
km long and we obtain an average of SO0 m of new
gouges crossing the line each year, we then take 20
vears as an estimate of the time period in which
the gouges are completely replaced. In fact, such
estimates give the shortest period of time in which
the gouge set could be replaced (an event of very
low probability), as ice presumably plows the sea
floor in a random (not a systematic) manner.
Therefore, the fact that a given segment of a hine
has just been gouged has no effect on the proba-
bility that the segment will be gouged the next vear
(or the next month).

Still another approach using the same data set
assumes that an increasingly large proportion of
the bottom is regouged before the entire bottom s
gouged (Barnes et al. 1978). In this scheme, 1f 10%
of the seabed is gouged cach vear then in the first
vear 10% is impacted with new gouges but in the
second year only 19% is gouged ax 1% of the




gouges occurred in areas already gouged. This can
be expressed as the polvnomial

Gl ny (1%)
where G, is the fraction of the bottom gouged
since 7o, A is the fraction of the botiom gouged
cach year, and 7is the time in vears measured rel-
ative to T..

Finally, attempts have been made to combine
information on pressure ridge keels, pack ice drifr,
and observed distributions ot gouge depths to esti-
mate required burial depths (Pilkington and Mar-
cellus 1981, Wadhams 1983). As the first two of
these parameters are very poorly known, such esti-
mates are uncertain. This technique also appears
to give maximum gouge depths that are apprecia-
bly deeper than observed. More will be said about
this later.

We believe that at present to examine adequate-
Iy the problem of pipeline burial, independent in-
formation on gouging rates and the depths of re-
cent gouges is essential. As we have described, our
information on this subject is hardly what we
would desire. Nevertheless it is enough to allow us
to make an initial approach to estimating burial
depths. To summarize our observations on recent
gouges, we found that g, the number of gouges per
km per year, varied from 2.4 to 7.9 with a mean of
5.2, There also was no apparent relation between g
and water depth. T/t\c PDF for recent gouges was
exponential with a '\ value of 4.5 m™', a value that
1s 1 m' less than comparablc/)\\ values from all the
gouges existing on the sea floor at a given time.

Using thisaintormation we can now mahe pre
lminary estimates ot the bunal depths reguired ~o
that a pipehine ot a eiven length will, on the aver
age, be pouged once dutme a specttied penod ot
nme (tor HO o0 HUee
vears). To do this, tist esomate N, the total num

INSLANCe, one Gme 1
ber of gouges that will accur durie the proposed
litetime ot the ppehine by

AY ¢ Il siny (16)

where ¢ average number of gouges kmo v

oceurning along the pipeline route

I -~ proposed hictime in years

1 length of the line in kilometers

# - angle betwen the route and the trend
ot the gouges.

As we only consider one contact in 7, ND > d]
in eq 3 equals 1 and we obtain

A 0.2y I
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In Table 9 we show a series of burial depth esh-
mates made using eq 18. In these calculations we
have used both the observed X value for the exist-
ing gouge set from Figure 10 as well as A - 1 as an
estimate of the corresponding parameter for new

Table 9. Estimated burial depths assuming one contact between a pressure ridge keel and the pipeline in 100

years. (Calculations made using eq 18.)
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Table 10. Compaurisons between burial depths to the top of a 76-km pipeline for a
1000-, 100-, and 10-yeas return peried.*
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*Calculated using eq 18 and by Pillkington and Marcellus (19811 and Wadha. .5 (1983).

gouges. In using the table, note that a 20-vear life-
time for a 100-km line is identical to a 100-vear
lifetime for a 20-km linc  As can be seen in the
table, it is very importi. (o obtain data that will
allow improved estimates of N\ and g for new
gouges. In general it can be said that slight in-
creases in the burial depth (a few tens of centime-
ters) result in appreciable increases in the safety of
the line. This statement is particularly true in shal-
low water where A is large.

In Table 10 we have also included a comparisor.
between our estimates of burial depths and thosc
of Pilkington and Marcellus (1981) and of Wad-
hams (1983) for a 76-km line (the distance from
the artificial gravel island Kopanoar to the shore).

The return period for an impact is taken to be 10,
100, and 1000 vears. There are large differences in
the cstimates, with our burial depths being
roughly 3 m less than Wadhams. In tact, tor the
25-m water depth our estimates would only be
4.05 and 5.47 m (assuming A = 2.7 and 2.7 respe-
tively) if we took g to be 20; a valuec 4 times that
observed. We believe the difficulty with Wad-
hams' approach lies not in its principles but in the
difficulty ¢* obtaining appropriate values to use in
the theorv, or instance, keel depth characteristics
in deepe: ~ater where it is possible to probe the
underside ~7 the ice via submarine are probably
appreciably Aifforent from those in water of S0 m
or less where gouging is currently taking place. In




addition, 1t s ac present particularly difficult to
hnow what values 10 assume tor the distance
ditted per vear by the e cover over a given point.

When gouging starts, the ice is slowed and many
tmes stopped, as the grounded ice tends (o
stabihee the nearby pack, converting it o fast ice.

Fhe ditterences between our estimates and those
ot Pilkimgton and Marcellus (1981) are less by 1o
2 m than our ditterences with Wadhams' esti-
mates: we hind this somewhat surprising as their
procedures appear to be essentially identical. The
Gitterences e therr estimates would appear to be
lareely the resule of ditferences in the data used to
ostimate the number of gouges km o yr . In that
Wadhams used direccet observations of keels while
Pilhington and Marcellus indirectly inferred the
number of keels trom laser measurements of ridge
satls, one would expect Wadhams' number 1o he
more realistic. Clearly we are a long way tfrom
achieving a corcensus regarding suitable pipeline
burial depths.

CONCLUSION

In this paper we have presented a large amount
of data on the statistical characteristics ot the ice-
produced gouges that occur on the Alaskan <helf
of the Beautort Sea in shallow water (< 38 m). Al-
though at first glance the gouges appedr (o be
rather chaotically distributed., in a statistical sense
they are very svstematic. Consequently we have
used this information to estimate the requisite bur-
1al depths of pipelines that would allow one hit by
an ice mass in a specified number of vears,

In conclusion we would like to comment on
some problems, the study of which would con-
tribute to the understanding of the geophysics of
gouging and to the safe design of sea-tloor pipe-
lines in regions where gouging is known to occur.
We believe the weakest link in the present study is
the paucity of information on the rate of occur-
rence of new gouges and their characteristics.
Field programs should be expanded to collect this
tvpe of information. In arecas where offshore
development is contemplated, it is important to
start studies of gouging rates as soon as possible,
as the collection of an adequate data set takes
several years.

Systematic regional sampling is also required to
reveal changes, if any, in the probability density
functions of parameters such as gouge depth with
changes in location and in environment on the
shelf. Current information suggests that there are

appreciable changes in such parameters on a re
gional scale (for instance, between the pouge
depths in the present study area and those ob-
served off the NMackenzie Delta). Studies should
also be carried out to quantify the effects on goug-
ing of differences in slope angle and aspect and the
nature ot bed material. Such work, m conjunction
with detailed site-specitic studies, would be ven
usetul inevaluating hazards alone specitic pipehine
routes,

Theoretical studies should dlso be implemented
to advance our ability to treat gouging as a sto-
chasug process. For instance. it would be usetul to
fook at gouging as a simple covering problem in
geometric probability. It such developments are
sufficiently general, they can be applied 1o ditfter-
ent geographic areas by simply changing the val-
ues of the input parameters.,

We also note that although we have utilized an
evponential distribution to describe the relative
frequency of occurrence of gouges of Aifferent
depths because of its simplicity and the tact that
pressure ridge keels can be well described by such
a distribution, \* tests of goodness of fit are com-
monly failed. Therefore attempts should be made
to obtain a more satistactory distribution to de-
scribe gouge depths. The same general comment
can be made about our utilization of a Poisson
distribution to describe NV in that, as was noted
carlier, there are consistently more large N 10
values than predicted by the fitted Poisson. We
suggest that at least some of these ditficulties arise
from the fact that there is no adeguate treatment
of the infilling of the gouges in ¢ither this or other
published papers on gouging. The development of
a numerical simulation model that includes a de-
scription of both initial gouging and subsequent
infitling of existing gouges could prove 1o be iliu-
minating.

Finally, 1t would be useful to improve our un-
derstanding of the interactions between pressure
ridge and ice island keels and the sea floor. Per-
haps such studies will provide insight into the pos-
sibility of determining maximum probable geuge
depths for a given sediment type. Until such mror-
mation is available, we can only assume that even
apparently “‘impossibly'’ deep gouges have a fi-
nite probability of occurrence.
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APPENDIX A: DETAILED BATHYMETRIC MAP OF THE ALASKAN PORTION OF THE BEAUFORT SEA
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