
Journal of Coastal Research 332-344 Royal Palm Beach, Florida Spring 1999

Erosion of Frozen Cliffs due to Storm Surge on
Beaufort Sea Coast

N. Kobayashi']', J.C. Vidrine+, R.B. Nairn§, and S.M. Soloman§§

tCenter for Applied Coastal
Research

University of Delaware
Newark, DE 19716, U.S.A.

. ~ ..

:j:Dewberry and Davis
Arlington Boulevard
Fairfax, VA 22031, U.S.A.

§Baird & Associates
221 Lakeshore Road East
Oakville, Ontario
Canada L6J 1H7

§§Geological Survey of
Canada

Bedford Institute of
Oceanography

Box 1006
Dartmouth, N.S.
Canada B2Y 4A2

.tllllllll:.
~
~.
--en :....A....: ~

• QiU--.. 1&r---

KOBAYASHI, N.; VIDRINE, J.C.; NAIRN, R.B., and SOLOMAN, S.M., 1999. Erosion of Frozen Cliffs due to Storm
Surge on Beaufort Sea Coast. Journal of Coastal Research, 15(2), 332-344. Royal Palm Beach (Florida), ISSN 0749­
0208.

A simple model is developed to predict the overall horizontal retreat of a frozen cliff fronted by a beach due to a storm
surge on the Beaufort Sea coast. In this thermal and mechanical erosion model, storm surge and wave action on the
frozen cliff causes the convective heat transfer and melting of the ice-bonded cliff sediment, which supplies coarse
sediment on the beach whereas fine sediment is assumed to be transported offshore. The volume balance for the
unfrozen coarse sediment on the beach is used to predict the vertical beach erosion. When the frozen beach sediment
is exposed to wave action, the beach erosion is controlled by the convective heat transfer and melting of the frozen
beach sediment. The developed model is compared and calibrated using the observed cliff retreat due to a September,
1993 storm on the Canadian Beaufort Sea coast. The calibrated model is then used to assess the degree of importance
of various factors that affect the thermal and mechanical erosion of the frozen cliff and beach. This assessment
suggests that the accurate prediction of the cliff and beach erosion will require quantitative data on storm surge
elevation and duration, cliff height, seawater temperature and salinity, sediment characteristics and wave conditions.

ADDITIONAL INDEX WORDS: Thermal-mechanical erosion, melting of frozen sediment, heat transfer, cliffand beach
interaction, offshore sediment transport.

INTRODUCTION

The mainland beaches along the Beaufort Sea coast, north­
ern Canada and Alaska, are typically narrow and backed by
cliffs composed of unconsolidated but ice-bonded sediments
(e.g., FORBES and FROBEL, 1985; HARPER et al., 1985;
BARNES et al., 1988). Most of these coastlines are retreating
fairly rapidly. HARPER (1990) estimated mean retreat rates
greater than 1 m1yr in his study of more than 2000 km of the
Canadian Beaufort Sea coastline. REIMNITZ et ale (1985) es­
timated the overall erosion rate of 2.5 m1yr for the 344 km
coastline between Drew Point and Prudhoe Bay in Alaska.
The coastal retreat was presumed to be affected by the grain
size of cliff and beach material, cliff height, ice content, thaw
settling, cliff orientation, and degree of exposure to the ma­
rine environment. A comprehensive review on erosion of per­
mafrost coatlines was given by ARE (1988) from the Russian
perspective.

The erosion rates of 1.0 to 2.5 m1yr are indeed high, con­
sidering the low-energy wave conditions during the limited
open water period of about three months per year. REIMNITZ
and BARNES (1987) showed that thaw settlement of cliffs and
seabed due to melting of excess interstitial ice in the frozen
sediment exposed to the seawater could not explain the high

97165 received and accepted in revision 29 April 1998.

erosion rate. KOBAYASHI and REIMNITZ (1988) estimated
that the annual sediment yield due to the retreat of the Beau­
fort Sea coast was small in comparison to the typical volume
of sand eroded from above mean sea level by a storm for sand
beaches along the Atlantic and Gulf coasts which are gener­
ally retreating more slowly than the Beaufort Sea coast. This
implies that recovery of the eroded beach due to onshore sand
transport after a storm is important in determining the long­
term erosion of a shoreline in the ice-free environment. More­
over, the fine-grained sediments eroded from the cliffs along
the Beaufort Sea coast appear to be transported offshore with
little or no recovery and do not remain on the beaches.

Only a few attempts were made to develop an erosion mod­
el of thermal and mechanical processes involved in the cliff
and beach erosion along the Beaufort Sea coast, whereas
many cross-shore sediment transport models have been de­
veloped and used [e.g., KRIEBEL and DEAN (1985); LARSON
and KRAUS (1989); NAIRN and SOUTHGATE (1993)]. The need
of such a thermal and mechanical erosion model was recog­
nized by SOLOMON et ale (1993) who examined the impact of
the increase of earth's temperature and sea level on the
Beaufort Sea coast. Longer open water seasons resulting
from the earth's temperature increase would increase the
probability of the occurrence of large fetches and severe
storms that generate high storm surges and large waves. In
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addition, the increase in sea water temperature would in­
crease the thermal and mechanical erosion of frozen sediment
exposed to wave and current action.

Modeling of sediment transport processes in the arctic en­
vironment needs to account for the presence of frozen sedi­
ment. Initial modeling efforts were aimed to quantify the
melting rate of the frozen sediment by wave and current ac­
tion. KOBAYASHI (1985) analyzed the formation of a ther­
moerosional niche into a frozen cliff due to a storm surge.
The formation process was simplified as a one-dimensional
unsteady problem with the vertical melting front of the niche
migrating into the frozen cliff under the melting action of
breaking waves inside the surf zone. The turbulence associ­
ated with the waves was assumed to cause net onshore trans­
fer of heat inside the surf zone and net offshore transport of
the suspended fine sediment eroded from the frozen cliff. The
cliff was assumed to contain no coarse sediment and erosion
of the beach was neglected. This simple analysis indicated
that melting of the ice in the frozen cliff might occur fairly
rapidly due to a storm surge. KOBAYASHI and AKTAN (1986)
analyzed the thermal processes involved in frozen gravel in­
side a causeway exposed to wave action, assuming that wave
action could remove unfrozen sediment instantaneously. The
melting of the frozen sediment was found to occur rapidly and
to be mainly determined by the latent heat of fusion of the
frozen sediment and the rate of the heat transfer between
the sea water and the frozen sediment. However, they also
noted that if the wave action were not capable of removing
all the melted sediment, the melting of the frozen sediment
would be reduced significantly due to the insulating effect of
the unfrozen sediment.

The analyses of KOBAYASHI (1985) and KOBAYASHI and
AKTAN (1986) indicated that the ice might not protect the
frozen cliff and beach against wave and current action. BAIRD
& ASSOCIATES (1994) reviewed the previous work on arctic
littoral processes and examined the feasibility of developing
a coupled thermal-mechanical erosion model. KOBAYASHI
and VIDRINE (1995) formulated such a model for a partially
frozen beach. The analytical solution obtained in their report
indicated that the melting rate of the frozen sediment due to
heat conduction through the unfrozen sediment is negligible
as compared to the convective heat transfer on the exposed
frozen sediment during a storm. BAIRD & ASSOCIATES (1995)
incorporated this coupled thermal-mechanical model into the
existing beach profile model, Cosxros-zl), for nearshore pro­
cesses in the ice-free environment (NAIRN and SOUTHGATE,
1993; SOUTHGATE and NAIRN, 1993). This numerical model
predicted realistic cross-shore beach profile changes includ­
ing the melting and lowering of the frozen sediment surface
(NAIRN et al., 1998), However, this model developed for
beaches of gentle slopes could not predict the horizontal re­
treat of a frozen and steep cliff during a storm.

The present study examines the overall horizontal retreat
of a frozen and steep cliff fronted by a beach due to a storm
surge in order to establish boundary conditions at the cliff for
the beach profile model. Only a single storm event is consid­
ered because individual intense storms accompanied by high
water levels have been observed to cause rapid erosion (e.g.,
SOLOMON et al., 1993; DALLIMORE et al., 1996). As a first
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Figure 1. Idealized beach and cliff profile before storm.

attempt, the overall horizontal cliff retreat is analyzed with­
out modeling the details of niche formation and block failure.
The interactions between the retreating cliff and beach are
modeled explicitly because the retreating cliff normally sup­
plies coarse sediment to the beach, whereas the beach gen­
erally causes wave breaking and reduces wave action on the
cliff. On the other hand, other cliff erosion processes such as
gullying and retrogressive thaw failures (HARPER et al., 1985)
may be neglected during a storm with a high storm surge.

This paper is organized as follows. First, a simple model
based on the heat and sediment volume balances is presented
to predict the horizontal retreat of a frozen cliff and the ver­
tical erosion of a beach in front of the cliff. Second, the de­
veloped model is compared and calibrated using the observed
cliff retreat due to the September, 1993 storm on the Cana­
dian Beaufort Sea coast (SOLOMON and COVILL, 1995). Third,
the calibrated model is used to asses the sensitivity of the
model to various factors that affect the thermal and mechan­
ical erosion of the frozen cliff and beach.

EROSION MODEL

Figure 1 shows an idealized beach and cliff profile before a
storm. The assumptions of alongshore uniformity and nor­
mally incident waves are made to limit the following analysis
to the cross-shore direction only. The prediction of the hori­
zontal retreat of the cliff fronted by the beach above the mean
sea level (MSL) may be separated from the prediction of the
cross-shore beach profile below MSL where sediment is as­
sumed to be transported offshore during a storm. This sepa­
ration may be acceptable as long as the incident waves on
the beach above MSL, which are generally depth-limited
breaking waves, are affected little by the beach profile below
MSL.

The beach in Figure 1 is characterized by Wb = beach width
above MSL between the shoreline and cliff toe; ()b = repre­
sentative beach slope angle; B; = initial thickness of unfrozen
sediment on the beach; P b = coarse sediment volume per unit
volume of the unfrozen beach sediment; k b = equivalent sand
roughness of the frozen beach sediment; o; = coarse sediment
volume per unit volume of the frozen beach sediment; n.; =

ice volume per unit volume of frozen beach sediment; and L;
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Figure 2. Beach and cliff profile assumed during storm.

Cliff Erosion
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On the other hand, the toe of the cliff is exposed to the
storm surge when de > o. The inclined length of the frozen
cliff sediment, fe' exposed to the wave action is estimated as

When de :5 0, the cliff erosion is assumed to be zero or neg­
ligible, although wave runup on the beach may still reach the
toe of the cliff. The assumption of no cliff erosion implies no
offshore coarse sediment transport at the cliff toe. Conse­
quently, we may set

The still water depth at the toe of the cliff in Figure 2 is
given by

where min indicates the small value of the two quantities in
the square brackets. The wave runup R; on the steep cliff for
the melting of the frozen cliff sediment will later be estimated
empirically. The heat conduction into the frozen sediment
and the specific heat of the frozen sediment may be neglected
in comparison to the latent heat of fusion of the frozen sedi­
ment (KOBAYASHI and AKTAN, 1986). Under the assumption
of the isothermal frozen sediment of the melting temperature

= (R + Wb + d/tan(Jb). The total vertical eroded depth E on
the beach can be found from E = tB; - B + D) after Band
D are obtained. The offshore coarse sediment transport rates
at the cliff toe and at the seaward boundary are denoted by
qe and qb' respectively. The temporal variations of R, Band
D need to be predicted in this formulation. The effect of wave
setup on the depth de is assumed to be negligible in compar­
ison to the storm surge. The wave runup R; normally in­
cludes wave setup. It should be noted that wave reflection
from the steep cliff may not be negligible and that no simple
model is presently available to predict wave setup in the pres­
ence of appreciable reflected waves.

= nbPiLi = volumetric latent heat of fusion per unit volume
of the frozen beach sediment where the ice density Pi ~ 920
hglm" and the latent heat of fusion per unit mass L, ~ 3.3 X

105 J/kg (e.g. ASHTON, 1986). A condition of no net offshore
sediment transport at the depth db before the storm is intro­
duced at the seaward boundary of the model. The beach sed­
iment is assumed to consist of coarse sediment (sand and
gravel) only. The fine sediment (clay and silt) of the cliff is
assumed to be transported offshore without being deposited
on the beach (e.g., DALLIMORE et al., 1996). Thus, only the
coarse sediment transport is analyzed explicitly in this mod­
el.

The cliff in Figure 1 is characterized by He = height of the
cliff above MSL; (Je = seaward cliff slope angle; Be = initial
thickness of unfrozen cliff sediment; P, = coarse sediment
volume per unit volume of the unfrozen sediment; h, = equiv­
alent sand roughness of the frozen cliff sediment; Ve = coarse
sediment volume per unit volume of the frozen cliff sediment;
n; = ice volume per unit volume of the frozen cliff sediment;
and L; = nePiLi = volumetric latent heat of fusion of the fro­
zen cliff sediment. The frozen cliff sediment is assumed to be
exposed on the sloping face of the cliff, while a layer of the
cliff sediment is normally unfrozen during the open water
season in summer.

The characteristics of the seawater are Tw = ambient sea­
water temperature; 8w = ambient seawater salinity in parts
per thousand (ppt); v = kinematic viscosity of the seawater;
Cw = volumetric heat capacity of the seawater; K w = thermal
conductivity of the seawater; and Tm = melting temperature
of the ice embedded in the frozen beach and cliff sediment.
The values of v, Cw , and K; are estimated for the specified
T w (e.g., FISCHER et al., 1979), whereas the relationship be­
tween Tm and 8w is approximated by Tm ~ -0.068wfor 8w <
35ppt (KOBAYASHI, 1985). The temperature and salinity of
the seawater are assumed to be constant in this simple model
in view of the limited field data available on Tw and 8w' al­
though melting of less saline ice contained in the frozen sed­
iment reduces the seawater temperature and salinity some­
what (KOBAYASHI, 1985).

The initial beach and cliff profile at time t = 0 shown in
Figure 1 is subjected to an increase in water level, 8, above
MSL during a storm. The temporal variation of 8 for t > 0
is specified as input to this model. Severe storms with west­
erly winds were observed to cause storm surges exceeding 2
m above MSL, whereas astronomical tidal ranges are less
than 0.5 m (e.g., FORBES and FROBEL, 1985; KOBAYASHI,
1985). As a result, the water level increase 8 is mostly due
to the storm surge. The beach slope and the cliff slope during
the storm are assumed to remain constant because of the
difficulty in analyzing the cross-shore variation of the cliff
and beach profile above MSL.

The idealized beach and cliff profile assumed during the
storm is shown in Figure 2 where R = horizontal retreat of
the cliff; H = cliff height above its toe given by H = (He +
db + E - W tan(Jb); de = water depth at the cliff toe; R; =
wave runup on the cliff face; B = thickness of the unfrozen
beach sediment with B = B; at t = 0; D = vertical melting
depth of the frozen beach sediment; and W = beach width
from the fixed seaward boundary to the cliff toe given by W
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Beach Erosion

Tms the heat balance on the exposed frozen cliff sediment
yields the cliff retreat rate

which is used in the subsequent analysis of beach erosion. It
is noted that the accumulation of the coarse sediment at the
cliff toe is not considered in this simple model.

(8)

The coarse sediment volume per unit volume of the melted
beach sediment is denoted by Vb' The vertical melting rate,
dDldt, given by Equation 7 over the beach width W deter­
mines the coarse sediment supply rate q11U!lt in Equation 6.

hb(Tw - T m) fi B
qmelt = Vb W or = 0

L b

The offshore coarse sediment transport rate qb in Equation
6 needs to be estimated in consideration of the limited supply
of the unfrozen coarse sediment on the beach. The upper limit
of qb is called herein the potential transport rate qp corre­
sponding to the unlimited supply of the unfrozen coarse sed­
iment. The potential transport rate may be estimated using
available empirical formulas for the cross-shore sediment
transport rate on ice-free sand beaches. The empirical for­
mula for the cross-shore sand transport used by KRIEBEL and
DEAN (1985) to predict beach and dune erosion was rear­
ranged by KOBAYASHI (1987) and expressed in terms of the
local still water depth. This rearranged formula is used to
estimate qp at the water depth (S + E + db) on the beach
with its slope tanOb

q = uP (VS + E + d tan e - ~A3/2) (9)p b b b 3

where the empirical parameter a is on the order of 0.01m1. 51
s for ice-free sand beaches and the parameter A related to
equilibrium beach profiles is estimated as A =:::: O.lml13 for
sand. The parameter Pb is necessary in Equation 9 to convert
the deposited sand volume used by KOBAYASHI (1987) to only
the coarse sediment volume used in the present model. The
parameter A is better established and taken as A = O.lm1J

) in
the following, whereas the parameter a is more uncertain
and calibrated for arctic narrow beaches backed by cliffs. The
water depth db at the seaward boundary of the model as
shown in Figure 1 is taken as db = (4A3/9)/(tan20b) so that
Equation 9 predicts qp = 0 when (S + E) = 0 before the
storm. Admittedly, this choice of db is specific to the adopted
formula. For the typical beach slope tanOb = 0.1 in the sub­
sequent comparison with field data, db = 0.04 m and the sea­
ward boundary of the model is located practically at the
shoreline before the storm.

When the unfrozen sediment thickness B > 0 and the un­
frozen coarse sediment exists on the beach, qb = qp and qmelt
= 0 are assumed in Equation 6 to compute the temporal
change of B. For B > 0, dDldt = 0 is assumed because of the
negligible melting of the frozen beach sediment due to the
relatively small heat conduction and porewater movement
through the unfrozen beach sediment (KOBAYASHI and VI­

DRINE, 1995).
When B = 0, Equation 7 yields the vertical melting rate of

the frozen beach sediment due to the convective heat transfer
and Equation 8 predicts qmelt supplied by the melted coarse
sediment. The coarse sediment supply rate qe from the erod­
ing cliff is predicted using Equation 2 or 5. The potential off­
shore transport rate qp is estimated using Equation 9. If qp
~ (qc + qmelt), the actual offshore transport rate qb is limited
by the availability of the unfrozen sediment and qb = ta. +
qmelt) is assumed in Equation 6 to obtain dBldt = 0, implying
that B remains at zero. On the other hand, if qp < (qe + qmelt),

(7)

(6)

(4)

(5)

dD = hb(Tw - T m) forB = 0
dt L"

where h, = convective heat transfer coefficient on the ex­
posed frozen beach sediment which is similar to he in Equa­
tion 4 for the exposed frozen cliff sediment.

dB qe + qmelt - qb

dt PbW

where qe = coarse sediment supply rate from the eroding cliff
given by Equation 2 or 5; qmelt = coarse sediment supply rate
due to the melting of the frozen beach sediment over the
width W; and q" = offshore transport rate of the unfrozen
coarse sediment at the seaward boundary of the model where
the water depth is given by (S + E + db) during the storm
as shown in Figure 2. KOBAYASHI and VIDRINE (1995)
showed that the melting of the frozen beach sediment due to
heat conduction through the unfrozen beach sediment would
be negligible in comparison to the melting of the frozen beach
sediment exposed to wave and current action during a storm.
As a result, it is assumed that qmelt = 0 when B > 0 and the
unfrozen coarse sediment exists on the beach.

When B = 0, the frozen beach sediment is exposed to wave
and current action. The vertical melting depth D of the frozen
beach sediment whose volumetric latent heat of fusion is de­
noted by L" is obtained from the heat balance per unit hori­
zontal area.

where he = convective heat transfer coefficient [JI(s m 2 °C)]
between the seawater of the temperature Tw and the melting
surface of the frozen cliff sediment whose volumetric latent
heat of fusion is denoted by Le(Jlm

3 ) . An empirical estimate
of he will be given later.

The volume of coarse cliff sediment per unit width and unit
horizontal length is given by [PeBe + ve(H - Be)] where Pc,
Be and u, are explained in relation to Figure 1. The horizontal
cliff retreat rate, dRldt, is estimated by Equation 4. The off­
shore coarse sediment transport rate, qe' per unit width at
the cliff toe is assumed to be equal to the rate of the coarse
cliff sediment supplied to the fronting beach.

Unfrozen coarse sediment on the beach is assumed to be
transported offshore by wave and current action. The thick­
ness and width of the beach are Band W at arbitrary time t
> O. The coarse sediment volume per unit volume of the un­
frozen beach sediment is denoted by Pb' The volume balance
of the unfrozen coarse sediment on the beach may be written as
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qb = qp is assumed, and the accumulation of the unfrozen
coarse sediment is allowed on the beach. The temporal in­
crease rate of B from B = 0 is predicted using Equation 6.

Numerical Model

Equations 4, 6 and 7 together with Equations 1-3, 5, 8-11
are solved using a first-order explicit finite difference method
in time to compute the temporal variations of the horizontal
cliff retreat R, the unfrozen beach sediment thickness B, and
the melting depth D of the frozen beach sediment. The total
beach erosion depth E is given by E = tB; - B + D). The
initial conditions are R = 0, B = B; and D = 0 at time t = O.

The parameters for the geometry and sediment character­
istics of the beach and cliff depicted in Figure 1 are given as
input. The temperatures and salinity of the seawater are
specified and the other parameters related to the seawater
are calculated. The incident waves represented by H rms and
T; are also given as input. In addition, the temporal variation
of the storm surge Set) for 0 :::; t :::; ts with ts = surge duration
needs to be specified as input. Only the maximum surge el­
evation Sm and the surge duration ts are normally known
along the Beaufort Sea coast. As a result, it is assumed that
Set) = Smsin( tttlt) for 0 :::; t :::; t.. The values of Sm and ts for
the assumed sinusoidal surge are given as input to the nu­
merical model.

The computer program developed for this numerical model
was listed in the thesis of VIDRINE (1996). The sensitivity of
the computed temporal variations to the time step dt used in
the finite difference method has indicated that the computed
results are independent of dt as long as dt :::; t/100. The
computed results presented in this paper are based on dt =
t/500, that is, 500 time steps per storm event.

COMPARISON WITH FIELD DATA

The present model based on the balances of heat and coarse
sediment is essentially empirical because of the uncertainties

steep cliff. Irregular waves are assumed to be represented by
the root-mean-square wave height. To account for wave
breaking, H, is simply taken as the smaller value of the em­
pirical breaker height, 'Vb d n and the specified root-mean­
square wave height, H rms' in the nearshore where the field
data of THORNTON and GUZA (1983) indicated the breaker
parameter 'Vb == 0.4. The representative wave period T; may
be taken as the spectral peak period. The representative wa­
ter depth, dr' is taken as the depth de at the cliff toe for he
on the cliff and the average beach depth, (de + S + E + db)!

2, for h; on the beach.
The wave friction factor, L. in Equation 10 is estimated

using the formula of KAMPHUIS (1975) for hydraulically
smooth flow and the formula of SWART (1974) for fully rough
flow. For transitional flow, a linear interpretation is used in
a manner similar to the estimation of F.

Finally, the wave runup R; on the steep cliff slope used in
Equation 3 needs to be estimated. Wave runup on coastal
structures has been investigated extensively (e.g., VAN DER
MEER and STAM, 1992) but no data is presently available on
wave runup on steep cliffs fronted by beaches. Moreover, R;
in this model is related to the melting of the frozen cliff sed­
iment and may be smaller than the maximum or rare runup
height used for the design of coastal structures. As a crude
estimate, R; is taken to be the smaller value of de and H rms
in this model.

(11)

(10)

«n,
U; = Trsinh(krdr)

where H , T, and d, are the representative wave height, pe­
riod and wave depth, respectively, and h.; is the linear wave
number based on T; and d.. Considering the uncertainties of
Equations 10 and 11, no attempt is made to analyze the ir­
regular wave transformation on the beach in front of the

where a = empirical parameter added for the wave-induced
melting with a = 0.5 for unidirectional flow; t; = wave fric­
tion factor at the melting surface; Cw = volumetric heat ca­
pacity of the seawater; U; = representative fluid velocity im­
mediately outside the boundary layer; and F = parameter
depending on whether the turbulent boundary layer flow is
hydraulically smooth or fully rough. The Reynolds number R*
based on the surface roughness is defined as R* = u*kjv
where u; = VO.5 fw U; = shear velocity associated with the
shear stress on the melting surface; h, = equivalent sand
roughness of the frozen cliff surface; and v = kinematic vis­
cosity of the seawater. For hydraulically smooth flow with R*
:::; 5, F depends on the Prandtl number P = v Cw/Kwwith Kw
= thermal conductivity of the seawater, whereas for fully
rough flow with R* ~ 70, F depends on P and R*. These ex­
pressions of F were given in KOBAYASHI and AKTAN (1986).
For transitional flow with 5 < R* < 70, F is estimated by a
linear interpolation of the values of F at R* = 5 and 70. The
convective heat transfer coefficient h.; on the beach is also
assumed to be given by Equation 10 where the values of I;
and U; are generally different on the cliff and beach, and the
equivalent sand roughness kb of the frozen beach surface
needs to be used for the Reynolds number R*.

The representative fluid velocity U; for the wave-induced
melting is uncertain and the choice of U; will affect the cal­
ibrated value of a in Equation 10 because he and h; are pro­
portional to a Ui; The maximum oscillatory velocity at the
bed based on linear wave theory is normally used for wave
boundary layer analyses outside the surf zone (e.g., JONSSON,
1966) and was shown to be applicable even inside the surf
zone (Cox et al., 1996). Accordingly, U; may tentatively be
estimated by

Convective Heat Transfer Coefficients

The convective heat transfer coefficients he and h.; on the
cliff and beach used in Equations 4, 5, 7 and 8 are uncertain
for lack of data on the wave-induced melting of the frozen
sediment. KOBAYASHI and AKTAN (1986) used the formulas
summarized in SCHLICHTING (1968) for turbulent boundary
layers in unidirectional flow with the transfer of heat from a
flat plate. The same approach is adopted herein for both he
and h b •

The convective heat transfer coefficient he on the cliff may
tentatively be expressed as

Journal of Coastal Research, Vol. 15, No.2, 1999
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Figure 3. Computed cliff retreat R lll ax at end of 1993 storm as a function of thermal erosion parameter a (left) and mechanical erosion parameter a
(right) for North Head (-.-.-.-) and Tuktoyaktuk (--).

associated with the convective heat transfer and offshore
coarse sediment transport rate. Consequently, the compari­
son of the model with available field data is essential before
the model is used to examine the thermal and mechanical
processes associated with the cliff and beach erosion.

SOLOMON and COVILL (1995) reported the cliff retreat at
North Head and Tuktoyaktuk on the Canadian Beaufort
coast due to a storm in September, 1993. The characteristics
of these two sites and this storm were described in detail in
their report and the report by BAIRD & ASSOCIATES (1995).
The storm surge was characterized by its maximum elevation
Sm ~ 2 m and its duration t, ~ 100 hr. The incident wave
conditions were represented by the root-mean-square wave
height H rm s ~ 1 m and the spectral peak period T; ~ 7 s. The
representative wave height H, in Equation 11 is taken as the
smaller value of H rm s and the breaker height. The seawater
temperature and salinity are typically Tw~ 5°C and Sw ~ 15
ppt in September.

The following generalized site characteristics are common
at both North Head and Tuktoyaktuk. The detailed condi­
tions at both sites are considerably more complex (e.g. DAL­
LIMORE et al., 1996). The width and slope of the narrow beach
are Wb ~ 10 m and tanOb ~ 0.1. The thickness of the unfrozen
sediment in September is normally B; ~ 1 m on the beach
and Be ~ 1 m on the cliff. The volume fraction of the coarse
sediment on the beach is generally P; ~ 0.6 for the unfrozen
sediment and o; ~ 0.6 for the frozen sediment. The volume
fraction of the ice in the frozen beach sediment is nb ~ 0.4.
On the other hand, the cliff sediment contains some fine sed­
iment and organic material. The volume fraction of the cliff
coarse sediment is typically P, ~ 0.5 for the unfrozen sedi­
ment and o, ~ 0.43 for the frozen sediment. The volume frac­
tion of the ice in the frozen cliff sediment is approximately n,
~ 0.53.

The typical cliff height and slope angle are He ~ 10m and
(Je ~ 45° at North Head and He ~ 4 m and Oe ~ 30° at Tuk­
toyaktuk. The equivalent sand roughness k b and k, of the
frozen beach and cliff sediment may be assumed to be 2.5
times the median sediment diameter (NIELSEN, 1992). At
North Head, k b ~ h; ~ 1 mm, whereas at Tuktoyaktuk, k b ~

h: ~ 2 mm. The September, 1993 storm caused a mean cliff
retreat of 2.8 m with a maximum retreat of 20 m at North

Head. On the other hand, this storm resulted in a mean cliff
retreat of 4.5 m with a maximum retreat of 8 m at Tuktoy­
aktuk where more than 50% of sandbags protecting the cliff
were removed or damaged. It is noted that the alongshore
variability of the cliff retreat was as large as the mean cliff
retreat. The present cross-shore model and the specified in­
put do not account for this alongshore variability.

Calibration of Empirical Parameters

The empirical parameter a for the potential offshore sedi­
ment transport rate in Equation 9 is on the order of 0.01 m1.5j

s for ice-free sand beaches. This value is chosen as an upper
limit because the offshore sediment transport rate on the
Alaskan Beaufort Sea coast was estimated to be much small­
er than the corresponding rate on the Atlantic and Gulf
coasts (KOBAYASHI and REIMNITZ, 1988). The empirical pa­
rameter a for the convective heat transfer coefficient in Equa­
tion 10 is 0.5 for unidirectional flow. This value of a = 0.5 is
regarded as an upper limit because the maximum oscillatory
velocity given by Equation 11 is likely to overestimate the
fluid velocity responsible for the heat transfer between the
sea water and the frozen sediment.

To calibrate a and a, the computed maximum cliff retreat
R m ax at the end of this storm is compared with the observed
mean cliff retreat of 2.8 m and 4.5 m at North Head and
Tuktoyaktuk, respectively. Figure 3 shows Rm ax as a function
of a for a = 0.001 m1.5js and as a function of a for a = 0.1 at
the two sites. The computed Rm ax becomes independent of the
thermal erosion parameter a when the cliff retreat is limited
by the specified mechanical erosion parameter a. Likewise,
Rm ax becomes independent of the mechanical erosion param­
eter a when the cliff retreat is limited by the specified ther­
mal erosion parameter a. The combination of a = 0.001 m1.5j

s and a = 0.1 yields R m ax = 2.8 m in agreement with the
observed mean cliff retreat at North Head and Rm ax = 8.8 m
at Tuktoyaktuk which is greater than the observed mean cliff
retreat of 4.5 m partly because of the sandbag protection.
Admittedly, these calibrated values of a = 0.001 m1.5js and a

= 0.1 may be no better than order-of-magnitude estimates
but also imply that the cliff retreat may be controlled by both
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Figure 4. Storm surge elevation S above MSL (--) and cliff toe depth de (- - - - -) as a function of time t (left) as well as cliff retreat R, beach erosion
depth E, and beach melting depth D as a function of time t (right) at North Head.

thermal and mechanical processes. These calibrated values
are used for the computed results presented in the following.

Computed Thermal and Mechanical Processes

The computed results for North Head with the cliff height
He = 10 m are used to examine the thermal and mechanical
processes involved in the cliff and beach erosion. The com­
puted results for Tuktoyaktuk with He = 4 m presented in
the thesis of VIDRINE (1996) are similar apart from some dif­
ferences caused mainly by the cliff height difference as will
be discussed in the subsequent sensitivity analysis.

Figure 4 shows the temporal variations of the assumed si­
nusoidal surge S above MSL and the cliff toe depth de during
the September, 1993 storm lasting 100 hr as well as the tem­
poral variations of the horizontal cliff retreat R, the beach
erosion depth E, and the beach melting depth D. The negative
value of de given by Equation 1 implies that the cliff toe lo­
cated 1 m above MSL at time t = 0 is not exposed to the
storm surge for t < 13 hr. The elevation of the cliff toe is
lowered due to the beach erosion and located below MSL
when de > S as can be inferred from Figure 2. For this case,
the beach erosion is as important as the surge elevation in
determining the cliff toe depth.

The cliff retreat R increases fairly linearly with time t
when de exceeds about 1 m. The maximum cliff retreat is R m ax

= 2.8 m at t = 100 hr, which has been plotted in Figure 3.
The beach erosion depth E = (Bb - B + D) with B; = 1 m
is caused by the removal of the unfrozen beach sediment until
t = 43 hr when the unfrozen sediment thickness B becomes
zero and the frozen beach sediment exposed to the seawater
begins to melt. The maximum beach erosion depth is E m ax =

2.1 m at t = 100 hr. The computed melting depth D increases
almost linearly after t = 43 hr but exhibits a staircasing pat­
tern. The melting of the frozen beach sediment, which is as­
sumed to occur only when B = 0, ceases whenever a thin
layer of unfrozen sediment accumulates on the beach inter­
mittently. In reality, this staircasing pattern may not occur
because the frozen beach sediment will begin to melt due to
heat conduction when B becomes very small (KOBAYASHI and
VIDRINE, 1995). The maximum melting depth is Dm ax = 1.1
m at t = 100 hr. For this case, the maximum beach erosion
depth E m ax is the sum of the initial thickness of the unfrozen
beach sediment, B; = 1 m, and the maximum melting depth,

Dm ax •

To interpret the computed results shown in Figure 4, the
temporal variations of the coarse sediment transport rates qc s

qp' qmelt and qb are shown in Figure 5. For the calibrated val­
ues of a and a, the actual offshore coarse sediment transport
rate qb on the beach is always equal to the potential rate qp

estimated using Equation 9, implying that qb is not limited
by the availability of coarse sediment on the beach. Moreover,
the supply rate qe of the coarse sediment from the retreating
cliff is always smaller than qb = qp' Then, the thickness B of
the unfrozen coarse sediment on the beach decreases with
time according to the volume balance Equation 6 where it is
assumed that qmelt = 0 for B > O. When B = 0, the supply
rate, qmelt' from the melting beach sediment turns out to be
larger than qb = qp' leading to the accumulation of the un­
frozen coarse sediment and qmelt = 0 for B > O. This explains
sudden jumps in the computed qmelt in Figure 5. In reality,
this intermittent accumulation may not be as sudden as
shown in Figure 5. Nevertheless, the computed results shown
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Figure 5. Coarse sediment transport rates qo qP' qmelt and qb as a func­
tion of time t at North Head.

SENSITIVITY ANALYSIS

tively small and I; =:::: 0.01 except for the spike at the time
when the cliff toe depth de is small. The convective heat
transfer coefficients on the cliff and beach are on the order
of 800 W/(m2 °C) which is on the same order of magnitude as
the estimate given by ARE (1988). The temporal variations of
U; and hw on the cliff and beach are very similar, implying
that h; is approximately proportional to Ui;

A sensitivity analysis is performed using the calibrated
model. Use is made of the input specified for North Head
except for the storm surge characterized by its maximum el­
evation 8 m and its duration t.. The storm with 8 m =:::: 2 m and
ts =:::: 100 hr in September, 1993 was amongst the most intense
on record (SOLOMON and COVILL, 1995). A more moderate
storm surge with 8 m = 1.5 m and ts = 50 hr is assumed in
the following sensitivity analysis on the cliff retreat R, the
beach erosion depth E, and the beach melting depth D.

--qc
-- qp

--- qmelt

1008040 60
t (hr)

20

-4
.--...3rX--10-_...-__--,-__---,_--:-r;-'!'T;'";'".,.-__-.,
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in Figures 4 and 5 indicate the interdependence of the ther­
mal and mechanical processes.

Finally, the variables involved in the convective heat trans­
fer coefficient given by Equation 10 are examined because of
the several intuitive assumptions made in this model. Figure
6 shows the computed temporal variations of the fluid veloc­
ity U; for the wave-induced melting, the wave friction factor
t.: and the convective heat transfer coefficient denoted by
hw(he or hb ) on the cliff and beach. The fluid velocity U; es­
timated using Equation 11 is less than 1 mls on the cliff and
beach, which may not be unrealistic during storms. The flow
turns out to be in the transition between hydraulically
smooth and fully rough turbulent flows. The friction factor I;
is interpolated between the values of the smooth and rough
flows. However, the difference between these values is rela-

Storm Surge

The standard value of 8 m = 1.5 m for the sinusoidal surge,
8(t) = 8 msin(7Tt/ts ) for 0 ~ t ~ t s ' assumed in this model is
changed to 8 m = 1.0 and 2.0 m. In addition, the sinusoidal
surge is compared with the constant surge, 8(t) = 8 m for 0 ~
t ~ t., for 8 m = 1.5 m. The surge duration t = 50 hr is kept
the same. Figure 7 shows the temporal variations of R, E and
D for the sinusoidal surges with 8 m = 1.0, 1.5 and 2.0 m as
well as for the sinusoidal and constant surges with 8 m = 1.5
m. The cliff retreat R clearly increases with the increase of
the maximum surge elevation 8 m , indicating that the frozen
cliff sediment melts more rapidly with the increase of its ex­
posure to the seawater. On the other hand, the erosion depth
E and the melting depth D on the beach are not sensitive to
8 m in the range of 1-2 m partly because all of these surges
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Figure 6. Temporal variations of fluid velocity Ui; interpolated friction factor t; (--) with j', for smooth and rough flows, and convective heat transfer
coefficient h w = he or h.; on cliff (left) and on beach (right) at North Head.
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are capable of removing the 1 m thick layer of the unfrozen
beach sediment and partly because the cliff retreat of less
than 1 m does not supply sufficient coarse sediment to the
beach. The comparison between the sinusoidal and constant
surges for 8 m = 1.5 m suggests that the constant surge causes
a higher cliff retreat and somewhat larger beach erosion and
melting.

Figure 7 suggests that the cliff retreat is sensitive to the
duration and extent of the exposure of the frozen cliff sedi­
ment to the seawater. This is also confirmed by the computed
sensitivity of R, E and D to the duration t, = 10, 50 and 100
hr of the sinusoidal surge with 8 m = 1.5 m (VIDRINE, 1996).
The computed results presented hereafter are for the sinu­
soidal surge with 8 m = 1.5 m and ts = 50 hr.

Wave Height and Period

The incident irregular wave conditions represented by the
root-mean-square wave height H r m s and the spectral peak pe­
riod T; are specified as input to the simplified model without
analyzing the irregular wave transformation on the beach in
front of the steep cliff. This crude approach might be accept­
able if the cliff and beach erosion is not sensitive to the spec­
ified values of H rm s and T'; The wave height H, used in Equa­
tion 11 is taken as the smaller value of H rm s and 'Ybdr where
the breaker parameter 'Yb is assumed to be 0.4 and the rep­
resentative water depth d, is taken as the average beach
depth or cliff toe depth.

Figure 8 shows the temporal variations of R, E and D for
the wave height H r m s = 0.5, 1.0 and 1.5 m with the specified
period T; = 7 s as well as for the wave period T; = 5, 7 and
9 s with the specified height H rm s = 1.0 m. The computed
results for H r m s = 1.0 and 1.5 m are practically the same
because the wave conditions on the beach are determined lo­
cally by depth-limited breaking waves instead of the incident

waves. The cliff retreat R for H r m s = 0.5 m is lower because
this smaller height is not limited by wave breaking and de­
termines the wave-induced melting of the frozen sediment
when the depth on the beach is sufficiently large. The beach
erosion depth E for H r m s = 0.5 m is slightly larger partly
because of the reduced supply of coarse sediment from the
cliff retreating more slowly. Furthermore, Equation 9 is in­
tended to predict the offshore sediment transport rate qp in­
side the surf zone and may overpredict qp if the waves do not
break on the beach. On the other hand, the temporal varia­
tions of R, E and D for T,. = 5, 7 and 9 s are almost indistin­
guishable because the fluid velocity U; given by Equation 11
can be expressed as U; = 0.5 H,.vgJd,. with g = gravitational
acceleration in shallow water, which is independent of the
wave period T,.. The assumption of shallow water is expected
to be appropriate for this model dealing with the region land­
ward of the shoreline at MSL.

Figure 8 indicates that the effects of the wave height and
period on the cliff and beach erosion may be negligible as long
as the water depth on the fronting beach is shallow and de­
termines the breaker height locally. The storm surge deter­
mines the local water depth and resulting breaker height for
this case. It is noted that the dominant effect of the storm
surge on the cliff and beach erosion on the Beaufort Sea coast
is similar to the dominant surge effect on dune and beach
erosion in the ice-free environment te.g, KRIEBEL and DEAN,

1985).

Seawater Temperature and Salinity

The melting rates of Rand D given by Equations 4 and 7
are proportional to the difference between the seawater tem­
perature T u ' and the melting temperature Till estimated as T m

=:::: -0.068u' (KOBAYASHI, 1985) as a function of the salinity
8 w in parts per thousand (ppt). The computed results pre-
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Figure 9. Sensitivity to seawater temperature Til and salinity S,,: Til =

10°C and SII = 7 ppt (- - l; Til 5°C and SI' = 15 ppt (--l; and Til
= 0.5°e and SI' = 30 ppt (-'-'-'-l.

Cliff Height

The typical cliff height He = 10m at North Head is used
in this sensitivity analysis. In reality, the cliff height varies
along the coast at North Head. The alongshore variability of
the cliff retreat observed by SOLOMON and COVILL (1995)
may be related partly to the alongshore variation of the cliff
height.

Figure 10 shows the computed temporal variations of R, E
and D for the initial cliff height He = 5, 10 and 15 m. The
cliff retreat R increases with the decrease of He as may be
expected from the fact that the volume of coarse sediment
supplied to the beach from the unit cliff retreat decreases
with the decrease of He. In contrast, the beach erosion depth
E and the beach melting depth D are not sensitive to the cliff

Sw = 7 ppt in summer and that Til' = 0.5°C and Sw = 30 ppt
in ice freeze-up (BAIRD & ASSOCIATES, 1995). The seawater
salinity is normally low in summer because of river outflow
and high during ice formation because of brine ejection from
sea ice.

Figure 9 shows the temporal variations of R, E and D for
the three combinations of Til' and Sw' The temperature dif­
ference (Til' - Tm ) for the convective heat transfer is mostly
due to the seawater temperature difference because Tm ::::::

-0.4, -0.9 and -1.BoC for Sw = 7, 15 and 30 ppt, respec­
tively. The cliff retreat R clearly increases with the increase
of the temperature difference (Til' - Tm) and resulting con­
vective heat transfer. The increased cliff retreat results in the
increased supply of coarse sediment and the reduction of the
beach erosion and melting. Actually, no melting of the frozen
beach sediment occurs for the summer seawater conditions.
Figure 9 indicates that the temperature difference (Til' - Tm)
affects the cliff retreat more than the beach erosion.
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sented so far are based on T/{. = 5°C and Sw = 15 ppt, which
are assumed to be typical on the Canadian Beaufort Sea coast
in the vicinity of the MacKenzie River delta in the fall. To
account for the seasonal variations of the seawater temper­
ature and salinity, it may be assumed that Til' = 10°C and
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Figure 10. Sensitivity to cliff height He = 5 m (- -), 10 m (---), and 15 m (-.-.-.-) as well as corresponding coarse sediment supply rate qc from
retreating cliff onto fronting beach.

Figure 11. Sensitivity to coarse sediment volume fraction u, and ice vol­
ume fraction n, in frozen cliff sediment: V c = 0.43 and n; = 0.53 (- -);
u, = 0.6 and n; = 0.4 (--); and Vc = 0 and nc = 0.53 (-.-.-.-).

height He' To explain this result, Figure 10 also shows the
temporal variations of the coarse sediment supply rate qe
from the retreating cliff with He = 5, 10 and 15 m. The supply
rate qe does not vary much with the cliff height. In short, the
cliff height affects the cliff retreat significantly but the beach
erosion depends on the volume of coarse sediment supplied
by the retreating cliff.

CONCLUSIONS

A numerical model is developed to predict the overall hor­
izontal retreat of a frozen cliff fronted by a beach due to a
storm surge on the Beaufort Sea coast. The rate of cliff re­
treat is predicted using the heat balance involved in the con­
vective heat transfer between the seawater and the melting
surface of the frozen cliff sediment. The cliff retreat rate is

The grain size of cliff and beach material has been consid­
ered to be important in determining coastal retreat rates (e.g.,
REIMNITZ et al., 1985). The coarse sediment volume fraction
o; and the ice volume fraction n; in the frozen cliff sediment
are taken as u, = 0.43 and n, = 0.53 in the previous com­
putations. For this frozen cliff sediment, the fine sediment
volume fraction is (1 - o; - nJ = 0.04 where the fine sedi­
ment is assumed to be transported offshore without being
deposited on the fronting beach. To examine the sensitivity
to the parameters vc and n., these parameters are changed to
u; = 0.6 and n; = 0.4, corresponding to the typical frozen
beach sediment without any fine sediment, as well as to Ve =
oand n; = 0.53 with no coarse sediment.

Figure 11 shows the computed temporal variations of R, E
and D for the three different frozen cliff sediments. The cliff
retreat R increases slightly due to the large decrease of u,
from vc = 0.43 to Ve = 0 for the fixed n; = 0.53 and due to
the small decrease of n, from n, = 0.53 to n; = 0.4 in spite
of the increase of Ve from Ve = 0.43 to Ve = 0.6. This implies
that the cliff retreat is more sensitive to the ice volume frac­
tion n; which directly affects the volume of ice involved in the
melting of unit volume of the frozen cliff sediment. On the
other hand, the beach erosion depth E and the beach melting
depth D increase with the decrease of u; and are more sen­
sitive to the coarse sediment volume fraction u, which directly
affects the volume of coarse sediment supplied to the fronting
beach.
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then used to predict the supply rate of coarse sediment onto
the beach. The fine sediment contained in the eroded cliff is
assumed to be transported offshore without being deposited
on the beach. The vertical erosion rate of the unfrozen beach
sediment is predicted using the sediment volume balance in
which the offshore sediment transport rate is estimated using
an empirical formula developed for dune and beach erosion
in the absence of ice. When the frozen beach sediment is ex­
posed to wave action, its melting rate is predicted using the
heat balance due to the convective heat transfer between the
sea water and the melting surface of the frozen beach sedi­
ment.

The developed model includes two empirical parameters.
The mechanical erosion parameters a determines the mag­
nitude of the offshore sediment transport rate on the narrow
beach backed by the steep cliff. The thermal erosion param­
eter a affects the magnitude of the convective heat transfer
rate. No data is presently available to calibrate a and a sep­
arately. As a result, these parameters are calibrated together
using the observed cliff retreat at two sites due to the Sep­
tember, 1993 storm on the Canadian Beaufort coast. The cal­
ibrated values of a and a may be no better than order-of­
magnitude estimates partly because only typical values are
assigned to the various input parameters in the model and
partly because the observed alongshore variability of the cliff
retreat was as large as the mean cliff retreat used for the
calibration. A similar problem also occurs in the prediction of
dune and beach erosion but the number of input parameters
is much less in the absence of the thermal processes.

The calibrated model is then used to assess the degree of
importance and interdependence of various factors involved
in the cliff and beach erosion. The storm surge elevation and
duration, the seawater temperature and salinity, the cliff
height, and the frozen cliff sediment characteristics are all
important and affect certain parts of the interconnected ther­
mal and mechanical erosion processes. The incident wave
height and period are secondary as long as the water depth
on the fronting beach is shallow and determines the breaking
wave conditions locally. Finally, it is emphasized that de­
tailed data will be essential to improve this simple model.

ACKNOWLEDGMENT

This study was sponsored by the Environment Canada's
Environmental Innovation Program, Natural Resources Can­
ada, and Panel of Energy Research and Development.

UTERATURE CITED

ARE, F.E., 1988. Thermal abrasion of sea coasta (Part 1). Polar Ge­
ography and Geology, 12, 1-86.

ASHTON, G.D., (ed.), 1986. River and Lake Ice Engineering. Littleton,
Colorado: Water Resources Publications, 477 p.

BAIRD & ASSOCIATES, 1994. Modelling thermal-mechanical coastal
erosion, Beaufort Sea scoping study. Final Report prepared for
Geological Survey of Canada, Oakville, Ontario, Canada.

BAIRD & ASSOCIATES, 1995. Development of a model for the ther­
mal-mechanical erosion on arctic coasts. Final report prepared for
Geological Survey of Canada, Oakville, Ontario, Canada.

BARNES, P.W.; RAWLINSON, S.E., and REIMNITZ, E., 1988. Coastal
geomorphology of arctic Alaska. In: CHEN, A.T. and LEIDERSDORF

C.B. (eds.), Arctic Coastal Processes and Slope Protection Design.
New York: ASCE, pp. 3-30.

Cox, D.T.; KOBAYASHI, N., and OKAYASU, A., 1996. Bottom shear
stress in the surf zone. Journal of Geophysical Research, 101(C6),
14337-14348.

DALLIMORE, S.R.; WOLFE, S.A., and SOLOMON, S.M., 1996. Influence
of ground ice and permafrost on coastal evolution, Richards Island,
Beaufort Sea coast, N.W.T. Canadian Journal of Earth Sciences,
33(5), 664-675.

FISCHER, H.B.; LIST, E.J.; KOH, R.C.Y.; IMBERGER, J., and BROOKS,
N.H., 1979. Mixing in Inland and Coastal Waters. New York: Ac­
ademic Press, 483 p.

FORBES, D.L. and FROBEL, D., 1985. Coastal erosion and sedimen­
tation in the Canadian Beaufort Sea. Paper 85-1B, Geological Sur­
vey of Canada, Atlantic Geoscience Center, Dartmouth, Nova Sco­
tia, Canada.

JONSSON, I.G., 1966. Wave boundary layers and friction factors. Pro­
ceedings, 10th Coastal Engineering Conference, New York: ASCE,
1, 127-148.

HARPER, J.R., 1990. Morphology of the Canadian Beaufort Sea coast.
Marine Geology, 91, 75-9l.

HARPER,J.R.; REIMER, P.D., and COLLINS, A.D., 1985. Beaufort Sea
physical shore-zone analysis. Open File 1689, Geological Survey
of Canada, Atlantic Geoscience Center, Dartmouth, Nova Scotia,
Canada.

KAMPHIUS, W.J., 1975. Friction factor under oscillatory waves. Jour­
nal of Waterways, Harbors and Coastal Engineering Division,
ASCE, 101(2), 135-144.

KOBAYASHI, N., 1985. Formation of thermoerosional niches into fro­
zen bluffs due to storm surges on the Beaufort Sea coast. Journal
of Geophysical Research, 90(C6), 11983-11988.

KOBAYASHI, N., 1987. Analytical solution for dune erosion by storms.
Journal ofWaterway, Port, Coastal, and Ocean Engineering, ASCE,
113(4), 401-418.

KOBAYASHI, N. and AKTAN, D., 1986. Thermoerosion of frozen sed­
iment under wave attack. Journal of Waterway, Port, Coastal, and
Ocean Engineering, ASCE, 112(1), 140-158.

KOBAYASHI, N. and REIMNITZ, E., 1988. Thermal and mechanical
erosion of slopes and beaches. In: CHEN, A.T. and C.B. LEIDERS­
DORF (eds.), Arctic Coastal Processes and Slope Protection Design.
New York: ASCE, pp. 46-62.

KOBAYASHI, N. and VIDRINE, J., 1995. Combined thermal-mechan­
ical erosion processes model. Research Report No. CACR-95-12,
Center for Applied Coastal Research, University of Delaware,
Newark, Delaware.

KRIEBEL, D.L. and DEAN, R.G., 1985. Numerical simulation of time­
dependent beach and dune erosion. Journal of Coastal Engineer­
ing, 9, 221-245.

LARSON, M. and KRAUS, N.C., 1989. SBEACH: Numerical model to
simulate storm-induced beach change. Technical Report CERC-89­
9, U.S. Army Corps of Engineers, Waterway Experiment Station,
Vicksburg, Mississippi.

NAIRN, R.B.; SOLOMON, S.; KOBAYASHI, N., and VIDRINE, J.C., 1998.
Development and testing of a thermal-mechanical numerical mod­
el for predicting arctic shore erosion processes. Proceedings, 7th
International Conference on Permafrost, Yellowknife, NWT, Can­
ada.

NAIRN,R.B. and SOUTHGATE, H.N., 1993. Deterministic profile mod­
elling of nearshore processes. Part 2. Sediment transport and
beach profile development. Journal ofCoastal Engineering, 19,57­
96.

NIELSEN, P., 1992., Coastal Bottom Boundary Layers and Sediment
Transport, River Edge, New Jersey: World Scientific, 324 p.

REIMNITZ, E. and BARNES, P.W., 1987. Sea-ice influence on arctic
coastal retreat. Proceedings, Coastal Sediments '87 , New York:
ASCE, Vol. 2, pp. 1578-159l.

REIMNITZ, E.; GRAVES, S.M., and BARNES, P.W., 1985. Beaufort Sea
coastal erosion, shoreline evolution and sediment flux. Open-File
Report 85-380, U.S. Geological Survey, Menlo Park, California.

SCHLICHTING, H., 1968. Boundary Layer Theory, 6th Edition, New
York, NY: McGraw-Hill, 748 p.

SOLOMON, S.M. and COVILL, R., 1995. Impacts of the September

Journal of Coastal Research, Vol. 15, No.2, 1999

digitstaff
Text Box



344 Kobayashi et al.

1993 storm on the Beaufort Sea. Proceedings, 1995 Canadian
Coastal Conference, 2, 779-795.

SOLOMON, S.M.; FORBES, D.L., and KEIRSTEAD, B., 1993. Coastal
impacts of climate change: Beaufort Sea erosion study. Open-File
Report 2890, Geological Survey of Canada, Atlantic Geoscience
Center, Dartmouth, Nova Scotia, Canada.

SOUTHGATE, H.N. and NAIRN, R.B., 1993. Deterministic profile mod­
elling of nearshore processes. Part 1. Waves and currents. Journal
of Coastal Engineering, 19,27-56.

SWART, D.H., 1974. Offshore sediment transport and equilibrium

beach profiles. Publication No. 131, Delft Hydraulics Laboratory,
Delft, the Netherlands.

THORNTON, E.B. and GUZA, R.T., 1983. Transformation of wave
height distribution. Journal of Geophysical Research, 88(C10),
5925-5938.

VAN DER MEER, J.W. and STAM, C.J.M., 1992. Wave runup on
smooth and rock slopes of coastal structures. Journal of Waterway,
Port, Coastal, and Ocean Engineering, ASCE, 118(5), 534-550.

VIDRINE, J., 1996. Thermal-mechanical erosion of frozen cliffs and
beaches. Thesis for Master of Civil Engineering, University of Del­
aware, Newark, Delaware.

Journal of Coastal Research, Vol. 15, No.2, 1999




