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Wave forests are rare and were previously known only in high altitude Abies balsamea forests in northeastern U.S.A. and in
subalpine A. veitchii — A. mariesii forests in Japan. Wave forests have been discovered at several locations in Newfoundland,
including a very large and unique wave forest extending over 100—150 km? on the coastal plain of northwestern Newfoundland.
The wave fronts, characterized by dead tree strips, are mostly sinusoidal with an axis aligned in the direction of the prevailing
wind, are spaced 100-150 m apart, and move in 55-year cycles. Crest-shaped wave fronts are concave on the windward side,
occur as random events, and leave a trailing edge to the right of the prevailing wind that becomes a sinusoidal wave front.
Two types of wave cycles, uniform cycle and broken cycle, have been identified as regular and random events, respectively.
This paper reports the initial results of a detailed study on the impact of wind on the dynamics of a wave forest and concentrates
on the centroid as a measure of crown asymmetry useful for distinguishing between purely biotic (mainly competition) and
abiotic (mainly wind) processes as the primary cause of crown asymmetry. The development of wave forests at Spirity Cove is
described based on the hypothesis that longitudinal helical roll vortices are primarily responsible for their formation.

ROBERTSON, A. 1987. The centroid of tree crowns as an indicator of abiotic processes in a balsam fir wave forest. Can. J. For.
Res. 17 : 746-755.

Les foréts régénérées en vagues sont un phénoméne rare dont I’existence a seulement été constatée auparavant dans les foréts
d’ Abies balsamea de haute altitude du nord-est des Etats-Unis et dans les foréts subalpines d’A. veitchii — A. mariesii au Japon.
Des foréts régénérées en vagues ont été découvertes en plusieurs endroits au Terre-Neuve, y compris une trés grande forét
régénérée en vagues unique sur la plaine cotiére du nord-ouest de la Terre-Neuve, qui s’étend sur une superficie de plus de
100-150km?. La plupart des fronts des vagues, caractérisés par des bandes d’arbres morts, sont sinusoidaux avec un axe aligné
sur la direction du vent dominant, ont un espacement de 100—150 m et se déplacent en cycles de 55 ans. Les fronts des vagues
en forme de créte sont concaves du coté du vent, sont des événements qui ont lieu au hasard et laissent un bord de fuite a droite
du vent dominant qui devient un front de vague sinusoidal. Deux types de cycles de vagues, cycle uniforme et cycle rompu, ont
été identifiés respectivement comme des événements reguliers et qui ont lieu au hasard. Cette communication rend compte des
résultats initiaux d’une étude détaillée de I’effet du vent sur la dynamique d’une forét régénérée en vagues, et elle se concentre
sur le centroide comme une mesure de 1’asymétrie des houppiers utile pour distginguer entre des processus purement biotiques
(principalement la concurrence) et abiotiques (principalement le vent) comme la cause principale de I’asymétrie des houppiers.
Une déscription du développement de foréts régénérées en vagues a Spirity Cove est donnée, basée sur I’hypothése que des
vortex de Goertler sont les causes principales de leur formation.

Introduction 550 '

altitude balsam fir (Abies balsamea) forests of northeastern
U.S.A. (Sprugel 1985) and in A. veitchii —A. mariesii forests on
Mt. Shimagare and elsewhere in Japan (Oshima et al. 1958;
Kimura 1982; Koyama and Fujita 1981). This paper records not
only new locations but also a unique case of an extensive balsam
fir wave forest on a low-lying coastal plain at Spirity Cove,
northwestern Newfoundland (Fig. 1).

Classic examples of wave forests in Newfoundland occur
mainly on steep slopes in coastal areas; e.g., Peter’s River and
Point La Haye on the southeast shore of St. Mary’s Bay. Less
obvious examples occur near Rocky Harbor in Gros Morne
National Park and in the vicinity of Daniel’s Harbor south of
Spirity Cove. The wave forest at Spirity Cove is the most
extensive ever recorded, extending over an area of 100—150 km?>
on flat to gently sloping terrain. Figure 2 shows a section of the
wave forest at Spirity Cove, plus a sketch of the distribution of
sinusoidal and crested wave fronts. Figure 3 is a schematic
diagram showing a series of wave cycles and some basic
statistics of an average wave profile.

Because they occur in regular cycles, wave forests are of
considerably scientific and practical importance (Sprugel 1985),
not the least of which is the impact of wind on forest dynamics.
This paper reports the initial results of a detailed study to
determine the aerodynamic principles most responsible for the
formation of the Spirity Cove wave forest. The principle
variables studied include the orientation of centroids of tree
crowns, wave fronts and wind-thrown trees in relation to wind
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FiG. 1. Map of Newfoundland showing location of balsam fir wave
forests. 1, Spirity Cove; 2, Daniels Harbor; 3, Rocky Harbor; 4, Peter’s
River; 5, Point La Haye.
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FiG. 2. (A) Aerial photo of wave forests at Spirity Cove, Newfoundland. (B) Map showing the distribution of sinusoidal and crested wave fronts.

data. Since this involves directional data, the principles of
circular statistics is the main analytical tool for examining the
relationship between wind and wave forests.

Methods

Three consecutive wave profiles were sampled. Four plots were
established equidistant through each wave cycle as shown in Fig. 4.
The A and B plots, and C plot in wave 3, represent the taller sections
of the profiles and were 2 X 10 m and aligned parallel with the wave
front; the remaining C and D plots were 2 X 5m and also aligned
parallel with the wave fronts. One hundred and twenty trees, 10 from
each plot, were randomly selected to represent the percentage
frequency of all diameter classes.

The measurements pertinent to this paper included crown base
spread and crown length in north, east, south, and west directions, and
total dry weight of crowns.

The centroid

The centroid of tree crowns was derived by first estimating the
volume and mass of four crown sections and calculating the vector
coordinates of each section; viz., northeast, southeast, southwest, and
northwest, respectively. Thus the total crown volume (V) was
estimated by

[y v=>2 v

where v; = (sectional crown basal area X length)/3. Given the total
crown weight (B), the proportion of crown weight in each section (5;)
was estimated from

[2] b; = (Vi/ V)B

The crown centroid (C), weighted by crown weight, was calculated
from

4
3] C= 1/13(‘_2l b; ¢;

where ¢; is the Cartesian coordinates of the vectors of each crown
section, i.e.,

[4] C; = x,»/3, y,/3

The Cartesian coordinates (x. and y.) of the crown centroid (r.) are

located by
4

[5] xc=1/3(2 x|,

4

Ye = l/B(Zl yi

= i=

By transformation, the polar coordinates of the vector length of the
crown centroid (r.) are obtained from

(6] re=[(x)*+ (1™

and its angle (db.) determined from one of the following relevant
equations:

¢ = tan~! (x/y) (x>0,y>0)
(7] dbe=tan"! (Iyl1/x) + 90° (x>0,y<0)

b, =tan" ' (Iyl/1x1)+ 180° (x<0,y<0)

b.=tan"1(Ix1/y) + 270° (x<0,y>0)
Exceptional cases are

b= 90° (x=0,y>0)
8] ¢ =270° (x=0,y<0)

¢ = Indeterminate (x=0,y=0)

The polar coordinates of the mean vector length (7) are calculated
9] F=(Zcos¢c + (leindac
i=1 i=

and mean vector angle (E)) calculated from either of the two equations
tan(y/x) MOD 360° (x > 0)

[10] i) -
b =tan"!(y/x) + 180° (x<0)



Can. J. For. Res. Downloaded from www.nrcresearchpress.com by 174.116.6.219 on 02/14/13
' SRR For personal tise only.

748 CAN. J. FOR. RES. VOL. 17, 1987

(A) PROFILE OF A BALSAM FIR WAVE FOREST
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FiG. 3. (A) Profile of a balsam fir wave forest cycle. (B) Statistics of an average wave forest profile at Spirity Cove.

Statistical analysis

Because the analysis involves directional data, circular statistical
techniques were used almost exclusively. The angular deviation (c°)
introduced by Batschelet (1965) is defined as

[11] ¢° = (180°/m) X [2(1 — r)]°3

The appropriate confidence interval (8°) is obtained from charts in
Batschelet (1983), which are based on the work of Stephen (1962) and
Brown and Mewaldt (1968).

Since the length of the mean vector (r) ranges from Oto 1, it is used to
measure the strength of directionality. Also, if 7 < r(«) the null
hypothesis of randomness cannot be rejected; conversely, if 7 > r(a)

then directionality exists, and the greater the value of r the more
concentrated is directionality. These basic statistics, 7, ¢°, and the
confidence level (at 95% probability), and the critical value range, with
respect to angular observations, are illustrated in the statcircle (Fig. 5).
The statcircle may also include a significance test dissector as an
additional but less powerful visual aid for estimating significance. The
dissector is a modification of Hodges—Ajnes V-test by Batschelet. This
modification is a two-sided test considering both tails of a binomial
distribution and appropriate statistical tables can be found in Batschelet
(1983). In the V-test, the lower the number of observation on one side
of the dissector the more directional is the data.

The directedness of centroids in various plot categories was tested by
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Fi1G. 4. Schematic diagram showing the length of three consecutive
wave forest profiles sampled and the general location of sampling plots
within each profile.

Moore’s nonparametric test of directionality (Moore 1980). This is a
second-order test taking into account both the mean vector length (7)
and mean vector angle (¢ ) and is defined by

[12] D*=D/n'?

where
[13] D= [(th,« cosE),-) + («_2,[" sin&,-)]o‘s

¢ is continuous and ¢ is the rank of 7 from the smallest to the largest of
corresponding ¢; values. Directionality is established if Moore’s
statistic (D*) exceed the critical value, i.e., D* > D* (a).

Mardia’s Uniform test score (Mardia 1970; Mardia and Spurr 1973)
was used to test for differences between the three wave profiles
sampled. This test is particularly appropriate because the samples of
grouped data is small and none of the angles of the mean centroids is
coincidental. Mardia’s statistic (M*) is obtained from

[14] M* =22 R¥YN;
i=1

where R?is the vector length of each sample, i.e.,
N N
[15] R*= (Z cos B,,-) + (Z sin BJ)
j=1 j=1

By = & ; 8, with ¢ ; being the sequence of ranks of the mean angles ¢ ;
from j = 1,2, ... N and 9 is the respacing of sample angles into
multiples of § = 360°/N. Mardia and Spurr (1973) and Batschelet
(1983) provide three-sample statistical tables for M*. However, since
M* is approximately distributed as ¥, with 2(n — 1) degrees of
freedom, then x tables can be used to compare M* with M* ().

Results

The plot categories, A, B, C, and D of a typical wave cycle
represent four stages of development: A, decadent, wind-
thrown gaps in the canopy and severe crown loss on standing
trees at fairly regular spacing; B, mature, light self-thinning
with widely separated wind-shaped symmetric crowns and more
or less randomly distributed trees; C, immature, moderate to
high self-thinning with barely contiguous crowns shaped mainly
by competition, and moderately clustered tree distribution; D,
regeneration, strongly self-thinning with contiguous crowns
forming a dense canopy with very clustered tree distribution.

The statistics of the crown centroids is summarized in Table
1, with n = 30 for each plot category. Figure 6 shows the
Cartesian coordinates of sample tree centroids and correspond-
ing statcircle for each plot category.

Figure 7 is a plot of Mardia’s nonparametric test for
directionality comparing the difference between wave cycles.
The calculated value of Mardia’s statistic (M*) is 1.536;
therefore, with M* > M*(a) at 0.05 significance level, there is
no difference between wave cycles. In other words, there is a
clear indication that the degree of directedness of centroids is
constant with respect to plot categories within each wave cycle.

ANGLE OF
OBSERVATION

F1G. 5. A statcircle: a convenient graphical summary of various
circular statistics and tests of significance pertaining to directional data
in this study (see text for derivation of statistics).

TABLE 1. Analysis of the directionality of the centroids of tree crowns
in a balsam fir wave forest at Spirity Cove, Nfld.

Plot Mean age ) o B

category (years) F @) e O D* k
A 55 0.42 293 61.7 35 1.18*%* S
B 42 0.55 317 54.3 25 1.52%%* 4E*%
C 27 0.28 12 68.8 61 0.6 11
D 16 0.26 283 69.7 76 0.7 10

NOTE: 7, mean vector leng[h;&, mean vector angle; ¢°, angular deviation; 8°, confidence
level at 95% probability; D*, Moore’s statistic; &, significance test statistic. **, 0.01 level
of significance; ***, 0.001 level of significance.

At 10 years of age, near the beginning of the cycle, the stand
density ranges from 80000 to 140000 stems ha™'. Because
canopy closure is complete at this stage wind cannot penetrate
the stand to any great extent. Consequently, wind has little effect
on the saplings, except perhaps on those dominants that grow
well above the main canopy. Generally, the centroids, as a group,
are distributed randomly (i.e., they exhibit no directionality).
Therefore, self-thinning through vigorous competition is per-
ceived to be the dominant process causing asymmetry over the
first 30% of a wave cycle.

Gradually, over the next 60% of a wave cycle, excessive tree
sway, where the lower parts of the crowns are constantly beating
against neighbouring crowns, plus rime and salt from sea spray
causes severe branch loss. Self-thinning in this case results more
from abiotic than biotic processes and the crowns gradually
become oriented in a northwesterly direction as deformation
becomes severe. Wind throw at this stage is still quite rare.

The last 10% of a wave cycle is characterized by highly
directional crown deformation, dieback, and, at the outer edge,
skeletons of broken, standing dead trees (stripped of branches
and bark and bleached by the elements) and wind-thrown
derelicts. Under the standing and wind-thrown dead trees there
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FiG. 7. Diagram of Mardia’s nonparametric test for differences in
directionality between the angle of centroids in three consecutive wave
profiles sampled. The outer circle shows the distribution of the mean
angle of crown centroids in each plot category in three wave profiles;
the inner circle is a respacing of these angles by 360 divided by the
number of observations (in this case 12) to obtain Mardia’s statistic
(M*) (see text for details).

is an abrupt change in the ground flora from a moss carpet of
Hylocomnium splendens and Pleurozium schreberi with a few
herbs (Cornus canadensis, Maianthemum canadense, and
Clintonia borealis) to dense balsam fir regeneration and
occasionally small clumps of mountain birch seedlings (Betula
papyrifera var. cordifolia) and, infrequently, white spruce
(Picea glauca) and black spruce (P. mariana) seedlings.

The major axis of open growing tamarack (Larix laricing)
tree crowns in the area lies in the direction of the prevailing
wind, i.e., southwest to northeast (Robertson 1986). In the
wave forest, however, mean crown deformation attributed to
wind has a distinctive northwesterly trend. Obviously, the
deposition of salt spray and rime (in winter) contribute
significantly to crown deformation. However, since patterns of
salt and rime deposition are governed by aerodynamics, it
appears that eddies, akin to corner vortices, are responsible for
shaping of crowns in the older stages of wave cycles. The
evidence is based on the fact that, on the whole, most of the
crown damage occurs on the south, east, and north sections of
the crowns.

Figure 8 shows the frequencies of wind speed and direction
during summer and winter at Daniel’s Harbor (the nearest
meteorological station to Spirity Cove with long-term records).
Figure 9 shows seasonal vector wind speed at the same station.
The close correlation between the prevailing wind and wave

TaBLE 2. Orientation of wave forest fronts at Spirity Cove, Nfld.

¢ o @

Shape of wave front Axis n r ®) ) @)

Crested
Sinusoidal

Minor 14 097 48 14.0 6.0
Major 31 0.96 33 162 4.5

NotE: n, number of wave fronts; 7, mean vector length; &, mean angle; o°, angular
deviation; 8°, confidence interval at 95% probability.

forest formation is reflected in a number of ways: (i) the
direction of wind-thrown trees in the dead tree strips coincides
with the winter vector winds (Fig. 10) and (if) the orientation of
the major axis of sinusoidal wave fronts and the minor axis of
crested wave fronts coincides with the summer vector winds
(Fig. 11, Table 2).

Discussion

According to prevailing hypothesis, wave forests originate
from gaps in a more or less uniform mature stand. Iwaki and
Totsuka (1959) give a hypothetical diagram showing how wave
forests are supposed to have developed from several gaps,
which enlarge into crest-shaped waves that ultimately merge to
form a long dead-tree strip. Sprugel (1976) essentially supports
the “gap theory,” but notes that trees are already dead before
being wind thrown. A feature lacking in the “gap theory” is an
associated aecrodynamic principle that would establish and main-
tain a wave forest.

An alternative hypothesis, which I will call the “vortex
theory,” emphasizes that gaps may not be necessary in wave
forest formation, although they are important in certain cases
such as the creation of crested waves. Also, the theory implies
that wave forests are a manifestation of an aerodynamic phenom-
enon called Goertler vortices (also known as longitudinal helical
roll vortices).

The “vortex theory” accounts for two types of wave forma-
tions (although neither are mutually exclusive); viz., uniform
cycle and broken cycle. The uniform cycle is characterized by
sinusoidal wave fronts which move parallel to the direction of
the prevailing wind in virtually predictable cycles (Fig. 12a).
Such a cycle will prevail for generations and perhaps even
centuries providing there are no major disturbances. The broken
cycle, on the other hand, is a manifestation of disturbances
similar to those of the “gap theory.” Evidently, crested wave
fronts almost always originate from gaps created at the edge of
sinusoidal wave fronts. Such gaps are caused either by a deeper
penetration of wind throw owing to storm winds or the death of a
large birch tree, which are known to create “early gaps.” Over
time these gaps enlarge into crested wave fronts that move
upwind in the direction of the prevailing wind flow. Occasion-
ally, crested wave fronts move independently of sinusoidal
wave fronts; however, usually the movement of a crested wave
is synchronized with a sinusoidal wave front as shown in Fig.
12b. In either case, a sinusoidal wave will reform behind a
crested wave on the right of the major axis of the original
sinusoidal wave front. Crested wave fronts normally leave a
trailing edge on its right side, which in effect becomes a short,
intermediate sinusoidal wave front. Hence, after a crested wave
has run its course the whole system will settle back to a uniform
cycle until further disruption.

The existence of a uniform cycle as the dominant formation
and the directionality of crown centroids suggests that vortex
streets may be the underlying aerodynamic principle responsible
for the formation of wave forests at Spirity Cove. That crested
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Fi16. 8. Frequency of summer (May-September) and winter (October—November) wind speed and direction at Daniel’s Harbor, Newfoundland
(data source: Atmospheric Environment Service, Canadian normals, 1951—1980).
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Fic. 9. Vector winds for Daniel’s Harbor, Newfoundland (data
source: Atmospheric Environment Service, Canadian normals, 1951—
1980).

waves consistently leave a trailing edge on the right side of the
prevailing wind is further indication of vortices. The type of
vortices that are most likely to account for the regularity of
uniform cycle are Goertler vortices (also known as longitudinal
helical roll vortices), or a variation of them.

The existence of Goertler vortices has been established by
hydrodynamic theory in the laboratory (Brunt 1937; Goertler
1940; Barnett 1972; Weihs 1973). Various phenomena associ-
ated with Goertler vortices are cloud bands (Angell et al. 1968;
Kuettner 1971), turbulence over water (SethuRaman 1979),
windrows of seaweed on the ocean surface (Faller and Wood-
cock 1964), smoke transport over the ocean (Woodcock and
Wyman 1947), the formation of longitudinal sand dunes (Hanna
1969), and the soaring of gulls (Woodcock 1940). With respect
to the flight of birds, one of Leonardo da Vinci’s drawings'
illustrates the trochoidal flight path of birds in helical roll
vortices; undoubtedly, this is the first detailed reference to such
vortices. Mathematical models pertaining to Goertler vortices
are given by Goertler (1957), Kuettner (1971), and Hanna
(1969).

In the formation of longitudinal sand dunes, which are a
major landform in most of the large deserts, high surface
temperatures result in convective strips. These convective strips
are aligned in the direction of the prevailing wind and create
Goertler vortices (Hanna 1969). Conversely, the sea—land
interface differs from the deserts in that the cool Labrador
Current, which flows up the west coast of Newfoundland, and
the forest cover dampens convection. However, as Goertler

'CODEX ATLANTICUS, folio 308 r-b, Ambrosia Library, Milan.
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along sinusoidal wave fronts

5

FiG. 10. Statcircle and photograph showing the strong directionality
of wind-thrown trees in the “dead-tree” strips.

(1957) has shown, convection is not a prerequisite for the
formation of Goertler vortices because of the equivalence
between inertia and buoyant forces in creating this type of
instability. This means that a cool, moist vortex would move
downwards owing to the weight of its air mass as opposed to the
hot, dry vortices that create longitudinal sand dunes.

Furthermore, helical vortices move in space with a relatively
constant speed if the core radius also remains constant;
otherwise, their speed increases with decreasing core radius.
The conditions necessary for the formation and stabilization of
Goertler vortices are as follows: a flat underlying terrain; a
moderate wind with little variation in speed and direction; and a
strong curvature of the wind profile. Such conditions prevail at
Spirity Cove: e.g., in the direction of the prevailing wind there
is a “fetch” of several hundred kilometres over the Guif of St.
Lawrence; the wind frequency diagrams show a consistent
moderate wind regime. Figure 13 is a hypothetical diagram of
the relationship between wave forest cycles and helical roll
vortices. The classic Eckman Spiral is implied by the angle of
the longitudinal axis of helical roll vortices in relation to the
direction of the Geostrophic wind.

Major
Axis of

Sinusoidal
Waves

Vector Winds

Minor
Axis of
Crested
Waves

S

Fig. 11. Statcircle emphasizing the strong directionality of sinu-
soidal and crested wave fronts in relation to the direction of vector wind
flow. In this case the vector wind direction is flowing to the northwest

. - as opposed to flowing from the southwest as shown in Fig. 9.

Wave Forest Formations

Uniform Cycle Broken Cycle

bty ty ty
Time

Time

F1G. 12. Schematic diagram of two types of forest wave cycles at
Spirity Cove. The uniform cycle, characterized by sinusoidal wave
fronts, moves parallel to the direction of the prevailing wind and may
prevail for several generations and even centuries. The broken cycle,
characterized by sinusoidal waves broken up by crested wave fronts;
crested.wave fronts evolve from gaps at, or near, the edge of sinusoidal
waves; in most cases, sinusoidal wave fronts will reform behind the
crested wave fronts as they progress upwind.



Can. J. For. Res. Downloaded from www.nrcresearchpress.com by 174.116.6.219 on 02/14/13

FOr personause only.

754 CAN. J. FOR. RES. VOL. 17, 1987

Vortices

Helical Roll

FiG. 13. Hypothetical diagram illustrating the aerodynamic mech-
anism by which helical roll vortices form wave forests. The angle of the
major axis of the helical roll vortices in relation to the geostrophic wind
direction implies the classic Eckman Spiral.

Conclusions

The centroid of tree crowns is a useful measure for distinguish-
ing between abiotic and biotic processes as the primary causes
of crown asymmetry. In the early stages of a forest wave cycle
crown asymmetry is controlled mainly by competition for light.
In later stages of a wave cycle, crowns suffer from persistent
winds that cause both mechanical damage from tree sway and,
in winter, glaze and rime deposition and chemical damage from
sea-salt spray. The cooling effect of the Labrador Current on the
boundary layer also has a considerable impact by reducing
primary productivity during the growing season. The direction-
ality of the centroids indicate that eddies akin to corner vortices
are primarily responsible for shaping the crown in the older
stages of a wave cycle but have little effect in the younger
stages.

Because standing dead trees are virtually the only ones that
are wind thrown, wind throw is not thought to be a primary
cause of wave forest formation because the age of a mature tree
in an average wave cycle (55-60 years) is not significantly
lower than the life-span of mature balsam fir in Newfoundland
in general. However, wind throw in the dead tree strips is
important in creating a specific pattern of environmental
conditions conducive to mass regeneration necessary to main-
tain the cycle.

There is a high correlation between the prevailing wind
direction and the directionality of the crown centroids controlled
by abiotic processes, the orientation of wave fronts, and wind
throw. The centroid of tree crowns are oriented 90° to the right
of the prevailing wind. Sinusoidal wave fronts move parallel,
while crested wave fronts move perpendicular to the summer

vector wind direction. Wind-throw patterns are oriented parallel
to the winter vector wind direction.

A “vortex theory” is proposed based on the belief that
Goertler vortices, or a variation of them, may be responsible for
the formation of wave forests at Spirity Cove. The theory
precludes the necessity of gaps in a mature, uniform stand as a
prerequisite for wave formation. Instead, bands of crown
mortality, resulting from environmental stress controlled by
aerodynamic features, suggests that wave forest formation
could originate in immature stages of stand development. Two
types of wave cycles have been identified. Uniform cycles,
characterized by sinusoidal wave fronts, are regular events
lasting several generations and perhaps even centuries; these
move parallel to the prevailing wind direction. Broken cycles
are characterized by a disruption of sinusoidal wave fronts by
unusually large gaps created at, or near, the edge of the
sinusoidal wave front either by wind throw or, occasionally, by
the death of a large birch tree. These gaps are enlarged into
crested waves that move upwind either synchronously with or,
less often, independently of the sinusoidal wave front. As
the crested wave fronts progress, sinusoidal waves reform
behind them more or less on the same axis as the original
sinusoidal wave, while short, intermediate sinusoidal waves are
also created on a trailing edge on the right side of the advancing
crested waves.
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