
hurricane. The waves on the right side 
are not only generated under a higher 
wind but also stay under the influence of 
the wind field longer since they are mov- 
ing with it. Therefore, the waves moving 
out in front of a storm are much larger 
than those propagating out from the rear. 
During the observation period, Hurri- 
cane Gloria was traveling as fast as a 
150-m wave (10-second period) would 
propagate; thus, only waves of longer 
wavelengths (that is, traveling faster) 
would propagate ahead of the storm. 

Figure 1 shows the wave pattern of the 
dominant waves obtained from the L- 
band (1.2 Ghz) imagery. Sections of the 
radar imagery in three different locations 
are also shown (Fig. 1, insets A through 
C). The radar imagery makes it possible 
to determine the waves' direction (with 
180? ambiguity) and wavelength. The 
data obtained show several interesting 
features. Around the area of maximum 
wind, the wave direction is close to the 
wind direction; the wavelengths range 
from 100 m (behind the eye) to 275 m (at 
the right front of the eye). In the eye re- 
gion, the waves are frequently of a long 
period and are short-crested (that is, 
have a short crest length). Away from 
the eye, the waves in the front half re- 
gion appear to be propagating in the radi- 
al direction, which is roughly per- 
pendicular to the local wind. They are 
characteristically of a long period and 
are long-crested (that is, have a large 
swell). In the rear half region, the waves 
are of a shorter period, and, especially in 
the left rear quadrant, some waves were 
observed propagating close to the wind 
direction. Possible explanations for 
these observations include the following: 
(i) the dominant waves at distances 
greater than 100 km from the eye are the 
ones that have been generated around 
the maximum wind region and subse- 
quently propagated outward (7); and (ii) 
the radar might be less sensitive to the 
locally generated waves, which tend to 
be more chaotic than the waves gene- 
rated farther away, around the eye. 

Figure 1 also shows typical examples 
of the wave imagery. Inset A corre- 
sponds to waves near the maximum wind 
region, which are short-crested and ap- 
pear to contain both a sea and a swell. 
Inset B corresponds to a region 149 km 

away from and ahead of the eye. The 
waves there are well organized and long- 
crested (have a swell). Inset C corre- 
sponds to a region near the center of the 
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We also calculated the average wave 
period for the four different quadrants: 
right front, right rear, left front, and left 
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rear, using the deep water dispersion re- 
lation for gravity waves. The values ob- 
tained were 11.2, 9.2, 10.9, and 9.5 sec- 
onds, respectively. These values are, on 
the average, larger than those reported 
by Pore (3) for the waves at distances 
greater than 130 km from the eye. 

More observations are required before 
it will be possible to derive general con- 
clusions on the behavior of waves 
around the center of a hurricane. More 
airborne observations are planned for 
1977 and 1978, and spaceborne observa- 
tions are to be made in 1978. These ob- 
servations should lead to a better under- 
standing of the statistical behavior of 
waves in the eye region of hurricanes. 
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appears to be associated with erosional 
depositional processes. 

Concave slope profiles on basalt in the 
Darling Downs area of southeastern 

Queensland extend from the edge of an 
upper, almost plane surface down to a 
lower plane surface or a local drainage 
line. Such concave slopes are very com- 
mon throughout the world and have been 
described in terms of particular mathe- 
matical forms. They have been ex- 
pressed as binomials (1), polynomials 
(2), exponential and logarithmic curves 
(3, 4), power curves (5), and a variety of 
empirical equations (6). In many of these 
studies the coordinates of points ob- 
tained from leveling at selected intervals 
have been fitted statistically to the vari- 
ous mathematical curves. Ruhe and 
Walker (4) noted that toe and foot slopes 
could be matched by one of their equa- 
tions, but that the curve of the back 
slope was too steep for the same equa- 
tion. 

One mathematical curve with inter- 
esting properties that has been neglected 
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processes and the exponential form with 

in slope analysis is the common cycloid. 
This curve arises as a solution to the 
brachistochrone problem of J. Bernoulli 
and is the least time path by which fric- 
tionless particles may move under grav- 
ity from one point to another not imme- 
diately beneath it. Another property is 
that several such particles released si- 
multaneously anywhere on a cycloid 
slope will reach the lower extremity at 
the same time. A hillslope with such a 
profile would have the ideal shape for the 
most rapid disposal of water provided 
friction was not important. King (7) has 
attributed this property to the pediment, 
a landform common on the hills of the 
Darling Downs. 

Six Darling Downs slope profiles have 
been tested against cycloid and exponen- 
tial curves and the fits compared. The 
exponential curve appears to have been 

accepted (5) as an adequate model for 

many concave profiles. "True" curves 
of the slopes were obtained from en- 
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Slope Profiles of Cycloidal Form 

Abstract. Concave profiles of basalt hills in the Darling Downs area of south- 
eastern Queensland can be cycloidal or exponential in form. Where the complete 
hillslope consists of shallow soils the form is cycloidal. Where colluvial lower slopes 
are present the overall slope is exponential but the upper, dominantly sedentary por- 
tion is cycloidal. The cycloidal form, which corresponds to the curve of least time, 
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largements of photographs of the slope 
profiles, thus avoiding emphasis on point 
values as obtained with a survey tra- 
verse. The photographs were scaled by 
identifying significant points on these 
curves from large-scale contour maps 
(1: 7920 with 3-m contours) and check- 
ing against the focal length of the cam- 
era. Superposition of cycloid and expo- 
nential curves on the photographs in- 
dicated that different portions of the 
slope profiles were approximated closely 
by one or the other or both of these 
curves. The best least-squares fit was ob- 
tained by using a nonlinear regression 
computer program (8) on coordinates ob- 
tained at equal horizontal intervals from 
the photographs. 

The cycloid is best expressed as two 
parametric equations in polar coordi- 
nates 

x-b = 0 - sin 4 a 

y a c - = cos - 1 
a 

(1) 

(2) 

where a is the diameter of the generating 
circle (a scaling parameter), 0 is the turn- 
ing angle of the generating circle 
(0 < 0 < r for hillslopes), x is the hori- 
zontal distance along the hillslope pro- 
file, y is the vertical height of the hill- 
slope profile, and b and c are parameters 
for convenient translation of the axes. 

The exponential can be expressed in a 
similar form 

x- b' 
a' 

y - c' 
a'- 

= exp (-O) 

Table 1. Comparison of cycloid and exponential curves for complete slopes. Abbreviations: N, 
number of points; EMS, error mean square. 

Cycloid Exponential EMS 

Verti- Vari- Vari- ratio, 
cal ance ance Cy- Hillslope N ^height a EMS ac- a EMS ac- cloid! 

(m) (m) (m2) counted (m) (m2) counted expo- 
for for nen- 
(%) (%) tial 

Wyangapinni 21 88.1 176.0 0.2864 99.97 162.3 2.0913 99.76 0.14 
Umbiram Creek 11 5.2 9.84 0.0022 99.92 8.61 0.0097 99.65 0.23 
Majuba 10 59.4 171.8 0.2641 99.94 136.8 1.6149 99.66 0.16 
Dummies 25 134.4 313.5 19.8756 98.70 188.7 1.5875 99.90 12.52 
Mount Gowrie 25 201.2 586.8 130.2662 96.46 256.3 4.3272 99.88 30.10 
Mount Russell 13 54.2 147.1 7.3555 97.73 75.5 0.3145 99.90 23.39 

Table 2. Comparison of cycloid and exponential curves for upper slopes. Abbreviations: N, 
number of points; EMS, error mean square. 

Cycloid Exponential EMS 
Variance Variance ratio, 

Hillslope N a EMS accounted a EMS accounted cycloid/ 
(m) (m2) for (m) (m2) for exponen- 

(%) (%) tial 

Dummies 15 194.3 0.9192 99.94 191.6 2.5521 98.83 0.36 
Mount Gowrie 13 262.2 1.3648 99.97 251.6 6.5801 99.83 0.21 
Mount Russell 6 61.8 0.3308 99.88 65.7 0.0696 99.97 4.75 

(447,122) 

; : :: . . . .....- -: - 

-iBBi^J =(0,0 

iSU-Us. :i . ^ 

(3) 

(4) 

where a is a scaling parameter and b' and 
c' are translation parameters. 

The results of the nonlinear regression 
analyses on the six hillslopes tested are 
summarized in Table 1. The cycloid 
curve gave a better fit for the Wyanga- 
pinni, Umbiram Creek, and Majuba hill- 
slopes, whereas the exponential gave a 
better fit for the Dummies, Mount Gow- 
rie, and Mount Russell hillslopes. The 
latter hillslopes have long extended col- 
luvial slopes which are not present in the 
former. It is not valid to use a standard F 
test on the ratio of error mean squares 
because the two variances may not be in- 
dependent. It may be stated that the 
probability of the first three slopes being 
closer to a cycloid and the latter three 
slopes being closer to an exponential is 1 
in 64. Examples of the two types of hill- 
slopes, Wyangapinni and Dummies, are 
shown in Figs. 1 and 2, respectively. 

However, the upper portions of the 
11 NOVEMBER 1977 

Fig. 1. Wyangapinni hillslope. (Solid curve) Best fit cycloid; (dashed curve) best fit exponential. 
Selected coordinates (x,y) are given in meters. 

to,o)^~ S^ *S~ - ' '' 
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Fig. 2. Dummies hillslope. (Solid curve) Best fit cycloid; (dashed curve) best fit exponential; 
(dotted curve) best fit cycloid (upper slope). Selected coordinates (x,y) are given in meters. 
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three exponential slopes are reasonably 
well approximated by a cycloid. In Table 
2 we use the hillslope data from the crest 
to the boundary between shallow, main- 
ly sedentary soils and deeper soils on 
transported materials (9). These deep 
soils are associated with the long expo- 
nential lower slopes. No such deep soils 
occurred on the Wyangapinni, Umbiram 
Creek, and Majuba hillslopes. The 
Mount Russell hillslope is the only case 
where the exponential is better than the 
cycloid in Table 2, but only six points 
were available for curve fitting. 

Taking these considerations into ac- 
count, the cycloid curve appears to be a 
good model for hillslopes where wash 
processes are operating. Its "least time" 
shape may be the one to which ero- 
sional slopes and slopes of transportation 
trend, regardless of scale. Its finite limits 
and tangency to the vertical and horizon- 
tal axes correspond well with vertical 
cliffs and horizontal drainage lines. Its 
use may thus solve the problem raised by 
Ruhe and Walker (4) concerning the fit of 
mathematical curves on steep upper 
slopes. 

If we assume that a hillslope tends to a 
state of minimum erosion in the long 
term and that the erosion rate is not a 
function of elevation, then the hillslope 
profile of minimum erosion corresponds 
to the curve of least time, the cycloid. 
Here contact between the wash water 
and the ground surface is minimized, a 
property recognized intuitively by King 
(7). The calculus of variations for ideal 
particle mechanics as given in Courant 
(10) indicates that once the cycloid is es- 
tablished, the erosion rate of the hill- 
slope becomes equal at all elevations and 
the cycloid is maintained as erosion pro- 
ceeds. Real hillslopes are subjected to 
frictional forces including drag and tur- 
bulence, and it would be interesting to 
pursue this line of analysis further. 

Although the data presented here refer 
to southeastern Queensland, inspection 
has shown that some hillslopes on sand- 
stones, shales, and granites in the south- 
western United States have concave pro- 
files of cycloidal form. Their fit is being 
checked. It has also been observed that 
Mount Mayon, an almost perfectly sym- 
metrical volcanic cone in the Philippines, 
has cycloidal profiles. 

On the other hand, the exponential 
curve seems to be a good model for hill- 
slopes where depositional processes are 
operating. It obviously applies to collu- 
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On the other hand, the exponential 
curve seems to be a good model for hill- 
slopes where depositional processes are 
operating. It obviously applies to collu- 
vial slopes and has been observed on ash 
volcanoes in New Zealand. 
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the estuarine ecosystem. 

The importance of coastal United 
States wetlands is becoming increasingly 
evident as we learn more about their 
contribution to estuarine and offshore 
ecosystems (1, 2). Primary productivity 
is widely used as an indicator to evaluate 
these wetlands; thus it is imperative that 
accurate estimates be made. The culm 
height has been suggested as the con- 
trolling parameter in determining culm 
biomass for many salt-marsh halophytes 
(3), yet the turnover of leaves from a 
culm, and culm mortality during the 
growing season, may contribute signifi- 
cantly to estimates of primary productiv- 

Table 1. Calculation of tissue production, de- 
velopment, and death. Abbreviations: E, 
culm elongation; AH, change in height (in cen- 
timeters) of a culm during any interval; P, leaf 
production; AL, change in number of live 
leaves for a culm over any interval; AD, 
change in number of dead leaves for a culm 
over any interval; Net, AL + AD over any in- 
terval; S, leaf senescence; and A, leaf abscis- 
sion. 

Value Condition 

Culm elongation 
E = AH if AH > 0 
E = 0 if AH < 0 

Leaf production 
P = ANet if ANet > AL 
P = AL if ANet < AL 
P = 0 if AL < 0 ANet 

Leaf senescence 
S = AD if AL > 0 AD 

or if AL < 0 and 
|AL| < AD 

S= |ALL if AL < 0 and 
|ALJ AD 

S = 0 if AL - O > AD 

Leaf abscission 
A = [ADI if AD < 0 AL 
A = |ANetl if ANet < 0 and 

AL < 0 
A = O if AD > 0 and 

AL > 0 
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ity (4). Through measurements of height 
increments and number of leaves, we 
have quantified the seasonal and spatial 
contribution of individual culms to over- 
all biomass and structure of several salt- 
marsh plant communities. 

Study sites and species were (i) Sulli- 
van, Maine-Spartina alterniflora Loisel 
and Spartina patens (Aiton) Muhl.; (ii) 
Lewes, Delaware-Phragmites commu- 
nis Trin., and Spartina patens; (iii) Sa- 
pelo Island, Georgia-Spartina cynosu- 
roides (L.) Roth and Spartina patens. 
Each site represented a unique climatic 
regime along the eastern coast of the 
United States. On 5 May 1975, 50 live 
culms representing each species were se- 
lected at random and tagged with plastic 
cable ties (Ty-Rap No. TY-553M). Each 
culm was then measured from soil level 
to the tip of its tallest vegetative com- 
ponent to determine its height to the 
nearest centimeter. Live leaves, defined 
as any leaf having green color, were 
counted as well as dead leaves, having 
no green coloration. The three variables 
were monitored at 8-week intervals for 
each of the tagged plants during the 
growing season. Inspection of Spartina 
patens in Maine in May 1975 revealed 
dead culms; consequently, tagging of 
Spartina patens in Maine was not begun 
until June 1975. 

We determined the change of each 
variable for each culm by subtracting the 
initial datum from the final datum of any 
one interval. Both positive and negative 
changes were computed for each inter- 
val. Algebraic summation of the changes 
in the numbers of live and dead leaves 
for a given interval resulted in a net 
change (ANet). Leaf production, senes- 
cence, abscission, and culm elonga- 
tion were calculated according to Table 
1. Annual leaf production is the sum of 
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Salt-Marsh Plant Geratology 

Abstract. Measurement of individual culms of several salt-marsh plants demon- 
strates seasonal community change in terms of height increments and live and dead 
leaves. Tissue production and its ultimate transition from live to dead components 
and culm mortality all suggest a continuum of geratologic processes contributing to 
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