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ABSTRACT
Secondary circulations and their cross-channel components of velocity exist in straight
reaches as well as in meander bends. The tendency is for two circulations cells to exist,
rotating about axes parallel to the channel, with surface water converging at the channel
centreline and near-bed water moving towards each bank. This situation results in a
topographic ridge of the water surface down the channel centreline. This ridge has been
mapped. But the two cells d o not usually remain of equal strength; rather they alternate in
strength along a straight channel. The consequence is that the zone of bedload transport
moves from one side of the channel to the other, resulting in alternating bars along a
straight channel. The spacing of these bars (spacing of pool and riffle) is apparently related
to the strength of the circulation cells. The water surface topography gives some insight
into the nature of these cells. It also permits inferencesconcerning how a formerly straight
channel becomes a meandering one.

13.1

lNTRODUCTlON

T h e occurrence of bars or rimes on alternating sides of a natural channel implies
that there is also an alternation of direction of near bed streamlines. Under some
circumstances the streamline direction can be observed directly but in others it
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inay be inferred from the topography of the water surface. Some examples of each
are presented here.

13.2 COLORADO RIVER NEAR NEEDLES, CALIFORNIA
The first example is one in which the complications caused by heterogeneous
bank materials, irregularities of bed material, and large variation of flood
discharge are minimal. The example might be considered, in a sense, to be the
perfect river, or perhaps more factually, the simple river.
The construction of Hoover Dam on the Colorado River resulted not only in
complete control of discharges downstream but degradation of the channel bed
by the water deprived of its natural debris load. Far downstream, in the vicinity of
Needles and downstream of Davis Dam, the channel width is controlled by
riprap of rock or by short groins without which bank erosion would take place

Fig. 13.1. Aerial photograph of the Colorado River near Needles, California. Controlled
discharge and bank stabilization led to an unusual symmetry of moving bars on the bed.
The direction of water flow is shown by arrows
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and the river would probably meander. In this stabilized reach the available
sediment comes from infrequent inflows of desert washes tributary to the channel
' o r from sand blown into the channel from the nearby valley floor. As a result the
sediment load caused by the controlled discharge is a well sorted medium sand
that arranges itself in long bars that are remarkably repetitive, as can be seen in
Fig. 13.1.
As in all natural channels the available sediment load cannot be transported as
a uniform sheet of moving grains. The interaction of particles results in a
alternations of high and low grain concentration, as kinematic wave theory
would suggest, The zones of high grain concentration are long bars and these
alternate along the channel with zones of low concentration or interbar reaches.
Moreover, the bars are alternately near one bank and the other, in a manner
similar to the alternation of bars in a pool-rime sequence.
The plan of the investigation was to map the topography of the bars and the
manner in which they affected the streamlines of flow.
The data collection procedure was as follows. To map the streamlines and the
flow velocity along them dye cannisters were placed at various positions across
the river from a boat. Overhead, an airplane equipped with an aerial camera
loaded with colour film flew over the channel making a series of pictures spaced
about 4 min apart. The time of each photograph was recorded. At an intermediate
altitude a helicopter was flown and qualitative details of bedforins were
recorded.
A portion of the channel was mapped by plane table. Depths were recorded by
soundings from a boat and for each depth measurement the boat position was
located by plane table, sighting an upright stadia rod fastened in the boat. O n two
cross-sections, velocity measurements at different distances above the bed were
made, and for each vertical the location was determined by plane table.
The observations reported were made on 5 December 1969 and 28 January
1970. The discharge was about 164m3s-' and the slope of the water surface was
approximately 0.0001, but a map of water surface topography is not available.
The average channel width is 150 m and the average spacing of sand bars is 600 m,
or four widths. The channel bed is composed of gravel over which sand bars are
moving.
On Figs. 13.2-13.7 the stationing represents distance along the channel in the
2000 m reach under discussion.
Successive aerial photographs of dye emanating from the canisters placed at
various points across the channel on a cross-section line gave dye patterns
illustrated in Fig. 13.2, the earliest photograph being represented at the bottom of
the figure. The stippled areas on successive drawings indicate the outline of the
dye. From one photograph to another the increment of movement of the dye
might be recorded as the furthest downstream point of dye or the centre of the
incremental addition. Both methods were tried and gave approximately the same
results.
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Fig. 13.2. Successive outlines of dye emanating from cannisters inserted from a boat.
Outline ofdye traced from successive aerial photographs taken about 4 min apart. Dashed
lines show fronts of large sand bars. Colorado River near Needles, California. The reach of
channel shown includes the distance of 700m from station 800 to station 1500

Movement of the dye front from one photograph to the next is represented by
the length of the arrows d r a w n o n Fig. 13.3. Each arrow is broken to insert a

number representing the mean velocity of this movement in metres per second.
Thus the dye movement records both the streamline and the mean velocity
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Fig. 13.3. Streamlines indicated by movement of dye along the 200 m reach studied. Each arrow shows distance the dye moved between
photographs. Each arrow is broken to insert the mean velocity of the dye in metres per second between successive photographs. Colorado
River near Needles, California
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Fig. 13.4. Planimetric map showing contours of depth through a reach of 1150 m. Colorado River near Needles, California. The map of the
reach shown was made by plane table. Velocity measurements at two cross-sections are shown as isovels
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between successive photographs. The photographs resulting in Fig. 13.3 were
taken on 5 December 1969.
A portion of this reach, from station 600 to station 1750, was mapped by plane
table. Contours of water depth for this reach are shown in Fig. 13.4.The mapping
was done on 29 January 1970, a date different from that on which the dye
movement was observed, so the positions of the bars are different on Figs 13.3and
13.4.
Referring to Fig. 13.4,the sand bar near the right bank is centred at station 790
and ends downstream in a steep face at station 800, at which point the water
depth increased from 0.9m to 2.4m within a distance of 15m. The scarp of the bar
face is in plan view diagonal to the flow and trends across the channel. The face of
the next bar downstream is located near the left bank at station 1490 and it is
orthogonal to the flow. Over its scarp the depth changes from 1 m to 2.5 m in a
distance of 9 m.
Connecting these prominent bars is a ridge of sand diagonally across the
channel from near the right bank at station 880 to the left bank at station 1490,
over which the average water depth was 1.2 in. Immediately downstream of each
bar face the depth was 2.5 m, and the zone of deep water also stretched diagonally
across the channel parallel to the sand ridge and just downstream of it. The sand
appeared to move only as bedload for the water was clear enough to see the bed in
most places.
The fronts of the bars moved 137 m down-channel in the 54 days between 5
December and 28 January, or 2.5m per day. This amounts to about 1/60 width
per day. The cross-sections with isovels (Fig. 13.4) show that the velocity is
greatest over the deeps and smaller in the shallow water over the bars.
Considering first the observed streamlines as measured by the dye on Fig. 13.3,
a central streamline curves gently away from the upper bar crossing the midchannel between the bars and is deflected toward the opposite bank by the next
bar downstream. The path is therefore a gently sinuous one even though the
channel is nearly constant in width and essentially straight. A streamline near the
left bank, however, is not deflected and remains about the same distance from the
bank whether in shallow water over a bar or in deep water downstream from a
bar crest.
The convergence of near surface streamlines towards a zone adjacent to the
sand bar suggests that near bed water must be deflected toward the sand bar. This
would result in a 'herding' or shepherding of sand toward the bar, leaving a deep
hole adjacent to and on the side of the channel opposite to the bar.
Two additional observations appear to confirm this inference. At stations 1140,
1430 and 1524 dye canisters were placed simultaneously at the surface and at the
bed, the latter canisters weighted so they would remain on the bed. Flow direction
of the respective dye plumes was recorded. The angular difference varied from 0"
to 13". Figure 13.5 shows the streamlines followed b y the dye, and the local
directions of dye movement from canisters at the surface and the bed. The bed
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directions are all, with one exception, towards the bar relative to surface water.
This implies that sand is 'herded' towards the bars by a near bed, cross-channel
component.
The second type of evidence is the visually observed pattern of bedforms seen
from the helicopter. The water was sufficiently clear to see the nature of the bed
from low altitude. These patterns of bedforms are shown in Fig. 13.6. Between
stations 850 and 1050, beside and downstream of the sand bar, a series of dunes
existed, increasingly concave in the downstream direction. These appear
analogous to similar dunes observed in the meander bend of Dietrich et al. ((2),
see Fig. 10 there in), who showed that a single dune face assumes a curved shape
when one part of the dune moves faster than other parts. In Fig. 13.6, the dunes
beside the bar at station 850 are transverse to the channel, but at station 1030 the
lefthand end of the dune is moving faster so the face is oriented diagonally across
the channel. Interpreting this observed pattern in terms of the findings of Dietrich
et al. (2), bedload avalanches down the dune face and then is carried in the trough
if the latter is oriented diagonally across thechannel. The orientation of the dunes
at station 1030 suggests that some of the sand at the face of and alongside the bar
is being swept laterally across the channel toward the next bar downstream.
The deep zones in the channel appear to be swept clean of the moving sand that
makes up the bedload and the bars, for the bed in the deep water is gravel. This is
the conclusion also reached by Dietrich et a/. (2) concerning the deepest part of
their meander bend.

13.3 STRAIGHT REACH, BALDWIN CREEK
NEAR LANDER, WYOMING
Baldwin Creek is a meandering stream flowing from the east flank of the Wind
River Mountains. Its high flows result from snow melt in early June. The reach
observed is in a wide valley-flat a few miles from the mountain front. The channel
is here in a grassy pasture devoid of large trees but there are sporadic clumps of
willow along the channel. Otherwise the silty banks of moderate cohesion permit
channel migration unobstructed by any dense vegetation. As in many meandering streams there are occasional short reaches of straight channel, one of which is
here described. At near bankfull the channel is 5 m wide, 0.6 m deep, with a mean
velocity of 0.7 ms-', and a discharge of 1.96m3s-'. The bed is mostly gravel of
15-20 mm with some sand moving over the gravel. Measurements were taken at
nine cross-sections in a nearly straight channel 100 m long. Velocity at three to six
levels above the bed at each of six or seven verticals were taken at each crosssection. Water surface elevation was measured at six to seven positions across
each section. Measurements were made at two stages; data presented here are for
the higher stage, 1.96 m 3s - ',which is just below bankfull. Size distribution of bed
material by pebble count was determined at 16 places in the reach. Figure 13.7
shows a plan view of the reach, cross-sections and velocity data.
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Fig. 13.7. Isovels of mean water velocity plotted on a map of the channel reach, and crosssections with isovels, at a discharge of 1.96m3 s-', Baldwin Creek straight reach, near
Lander, Wyoming
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Fig. 13.8. Maps showing bed topography plotted as depth of water in centimetres; water surface topography with contour interval of 1cm;
computed shear stress shown as isolines of stress in kilograms per square metre. Baldwin Creek straight reach, discharge 1.96m3s - l
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Fig. 13.9. Maps showing character of bed material. Numbers represent D,, in millimetres of the gravel fraction; surface streamlines
determined by floats; visual character of the water surface and isopleths of Froude number
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Figure 13.8 includes a contour map of the bed expressed as depth of water in
centimetres. It shows that the straight reach includes two riffles or bars separated
by a long pool. The upper riffle extends from station 0 t o stations 35 and includes
sections A, B, C, and D. The pool is between station 35 and 80 and includes
sections E, F, and G. The lower riffle is from station 80 to station 100 and includes
sections H and I.
Figure 13.8 also presents the topography of the water surface and the bed shear
stress. The water surface elevations from which the contour map was drawn were
measured at about 1 m intervals across the channel at each of the nine crosssections. Figure 13.9 includes the type of bed material observed and the median
grain size, quantitative D,, in millimetres of the gravel fraction. Also shown is a
map of the surface streamlines determined by the paths of floats, the visual
character of the water surface, and isopleths of Froude number. The isopleths of
bed shear stress, z0 (Fig. 13.Q were computed as ydS, from local values of depth
( d ) and water surface slope (S).
The first feature that attracts attention is the water surface topography. As
would be expected the average gradient is steeper over the riffles (stations 5-30
and 80-100) than over the pool (stations 30-80). The steep gradient overcompensates for the shallow depth and results in the greatest bed shear stress over the
riffles, as shown in Fig. 13.8. The disparity between the areal position of deepest
water and maximum shear stress demonstrates that the scour hole or deep of the
pool is not the result of high shear stress in this example.
In the pool the water surface is higher at the channel centreline than along the
channel margins. This is shown by the contours of water surface elevation
(Fig. 13.8)and also by the local measurements of water surface elevation given in
Table 13.1.
Even acknowledging the possible inaccuracy of any single measurement, the
pattern is persistent.
A topographic ridge along the centreline of a pool reach has been previously
observed (Leopold et al. (8), see p. 283 therein). This condition implies that there
are two circulation cells in the plane perpendicular to the flow in which surface
water converges at the centreline along which surface water sinks, and near bed
water diverges toward the banks. The depression of the zone of maximum
velocity below the surface was attributed to this downward motion along the
Table 13.1. Water surface elevations (in centimetres from an arbitrary datum)
Section

Near left
bank

Centre

Near right
bank

D
E

66.4
67.0
67.0
66.9

68.8
69.0
68.4
67.7

68.1
67.5
67.3
66.5

F
G
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channel centreline in an early paper by Stearns (9). Such a depression of
maximum velocity is shown in the cross-sections of Fig. 13.7 between sections E,
F and G, just where the topographic ridge is most pronounced. The same picture
of twin spiral currents was proposed by Gibson (4).Further confirmatory
evidence is furnished by the fact that ‘it was common in the early days of boating
on the Mississippi River to attach a houseboat to a large and water-soaked log
which floated mostly submerged, for such a log kept to a downstream course near
the centre of the river’ (Leopold et al. (8), p. 282 therein).
Looking at the distribution of the bed material of various sizes in Fig. 13.9, it
may be inferred that the deep zone near the channel centreline between sections D
and F is scoured of sand due to the component of near bed velocity directed
toward the channel banks. Sand is concentrated along the banks of the pool and
the pool centreline is primarily gravel. This again suggests an analogy with the
observations of Dietrich et al. (2) that, in their meander bend, the deepest zone
was scoured free of sand. The implication is that the deepest zones of a river are
not the places of maximum shear or of greatest bedload transport but rather
zones kept clean of moving load as a result of near bed component toward the
channel margin.

13.4 BEND REACH, BALDWIN CREEK
NEAR LANDER, WYOMING

.

Upstream of the straight reach just discussed, detailed measurements were made
on a meander bend. The channel dimensions are approximately the same. The
radius of curvature of the channel centreline in the bend was 10.7m or about two
channel widths. Bed topography, water surface topography, and computed bed
shear stress are shown respectively in Figs 13.10, 13.11, and 13.12. Water surface
elevations were measured at about 1 m intervals across the channel at each of 13
cross-sections.
Between sections A and B the steepest water surface gradient occurs in the
crossover reach near the point of inflection. Superelevation against the right or
concave bank exists all around the bend from section B to section 3. The greatest
superelevation against the concave bank occurs between stations A and C and
between E and F. In these zones it may be surmised that the strongest
downwelling or downward component offlow occurs. The work of Bathurst et al.
(1) suggests that these should also be the zones of maximum bed shear stress.
Combining local water surface gradient ( S ) and local depth (d), the local bed
shear stress is computed as T~ = ydS in kilograms per square metre, values of
which are contoured in Fig. 13.12. As Bathurst et al. (1) would forecast, the zones
of greatest shear are associated with the greatest downwelling.
Of further note is the fact that the deepest zones are not necessarily those of
greatest shear stress, for as in the straight reach previously discussed, high water
surface gradient can overcompensate for shallow depth. It again appears that the
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Fig. 13.10. Maps of bed topography plotted as depth of water in centimetres; contour
interval 20lcm. Small open circles outside the channel represent ends of surveyed crosssections. Baldwin Creek bend reach, near Lander, Wyoming

deepest zones are those scoured clean of moving sand and do not represent the
places of maximum bedload transport. Dietrich et al. (2)found that the maximum
transport hugs the convex bank or point bar nearly to the axis of symmetry or
midpoint around the bend and only downstream thereof moves toward the
concave bank.
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Fig. 13.1 1. Water surface topography shown by contours of interval 2cm. Baldwin Creek
bend reach, discharge 1.96 m3 s - ', slightly lower than bankfull

13.5

STRAIGHT REACH, EAST FORK, WYOMING

A nearly straight reach 260m long or 12 widths exists on the East Fork 3 km
upstream of the bedload trap described by Leopold and Emmett (6,7). The
purpose of the observations described here was to map the water surface
topography and relate it to the distribution of measured bedload transport rate
across the channel at high flow.
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Fig. 13.12. Map of computed bed shear stress shown as isolines of stress in kilograms per
square metre. Baldwin Creek bend reach, discharge 1.96m3s - '
With a rodman on each side of the channel, water surface elevation was read to
the nearest 1 mm by surveyor's level. Readings were taken at approximately every
20m or one channel width along the channel. At five cross-sections bedload
transport rate was measured with a Helley-Smith sampler according to standard
procedure recommended by Emmett (3). Both water surface elevations and
bedload were measured on 27 May 1979, when the discharge was 25.5 m3 s - I .
This flow is about 0.3m above bankfull stage so much of the adjoining

13. Water surface topography and meander development
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Fig. 13.13. East Fork straight reach, Boulder, Wyoming. Plotted on the map at left are
contours (interval l c m ) on the water surface within the channel at a discharge of
25.5 m3 s ', slightly above bankfull. Stationing and designations of cross-sections are
metres upstream of bedload trap. Diagram at right shows elevation of bed at channel
centre line as function of distance along channel
~
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floodplain was covered with water. Bankfull discharge is about 12 m3 s - I , at
which stage the average depth is about 1.4m.
Similar data were taken on other days at lower stages but the present example
is chosen for discussion because the main features, though present at lower flow,
are more pronounced at high stage.
Figure 13.13 includes a planimetric map of the channel reach with contours
drawn on the water surface, 1 cm contour interval. Stationing along the channel
represents distance in metres upstream of the bedload trap. The cross-sections
where depth and transport were measured are designated by their position in the
stationing. The most downstream section is at 29 + 61 m and the most upstream
at 32 + 56 m.
On the right-hand side of Fig. 13.13 is a longitudinal profile of the centreline of
the channel bed. This distance scale is the same as that used for the planimetric
map. This profile shows a shallow zone or riffle centred near 32 + 50, and another
near 30 + 40 with a pool or deep between those points. O n this profile the plotted
circles represent elevation on 27 May and the dashed lines connecting them is an
average from more detailed profiles run on other days of high flow. The two riffles
in this reach are thus 210m apart or 10 widths.
Contours on the water surface were drawn from elevations at both banks and
cross-channel profiles are not available as they were for the Baldwin Creek
straight and bend reaches. Therefore if there was a centreline ridge on the water
surface it could not be detected.
The contours show that the water surface tended to be steepest along the
convex banks in the curves. Superelevation, however, was not restricted to the
curves. The water was superelevated along the right bank in the curve from
33 + 60 to 32 + 10, along the left bank from 31 80 to 30 30, and along the
right bank from 30 + 10 to 29 + 40. The places where the superelevation was
absent as it changed from one bank to the other were at 32 00 and 30 + 30,
nearly coincident with the rimes or shallow zones. In t h s study area, even in the
absence of curvature, water became superelevated first on one bank then the
other. Such superelevation must, as in the previous cases, represent a downwelling and a resultant cross-channel component near the bed in a direction away
from the superelevation.
This inferred lateral component near the bed should then be reflected in the
position of maximum bedload transport. The transport rate measured with the
Helley-Smith sampler at each of the five cross-sections is plotted in Fig. 13.14.As
the water surface topography suggests, the bed water has a component towards
the convex bank or point bar from station 33 + 60 to 32 + 10 so the maximum
transport rate at section 32 + 56 should be near the left bank, confirmed by the
graph in Fig. 13.14. Between section 32 + 56 and section 31 + 08 the superelevation shifts to the left bank and, as expected, the zone of maximum bedload
transport moves over to the right bank. Between sections 31 08 and 29 61 the
maximum transport rate again shifts to the left side of the channel.
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per second obtained with a Helley-Smith sampler, measured at five cross-sections,
locations of which are shown on Fig. 13.13
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Other water surface topographic maps drawn for other stages show that as
stage lowered, the local gradient increased over the riffles and decreased over the
pool. As a result with lowered stage, the riffles progressively scoured and the
pools filled. This sequence is in accord with the experience of dredging for the
maintenance of navigation on the Mississippi River. The crossings fill at high
stage while the bends scour. With lowering stage the bends fill while the crossing
scour.
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13.6 SECONDARY FLOWS AND MEANDER DEVELOPMENT

The secondary flow patterns (circulation in cross-section) in channel bends have
been studied more or less intensively for a century. A good summary is provided
by Leliavsky ((5),see pp. 181- 185 therein). More recently attention has been paid
to the transition or change in secondary currents in the crossover between
successive meander bends (1,2,10). But the relation of the pool and rime sequence
in straight reaches to sinuous and meandering reaches of natural rivers is less well
studied. Its importance lies in an improved understanding of the cause of the
pool-riffle sequence and the initiation of meanders. Observations of the water
surface topography, streamline direction and distribution of bedload transport
rates across the channel provide some detail concerning processes operating in
straight reaches.
The measurements here discussed confirm the importance of secondary
circulations in straight channels. In the vast majority of channels, those whose
ratio of width to depth lies between 5 and 20, the form of secondary circulation
tends toward the configuration shown diagramatically in Fig. 13.15. In a long
straight reach two circulation cells tend to develop with surface water converging
toward the centreline as in section A (Fig. 13.15), and near bed water diverging
from the centreline towards the boundaries. This is the structure suggested by
Gibson (4). This is the situation exemplified by Baldwin Creek straight reach.
However it is not likely that the two cells whose axes lie parallel to the channel
centreline will remain of equal intensity or size for long distances downstream.
The bedload will be moving in zones near the margins rather than along the
centre of the channel owing to the component of flow toward the bank in each
cell. If any accumulation of bed debris occurs by chance, streamlines will be
deflected and one of the circulation cells will become stronger at the expense of
the other. This apparently will take the form of a convergence of streamlines of
the main flow along the flank or beside the debris deposit, increasing the near bed
component in the direction of the deposit and thus tend to reinforce the incipient
accumulation. This process is illustrated by the streamlines of near surface water
bending around a sand bar in the Colorado near Needles (Fig. 13.3) and by the
superelevation of the water surface along the left bank at section B of Baldwin
Creek straight reach (Fig. 13.8).
The reversal of the process occurs just downstream of the debris accumulation
(incipient bar) where the streamlines of the bulk of the flow are diverging and the
circulation cell on the side opposite the incipient bar is strengthened.
In each case the superelevation of water surface against a bank implies
downwelling near that bank and a near bed component away from that bank.
A generalized picture that appears to conform both to the East Fork straight
reach (Fig. 13.13) and to the Colorado near Needles (Fig. 13.3) is shown on
Fig. 13.15.Diagrams B1, B2 and B3 described the former case and C1, C2 and C3
the latter. Diagrams B and C differ in that the channel cross-section remains
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Fig. 3.1 Schematic representation of streamline direction at surface anL at bed ant
corresponding secondary circulation patterns in the cross-section. Water surface profile is
exaggerated for clarity. Diagram A is the case of circulation cells of equal intensity in a
symmetrical cross-section. Diagrams B represent a channel without prominent bars.
Diagrams C represent a channel with prominent bars on alternate sides of channel

nearly symmetrical downstream in B for there are no prominent bars. In diagram
C prominent sand bars are developed as in the Colorado example.
B1 represents the conditions seen in the middle of the East Fork reach near
section 31 + 08, where there is prominent superelevation near the left bank and
the principal bedload transport in the right half of the channel. Its counterpart,
CI, is comparable to station 600 ofthe map in Fig. 13.3, where near surface water
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is directed away from the sand bar and one can surmise that there was
superelevation against the left bank.
Diagram B2 represents the incipient reversal near station 30 20 in Fig. 13.13.
The bedload is still carried in the right half of the channel and there is little or no
superelevation. Its counterpart, C2, is in the zone halfway between successive
bars or at station 1000 on Fig. 13.3.
Diagram B3 is where the left bank circulation cell has strengthened,
superelevation is at the right bank and bedload movement is in the left half of the
channel at section 29 + 61 (Fig. 13.13). Its counterpart, C3, is through the sandbar at station 1300 (Fig. 13.3). Superelevation is inferred along the right
bank.
In the Colorado near Needles, the directions of near surface and near bed
streamlines determined by dye differed by angles varying from 0" to 13" and
averaged 9". Sediment moving with this near bed streamline would have acrosschannel component of tan 9" or 0.16. With such a component it would cross the
full channel width in a downstream distance of 6.2 widths. The observed spacing
of successive riffles in a pool-riffle sequence averages from five to seven widths. It
is suggested as a tentative hypothesis that the relation of pool-rime spacing to
channel width is determined by the mean angle of deviation of near bed
streamlines from the downchannel direction and thus in turn is determined by the
average strength of the dominant secondary current or circulation cell.
The distance between successive riffles or bars constitutes the pool. It is deep
because the cross-channel components of velocity keep the deepest portion
scoured out. A straight reach of pool will tend to have two longitudinal axes of
rotation, bringing surface water towards the centre of the channel and bed water
moving toward each bank. These rotational motions are associated with the
observed topographic ridge in the water surface down the centre of the pool.
These features in the pool-rime sequence of a straight channel can then be
related to analogous features in a meander. The riffle or bar is the counterpart of
the point bar in a meander. The slightly deeper water opposite the rime bar
corresponds to the deep near the concave bank of the meander. The zone of
highest bed shear stress passes over the bar, not over the deep water opposite, in
both the riffle and in the meander bend. This zone crosses the channel in both,
downstream of the point bar or riffle where the water surface gradient is no longer
as steep as it is over the point bar.
The pool in the straight reach is the counterpart of the crossover or point of
inflection of the meander. The crossover is the shallowest part of the meander
sequence because no cross-channel component of bed water exists to scour a deep
hole. But in the straight pool cross-channel components exist owing to the
longitudinal circulation cells.
If a formerly straight channel develops into a meander it will do so by growth of
the incipient point bar constituting the riffle, the opposite bank erodes,
developing an increased curvature, the longitudinal circulation cells in the pool
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will disappear a n d the deep o f t h e pool will no longer be scoured out. The former
pool will then become the crossover.
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13.8 DISCUSSION
13.8.1

I

Discussion by P. Ackers

T w o or three times in the paper, the author refers t o the deepest portions of a
deformed stream-bed as if they may have been caused by scour arising from
locally high sediment transport associated with high shear stress, but concludes
that this is not so in the cases considered. There is a relevant simple and elegant
theory to be found in several textbooks that may provide the explanation. It
appears to have originated from A. G. Mercer (19). I t uses the principle of
continuity to show t h a t in a progressing bed feature the local sediment transport
rate is proportional to the local surface elevation above some datum, i.e. that
sediment transport is a maximum at t h e crest a n d zero (or marginally negative) in
the trough. Observation of a test with coarse sand in a small laboratory flume, a s
well as one’s experience in the field, shows this t o be generally the case, so

L . B. Leopold

384

Y
t

Fig. 13.16. Downstream movement of bedforin in time
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obviously the troughs associated with moving bed features are in no sense due to
a locally high rate of transport or shear stress. They are basically the zero
transport zones, which occur at the point of flow re-attachment beyond the eddy
zone (Fig. 13.6).
Referring to Fig. 13.16, the moving bed profile is described by
y = YiX, t )

(13.1)

From conservation of mass,
(13.2)

where qe is volumetric rate of bed transport per unit width. If the sediment wave
shape is not changing as it moves downstream with velocity c,
(13.3)
Hence

dq,,= c--,dY
dx

dx

(13.4)

which yields
q, = cy

+ c.

(13.5)

Thus the bed transport at a point depends only on the elevation of that point and
the sediment wave velocity. The constant of integration disappears if y is
measured relative to the plane passing through the re-attachment point where qB
is 0. The solution applies to the whole profile, the avalanche face as well as the
upstream slope and is exact, with the assumptions made. It also applies to
antidunes, with c negative and the highest transport rate in the trough.
An implicit assumption is that the flow is two-dimensional. The threedimensional nature of many flow situations gives inconstant sediment wave
profiles and spacial variations of wave velocity, but there are many cases where
the flow is sufficiently two-dimensional for this approach to describe the major
spatial variation of bedload over bed features.
Another point arising in the paper is the description of the expression T~ = y d S
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as the local bed shear stress, with S being the local water surface gradient and d
the flow depth. This is not strictly true because, even assuming two-dimensional
low Froude number conditions where the surface gradient is a fair measure of the
energy gradient, the energy loss is not entirely accounted for by the bed shear
stress: part of it is taken up by form losses which bring in the longitudinal
component of normal pressures on a deformed boundary. T o equate y dS to local
bed shear stress in the complex flow of an irregular channel with local flow
accelerations and decelerations is, therefore, a doubtful procedure.
13.8.2 Discussion by J. C. Bathurst, C. R. Thorne and R. D. Hey

The writers have two points to make. The first concerns a statement on shear
stress maxima attributed by the author to the writers and the second concerns
support for the author’s assertion that the deepest zones of a river are not the
places of maximum shear stress.
First, the author quotes the writers (1) as saying that the zones of greatest shear
stress at a bend are associated with downwelling. However, as the writers
indicated, this is likely to be so only at low to medium flows: at the high flows with
which the author is concerned, other effects are more important.
Shear stress peaks at bends appear to be associated with downwelling at the
outer bank (a secondary flow effect) and with the core of maximum velocity (a
primary flow effect).At low flows both primary and secondary flows are weak and
the relative magnitudes of the shear stress peaks depend on the strength of the
secondary flow, which is itself a function of the bend. The writers showed that
either peak could be the maximum. At medium flows both primary and
secondary flows are stronger so the same state is maintained. At high flows
though (above perhaps one-half to two-thirds of bankfull depth) the secondary
flow appears to have a lesser effect than does the primary flow so the shear stress
peak associated with the core of maximum velocity is the maximum. This was the
case at all the writers’ field sites. Consequently it is unlikely that, at the bankfull
flows described by the author, the shear stress maxima are caused entirely by
downwelling.
Secondly, the author shows that the deepest zones of a river are not necessarily
the places of maximum shear stress or of greatest bedload transport and suggests
instead that they are zones kept clean of moving load as a result of a near-bed
component of flow towards the channel margin. The writers’ data (1) support the
observation but it is suggested that, at least at bends, there is an alternative reason
for the presence of deep zones.
Measurements of shear stress at a meander bend where the deepest point is
next to the outer bank showed that the maximum shear stress occurs somewhere
near the channel centre on the slope of the point bar (1,2). This is a result of the
longitudinal velocity distribution. At a bend entrance there is a tendency for free
vortex flow to appear, keeping the region of maximum velocity and the associated
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shear stress maximum near the inside of the bend. In a bend secondary flow
develops, breaking down the free vortex flow and eventually transferring the core
of maximum velocity towards the outer bank. The region of maximum shear
stress follows but with a delay caused by inertial and other effects (2).This transfer
is completed only in the downstream half of the bend, or downstream of the bend.
Consequently, at the bend apex (where the channel is deepest) the maximum
shear stress is likely to be somewhere near the channel centre.
An alternative reason for the position of the scour hole is therefore related to
the longstream increase in shear stress along the outer bank. At the channel
centre shear stress is higher and longstream movement of bed material occurs
(12,21) but there is no marked longstream increase in shear stress, and sediment
input at a point is approximately balanced by sediment output. Near the outer
bank, though, the longstream increase in shear stress suggests that sediment
output exceeds sediment input, causing scour of the bed despite the lower shear
stresses. This mechanism may therefore aid, or be more important than, the scour
associated with lateral flow near the bed.

13.8.3 Discussion by M. Jaeggi and G . Smart
One of the fundamental questions relating to the initiation of meanders concerns
the development of alternate bars. Are they due to the transport of sediment
according to kinematic wave theory or secondary circulation cells as outlined in
Fig. 13.15? From observation of alternate bar formation in flumes, it appears that
during the initial stages of formation, sediment moves parallel to the long axis of
the flume and bars build up in a manner similar to dunes. No lateral deflection has
been observed as Fig. 13.15 would suggest. It has been found that a bed does not
deform into alternate bars if the widthidepth ratio, Bid < 12(13,16). The
postulated rotating cells (Fig. 13.15) can be imagined if Bid is about 4 or 5, but
what happens when B / d is 20 or more'? There is evidence that such rotating cells
do exist, but their diameter appears to be about equal to the flow depth. Thus if
Bid = 20, there should be 20 such cells. Some tests (11, 14,22) have shown that
these cells produce ridges of fine sediment parallel to the flow (spacing about 2d).
Bed deformation (ridges) only occurred if other bedforms were not possible (e.g.
because of self armouring). Muller (20) actually measured these secondary
currents.
The cause of alternate bar formation and meandering is probably linked to a
periodic disturbance of the horizontal velocity profile (1 $23) which causes
periodic erosion and deposition.
With regard to the evolution of meanders, it is usually accepted that if alternate
bars are present the pools deform into meander bends and the riffles become
points of inflection (17, 18)(and personal observations of the Eyre diversion, New
Zealand). However, in this paper it is suggested that pools correspond to the
points of inflection in a meander system.
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13.8.4. Reply by L. B. Leopold
The author thanks the contributors for the valuable points they have raised in the
discussion. It is felt that they have added useful information on the subject of
meander mechanisms.
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13.10 DISCUSSION NOTATION
B channel width
velocity of sediment wave
d average flow depth
q , volumetric bedload transport per unit width
c
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S channel slope
t
time
x distance downstream
y vertical elevation
1' specific weight of water
T~ boundary shear stress
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