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KEYWORDS Abstract In the Colorado River Delta, the interaction of tidal currents and sea-bottom sed-
Kelvin-Helmholtz iment formed, in geological times, large-scale seabed patterns known as sandbanks. These
instabilities; patterns are oriented along the delta, almost parallel to the dominant tidal flow, with the
Colorado River Delta; bathymetry having an undulating character across the delta. Calculations and analysis showed
Tides; that the interaction of tidal currents with the bathymetry causes velocity shears, faster flowing
Undulating over the ridges than in the troughs. Kelvin-Helmholtz instabilities emerge from the velocity
topography; shear, and a large amount of suspended sediment makes the instabilities visible in satellite im-
Suspended sediment ages. The physical and dynamic conditions allowed us to find an explanation for the existence

of these Kelvin-Helmholtz instabilities. Since sandbanks have been observed in different seas
such as the North Sea, The Gulf of Korea, the Gulf of Khambhat in India, the Jiangsu coast
in China, the Persian Gulf, and Moreton Bay in Australia, the results suggest the existence of
instabilities in these areas. Satellite images, intense tidal currents, undulating topography, and
suspended sediment made it possible to explain the generation and identification of Kelvin-
Helmholtz instabilities.
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1. Introduction

In the Colorado River’s Delta, an extraordinary phenomenon
of resuspension and sediment deposition occurs in the
neap-spring cycle of tidal currents. A detailed analysis of
a collection of satellite images revealed the presence of
Kelvin-Helmholtz (K-H) instabilities at different locations in
the delta. The resuspension of sediment occurs in filaments,
which makes the instabilities of Kelvin-Helmholtz visible.
The discovery of K-H instabilities in the delta made it
possible to string together a series of physical and dynamic
conditions that finally explained the phenomenon. This
investigation implied reviewing the conditions in which
K-H instabilities occur, such as velocity shears, topography,
and properties of tidal flows, to explain the wavelengths
observed in satellite images theoretically. Kelvin-Helmholtz
instabilities are a common but not always visible phe-
nomenon. A brief description of the K-H instabilities
observed in different situations follows.

Velocity shear between fluid layers leads to disturbances
that manifest as a kind of Kelvin-Helmholtz instabilities.
The fluid layers are mostly parallel fluid streams with
different speeds and often with different densities. In the
turbulence initiation, the velocity shear in the ocean or
the atmosphere and a density difference between two
flow bands are necessary conditions to explain initial in-
stabilities in their most comprehensive form. Theoretical
considerations, laboratory experiments (Thorpe, 1971),
and observations in the atmosphere suggest that a form of
dynamic instability commonly referred to as K-H instability
triggers air turbulence. The variety of situations and places
where the K-H instabilities occur gives it practically a
universal character. K-H instabilities at the interface of
flow layers often occur in the ocean and the atmosphere
and astronomical bodies like in comet tails or on Saturn
and Jupiter’s Surface (Ershkovich, 1980; Masters et al.,
2009). These instabilities frequently occur in the Earth’s
atmosphere, where they are a common phenomenon. At
the interface of a temperature inversion, acoustic mea-
surements of the lower atmosphere have revealed patterns
that resemble K-H instabilities (Emmanuel et al., 1972).
Remote sensing measurements and in situ observations,
coupled with a numerical simulation, were used to under-
stand the dynamic instability of Peru’s upper troposphere.
A large-scale shear in the upper troposphere became lo-
cally unstable to ambient gravity wave activity. It allowed
gaining an insight into isolated K-H instabilities events that
grew to develop a large mixing layer (Kelley et al., 2005).
Instability due to velocity shear plays a significant role in
mixing processes in stratified fluids in the atmosphere and
the ocean. Perhaps the visualization of K-H instabilities is
more difficult in the ocean where the phenomenon seems
to appear less frequently, but there is evidence that it often
occurs even in the deep ocean (Hua and Hidekatsu, 2001;
van Haren and Gostiaux, 2010). Velocity shear in rivers
and estuaries also exhibit K-H instabilities. The turbulence
generated in this process can occur at moderate values of
the Reynolds number, in which the rupture of the stratified
density structure can happen. Using backscatter profiles
and in situ measurements of velocity, temperature, and
conductivity, it was possible to generate echo-sounding im-
ages of inner and outer transects within the K-H instabilities
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waves (Geyer et al., 2010). Their measurements, carried
out in a river, revealed that turbulence occurred not in
the instability core but within secondary shear instabilities
areas of intensified shear around the core for a very high
Reynolds number. These instabilities are smaller and are
called secondary instabilities of the K-H type. Geyer and
Smith (1987) found that shear instability is the principal
mechanism of vertical exchange within the salt wedge
estuary’s pycnocline. Although several modes describe the
instability process, the fastest instability growth mode un-
der typical conditions of stratification and flow shear is the
one that best explains the type of K-H instabilities (Hazel,
1972). Evidence now exists that unstable velocity shears in
the atmosphere and the ocean can excite various wave dis-
turbances. These disturbances range from modes trapped
at the unstable velocity shear to modes that may propagate
away in one or both directions. Several Researchers studied
the trapped mode, or K-H instability, which is the source
of much atmospheric and oceanic turbulence (Fritts, 1979).
De Silva et al. (1996) present an extensive discussion on
K-H instabilities in the atmosphere, ocean, and laboratory
experiments. They found that small-scale turbulent mixing
is present within billows from the early stages of their
evolution. However, when the billows achieve maximum
height, mixing becomes intense, and the billows decay.

In order to explain K-H instabilities in the Colorado River
Delta, two fundamental aspects must be highlighted: firstly,
the tidal signal undergoes robust amplification that is re-
flected in intense tidal currents, and secondly, in geological
times, the Colorado River deposited enormous amounts of
sediment much of which is still found in the delta. The
result is strong sediment mobility caused by currents mod-
ulated by the dominant tidal components. The tides in the
delta have a semi-diurnal character. The most important
being the principal lunar tide M2 and the principal solar
tide S2. These two tidal components interact constructively
and destructively over 14.7 days. When the interaction is
destructive in a neap tidal situation, the tidal currents are
small; as the interaction becomes constructive, the currents
intensify, initiating a very intense sediment resuspension
process in the delta. When the tides reach the maximum of
constructive interaction, i.e., at spring tides, the currents
are powerful with speeds up to 3 m s~'. In this situation,
the suspended sediment occupies the delta completely.
An essential characteristic of this extraordinary sediment
dynamic is that the resuspension of sediments begins in the
form of filaments in such a way that there is a finger-like
pattern (Carbajal et al., 2020). A detailed analysis of satel-
lite images revealed that these filaments make K-H instabil-
ities visible at some points. This work’s primary purpose is
to understand why these instabilities occur and explain the
factors that combine for the phenomenon’s occurrence.

2. The Colorado River Delta

The Colorado River Delta is a region that has suffered from
anthropogenic actions like dams and irrigation systems for
agriculture upstream of the river. With its triangular shape,
the delta received a discharge of water that could exceed
2000 m3 s7'. In geological times, a massive discharge of
sediments occurred so that today dominates the seabed of
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Figure 1  Bathymetry of the Colorado River Delta. The coor-
dinate system applied in the theory is also indicated. v(x) rep-
resents the y-component of the velocity vector, while its vari-

ability occurs on the x-axis.

the delta. With the construction of dams, the delta dynam-
ics changed from estuarine to that of the reverse estuary.
Today, intense tidal currents, impressive sediment mobility,
and undulating topography (Figure 1) characterize the
delta. The observed sea-level amplitudes at the tidal signal
passage can reach a tidal range of more than 10 m with
speeds of up to 3 m s~ in some narrow points of the delta
and in areas where the flow is channeled (Carbajal, 1993).
This channeling process can be explained by the delta
seabed morphology, which shows an undulating topography
with a series of ridges and troughs that extend approxi-
mately 60 km to the south. This undulating form results from
the interaction of tidal currents with the seabed sediment;
it arises due to morphological instabilities of the seafloor
Carbajal and Montano, 2001; Hulscher, 1996). In this process
of instability, sandbanks represent areas of accumulation
of sediment and troughs areas of erosion. The interaction
between tidal currents and the seabed is a continuous pro-
cess. Assuming that the system reached a steady state, then
the flow towards the sandbanks is compensated by the sed-
iment that, through diffusion processes, is deposited in the
troughs (Zhu and Chang, 2000). Off (1963) described similar
bedforms in the North Sea as tidal current ridges. The same
regular pattern receives several names in the available liter-
ature: linear sandbanks (Huthnance, 1982; Hulscher, 1996)
and ridges (Pattiaratchi and Collins, 1987). Linear sand-
banks are quasi-periodic bedforms roughly aligned with tidal
currents and occurring widely on continental shelf areas.
Sufficient sand availability and strong enough hydrodynamic
processes are necessary to transport the sediment and gen-
erate sandbanks. Sedimentation in the Colorado River Delta
and the upper Gulf of California, including sandbanks, has
been studied by Carriquiry and Sanchez (1999). Montafno and
Carbajal (2008) investigated the instability process in the
interaction of tidal currents with the seabed that leads to
the formation of sandbanks in the Colorado River Delta.
The dominant semidiurnal tides, M, and S,, with their
constructive (spring tides) and destructive (neap tides) in-
teraction of approximately 14.7 days, cause extraordinary
mobility of sediments captured by satellite images through-
out the process. The satellite images clearly show the initial
resuspension process, which begins on the delta’s north side
(Figure 2). Resuspension begins on the sandbanks’ ridges,
where friction is more vigorous (Carbajal et al., 2020). The
satellite images reveal how little by little the sediment fila-
ments extend towards the south, and simultaneously a lat-
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Figure 2 Resuspension process a few days after neap tides.
The finger—like pattern arises because the sediment is sus-
pended above the ridges of the undulating bathymetry.
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Figure 3 Suspended sediment distribution during spring

tides. The sediment is dispersed practically throughout the
delta.

eral diffusion process occurs due to turbulence. During the
spring tides period, the sediment has diffused throughout
the delta, and there is a more homogeneous sediment con-
centration (Figure 3). As the dynamics move towards the
neap tides, the velocities decrease, and the sediment be-
gins to settle until it is almost wholly deposited, and the
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14.7-day cycle begins again. We use data acquired by
Sentinel-2B in April 2017 (Figure 2) and November 2017
(Figure 3). The images were downloaded from the Coper-
nicus Open Access Hub website (https://scihub.copernicus.
eu/). Atmospheric correction was done using the Sentinel
Application Platform (SNAP) software using a plugin called
Sen2Cor (v.2.4.0). In both figures, a composition of NIR, Red,
and Green bands (8, 4, 3) was used to enhance the phe-
nomenon further.

Although the image shown in Figure 3 shows a practically
homogeneous distribution of suspended sediment through-
out the delta, it has been found in grain size measurements
that on the east side of the delta, the grain size varies
between 63 and 500 um and on the west between 3 and
63 um (Carriquiry and Sanchez, 1999). It is important to
note that observed concentrations reveal an inhomogene-
ity. Alvarez and Jones (2002) found different situations and
at different points of the delta values between 3 and 35 mg
=", with maximum values higher than 100 mg l='. The phe-
nomenon of resuspension and sediment deposition caused
by the variability of tidal currents in the neap-spring tidal
cycle is an extraordinary sedimentary phenomenon. Never-
theless, this process hides an additional phenomenon that
only a detailed analysis of satellite images reveals, i.e.,
the phenomenon of K-H instabilities in the Colorado River
Delta. The physical and dynamic conditions and the pres-
ence of suspended sediment suggest an explanation for the
occurrence and visualization of this phenomenon of Kelvin-
Helmholtz instability.

3. Instability of Kelvin-Helmholtz

Several factors intervene in the generation of K-H in-
stabilities in the delta: First, the tides’ manifestation is
notable, with ranges of approximately 10 m in spring tides
that produce intense currents in the ebb and flood stages.
Second, the delta has a high sediment availability. Third,
the topography is undulating across the delta. The series
of ridges and troughs produce a variability of tidal currents
across the delta, causing velocity shears with stronger
velocities on sandbanks’ ridges than in the troughs. The
dominant tides are the semidiurnal M2 and S2. The con-
structive and destructive interaction of the M2 and S2 tides
occurs in a cycle of about 14.7 days. At neap tides, the
dynamics decay with the sediment almost entirely settled
on the seabed. In this period, satellite imagery reveals
very little suspended sediment. As the tidal dynamics go
from neap to spring tides, the currents intensify until
reaching a threshold velocity with which the resuspension
process begins. This process begins in the neighborhood of
Montague Island and later extends southwards. Satellite
imagery reveals that the resuspension process occurs in
the form of filaments with a finger-like pattern (Figure 4).
Furthermore, the sediment resuspension process occurs on
the sandbanks’ ridges and subsequently extends through
lateral diffusion until it homogeneously occupies the entire
delta (Carbajal et al., 2020) (Figure 3). When the tidal
currents decrease in intensity and approach a neap tidal
situation, the sediment is deposited, which ends.

The satellite image shown in Figure 4 reveals the re-
markable K-H instabilities manifesting as disturbances with
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Figure 4 Distribution of suspended sediment in the form of
filaments in time close to neap tides. The image also shows the
K-H instability with a wavelength of approximately 3 km and
the velocity shear proposed in the theory is observed.
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Figure 5 Distribution of the instantaneous absolute value of
the velocity vector in the Colorado River Delta, during flood
tides, near spring tides.

a wavelength of approximately 3 km. The image was taken
on September 10, 2018, at 6:15:53 PM UTC, and it depicts
the process of sediment resuspension a few days after spring
tides when suspended sediment has already been deposited
partially in the deeper southern part. The image reveals a
different degree of resuspension, with more suspended sed-
iment in the north side’s shallower parts. It suggests that
resuspension is a function of depth or, more directly, of fric-
tion. When comparing Figure 1 and Figure 4 and using the
geographic information system (GIS), it is possible to ver-
ify that the filaments occur on the delta sandbank system’s
ridges. The abundance of filaments and the number of sand-
banks in the undulating topography suggest that K-H insta-
bilities occur at various Colorado River Delta locations.

It is necessary to investigate the velocity shears present
in the tidal currents that occur in the delta due to the
bathymetry’s undulating shape to explain K-H instabili-
ties. Figure 5 shows the instantaneous absolute value of
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the velocity vector calculated in a numerical simulation
with a vertically integrated two-dimensional model. The
simulation considered the tidal constituents M2 and S2.
Figure 5 corresponds to a flood situation near spring tides.
Surprisingly, the speed distribution resembles the suspended
sediment finger-like pattern. On the sandbanks’ ridges, the
water’s speed is around 0.08—0.15 m s~ higher than in the
troughs, i.e., there is a velocity shear between the crest and
troughs, which occurs in large areas of the delta. Compar-
ing the distribution of the speed of tidal currents (Figure 5)
with the satellite image of the filaments (Figure 4) reveals a
remarkable coincidence between higher speed values over
ridges and the suspended sediment filaments. Since K-H in-
stabilities occur in velocity shears, the analysis suggests that
the instabilities, shown in Figure 4, must occur somewhere
between the ridges and troughs of the undulating topog-
raphy. It is reasonable to think that in other parts of the
world where there are sandbanks, velocity shears and K-H
instabilities can occur. There are many places where tidal
currents are intense, and sediment availability is enough to
form sandbanks due to the well-known process of instability
caused by the interaction between tidal currents and sed-
iment. It would be interesting to investigate whether K-H
instabilities occur in places like the North Sea, the Gulf of
Korea, the Gulf of Khambhat, Jiangsu coast in China, the
Persian Gulf, Moreton Bay in Australia, among other regions.

The above analysis suggests that K-H instabilities occur
in velocity shears induced by undulating topography. A
search for K-H instabilities on satellite imagery revealed
that such instabilities exist in various Colorado River Delta
locations. Figure 6 shows two different places in the delta
where instabilities occur: Figure 6a (March 4, 2018, at
18:17:20 UTC) displays instabilities at the coordinates
30°32’00"N and 114°26'00"W with wavelengths of about
1.8 km. Figure 6b (July 5, 2019, at 18:35:43 UTC) shows
instabilities approximately at the coordinates 31°37'30”N
and 114°41'00’W with wavelengths of about 1.8 km.
Figure 4 (September 10, 2018, at 18:15:53 UTC) shows
instabilities approximately at the coordinates 31°33'00”N
and 114°29'00"W with wavelengths of about 3.0 km. The
order of magnitude of the wavelengths is quite similar in
all three cases, suggesting that the velocity shear is of the
same order causing a similar instability strength. A possible
explanation is that the tidal phenomenon is practically the
same, i.e., the sea elevation gradients generate currents of
the same order throughout the delta.

It is important to note that the shown cases of K-H insta-
bilities are not arbitrarily selected phenomena. There are
high-resolution satellite images for this area of the Gulf of
California since 2016. The instability phenomenon occurs at
a given time in the 14.7-day cycle from neap to spring tides,
and the Sentinel satellite crosses the area approximately ev-
ery four days. The probability of capturing the phenomenon
of K-H instabilities reduces drastically. Despite these limi-
tations, it was possible to find a remarkable satellite im-
age, acquired on March 13, 2020, where the generation of
K-H instabilities is observed practically along all the sand-
banks (Figure 7). The instabilities coincide with the sand-
banks’ position shown in Figure 1 or with absolute values
of the velocity in the finger-like form shown in Figure 5.
This fact strengthens the hypothesis that sandbanks favor
the existence of velocity shears, which generates K-H insta-
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Figure 6 Examples of wave formation in the Colorado River
Delta acquired by Sentinel 2 satellite data: a) scene acquisition
data: March 4, 2018, wavelength: 1.8 km, time of acquisition:
18:17:20 UTC and b) scene acquisition data: July 5, 2019, wave-
length: 1.8 km, time of acquisition: 18:35:43 UTC.
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Figure 7 Satellite image showing the generation of Kelvin-
Helmholtz instabilities in practically the entire Colorado River
Delta. Acquired by Sentinel 2 satellite data: March 13, 2020,
time of acquisition 18:25:37 UTC.
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bilities. The wavelengths fall in the range of those discussed
in Figures 4, 6a, and 6b.

4. Theory

The purpose of this first part of the theory is to explain
the shape of the velocity shears in the transition zone of
two flows with different speeds that produce disturbances
that can grow and become shear instabilities (or K-H insta-
bilities). Figure 5 shows the absolute value of the velocity
vector where faster areas can be distinguished on sandbar
ridges than in troughs with velocity differences of about
0.1 ms~'. This fact justifies a closer look at the horizon-
tal shear in the Colorado River Delta. Great scientists like
Helmholtz and Kelvin established the mathematical foun-
dations to explain instabilities in velocity shears, as well as
renowned scientists of the 20th century took up the subject.
About the topic, Markowski and Richardson (2010) describe
how to deal with shear instabilities mathematically. Con-
sidering a flux oriented south-north (v) and varying in the
west-east direction (x) (see coordinate system in Figure 1),
consider the velocity in the y-direction, v= v+ v/, with
v = v(x), where the perturbation is in the x-y plane. The
velocity in the x direction is given by u= o+ u/, with
u =0, that is, in the x direction there is no average flow.
For the south-north velocity, v, the following geostrophic
balance is assumed, v = (1/f)d3¢ where the hydrostatic
equation and the geopotential, ¥ = @+ ¢, with § = @(x),
have been used. In addition, the vorticity equation was ap-
plied in the form, 8:¢ + uds¢ + vd,¢ + Bv = 0. With the lin-
ear coefficient of variation in the beta plane, g = d f, and
¢ = Vv — oy is the vertical component of the vorticity.
Substituting in the variables of the vorticity equation the
sum of an averaged, and a perturbed part, u= 0+ Uu,v =
V+vVv, ¢=C+¢, and assuming that the average vari-
ables satisfy the form of the original vorticity equation,
results 8¢’ + Voy ¢’ + Udxe’ + U'dcE + V'dyZ + Bv' = 0. Apply-
ing the equalities, ¢ = 8V — 3,0 = 3V, {' = &V — U
(1/1)(@% +9%)¢', u'=—(1/f)3,¢" and v' = (1/f)3¢', the
following equation is obtained

d  _d a2 3t , g atv

—4+V— |5 += - ——

ot ay )\ ox2 = 3dy? ay ox?

oy 3% op

ax 9xdy T Aox M

Considering an oscillatory movement of the form, ¢ =
?(x)ekv=t)  assuming that #(x), and the phase velocity ¢
are complex, i.e. # =, + i0;, ¢ = ¢, + ic;, with the conju-
gate complex, #* =, — i), and ¢* = ¢, — ic;, multiplying
the equation by the conjugate complex, with the approx-
imation B = dy f=0, and integrating the equation in the x
direction from —L to L (integrating by parts), the following
equation is obtained

v

A
¢|af

+@fj;i
i@

2
L 2|y
ax2

2
2"2 t
+k‘(/)‘ dx+a/_L7(a2+c,?)dX

25

di
dx

L

dx=0 (2)
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where a is a variable defined by a= v—c¢. The
Equation (2) is equal to zero and contains a real part and
an imaginary part, i.e., each part must be independently
equal zero. Except for the term, 832\7, all elements of
Equation (2) are squared and positive. The only way that the
term of the complex part is equal to zero is that 832\7 =0.
From differential calculus, when the second derivate of a
function is zero, it implies that there should be an inflec-
tion point where the curve changes from concave to convex
or vice versa. Since the tides move in the same direction at a
given time, there can be no velocities in opposite directions
to explain the inflection point. The variation of the veloc-
ity v(x) should be as shown in Figure 4, with higher speeds
on the ridges and lower in the troughs, and a curve with an
inflection point. The interaction of the oscillating tidal flow
with the undulating topography produces a velocity shear
with the condition, 832\7 = 0. According to Figure 7, this con-
dition is satisfied in all the sandbanks of the Colorado River
Delta. It is interesting to explore in other seas where there
are sandbanks caused by tidal flows if K-H instabilities occur.

The theoretical relationship between wavelength of a K-
H instability and the velocity difference between the layers
is investigated. Consider a predominantly one-dimensional
incompressible flow in the y-direction as the longitudinal
axis, and the x-direction as the transverse axis. Following
Landau and Lifshitz (1987), the contact surface at x = 0
has a tangential velocity discontinuity of the form: v;(x >
0,v) =1[0,v], and v;,(x < 0,v) = [0, v;]. The perturbations
Vi = [u, v ] with k=1,2 corresponding to each layer,
satisfy the continuity equation VoV, = U, + d,v, =0
and the motion equation 8.V, + (Vkdy) v, = —(1/pc)V P,
(ox stands for density and py for pressure). Applying
the divergence, the equation, Vo Vpy = (3 +8})p, =0,
is obtained. Progressive waves in the y direction with
the amplitude depending on x are considered, the per-
turbed pressure is given by pj = py,(x)e'*¥=t). The
solutions for each layer are p)(x > 0,y) = co e **eikv—o0)
and p,(x < 0,y) = ¢; eke®=et) where ¢, and ¢ are con-
stants, this would be the shape that the perturbations of
the other variables would acquire. In a frame of reference
at rest with the second layer, the first one have the velocity,
Av = vi — v;. Substituting the solutions proposed above
in the equation of motion of each layer, considering that
at the tangential contact surface between the layers the
pressures p; and p, are equal and the introduction of a
displacement function perpendicular to the contact surface
due to the disturbance can be demonstrated that the
following equation for the relation between w = 27 /T and
k = 27 /A is obtained.

o =k|Aul{1 £ipy 2}/ (1 + p21) (P21 = p2/p1) (3)

The form of the imaginary part indicate that there will
always be amplification of instabilities. The real part leads
to A =T |Au|/(1+ p21), and in the case of layers of the
same fluid to

A =1T|Au (4)

In the Colorado River Delta, the predominant tides are
the semidiurnal M2 (Ty, = 12.42h) and S2 (Ts; = 12h). Ac-
cording to Figures 4, 6a and 6b, the disturbances wave-
lengths are A — [3.0, 1.8, 1.8] km, then the speed dif-
ferences that originate them should be of the order of
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Au — [0.13, 0.08, 0.08] ms™', which is in close agreement
with the calculated speed differences shown in Figure 5 of
around 0.08—0.15 ms~".

According to the satellite images shown in Figures 4, 6,
and 7, the K-H instabilities occur along the sandbanks in
the Colorado River Delta. They arise from velocity shears in
the tidal flow that are caused by the undulating topography.
The resuspension of sediment in the form of filaments makes
these K-H instabilities visible. For the occurrence of K-H in-
stabilities, the theory predicts that the velocity shears must
have an inflection point. This inflection point can be caused
in the delta by undulating topography. Based on the theory
and using the wavelengths of the observed instabilities, the
velocity shears that produce them were estimated. The ob-
served and predicted velocity shears coincide quite well.

5. Conclusions

The occurrence of K-H instabilities in the Colorado River
Delta has been described and explained through a series of
collected satellite images reflecting K-H instabilities in the
delta area. Intense semidiurnal tidal currents, undulating
topography due to existing sandbanks, and an enormous
sediment availability that is suspended and deposited
in a 14.7-day cycle combine to cause and visualize K-H
instabilities. Suspended sediment makes visible the K-H
instabilities, which are captured in satellite images. The
ridges and troughs extending longitudinally in the delta
cause flow variation, with higher speeds over the ridges than
the troughs. It is this velocity shear that produces the K-H
instabilities, which are captured in satellite images and the
suspended sediment did make them visible. The different
wavelengths observed in satellite images and the periods of
semidiurnal tides made it possible to calculate the velocity
shear that should have occurred. These velocity shears
predicted by Equation (4) coincide with those modeled
numerically. The theory correctly predicts the observed
wavelengths. The requirement of a velocity shear with an
inflection point is explained in the delta by the sandbanks’
presence. Figure 7 demonstrates that K-H instabilities are
possible along practically all sandbanks in the delta.
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