
   

ABSTRACT 

A comprehensive, continuous, point-source, dye 
concentration experiment was performed on the Kootenai 
River, Idaho, USA to describe natural river transport and 
mixing dynamics. Centerline fluorescent dye concentration 
releases formed quasi-steady state plumes. Combinations of 
stationary and moving observational platforms were used to 
describe the dye concentration plume spreading and the 
velocity field throughout a 550 m study reach.Observational 
platforms included 13 fluorescent concentration sensors, 5 
acoustic Doppler profiling current meters and one acoustic 
Doppler velocimeter. Natural channel transverse diffusivities 
are calculated using concentration measurements. Observed 
mixing is strongly controlled and dependent on channel 
features. Field observations are used to initialize and validate 
an open source, processed-based, three-dimensional (3D) 
hydrodynamic model (Delft3D-FLOW). Model simulations 
show good agreement with the in situ measurements with 
velocity fields (velocity magnitude R2=0.87), water levels 
(R2=0.97) and concentration spread. To examine the mixing 
processes, prominent bathymetric features of a constriction, 
riffle and embayment are isolated and idealized. The numerical 
investigations emphasize that linear superposition of channel 
feature concentration spread effects does not provide accurate 
overall spreading estimates. Accurate concentration spreading 
prediction required resolving complex coupled secondary 
velocity fields controlled by bathymetric variability at all 
scales.  These coherent velocity structures are responsible for 
the observed spatial concentration distributions, which are 
shown to spatially enhance and restrict lateral transport, 
resulting in a strongly non-linear mixing response.  
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INTRODUCTION 

he ability to predict the flow dynamics of a natural river 
enables water quality managers to better plan for and 

mitigate environmental impacts.  The understanding of flow 
dynamics applied to known urban discharges allows for 
better monitoring and planning controls to ensure 
environmental and human well-being.  For example, 
environmental planners can apply river dynamics 
knowledge to help promote the transport of larvae from 
spawning to rearing habitats. On shorter time scales, 
detailed flow dynamics can used to assess the immediate 
impact, and direct required actions, to advert the potentially 
damaging effects on the environment and human health due 
to unintentional spills. Numerical models have been 
compared successfully with hydraulically and geometrically 
controlled laboratory experiments [1-5]. However, 
laboratory settings remove aspects of the natural 
bathymetric variability and subsequently underestimate 
natural channel mixing.  Previous researchers have shown 
natural bathymetry irregularities have a large effect on 
mixing [6,7].  Transport, dispersal and convergence 
properties of a natural river are governed by large-scale 
motions controlled by channel geometric variability.  These 
processes,coupled with the smaller scale diffusion 
processes, result in mixing, which cannot be estimated with 
simple models using average hydraulic and geometric 
channel parameters alone.  For example, transverse 
spreading rates (diffusivity, kn) in natural channels without 
curvature and with relatively constant depth and width 
profiles are a factor of two larger than measured in the 
laboratory [6,8]. There are few field observations of dye 
concentration transport in natural river flow with sufficient 
spatiotemporal resolution to allow for comparison to a 
numerical model.  Dow et al [7] . only used bathymetric and 
velocity observations to calibrate a 2D hydrodynamic model 
to evaluate transverse mixing characteristics of a wastewater 
treatment plant. Constantinescu et al [9] .     
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Fig.1. Plan view of the Kootenai River Study reach, ID, U.S.A. 
in a local coordinate frame. Depth contours are plotted as color lines with 
color scale plotted to the right. Black squares indicate vertical fluorometer 
array location, green diamonds are ADV frame locations and the red circles 
are ADCP locations.
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Two dye concentration studies (T1 and T2) were 

conducted on August 16.  Rhodamine
(2.5% by weight) was released continuously at 6 mL/s from 
an 18.9L container onboard a
centerline. The fluorescent dye was released for 
approximately one hour through an 8 mm diameter tube 
located 0.05 m below the waterline through a butterfly valve 
that was manually controlled to provide a constant 
discharge. Dye
13 fluorometers that sampled at 0.9 Hz with a Rhodamine 
detection range of 0 to 234 ppb and a sensitivity of 0.09 ppb. 
It is assumed there was no concentration decay with time 
owing to the short duration of the 
hour) compared to the photo degradation of five to seven 
days for the Rhodamine
spatial dye concentrations were measured using 
fluorometers collocated with GPS units mounted on fixed 
and moving platforms
provided absolute post
<0.4 m 
concentration plume was acquired by deploying a total of 10 
fluorometers at streamwise distances
313m, and 550m in the channel centerline 
one fluorometer was deployed at the surface. At 28m and 
110m, three fluorometers were deployed at the bottom, mid
depth, and surface. At 313m, two fluorometers were 
deployed at bottom and the surfac
fluorometer was deployed at the surface.  Assuming 
stationarity, the surface spatial distribution of the dye 
concentration plume was mapped utilizing three, 1m long, 
mobile catamarans each equipped with a GPS and 
fluorometer. Concentra
until steady state conditions were established, which was 
determined 
The sampling delay time of 25 minutes (925 s) was based on 
time for the dye to travel to the farthest down
sampling point, 550m, multiplied by 1.5 to account for the 
largest scale temporal fluctuations of the velocity field based 
on channel parameters, mean velocity and width 
concentration cross
personnel located
two lines attached to each catamaran. The slow pull across 
the 30 m wide channel took approximately 2.5 minutes to 
complete. To minimize flow disturbances, care was taken to 
keep the lines out of the water. Followi
transect the catamaran was relocated approximately 8 m 
downstream and the sampling repeated. The transverse 
concentration profiles were acquired using three catamarans 
simultaneously between 
approximately 35 minu
individual concentration profiles for the first and second 
concentration release respectively. Surface dye 
concentrations transect locations for each release are 
superimposed on channel bathymetry 
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Fig.2. Plan view of surface dye concentration transects, C(n,s), (color dots, 
scale in ppb on right) overlaid on river bathymetry (gray lines) for a) T1 
and b) T2. c) Concentration decay 3D mixing behavior (C
Line) and 2D mixing behavior (
the channel based on plume mixing behavior and channel geometry are 
labeled at the top. At the first zone, 0<s<125 m, the plume is mixing in 
three-dimensions. At the second zone, 125<s<160 m, complete vertical 
mixing has occurred. The third zone, 160<s<350m, contains channel 
bathymetry and geometry features. Subsets to zone 3 are riffle/constriction 
location, 160<s<260 m, Zone 3rc, and the embayment, 260<s<350 m, Zone 
3e. The fourth zone, s>350 m, is 
concentrations are well mixed
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scale in ppb on right) overlaid on river bathymetry (gray lines) for a) T1 
and b) T2. c) Concentration decay 3D mixing behavior (C
Line) and 2D mixing behavior (
the channel based on plume mixing behavior and channel geometry are 
labeled at the top. At the first zone, 0<s<125 m, the plume is mixing in 

dimensions. At the second zone, 125<s<160 m, complete vertical 
g has occurred. The third zone, 160<s<350m, contains channel 
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location, 160<s<260 m, Zone 3rc, and the embayment, 260<s<350 m, Zone 
3e. The fourth zone, s>350 m, is 
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where 

 
is used to transform time to space. The 

transverse profile-integrated statistics, (2) and (3), are 
averaged over all transects within streamwise distances of 2 
m to collapse repeated transects values. Averaging the 
statistics, as opposed to the transects themselves, preserves 
the individual transect center of mass.  This method avoids 
potential meander biases in the dispersion, which would 
otherwise blur the profile [18]. The total number of 
downstream transect locations is thereby reduced from 66 
and 70 to 41 and 50 for T1 and T2. 

CHANNEL FEATURES AND OBSERVATIONS 

The experiment measurements and subsequent analysis 
are divided into four zones, based on plume evolution from 
the source and channel geometry (Fig.2). In Zone 1 (0 
m<s<125 m), the plume is mixing in three dimensions (s, n, 
and vertical, z).  Zone 2 (125 m<s<160 m) begins once 
complete vertical mixing has occurred.  In Zones 1 and 2, 
the channel is relatively straight and depth and width are 
relatively constant (Fig.2a). Zone 3 (160 m<s<355 m) is a 
section characterized by large bank and bathymetric 
irregularities that modify the flow and corresponding 
dispersion. This zone is subdivided to emphasize transport 
and mixing effects between distinct flow regimes induced 
by the irregular channel features.  The first feature is a riffle 
and constriction (Fig.2a Zone 3rc) located 160 m<s<260 m.  
In Zone 3rc, the channel contracts (25 m to 15 m) and 
shallows (1.7 to 0.7 m). The second feature is an embayment 
(Fig.2a Zone 3e) located 260<s<355 m.  In Zone 3e, the 
channel widens (15 m to 30 m) and rapidly deepens from 
0.7 m to 1.7 m.  The final section, Zone 4, begins 
downstream of the Zone 3e at 355 m<s<550 m. Within Zone 
4,  the channel geometry returns to being relatively straight 
with small depth and width irregularities.   
In Zone 1, the constant source surface plume exhibits 
narrow filaments of high and low concentration streaks. The 
surface, mid-depth and bottom concentration time series, at 
28 m and 110 m (not shown), depict sawtooth structures 
typical of smaller scale diffusive processes superimposed on 
the larger scale coherent advective motions (Holzer and 
Siggia, 1994). The decay of the concentration maxima, 
Cmax(s), with downstream distance is in good agreement 
(R2=0.86, 0.84 for T1, T2) with a 3D mixing behavior, 
Cmax(s)~s-3/2(Fig.2c -red line) [8]. The transverse 
concentration distributions, C(s), values are peaky 
(kurtosis>3) and skewed towards river-left (positive 
skewness) compared to a Gaussian distribution with 
skewness equal to 0 and kurtosis equal to 3 (Table.1).  
Dispersion is small and constant (kn=0.02, 0.01 m2/s) and 
spreading is linear in time (R2 = 0.80, 0.87) (Fig.3). 
Measured Zone 1 knis in close agreement with reported 
transverse dispersion measurements in a straight natural 
channel with similar depth, width and discharge parameters 
[19].   
In Zone 2, Cmax(s) continues to decay with downstream 
distance exhibiting a 2D mixing behavior, Cmax(s) ~s-1, (R2 

=0.82, 0.82 for T1, T2) (Fig.2 c (black line)) indicating the 
plume has completely mixed in the vertical [8]. The ratio of 

the river-bed concentration to the surface concentration can 
also be used to determine the extent of vertical mixing [6]. 
When river-bed concentration to the surface concentration is 
close to one, the concentration is considered vertically well 
mixed. Interpolating the average concentration ratios of bed 
and surface at s=28 m, 110 m and 313 m, (not shown), the 
distance of complete vertical mixing is found to occur 
slightly downstream of s=110 m, whichsupports the 
observed decay behavior of Cmax(s) ~s-1. Within Zone 2 the 
concentration plume transverse distribution becomes 
symmetrical, with C(s)skewness values decreasing to zero at 
s=140 m, with slightly flatter (kurtosis<3) than a true 
Gaussian shape (Table.1). The transverse diffusionkn, (0.01, 
0.02 m2/s) remains small and approximately constant 
(Table.1, Fig.3).  The constant kn, value throughout Zone 1 
and 2 indicates the plume is not yet influenced by 
bathymetry induced secondary circulations.  Weak 
secondary circulations would increase mixing by a factor of 
two and strong mixing interfaces could result in knvalues 30 
times larger than the typical (observe) Zone 1 and Zone 2 
values [6].  

Table 1.Zonal average C(s) statistics for T1 and T2.  

Zone 1 Zone 2 Zone 3rc Zone 3e Zone 4 

Skewness 1.50, 
1.75 

0.70, 
0.53 

0.17,  
0.18 

-0.21, 
0.17 

-0.50, -
0.64 

Kurtosis 4.94, 
6.83 

2.26, 
2.05 

1.62,  
1.64  

3.10, 
1.94  

2.25,   
3.05 

kn (m
2/s)

 

0.02, 
0.01  

0.01, 
0.02 

0.01, NA  0.01, 
0.06  

0.02,   
0.01 

  

In Zone 3rc, the dispersion remains small and constant 
(kn=0.01 m2/s for T1, sampling was sparse for T2 in Zone 
3rc). Downstream at the transition between Zone 3rc and 3e, 
a strong mixing interface is present due to the jet-like flow 
in the center of the channel and stagnant water near the 
banks. The mixing interface has a large influence on mixing. 
The concentration plume shifts towards the slower water 
within the embayment on river-right, which alters the 
previously symmetrical C(s) in Zone 2 and Zone 3rc to 
negatively skewed distribution in Zone 3e for T1 (Table.1). 
For release T2, increases by a factor of six (kn=0.06m2/s) 
[Figure 3, red dots t>500s] linearly in time (R2=0.82).  
Release T1 

 

spread is slow (kn=0.01 m2/s) with the 
behavior nonlinear and noisy (R2 =0.15), so a regression line 
for 

 

is not included (Fig.3, black dots t>500s).  The T2 
knincrease between Zone 3rc and 3e fits within the expected 
range 2 to 30 based on published data from transverse 
dispersion measurements [6].   

The T1 and T2 difference within Zone 3e are due to 
the physical sampling width differences between the two 
concentration releases (Fig.2a and b).  Downstream of the 
release point, T1 under-sampled the plume width extent, 
which resulted in smaller perceived T1 

 

values. The T1 
and T2 sampling width differences are accounted for by 
normalizing 

 

by the variance of a uniform distribution 
over the respective sampled width. The 
normalization, , accounts for the sampled 



 
width and allows conce
relative to the channel. The normalized spreading 
calculation provides values of 0 for no mixing and 1 for 
complete transverse mixing 
spread,
measurem
behavior 

Figure 3. Transverse spreading, 
and red dots respectively). Initial constant mixing in the near and 
intermediate fields is shown with the linea
Pre-
T2 respectively. Post
complete mixing at t~650s.  Delft3D calculated transverse dye dispersion 
(blue line).  Gray lines indicate spatial zones.

 

In Zone 4, transverse dispersion asymptotes and reaches a 
value of 35 m
normalized by sample width 
uniform with a standard deviation of 1 ppb for T1 and 3 ppb 
for T2. The kurtosis is close to 3 but the negative skewness 
in the plume distribution remains in Zone 4 
mechanisms responsible for the observed river
asymme
effects due to persistent flow structures induced by the 
channel features in section 4.3.

Tracer studies T1 (black circles) and T2 (red circles
releases occurs at s=350 m as the concentration plume becomes bounded by 
the channel. 

width and allows conce
relative to the channel. The normalized spreading 
calculation provides values of 0 for no mixing and 1 for 
complete transverse mixing 
spread,
measurements, while preserving the observed spreading 
behavior (Fig.4).

 

Figure 3. Transverse spreading, 
and red dots respectively). Initial constant mixing in the near and 
intermediate fields is shown with the linea

-riffle kn= 0.01 m2

T2 respectively. Post
complete mixing at t~650s.  Delft3D calculated transverse dye dispersion 

lue line).  Gray lines indicate spatial zones.

In Zone 4, transverse dispersion asymptotes and reaches a 
value of 35 m
normalized by sample width 
uniform with a standard deviation of 1 ppb for T1 and 3 ppb 
for T2. The kurtosis is close to 3 but the negative skewness 
in the plume distribution remains in Zone 4 
mechanisms responsible for the observed river
asymmetry are investigated by examining the transport 
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s=450 m the CP dispersion has achieved complete 
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for isolated cases, assuming constant mixing without 
additional bathymetric features, range between 1000 and 
2000 m, for IR and IS respectively.

channel (IS), b) constriction (IC), c) riffle (IR), d) embayment (IE), e) 
combined (CP) and f) actual bathymetry.  Concentration scale colorscale 
(ppb) located on the right.

Spatial concentration patterns bet
bathymetry and the synthetic CP bathymetry are comparable 
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(Fig
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in the same way. 
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mixing response.
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1994). The streamwise envelope of the dye concentration 
distribution initially decayed as Cmax~s-3 , over the first 
100m indicative of 3D mixing behavior in the near field.  
After 100m the dye was mixed over the vertical and decayed 
as Cmax~s-1, which describes 2D mixing behavior.  
The concentration and velocity spectra confirm kn is highly 
variable in the vicinity of channel irregularities. Velocity is 
isotropic at f >~0.3 Hz which scales with mean velocity 
divided by depth [20].  For f >0.3 Hz, the flow is anisotropic 
and there are significant differences in the transverse 
velocity components at different streamwise locations.  
ADV spectra downstream of the bathymetry features, Zone 
3, contain one order of magnitude more transverse energy in 
the lower frequencies than ADV spectra upstream, Zone 2, 
and downstream, Zone 4.  This spectral frequency band is 
delineated by dimensional scaling mean velocity divided by 
river width at f

 

Hz.  The concentration spectra 
initially show equal roles of diffusive and large scale motion 
in the dye mixing. However, as the dye is mixed vertically, 
the 2D behavior exhibits a dominance of the low-frequency 
motions and a weaker high frequency drop-off that indicates 
the small-scale dye variability becomes decoupled from the 
higher frequency fluid motions. The low-frequency 
dominance of the velocity spectra in the concentration 
spectra indicates that the dye is mixed coherent velocity 
structures play a larger role in mixing than the underlying 
turbulence. 
Dispersion cannot be estimated by individually 
parameterizing and linearly adding the effects of isolated 
channel features. Through numerical modeling, the impact 
of the prominent channel features on mixing is quantified, 
and the mechanisms of transverse dispersion examined.  
First, the open source, 3D numerical model, Delft3D-Flow, 
was initialized and validated against the field observations. 
The numerical model produced good agreement with 
measurements of velocity (R2=0.87), water elevation 
(R2=0.97), as well as transport and mixing (R2=0.86).  To 
examine the mixing processes, the prominent bathymetric 
features of a constriction, riffle and embayment were 
isolated and idealized. The model was used to calculate 
transverse dispersion for idealized bathymetry for the 
isolated prominent features of the constriction, riffle and 
embayment, a combined idealized bathymetry and the actual 
bathymetry. It was found that linearly summing the 
dispersion for each of the isolated prominent features greatly 
underestimated the dispersion of the combined idealized 
bathymetry and the actual bathymetry.  
The non-linear mixing of passive tracer dye was examined 
by the calculating the effects of the mean flow, vertical 
shear and turbulence using the depth-averaged momentum 
flux equations in the transverse direction. In the near field 
<100 m from release point, natural river modeling requires 
resolution of larger scale velocity structures and small scale 
diffusive processes.  However, beyond the near field, as the 
concentration plume is mixed fully in the vertical, the 
behavior becomes 2D, and the large-scale coherent velocity 
structures controlled by bathymetry features dominate 
concentration plume spreading.  These investigations 
indicate that coherent velocity structures controlled by 
bathymetric variability at all scales are responsible for the 

spatial concentration distribution, restricting lateral transport 
and trapping material, resulting in a strongly non-linear 
mixing response.    
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