
1 INTRODUCTION 
Over the last several decades the use of “off-the-

shelf” acoustic Doppler current profilers (ADCPs) 
has become a common tool in river and oceanic hy-
draulic observations. They can reliably produce ve-
locity and discharge when calibrated. Additionally, 
these instruments resist fouling and deliver higher 
spatial and temporal resolution observations. Sedi-
mentologist’s have become increasingly interested in 
their use due to the possibility of acoustically invert-
ing the returned backscatter signal to estimate sedi-
ment concentration and mean particle size. The cou-
pling of these sedimentological characteristics with 
the velocity and discharge data provides the addi-
tional advantage of obtaining an estimate of sediment 
flux, both total and, potentially, size specific.  

Prediction of suspended sediment flux from hy-
draulics remains a stubbornly difficult problem, par-
ticularly for the washload component which is con-
trolled by sediment supply from the drainage basin. 
Traditional methods, such as relations produced by 
sediment rating curves, can produce significant error 
(Walling, 1977), especially when hysteretic relations 
are present. In the Fraser River (British Columbia, 
Canada), where this study takes place, hysteretic rat-
ing curves occur (McLean et al. 1999a) and can con-
tribute to inaccurate sediment load estimations. 

The theory of multi-frequency acoustic inversions 
has been developed over the last three decades (Hay, 
1991; Crawford and Hay 1993; Holdaway and 

Thorne, 1999; Thorne and Hardcastle, 1997; 
Thosteson and Hanes, 1998) and reviewed more re-
cently (see recent reviews by Thorne and Hanes, 
2002; Thorne and Hurther, 2014). These studies have 
primarily taken place at the small scale (meters) 
(Sheng and Hay, 1988; Thorne and Campbell, 1992; 
Thosteson and Hanes, 1998; Moate and Thorne, 
2009) or in the near-shore environment where grain 
size distributions (GSD) are unimodal and narrow or 
in laboratories where the GSD is purposely con-
strained.  

More recently, multi-frequency acoustic inversion 
investigations have moved into estuarine (Thorne et 
al., 1994) and riverine environments (Guerrero et al., 
2013; Moore et al. 2012, 2013) where grain size dis-
tributions vary due to differing sources and floccula-
tion. This has led to laboratory studies that have ex-
amined acoustic response to suspensions with 
different particle shape (Thorne et al., 1995a; Rich-
ards 2003; Thorne and Buckingham, 2004), mixed 
mineralogy (Schaafsma and Hay, 1997; Moate and 
Thorne, 2011, 2013), broad and bimodal size distri-
butions (Moate and Thorne, 2009), and, more re-
cently, flocculated aggregates (MacDonald et al., 
2013; Thorne et al., 2014).  

These studies have shown that acoustic signals, ei-
ther through backscattering or attenuation, are signif-
icantly influenced by the median size of the particle, 
concentration or number of particles in suspension, 
shape and mineralogy of the particles in suspension, 
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and the GSD breadth. Moate and Thorne (2009) have 
shown how variability in the GSD can perpetuate er-
ror through the inversion, resulting in error in both the 
estimated median grain diameter and/or the mass con-
centration. 

Previous application of acoustic inversion tech-
niques in riverine environments have assumed con-
stant particle mineralogy and shape of the GSD, 
which was justified because sediment sources were 
partly controlled by the presence of large-scale dams 
that filter some of the variability in sediment size (e.g. 
Moore et al. 2012, 2013).  Here we apply the acoustic 
inversion methods in a somewhat more challenging 
riverine environment where sediment sources vary 
through the annual freshet, causing changes in parti-
cle concentration, size, size distribution, minerology, 
and shape (McLean et al. 1999a; 1999b; Haught et al., 
2014).  

In this paper we seek to determine: How well can 
we predict mass concentration and grain-size using 
existing inversion techniques in a system where we 
know there are changes in mass concentration, grain 
size and grainsize distribution?  We use a mixed im-
plicit/explicit acoustic inversion method that ac-
counts for a drifting GSD. 

2 METHODS 

2.1 Acoustic theory 

2.1.1 Acoustic Inversion and scattering 
Commercial acoustic Doppler current profilers re-

turn a backscatter signal that reflects the size and 
number of scatterers in Intensity (E) with units of 
counts. These units are converted to acoustic intensity 
(in decibels) through: 

∗  (1)

where the acoustic intensity, Idb, is in decibels. Enoise 
is the echo noise floor in counts and kc is calculated 
as:  

127.3
273

 (2)

where Te is the temperature given by the instrument 
in degrees Celsius. Enoise is the detection threshold 
(DT) which is the value (in counts) that is given by 
the instrument when several pings are run in air 
(Moore et al., 2012; Teledyne RDI, 2008). The acous-
tic intensity is then transformed into linear form to 
find the acoustic pressure, P2

rms: 

10  (3)

where P2
ref is the reference pressure which is equal to 

1 µPa. The pressure received from the ADCP can be 
related to concentration and particle size as:  

 (4)

where Po and ro are components of the source level 
(SL in decibel form: see below) and are defined as the 
reference pressure and reference range, ro=1 m. Tv 
and Rt are the voltage transfer function of the system 
and transducer receive sensitivity, respectively. M is 
the mass concentration (kg/m3), r is the range, α is the 
attenuation of the signal due to fluid, viscous shear, 
and scattering losses (αw+αs). ψ is the near-field cor-
rection (Downing, 1995), kt is an instrument constant 
while ks reflects acoustic characteristics relative to 
particle size. kt can be defined as: 
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where at is the transducer radius, c is the celerity of 
sound in water, k is the wavenumber, and τ is the 
pulse duration. Because all parameters in Equation 5 
except Tv and R are given by the instrument it is log-
ical to combine the two unknowns into the source 
level, which for commercial ADCPs is also unknown: 

 (6)

The source level has also been described by Urick 
(1975) and reflects Poro/Pref in decibel form as: 

170.8 10  (7)

where DI is the directivity index and is equal to 
10*log10(2πatλ-1) in decibel form, and WA is the ef-
fective transmit power in watts. λ is the acoustic 
wavelength in meters, which is equal to the ratio of 
the celerity of sound in water to acoustic frequency 
(Hz). Table 1 gives values of both Equation 6 and 7 
for comparison, along with parameters suggested by 
Teledyne RDI©. 
 
Table 1. Acoustic parameters used in the acoustic inversion. 
Note that the values of WA were recommended from Teledyne 
RDI and are approximations. Where the overbar represents 
mean values over all collected samples.  
Instru-
ment 
Fre-
quenc
y 

 
(dB) 
Eq.
7 

 (dB)  
Eq.6 

 
Eq.22 

at 
(m) 

WA 
(Watt) 

 
Eq. 
23 

1200 197 187 9.7E7 0.051 3.2 0.01
600 202 199 5.7E8 0.095 9.6 0.003
300 202 205 1.9E9 0.128 16.6 0.001
 
The term ks in Equation 4 reflects the scattering prop-
erties of the particles in suspension and is therefore a 
function of particle radius, a:  

 



 (8)

where n(a) is the probability distribution function 
(PDF) by number of particles, ρ is the particle density, 
and fo is the backscatter form function which can be 
described theoretically as: 

2
2 1 1  (9)

where bn has been defined by Gaunard and Ubrell 
(1983) and is a function of the suspended particle 
properties. For this work we use the heuristically de-
rived empirical form function defined by Thorne and 
Meral (2008) as: 
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where x=ka. Rearranging Equation 4 leads to the in-
version which solves for mass concentration and has 
the form: 

 (11)

where the attenuation, α, is a function of mass con-
centration and attenuation losses. The grain size dis-
tributions found in the Fraser River tend to be log-
normal, though bi-modal distributions are also ob-
served. For this acoustic inversion we define n(a) as: 

1
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where v(a) is the particle density function (PDF) by 
volume and the conversion of n(a) to v(a) is described 
thoroughly in Moore et al. (2013). Here the particle 
radius, a, is varied from 10-2 to 750 microns through 
the inversion, ag is the geometric mean particle radius, 
and σ is the relative standard deviation and is defined 
as:  

1  (13)

and 

 (14)

where σarith and aarith are the arithmetic standard devi-
ation and mean particle radius, respectively.  

 

2.1.2 Attenuation 
Flammer (1962) shows that attenuation of sound from 
sediment can be attributed to three loss mechanisms: 
the scattering of sound by a particle as a function of 
the ratio of acoustic wavelength to particle circumfer-
ence, αs, scatt, energy loss due to viscous shear, which 
is a function of particle density and surface area, 
αs,visc, and heat loss due to conduction. Heat loss is 
significantly less in magnitude than scattering and 
viscous loss and is generally neglected. Here sedi-
ment attenuation is given by: 

, ,
〈 〉 〈 〉 

(15)

where αs,visc is the attenuation of sound due to viscous 
losses and αs,scatt is the attenuation of sound due to 
scattering losses. ζvisc and ζscatt are the viscous and 
scattering attenuation coefficients averaged over the 
grain size distribution, which is indicated by the 
brackets, < >. The scattering attenuation coefficient 
has been described empirically by Thorne and Meral 
(2008) as: 

〈 〉
3

4
 (16)

where χ has been empirically described by Thorne 
and Merel (2008) as: 

0.29
0.95 1.28 0.25

 (17)

The viscous attenuation coefficient can be described 
by Urick (1948) as: 

〈 , 〉  (18)

and, 

〈 〉
1

2
 (19)

where: 
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and, 

;
1
2
1

9
2

;
2

 (21)

where ρw is fluid density, ν is kinematic viscosity of 
water, and ω is the angular frequency.  

2.2 Suspended sediment samples and acoustic 
instrument setup 

Field observations are from the Fraser River, at 
Mission (Water Survey of Canada (WSC) station no. 
08MH024), BC, approximately 85 km from the river 



mouth at the Strait of Georgia. Here, the Fraser is con-
strained to a single ~550 m wide channel carrying 
runoff from the 228,000 km2 basin. This section pro-
vides an ideal location to measure the input of flow 
and sediment to the increasingly industrialized Fraser 
Estuary and Delta. The runoff pattern is dominated 
annually by the spring snowmelt in May-June initiat-
ing a freshet in late May, June and early July. The 
mean annual flow at Mission is 3410 m3/s and the 
mean annual flood is 9790 m3/s. McLean at al. 
(1999a) found that on average 17 million tonnes per 
year (Mt a-1) of sediment moved past Mission, BC us-
ing WSC 1965-1986 data. About one third, 6.1x106 
Mt a-1, is suspended sand and half of that (3.0 Mt a-1), 
is sand finer than 0.177 mm (McLean et al., 1999a), 
which is washload (suspended material present in 
amounts >10% of the bed material).  

Three horizontally oriented acoustic Doppler cur-
rent meters (Teledyne RDI, USA) were mounted on 
the Mission Harbour Authority dock just upstream of 
the Mission railway bridge.  The instruments have 
acoustic frequencies of 307.2, 614.4 and 1228.8 kHz 
(referred to as 300, 600, 1200 hereafter).  The H-
ADCPs were set to collect data for one minute, then 
rest for one minute before another started, equating to 
6 minute intervals for each H-ADCP. The range used 
in the analysis is limited to the maximum distance of 
the 1200 kHz ADCP (~36 m) because it has the short-
est maximum distance and the multi-frequency ap-
proach relies on spatially coupled signals.  

Sediment sampling campaigns were undertaken to 
calibrate and evaluate acoustically derived surrogate 
suspended sediment concentrations. The suspended 
sediment samplings consisted of six campaigns in 
2012, eight in 2013 and eleven in 2014 and were de-
signed to capture a wide variety of flows through the 
annual Fraser River freshet.   

A 200-pound USGS P-63 sampler, deployed from 
a vessel using a motorized USGS E-reel, was used to 
collect point-integrated, isokinetic suspended sedi-
ment samples. A series of ‘in-beam’ (IB) samples was 
taken at calculated distances and depths across the 
channel to align with the ADCP beams.  The locations 
ranged from 6 to 250 m from the ADCPs.  Distances 
were selected such that there were roughly 5 equally-
spaced samples in each of the three acoustic beams. 
Each of the suspended sediment samples was pro-
cessed in the Simon Fraser University (SFU) River 
Dynamics Lab using a LISST-100 (Sequoia Scien-
tific, USA) instrument that uses laser diffraction to 
calculate the fractional grain size distribution (GSD) 
between 2 and 350 microns. Sediment mass concen-
tration was also obtained using the traditional filter 
(0.45 µm) method after the sample passed through the 
LISST-100.  
Additionally, four samples were collected using a 
modified P-61 on June 19 and July 22, 2014 at in-
beam 18 and 48 (IB18 and IB48). The modified P-61 

pumps the sample to the surface through a tube con-
nected to the inside nozzle at flow rates that match the 
velocity at the nozzle. The velocity at the nozzle is 
determined by a down-facing ADCP, of which the 
nearest bin to the desired depth is used. This modifi-
cation allowed large sediment samples to be collected 
at isokinetic rates. Samples were then decanted, split 
and run through both the LISST-100 and a Beckman 
Coulter LS 13 320 Laser Diffraction Particle Size An-
alyzer (Coulter, USA) which has a larger range than 
the LISST-100 (0.4-2000 microns), but utilizes simi-
lar theory to obtain particle diameter. 

 

 
Figure 1. Example of grain size distributions for samples col-
lected with the modified P-61 sediment sampler and run through 
a LS 13 320 (LS) and the comparative samples run through the 
LISST-100 (LISST). 

3 RESULTS 

3.1 In-situ samples 

From 2012-2014, 298 samples were collected and 
processed resulting in median values of 84 mg/L, 28 
μm, and 2.6 for mass concentration, geometric mean 
particle diameter and geometric standard deviation, 
respectively. The GSD geometric standard deviation 
of the samples collected is broad and ranges from 1.9 
to 3.8. Though the results from the LISST-100 sug-
gest that the particles in suspension are primarily me-
dium silt, the comparison between the larger sediment 
samples collected with the modified P-61 and run 
through both the LISST and a LS 13 320 suggest that 
the LISST is missing the lower end of the GSD, which 
is primarily clay and some very fine silt (Figure 1). 

Figure 1 shows the GSD for both size distribu-
tion analyses allowing for an estimate of the error pro-
duced by the instrument limitations of the LISST-
100. It is clear from this figure that the LISST-100 is 
missing the fine silt and clay portion of the GSD.  Fig-
ure 2 shows how the LISST measured GSD changes 
over the three years of sample collection averaged 
over the rising, peak, falling and low flow periods of 
the hydrograph. It can be seen that the GSD changes 
from unimodal during low flow periods to a bi-modal 
distribution during the freshet, with the GSD at its 
broadest during peak flow. The fact that the LISST-



100 is missing the clay portion of the GSD suggest 
that the GSD may be broader and the median diame-
ter smaller than has been measured by the LISST 
analysis. 

 

 
Figure 2. Grain size distributions for four samples collected 
from 2012-2014 over the rising, peak, falling, and low flow 
components of the hydrograph. 

3.2 Backscattering form function and kt in response 
to broad grain size distributions 

To compute the instrument constant, kt, we utilized 
the method described by Betteridge et. al. (2008), 
where the rearrangement of Equation 4 results in: 

/  (22)

Note the difference from Betteridge et. al. (2008), 
who use Vrms in Equation 6, since they know the val-
ues of Po and therefore solve for TvR. For these com-
mercial instruments the value of Po is unknown and 
can only be estimated by Equation 7, as is given in 
Table 1. Table 1 gives the average kt over all 298 sam-
ples. In an attempt to reduce the influence of sediment 
attenuation, suspended sediment samples outside of 
20 meters from the ADCPs and greater than 50 mg/L 
were not used, though attenuation is accounted for in 
Equation 22.   Mean values were computed once out-
liers were removed. Outliers were defined as any 
value greater than two standard deviations from the 
initial mean.  

Once kt is solved for each instrument one can solve 
for fo using the theoretical values of χ and attenuation 
from fluid, viscous shear, and scattering computed 
from the measured GSD and mass concentration us-
ing Equations 15 through 21. The backscattered form 
function can be computed by: 

/  (23)

The average results from Equation 23 are given in 
Figure 3 and Table 1, which shows that results from 

all three frequencies give higher values than those 
modeled by Equation 10. This occurrence has been 
investigated by Moate and Thorne (2009), who show 
how broad grain size distributions can shift the 
backscattering form function in both the Rayleigh 
scattering regime (x<1) and geometric scattering re-
gime (x>1). The cause of the divergence from Equa-
tion 10 could also be variability in particle shape or 
density (Moate and Thorne 2011; 2013). Moate and 
Thorne (2009) also note that the variation seen in the 
results found in Figure 3 may be attributed to varia-
bility found in kt and in χ. Though the variability in χ 
is difficult to prevent since the model is based on av-
erage values (Eq. 17), with the median sediment size 
found in suspension (~25μm) it is more likely that un-
derestimates of viscous shear contribute more to the 
variability found in Figure 3. 
 

 
Figure 3. Average values of fo computed from Equation 20 and 
data from Moate and Thorne (2009) for their (○) Gaussian dis-
tribution, (□) log normal distribution, and (∆) bi-modal distribu-
tion included for comparison. 

3.3 Acoustic inversion 

In order to invert acoustic signals into estimates of 
concentration using Equation 11, a three step process 
is used. First, particle radius is found by using the pre-
set range and distribution (described above in Eq. 12-
14) to solve: 

〈 〉 〈 〉  (24)

where Equation 24 is in a form similar to Equation 
11, but excludes mass concentration, allowing for the 
sensitivity to be associated to changes in particle ra-
dius. Here the subscript, i, represents each frequency. 
The ratio of each frequency is computed as: 

,  (25)



where i and j are two different frequencies and are 
minimized between all three pairs by: 

,
, ,

〈
, ,

〉
 (26)

which produces an acoustic profile for each range, r, 
that is minimized at the estimate of particle radius 
shown in Figure 4. 

Figure 4 A and B show that there are multiple min-
imizations across the particle range used. For this 
analysis the second minimization was used through-
out. At times, in the near-field, no second minimiza-
tion occurred and the third minimization was given 
(Figure 4B).  

Once particle radius is estimated, the second step 
in estimating the relative standard deviation (in log-
normal form), given in Equation 13, is computed us-
ing a method similar to particle radius. Particle radius 
is held constant (using the particle radius estimated 
above) while Equations 24-26 are solved for a range 
of relative standard deviations between 0.25 to 1.5 at 
0.05 increments. Again, the minimization is found for 
each profile at each range, providing both a mean 
across the range and a range-specific value. 

Lastly, an initial estimate of mass concentration is 
computed by using the estimates of particle radius 
and relative standard deviation in equations 8, 11, and 
15-21. Because mass concentration is on both the 
RHS and LHS of Equation 11 via Equation 15, to 
solve for mass concentration requires iterative com-
putations. To accomplish this, we use the method de-
scribed in Thorne and Hurther (2014) and references 
therein. Once the initial estimate of mass concentra-
tion is made for the range bin closest to the ADCP’s, 
the rest of the range bins are computed using the ex-
plicit method described by Thosteson and Hanes 
(1998) utilizing the estimated particle radius and rel-
ative standard deviation for each range bin.  
 
Table 2. Results of the acoustic inversion and those from the 
LISST-100 (LISST) and LS 13 320 (LS) for the sample day June 
19, 2014 at in-beam 18 meters from the ADCPs. 

 D50 
(μm) 

Spatially 
 averaged σ 

M 
(mg/L) 

Acoustically  
derived 5.9 0.95 155.4 

Measured by LISST 
16.6 1.2 n/a 

Measured by LS 
12.7 1.4 n/a 

Mass  
Concentration 
by filter 

n/a n/a 71.9 

 
Table 2 gives the results for this acoustic inversion 

method for June 19, 2014. Mass concentration, parti-
cle diameter and spatially-averaged relative standard 

deviation are compared to LISST-100 measurements. 
Results show that particle diameter is underestimated 
by the acoustic inversion compared to the LISST-100 
estimates. When comparing LS 13 320 results to 
those of LISST-100 results, an underestimation is ex-
pected because of the limitation of the LISST-100 
grain size range. This consequence has ramifications 
on both the inversion results in Table 2 and the accu-
racy of the estimates of attenuation, backscattering 
and possibly the instrument constant used in the in-
version. Given the described overestimation by the 
LISST-100, results in Table 2 still suggests that the 
acoustic inversion is underestimated when using LS 
13 320 results. Results, again, suggests that the inver-
sion produces an underestimated relative standard de-
viation of the GSD. The underestimation is expected 
by the LISST-100 due to the lack of account of the 
clay portion of the GSD. Lastly, the concentration 
given by the inversion is overestimated by approxi-
mately twofold when comparing the result to the 
measured and filtered mass concentration.  
 

 
Figure 4. Method for determining particle radius showing the 
results of (A) Equation 24 and (B) Equation 26. The second min-
imization was used throughout the analysis as the first and third 
result in clear under- and over- estimates, respectively. Acoustic 
inversion is from June 19, 2014 for the sample location 18 me-
ters from the three ADCP’s. LISST-100 and LS 13 320 results 
are from Figure 1, as they were coupled by location and sam-
pling day. 

4 DISCUSSION AND CONCLUSION 

Unlike the typical suspended sediment distribu-
tions found in near-shore tidal suspensions (Thorne et 
al. 2007) and in river environments where suspended 
sediment distributions may be more narrow and uni-
modal due to an upstream sediment supply control 
(e.g. Moore et al., 2013) the sediments in the Fraser 
River have a broad and changing GSD.  Because of 
stable GSDs in previous studies, current acoustic in-
version methods have neglected the possibility of a 
shifting GSD by treating the standard deviation used 
in the modeling of the distribution in Equations 8, 13, 
and 15 as a constant. Moate and Thorne (2009) have 
shown that when the standard deviation of the GSD 



in either underestimated or overestimated, an inverse 
response can occur in the estimate of concentration 
and particle radius.  This work has presented an 
acoustic inversion that can account for a shifting and 
broad GSD by estimating the relative standard devia-
tion, in addition to the particle radius and concentra-
tion.  

The mixed implicit/explicit acoustic inversion 
method, similar to Thosteson and Hanes (1998), pre-
sented here provides a means to estimate both the me-
dian particle diameter and GSD standard deviation, 
allowing for an estimate of mass concentration. This 
method was able to produce good results when com-
pared to measured sediment properties. Results give 
a good comparable values that are on the same order 
of magnitude. The underestimated particle diameter 
was expected due to instrument limitations. The rela-
tive standard deviation of the GSD was underesti-
mated and likely lead to an overestimate of concen-
tration. These results are similar to trends found in 
models simulated in Moate and Thorne (2009, Figure 
10), suggesting that the underestimation of the rela-
tive standard deviation may be the cause of the under-
estimated particle diameter and the overestimated 
concentration. 

Acoustically derived mass concentrations appear 
to be overestimated compared to measured samples 
using a point-integrated (USGS P-63) sampler (Table 
2). This overestimation may be the most significant 
indicator of error in the acoustic inversion as LISST-
100 data were shown to overestimate particle diame-
ter and underestimate relative standard deviation of 
the GSD. With that said, both Topping et al. (2011) 
and Gitto (2015) have shown that short sampling du-
rations (with the P-63, ~45 s) may lead to substantial 
error in concentration estimates, suggesting that there 
could be error in the measured mass concentrations 
and GSDs as well.  

Transient deviation in GSD in the Fraser River 
presents a challenge when using a three frequency ap-
proach to invert the acoustic signal. Error in the esti-
mate of particle diameter and/or relative standard de-
viation, as shown by Moate and Thorne (2009), can 
result in error in concentration estimates. To reduce 
this error, it may be necessary to add another fre-
quency to the acoustic inversion in environments sim-
ilar to that of the Fraser River. Additionally, the use 
of a bi-modal distribution, instead of a unimodal dis-
tribution (Eq. 12) in the inversion method may be 
more appropriate, though making the method of esti-
mating the relative standard deviation more compli-
cated.  

A four frequency approach would provide a more 
accurate estimate of mass concentration and median 
particle diameter as it would benefit the mathematical 
accuracy of determinations of the three unknowns 
(M, as, σd). A fourth frequency will allow for the non-
linear system of equations to solve for the three un-
knowns (Thosteson and Hanes, 1998). External 

sources of knowledge (i.e. discharge) that can be re-
lated to the GSD standard deviation may work as well 
(this possibility is another beneficial aspect of the 
ADCPs providing velocity and discharge). Addition-
ally, mixed mineralogy and particle shape affects may 
contribute to the error in the results. This aspect war-
rants investigation and would likely require more of 
the unknowns to be accounted for, further stressing 
the use of four frequencies in environments similar to 
the Fraser River. 
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