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     Fig. 1.3     Examples of Federal Interagency Sedimentation Project suspended - sediment samplers. (a) A US DH - 48 rigid - bottle 
sampler; (b) a US DH - 81 rigid - bottle sampler; (c) a US D - 74 rigid - bottle sampler closed, and (d) open; (e) a US D - 96 ß exible - bag 
sampler closed, and (f) open.  

 A list of FISP suspended - sediment samplers and 
selected attributes is provided by Davis  (2005)  and 
Gray  et al.   (2008) . Examples of FISP rigid - bottle -  
and ß exible - bag - type samplers are shown in Fig.  1.3 .   

 A depth - integrating sampler collects and accumu-
lates a velocity -  or discharge - weighted sample as it 
descends and ascends through the water column pro-
vided that an appropriate constant transit rate is not 
exceeded in either transit direction, and the sample 
container does not overÞ ll. A point - integrating 
sampler uses an electrically activated valve, enabling 
the operator to sample points isokinetically either in 
parts of, or throughout, the water column. Both 
types of samplers integrate the water column from 
the water surface to within about 0.1 meters (m) of 
the bed. 

 When properly deployed in a single vertical (or, in 
the case of the point - integrating sampler, at multiple 
points in a vertical), FISP isokinetic samplers provide 
representative samples for the parts of the stream 
sampled. When deployed using either the equal - 
discharge - increment (EDI) or equal - width - increment 
(EWI) sampling method (Edwards  &  Glysson  1999 ; 
Nolan  et al .  2005 ), an isokinetic sampler integrates 
a sample proportionally by velocity and area, result-
ing in a discharge - weighted sample that contains an 
SSC and PSD representative of the suspended mate-

rial in transport throughout the cross section at the 
time that of sample collection. 

 Although the aforementioned manual samplers 
have considerable beneÞ ts  Ð  most notably the acqui-
sition of demonstrably reliable suspended - sediment 
data from rivers  Ð  they have inherent drawbacks. For 
example, total costs associated with the manual 
deployment of isokinetic samplers and subsequent 
sample analytical costs can be substantial or even 
prohibitive with respect to available resources. 
Several safety considerations must be addressed 
any time a hydrographer works in, over, or near a 
watercourse. The sparse temporal distribution of the 
derivative data  Ð  often but a single observation per 
day  Ð  requires that daily SSL computations be based 
on estimated SSC values and (or) indexed to another 
more plentiful if imperfect predictive data source 
such as river discharge by a sediment - transport curve 
(Glysson  1987 ; Gray  et al .  2008 ).  

  1.1.2   Performance  c riteria for 
 c oncentrations and  p article -  s ize 
 d istributions  p roduced by  s uspended -
  s ediment -  s urrogate  t echnologies 

 The reliability and efÞ cacy of data produced by a 
sediment - surrogate technology are predicated on the 
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  Table 1.1    Acceptance criteria for SSC data. The data are 
considered acceptable when they meet these criteria 95% of 
the time. 

    Suspended - sediment 
concentration     Acceptable uncertainty  

  Minimum (g/L)    Maximum (g/L)     ±  Percent  

  0     < 0.01    50  
  0.01     < 0.1    50 - 25 computed linearly  
  0.1     < 1.0    25 - 15 computed linearly  
  1.0     Ñ     15  

   Adapted from Gray  et al.  (2002) .   

  1.1.3   Ranges in  US   s uspended -  s ediment 
 c oncentrations and  s uspended -  s ediment 
 d ischarges 

 Because of the spatial and temporal variability in 
river sedimentological regimes, only generalities 
regarding the expected range of SSCs and PSDs in 
rivers can be made in the absence of site - speciÞ c data. 
Rainwater  (1962)  produced an empirically derived 
map of the 48 conterminous United States showing 
mean SSC ranges for rivers, generalized over the 
entire land area, for seven logarithmically based SSC 
ranges. The SSC ranges were computed and deline-
ated as average annual discharge - weighted mean 
SSCs, derived from annual measured SSL values 
divided by their paired annual streamß ow values at 
streamgages. Computed SSC values in the largest 
range exceeded about 48   g/L. 

 Meade  &  Parker  (1985)  simpliÞ ed the Rainwater 
 (1962)  map into four SSC ranges: less than 0.3   g/L; 
0.3 Ð 2   g/L; 2 Ð 6   g/L; and more than 6   g/L (Fig.  1.4 ). 
They also produced a similar - type map for Alaska, 
USA, using other information sources (Robert 
Meade, personal communication 1985). These maps 
(Fig.  1.4 ) also portray mean annual SSLs from 
selected river basins to the coastal zone depicted by 
half circles at river mouths. The area of each half 
circle is proportional to the average annual sediment 
mass discharged to the coastal zone. The maps can 
serve as initial, general indicators of the suitability 
of a selected sediment - surrogate technology in a river 
reach of interest.   

 Additional information on the range of SSCs in US 
rivers is available from Smith  et al.   (1987) , who 
computed percentile values for SSC data collected at 

267 streamgages in medium and large river basins as 
part of the original USGS National Stream Quality 
Accounting Network (NASQAN) (USGS  2008c ). 
The 25th, 50th, and 75th SSC percentiles were 
0.02, 0.07, and 0.19   g/L, respectively. In 1995, the 
NASQAN network was redesigned to focus on the 
nation Õ s largest river basins  Ð  the Mississippi (includ-
ing the Missouri and Ohio), Columbia, and Colorado 
Rivers, and the Rio Grande. Horowitz (USGS, per-
sonal communication 2008) calculated the 10th, 
25th, 50th, 75th, and 90th SSC percentiles for the 
41 NASQAN streamgages in these large river basins 
for the period 1994 Ð 2006 as 0.01, 0.03, 0.12, 0.32, 
and 0.74   g/L, respectively. 

 Many streams transport near - zero SSCs at various 
times. At the other extreme, SSCs measured during 
surface runoff from 1989 to 1991 in the Little 
Colorado River Basin, Arizona and New Mexico, 
USA, commonly exceeded 100   g/L (Graf  et al .  1996 ). 
SSC values at the Paria River at Lees Ferry stream-
gage, Arizona, USA, exceeding 1000   g/L have been 
reported (Beverage  &  Culbertson  1964 ). 

 In general, most of a river Õ s annual sediment 
budget is transported during infrequent high - ß ow 
periods concomitant with relatively large SSCs. Any 
proposed suspended - sediment surrogate technology 
deployment should consider not only the statistics 
quoted above, but also the potential maximum SSC 
and, where appropriate, maximum particle sizes that 
might be transported in the period of interest.  

  1.1.4   Information  g ermane to  s uspended -
  s ediment -  s urrogate  t echnology  c osts 

 After surrogate - technology efÞ cacy is resolved, cost 
considerations are often of penultimate interest. The 
cost of producing reliable, quality - assured suspended -
 sediment data can be separated into four categories: 
   ¥      the purchase price of the instrument;  
   ¥      other capital costs associated with installation, 
and initial operation of the instrument;  
   ¥      operational costs to maintain and calibrate the 
instrument;  
   ¥      analytical costs to evaluate, reduce, compute, 
review, store, and disseminate the derived data.    

 Of these four categories, only the purchase price 
is straightforward to quantify. The others are 
dependent on several factors, including site location 
and physical characteristics, hydrological and 
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 Fig. 1.17     Double Bubbler Pressure Differential Instrument. (a) controller and orifi ce bar, 
(b) air compressor and tank assembly, and (c) in - stream components before installation. 
  Photographs a and b courtesy of Design Analysis Associates, Inc.  (2008) .  

Bubbler in the Paria River was predicated on the 
hypothesis that the expected large weight densities, 
ranging up to about double that of pure water under 
hyperconcentrated streamß ow conditions (Beverage 
 &  Culbertson  1964 ), would prove to be within the 
Double Bubbler Õ s operating range. 

 Double Bubbler data were collected, at 5 - minute 
intervals, during periods of elevated ß ow at the Paria 
River streamgage from July 2004 through September 
2006. Data collected from 14 periods of storm runoff 
were examined and compared with results from 
suspended - sediment samples collected during the 
storm runoff. The samples were collected using a 
combination of automated - pump samplers, depth -
 integrating samplers in a single vertical and deployed 
in the cross section, and dip samples (Nolan  et al . 
 2005 ; Edwards  &  Glysson  1999 ). The elevated ß ows 
had peaks ranging from about 7 Ð 90   m 3 /s; the 
maximum SSC measured was 382   g/L in water from 
an automated - pump sampler. A total of 261 sus-
pended - sediment samples were collected during the 

14 storm - runoff periods, and 86% of those samples 
had SSC values larger than 50   g/L. Double - Bubbler 
data were collected only during periods when water 
levels immersed both pressure sensors (the instru-
ment was not fully submerged during normal shallow 
ß ows). 

 Double Bubbler data were Þ ltered to remove out-
liers but not smoothed, because smoothing appeared 
to have little effect on reducing signal noise for data 
collected at this site. Water - temperature data were 
continuously recorded near the Double - Bubbler ori-
Þ ces. The weight density of suspended sediment and 
dissolved solids was calculated by subtracting the 
weight density of pure water, corrected for tempera-
ture, from the Þ ltered data. 

 Similar to data collected at the R ’ o Caguitas in 
Puerto Rico, the Double Bubbler data collected at 
the USGS streamgage on the Paria River at Lees 
Ferry, Arizona, USA, had a large amount of signal 
noise, also making interpretation difÞ cult. Relations 
between measured SSC and SSC calculated from 
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the acoustic beam, which typically characterize the 
sedimentary content of multiple orders of magnitude 
more water than point samplers. Like bulk - optic 
techniques, empirical calibrations are required to 
convert the ABS measurements to SSC. Complex 
post - processing requires compensations for physical 
properties of ambient water such as temperature, 
salinity, and pressure, and, in some cases, suspended 
materials. Additional compensations are needed for 
instrument characteristics such as frequency, power, 
and transducer design. 

 The purchase price of a commercially available 
single - frequency Doppler  in situ  instrument is about 
two to four times that of a fully equipped turbidim-
eter. Because biofouling has little if any effect on the 
performance of the sensor, Þ eld - maintenance costs 
are probably less than that for a turbidimeter. The 
instrument - measurement realm is multiple conic 
beams. Instrument calibrations can be performed 
using physical samples collected within the volume 
of the beam; however, they are often supplanted by 
cross - section calibrations. 

 The development and application of the ABS tech-
nology can be broadly grouped into two approaches, 
based primarily on the instrumentation type and 
target application (the underlying theory is equiva-
lent for the two approaches). The Þ rst approach uses 
specially designed acoustic instrumentation often 
using multiple frequencies to compute SSCs and 
grain sizes over relatively short ranges (1 Ð 2   m). This 
approach has primarily been applied using Þ xed 
deployments to study near - bed sediment transport 
processes in the marine environment. There are 
ample publications describing the development and 
application of this approach (see, for example, Hanes 
 et al.   1988 ; Sheng  &  Hay  1988 ; Hay  1991 ; Thorne 
 et al .  1991, 1993, 1995, 1996 ; Hay  &  Sheng  1992 ; 
Thorne  &  Campbell  1992 ; Crawford  &  Hay  1993 ; 
Richards  et al .  1996 ; Schaafsma  &  Hay  1997 ; 
Thorne  &  Hardcastle  1997 ; Thorne  &  Buckingham 
 2004 ; Thorne  &  Meral  2008 ). A review paper by 
Thorne  &  Hanes  (2002)  provides a good overview 
of the technique. This approach requires calibration 
of a  Ò system constant Ó  for each instrument, which 
is typically accomplished in the laboratory (Thorne 
 &  Hanes  2002 ). At least one commercially available 
instrument that uses this technique but lacks Doppler 
capability is available (Aquatec Group  2008 ). 

 The second approach uses commercially available 
 in situ  acoustic Doppler current proÞ les (ADCPs; the 
term ADCP is used generically and does not imply a 
particular manufacturer unless speciÞ ed.) This 
approach is particularly suited to monitoring sus-
pended - sediment ß ux because ADCPs provide three -
 dimensional velocity proÞ les as well as acoustic 
backscatter information. As stated above, the under-
lying theory is the same, though for the ADCP 
approach the sonar equations are typically formu-
lated in logarithmic form (i.e. in decibels (dB); see 
next section) whereas for the Þ rst approach the linear 
form of the equations are used (i.e. in terms of 
pressure or voltage). The increasing popularity of 
ADCPs for characterizing hydrodynamics in ß uvial, 
estuarine, and coastal environments has facilitated 
the concurrent estimation of suspended - sediment 
properties in these environments as well. 

 Theoretical aspects of the ADCP approach have 
been well documented (see, for example, Thevenot 
 et al.   1992 ; Reichel  &  Nachtnebel  1994 ; Deines 
 1999 ; Gartner  2004 ). Applications have been docu-
mented for a wide range of environments (see, for 
example, Schott  &  Johns  1987 ; Thevenot  et al . 
 1992 ; Thevenot  &  Kraus  1993 ; Jay  et al .  1999 ; Klein 
 2003 ; Gartner  2004 ; Topping  et al .  2004, 2006, 
2007 ; Hoitink  &  Hoestra  2005   ; Hortness  2006 ; 
Wall  et al.   2006 ; Tessier  et al .  2008 ; among many 
others). At least one commercial software product is 
available to convert backscatter to SSC (Land  &  
Jones  2001 ). Comparisons of SSC computed from 
acoustic backscatter with SSC values determined 
from water samples have been found to agree within 
about 10 Ð 20% (Thevenot  et al .  1992 ; Thorne  et al.  
 1991 ; Hay  &  Sheng  1992 ). 

 The theoretical development presented below is 
constructed in terms of the logarithmic form of the 
sonar equations, which is the typical form used for 
the ADCP approach. This form is particularly suited 
to this approach because commercially available 
ADCPs typically provide the conversion factor from 
raw backscatter counts to decibels (see below), which 
facilitates accounting for transmission losses and 
empirical calibration of backscatter to SSC. The 
logarithmic form of the sonar equations can be 
inverted to obtain an expression for SSC:

   SSCcomputed = + �( )( )10 A B RB     (2)   
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centimeters, and   �    is acoustic wavelength. The near -
 Þ eld correction,  �   , for spreading loss can be calcu-
lated from the formula in Downing  et al.   (1995)  as:

   � = + +[ ] + ( )�� 	
1 1 35 2 5 1 35 2 53 2 3 2. ( . ) . .. .Z Z Z Z     (5)  

where:  Z  is  R / R  critical . 
 As an example,  R  critical  is 167   cm for a 1200 - kHz 

ADCP with a 5.1 - cm diameter transducer. 
 For the particle - size range and acoustic frequencies 

of interest here, attenuation from suspended sedi-
ment consists of a viscous loss component and a 
scattering loss component (Flammer  1962 ; Richards 
 et al .  1996 ). In the presence of suspended sediments 
that are generally less than 100 Ð 200    µ m, the viscous 
and scattering components of attenuation change in 
opposing ways to changes in size (for typical ADCP 
transducer frequencies). Attenuation from viscous 
losses increases inversely with sediment size. 
Attenuation from scattering losses increases directly 
with sediment size. Scattering characteristics are a 
function of   �    to particle circumference  2  �   a  p , where 
 a  p  is particle radius. When   �    >>  2  �   a  p , most of the scat-
tering pattern propagates backward; however, as   �    
approaches  2  �   a  p , the scattering pattern increases in 
complexity, and when   �    <<  2  �   a  p  half the scattered 
pattern propagates forward and the remainder is 
scattered through all directions (Flammer  1962 ). In 
the case of 1200 - kHz acoustic sources,   �      =    2  �   a  p  for 
400 -  µ m diameter particle size. Taken together, scat-
tering -  and viscous - loss terms account for little atten-
uation with 1200 - kHz frequency unless particle size 
is very small or SSCs are very high, in which case 
corrections for attenuation are needed. However, in 
the case of higher frequencies, total attenuation may 
need to be accounted for even at lower SSC if parti-
cles are very small (viscous losses) or larger than 
about 100 -  to 150 -  µ m diameter (scattering losses). 
The result is a nonlinear (backscatter intensity) 
response at high SSC (Hamilton  et al .  1998 ). 
Although a function of frequency, attenuation from 
sediment may need to be accounted for in the pres-
ence of as little as 0.1   g/L (Libicki  et al .  1989 ; Thorne 
 et al .  1991 ); multiple scattering produces nonlinear 
response when SSC is on the order of 10   g/L (Sheng 
 &  Hay  1988 ; Hay  1991 ). Thorne  et al .  (1991)  found 
that, in the case of 3.0 -  and 5.65 - MHz acoustic fre-
quencies, attenuation from Þ ne sands may become 
signiÞ cant at ranges on the order of a meter when 

 The exponent of eqn. 2 contains a term for the 
relative acoustic backscatter,  RB , measured by an 
instrument such as an ADCP as well as terms for an 
intercept,  A , and slope,  B , determined by regression 
of concurrent ABS with known mass SSC measure-
ments (SSC measured ) on a semi - log plane in the form of 
log(SSC measured )   =    A    +   ( B * RB ). The relative backscat-
ter is the sum of the echo level measured at the 
transducer plus the two - way transmission losses 
(Thevenot  et al .  1992 ) as deÞ ned below. 

 In its simpliÞ ed form, the sonar equation (Urick 
 1975 ) can be written as:

   RL SL TL TS= Š +2     (3)  

where:  RL  is the reverberation level;  SL  is the source 
level, which is the intensity of emitted signal that is 
known or measurable;  2TL  is the two - way transmis-
sion loss; and  TS  is the target strength, which is 
dependent on the ratio of wavelength to particle 
diameter. 

 All variables in eqn. 3 are measured in decibels. In 
terms of ADCP parameters,  RL    =    K c  ( E     Š     Er ), where 
 E  is ADCP echo intensity recorded in counts,  Er  is 
ADCP received signal strength indicator (RSSI) refer-
ence level (the echo baseline when no signal is 
present), in counts, and  K  c  is the RSSI scale factor 
used to convert counts to decibels.  K  c  varies among 
instruments and transducers and has a value of 0.35 Ð
 0.55 (Deines  1999 ). The two - way transmission loss 
is deÞ ned as:

   2 2 20TL R R= +( ) +� �w s log     (4)  

where:  R  is the range to the ensoniÞ ed volume, in 
meters;   �    w  is an absorption coefÞ cient for water;   �    s  
is an attenuation coefÞ cient accounting for viscous 
and scattering losses due to suspended sediment (see 
below), both in decibels per meter; 2(  �    w  + �    s ) R  is the 
combined transmission loss due to water absorption 
and sediment attenuation; and 20log R  is the loss due 
to spreading. 

 The absorption coefÞ cient for water is a function 
of acoustic frequency, salinity, temperature, and 
pressure (Schulkin  &  Marsh  1962 ). Because of non -
 spherical spreading in the transducer near Þ eld, the 
spreading loss is different in near and far transducer 
Þ elds. The transition between near and far trans-
ducer Þ elds is called the critical range,  R  critical . 
 R  critical    =    �   a  t /  �    where  a  t  is the transducer radius, in 




