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and management agencies are under increasing pressure to

monitor the effects of thelr activities. One consequence has
been a concern about the amount of sedimentation  in Sreams
near logging operations in forest stands. Sedimentation can ad-
versely affect water quality as well as fish habitat. The Forest
Service, U.S. Department of Agriculture has responded to this
concern by incressing its collection of data on suspended sedi-
ment in streams. However, a unique et of problems exists when
sugpended sediment concentration is measured in forested catch-
ments-especidly those in which rain is the dominant form of
precipitation.

Mogt sugpended sediment moves during infrequent high flows
that collectively account for only a smdl portion of the meas-
urement period. The associated high trangport rates and variances
dictate that most data be collected during high flows but the
infrequency and brevity of the high flow periods combined with
measurement  and access problems cause acute problems in col-
lecting data.

These problems will not be solved merdly by increesing the
amount of suspended sediment data collected. The collection
process is both complex and expensive. Therefore, it is vitd that
such efforts yidd maximum return. Often, data are collected
without giving adequate thought to identifying the objectives or
the adminigrative and technicd problems that largdy define
wha can be measured and how to measure. In such Situations,
andyses are difficult and interpretation ambiguous. No matter
how sophidicated, analysis and interpretation can never subdti-
tute for well collected data

This report describes the adminidrative and technical prob-
lems that define what to measure and how to measure suspended
sediment in smal mountain streams. It examines the factors that
govern the qudity of data collected in a monitoring program,
with particular atention to use of automatic pumping samplers.

STATISTICAL  CONSIDERATIONS

Hydrologists measure suspended sediment to compare one Set
of vaues with another. For example, they collect data above and
below a logging Ste to determine how disturbance affects sed-
iment concentration by comparing two sets of vaues. When
checking for sandards compliance, they compare their meas-
urements to the standard. Even when “background” levels are
being edtablished, future data will be collected to compare with
these levels.

A mgor concern is how such comparisons can be made
“fairly.” Hydrologists should be sure that any detected differ-

encss  result from red  differences between conditions and not
from unrecognized factors in the measurement process. Keeping
such factors to a minimum is not smple. Hydrologists must pay
congtant attention to details to ensure that they do not inadvert-
ently introduce any unintended effects.

Data sots ate formaly compared by one of severd standard
datigticd techniques. Such techniques must be used because the
data ate samples from larger populations that are impossible or
impracticd to measure totdly. Each technique is based on a st
of assumptions. Daa collection must conform to these assump
tions—a least approximately—for the test outcome to perform
as designed. These assumptions bear not only on the nature of
the measured phenomena, but aso on how they are measured.
The procedure used to choose vaues or items for inclusion in
the sample is a least as important as the actud mechanics of
measuring.

Measuring suspended sediment in streams is redly sampling.
Compared with continuous flow records that are essentialy com-
plete, only a very smdl proportion of the potentid suspended
sediment samples are actualy collected and measured. Because
inferences are based on samples, the procedure by which samples
are sdlected greatly affects the properties of the inferences made.

Mogt data can be placed into one of two classes—time series
or independent: The firgt type depends fundamentaly on time or
some other continuum aong which the data occur. This dass is
characterized by dependence among data close together aong
the continuum, and by the fact that the order in which the data
ae sampled is of centrd importance in the andyss. The parent
sequence and the sample taken from it are both called time series.
Time series are usudly sampled a equd time intervas, and the
magjor sampling congideration is the length of the interva.

The second type of data is more common and does not depend
on time. Instead, sample dements ate chosen according to a for-
ma random process that ensures dtatigtical independence. Sam-
ples of this type are refeared to as independent.

Elements of a population should not be sdected purposefully
for indudon in a sample Estimates of basc population char-
acterigtics based on purposeful samples are often "biased;” that
is, the sample estimates of means and variances are systemati-
cally distorted from their population vaues. This means that the
averages of the esimates of means or variances from al samples
that could be collected do not equd ther population vaues. This
sysdematic distortion of estimates goplies to the samples as a
group rather than to any individud sample.

Mog data sets of suspended sediment concentration in small
mountain dreams  are not subject to time-series anayses because
of the sporadic nature of the process and acute difficulties o
measurement. This problem may be patialy solved by the recent
increase in the use of automatic pumping samplers that can be
operated at equa intervas of time or flow. An excessive amount
of data would be collected, however, if data ae taken during low



flows with a time-based sampling interval short enough for de-
soribing variation during high flows. Therefore, time series and-
yses of sediment data are likdy to be used only for specid
theoretical invegtigations, and independent samples used for ap-
plication-oriented  studies.

Traditionaly, suspended sediment data have been collected
opportunigticaly and treated as though they were independent
data. Conddering the large variation in such measurements and
that samples were infrequent, perhaps the dependence structure
of the sediment delivery process is not too criticd for crude es-
timates. However, more samples need to be collected during
high flows than is usudly done.

One drategy widdy used with independent data is stratifica-
tion. The population is partitioned into severd drata, esch of
which contains relaively homogeneous measurements of interest
as compared with the totd population. An efficient plan can then
be developed to digribute sampling effort where most needed
on the basis of sratum size and significance as well as variance.
Prior knowledge about the structure of a population is better used
in defining gdrata than in sdecting a purposeful sample.

MEASURING SUSPENDED
SEDIMENT

Suspended  sediment is commonly measured with devices
ranging from a vesd dunked in a dream to automatic pumping
samplers. Regardless of the device used, the size of each water
sample taken is extrendy smal. Condder teking one 500-ml
waer sample every hour from a stream flowing a 0.01 md/sec.
For a sampling frequency and water sample size that are high by
current standards, and for low discharge and suspended sediment
concentration, this water sample represents only about 0.0014
percent of the flow! Another way to look a this is that of the
71,429 samples of 500 ml, that could have been collected during
one hour's discharge, only one is sdected. In sample survey
work a | percent sample is considered smdl, but in this example
under favorable conditions, the sample is only about 1/700th of
that. For higher dischargeswhen suspended sediment concen
tration is higher and, therefore, more critical-or lower sampling
frequencies, the proportion sampled is even smaler.

A amal sample Sze is not necessarily inadequate; a small sam-
ple may be adequate if the variance of the process measured is
gnal. But sugpended sediment data sets from smal mountain
dreams tend to have large variances, a least when considered
across a wide range of flow conditions. It is this high variance,
which increases with increased discharge, that causes most data
collection problems.  Suspended sediment  concentration  data
from undisturbed watersheds in rain-dominated aress are char-
acterized by periods between storms when concentration is rd-
divey low and deady, interspersed with sorm periods that
produce wide fluctuations in discharge and concentration. In
snow-dominated regions, these fluctuations are not as greet, but

the relationship between levdl and varidion remains. Manage-
ment activities can make this pattern more pronounced.

As an ad in planning suspended sediment measurement pro-
grams, condder the process of sediment trangport and the as-
sodaed physical quantities. At a stream cross section, a flux of
both water and suspended sediment can be expressed as volume
or mass rates for any ingant in time. Water discharge is usudly
expressed as a volume rate and is represented as a time function
on a hydrograph. An andogous time function gives the mass rate
of sediment transport. The ratio of the suspended sediment mass
rate to the water volume rate for a specific time is the mean sus-
pended sediment concentration in the cross section. Three quan-
tities of interest change over time-water discharge, suspended
sediment  transport, and suspended sediment  concentration-
each with its own actua or conceptua graphicd representation.

For sediment dtudies, defining the suspended sediment trans-
port process would be sufficient, but this process cannot be meas-
ured directly. A second gpproach is to gpproximate the transport
process by multiplying water discharge and suspended sediment
concentration measured continuoudy. It is not posshle to mess
ure ingtantaneous mean cross sectiona suspended sediment  con-
centration, and is difficult and expensive to messure continuous
suspended sediment concentration a a point The usud com-
promise is to messure suspended sediment concentration pe-
riodicdly & a point or dong veticds in the cross section and
use those values to estimate the mean concentration in the section
as a whole.

In turbulent mountain streams, mixing can be fairly complete
so that suspended sediment concentration will be similar
throughout a cross section except near the bed. In dower streams,
however, the concentration a a given paint in a section may not
be the same as the concentration at another point or as the mean
concentration for the whole section. Channd morphology, ve-
locity gradients, and sediment Sze didtribution combine to pro-
duce this variation. Each point in the cross section is associated
with a time function, giving the concentration & that point which
may be smilar to but is not identicd with the one for the stream
as a whole. Each measurement, therefore, should either cover
the section adequately to dlow a good estimate of average con-
centretion, or should come from a point with a known relation-
ship to this average.

Also, cross sections at different locations on the same stream
cannot be expected to have the same concentration time series
even when close together. Downstream, more water and new
sediment sources, combined with changes in channe morphal-
ogy, can produce changes in patterns of sediment mobilization,
sugpenson, and  depostion.

These conceptud time function and associated graphica rep-
resentations are useful tools for focusing the hydrologist's atten-
tion on data collection problems and on the disparity between
what one intends to measure and what actudly is measured.

When collecting suspended sediment data, the use of different
sampling schemes or different measuring devices for the severd
conditions to be compared can hias measurements. By sampling
various flow classes a different relative frequencies before and
dter a logging operation, for example, a fase “difference” could
be introduced soldy or in part by the sampling system itsdlf. The



different and complex hydraulic properties of messuring devices
virtudly ensure that comparing them will be subject to inherent
differences and, therefore, will be suspect. Two primary ways
to overcome this problem are dther to use the same measuring
devices and techniques a dl dations, or to cdibrate to a standard.

Where to Measure

The question “where to measure” usudly has a smple answer
because mogt often a paticular activity dictates, in large degree,
where data must be collected. Occasiondly, however, the sus
pended sediment concentrations or loads of an entire area need
to be characterized, so the more complex question arises of what
watersheds to measure and where to measure them. The answer
depends largely on the information wanted and the particular Sit-
udtion being dudied. Often these kinds of invedtigations have
poorly defined gods, so generd prescriptions for sampling net-
works cannot be given. For such projects the hydrologist should
carefully consder how the data will be used, and what questions
they are intended to answer, and then get datistica help in de-
dgning an approprite sampling plan.

When a specific disturbance is being monitored, the question
of where to measure in the loca sense is more pertinent. Gen
erdly, measurements should be made downstream as close to
the disturbance as posshle The effect of a sediment-producing
condition is attenuated and its effect confounded with the effects
of dilution and other sediment sources farther downstream. If the
downstream effects of a disturbance are being studied, it is best
to measure a the Ste being affected.

Suspended sediment  concentration data are often collected
above and below a disturbance and the difference between sta
tions taken as a measure of change caused by the activity. This
can be a useful approach, but it is often done in a way that gives
equivocal results. It may be assumed that suspended sediment
concentration patterns a the two dations are identica, thet
“background” levels are uniform aong the stream, and that any
measured differences can be attributed to effects of the disturb-
ance This is not dways a vaid assumption, however, and should
be tested in dl cases by monitoring the two dations before the
activity is begun. Usudly, a regresson relaionship can be de-
veloped to estimate the “undisturbed conditions’ response at the
lower sation given a measurement at the upper station. This re-
lationship can be compared to actud levels measured at the lower
station after the management activity has occurred. If the back-
ground levels & both dations are shown to be the same, com-
parisons can be made directly.

Such comparisons of “before” and “after” require mom time
and effort—something not often available before logging or
some other change. The fact remains tha if the disturbance is
messured only after it occurred, any indicated differences be-
tween effects of the “trestment” and natural differences at the
two dations cannot be apportioned. The eactivity may have
caused the change, but there may have been a difference between
daions before trestment-which podttrestment data cannot in-
dicate. In some such cases, the best monitoring decison may be

to forego measuring because collecting data that can give no vaid
results is a waste of money and effort.

Where to locate measurement stations aso depends on the hy-
draulic conditions in dreams Often found in mountain Sreams
are pool/riffle sequences (Leopold and others 1964). These gen-
erdly stable features result from interactions between storage and
transport of coarse sediment, and hydraulic control from channd
bends, bedrock outcrops, and large organic debris. The condi-
tions that exig a different pogtions within a pool/riffle dement
can be expected to affect not only the suspended sediment con-
centration, but flow messurements as well.

Paired dations should be set up in the same rdative postion
within thelr respective poalftiflle elements. It is best to measure
just above the downstream end of a pool where the stream spills
over the crest into the riffle below. This crest acts as a control
section having reatively uniform sediment and flow profiles
thereby making it easier to collect accurate data. During high
flows, however, control may be affected by bank conditions and
channd morphology. Therefore severad  poolfriffle  dements
should be invedtigated to sdect one that will maintan control
through an adequate range in flow. In some streams, control can
be effected by geology or large organic debris. Bedrock cropping
out a the crest of mgor riffles or fals can provide excellent con-
trol in naturd channds. In some sSituations, well emplaced logs
gahilize channds and provide good locations to measure hoth
suspended  sediment  concentration and  discharge.

If suspended sediment concentration characterigtics vary up
and down stream according to postion within the pool/riffle se-
quence, care must be taken to occupy the exact same cross sc-
tion for dl messurements a a dtation. Smal changes in postion
of the intake of the measuring device—ether up and down
dream, or within a cross section-can adversely affect mess
urements. Reliable markers should be inddled & the dations so
that data will be collected a the same places each time to remove
this avoidable source of difference.

When to Measure

Once daions have been established, the data collection sys-
tem must be decided on. Questions about sampling protocol are
the mogt often asked and the mogt difficult to answer. A complete
answer depends on the purpose for which data are taken, the
andysis techniques to be used, and the characterigtics of the par-
ticlar set of data being collected. Short of defining the idedl
sampling system, severd generd principles can help the hy-
drologi improve daa collection. One generd principle involves
the relaionship between flow and suspended sediment concen
tration

Discharge and Suspended Sediment Concentration

In most streams suspended sediment concentration is strongly
correlated with discharge. Large river systems usudly contain
abundant channd materids available for movement, s the en-
ergy of water discharge is often a good predictor of concentra:
tion. Streams draning smdl mountain catichments, however,
often depend for their suspended load on episodic contributions



of fine materids from banks and upland aress. In these “event
response’ dreams (Yaksich and Verhoff 1983) suspended sed-
iment concentration  depends on supply as well as discharge, and
90 they tend to have poorer relationships between suspended sed-
iment  concentration and flow. Neverthdess, discharge remains
the best commonly measured correlate of concentration, and is
usful  as a guide to sampling.

The flow/suspended  sediment concentration relationship is
often exploited to edimate totd suspended sediment yield for a
period of record. Numerous discharge/concentration pairs am
measured across a range of flows to form a “rating curve’ that
is usudly a power function of the form:

C=a, A

in which C is suspended sediment concentration, Q is discharge
and a and b are parameters. This function can be used with the
dreamflow record or means of flow duration classes to estimate
the totd suspended sediment yield for a period.

One consequence of this relationship can be seen by sdlecting,
for a period of record, a “large” number of discharge classes
containing equa volumes of flow. The product of this volume
and the mean sediment concentrations estimated from the rating
curve using the midclass discharges edtimates the totd sediment
yidlded in eaxch class Because the water volume is congtant
aross classes, the sediment volume increases for higher flow
classes depending on the rating curve. When b > 1, which is the
usud gtudion, this increase can be quite dramatic. It is not un-
usud to find Stuations where more than one-hdf of the sediment
is carried by high flows that account for less than 15 percent of
the water volume and that occur, perhaps, 2 percent of the time.
Another factor characterizing suspended sediment concentration
data in the high flow classes is their increased variability. Both
of these factors indicate that most sampling should take place
during high discharge.

Perhaps the mogt common shortcoming of existing suspended
sediment data sets from small catchments, however, is the lack
of measurements taken during high flows. Large storms increase
the discomfort of teking measurements, make access difficult,
and produce hazards because of high discharge. Also, the timing
of high flows is often difficult to predict when people ae not a
the dation. Nonetheless, data collected during high flows are
esentid to the development of good sediment rating curves. Be
cae of the infrequency of high flows and difficult logistical
problems, it is dmost impossible to get adequate high flow meas-
urements from hand sampling aone.

The advent of automatic pumping samplers and thelr increas-
ing use encourage the hope that some problems of suspended
sediment concentration data collection & high flows may be over-
come. Unfortunately, pumping samplers have their own s&t of
problems, some of which will be discussed in a following sec-
tion. Sill these samples afford the opportunity to collect data
where little have been collected before, and to improve estimates
of totd sugpended sediment loads. This additiond information
can dso be expected to affect the design of sampling programs.

Sample Allocation

Daa collection efforts must be digtributed throughout flow
classes in such a way that classes with (g) a large volume of
sediment, and (b) high variance are mogt frequently sampled.
Sampling these classes is dmilar to the dlocation problem in
dratified random sampling with finite populations if the flow
classes are thought of as strata.

The basic (Neyman) dlocation formula (Cochran 1963) is

P; = Nigj

" @
ZNjGj
j=1

inwhich Pjis the proportion of the sample taken in the ith stratum,
Ni(Nj) is the size (that is, number of objects) and si(sj)isthe
standard deviation in stratum i(j)), and Kk is the number of drata

For each stratum the product of its size and its standard deviation

is formed the proportion of the sample to take in that class is
this product divided by the sum of the corresponding products
across dl drata

The Neyman dlocation was goplied to sampling large “event
response’ rivers where daily suspended sediment yields can be
characterized by a single sample (Yaksich and Verhoff 1983).
For their sampling, N is the number of days in the i flow dlass
For smal mountan catchments; however, varidion in suspended
sediment concentration is too large to use daily values and shorter
time periods are not practica without automatic sampler control
equipment. Another technique therefore must be used Because
the purpose is toestimate the quantity of suspended sediment in
each flow dass, it is masonable to use suspended sediment yidd
in classi as a measure of size in place of Nj. The analogy is not
drictly correct, but the approach will give a useful dlocation.

If pertinent suspended sediment concentration data are avail-
ale, sample estimates of s will dlow equation 2 to be used
directly. More often such vaues are not available. One surrogate
for the standard deviation is the range of values in a class-either
suspended sediment  concentration or discharge a flow class
boundaries (Murthy 1967). Flow and sediment volume curves,
however, often result from severd sediment rating curves de
veloped for different time periods or hydraulic conditions. There-
fore, there may be no unique suspended sediment concentration
associated with a flow volume class boundary. Because dis
charge is readily available, it can be used ingtead. Using the range
of discharge to edimate the standard deviation deemphasizes the
proportion of samples to be dlocated to the higher flow classes.

Suppose § is a measure (mass or percent) of the sediment in
dass i, and Rj is the range of discharge in the it dlass, the a-
location formula becomes  gpproximately:

P = SR (3)

S
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Figure 1-Percentage of suspended sediment and discharge volumes
occurring at greater than indicated streamflows, Caspar Creek, northern
California (Rice and others 1979).

Streamflow

Using equation 3 is il difficult because quantities, to be es-
timaed from the sample are required to edimate sample Size.
Prior data on the same or smilar streams may exist that can be
used to form a suspended sediment volume curve from which
edimates of the volume of suspended sediment coming from
each flow class can be obtained. It is sometimes necessary, how-
ever, to s&t up an arbitrary sampling plan for a year or s0 to get
preliminary information that can be used to modify the plan later.

The gpoplication of equation 3, can be illustrated by using data
collected from Caspar Cresk in northern Cdifornia (Rice and
others 1979) (fig. 1). The percent axis was patitioned into 20
classes each containing 5 percent of the flow volume. Discharge

rdes corresponding to class boundaries were then read from the
graph and percentages of sediment deliveredat flows greater than
these values were determined. (percentages or proportions of
sediment can be used in place of actud volumes or weights as
long as they are used consistently.) For this stream the dlocation
indicates that samples should. be heavily concentrated in the
higher flow classes, in fact, it shows that nearly three quarters
of the measurements should be taken in the highest flow class
done. This is not-surprising when it is conddered that more than
haf of the range of flows occurred here as well as 30 percent of

the sugpended sediment volume, so this class contained a large
portion of the suspended sediment as well as being highly var-

iable.

Each dass should be alocated a minimum of about five sam-
ples s0 that mean discharge for the class and its variance can be
edimated. For example, if 100 samples are to be collected, most
classesin table 1 are too small. By experimenting with the num
ber of discharge classes and thelr boundaries an dlocation can
be produced that has at least five samples in each dass. To ac-
complish this dlocation, the two highest flow classes were |eft
intact and the next two, the following threg, and the last 13
classes were grouped to form a five-class dlocation (table 2).
With 100 samples under this dlocation, Sx would go into each
of the two lowest flow classes.

A minimum number of samples inthe low flow classes was
obtained & the expense of samples previoudy dlocated to the
high flow classes. This is because the ranges and sediment con-
tributions of the composite classes increase, making the denom-
inator of equation 3 larger. A practicd compromise must be

Table 1--Data and calculations to establish suspended sediment sample allocation using data from

Caspar Creek (Rice and others 1979)

Water Sediment
volume volume ]
yidded at Flows at yidded at sediment
greater than class greater than R; volume
indicated boundaries indicated Flow rangeg indass P,
flows (pct) mé/s flows (pct) 9 (pct) RS (pct)
0 8.5 0
5 4.1 30 4.4 30 132.0 73
10 2.7 55 1.4 25 35.0 20
15 21 64 0.6 9 3.6 2
20 17 72 0.4 8 3.2 2
25 1.4 79 0.3 7 2.1 1
30 1.1 84 0.3 5 15 1
35 0.9 87 0.2 3 0.6
40 0.7 91 0.2 4 08
45 0.6 93.. 0.1 2 0.2:
50 04 - 95 0.2 2 0.4
55 0.3 96 0.1 1 0.1
60 02" 97 0.1 1 0.1 .
65 0.2 a7 <0.1 0.1 1
70 0.1 98 <0.1 0.1 4
75 0.1 98 <0.1 <0.1
80 <0:1 99 <0.1 <01
. 85 <0.1 =100 <0.1 <0.1
90 <0.1 =100 <0.1 = .<0.1
95 <0.1 =111.1] <0.1 <011 .
100 0.0 100 <0.1 <0.1—-
L 2RS =1798
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Table 2-Calculations for five. class suspended sediment sample reallocation formed by grouping

classes in table 1

Water Sediment
voume volume S
yielded at Flows at yielded at Sediment
greater than dass greater than Ri volume
indicated boundaies indicated Flow range |in class Pi
flows (pct) (Q5<) flows (pct) (m3/s) (pet) RS |(pct)
0 85 0
5 41 30 4.4 30 1320 63
10 27 55 14 5 350 17
20 17 2 10 17 17.0 8
35 0.9 87 0.8 15 120 6
100 0.0 100 0.9 13 120 6
SRS = 2080

gruck between having many classes to reduce the overdl vai-
anceand having fewer classes so that each class will contain a
least @ minimum number of samples. For most suspended sed
iment sampling programs five or six drata should be adequate.

The primary benefit of usng equation 3 is to emphasize the
nead to collect suspended sediment concentration data at higher
flows and to estimate approximate proportions of sampling effort
to expend & different flows This technique should be kept in
perspective and not used davishly. Scenarios based on synthe-
Szed flow and sediment volume curves can be developed that
bracket a particular st of fiedd conditions. Applying the equation
to thee scenarios can help develop reasondble sampling pro-
grams that should serve to emphasize the need to sample more
heavily in the higher flow classes then is typicdly done.

Several factors are not addressed by equation 3. One of these
is the totd sample sze. Formulas to edtimate totd sample size
in dratified random sampling are avalable (Cochran 1963), but
either cogt information or specification of the variance of the totd
sugpended sediment volume are required, in addition to variance
and gze edimates in al drata This complex of assumptions
drains credibility in gpplying the totd sample size formulas to
this gtuation. In any event, sample sze usudly depends on con-
draints on time, funds and personnd.

Equation 3 does not indicate when to take the prescribed num-
ber of samples in each class. For the mean and variance edti-
mating formulas to be drictly correct, the data in each class
should be randomly sdlected. As a practicd matter, however,
such sdection is seddom possble, and requires automatic sam-
pling control equipment that is not generdly avalable. As an
accommodation until such- control techniques are accessible,
samples should be distributed more or less evenly throughout the
time period in each class rather than being clustered during a few
intensve episodes. This requirement is particularly important for
high flows that should be sampled more frequently, but that occur
infrequently.

Sampling a regular intervads in high flow classss may help
reduce the effect of dependence as long as the sampling interval
is not too amall. It is in these classes where automatic eouipment
ismogt  useful because the logidtics of measuring high flows by
hand in most dtudies of smal mountain sreams is virtudly in-

surmountable. Some provision is required for sampling less fre-
quently during lower flows to avoid collecting excessve data
where they are not needed. Making the automatic sampling in-
terval dependent on Sage is one solution to this problem (Hicks
and Bright 1981). Collecting samples & equd intervals of water
discharge (or estimated sediment discharge) ensures that data will
be better distributed throughout flow classes, but is more difficult
to accomplish.

Sources of Variation

Suspended sediment concentration values vary because of sev-
erd factors. Some of these are @ least patialy predictable, but
others are not. The unpredictable factors are collectivdly caled
random varigions and these are large in most suspended sed-
iment sampling programs. The effects of random variation on
the estimates of means and variances are usudly reduced by col-
lecing. a larger sample. This is one factor tha should increase
dlocation of sampling effort to high variance Strata

Patidly predictable factors are sometimes ignored and remain
to add to the random errors, but they can be used to partition a
data set into subsets, each of which represents the process under
particular conditions. For example, separate rating curves can be
developed for risng and fdling flows. This approach is based
on recognition that risng and falling flows of the same magnitude
often show quite different suspended sediment concentration
(Waling 1977). Plotting suspended sediment concentration/dis-
charge pans for a storm period often shows a classicd “hyster-
ess’ effect in which the trace advances dong one path, but
returns to prestorm conditions along another (Gregory and Wall-
ing 1973). This condition implies a fundamentd if temporary
change in the deterministic component of the rating curve.

Rating curves dso undergo long-term changes. A commonly
observed change over a season is that suspended sediment con-
centration & a given stage will usudly be higher early in the
runoff season than later on (Gregory and Walling 1973). Also,
mgor events can permanently change the response of concen-
tretion a a given daion. The hydrologist will have to decide for
eech  Studionhow to partition a data set to best represent the
paticular conditions but must keep in mind that an improvement



in sengitivity will be a the expense of greater andyticd and sam-
pling efforts

The previous discussion tecitly assumed that suspended sed-
iment concentration data collected in the usud way are inde-
pendent rather than time series data, which is actudly the case.
If the measured vaues are not too close together in time, their
dependence may not severdly distort the edtimates. It will even
tudly be practicdly feasible to measure concentration a regular
intervals of flow, to measure concentration continuoudly, or to
employ techniques to obtain independent samples from time se-
ties processes. Until then the best dtrategy is to digtribute the data
collected within each flow class as evenly as possible.

Another point concerning time of measurement refers to the
“above and below” monitoring Stuation introduced earlier. In
addition to ensuring that the dtations are located a similar points
in their respective pool/riffle sequences, and that the Sations are
cdibrated before disturbance, accounting for the problem of va-
idion over time is needed. Why suspended sediment concentra
tion varies quickly over time in small streams is not well
understood. Assigning a cause for a particular spike in concen-
tration is often difficult.

The intent to equalize measurement conditions suggedts thet
both dations should be messured Smultaneoudy. An objection
could be made that whatever sediment is measured a the upper
sation would take time to arrive a the lower dtation requiring a
lag time between dations proportiond to average velocity. Bas:
ing sampling a the lower dation on the time it takes a water
mass to travel from the upper station, however, raises practicd
and theoreticd problems. Velocity and, therefore, lag time, var-
ies with discharge and them is no Smple way to measure average
velocity between dations to decide when to operate the lower
sampler. Because both sediment and water can be added and
sediment can be removed from the flow in a reach, it is not even
clear what is meant by measuring the same water mass a the
two gtations. It is probably best to cdibrate by meesuring a both
dations smultaneoudy or a a condtant time difference—to alow
the data collector to travel from the upper to the lower station—
and relying on enough measurements throughout each flow class
to give vdid compaisons By maching measurements in this
way, the variance is reduced and more senstive comparisons can
be made with fewer observations.

A find agpect concerns how long monitoring should be carried
out both before and after a trestment. This depends on severd
factors, chief among which are the purposes of the study, the
characteristic changes in the suspended sediment regime pro-
duced by a treatment, and the pattern of storm impacts. Each
goplication presents unique problems o it is difficult to gener-
dize, but severd important conditions can be mentioned.

Perhaps the most stringent requirement is that the pretrestment
and podtreatment monitoring includea wide and smilar range
of flow conditions. Otherwise only pat of the suspended sedi-
ment concentration/discharge relationship will be measured for
prediction or comparison. This means that these periods need to
be long enough to dlow a reasonable chance that the vagaries
of climatic variaion will produce storms of the required size.
This will vary by locdity and should be estimated for each in-
dividua ca=e.

Also, the characterigtics of a particular land treatment applied
a a paticular site can affect the posttrestment monitoring pro
gram. The sources of suspended sediment production may de-
velop immediatdly and hed over time such as loose sediment
beng directly pushed into the channd sysem by roadbuilding.
Or, the sources may be delayed as would bethe case where debris
is produced from logging-caused landdides which occur only
diter decay of the root matrix. Even if these changes are antic-
ipated there is no assurance  that storm inputs of sufficient range
in megnitude will occur during the period of wvulnrerability or
measurement.

All of these factors make the outlook for planning  a successful
uspended  sediment measurement  program - problematical.  The
primary lessons are that the establishment of such a program is
not a ample undertaking. If conditions and available monitoring
time are such as to preclude a reasonable chance for collecting
alequate data, the measurements would best not be made.

Measuring at a Cross Section

Data Collection

To etimate totd suspended load from occasiond messure-
ments of sugpended sediment concentration, water discharge in-
formation is necessary. Discharge must be known when
suspended sediment concentration is measured to develop sus-
pended sediment rating curves, and continuous discharge is re
quired when suspended sediment yield is edtimated.

A related varidle sometimes measured is turbidity. In some
Stuations it is recorded for its own sske; usudly because stan-
dards restrict increases in turbidity. Another use for turbidity data
is to edimate suspended sediment concentration by relaing the
two quantities and using the more essily measured turbicity to
edimate sugpended sediment concentration a times when it has
not been measured directly (Beschta 1980, Walling 1977). The
relaionship between thee two quantities is not perfect, nor
should turbidimeters be cdibrated in units of suspended sediment
concentration. For many streams and for a wide range of particle
Szes, however, a close ddidica relationship can be developed,
often one that is far better than the relationship between sus-
pended sediment concentration and discharge. The relationship
tends to be poorer for large particle sizes. The suspended sedi-
ment concentration/turbidity relationship must be developed sep-
aately for each measurement station by collecting a set of pairs
of measurements of both quantities over a wide range of flows.
It should dso be checked periodicdly to detect changes in the
relationship over time. The suspended sediment concentration
vaues can then be regressed on the turbidity data to obtain a
prediction equation. Even though this technique has problems,
the opportunity for improving estimates of suspended sediment
totds and for befter defining suspended sediment concentration
variation (epecidly with the use of continuoudy  recordingtur-
hidimeters) judifies more frequent fidld application.

The great difference in sugpended sediment concentration thet
can exig a different points throughout the cross section should
dso be conddered. To collect a sample that has concentration
smilar to that exiging throughout the dream cross section, a



sampler is needed tha integrates patid samples from many
points in the section; that is, adequate areal coverage of the cross
section is needed to ensure that a-sample with concentration and
paticle sSze properties Smilar to those in the stream is collected.

A st of standard suspended sediment measuring devices has
been developed by the Federd Inter-Agency Sedimentation Proj-
ect (FIASP 1963) dong with procedures for their correct use
(Guy and Norman 1970). Among these devices, the DH-48
depth-integmting sampler is probably the most widdy used by
forest hydrologists for sampling smal streams. It can be used
from a low bridge or when wading. With its nozzle pointing
upstream, the sampler is lowered a a uniform rate into the flow
from the surface to near the bottom and returned to the surface
for each of a st of verticals across the width of a stream. Air is
exhausted from the sample collection bottle to admit the water/
sediment mixture a Sream velocity. This condition of identica
dream and nozzle velocities—isokinesis—ensures that the sam-
ple is the same concentration as thet in the stream near the nozzle
and that &l conditions are proportiondly represented. Careful use
of the DH-48 sampler with enough verticals will ensure a sample
with a concentration approximating that in the Stream cross sec-
tion. The DH-48 (or Smilar device designed by FIASP) will be
considered in this report as the standard instrument with which
to compare other suspended sediment concentration measuring
&vices.

Used properly, the DH-48 sampler provides a satisfactory
measure of the suspended sediment concentration in a cross sec-
tion, but wide flow coverage is difficult because people must be
present to make measurements. Conversdy, automatic pumping
samplers, which are becoming increasingly available, can be op-
erated in ether a time- or flow-dependent mode, thereby giving
reasonable coverage of flow leves, but they sample only one
point in a stream cross section. Although automatic samplers of-
fer the prospect of more timely data, problems are associated
with ther use.

Pumping Samplers

A mgor problem with the pumping sampler concerns intakes:
their type, orientation, and placement within a cross section.
Some samplers have cylindricad  intakeswith a series of holes
aound their periphery and internal weights to help hold them in
place on the streambed. These intakes are designed for waste-
water sampling and are not well suited for suspended sediment
messurement. Because sediment suspension depends heavily on
velocity and because the hydraulics of a sediment suspension
moving through one of these intakes is complex, it is difficult to
quantify thelr effect on the sample. A better device is a nozzle
similar to that on the DH-48. A nozzle can be made from a piece
of thinwaled noncorrosve tubing with an indde diameter equa
to tha in the sampling hose, having an orifice beveled on the
outside.

Hand samplers are oriented with their nozzles pointing directly
into the flow so that the pressure of the incoming water will pro
duce isokinetic sampling. Because pumping sampler nozzles re
main in place for long periods of time between samples, pointing
the nozzles upstream incresses the chances of clogging. For ac-
curate measurement of ambient suspended sediment concentra

tion the nozzle should be pointed away from the flow rather than
a any other angle except directly facing it (Wintersein and Ste-
fan 1983). This direction gives about 90 percent or more of the
“trug’ concentration across severa particle szes while greatly
reducing the opportunities for cogging.

Placement of the pumping sampler nozzle in the stream cross
section is dso important because concentration gradients occur
across and especidly up and down the section. The ided pot to
locate the intake nozzle depends on dage, concentration, particle
§ze didribution, and cross sectiond configuration. The nozzle
usudly cannot be postioned in one place so that it will sample

caredly for al conditions. The intake should be near the center
of the stream, perhaps above the thalweg, and at least 10 cm or
50 above the bed to avoid sampling the sdtating portion of the
bed load. If the nozzle is a fixed distance above the bed, it will
sample a different reldive posdtion in the verticd concentration
gradient for different <ages, thus changing the relaionship be-
tween the sampled and actual concentration under varying con-
ditions. A better gpproach is a device to sample & the same
proportion of depth regardless of stage (Eads and Thomas 1983).

Each automatic sampler should be cdlibrated aganst mees
urements made with a DH-48. This requires visting the inda-
lationover a wide range of discharge conditions to collect
dmultaneous measurements with a DH-48 and the automatic
sampler. These pairs ‘of values can be plotted to indicate how
well the pumping sampler measures what a hand sampler would
have meesured. For a given inddlation, the DH-48 vaues can
be regressed on those for the pumping sampler. The resultant
equation, if it gives a satisfactory prediction, can be used to es
timate suspended sediment concentration in the cross section
from the automatic sampler data. Each automatic sampler in-
dalation measures something different--from other ingtallations
and from measurements made with depth integrated samplers.
For correct comparisons of mean suspended sediment concen-
tration between Stations or for estimates of totdl suspended sed-
iment transported through a cross section, pumping sampler
vaues should be related to a standard.

Choosing and setting pumping sampler hose velocities are dso
problems. Some machines have no smple means for adjusting
hose velocity. Even when the veocity can be regulated, stream
velocities are condtantly changing and no mechanism exists to
dter the sampler accordingly. This means that if a pumping sam-
pler nozzle is pointed updream, isokinesss posble only for
the one presst velocity. For other nozzle orientations isokinesis
is not possble so pumping velocities will have to he selected
empiricaly and estimates based on cdibration. The need to sam-
ple a high flows suggests seiting hose v&cities to sample cor-
rectly at stream velocities occurring a the intake during these
flows. Although this practice will starve samples taken a lower
velocities (Federd Inter-Agency Sedimentation Project 1941)
they ae not as criticd and cdibration will help improve these
edimates. Also, from the standpoint of preventing sediment ac-
cumulation in the internad plumbing of the automatic samplers,
it is better to err on the side of higher velocities.

Automatic samplers themsdlves cause problems that affect the
data being collected. One such problem is cross-contamination;
for example, a sample bottle may receive some of the sediment
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that belongs to the previous sample and not get dl of the sediment
properly belonging to it. For a series of observaions when oo
centrations are not changing rapidly, compensation occurs re-
ducing the effect of cross-contamination. With wide swings in
concentration, however, the true change can be grealy deem
phasized and sample variances fasdy reduced. This problem re-
aults primaily from the design of the particular sampler and is
not directly under the hydrologis’s control, except when a sam-
pler is purchased (Thomas and Eads 1983).

fore, to document the sudy planning so that it can be reviewed
periodicaly by those who set up the study and by those who may
follow. The plan should be a working document wherein dl of
the history, reasons, and objectives for undertaking the study can
be st down, the sampling plan described, and indructions given
on messurement procedures, dtation location, and anayses to be
performed. The hydrologis who prepares a complete and well
thought out plan a the start of a program to measure suspended
sediment goes a long way towards ensuring its Success.

PLANNING STUDIES OF
SUSPENDED SEDIMENT

Pamning is the key to successfully studying any natura phe-
nomenon. Objectives must be s, intended andyses identified,
and sampling schemes established and balanced againg available
resources. The data are then collected and andyzed, and inte-
pretations made.

Studies of suspended sediment should dso be subject to these
same procedures, but they often are not. This is perhaps the most
common mason why such dudies fail. The long-term nature of
many suspended sediment measurement programs, a generd
feding that “monitoring” is not a forma sudy, and the lack of
widdly accepted andyss procedures may al contribute to the
gtuation.

There are severd characterigtics of suspended sediment stud-
ies tha should be particularly emphesized. Setting generd and
then more specific objectives is absolutely essentia. There is no
other way to sdlect the analyses required and the consequent sam-
pling program needed to collect adequate information This must
be done, in effect, when datisticd andyses are performed (and-
yses answer only specific questions) and it is much better to de-
dde before the data are collected when sampling procedures can
be influenced. If definite goas are not clear a the outset, it may
be because the study will not provide ussful information. Sus
pended sediment “monitoring” should only be done when there
are clear reasons for doing it.

Obtaining timedy measurements of high qudity represents a
mgor portion of the effort going into a suspended sediment mess:
urementprogram. The procedures and reguirements must be de-
fined in detail so that persons not present a the outset of a study
will be able to collect comparable data later on. The planning
should identify required indrumentation, techniques of use, and
sampling  protocal.

Many suspended sediment Sudies extend over long time pe-
riods. This fact increases the opportunity for personnd changes
and for losng the intent of the experiment. It is essentid, there-
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