SYSTEMATI C SAMPLI NG FOR SUSPENDED SEDI MENT

By Robert B. Thomas, Mathenatical Statistician
USDA Forest Service, Arcata, California

ABSTRACT

Because of high costs or conplex logistics, scientific popul ations cannot be
nmeasured entirely and nust be sanpled. Accepted scientific practice holds

that sanple sel ection be based on statistical principles to assure objectivity
when estimating totals and variances. Probability sanpling--obtaining sanples
wi th known probabilities--is the only method that assures these results.
However, probability sanpling is sel dom conbined with appropriate estimators
to determ ne suspended sedi nent | oads. Many current |oad-estinmating methods,

t herefore, have unknown bias and variation naking the estimtes questionable

Suspended sedi nent | oads are often estimated by sanpling concentration at
fixed intervals. This type of sanpling is-pronpted by the w despread use of
punpi ng sanpl ers which can be set to sanple at regular intervals. Sanpling
intensity is sometinmes increased during periods of high water discharge

Randomy started systematic sanples are probability sanples, and estimates of
totals fromsuch sanpl es are unbi ased. These estinmates tend to have | ow

vari ance, but the variance cannot be estimated, and is not always reduced by
i ncreasi ng sanple size. Systematic sanpling of concentration distributes data
evenly over tinme, so that nbst neasurenents are collected during | ow fl ows,
and few during the brief high-flow periods when nost sedinent is transported

Systematic sanpling for estimating suspended sedi ment | oads is investigated
for a "conplete" sediment record fromthe Mad River in northern California.
The "true" total for the 31-day period is conpared to expected estimates from
systemati c sanples wi thout random starts. Systematic sanple variance is
conpared to three other finite sanmpling schenes and to estinmates using the
simpl e random sanpling variance formula. The effects of changing systenatic
sampl e size are al so studied

If systematic sanmpling is used to estimate suspended sedi nent | oads, the
limtations of the nmethod should be realized and correct estinmating fornmulas
used. The best use for systematic "sanpling” is to define the sanpled

popul ation for further sanpling by nore efficient finite sanpling schenes.

| NTRODUCTI ON
Fi xed- I nterval Sanpling

W despread use of punping sanplers pronotes coll ection of suspended sedi nent
data at regular tinme intervals. Al though ease of data collection nust be

consi dered, the dictation of sanpling nethod by technol ogy (or |ogistica
convenience) may result in distorted and ni sl eading esti mates and conpari sons.

Sanpl i ng Suspended Sedi nent Data

Two factors should guide sanpling of suspended sedi ment popul ations. One is
the difficulty and cost of collecting and processing speci nens, which dictates
that sanples be small. ("Specinmen" refers to a bottle of water/sedi nent, and
"sanpl e" indicates a collection of specinens.) A second factor is that npst
sedi nent flux occurs during rare and brief periods of high flow Such
"sporadi c" popul ati ons of suspended sedi nment are best sanpled by enphasi zi ng
peri ods of high sedinent flux. Fixed-interval sanples do the opposite by
spreadi ng speci nens evenly over the entire popul ation
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Figure 1- Sedigraph of a 31-day period from water year 1983 at the North Fork of the
Mad River near Korbel, California. Suspended sediment yields were
calculated for 10-minute periods.

Study Data

Data used in this study were taken fromthe North Fork of the Mad River near
Korbel in northern California (Figure 1). Turbidity was continuously

nonitored for a 31-day period in 1983, and a good relationship found between
turbidity and suspended sedi nent concentration. This relationship was used to
predi ct the suspended sedinent |oads for 4450 10-minute intervals. This large
finite data set is assunmed to be the "true" popul ation for sanpling purposes;
it was used for conputing totals and variances for several sanpling schenes
and cal cul ating the "true" suspended sedi nent |oad for the period.

ESTI MATI NG LOADS W TH FI XED- | NTERVAL DATA

Sedi ment rating curves are conmonly used to estimate suspended sedi nent | oads,
regardl ess of the nethod of data collection. Rating curves nodel the

| ogarithm of sediment response as a linear function of the |ogarithmof the

si mul t aneous wat er di scharge. This nodel can give highly biased estinates,
especially for small streans (Walling, 1977a; 1977b; Walling and Webb, 1981).
Ferguson (1986, 1987) suggested applying a correction for bias caused by the
logarithmic transformation, but this nethod is not always satisfactory
(Thomas, 1985; Walling and Webb, 1988). Thomas (1988) found that uncorrected
and corrected rating-curve estimtes using fixed-interval sanples of 50 units
fromthe Mad River data were biased. Also, a rating curve of the entire

popul ati on gave an estimate of popul ation total which was biased about the
same as that for the sanples. Therefore, rating curves are problematic, and
shoul d only be used where the hydrol ogist is certain that the nodel fits well.
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Time series analysis requires fixed interval data to estimate total suspended
| oad. Transfer function nodels have been used with fixed-interval data with
good success (Gurnell and Fenn, 1984). Tine series analysis accounts for the
serial correlation usually present in closely spaced sequential data. Aside
Fromthe conplexity of time series anal yses, the generally sporadic nature of
sedinment flux makes it difficult to collect adequate information w thout
frequent sanples and consequent high cost. Wen such expenditures are
justified, tinme series anal yses provide information on patterns of sedi nent
flux above that required for estimating suspended sedi ment | oads.

O her techniques for estimating totals of finite popul ati ons are based on
survey sanpling theory. These nethods are appropriate when the population is
finite or when a reasonable finite sampling population (the popul ation
actual ly sanpl ed) can be forned fromthe target population (the popul ation of
interest). Afinite sanpling population can be forned froma period of

conti nuous sedi nent discharge by dividing the period into short equal -1 ength
time intervals. The interval length is chosen so that water discharge and
sedi nent concentration nmeasurenents nmade at the midpoint reasonably represent
the continuous sediment flux for each interval. This nethod uses fixed-
interval "sanpling" to forma finite sanpled population froma conti nuous one

Sanpl e inferences apply to sanpled and not target popul ations. Therefore,

t hese popul ati ons nmust be sinmilar in essential details, a condition usually
based on judgenent. The sanpled and target popul ations of sedinment flux are
logically simlar if the sample intervals are "short."

Survey sanpling nmethods can often take advantage of any know edge of the
popul ation to reduce sanple size or variance. The fact that npst sedi nent
flux is delivered during periods of high water discharge can be used in
several ways to obtain higher quality estinmates with greater sanpling

ef ficiency.

SYSTEMATI C SAMPLI NG

In survey sanpling theory, fixed-interval sanples are called systematic
sanpl es. Consider a sequential population with kn+tc (0O<c<k) units. A
systematic sanple includes one of the first k units chosen at random and
every unit at intervals of k after the first. Each of the k possible samples
is, ineffect, a cluster of n or n+l units that covers the population in a
regul ar way. Systematic sanpling is often used because it is easy to apply.

Clearly, conposition of a systematic sanpl e depends on which of the first k

popul ation units is selected at random and on popul ation order. |If the

popul ation is randomy ordered, each sample will be random Such data can be
treated as independent sanples for estimation purposes. Suspended sedi nent

di scharges tend not to be random however, at |east when neasured intervals

are short enough to adequately define the process. Therefore, sinple random
sanpling estimtors should not be used with systematic sanples of suspended

sedi nent data unless serial correlation is negligible.

Randomy started systematic sanples are probability sanples (regardl ess of
popul ation order) and the estinmates of totals are unbiased. If the ith

suspended sedinent |oad for the jth interval is given by Yij, an unbiased
estimator for total load during the sanpled period is

?ZKEZWJ (1)
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(Raj, 1968). Since each cluster covers the popul ation evenly, these estimates
tend to have | ow variance, but the variance cannot be estinmated for the usual
single-cluster systematic sanple. Also, controlling the variance by changing
sanmpl e size is dependent on the order of units in the population. In some
cases increasing n actually increases the variance. Popul ati on order does not
affect properties of the estimators for other forms of probability sampling in
whi ch | arger sanple sizes produce reduced vari ance.

SYSTEMATI C SAMPLES W TH AND W THOUT RANDOM STARTS

Starting tinmes for punping sanpler collection of concentration data usually
depend on administrative and weather-related factors. In non-storm periods
data collection intervals are long and starting tines based on adninistrative
conveni ence. Such data sets may be best fromone statistical standpoint: |ong
intervals can result in independence anpbng the neasurenments so they can
reasonably be treated as sinple random sanples for estimating totals and

vari ances. However, during |ow flows, suspended sedi nent discharge is also
low, and the contribution to the overall total and variance is small

Sanpling intervals can be shortened for higher flow periods, generally in
response to existing or expected weather or streamconditions. It is
reasonable to assume that storms fromlarge frontal disturbances arrive at
random times, but the interaction of work schedul es and the | ogistics of
getting to stations to start or change sanmpling prograns may still produce
nonrandom starts. Logistical and adm nistrative restrictions are real, but
they can be surnounted to ensure random starts for systematic sanples.
Punpi ng sanplers not only have clocks to sanple at preset intervals, but they
al so have tinme delays that can be used to initiate sanpling at randomti nes.

The sanpl ed popul ation is first specified by defining its units. Units are
short time-intervals in the nonitored period that can be characterized by one
wat er di scharge and suspended sedi ment neasurenment at mid-interval. Interva

| ength depends on response tine of the river; large rivers that react slowy
to storminputs mght have units of several hours, while snmall flashy streans
may have units of five to ten minutes. A criterion for suitable interva
lengths is confidence that if all intervals could be neasured, the resulting
total would be the sanme as that for the continuous target population. It is
best to err by selecting the intervals too short, especially since that does
not greatly increase the sanple size required

In "ideal" systematic sanpling the sanpl ed popul ation size, N, is determ ned
by dividing the nonitoring tinme by the sanpling-unit duration. The sanple
size, n, is then chosen and k found by dividing N by n. If N is not an exact
multiple of n, sone sanples are of size n and others are of size n+l. For
sanpl i ng suspended sedi nent, however, n is usually set by the nunber of
bottles in a punping sanpler and N by sonme vague linit inposed by costs of

| aboratory processing. Usually, no provision is nmade for sanples of different
size, so, inplicitly, kn equals N exactly (i.e., c=0).

If an 18-hour period with 10-mnute sanpling units is to be sanpled with a 24-
bottl e punping sanpler, there are 108 sanpling units which cannot be divided
evenly by 24. The sampling interval, k, can be chosen as 4 or 5 inplying that
N is 16 or 20 hours instead of the nom nal 18. In either case, a value froml
to k is chosen at random and the first punped sanple taken at that tine.

The effects of not random zing over all possible starting tinmes are shown for
sanpl es of size 62 (an average of 2 per day) for the Mad R ver data. Consider
restricting starting tines to any four-hour period in the k=71 (4450=71*62+48)
starting times. There are 48 such four-hour periods fromthe beginning to
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ei ght hours into the record. Random sanples in the four-hour periods give
expected totals which are plotted against the first interval nunbers of the
periods (Figure 2). The expected values are generally biased, ranging from
about 6750 to over 10,500 tonnes conpared to the "true" |oad of 8307 tonnes.

In this case, if the sanples were random zed within the four-hour period

begi nning at the 20th interval into the record, the expected total would be
nearly unbi ased. However, the shape of this curve and the point of crossing
the true total are dependent on the ordering of units in the popul ati on, which
is not known, even after the sanple is collected. CGenerally, not enough is
known about specific populations to ensure unbiased estimtes of total |oads
using systematic sanpling unless starting tines are randonly sel ected over al
possi bl e sanpl es.

VARI ANCES FOR SEVERAL FI NI TE SAMPLI NG PLANS

Sanpl i ng pl ans shoul d be chosen for performance characteristics as well as for
ease of application. The performance of finite sampling schenmes is nmeasured
primarily by bias and variance.
Unbi ased estimators produce
di stributions of estimates
110060 = havi ng expected val ues equal to
t he paraneters being estinated.
Most finite sanpling schenes
have little or no bias, so the
main interest is in nethods with
2000 - m ni mum vari ance. Lower
TRUE LOWD vari ance gives paraneter
BOGD - estimates with snaller errors,
better sensitivity for detecting
di fferences, or reduced sanple
Tana - size. W now conpare the
vari ance of systematic sanpling
gopa T | | to several other finite sanpling
@ 18 26 a0 40 50 schemes suitable for measuring

FIRST ELEMENT T 4-HOLUR MEAR suspended sedi ment | oads.

10000

{ornes

EXPECTED SLSFENDED SEMNMENT
L3AD

Figure 2 - Expected suspended sediment loads for systematic There are formul as to cal cul ate
samples of size 62 from the Mad River data. Values were " " . Lo
computed by restricting random starts to 4-hour periods t rue_ variances for all finite
startina from the beainnina to 8 hours into the record. sanpling plans, but they depend

on know ng the conplete

popul ation. Since the entire
Mad Ri ver sanple population is known for the 31-day record, the "true"
variance of systematic sanpling can be cal cul ated even t hough the variance
cannot be estimated from a sanpl e.

Systematic sanpling was conpared to sinple random sanpling (SRS), stratified
random sanpling (STRS), and selection at list tinme sanpling (SALT), each
sanpl e having 62 observations (Figure 3). SRS was used as a benchmark nethod
because it is the nbst fundanmental finite sanpling plan. SRS is not
recommended for suspended sedi nent popul ati ons because, |ike systematic
sanpling, it does not enphasize periods that produce nost sedinent flux. Even
t hough SRS estinmates of the total and its variance are unbiased, its precision
is inferior to that for systematic sanpling for the Mad Ri ver popul ation as
neasured by the standard error of the total. This result is expected since
systemati c sanpl es al ways have at | east some neasurenents during high-flow
peri ods, while SRS neasurenents during those periods are due to chance.
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Cal cul ating "variance" from systematic samples using the SRS variance formula
illustrates the effects of not using the correct estimators for given sanpling
schenes. The estimated standard error of systematic sanples using SRS
formul as averages about 3 tinmes the true standard error, and is nearly equa

to that for real SRS sanples. Even though systematic sanpling in this case is
far superior to SRS, its variance is greatly overestimted by the SRS vari ance
formula. This enphasizes the need to match sanpling plans and estinmators.

STRS is widely used to reduce
5000 vari ance. |f popul ati ons can be
di vi ded i nto honpgeneous strata
and separate SRS sanples are taken
in each stratum unbi ased
estimates having | ower variance
are usual ly obtai ned. The Mad
Ri ver record was divided into 11
strata based on 3 stage cl asses
separated at 1.2 and 1.8 neters.
The 62 observations were optimally
allocated to the strata by
Neyman's net hod (Cochran, 1963).
The results reduce the standard
error of the total to 41% of that

R
000

2000

TOTALS [wonnies)

1000

STANDARD ERAORS OF ESTIMATED

EIMPLE TALE SRMPLE  STRATIFED  SALT
(AN DO

FLANDR for systematic sanpling.
EETIMATIOA
RTEMITE The SALT sanpling schene al so uses

know edge of popul ation structure

Figure 3 - Comparison of sampling standard errors for five to reduce variance ( ThOﬂ‘B.S, 1985) '

estimators of suspended sediment load for the Mad It is a variable probability

River data. All values are "true" standard errors schene relying on a function of
calculated from the population for samples of size 62. . P

The dark bar shows the mean standard error stage to make re.al -time de.CI .SI pns
obtained from using the simple random sampling to enhance sanpl I ng pr obabilities

estimator with systematic samples.

during periods of high discharge.
SALT sanpl es of 62 speci mens using
a sediment rating curve of 100 water discharge/concentration pairs collected
before the 31-day period give a standard error of estinmate of about 845
tonnes. Again, this is an inprovenment over systematic sanpling and is
superior to SRS

These conparisons are illustrative; the nmagnitudes, both relative and

absol ute, may not be uniformfor all situations. This is especially true for
the STRS and SALT schenes. The perfornmance of those nethods is heavily
dependent on how the population is partitioned and how wel | sedi nment
concentration can be predicted by stage. There are other ways to optinize
both the STRS and SALT schenmes, however, so these nethods are likely to have
| ower variances than either systematic or SRS methods for nobst situations.

THE EFFECTS OF SAMPLE SI ZE ON SYSTEMATI C SAMPLI NG VARI ANCE

We now focus on the effects of changing sanple size on the variance of
systematic sanples. As noted, the true variance of systematic sanpling does
not al ways respond as expected to changes in sanple size. To see this for the
Mad R ver data, the "true" sanpling variances were plotted for 400 val ues of k
(Figure 4). Values of k were used instead of n because k does not al ways
divide N evenly so that n may not be uni que, especially for |large values of k.
Lower values of k are essentially inversely proportional to those of n.

For these data, smaller values of k nean that the variance generally drops.
Local Iy, however, reducing k can result in increased variance. For exanple,
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increasing the sanple size
12 percent from58 to 65

14000 = increases the standard
= error about 47 percent.
= 12000 = The gl obal pattern is
= expected; as k drops (and
&5 10000 = n increases), sanpling
. E 8OO0 = variation nust fall as n
i approaches the entire
i B0 = popul ati on (when k=1, n=N
i and equation 1 is just the
g 4006 = popul ation total). Also
= changes in the standard
= 2000 — error are smaller as n
" becones | arger. Loca
= T T T 1 behavior is nore conpl ex
Q 100 200 00 400 and depends on the
interaction of the "grid"
k (systematic sampling inbarval) spaci ng of the systematic

sanple with the patterns

i . ) in the particular record
Figure 4 - Standard errors for estimates of suspended sediment P

) ) A s of suspended sedi ment
load using systematic sampling for sampling intervals, k, £l Thi behavi
from 1 to 400 (n equals 4450 to 11). The true" standard ux. I's behavi or

errors were calculated from the Mad River population. dgpends on the specific
ci rcunst ances and cannot

be predicted unless the

conmpl ete popul ation is
known. Therefore, it is difficult to select the sanple size for specified
performance of general systematic schenes.

Sone patterns of sequential popul ations produce nore predictable relationships
bet ween systematic sanple size and variance. If a population correlogramis
concave upward, increased sanple size always results in |ower variance
(Cochran, 1946). The correlogramfor the Mad Ri ver data was concave upward
over only part of its range, however, so this result does not hold (Figure 4).

A finite sanpled popul ation of sedinment flux taken at short equal intervals
froma continuous sedigraph is really a systematic "sanple" of the target
popul ation. It has a logically simlar total to the continuous target

popul ation, and the generally | ow variance of closely-spaced systematic
sanpl es supports using this nethod to define sanpl ed popul ati ons. This kind

of systematic sanple can therefore be used to define the sanpl ed popul ati on of
suspended sedi nent di scharge which can in turn be sanpled by nore efficient
finite popul ati on schenes.

SUMVARY

Fi xed-interval or systematic sanples are widely used to collect data to
estimte suspended sediment |oads; a fact partly due to the conveni ence of
punpi ng sanpl ers. Systematic sanples are inefficient, however, since evenly
spaced sanpling conflicts with the sporadic nature of suspended sedi nent
popul ations. Several factors shoul d guide the use of systematic sanpling for
estimating suspended sedi nent | oads:

e Systematic sanples with random starts give unbiased estimtes of total
| oads.

e Variances of these estimates are generally | ow, but cannot be estimted from
sanpl es.
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« Variances of systematic sanples do not always drop with increased sanple
si ze.

e Stratified and variable probability sanpling schenes are nore efficient for
sanpl i ng suspended sedi ment popul ati ons.

e Systematic "sanmpling"” is best used for defining sanpled popul ations for
sanmpling by other finite popul ati on sanpling schenes.
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