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A discharge and turbidity record consisting of approximnmately 4000
paired data points, representative of an 11-year post-inpoundnent peri od,
has been exanined for the R ver Tees at Broken Scar, Darlington. A
smal | anount of suspended sedinent concentration data was al so processed:
these data are representative of both the pre-inpoundnent and post -

i npoundnent sediment regi me. Data were anal ysed (on a correl ative basis)
using structural and |east-squares regression techni ques, relating discharge,
turbidity and suspended sedi ment concentration. The inportance of sedi ment
supply fromupland areas in regul ati ng suspended sedi nent at Broken Scar

was considered, and the total annual load calculated. Finally, the
statistical parameters of the suspended sediment distribution are related

to the potential inpact on salnmonid fisheries. The follow ng mai n concl usi ons
wer e deri ved;

(1) Following the conpletion of Cow Geen Reservoir the mean annual flood

has been reduced by 14%and "bankful " discharge by 17%

(2) Recurrence intervals for floods on the partial duration series have
been appr oxi mat el y doubl ed.
(3) Suspended sedinent data are log-nornally distributed and val ues fall

within the range 1.1 - 536 ng | '* with a geonetric nean of 5.1 ng 1%
(4) Both sedinent concentration and turbidity are positive functions of

di scharge raised to a power; the structural exponents being 1.17 and

1.05 respectively.



(5)

(6)

(7)

(8)

(9)

(10)

(11)

Rating sub-divisions based on rising and falling hydrograph sub-sets

did not inprove the level of explanation given by considering the

conbi ned data. Seasonal subdivisions were only rmarginally nore
successful. There were no consistent rating shifts over the 11 year
peri od.

The influence of the 1975 drought was narked, reducing sl ope and
intercept of seasonal ratings, except for the sumrer (June - August)
peri od.

Suspended sedi nent concentration is a negative exponential function of
the one-day lag Soil Mdisture Deficit. Soil Misture Deficit is
therefore a general index of sedinent production in the upland catchnent.
Sedinent is supply limted, at least up to an annual cumul ative di scharge
of 6 x 10% n? yr 1.

Al though pre- and post-inmpoundrent sedi ment concentration di scharge
ratings were statistically significantly different, within 95%C. L.
there was no significant change in the total annual suspended |oad
foll ow ng i npoundnent.

Total suspended sedi ment di scharge averaged over 11 years is 12957t

yr't (15.83 t km? yr ) with no trend to reduced |oads over the 11 year
post - i npoundnent peri od.

Spate events whi ch occur less than 6% of the tine are responsible for
the transport of sone 50%of the total | oad.

The recorded |evels of suspended sedi ment concentration are not |ikely
to be detrinental to adult sal nonids. However, the river bed is

likely to be silted, and flushed only infrequently by flows with a
return period of 2.2 yr. Thus potentially, silting could be detrinenta

to the survival of the young stages of salnonids inthe R Tees.



Notation

Real number subscripts = Return period (T) in years.

Antecedent Precipitation Index
Confidence Limits

Concentration of calibration suspension
Formazin Turbidity Unit

Hydrologically Effective Rainfall
Number

Instantaneous discharge

Sediment discharge

Cumulative total.annual discharge

S0il Moisture Deficit

Suspended Sediment Concentration in the river
Discharge weighted SSC

Return period

Regression constant

Regression coefficient

Bast estimate of strucfural regression coefficient

degrees of freedom

function

probability level
coefficient of determination
standard error

arithmetic mean

geometric mean

median, i.e, 50 percentile
standard deviation

geometric standarddeviation

No. of lag days.

S5.I. Units

Integer subscrips =



| NTRCDUCTI ON

The physical effects of river regulation in the U K by inmpoundrents
have attracted nost attention fromhydrol ogi sts and engi neers concer ned
with predicting and naintai ning discharge regimes for water supply.
Recently additional interest has been focused on the consequent effects
of flowmanipulation (Armtage, 1980); for exanple, on tenperature (Lavis
& Smth, 1972), river channel norphol ogy (Gegory & Park, 1974) and on
the biota (Brooker, 1981). In addition Ginshaw & Lewin (1980), exam ni ng
the effect of regulation on sedinent yields, noted the paucity of data.

Data are needed because changes in suspended sedinent |oad (Y, both
internms of quality and quantity, nay profoundly influence channel norphol ogy
and bi ot a downstreamof inpoundnents (Petts, 1979; Arnitage, 1982).
Wsual ly the total load is reduced by a reservoir acting as an upstream
sedinent trap (Soltero et al., 1973) but the river may conpensate by
eroding thedriver banks and bed downstream of the inpoundnent (Buma &
Day, 1977). Were suspended sedi nent concentrations (SSC are generally
| ow and vari abl e however (as is the case in nost upland U K areas) the
denmonstration of a reduction in sedinment discharge of |ess than an order
of magni tude may be expensive and difficult to denmonstrate statistically

(Rceet al., 1975, quoted i n Brown, 1980).

(1)

This report considers only suspended load. Dissolved and bedload are
not examined. References in the text to total load or sediment load
refer only to suspended sediment loads.



Ginmshaw & Lewin (1980) suggested two basic nethods to investigate

the effects of regul ation on suspended sedi nment di scharge:

(i) Conpare the river |load before and after reservoir construction,

and

(ii) adopt a paired catchnent approach.

The former nethod assunes stationarity of process in the natural system
The latter nmethod, involving selecting two adjacent catchnments of simlar
physical attributes, one regul ated and one unregul ated, assumes constancy
of process spatially.

In this report both approaches are adopted to examne the turbidity
and suspended sedi nent concentration regine of the regulated R ver Tees.
Nei ther approach is entirely satisfactory in the present case as wll be
detail ed bel ow

Cne purpose of this exercise is to summari se divers suspended sedi rment
concentration and turbidity data for a regulated river. Further, the data
are used in regression analysis to isolate tenporal changes in river | oad.
Sedi nent supply and total annual |oad are considered and the |ikely effect
of the sediment regine on fisheries discussed. A conpanion report (Carling
& Dougl as, in prep) deals with periodicitiesinthe turbidity and di scharge

record isolated using spectrum anal ysis.

The Regul ated R ver Tees and Suspended Sedi ment Data

Two major tributaties of the River Tees in Northern England (Fig. 1)
were regul ated by direct supply reservoirs at the turn of the century, but
there are fewreliable data concerning their sediment |oads. The |argest
i npoundrrent however, Cow Green reservoir, regulating flowin the main-stem
river was conpleted in 1970. 1In the latter case there are sone suspended
sedi ment data avail able. Together these reservoirs (Table 1) control flow
from22%of the catchnent area above an abstraction point 64.5 km bel ow

Cow Geen at Broken Scar, Darlington.



A srmall anmount of SSC data are available for the N WA gaugi ng
station at Broken Scar for both the inmmediate period prior to 1970 and
intermttently since that date. In addition, it is possible, with
caution, to conpare the sedinent discharge of the regul ated Tees with the
sedinent regime of the physically simlar Rver Tyne, exanined between
1959 and 1961 (Hall, 1964; 1967), which remained unregul ated until 1982.
However, the basis of the present analysis rests on the existence of
over eleven years daily turbidity readi ngs which could be correl ated
with SSC. These data have been used in regression analysis in an attenpt
to identify tenporal consistencies in SSC |oading, attributable to present-
day climate, discharge regime and land use. Any long-termtrend m ght,
for exanple, be a lag effect resultant fromthe construction of Cow
Qeen reservoir limting SSC supply.

Such an analysis is timely; water transfers via a tunnel connecting
the Tyne, War and Tees nay comrence in the 1980's, further conplicating
the discharge regime of the Tees (Burston & Coates, 1975). In addition,
interest inthe effect of SSC on the aquatic biota of the Tees, has
resulted in specul ation as to the suspended sedinent load in the river
(Armtage, 1977) and the quantity of sedinent entrapped by the Cow G een
reservoir (Orisp, 1977). Previous detailed investigations of SSC have
been limted to streans affluent to the Tees (Oisp, 1966; Cisp & Robson,
1979; Carling, 1983; 1984a) or have been concerned with suspended sedi nent

quality (Holmes & Wiitton, 198la & b; Armtage, 1982).



Data collection and turbidity record

Turbidity readings of the river water at Broken Scar are taken daily
at 0900 hrs GMI. A Hach light-scattering turbidity meter is used and the
functional calibration (see Appendix A) is checked daily. Between 1971
and autumm 1973 the neasurenent was nade in a bucket sanple obtained from
the river water surface. From 1973 until present a nore satisfactory
system has been used; a sanple being piped to the laboratory fromthe
abstraction main. The main, drawing at between 1.58 and 1.84 ni sec™?,
mxes the river water well. Despite the change in sanpling nethod there
was no noticeable difference in the mean or variance of the daily turbidity
readi ng before or after the autum of 1973. This inplies that the suspended
sedinent is well nixed with depth and is of fine grain-size. In support
of this observation Carling (1984a) found no noticeable depth differentiation
in suspended silt concentration in a broad shal | ow Teesdal e stream and
Hall (1964) recorded nininmal vertical and lateral concentration gradients
inthe Rver Tyne at Bywell.

D scharge val ues for 0900 hrs were abstracted fromN WA. records;
data being recorded at hourly intervals as stage on a conpound Q- unp weir
and converted to discharge (nf s') by a nodular rating curve.

The record anal ysed consists of a series of 4162 daily paired observations
of turbidity and discharge for the period 10 August 1970 to 31 Decenber 1981.
The record is unusual ly conplete, only 85 turbidity val ues being m ssing
and 37 discharge val ues. The longest continuous gap consisted of five
turbidity val ues.

Sunmary statistics for the full record are given in Table 2.

D scharge-rel ated data are usually logarithmcally distributed. Logarithnic

transformation reduced but did not elininate positive skewness.(Fig. 2).



RESULTS

D scharge regi ne

Cow Geen reservoir was conpleted in 1970. Al though over 80% of the
di scharge fromthe reservoir in the winter nonths may be over the spillway,
regul ati on has substantially altered the river's flood regine. D scharges
at Broken Scar < 0.1 times the nmedian annual flowwere elimnated (Fig. 3)
whilst for discharges greater than 2.5 nf s' the percentage exceedence tine
has been reduced by approxi mately 15-30% The nmean annual flood, Q. 7
fromthe partial duration series, has been reduced from390 nf s to 336 nt s’
whi | st "bankful " discharge i.e. Q. has a value today of 291 n? s! as opposed
to 352 nf s'. Recurrence intervals for flood peaks have approximately doubl ed
(Fig. 4). The maxi mumrecorded flood before closure of Cow G een was 667 nt s?
with an estimated pre-inpoundnent recurrence interval of 35 years. The peak
flood for the post-inpoundnment period of 591 n?¥ s* (T = 16 years) occurred
in January 1982. The highest sanpled peak di scharge for the period of
turbidity records exam ned occurred in March 1979, with a discharge of 371 nf s}
(T =3 years). O the discharges sanpl ed, six cane close to (>90% or exceeded

t he post -i npoundnent "bankful ", whilst 17 exceeded 70%"bankful". ly one

fl ood exceeded the pre-inpoundrment Q.

Tur bi di ty-di scharge rating curves

The turbidity-discharge paired data are plotted in Fig. 5. The data
are very scattered but show a positive relationship with discharge. A

| east - squares regressi on equati on,
FTU=1.23 @“* r2 = 0.40 p < 0.001 (1)

poorly represents high val ues of discharge when nost sedinent is transported.
The functional relationship equation 4A (Appendix A), anticipated fromthe

prelimnary calibration analysis, is visually a good fit to the high data

val ues.



Rati ng sub-divi sions using various base-fl owthresholds to isolate
(i) rising and (ii) falling hydrograph data sets did not substantially
reduce the variance. Lagging the data sets to allow for turbidity peaks
occurring before or after the hydrograph peak was al so unsuccessful .

Mly slightly nmore satisfactory was the use of seasonal ratings which
resulted in increased val ues of r? for individual seasons, although data
overlap generally resulted in negligible separation of the data sets with
t he exception of summer 1975 (p. 7). Exanples are given in Figs. 6 and
7. The seasons were defined as Autum: Septenber to Novenber incl usive;
Wnter: Decenber to February; Spring: March to May, and Sunmer: June to
August. Qher sub-divisions such as Hall's (1967) Wnter: Novenber to
March; and Sunmer: April to Cctober were singul arly unsuccessful. There
was no evidence of consistent rating shifts over the el even year peri od.

Sunmer ratings however did tend to give higher turbidities than
ot her seasonal ratings especially at |ow di scharges, whilst winter
ratings tended to be slightly steeper indicating a nore rapid system
response.

The best defined rating curve separation occurred in 1975, the first
year of the drought (Fig. 7). The summer rating increased turbidities by
31%at baseflow (3 nf s!) conpared with the rating for 1974, while for the
peak 1975 di scharge, 96 nt s’ the hypot hetical increase was 313% Rating
intercepts for the other three seasons were depressed by 13%and sl opes
by 21%conpared with average val ues for the other ten years. The generally
hi gher val ues of turbidity in summer 1975 presunably reflect the reduction

in vegetation cover and the increase in river bank dry ravel coupled wth



noderate runoff. The sunmer rating curve fell bel ow pre-drought |evel

in 1976 as the drought intensified. This may be related to reduced rainfall
in sumrer 1976 conpared with 1975, i-e. 75 nmtotal as opposed to 226 mm
as well as reduced runoff, 26 mmconpared with 38 nmin 1975. Mean daily
di scharges in 1976 renai ned at conpensation level for over 3 nonths whil st
in sumrer 1975 several snall freshets had occurred. Consequently, little
sedi ment was delivered to the river systemby surface runoff in the summrer

of 1976. Ratings readjusted to the pre-drought levels in 1977.

Suspended sedinent - discharge rating curves

Data are available for 1966 to 1970 and 1978 to 1981 (Fig. 8).
In addition six SSC val ues were recorded at Broken Scar follow ng a
catastrophic |l andslide of peat into the headwaters of the Tees in 1963
(Oispet al., 1964).

No seasonal rating sub-divisions were attenpted because the data
sets were small. Excluding the catastrophic event from consideration,
al though there was a statistically significant change in the ratings from
t he pre-inpoundnment (1966) to the post-inpoundment periods (1970 and 1978-
1 981; conparison of slopes using the t-test and 95%C L.) there was no
significant difference in annual di scharge-weighted | oads (Anova and

F-test, 95%C L. see p. 12).

Suspended sedinent and effect of soil noisture deficit

The changes in sedinent rating curves in 1975 and 1976 were interpreted
as owing to variable sedinment supply. At its sinplest, the SSC at Broken
Scar may be seen as the result of a supply control and sedinment transport

capacity which nmay be witten;

SSC = f (capacity) + f (sedinent production)



D scharge is the obvious control on SSC capacity but an index of potential
sedi ment production is required. Mny factors may conbi ne to influence
sediment supply rate. However, the purpose of the exercise was to denonstrate
a link between SSC and sedi nent production in the uplands, where, it has
been argued, nost load is generated (Hall, 1967; Qinshaw & Lewi n, 1980),
rather than exhaustively seek a variance mnimsation and prediction nodel .
Hal | (1967) reported a positive relationship between an Antecedent Precipitation
I ndex and SSC for a given discharge inthe R Tyne. However, APl can be
difficult to interpret in dynamc terns (Veyman, 1975, P. 39). In this
study the daily Soil Misture Deficit (SMD, as calculated by the Met.
Cfice for the Wddybank Fell Meteorol ogical Station, Fig. |) was selected
as a sedinent production index. e can hypot hesi se that no sedi nent | oaded
runoff will occur if the SMDis positive, as rainfall will infiltrate the
soil and replenish the soil noisture reservoir. Negative Values of SMD,
Hydrol ogical ly Effective Rainfall (i.e. potential runoff) should correlate
negatively with SSC. O course this is an over-sinplification. Infiltration
rates in upper Teesdal e are | ow (Adanson, 1970) and runoff can occur during
high-intensity rainfall before SMDis reduced to field capacity. However,
except for occasional sumer thunderstorns, rainfall intensities generally
are low, and Hall (1968) found no relationship between SSC and rai nfal |
intensity in the Tyne basin.

The calibration data for SSC were regressed agai nst progressively
| agged SMD data up to a maxi num lag of 14 days. The SMD val ue for the
previous day is therefore SMD;, and the two day lag SMD, etc. Significant
correlations are given in Table 3 for an exponential nodel fitted by |east
squares. At the 95%C L. the systemhas a five day nenory. The best
correlation is with the 1 and 2 day lags (Fig. 9) as nmght be expected

fromprevious evidence of time-of-travel (Northunbrian Vter Authority, 1977).



The r? value (Table 3) denonstrates the significance of sedinment production,
as indexed by SMD; in an upland regul ated catchment.
Data were conbined in a rmultiple regression equation relating SSC

as the dependent variable with di scharge and SMD;

In SSC = 0.6892 1n Q - 0.0180 SMD, - Q 1658 (2)
The percentage of variance explained, conpared with a power function relating
SSC and Q (Fig. 2A) was only increased by 1% (r? = 0.49, df = 113, p < 0.02).

Consequently equation (2) has little increased predictive power but serves

to denonstrate the formof the functional relationship between the vari abl es.

Post - i npoundnent | oad

Daily total load (Q) was calculated taking each daily 0900 hr discharge
val ue and FTU val ue as representative of the daily 24 hr mean di schar ge.
Wth reference to equation 3A the daily sediment discharge in tonnes nay

be expressed as;

QS = 0. 0864 @1.1704 + 0.0877 (3)

Q values were summed to yield the annual sediment discharge. |n addition,

t he wei ghted sedi ment di scharge was cal cul ated as;

{365 (ssc) Q/{'ZGS Q (4)

D scharge wei ghted values and total load are presented in Table 4. Wighted
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val ues were used to detect any trends in sedinment production in the catchrent,
whi ch could not be attributed to changes in discharge regime follow ng the
closure of the Cow Geen inpoundnent. Wen weighted sedi ment |oad was
plotted as a linear function of tine there was no significant trend in

sedi nent production over the 11 year period (i.e. regression slope not
significantly different fromzero at 99%confi dence | evel).

Total sedinment production is on average 12957t yr ! within 95%
confidence limts of 8221 to 1769t yr ' Sedinent discharge per kilonetre
square of catchnent averaged 15.83t km? yr'' (95%C.L. 10.05 to 21.6lt km
yr 1) rangi ng between 39 tonnes in the wet year 1979 to only 5 tonnes in
t he drought of 1976.

Sol ution of equations 3A 4A and 3 for the domnant effective di scharge,
Q.o = 352 ntf s yielded a concentration (G of 377 ng 1! and critical
load of 132 kg s

The nean di schar ge-wei ghted concentration (Table 4) is 2.52 x 10°° t
m? or 25.2 ng 1Y FromFig.10 it is evident that concentrations greater
than 25 ng 1' only occur |less than 6%of the tinme and are associ at ed
with discharges in excess of 39 ni s! which also occur |ess than 6%
of the tinme. These higher nagnitude events therefore do nost of the work in
transporting the annual | oad.

The di scharge-wei ghted | oad expressed as ng 1! falls as the annual

1

di scharge increases to about 6 x 10 nf yr-!. This inplies that sedinent

is supply-limted rather than transport limted. There are only two points
for discharges in excess of 6 x 108 n? yr-', but these indicate a much
hi gher sedi nent throughput, consequently one can cautiously inply the

presence of a sediment production threshold occurring between 6.03 and
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6.09 x 10® nf yr''. The single point circled in Fig. 11 is the sedi ment
concentration during the drought year 1976 when little sediment was delivered
tothe river. The curve is an hypothetical response function drawn by eye.

The descending data points fit the function SSCo = 617.82 - 29.87 1nQqu

whi ch describes the sediment depletion until the threshold is attained.
The point at 2.2 x 10® nf yr'! represents the basefl ow di scharge at Broken
Scar and the associated average SSC val ue at Cow G een, 6 ng 1* (Northunbrian
Water Authority, 1977). This locus is the effective mni numdi scharge-
concentration point under the present operational regine

The effects of discharge nodification on sedinent |oad are poorly
known and are dependent on basin characteristics for exanple, so that the
response of individual catchnents nay be highly variable (e.g. Rango, 1970).
Under st andi ng of inbalance in natural systens is inadequate (Coates &
Vitek, 1980) so although the general shape of the curve in Fig. 11 is
believed to be correct, the loci of naxinma and the exact formof the curve
at high discharges are unknown. The presence of an apparent sedi ment
production threshold within a range of commonly occurring di scharges,

however, is salutary to our appreciation of basin sedi nent dynanics.

Pr e- i npoundnent | oad

There are data available to estimate SSC retention by the Teesdal e
reservoirs (Table 5). Arnitage (1977) estimated that 91%of SSCwas retai ned
by Cow Green reservoir, a figure subsequently revised to 95% (Edwards
& Orisp, 1982). Cisp (1977) calculated the annual deposition rate for
Cow Green reservoir as 66.67 t km? yr ', O the available estinates for
reservoir deposition in Teesdale, Grisp's is the nost reliable, based on
the sediment load of a streamaffluent to Cow Geen (Cisp, 1966; see al so
Qisp & Robson, 1980). Wnter's (1950) method of cal cul ation was extrenely

crude by today's standards. The data for Bl ackton reservoir for exanple,
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yield an infilling rate corrected for catchnment area three tinmes the val ue
for Cow Geen, a value not readily supported by observati on.

! as a best estimate of

Accepting Orisp's value of 66.67 t km? yr-
sedi ment production in the headwaters of the regulated catchnent the |oad
for the total inpounded catchnent is 12115.27 t yr~!, nost of which is
deposited in the reservoirs. Assumng the |Iow and and unregul at ed upl ands
have contributed sediment at the same average annual rate before and after
reservoir construction an estimate of the pre- Cow Geen total |oad at
Broken Scar is 66.67 t multiplied by the catchnment area (60 kn?) plus the
present average sedi nent discharge, i.e. a total of 16957 t yrl This
assumes negligible deposition in the 64.5 kmfrom Cow G een to Broken Scar.
Despite the large data set used to estinate the present load it is clear that

within 95%C. L. there is no evidence that the |load at Broken Scar has been

reduced substantially by Cow G een reservoir.

Turbidity and Fisheries

The effects of chenically-inert suspended sediments on fisheries have
been studied extensively both in the laboratory and in the field. A though
the nai n enphasi s has been on the level of concentration of solids, there is
evidence that particle size gradation, angularity and physical conposition
are also of inportance (e.g. O Connor et al., 1977); these latter aspects
have been little researched.

A abaster & Lloyd (1980) recently reviewed the literature concerning
concentration effects on river biota within an European context. Their
conclusions are broadly simlar to sumrary observations for North Anerica
(e.g. Phillips, 1970) and reiterate the recommendati ons drawn in the El FAC
(1964) report. Concentration data for the Tees are interpreted here with

reference to Al abaster & Lloyd s (1980) concl usions.
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Turbidity val ues ranged fromless than 1 to 200, with an arithnetic

mean of 5.02. As the distribution is logarithnmc, the geonmetric mean gives
a good neasure of central tendency and has a value of 3.74. These data as

they relate to the turbidity distribution are shown in Fig.10. Wth reference
to equation 3A the turbidity val ues correspond to SSC val ues as foll ows:

range ~1.1 - 536 ng 1! geonetric nean 5.1 ng 1! and the 50 and 95%
percentiles are 2.7 and 25.7 ny 1! respectively.

A though no definitive limts can be specified for water quality
(A abaster & Lloyd, 1980) it is useful to conpare the Tees data with other
U. K studies.

Sal noni ds can withstand concentrations of 10° ng 1! for short durations,
but sustained concentrations greater than 200 ng 1! will lead to increased
nortality or loss of condition in adult fish (e.g. Scullion & Edwards, 1980).
Herbert et al. (1961) observed a normal trout population in a river with a
SSC of 60 ng 1! and Al abaster & Lloyd (1980) report two good trout fisheries
with nmean and nmaxi num concentrations of 18 and 412 ng 1!, and 24 and
100 ng 1! respectively. It is concluded that adult trout in the R Tees
are unlikely to be affected adversely by the maxi num observed turbidities
because these levels are not maintained for nore than a day or two. The
question of the effect on the food supply of fish is largely related to
the effect of settling solids on streambenthos. This aspect is not exam ned
here. Neverthel ess, concentrations are |less than are commonly reported as
del eterious to benthos and are typical of unregulated upland streans in

Teesdal e (Carling, 1983).
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Few trout spawn in the nmain-stemTees and sal non and sea trout are
presently scarce, although historically good runs occurred. Potenti al
spawni ng gravel s shoul d be kept as clean as possible (A abaster & Ll oyd,
1980) but experinental evidence (Carling, 1984b) suggests that clean river
gravel s rapidly becorme silted by |ow concentrations of suspended solids
under a variety of hydraulic conditions. Qite small freshets may resuspend
fine silt froma surface gravel |ayer, approximately one nean grain di ameter
thick (Carling, 1982). For exanple, the initial plateau peak discharge in
the NWA experinmental release in 1976 (Northunbrian Water Authority, 1977)
whi ch resuspended fine bed materials at Broken Scar corresponds to a discharge
of 0.15 n? s’ per netre bed width. This value agrees fairly well with a
m ni num peak di scharge of 0.113 nf mt s! required to pronmote linited scour
fromat least 50%of the bed area of an upland stream (Carling, 1982).
However, substantial cleansing of gravel to depth cannot be expected unl ess
di scharges exceed an "effective" value for general bed novenent.

Hey (1975) and Charlton (1977) discuss effective discharges with reference
to British gravel -bed rivers and Charlton et al. (1978) conclude that, in
lieu of detailed data on bed mobility, bankful discharge should be used.

A reasonabl e val ue, therefore at Broken Scar woul d be the pre-inpoundment
Q.o, Obtained fromthe partial duration series (Fig. 4), of 352nfs™!

whi ch follow ng regul ation now has a recurrence interval of about 2.2 yrs.
M1l hous (1982) suggests that a discharge half the effective value wll
flush fines fromthe surface layer but this is unlikely to benefit spawning

sal noni ds.
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Consequent |y, although some wi nnow ng of superficial sedinents will
occur annual Iy, thorough and wi despread cl eansi ng of surface gravels wl |l
not occur frequently. Gavels imrediately bel ow the surface |ayer may

remain silted and conpacted for a nunber of years.

D SOUSSI ON

The di scharge nodifications resulting fromregulation are typical of
di scharge regines below U K water-supply reservoirs (e.g. Petts & Lewin,
1979). Al though these nodifications can lead to changes in gravel - bed
channel nor phol ogy, notably |ocalised deposition or scour (Petts, 1979),
no significant changes have been noted in the R Tees. Md-channel bars
appears to be nore stable and are often heavily vegetated. In sone cases
secondary channels are vegetated and silted. Previously, vegetation was
renoved frequently by high flows. Tributaries dowstreamof Cow G een
have had a negligible effect on stream channel norphol ogy at confl uences,
and bank erosion is negligible.

The range of SSC val ues is typical of undisturbed upland streans although
the response in SSC level for increments in discharge is snmall (as indexed
by the regressi on exponents, Figs. 7 and 2A). The response is certainly
sl uggi sh in conparison with the unregulated R Tyne at Bywell (Hall, 1967),

where the exponent was of the order of 2.3. Large values of b have been
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tentatively described as typical of upland catchments draining resistant

rocks (Vlling & Webb, 1981) and it is therefore attractive to ascribe the

| ow coefficient for the Tees to inpoundnent effects. This is not satisfactory
however. The SSC has not been reduced foll ow ng inpoundnent and the pre-

i npoundnent regressi on exponents were also low In addition, exponents

intw of the undisturbed tributary streans to the Tees are less than one,

i.e. 0.81 and 0.99 (Carling, unpubl.). The poor response of the Tees system
reflects the generally undi sturbed nature of the catchnent and the supply
limted fine sedinent load. Wiere locally peat erosion in the Tees basin

is promnent, as on the Rough S ke catchnent, the exponent is larger, i.e.

b =21 (Cisp & Robson, 1979). It is possible therefore that steep regression
slopes are associated with catchments where sedinment load is not supply
limted;, contrary to V@l ling & Wbb's (1981) assertion.

It is tenpting to ascribe the steep regression slope for theft. Tyne
sediment rating to the disturbance of thick peat deposits by forestry
operations noted by Hall (1967), as it is known that ditching operations
on peat increase the slope of the sedinent rating curve at least in the
short-term (Robi nson, 1980). However, the catchrment of the Tyne at Bywell
is some 2159 knf in area, larger than the Tees at Broken Scar (826 knv),
and includes | ow and reaches of eroding river banks. Hall (1967) measured
the rate of bank retreat and estinmated that erosion attributable to this source
was of the same order as the annual total sedinment load. If this is the
case, the uplands are not a maj or source of sediment inthe R Tyne at
Bywell and it is not realistic to conpare extant data for the

Tyne and Tees despite the fact that the catchments are conparable in other

respects.
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The upl and catchment of the Tees is an inportant source area for
SSC as denonstrated by the SMD anal ysis. Al though Broken Scar is over 64 km
fromthe source areas, a proportion of the load is generated by direct runoff
to unregulated tributaries. Nevert hel ess, under nornmal runoff conditions
the sediment supply is progressively depleted. The menory in the system
as noted in the correlation of SSCwith the one day lag SVMD, agrees broadly
with the time-of-travel estimates made during 1976 (Northunbrian Water
Authority, 1977). In addition, also denonstrated is a longer term
persistence of up to five days. This naturally |leads to consideration
of phase differences in sedinent |oad and di scharge. These aspects are
considered by Carling & Douglas (in prep.).

The average total load of 16 t km? yr'* is |ow conpared w th other
upland sites (Table 5 and WVl ling & Webb, 1981) and yet the small | oad
cannot be ascribed to the effects of regulation. Qher unregul ated streans
within the Tees basin, where peat erosion is mnimal, also have | ow annual
yield (Carling, 1983). Further the variability in total |oad fromyear
toyear is readily denonstrated (Table 4), indicating the necessity
for long-termestimates in order to nake confident conparisons between
cat chnent s.

Ginmshaw & Lewin (1980), in a semnal study of the effects of the
Oam Rhei dol i npoundnent, noted a considerabl e reduction in dowstream
sedinment yield. The nonitoring station on the Afon Rheidol however was
only sone 16 km downstream of the dam conpared with 64 kmin this study.
Qearly the effect of inpoundnent will decrease downstream and the |ocation

of the sanpling stations is critical in assessing the effects of inpoundnents.
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Further study is required on the downstreamextent and nature of physical
and biotic adjustnments, before critical evaluations of the inpact of

reservoirs on the total river systemcan be forml at ed.

ACKNONLEDGVENTS

Unl ess otherwi se credited turbidity, suspended sedinent and di scharge
data presented in this report were supplied by the Northunbrian \Water
Authority. Ms. M Hurley (F.B.A) gave statistical advice. Drs.

RT. darke, DT. ispand D.J.J. Kinsman critically read the nmanuscri pt.

Ms. D. Jones typed the nmanuscript.



19

REFERENCES

Adanson, P.T. (1970) Studies in catchment norphology in relation to runoff.

Unpubl . M Sc. Thesis, University of Newcastl e-upon-Tyne; 146 pp.
A abaster, J.S. &Lloyd, R (1980) Finely divided solids, Chapter 1,

pp. 1-20, Water quality criteria for freshwater fish. Butterworths,

London, 297 pp.
A -Ansari, NA; A -Jabbari, MH &MManus, J. (1978) Sedinent discharge

inthe Rver Alnond, Scotland. Ilraqi J. Sci. 19: 145-156.

A -Jabbari, MH ; MMnus, J. &A -Ansari, N A (1980) Sediment and

solute discharge into the Tay Estuary. Proc. Soc. Edin. (Series B)

78: S15- S32.

Armitage, P.D. (1977) Invertebrate drift inthe regulated R ver Tees, and
an unregul ated tributary Mai ze Beck, bel ow Cow Geen dam Freshwat.
Biol. 7: 167-183.

Armtage, P.D. (1980) Streamregulation in Geat Britain. pp. 165-181

In: J.V. Vird & J. A Stanford (Eds.), The Ecol ogy of regul ated strearns.

Pl enum N.Y.
Armtage, P.D (1982) Environmental changes induced by streamregul ation
and their effect on lotic nacroi nvertebrate communities. In: A

Lill ehammer (Ed.) Streamregulation and invertebrate communities.

Proc. 2nd Internat. Synp. Regul ated Stream Li mol ogy. Norwegi an
Uni versity Press, GCslo.
Beschta, R L. (1980) Turbidity and suspended sedi ment rel ationshi ps.

pp. 271-282 1In: Proc. Synp. \Watershed Managenent 1980, ASCE,

Boi se, IDJuly 21-23, 1980.



20

Brooker, M P. (1981) The inpact of inpoundnents on the downstream fisheries

and general ecol ogy of rivers. Adv. Appl. Biol. 6: 91-152.

Brown, GW (1980) Forestry and water quality. OSUBook Stores, Inc.,

Corval lis: 124 pp.
Buma, P.G & Day, J.C (1977) Channel norphol ogy bel ow reservoir storage

projects. Environ. Conserv., 4. 279-284.

Burston, U T. & Coates, D J. (1975) Water resources in Northunbria with

particular reference to the Ki el der Water Schenme. J. Instn. WAat. Engrs.

29: 226- 251.
Butcher, RW; Longwell, J. &Pentelow, F.T.K (1937) Survey of the R ver
Tees. Part |1l - the non-tidal reaches - chemcal and bi ol ogical .

Tech. Pap. Wat. Pollut. Res. 6: 189 pp.

Carling, P.A (1982) Scour and fill in cobble-bedded streans. Unpubl .

report F.B.A Teesdale Unit: 16 pp.

Carling, P.A (1983) Particulate dynamcs, dissolved and total load, in two

snal |l basins, northern Pennines, UK Hydrol. Sci. J. 28, 355-375.

Carling, P.A (1984a) Conparison of suspended sedinment rating curves obtained
usi ng two sanpling nethods. Catena.
Carling, P.A (1984b) Deposition of fine and coarse sand in an open-work

gravel bed. Can. J. Fish. Aguat. Sci. 40:

Carling, P.A & Douglas, NHN (in prep.) D scharge and turbidity of the
regul ated River Tees. Variance-density spectrumanal ysis. Unpublished

report F.B.A Teesdale Unit.

Charlton, F.G (1977) An appraisal of available data on gravel rivers.

Hydraulics Research Station Rept. INTI 151: 67 pp.

Charlton, F.G; Brown, P.M &Benson, RW (1978) The hydraulic geonetry of

sone gravel rivers in Britain. Hydraulics Research Station Rept. |IT 180,

48 pp



21

Coates, DR & Vitek, J.D (1980) Perspectives on geonorphic threshol ds.

pp. 3-23 In: DR Coates &J.D Vitek (Eds.) Thresholds in Geonorphol ogy,

Alen & Unwi n, London, 498 pp.
Conway, V.M & MIllar, A (1960) The hydrol ogy of some snall peat-covered

catchments in the northern Pennines. J. Inst. Vat. Engrs. 14: 415-424.

Qisp, DT. (1966) Input and output of mnerals for an area of Pennine
nmoor | and: the inportance of precipitation, drainage, peat erosion and

animals. J. Appl. Ecol. 3: 327-348.

Qisp, DT. (1977) Sone physical and chem cal effects of the Cow G een

(Woper Teesdal e) inpoundrent. Freshwat. Biol. 7: 109-120.

Cisp, DT.; Rawes, M & Wl ch, D. (1964) A Pennine peat slide. Geogr. J.

130; 519-524.
Oisp, DT. &Robson, S. (1979) Sone effects of discharge upon the
transport of aninmals and peat in a north Pennine headstream

J. Appl. Ecol . 16: 721-736.

Edwards, RW & Crisp, D. T. (1982) Ecological inplications of river
regulation in the United Kingdom pp. 843-866 In: R D Hey,

J.C Bathurst and CR Thorne (Eds.) Gavel-Bed R vers, WIley,

Chi chester, 875 pp.

Bl FAC (1964) Report on finely divided solids and inland fisheries.

B FAC Tech. Pap. 1: 21 pp.

Emett, WW (1975) The channels and waters of the Upper Sal non R ver

area, ldaho. US GS. Prof. Pap. 870-A, 116 pp.

Gegory, KG &Park, CC (1974) Adjustnent of river channel capacity

downstreamfroma reservoir. Wter Resour. Res., 10: 870-873.

Ginshaw, D L. &Lewin, J. (1980) Reservoir effects on sedinent vyield.

J. Hydrol. 47: 163-171.
Hall, DG (1964) The sedinent hydraulics of the Rver Tyne. Unpubl.

Ph.D. Thesis, University of Durham



22

Hall, D G (1967) The pattern of sediment novenment in the R ver Tyne.

Inter. Assoc. Sci. Hydrol. Publ. 75: 117-142.

Herbert, DWM; A abaster, J.S.; Dart, MC &Lloyd, R (1961) The effect

of china-clay wastes on trout streans. Int. J. Air Wat. Pollut. 5:

56- 74.
Hey, R D. (1975) Design discharge for natural channels. pp. 73-88 In:

RD Hey and T.D. Davies (Eds.) Science, technol ogy and envi ronnent al

nmanagenent . Saxon House, Farnborough, 295 pp.
Holmes, NT.H &Witton, B.A (1977) The macrophytic vegetation of the

R ver Tees in 1975: observed and predicted changes. Freshwat. Biol.

7: 43-60.
Holmes, NT.H & Witton, B. A (1981la) Phytopl ankton of four rivers, the

Tyne, Wear, Tees and Swal e. Hydrobiol ogia, 80: 111-127.

Holnmes, NT.H &Witton, B.A (1981b) Phytobenthos of the R ver Tees and

its tributaries. Freshwat. Biol., 11: 139-163.

Lavis, ME. & Smth, K (1972) Reservoir storage and the thernal regi nmes
of rivers, with special reference to the R ver Lune, Yorkshire.

Sci. Total Environ., 1: 8l-90.

Mark, DM & Church, M (1977) On the msuse of regression in earth science.

Mat hemati cal Ceol ogy, 9: 63-75.

Ml hous, RT. (1982) Effect of sedinent transport and flow regul ation on
the ecology of gravel-bed rivers. pp. 819-842 In: RD Hey, J.C

Bathurst & CR Thorne, (Eds.) Gavel-Bed Rivers, Wley, Chichester,

875 pp.
Northunbrian Water Authority (1977) Cow Green Reservoir Rel eases Experinent,

23-28 June 1976. Directorate of Planning and Scientific Services

Report: 96 pp.
O Connor, J.M; Neumann, D A & Sherk, J.A (1977) Sublethal effects of

suspended sedi nent on estuarine fish. Tech. Pap. U S Arny Coa3t

Ennr. Res. Centre 77-3: 90 pp.



23

Petts, GE (1979) Conplex response of river channel norphol ogy subsequent

to reservoir construction. Prog. Phys. Geogr., 3: 329-362.

Petts, GE &Lewin, J. (1979) Physical effects of reservoirs on river

systens. pp. 79-91 In: GE Hollis (Ed.) Mn's Inpact on the

Hydrol ogi cal Cycle in the United Kingdom Geo Books, Norwi ch.

Phillips, RW (1970) Effects of sedinent on the gravel environnent
and fish production. pp. 64-74 In: J.T. Krygier &J.D Hall

(Eds.) Forest land use and streamenvironment. Proc. Synp. Cct.

1970, Oregon State University, Continuing Education Publ., Corvallis,
252 pp.
Rango, A (1970) Possible effects of precipitation nodification on

stream channel georetry and sedinent yield. Vater Resour. Res.

6: 1765-1770.
Rice, RM; Willis, J.R; Thomas, R & Brown, G (1975) Sanpling water
quality to determine the inpact of land use on small streans.

Unpubl . manuscri pt.

Robi nson, M (1980) The effect of pre-afforestation drainage on the
streamflow and water quality of a snall upland catchrment. Institute

of Hydrol ogy Report No. 73: 69 pp.

Scullion, J. & Edwards, RW (1980) The effect of pollutants fromthe
coal industry on the fish fauna of a small river in the South V@l es

coalfield. Environ. Pollut. (Series A), 21: 141-153.

Soltero, RA; Wight, J.C &Horpestad, A A (1973) Effects of inpoundnent

on the water quality of the Bighorn River. Water Res. 7: 343-354.



24

Walling, DE & Wbb, B.W (1981) Water Quality, Chapter 5. pp. 126-1609.

In: British Rvers, J. Lewn (Ed.) Alen & Unwin, London, 216 pp.

VWeyman, DR (1975) Runoff processes and stream fl ow nodel | i ng, Theory

& Practice in Geography. ford University Press, xford, 54 pp.

Wnter, T.S R (1950) The silting of inpounding reservoirs. J. Instn.
civ. Engr. 2: 65-88.

Vanoni, V. A (1977) Sedinentation Engi neering, ASCE, New York, 745 pp.




FI GURE CAPTI ONS

Fig.
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Fig.

Fig.

Fig.

Fig.

1

Location of R Tees in Northern England and sites mentioned in the
text. (1) Rough Sike, (2) Wddybank Fell Meteorol ogical Station,
(3) Geat Eggl eshope Beck, (4) Carl Beck, (5) Lunedal e and

Bal der sdal e reservoirs.

Percentage frequency histograns of |ogarithmcally transforned

data (a) 0900 GV di scharge (b) 0900 GMI turbidity.

Fl ow duration curves for turbidity sanpling station. (I) Post-
i npoundnent regul at ed di scharge 1970-1976. (2) Reconstructed
post -i npoundrent "natural " di scharge 1970-1976. (3) Pre-inpoundmrent

unregul at ed di schar ge.

Partial duration series for R Tees at Broken Scar. d osed

synbol s - Pre-inpoundnent; Qpen synbols - Post-inpoundrent .

Scattergramof turbidity and associated di scharge where N is 3937.
Low gradient curve is fitted by least squares (1n FTU = 0.2063

+ 0.45821nQ r? = 0.40). Steep gradient curve is equation 4A,
p. ii.
Representative seasonal rating scatter plots of turbidity versus

di scharge. (a) Autum 72, (b) Wnter 72/73, (c) Spring 73,

(d) Summer 73, (e) Autumm 73 (f) Wnter 73/ 74.

Seasonal FTU rating curves for the drought years 1975 and 1976,
inrelation to the previous and subsequent years. Sp = Spring,

S = Summer, A = Autum, W= Wnter.



Fig. 8 Pre-impoundment suspended sediment concentration data for Broken
Scar. 0 - catastrophic peat landslide (Crisp, 1966), o - 1966,

e - 1967, o - 1968, « - 1969, x - 1970. Also shown 1is the least-

squares post-impoundment regression line (see Fig. 2A).

Fig. 9 Relationship between the suspended sediment concentration and the
Soil Moisture Deficit at day lag one. Hydrologically Effective
Rainfall (HER) is plotted as negative values of SMD. The relationship
vis a vis saturation is clarified by the vertical line at zero SMD.

The exponential equation for the regression line is given in Table 3.

Fig. 10 Cumulative percentage distribution of turbidity data. The straight
line is a least squares log-normal best fit with x equal to the
linear plotting position, (r2 = 0.98). Hachured dividers delimit
approximate zones of trout fishery quality (Alabaster & Lloyd, 1980)
in relation to values of SSC. The turbidity statistics, x = mean,

x, = geometric mean, X = median and 6, = geometric standard

deviation all fall within the good fishery category.

Fig. 11 Discharge weighted suspended sediment concentration in relation to
the annual total water discharge. The curve is a hypothetical
response function drawn by eye, except for the portion between

Q.. = 3-6 which was fitted by least-squares.
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TABLE 1. Summary data for Regulatory Teewsdale Reservoirs(i) (source N.W.A.)

(1) (2) (3) TRt (5y(2) (6) (2 (7)

Capacity Area Compensétion Direct Supply Typical Retention Min, Retention Total Impounded

(m3x106) (ha) (mjxiojd-i) (mjxiojd-l) Time (montha) Time (months) Catchment (kmz)
Cow Green 40.9 311.8 38.5 - 6.8 2.3 60.0
Grassholme 6.1 56.6 6.5 11.3 5.0 0.9 78.7
Hury ' 3.9 51,4 3.5 99.8 1.1 0.3 o b3,

(1)

The reserveirs at Balderhead, Selset and Blackton feed Grassholme and Hury and have no direct supply or discharge to

the rivers.

(2)

Values in columns 4, 5 & 6 are only approximate and will vary according to operational requirements.



TABLE 2, Summary Data, water years 1971-1981

_ - z.e, of
X x ¢f nin max N
o the mean
Discharge {(m’s 1) 15.95 8.66 26,90 0.74 370.66 .0.42 4018

Turbidity (mg 1"1) 5.01 3.74 8.07 0.48 200,00 0,13 3937



TABLE 3. Relationship of S8C to Soil Moisture Deficiti.

N = 115 for the regreasion equation ln SSC = lna-b SMD.

Coefficients 2
r p Lag SMD (Days)
a b

5.1501 0.0438 0.067 <0.01 0
4L,6249 0.0668 0.303 <0.001 1
L7425 - 0.0472 0.148 <0.001 2
4,8849 0.0422 0,087 <0.01 ' 3
5.1316 0.0314 0,030 <0.10 L

5.0012 0.0254 0.041 <0.05 5

1Data from Widdybank Fell Meteorological Station (calculated by the
Meteorological Office using the Penman-Monteith method for a root

constant of 50 mm).



TABLE &, Suspendad load in R. Tees at Broken Scar

(1) (2) (3)

Water year tonnes yr~t tonnes km ° yr T tonnes m
(x 107°)
1971 ' 9898 . 12,09 . 2.56
1972 ' 9675 ' 11.82 ' 2.30
1973 10913 13.33 3.27
1974 8488 10.37 2.13
1975 - 9773 11,94 1.87
1976 4101 5.01 0.95
1977 13105 16.01 2.17
1978 9385 11.47 1.93
1979 | 31961 39.05 L.49
1980 11843 ' 14,47 2.16

1981 23391 28,58 1.84

Summary statistice for 11 years:

x el s.e. 95% C.L. of X
(1) 12957 7854 2368 3221 - 17693
(2) 15.83 9.60 2.89 10.05 - 21,61

(3) . 2.52 0.9% 0.30 1,92 - 3.12



TABLE 5. Summary suspended sediment production in upland basins

Catchment

Source . Load Area Location

¢ ke~ 2y~ o
Tees basin |
Crisp (1966) 112 0.83 Rough Sike
Crisp & Robson (1980) 128 0.83 ungh Sike
Conway & Millar (1960j 85 0;048 Burnt, eroded and drained heather.
Conway & Millar (1960) ’ 21  0.038 Artificially drained heather moor.
Conway & Millar (1960) 0 0.055 Undisturbed heather/sphagnum moor.
Carling (1983) . : 25 2.18 Carl Beck
Carling (1983) " 12 11.68 G. Eggleshope Beck
Winter (1950) _ 205 78.67 Grassholme Res. (R. Lune)
Winter (1950) 156 34.11 Blackton Res. (R. Balder)
Carling (unpubl.) 16 818.40 River Tees, Broken Scar
Tyne basin
Hall {1967) 117 39.89 Catclough Res. (R. Rede)
Hall (1967) T 62 2159.00 Tyne, Bywell

Tay basin
Al-Jabbari et al. (1980}  15.7-183.4  175-3213 R. Earn (various stations)

Al-Ansari et al. (1978) 27.2- 90.4 176 R+ Almond



APPENDI X A

Calibration

Laboratory calibration by N WA. staff of the turbidity neter agai nst

known concentrations of Formazin gave a precise functional relationship;
G =25 (FIY (1A

where C is the suspended S,0, concentration (ng 1% and FTUis the
Formazin Turbidity Unit.

Laboratory calibrations require verification or modification using
data fromthe natural gauging site. Suspended sedinent in the R ver
Tees is not the only contributor to turbidity, for exanple, phytoplankton
derived fromthe river bed (Holnes & Wiitton, 198l a) nay possibly increase
FTU readings at lowto noderate di scharges (Appendix B) . At |ow discharges
fine particulate matter, although contributing little to the total suspended
sedi ment concentration (SSO may naintain relatively high turbidities.
Factors such as water col our (Vanoni, 1977, p. 428) may effect sensitivity
whi | st sanpling, analytical errors and rating shifts fromstormto storm
may increase the variance of a field calibration (Beschta, 1980).

Field calibration data were collected at 0900 hrs on vari ous dates,
representative of all seasons, between August 1978 and July 1981.
Because of the infrequent occurrence of high discharges there was a
di sproportionate nunber of |ow di scharge readi ngs, but the peak discharge

for the 10 year period was sanpl ed.



The field data were conpared with equation (1) using functional or

structural analysis (Mark & Church, 1977). The resultant equati on,
SSC = 2.48 (FTU + 0.72 r = Q56 p<0. 001 (2A

is structurally equivalent to equation (1) with the term0.72 ng 1!
representing the threshold of effective SSC detection.

A though structurally correct, equation (2A) visually does not appear
to represent well the many low FTU values (Fig. 1A). A power function
frequently yields a better relationship between SSC and FTU for field
data (Fig. 1A). Both SSC and FTU determnations are subject to error so

again a structural relationship was sought,
SSC = 1.09 (FTU) *- 17 rz =0.73 p<0. 001 (3A

The percentage vari ance explained is increased by 17%when conpared with
(2A) and consequently (3A) is preferred for its explanatory val ue.

Were SSCis the principal factor controlling turbidity levels the
exponent in (3A) is less than or inthe vicinity of 1.50 (Emrett, 1975).
St eeper sl opes mght indicate the inportance of other forcing functions in
maintaining turbidity levels. Such a situation evidently does not apply
to the R ver Tees.

The data relating SSC and di scharge were scattered (Fig. 2A).

Nevert hel ess, a power function with SSC as the dependent vari abl e gave

a structural exponent of 1.17, the sane as equation 3A. The inplication
follows that FTU @° In fact by was 1.05 in the latter case; the
general level of turbidity being practically directly proportional to

di scharge throughout the range of di scharges examned, i.e.

FTU = 0. 3122 Qt- 03 (4A



APPENDI X B

Phyt opl ankton and Turbidity

Hol mes & Wiitton (198la; 198l b) describe phytopl ankt on bl oons in
the R ver Tees and al so noted a tendency for the nunber (No.) of individuals
inthe flowto increase with discharge. Partly on the evidence of a
previous investigation (Butcher et al., 1937), they concluded that the
mai n source of phytopl ankton drift was the river bed, nmaterial being
suspended by scouring di scharges. The contribution fromreservoir
rel eases was deened negli gi bl e.

Holmes & Wiitton (198la, Table 4) give concentrations of |ive and
dead pl anktonic diatons for a station close to Broken Scar for each
month in the water year 1977 for which there are corresponding turbidity
data. As total concentrations of phytoplankton may exceed 3 x 10° No. m?
it is of value to speculate as towhether or not phytopl ankton density increases
turbidity val ues. Both variables, however, are a partial function of
di scharge; which correlation needs to be renoved before valid conpari son
of the variables may be made. Linear detrending of both series successfully
removed the influence of discharge. There was no significant relationship
bet ween corrected val ues.

Despite the above result, no firmconclusions can be drawn. The
data set was small and no phytopl ankton density data were avail able for
hi gh di scharges, so it is conceivable that a nore extensive investigation

could yield a conclusive result.



Fig. 1A

Fig. 2A

Rel ationshi p between calibration suspended sedi nent concentration
and turbidity. Qurve (1) is equation 1A, Qurve 2 is equation 2A

and Qurve 3 is equation 3Aintext, p. I &il.

Rel ati onshi p between calibration suspended sedi ment concentration
and di scharge. Low gradient curve is the |least squares fit
(1n SSC = Q6396 + 0.8076 1n Q r? = 0.48) and the steep curve

is the structural relationship, (1n SSC = 0.3622 + 1.1704 1n Q

r2 = 0.48).
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