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Executive summary

As the debate on probable and possible anthropogenic impacts on the natural
environment becomes more scientific and international, the need has increased for
reliable information concerning the magnitude and trends of mass loads carried by
rivers through estuaries to the sea. River load information is also required to assist
with the management of inland waters, environmental investigations and research into
hydrochemical processes. This report reviews river mass load estimation procedures
with particular reference to UK conditions.

According to the sampling strategy and calculation method employed, river load
estimates can be highly variable in terms of their accuracy and precision. Low
frequency sampling at regular intervals, combined with simplistic computationat
algorithms, can result in heavily biased and imprecise load estimates. Often,
significant improvements can be obtained by exploiting ‘continuous’ flow records in
the computational algorithm. At sites with a flashy hydrological response, and for
determinands with a high coefficient of variation for concentration (e.g. suspended
sediment), there may still be large errors if the sampling frequency is low (e.g. once
or twice per month).

Levels of bias and precision in mass load estimates depend on many factors: the
hydrological and hydrochemical dynamic responses at the site and for the
determinand in question; calculation algorithm; sampling interval; length of
estimation period; and measurement errors (systematic and random). No single
combination of sampling frequency and calculation aigorithm can be devised which
will retun load estimates of a prescribed quality for all sites and determinands. It
may be necessary to consider a ‘worst-case’ determinand when setting the sampling
strategy at a given site; often this will be suspended sediment.

Wherever a ‘continuous’ record of streamflow is available covering a period of sparse
concentration data, a mathematical relationship between flow and concentration
should be sought from which concentrations at non-sampled times can be estimated.
Periods of relatively frequent sampling should be undertaken to quantify the flow -
concentration relationship. The transfer function model, rather than the linear
regression model, deserves much more attention in this respect. Other mathematical
models, particularly those where the focus of attention is hydrograph separation into
components with characteristic concentrations, could lead to improvements in river
loads estimation. Wherever funds permit, flow-proportional or probability sampling
using automatic sampling devices should be adopted. The report outlines briefly the
problems which can arise in calculating river loads of determinands which are
sometimes recorded as ‘less than” values.

Given the wide range of techniques employed, and the need to make meaningful
comparisons (e.g. between sites for a given year and over many years at a gtven site),
more emphasis should be placed on qualifying river load estimates with uncertainties.
Drawing from the literature, the report outlines some of the recent progress with
theoretical aspects of selected estimation algorithms and discusses the results of some
empirical investigations. Usually such case-studies have been concemned with the
average annual performance of selected estimators applied to specific determinands
{commonly nutrients or suspended sediment). A prototype computational framework
known as SMILER (Simulation and Methods Investigation of Load Estimates for




Rivers) is described which allows heuristic assessment of the effect of prescribed
combinations of a wider range of variables. As an example, the likely accuracy and
precision associated with nitrate loads for the Stour at Langham (Essex) were
calculated for a range of estimation periods employing concentration and flow data
from the Harmonised Monitoring Scheme database and the Surface Water Archive
respectively. Included in this exercise were estimates by the Paris Commission
preferred method of Stour nitrate mass loads in ‘high’ (wet) and ‘low’ (dry) load
years and a comparison of their accuracy and precision for regular sampling intervals
ranging from 1 to 30 days.

The ability to derive and manipulate river loads is an important operational need
which should be specifiéd at the design stage of database and information systems.
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1 Introduction

The need to use our water resources efficiently, and the growing awareness
that some human achivities may have undesirable effects on the environment,
has led to increased monitoring of the physical and chemical quality of lakes
and reservoirs, rivers, estuaries, coastal waters, continental-shelf seas and oceans.
Associated with our need to know the state of the aquatic environment, and
how it changes with time as a result of natural and anthropogenic influences,
there is a requirement for good information about the spatial and temporal
variation of constituent loads transported by rivers. River load data are
employed increasingly by a wide range of individuals and organisations with
interests in environmental protection, from researchers investigating particular
hydrochemical processes through to government departments formulating
national and international directives and agreements to reduce contaminant
inputs to the seas. As the debate on probable and possible anthropogenic
impacts on the natural environment becomes more scientific and international,
the need has increased for reliable information concerning the magnitude and
trends of mass loads carried by rivers through estuaries to the sea. River
load information is also required to assist with the management of inland
waters, environmental investigations and research into hydrochemical processes.

Recognising the need for better information on river loads, and acknowledging
that some published river loads data may be inaccurate or problematical to
compare (because of the various combinations of monitoring and calculation
methods employed), the Department of the Environment (DOE) commissioned
a study:

To develop standard methods for estimating contaminant loads in
rivers and to recommend methods to improve the accuracy of load
estimates bearing in mind the associated costs.

The current report is very similar in content to the final report prepared for
DOE (Littlewood, 1990); minor changes have been made in response to
comments received, and the opportunity has been taken to make editorial
improvements. The brief for the study was formulated and accepted in its
highly generalised form to allow a non-site- and non-constituent-specific
assessment of the problems involved in measuring river loads. This approach
enables full use to be made of previous investigations into errors in river
loads; usually these have been concerned with particular locations and
constituents (determinands). By adopting a more general approach here, current
load estimation practices can be assessed and recommendations made related
to cost-effective monitoring of river loads for types of determinand and site,
rather than specific cases, Other important factors which are considered include
developments in computer systems and methods of data analysis, and also
recent changes in the administrative arrangements in the United Kingdom for
river quality control.

Accurate measurement of the load of substances transported by rivers
(essentially the product of flow and concentration) presents demanding
technical and operational difficulties. Routine load surveillance can be costly
because both streamflow and concentration have to be recorded or sampled
concurrently at a suitably high frequency, and often samples have to be




analysed in the laboratory. Ion-specific electrodes and electronic data recording
systems are becoming more widely deployed and can, in conjunction with
‘continuous’ flow measurement, provide good river load data, but only for
those determinands amenable to ‘continuous’ detection by electrodes and
provided that the flow and concentration monitoring sites are co-located.

Whereas the marginal costs associated with an estimate of instantaneous flow
at a calibrated gauging station are fairly modest (though the cost of
constructing and calibrating the station may be substantial), the marginal cost
associated with a corresponding estimate of concentration' can be high.
Depending on the determinand in question, river water samples may have to
be taken manually, then transported to a laboratory and submitted to a
labour-intensive process of analysis. Automated laboratory procedures reduce the
marginal costs of chemical analyses but the associated initial development and
operational costs may be considerable,  Although some groups of chemicals
(e.g. certain metals) can be measured during the same laboratory procedure,
the technical difficulties involved, and the typically large number of chemical
species required to be monitored, mean that ‘continuous’ time series of
concentrations are not often available to match the more commonly available
‘continuous’ time series of flow data.

In practice, truly continuous and exact measurement of flow and concentration
is never possible and some level of error in derived river loads is inevitable.
Even if streamflow and the concentration of a determinand for a large river
(one which does not exhibit rapid changes in flow or concentration) are
measured (or sampled) on successive days, and load is computed as the sum
of the products of flow and concentration, the load calculated for any
specified period will be an estimate. The quality of the estimate will depend
on the errors in the flow and concentration measurements and on the length
of the sampling interval relative to the variation of flow and concentration
within the period in question.

Direct volumetric measurement is the most accurate method of measuring flow
but, unfortunately, this is possible only for low flows on small streams. All
operational methods of streamflow measurement (e.g. by hydraulic structure,
calibrated natural section, electromagnetic or ultrasonic devices, dilution
gauging) introduce error into the flow measurement process. However, with
careful design (including selection of site and method) and operation, such
indirect methods can usually provide flow data with small errors (Herschy,
1978).

There may be be uncertainty in concentration due to chemical changes in the
sample during transport to the laboratory or due to errors associated with
analysis in the laboratory. The established way of minimising these types of
error is a combination of (a) good sampling practices, (b} continual review of
the efficacy of methods of analysis and (c) analytical data quality control
(AQC) systems agreed between the various measuring authorities. Only by
some overall data quality assurance programme which includes (a), (b) and (c)
can consistency be achieved in a record for a given site and between records
at more than one site. An additional source of error, particularly just
downstream of a natural confluence or an artificial discharge, is lack of
representativeness of a sample. It is important to establish at each site that
the concentrations in a sample are representative of average concentrations for
the cross-section at which river flow is measured.



Due to the prohibitively high cost of measuring the concentration of certain
determinands ‘continuously’, long unbroken time series of concentration data
are rare. (For some interesting determinands the technology to detect the
low concentrations typically found in river water has become available only
relatively recently.) One method of computing load in such circumstances is to
employ a mathematical relationship between flow and concentration to estimate
‘continuous’ concentration; the dynamic hydrological behaviour of the catchment
above the monitoring site can be the dominant factor controlling variations in
river chemistry, particularly in rural areas, though the effects of point
discharges from farms and sewage treatment works may be superimposed on
this behaviour. Load is then calculated (for example} as the sum of hourly
streamflow and hourly concentration which, in turn, has been estimated from
the relationship between flow and concentration. In such cases an additional
error in load is infroduced due to the uncertainty in the mathematical
relationship, ie. in the model relating' concentration and flow.

Relationships between flow and concentration are rarely straightforward, even
when it is clear from visual inspection of time series or a scatter plot that
there is, indeed, a dependency of concentration on flow. At a given site some
determinands may exhibit a general decrease in concentration as flow increases
(a dilution effect) whilst other determinands exhibit the opposite behaviour (a
purging effect). Superimposed on this broadly identifiable Row-concentration
behaviour there may be hysteresis such that, for a given value of flow,
concentration is systematically higher (or lower) when flow is decreasing, than
when flow is increasing. Additionally, there may be evidence during high
flows, or over successive periods of high flow, of exhaustion of the supply of
material {(a common behavioural trait of suspended sediment and, therefore,
any- material adsorbed on suspended sediment).

Factors other than natural river flow can inflaence the variation in stream
concentration of particular determinands. Spillages and discharges from both
agricultural and industrial plant (point source pollution) can  affect
concentration levels in streams and rivers episodically. In predominantly rural
catchments the timing and amounts of agricultural applications of natural and
manufactured chemicals areally (in addition to point-source discharges, as
mentioned above) can affect the level and variation in the concentration of
certain chemicals in streams and rivers. Also, a particular determinand may
not behave similarly with respect to flow in all catchments. For example, in a
mainly rural catchment subject to areal (non-point source) applications of
fertilizer, nitrate in the river may exhibit a purging effect so that concentration
increases with flow. In contrast, in an urban catchment where a high
proportion of low flow comprises sewage effluent, the nitrate content may be
diluted at high flows so that nitrate concentration decreases as flow increases.
In some catchments, where there are important contributions from both rural
and wurban areas at different times of the year, nitrate concentration may
increase with flow in winter but decrease with flow in summer. Indeed,
heterogeneity of land-use, resulting in a ‘mixed mechanism’ catchment-scale
response, is common in the UK. )

Recent work in Wales (Littlewood, unpublished; Edwards et al, 1990) and
Scotland (Langan, 1987) has shown that the dynamic behaviour of stream
chemistry in remote upland catchments can be sensitive to episodes of
enhanced atmospheric deposition of natural sea-salts and anthropogenic
products from the burning of fossil fuels. The effects of atmospheric deposition




in such catchments can be modified by catchment characteristics (including
land-use).

The physical and chemical processes (both natural and anthropogenic) which
control how the concentration of a particular determinand varies with flow are
many, and they interact in an exceedingly complex manner. At the catchment
scale, the individual identities of distinct small-scale processes may become
blurred to the extent that they cannot be clearly discerned solely from
observations of streamflow and stream concentration. The detailed nature of
the links and interactions between natural hydrochemical processes,
anthropogenic processes and the dynamics of stream chemistry are not yet fully
understood, and advances will be made only by continuation and extension of
carefully planned and co-ordinated field process studies and mathematical
modelling investigations. Such studies and investigations themselves require
concurrent time series of flow and concentration from which good load
estimates can be made.

A prerequisite to the development of standard methods for estimating river
loads is a critical review of existing algorithms and procedures. A
comprehensive investigation into errors in load estimates would need to
consider all relevant aspects of (a) hydrometry, (b) sampling strategy, (c)
chemical or sedimentological analysis in the laboratory (d) computer systems
and database management and (e) estimation methods (including the scope for
mathematical modelling). The Analytical Quality Control (AQC) aspects of
water quality monitoring are being dealt with separately by water industry
chemists and therefore are not considered in detail here. The main areas
explored in this report are sampling strategies, databases and estimation
algorithms, and their effects on errors in load estimates for given types of
hydrological and hydrochemical dynamic behaviour.



2 Review of river load estimation methods

21 INTRODUCTION

The literature on river load estimation methods world-wide is substantial and
growing rapidly.  This chapter provides a brief review of the methods most
commonly employed and is based principally on a selection of key papers and
reports. Any emphasis here towards suspended sediment loads reflects the
nature of much of the published work on load estimation methods. Although,
for reasons discussed later, suspended sediment is perhaps a worst-case
determinand in the context of load estimation, the methods which have been
employed are generally transferable to other determinands. Except where
pertinent, therefore, references to particular determinands have been omitted.
The chapter commences with a brief introduction to the problems involved in
calculating loads and to the associated statistical terminology.

If both flow and concentration data are available at a sufficiently high
frequency (relative to the variation in flow and concentration during the period
of estimation), then good load estimates can be calculated. When such data
are spaced regularly in time the load may be calculated with little error as
the sum of the products of flow and concentration, multiplied by the data
time interval and a constant to account for the units used, as indicated in
(2.1).

Load = K.At . ¥(C, Q) (2.1)

where K 1s a constant

At s the data time interval
is the concentration of sample
Q; is the flow at sample time

If the high-frequency data are spaced irregularly in time (allowing, for example,
even better definition of flow and concentration during periods of high flows
when variability may be greatest), load may be calculated with little error as
the sum of the products of individual time intervals, concentration and flow,
as indicated in (2.2).

Load = K.E(2t.C;.Q) (22)

where At, is the short time interval over which Ci and Qi are
considered to apply

Loads calculated using high-frequency flow and concentration data and (2.1) or
(22) can be expected to be very close to the true load (assuming the flow
and concentration measurements are of high quality)., In practice, however,
because of the relatively high costs associated with determining concentrations
{particularly for some chemical species), high-frequency flow and concentration
data are rarely available for the same location. Additionally, there will be
some error in both flow and concentration measurements.

The increase in environmental monitoring in recent years has been




accompanied by many published papers and reports which propose, compare
and assess various river load estimation methods. To draw out the main points
of interest, and to discuss recent developments, a review of several key papers
is given in the following Section. First, however, a brief introduction is given
to some of the terms and concepts involved in error analysis, followed by
definition of two broad categories of mass load estimation methods.

Accuracy and precision

The efficacy of any estimation method is usually assessed in terms of the
accuracy (systematic error) and precision (random error) associated with the
estimate. Consider the general case of taking 100 measurements of a fixed
quantity; because of measurement errors the readings cover a range of values
but there is one value (or one interval containing a small range of values)
which occurs most frequently. The next measurement (the 101st) could lie
anywhere in the range defined by the first 100 values (or, exceptionally, it may
lie outside this range) but it is most likely to have the value which occurs
most frequently in the set of 100 values. The spread of the 100 values about
the value which occurs most often indicates the precision, or random error,
associated with taking that value as a best estimate.

If the value which occurs most often in the first 100 is different to the true
(but always unknown) value it would be by an amount known as the
systematic error. Accuracy is inversely related to the magnitude of the
systematic error; if the systematic error based on the 100 values is small then
an estimate taken as the most likely from the 100 is said to be accurate.
However, because the true value is never known exactly, accuracy can be
difficult to quantify.

Ideally, we should like all 100 measurements to return the true value. Then
there would be no imprecision or inaccuracy associated with our estimate.
Indeed, in this situation we should need to take only one measurement.
However, in all real measurement situations (as distinct from simple counting
operations) there will always be some spread, or distribution, of readings about
a most likely value, and therefore any future measurement (assuming the same
physical situation) will be imprecise to some degree. Similarly, any estimate
based on the most likely value taken from a set of replicated measurements
will have associated with it some systematic error and therefore that
measurement or estimation procedure will be inaccurate to some degree.

The terms accuracy and precision are summarised in Figure 2.1. The total
error of an individual measurement comprises components of random and
systematic error. Figure 2.2 shows four combinations of accuracy and precision:
(a) accurate and precise (the desired quality of an estimate), (b) precise but
inaccurate, (c) accurate but imprecise and (d} imprecise and inaccurate. In
general terms, high accuracy can only be achieved by adopting good
measurement practices; no amount of measurement replication can reduce
systematic error. In contrast, measurement replication is beneficial where a
fixed quantity is required to be known precisely. Assuming a Normal
distribution of the observations, a standard measure of the random error
associated with the mean, known as the standard error of the mean Sc. is
given by (2.3). ‘
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S = s/mbs ' 2.3)

-

where s (the standard deviation of the observations x,) is given by

o 14
[z & -x2/ (- 1)]

1=i
and n is the sample size

As sample size (n) increases the standard deviation remains much the same so
S, decreases; precision in an estimate of a fixed quantity can be improved by
increasing the sample size. In the context of river load estimation, where flow
and concentration are changing continuously, measurement replication is not
possible. However, the principles regarding accuracy and precision outlined
above can still be applied to river load estimates, as will become apparent
later in the report.

Interpolation and extrapolation methods of load estimation

Whenever concentration data are sparse there are two broad categories of load
estimation method. Methods from the first category, the interpolation category,
are employed when both flow and concentration data are sparse (but available
usually at the same times). Depending on whether the data are spaced
regularly or irregularly in time, either equation (2.1) or (22) is used (or
variants thereof, as discussed later). There is no information available with
which to estimate how flow and concentration vary between samples (or if
such information is available it is not used).

Methods from the second category, the extrapolation category, are employed
when ‘continuous’ flow data are available for a period when concentration data
are sparse. A relationship between flow and concentration is employed to
estimate ‘continuous’ concentration data between samples and load s
subsequently calculated using (2.1) or (22). Hence these methods are referred
to as extrapolation methods. A pre-requisite of extrapolation methods is,
therefore, a relationship between flow and concentration. Clearly, the better the
relationship the better the final load estimate.

The Surface Water Archive contains some 26,000 station-years of daily
streamflow data for United Kingdom rivers (more than 1000 stations are
operational currently), whilst the Harmonised Monitoring Scheme database
contains concentration data (rarely more frequent than weekly) for about 250
sites (most of which are co-located with, or in proximity to a Surface Water
Archive site). It is evident, therefore, that in principle, and subject to there
being useful relationships between flow and concentration, there is considerable
scope for extrapolation methods of load estimation using existing United
Kingdom records.

Unfortunately, periods of high-definition records (short-interval data) for both
flow and concentration, from which to derive good relationships describing
co-variability, are not common for the sites in the Surface Water Archive and
the Harmonised Monitoring Scheme database. Often in the literature,



recourse is made in such situations to crude models (eg. linear regression
equations), based on infrequent concentration data, and these exhibit a large
scatter. Extrapolation methods do not necessarily lead to good load estimates.
There is a pressing need to establish a monitoring and modelling programme to
improve flow - concentration models for load estimation by the extrapolation
method.

The next two sections review recent independent assessments of interpolation
and extrapolation river load estimation methods.

2.2. INTERPOLATION METHODS

Several papers on the topic of errors in river load estimates have been
published by Professor D. E. Walling and Dr B. W. Webb of Exeter
University; their work has stimulated considerable interest both in the United
Kingdom and internationally. The following algorithms, taken from Walling
and Webb (1985), give several of the most commonly used interpolation
methods of load estimation. There are alternative ways of expressing the
algorithms but the forms given by Walling and Webb are used for
convenience.

n n
Method 1 Load = K[): C-,ln] [IQiln] '
i=1 i=1
n
Method 2 Load = K X [cngn]
' is1
n —_
Method 3 Load = K % [CiQp]
i=1
— n
Method 4 Load = K Q [}: Ciln]
i=1
n
k3 [ga)
ie1 -
Method 5 Load = —— .Q
TQ
i=1
where K = a conversion factor to accountfor (a) the period

of load estimation and (b) units

It

sample concentration

L0
1]

flow at sample time




= mean flow for period of load estimate
(derived from a ‘continuous’ flow record)
6p= mean flow over the period between samples
(derived from a ‘continuous’ flow record)

n = number of samples

Walling and Webb (1985) point out that, by definition, load is essentially the
product of mean flow and flow-weighted mean concentration and thereby
Methods 1 to 5 can be assessed initially according to how well their
components might be expected, from simple inspection of the formulae, to
approximate to mean flow and flow-weighted mean concentration. Clearly, Q,
in Method 5 should be a good estimate of the mean flow for the period of
estimation though there will be some error in @ even if it is derived from a
‘continuous’ flow record. The efficacy of Method 5 depends largely, therefore,
on the error in the flow-weighted mean concentration calculated (estimated) as
the quotient of summed terms over a limited number (i) of samples.

Flow-weighted mean concentration in Methods 1 and 4 is approximated as the
arithmetic mean of sample concentrations. For determinands like suspended
sediment, which tend to increase in concentration as flow increases, regular but
infrequent sampling will be biased towards periods of relatively low
determinand flux, so the arithmetic mean of a limited number (i) of
concentrations will tend to underestimate the flow-weighted mean concentration.
However, depending on the variation in flow, the mean of a limited number
of sample concentrations might overestimate the flow-weighted mean
concentration of a determinand which tends to decrease with flow. The degree
of under- or overestimation of flow-weighted mean concentration will depend
partly on the sampling interval with respect to the variability of concentration
and flow during the period of estimation. Therefore, assuming the error in
(_)r is small, Method 4 will tend to under- or overestimate load according to
whether the flow-weighted mean concentration is under- or overestimated.

On inspection of the relevant formula it can be appreciated that there is an
additional source of error in Method 1 due to the approximation of mean
flow as the mean of a limited number (i) of flows. A common feature of
most streamflow regimes is that high flows occur for a lesser proportion of
the time than low flows. Approximations based on a limited number (i) of
flows might be expected, therefore, to underestimate mean flow. However,
especially over short periods of estimation, the mean of a limited number of
flows could overestimate the mean flow if, by chance, most of the individual
flows at sample times are high.

Method 2 assumes that the sample concentrations, C., and the flows, Q;
representative of the concentrations and flows respectively during the tlme
between sampless. Method 2 is simply a discretization of the exact
mathematical definition of load given by (24) and might be expected,
therefore, to perform well when the data time interval is small with respect to
the rates of change in flow and concentration. When the sampling frequency is
low, however, Method 2 may underestimate load (particularly if concentration
tends to increase with flow).
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Load = f]‘ t2c(t) .q(t).dt (2.4)
1

where c(t) and q(t) are continuous functions describing the
variation with time, t, of mean concentration and discharge
respectively at the stream cross-section.

Method 3 makes the same assumption about the sample concentrations, C, as
Method 2 but it employs mean flows derived from a ‘continuous’ flow record
for the periods between samples. Because Method 3 uses more information
than Method 2 it might be expected to give better load estimates.

A quantitative assessment of intcrpolation methods

To assess Methods 1 to 5 more rigorously, Walling and Webb (1985) use a
two-year duration time series of hourly suspended sediment concentration, and
corresponding hourly sireamflow, for the Exe at Thorverton (a Harmonized
Monitoring Scheme site), from which ‘true’ load is calculated wusing (2.1). The
performances of estimation Methods 1 to 5 are then assessed against the ‘true’
load. The suspended sediment data were collected as part of a wider study by
the authors and the hourly streamflow data were derived from records
supplied by the South West Water Authonty (now the South West Region of
the National Rivers Authority).

For each of three regular sampling intervals (7, 14 and 28 days) fifty replicate
data sets are derived from the two-year hourly record, starting each time from
a different hour near the start of the two-year record. Each calculation
Method is then applied to each data set to estimate load over the two-year
period. For a given Method and sampling interval the difference between the
mean of the 50 replicate load estimates and the ‘true’ load (calculated from
the complete record of hourly data) is taken as a measure of accuracy. The
dispersion of the 50 replicate estimates in each case is taken to be indicative
of precision. Figure 2.3 (reproduced by kind permission of Professor Walling
and Dr Webb) shows the results of this exercise.

The relatively small dispersions of the replicated estimates in Fig. 23 for
Methods 1 and 4 indicate that these are the most precise of the five Methods
tested at each sampling interval. Figure 2.3 shows, however, that, as might be
expected, precision (dispersion) worsens as sampling interval increases for both
Method 1 and Method 4. Additionally, for both Methods 1 and 4, the
difference between the mean of the replicate estimates and the ‘true’ load (ie.
the bias) increases as sampling interval increases. This increase in bias indicates
the extent to which Methods 1 and 4 tend increasingly to underestimate load
with increasing sampling . interval, ie. the arithmetic mean of sample
concentrations becomes a poorer estimate of flow-weighted concentration as the
number of samples decreases.

11




Sampling Frequency
6 7 Day ] 14 Day | 28 Day
4 lActuaI Load | lActual Load | lActual Load
3 Method 1 hm
ol . — -
8 ;
q | | |
20| Method 2 |
o_fﬂﬂﬂm.nm._, 0 L&nmmh_u
J1 1L
40; . 1
20 hlh ] Method 3 |
60, \ 1
] | | | L
201 {l|l Method 4 JML_
o , — : I 1] SN

oSG0 1

Method 5

2 ] ]
oj—fﬂﬂ]ﬂw-m_» z[IIII:HI]].,_.;.LIBA__3 hlﬂﬂm]_m_g.._g
O 50 100 150 0 50 100 150 0 50 100 150

Suspended sediment load 1978-80 (tonnes x10’)

2

Frequency of occurrence

Frequency of occurrence

Figure 2.3 Distributions of replicated suspended sediment load
estimates for the Exe at Thorverton, 1978-80 - Methods 1
to 5 (from Walling and Webb, 1985)

Since Method 1 uses an estimate of mean flow based on a limited number of
samples, and error is inversely proportional to the number of samples, it is
surprising, perhaps, that the accuracy associated with it at a particular sampling
interval does not appear to be significantly worse than the accuracy associated
with a corresponding Method 4 estimate (which uses the ‘continuous’ flow
record to estimate mean flow for the period of load estimation). The bias
introduced by Methods 1 and 4 for the example of a two-year load of
suspended sediment, presented by Walling and Webb (1985), is considerable,
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ranging from about -75% at a sampling interval of 28 days to -62% for
sampling intervals of 7 and 14 days.

It can be seen in Fig. 2.3 that the biases associated with estimation Methods
2 and 5 are about the same and that they are relatively small. However, the
dispersions of replicate estimates for Methods 2 and 5 are larger than for
Methods 1 and 4. It appears, therefore, that none of the Methods 1, 2, 4 or
5 gives an estimate which is both relatively accurate and relatively precise;
Methods 1 and 4 give relatively precise but inaccurate estimates whilst
Methods 2 and S give relatively accurate but imprecise estimates.

Inspection of the histograms for Method 3 in Fig. 2.3 shows that this Method
has the best combination of relative accuracy and precision of any of the five
Methods assessed. It should be noted, however, that large errors (whether due
to inaccuracy, imprecision, or both) are quite likely for any of the Methods
investigated with weekly (or longer) sampling intervals to estimate suspended
sediment load over a particular two-year period on the Exe at Thorverton. A
single load estimate based on weekly samples could underestimate suspended
sediment load by 65% (Method 4) or overestimate it by about 200% (Method
2); a single two-year estimate based on 28-day interval samples could be 5%,
or more than 250%, of the true value.

The empirical assessments and comparisons made by Walling and Webb (1985)
for Methods 1, 2 and 4 have been corroborated recently by a theoretical
assessment of the statistical properties of the estimators for long periods of
estimation (eg. for anmnal loads). Given certain assumptions, including
statistical independence between flow and concentration, Clarke (1990) presents
an argument based on theory that Method 2 is an unbiased estimator and
that Methods 1 and 4 are biased estimators (refer again to Fig. 2.3 for a
summary of the empirical results of Walling and Webb). Clarke (1990) gives
an equation which, in some circumstances, may be used for correcting the bias
in published Method 2 load estimates. He argues also that the variance of
estimates by Method 2 is of the order of 1/n whilst the variances of estimates
by Methods 1 and 4 are smaller, of the order of 1/n® (in broad agreement
with the empirical and qualitative results shown in Fig. 2.3). . Equations in
terms of the means, standard deviations and correlation coefficient of the
logarithms of concentration and flow are given by Clarke (1990) for the
variances of load estimates. From sbch equations it should be possible to say
what sample size (approximately) would be required to achieve a given level of
precision. Clarke (1990) points out that further theoretical work is being
undertaken, to (a) assess the performance of different estimators under
conditions of known serial correlation structure in the data and (b) fo assess
extrapolation methods of load estimation (see the next section in this report).

Method 5 is the preferred algorithm of two methods recommended by the
Paris Commission for assessing river inputs of Red List and other substances
to the North Sea. Method 2 is the second choice of the Paris Commission,
for situations when there is insufficient streamflow information for Method 5
to be employed. At the request of the author of the current report, Professor
Walling and Dr Webb estimated suspended sediment load for 1979 for the
Exe at Thorverton using Methods 2 and 5, using a limited amount of data.
Methods 2 and 5 were applied on the basis of 16 samples (typical in a year
for the Thorverton Harmonised Monitoring Scheme site — and at many
others), for comparison with the ‘true’ load for 1979 calculated from the
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hourly data (21984 tonnes). The results are shown as histograms in Figs. 2.4
and 2.5. The dispersion of the replicate load estimates is very large with
respect to the ‘true’ value, and a modal frequency range from which to assess
bias is not clearly discernible. It is clear, nonetheless, that both Paris
Commission methods (Methods 2 and 5) tend severely to systematically
underestimate annual suspended sediment load, probably by more than 50%.

Suspended solids load
81 Method 5

Actual load

6 l

Frequency

2 & 0 2042, 0a04290 % 15940 u0nT ok 000D 0 B0
Tonnes x 1000 7

Figure 2.4 Distribution of replicated suspended sediment Iload
estimates for the Exe at Thorverton, 1979 - Method 5

Although the analyses performed by Walling and Webb discussed above are
for suspended sediment loads they are, in terms of their basic design, relevant
to assessment of the errors in river loads for a wide range of determinands.
Errors in suspended sediment loads may, however, give a pessimistic view of
the expected quality of estimates for other determinands. Determinands which
exhibit a more subdued concentration variation with flow (including negative
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Figure 2.5 Distribution of replicated suspended sediment load
estimates for the Exe at Thorverton, 1979 - Method 2

responses) should be estimated with better accuracy and precision by Methods
1 to 5, particularly at sites where there is also a subdued hydrological
response. It is worth noting, however, that a significant proportion of the
transport of many determinands (e.g. heavy metals, organochlorine residues) can
occur during high flows as an adsorbed phase in association with the transport
of particulate matter.  Suspended sediment is, therefore, an important
determinand.

Subject to the vagaries of concentration variation in time induced by episodic
discharges to rivers from industry and centres of high population density, many
determinands in solution (dissolved substances), and many rivers (especially at
their tidal limits), wilt have relatively subdued responses in their variations of
concentration and flow. However, the prerequisite ‘continuous’ data (over
sufficiently long periods) with which to calculate ‘true’ loads for comparison
purposes in such cases are not generally available. The suspended sediment
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datasets compiled by Walling and Webb for the Exe at Thorverton, and for a
few other sites (discussed in the following section), are exceptional in this
respect. It is difficult, though, to establish what the errors in load estimates
might be for other determinands at other sites which exhibit different
hydrological dynamic behaviours. Later in this report, the problem of a
general lack of ‘continuous’ data from which to calculate the ‘true’ loads of
various determinands is circomvented by adopting a technique using synthetic
data. In this approach, combinations of typical hydrochemical and hydrological
dynamic behaviour are prescribed and thus long time series of synthetic flow
and concentration data can be generated from which ‘true’ load can be
calculated.

23 EXTRAPOLATION METHODS

Extrapolation methods of load estimation employ a mathematical relationship
between concentration, which operationally is normally measured infrequently,
and some ‘independent’ variable (or variables), which operationally is (are)
measured at high frequency. The most commonly employed single independent
variable for these purposes is flow (Q) which is typically used in a simple
power law rating curve of the form given by (2.5). At the expense of
additional complexity, there is no reason why other available variables and
other mathematical structures cannot be employed. However, the simplicity of
(2.5) has encouraged its widespread use, sometimes with important procedural
conditions which will be discussed.

C=K(Q+AP (2.5)

where C is concentration
K and A are constants
B is an exponent

Equations of the form given by (2.5) are usually derived by taking the
logarithms of both concentration and flow (the latter adjusted by amount ‘A’
if necessary) and employing simple linear regression analysis. (A similar
procedure could be adopted wusing several variables and multiple linear
regression analysis) In the context of suspended sediment, Walling (1977)
highlights a number of inherent weaknesses of the simple rating curve (2.5)
approach. The linear regression model with only one independent variable
(flow) cannot take into account dynamic erosion processes in the catchment.
One effect of such processes may be that suspended sediment concentrations
at a given flow on the rising limb of a hydrograph are systematically, but
variably, lower (or higher) than concentrations at the same flow on the falling
limb - the response known as hysteresis. Another effect which cannot be
accommodated by the simple linear regression approach is exhaustion of the
supply of material during and between runoff events. This causes the
concentration - flow relationship to be highly time wvariant, with concentrations
generally becoming lower during evenis or over a succession of events as the
source of material diminishes. Much of the scatter in concentration - flow
relationships may be due to such factors, with which the simple linear
regression model cannot cope because it is "essentially a univariate expression
of a complex multivariate system" (Walling, 1977).
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Recognising the deficiencies, identified above, of a single rating curve, many
investigators have employed separate rating curves of the form given by (2.5)
for (a) increasing and decreasing flows and/or (b) for the different seasons of
the year. Such stratification of univariate rating curves by stage and time can
reduce the scatter about the individual rating curves but it requires careful
statistical analysis and substantial errors may remain. An alternative approach is
to employ a multiple regression model where additional variables are
incorporated to describe, for example, (a) whether flow is increasing or
decreasing and (b) seasonality. On the basis that most of the load of many
substances is transported during high flows, another variation of the simple
rating curve method involves weighting it during calibration by including
additional samples in the high-flow range. (This requires samples to be taken
moere frequently above a threshold flow.)

An additional source of error in the rating curve method, whereby calculated
loads may be in error systematically by as much as 50%, has received
considerable attention in the recent literature. In the following, a brief
outline is given of the debate; careful scruting of the papers cited is
recommended for a full appreciation of the complexity of the problem.

Ferguson (1986a, 1987) pcints out that unless a multiplicative correction factor
is included in a simple rating curve of the form given by (2.5), a bias (in this
case an underestimation) is the inevitable result of re-transforming to the
‘arithmetic domain’ after performing regression analysis on the logarithms of
concentration and flow (adjusted by ‘A’ if required). Ferguson's analysis of
the situation indicates that, for specified conditions, the bias thus introduced is
proportional only to the degree of scatter about the logarithmic concentration
- flow relationship (i.e. to the variance of the model residuals, Sez).

In many applications where an identical curve-fitting procedure is adopted (e.g.
derivation of stage - discharge relations) the degree of scatter is usually small;
the bias is then typically less than 1% or 2% and often is small enough to
be ignored. However, for reasons already discussed, scatter In concentration -
flow relationships is typically large, making the bias significant. Ferguson
(1986a, 1987) suggests a parametric correction factor (a Normal distribution for
the model residuals is assumed). For the case he presents, this reduces the
underestimation of annual suspended sediment load from (-)43% (uncorrected)
to (-)9% (corrected). Ferguson (1986a) concludes that the simple correction
factor exp(2.65 Sez) "removes most of the bias when log-log rating curves are
approximately linear with additive normal scatter, and its use will improve the
accuracy of estimates of river load”. Ferguson’s papers attracted much interest
and comment,

Koch and Smillie (1986) apply the correction factor recommended by Ferguson
to sediment data from two rivers in northwestern Colorado and find that
corrected estimates are too high by 39%. Koch and Smillie also apply a
non-parametric correction factor, 1/n):exp(ei), based on the ‘smearing estimate’
presented by Duan (1983), but find an even greater overestimation. They
report, however, that Thomas (1985} found the non-parametric correction to
perform better than the parametric correction. On the basis of their results
(and those of Thomas), Koch and Smillie (1986) doubt the applicability of a
parametric bias correction factor for general use principally because the
statistical distribution of residuals is not fixed. They conclude also that the
non-parametric correction factor does not behave consistently. In his
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response, Ferguson (1986b) points out that correction for bias cannot eliminate
random error, so the finding of individual overestimates of load after
correcting by his parametric method does not invalidate the general conclusion
that the un-corrected log-log rating curve method, on average, underestimates
by the amount exp(2.65 S,2).

Walling and Webb (1988) also question the general effectiveness of Ferguson's
parametric correction factor; they conclude that factors other than any bias
introduced when re-transforming to (2.5) from the logarithms of the variables
are more important in producing inaccurate load estimates. For three rivers
in southwest England, Walling and Webb (1988) present annual and
period-of-record ‘true’ loads of suspended sediment, against which they compare
the means and dispersions of load estimates (for indications of bias and
precision respectively) based on S50 different rating curves replicated by
sampling from complete hourly datasets, They construct and replicate two types
of rating curve for each river; the first type assumes regular weekly samples
and the second assumes additional sampling above a threshold flow. Whilst
Ferguson’s results appear persuasive that biased load estimates obtained from
simple rating curves can be effectively corrected, Walling and Webb’s results
indicate otherwise. The results for two rivers, where annuali loads are
computed by Walling and Webb, are discussed here.

As shown in Table 2.1, un-corrected rating curves based on regular weekly
sampling lead to massive bias in annual loads of between -97% and -63%.
And for rating curves weighted towards high flows, as in Table 2.2, the
systematic errors are marginally less, between -95% and -51%. For the Dart
at Bickleigh the systematic error in annual loads calculated using either type
of rating varies over a remarkably narrow band of between -97% and -88%.

For comparison, Walling and Webb apply both the parametric and
non-parametric correction factors but the effects vary from (a) only a slight
improvement within the range of negative biases to (b) a positive bias of
(+)38%. For the Dart at Bickleigh the parametric correction of estimates based
on regular weekly sampling (Table 2.1) reduces the bias slightly, to between
-93% and -83%, whilst for the Creedy at Cowley the similarly corrected
estimates are still biased between -78% and -20%. The corresponding effect of
the - parametric correction factor on estimates based on flow-weighted rating
curves can be seen in Table 22. For the Dart, bias is reduced to between
-85% and -58%, whilst for the Creedy it is reduced to between -73% and
+25%.

The non-parametric correction due to Duan (1983) appears to perform better
than the parametric correction, though only slightly, and large systematic errors
remain in the estimates of annual loads. For rating curves based on regular
weekly sampling (Table 2.1), the bias in non-parametrically ‘corrected’ estimates
is between -84% and -63% for the Dart and between -74% and -3% for the
Creedy. For flow-weighted rating curves (Table 2.2), the bias remaining after
non-parametric adjustment is between -75% and -34% for the Dart and
between -70% and +38% for the Creedy.

Employing coefficients of variation (not given here) for the sets of S0 replicate
estimates of load, Walling and Webb (1988) point out that the level of
precision is also affected by the parametric and non-parametric adjustments,
but not by consistent amounts between rivers. For example, the authors

18



Table 21 Bias in rating cwrve suspended sediment load estimates
based on regular weekly sampling (original data from
Walling and Webb, 1988)

PERIOD ACTUAL SIMPLE PARAMETRIC NON-PARAMETRIC
LOAD RATING CORRECTION CORRECTION
tonnes % % %o

RIVER DART AT BICKLEIGH

1975-1985 24459 -96 -90 -9
1975-1976 1072 97 92 83
1976-1977 37719 -96 91 80
1977-1978 1872 96 -90 -17
1978-1979 1476 -93 -83 63
1979-1980 2475 ! -96 -90 i
1980-1981 2684 -96 -91 -80
1981-1982 4451 -97 92 82
1982-1983 2672 96 91 -80
1983-1984 3046 97 93 -84
19841985 972 -85 -88 -13

RIVER CREEDY AT COWLEY

1972-1980 82863 -80 -50 -40
1972-1973 7482 -86 ' -63 -56
1973-1974 20619 -85 -58 49
1974-1975 10547 -84 61 -53
1975-1976 1941 92 -18 -14
1976-1977 16234 -80 -48 -37
1977-1978 10214 -68 -20 -3
1978-1979 . 4M7 -76 -40 -27
1979-1980 11109 -79 -47 -36

report that, after parametric adjustment, precision for the Creedy is improved
slightly but that it is worsened considerably for the Dart. In some cases,
therefore, it appears that, on correction for bias, a gain in accuracy is made
at the expense of precision. Walling and Webb (1988) also report an increase
in the inter-annual variability of ‘corrected’ leads and point out that this could
cause additional problems in the interpretation of long time series of river
loads.

Walling and Webb (1988) conclude that the bias introduced into suspended
sediment load estimates due to the nature of the simple rating curve approach
is not the major cause of systematic error in loads. The most important factor
appears to be variability through time due to dynamic erosion processes. In
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Table 22 Bias in rating curve suspended sedzment load estimates

based on regular weekly
sampling (original data from Walﬂng and Webb, 1958)

PERIOD ACTUAL SIMPLE PARAMETRIC NON-PARAMETRIC
LOAD RATING CORRECTION CORRECTION
tonnes %% Yo %

RIVER DART AT BICKLEIGH

1975-1985 24499 -93 -78 66
1975-1976 1072 -85 -85 -15
1976-1977 37179 -93 -8 64
1977-1978 1872 -93 -78 -65
1978-1979 1476 -88 -58 -34
1979-1980 2475 -93 =77 -64
1980-1981 2684 -94 -19 -67
1981-1982 4451 -94 -81 -69
1982-1983 2672 -94 -80 68
1983-1984 3046 -95 -84 .14
1984-1985 972 -93 -5 61

RIVER CREEDY AT COWLEY

1972-1980 82863 - <25 -18
1972-1973 7482 -79 -46 41
1973-1974 20619 -15 -35 -29
1974-1975 10547 -78 -44 -39
1975-1976 1941 -89 -73 -10
1976-1977 16234 -70 -24 -16
1977-1978 16214 -51 +25 +38
1978-1979 4717 -68 -17 -5
1979-1980 11109 -68 -19 -11

the medium- to long-term, variations in erosion processes result in seasonal
differences in the overall concentration - flow response (which might be
accommodated to some extent by stratification of rating curves seasonally as
already mentioned). In the short-term, the nature of dynamic erosion processes
may be manifested as hysteresis, and as exhaustion during and between events.
The problem of hysteresis is one that the simple linear regression model, upon
which the rating curves are based, is unable to cope; an alternative model
which can take hysteresis into account, at least to some extent, is discussed
later in this report. The problem of exhaustion requires detailed mathematical
modelling and has, therefore, been left to future developmental phases of work
begun for the current study.
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Walling and Webb (1988) also point out that although some improvement in
load estimates can be obtained by employing rating curves weighted for high
flows, the problems associated with hysteresis and exhaustion seem to preclude
the use of any systematic adjustment to give major improvements in the
reliability of rating curve estimates. The problem of bias in rating curves
highlighted by Ferguson (1986a, 1987) is merely a contributing factor to the
overall error in load estimates and the correction factors suggested by
Ferguson and Duan may be only partially effective.

However, a more recent paper (Cohn ef gl, 1989) pives a detailed theoretical
analysis of the bias introduced by re-transformation to obtain simple rating
curves of the form given by (2.5). This work shows that whereas the
parametric correction factor proposed by Ferguson (1986a, 1987) performs
satisfactorily in many cases it does not elimipate bias. Under certain conditions,
Cohn et al, (1989) show that the simple parametric correction suggested by
Ferguson (1986a, 1987) can lead to systematic overestimation of loads, thus
providing some theoretical insight into the empirical results of Walling and
Webb {(1988) presented here in summary in Table 22 (there is a positive bias
in the parametrically ‘corrected’ load for the Creedy 1977-1978).

Cohn er al. (1989) present an alternative correction procedure which leads to
a ‘minimum variance unbiased estimator’ (MVUE). The mathematics of the
MVUE are more complex than the simple parametric correction factor
described above and its detail is therefore omitted here. Provided that the log
- log model for the concentration - flow relationship is valid (see below), the
MVUE gives zero-biased estimates and the associated random error is usually
nearly as good as, or better than, the basic rating curve method. (Simple
parametric correction often increases the random error component of load
estimates.)

The MVUE presented by Cohn et al. (1989) will undoubtedly receive further
attention in relation to river load estimation methods but it seems clear
already that there may be problems in its application to the relatively small
and flashy rivers of the United Kingdom. For example, both Cohn er al
(1989) and Walling and Webb (1988) recognise fully the inappropriateness of
the regression model in the logarithms of concentration and flow for
describing the physical situation. Both groups of investigators refer to other
work aimed at circumventing this problem, namely the smearing (or
non-parametric}) estimator (Duan, 1983), as discussed above, and also a
probability-based sampling procedure (Thomas, 1985) which gives unbizsed load
estimates even when a log - log relationship is not strictly valid in physical
terms.

Before describing the work of Thomas (1985) in Section 2.5, some further
comment is warranted on the non-validity of the regression model in the
context of hysteresiss. A good candidate for an alternative model which can
accommodate hysteresis, but which appears to have been largely neglected by
many investigators, is introduced in the following section.
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24 TRANSFER FUNCTION MODELS

The regression model assumes a unique (or one-fo-one) relationship between
concentration and flow but usually where ‘continuous’ records of the variables
are available it is evident that this prescribed behaviour does not adequately
characterise the physical situation. As discussed already, dynamic erosion
processes cause hysteresis and exhaustion in suspended sediment concentration -
flow behaviour; similar time-variant, non-linear responses are observed for other
determinands (e.g. Edwards, 1973) and the reasons for such behaviour are
many. Much of the scatter in a plot of concentration against flow (in the
logarithms) may be due to hysteresis, and the residuals from a linear
regression equation fitted to the observations will therefore be serially
correlated — a condition which itself indicates that the regression model is
inappropriate. However, the transfer function type of model (e.g Box and
Jenkins, 1970) can allow for non-uniqueness in a concentration - flow
relationship.

There are several ways of expressing a transfer function model. The notation
adopted here is consistent with that employed later in the report when
describing a computer program for investigating errors in loads. The general
form of a transfer function for relating (in this context) concentration and

flow is given by (2.6).
Bzl (2.6)

' A(z-l)'Qt-b

where C, is concentration at time t
Q,, is flow at timet-b
b is pure time delay
z1 is the backward shift operator
ie 27x, = x,

C

and B(z'!) and A(z!) are polynomials in z! given by
{27y and (2.8) respectively

B(z'})

f

by + bzl + ...+ b 2D 27)

AEY =1+ apl+ag?+ .., +a 7™ (2.8)
The definition of the general transfer function given above may seem rather
formidable to readers unfamiliar with the concepts and notation involved but
reference to a specific case can help clarify the techniques. The specific case
when m is 1, n is zero and b is zero can be written as (2.9).

b

0

T @9

which may be re-written as (2.10)

G =

C, = b,Q, - 3,C, (2.10)
Equation (2.10) states simply that the concentration at time t is given by by

times the flow at time t, plus a, times the concentration at time t-1 (note
that a, in (29) is always negative, so (2.10) is effectively the addition of two
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positive terms); hence the serial dependency in concentration is accounted for
— something with which the simple regression model is unable to cope.

Models of the form of (2.9)/(2.10) have been employed for investigating the
dynamic behaviour of water quality (e.g. Whitchead, 1979; Littlewood, 1987)
but, with limited exceptions (e.g. Gurnell and Fenn, 1984), their potential for
characterising flow - concentration behaviour for use with extrapolation
methods of load estimation appears to have gone largely unrecognised and
unexploited.

To appreciate further the advantages of the transfer function model for
characterising flow - concentration behaviour, consider the (observed)
streamflow and (synthetic) concentration reponses shown in Fig. 2.6 where,
clearly, there is a positive relationship between the two variables with hysteresis
such that ‘concentration’ lags behind flow. (This is, in fact, the typical
response of hydrogen ion concentration H* over several days and successive
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Figure 2.6 Demonstration streamflow and concentration time series

rainfall events for small streams in the Llyn Brianne catchment, Wales; other
determinands will exhibit quite different responses to streamfiow.) A lincar
_ regression model would simply appear as a straight line through the same data
presented as a scatter plot in Fig. 2.7, and it would, therefore, be unable to
represent the hysteresis.
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Figure 2.7 Demonstration streamflow and concentration scatter plot
exhibiting hysteresis

In fact, the flow and ‘concentration’ data in Figs. 2.6 and 2.7 are related
perfectly by the transfer function model given by (2.11).

H - 0.00893 o @11)

1 - 0.885z’!

where H* is hydrogen ion concentration in peq. I and
flow Q is in Ls*?

.The transfer function model is therefore a useful way of summarising the
dynamic behaviour of stream hydrochemistry (at least for H') and in principle,
once a model has been calibrated from a short record of high frequency flow
and concentration data it can be employed to estimate ‘continuous’
concentration from flow for periods of sparse or absent concentration data.
Making the reasonable assumption that these estimates of concentration will be
better than those which would be made from a simple linear regression model
(because the dynamic behaviour will have been better characterised by the
transfer function) we can expect improved river load estimates. The transfer
function approach is, however, unlikely to hold all the answers.

Although the transfer function model has clear advantages over the regression
model for flow - concentration relationships it should not be expected to give
good results always. For example, a determinand like suspended sediment,
which exhibits exhaustion, would require a model to accommodate that
behaviour trait in addition to hysteresis (e.g. Moore, 1984); each case is
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required to be dealt with individually. Furthermore, even in situations where
a transfer function model is a significant improvement on a regression model
it may be subject to calibration ‘drift’ over time. It would be necessary,
therefore, to periodically review and, if necessary, update such models.

To assist with testing various estimation algorithms over ranges of
hydrochemistry dynamic types and sampling intervals, the transfer function
model is employed extensively in a Simulation and Methods Investigation of
Load Estimates for Rivers (SMILER) described in Chapter 4 of this report.

2.5 FLOW PROPORTIONAL AND PROBABILITY SAMPLING

Most routine sampling of river water quality is undertaken manually and is
subject to the operational constraints imposed by daylight hours and the
working day/week. Samples tend to be taken at fairly regular intervals (daily,
weekly, monthly). Loads calculated using such data, especially by interpolation
methods, can be heavily biased because the samples will tend to be taken at
relatively low flows. For example, 80% of the suspended sediment load over a
period of years may be transported in only 3% of the time (Walling and
Webb, 1981), and similar figures can apply to annual and shorter periods of
suspended sediment load estimation. The underestimation of supended
sediment load can be severe since concentration can vary by orders of
magnitude. The situation for other determinands may not be so extreme but
Marsh (1980) estimated that 70% of the 1976 nitrate load for the Great Ouse
at Bedford was transported during December of that year as a notable
drought ended (the temporal distribution of runoff in 1976 was unusual).

Automatic bank-side apparatus permits samples to be taken at variable time
intervals so that more information can be made available for load estimation
during periods of high flow and high determinand flux. Careful design of such
automatic sampling regimes can minimise or even (theoretically) eliminate bias
in load estimates. There follows a brief introduction to two methodologies for
automatic sampling to meet this objective, the first is a flow proportional
sampling technique and the second is a probability sampling method.

Flow proportional sampling

Consider a perfect automatic system which allows continuous sampling of river
water at a small but variable rate directly proportional to instantaneous
discharge. The flow from the contimious sampler is directed into a ‘bulk’
sample. By definition, and in the absence of measurement errors, the product
of the bulk sample concentration (assuming conservative behaviour of physical
and chemical properties in the bulk sample) and the average flow over the
period of sampling, will give the true load.

In practice, flow proportional sampling usually requires discrete samples to be
taken each time a specified volume of water has flowed past the point of
interest.  These sub-samples can be mixed into a ‘bulk’ sample. The
concentration of the bulk sample will be a pgood estimate of the true
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flow-weighted concentration provided the specified volume of flow for setting
the variable sampling is sufficiently small.

Work undertaken for the Department of the Environment by the Water
Research Centre (Harrison et al, 1989) compared load estimation for the
Thames at Kingston by manual ‘routine’ weekly grab samples with results from
an automatic flow proportional sampling system linked to an ultrasonic gauging
station (5 ml samples were taken at a frequency directly proportional to
discharge - approximately every 5 to 10 minutes). An equation of the form
given for Method 2 was employed to calculate the ‘true’ loads of Cd, Cr, Cu,
Pb, Ni, Zn, 85, TP, SRP and NO.,-N, using the concentrations in the
composite samples and the average %[ows over the periods of composite
samples. An extremely valuable dataset was thus created.

Loads were estimated (Harrison ef al, 1989) from the grab samples employing
Methods 2 and 5 (the Paris Commission recommended methods) for sampling
intervals of 1 week, 2 weeks, 1 month and 2 months. Random error
(precision) associated with the load estimates was approximated using
appropriate formulae. As might be expected on the basis of previous work
(summarised earlicr in this report), this showed (a) that estimates by Method
2 have a larger random error component than estimates by Method 5 and (b)
that for both methods precision (referred to by the authors as ‘accuracy’)
decreases as sampling frequency decreases.

For almost all combinations of (a) determinand, (b) estimation method and (c)
sampling interval, the approximate 95% confidence interval includes the ‘true’
load calculated from the flow proportional sample data. However, this
observation on its own does not appear to be sufficient to support the view
given by Harrison ef al. (1989) that estimates based on grab sample data at
Kingston exhibit "satisfactory consistency" with the ‘true’ loads derived from
flow proportional sampling. The ‘true’ loads for chromium and total
phosphorous are located near, or just outside, the corresponding 95%
confidence intervals, Apart from this observation there appears to be no clear
pattern which suggests which determinands are better estimated at a given
sampling frequency in terms of either systematic or random error.

The Method 2 result for suspended sediment (monthly grab sampling)
overestimates SS load by 37%; such a result may, of course, have arisen by
chance but most previous work indicates that SS loads based on discrete data
tend to be severely underestimated. .

Amongst their conclusions, Harrison et al (1989) point out that the error
component in load estimates due to a small number of samples being available
can be much larger than the error components due (a) analysis in the
laboratory, (b) measurement of flow and (¢) poor mixing at the measurement
cross-section. The apparently good level of mixing at the relatively wide and
slow Thames at Kingston is thought to be a fair test of typical conditions
near the tidal limits of rivers in the United Kingdom. However, many other
rivers exhibit a greater variation in flow, and in this respect the Thames at
Kingston could be an undemanding test of the errors which arise from
discrete sampling,
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Probability sampling

Flow proportional sampling as outlined above can be expected to give good
estimates of the load of substances which behave conservatively in a bulk
sample. Continuous sampling is the ideal method but variable sampling (as
performed for the Thames at Kingston) is the practical option. Provided that
the sub-samples are taken at small (variable) time intervals, the estimate can
be expected to have small bias and good precision. However, there appears
to be no way to quantify either of these measures of estimate quality in
particular cases; the work at Kingston adopted the flow-proportional load as
the ‘true’ load against which to compare different estimation methods.

Probability sampling (e.g. Thomas, 1985) is a theoretical framework for deciding
when to take individual samples (for separate analysis in the laboratory) such
that (a) the final load estimate is unbiased and (b) its precision can be
calculated. The larger the number of samples, the better the precision in the
load estimate,  Alternatively, given a fixed budget for sample analysis,
probability sampling maximises the quality of a load estimated from a fixed
(limited} number of samples. The samples could be taken manually at the
required times but an automatic sampling system, as described by Thomas
(1985) and summarised now, can be programmed to do this.

Simple random sampling (SRS) is the basic form of probability sampling, but
this means that the probability of a sample being taken is constant in time
(irrespective of variations in flow and therefore mass flux) and so it results in
biased estimates. Thomas (1985) points out that probability sampling does not
require that selection of sample times are equal in probability, only that the
(variable) probabilities of sample selection times are known, Clearly, the aim is
to relate the probability of a sample being taken to the magnitude of the
variable being measured. Thus samples are required to be taken non-randomly
in time. Thomas refers to a sampling technique "sampling with probability
proportional to size" (PPS) which enables this approach to be applied in
situations where the entire finite population of measured units is available for
sampling. For example, if the objective is to estimate the total channel
storage of sediments in a catchment, all the tributary channels are available
for sampling. PPS is a methodology for selecting which tributaries to sample.
Selection at List Time (SALT) is introduced by Thomas (1985) (see below) as
a special case of PPS for use when only a sub-set of the population units are
available - as in river load estimation,

The SALT technique involves an extrapolation method of estimating
concentration (from flow) which, when multiplied by flow forms an "auxiliary
variable”, namely a crude estimate of the material flux at the mid-point of the
ith interval. The extrapolation method can be based on a linear regression
equation derived from initial survey data. Overall, some stratification may be
beneficial, whereby SALT is applied above some threshold flow and SRS is
applied below the threshold.

A’ preliminary estimate Y' is made of load over the period of interest. The
value Y' is multiplied by a factor W to obtain Y* which is (almost) certainly
greater than the load which will be experienced in the period to be
monitored. Random numbers are then selected from a uniform distribution
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between zero and Y* and arranged on a sampling interval axis as shown in
the lower half of Fig. 2.8.
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Figure 28 Selection at List Time (SALT) designation of samplmg
times (redrawn from Thomas, 1985)

The auxiliary variable is recorded in real time as shown in the upper half of
Fig. 2.8. At cach of the N equal intervals on the time axis of the auxiliary
variable graph the decision whether, or not, to take a sample is made as
follows (shown schematically in Fig. 2.8). The cumulative sum of the auxiliary
variable at each of the N time intervals is located on the sampling interval
axis, and if there is one (or more) random number(s) in the interval on the
sampling interval axis corresponding to the jth time interval then a sample is
taken. The quality of the flow - concentration relationship employed to derive
the auxiliary variable does not affect the accuracy of SALT load estimates but
it does affect their precision; the better the flow - concentration relation, the
better the precision in the final load estimate. The precision of SALT load
estimates depends also on the number n* of random numbers on the sampling
interval axis in Fig. 2.8 and Thomas presents a procedure for determining n*
for specified levels of precision or, conversely for determining the precision
given a value of n*

Employing a long synthetic time series, Thomas (1985) shows that whereas the
flow-duration-curve / sediment-rating-curve method (e.g. Walling 1977)
systematically underestimates annual suspended sediment load by significant
amounts, a stratified application of SALT underestimates load by less than 1%.
In other words, SALT gives very accurate load estimates. He also points out
that whereas the precision of an individual estimate cannot be derived for the
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sediment. rating curve method, SALT does permit precisions of individual
estimates to be ascertained. The whole process can be controlled by a
battery-powered computer.

For a full appreciation of SALT, and the benefits which accrue from it, direct
reference to the work of R. B. Thomas is recommended (Thomas, 1983; 1985;
1986; 1988a; 1988b; 1989).

2.6 REAL-TIME UPDATED STRATIFIED SAMPLING

For estimating annual loads on fairly large rivers in North America, Burn
(1990) proposes an alternative approach for deciding in real-time when a
sample should be taken. Real-time Updated Stratified Sampling (RUSS)
involves periodic adjustment during the current water-year of (a) threshold
flows defining strata and (b) sampling frequencies within those strata, according
to the cumulative flow as the year progresses. The motivation for this
approach is that operational and resource constraints often mean that a fixed
number of samples is allocated for any year (SALT, for example, returns a
variable number of samples). The objective of RUSS is the efficient use of the
allocated number of samples.

The detail of the RUSS strategy is rather complex but has been summarised
by Burn (1990) as follows.

1 Measure and classify the flow value as to stratum according to the current
strata boundaries.

2  Compare the number of time periods since a sample has been taken in the
Stratum with the current sampling period for the stratum and, if required,
take a sample.

3 Update the flow threshold value(s) if appropriate.

4  Update the sampling period based on the current flow threshold value(s)
and the expected number of flow values yet to occur in the stratum.

5  Update the number of time periods since a sample has been ftaken in
accordance with the outcome of step 2.

6  Repeat steps 1-5 for all time periods.

I,
i1

Adjustment of the threshold flow between adjacent strata (more than two
strata are permissible) is based on the non-exceedance probability of cumulative
flow to day j, CF, in the current water-year and the correlation in historic
data between the values of CF. and corresponding threshold flows, QT* («%
non-exceedence). In the currént year an estimate of the non-exceedence
probability for the threshold flow, Fj, is estimated recursively from:
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Fj = Fj_1 (1 - wj) W, nj

Fy = 05

where w. is a weighting factor defining the degree of updating, and 7, is the
non-exceedence probability of cumulative flow, both derived from historic data.
The weighting factor, w, can be the correlation between CF, and QT (zero
for no updating, unity for complete updating). The threshold update is the
value of QT when F, is substituted for the non-exceedence probability for
QT according to the historic data. The longer the historic record the better
the parameters in the updating strategy.

Initial allocation of the fractional number of samples (P) in each stratum (i)
is by

N 5

Where N, is the total number of samples in a stratum and s; is the standard
deviation of daily load in a stratum. Periodic updating of the sampling period
for each stratum (SP)) is by

NE;

SP, - v
i

where, using the currently defined strata, NE, is the expected number of flow
values in the current year remaining in a stratum and NRS, is the number of
remaining samples in a stratum (ie. the number of samples allocated initially
to a stratum which have not been used).

Using synthetic daily ‘total phosphorous’ and flow data typical for a Canadian
river (from which ‘true’ annwal loads for 2000 years were calculated), Burn
(1990) compared the average performance of RUSS with two other strategies:
Fixed-Frequency Sampling (FFS); and Stratified Fixed-Frequency Sampling
(SFFS). As their names imply, FFS comprises sampling at regular intervals
irrespective of flow, and SFFS is FFS within constant-width strata. Annual
loads were estimated on the basis of 30 samples per year (by RUSS, FFS and
SFFS) from the synthetic time series. Method 5 (see Section 2.2) was used to
calculate the annual loads.

The mean biases (accuracy) for the 2000 annual load estimates were -0.68%,
-0.51% and -029% for FFS, SFFS and RUSS repectively. A measure of
precision was 5.6%, 5.2% and 4.7% for FFS, SFFS and RUSS respectively.
Thus the advantage, on average (i.e. for typical years), of using RUSS rather
than FFS or SFFS was demonstrated. Although the benefit appears to be
rather small for typical years, RUSS can be expected to out-perform SFFS
{and therefore FFS) to a greater extent in unusually wet or dry years, but
this remains to quantified. It remains to be seen to what extent the RUSS
strategy would be beneficial for load estimation in UK rivers.
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2.7 HYDROGRAPH SEPARATION

One of the factors which contributes to hysteresis in flow - concentration
relationships is the variable degree of mixing during runoff events of waters
from different sources (eg  rainfall, groundwater, etc) which may exhibit
distinctly different chemical compositions. Whilst physically there is a continuum
of sources which contribute to streamflow during runoff events, there is
considerable circumstantial evidence to support the conceptual simplification that
streamflow comprises a small number of dominant component flows. Practical
descriptive hydrology usually propounds, therefore, that total streamflow
comprises (a) baseflow or groundwater flow and (b) runoff. Each of these
components may be sub-divided conceptually according to the needs of any
particular investigation (e.g. runoff comprises interflow through the near-surface
layers of a catchment and surface runoff, and so on). '

We may sormise, therefore, that for determinands which mix ‘conservatively’
(ie. do not react chemically in the catchment, including adsorption and
desorption) there would be a better relationship (less scatter and hysteresis)
between stream concentration and the proportion of baseflow at sample time
than between stream concentration and total streamflow. However, a problem
central to scientific hydrology is that it is not possible to observe during
runoff events the baseflow (or any other) component of streamflow directly;
measured streamflow is a mixture of flow components which physically cannot
be unmixed. Many indirect techniques have been devised, however, for
separating hydrographs into component flows. There is considerable activity and
debate within the scientific community concerning hydrograph separation
techniques, the outcome of which could have benefits for load estimation.

There are three broad categories of methods for separation of hydrographs
into components flows;

(a) baseflow separation using only the information in the shape of the
hydrograph and pre-conceived notions of how the baseflow
component of streamflow varies over successive events,

(b) separation into ‘age’, or within-catchment-source, components based
on mixing models and end-member chemistry and

(c) rainfall - runoff mathematical modelling.

Considerable overlap between these categories may be adopted in a strategy
for any particular investigation but they will be considered individually here to
help demonstrate the potential usefulness of hydrograph separation in the
context of river load estimation.

Separation by hydrograph shape

One of the most widely used simple methods of hydrograph separation (by
shape) was devised for assistance with ‘low flows’ water resource studies
(Institute of Hydrology, 1980). Employing the ‘geometry’ of hydrographs, a
simple algorithm identifies the low points on a hydrograph at which it is
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assumed that (almost) all the flow is from stored sources, and these points
are joined together with straight lines to form an envelope enclosing what is
loosely referred to as baseflow. The fraction of streamflow over a given
period which is baseflow is referred to as the BaseFlow Index (BFI) and this
has become a key parameter in studies of low flows at gauged and ungauged
sites in the United Kingdom. The BFI statistic has been evaluated and
published for about 700 gauged sites in the UK (Institute of Hydrology, 1988).
An example of baseflow separation (BFI) is shown in Fig. 2.9.

Kirkton Burn at Balquhidder (1985)

Hydrograph With Separated Flow

BFI=0.35
4
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Figure 2.9 Baseflow separation by the Institute of Hydrology (1980)

The BFI method of hydrograph separation has also found application for
regional assessment of water quality. For example, a map of the BFI statistic
has been employed to assist with identification of areas in the UK susceptible
to surface water acidification (Edmunds and Kinniburgh, 1984). However, since
the BFI hydrograph separation method 1is conceptually so simple (a
characteristic strength perhaps for some engineering hydrology and water quality
applications which require regionalisation), it would appear to have limited
potential for assessing the dynamic proportions of flow components during
runoff events. The BFI method may not, therefore, be suitable for designing
improved load estimation procedures.
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Chemical hydrograph separation

One of the first attempts to separate hydrographs dynamically using chemical
signals was by Pinder and Jones (1969) and their method still forms the basis
of many hydrological investigations where an understanding of streamflow
generation processes is sought.  The method, in jts simplest form, assumes
just two identifiable water sources of spatially and temporally constant (but
different) concentrations of some ‘conservative’ tracer. The variable
concentration of the tracer in streamwater is assumed to be the result only of
dynamic mixing of flow components from the two sources considered.

Under these ideal conditions the proportion of total streamflow which is flow
component 2 at any time is given by (2.12).

% & G 2.12)
%, G- ¢
where Q, = (;)1 + Q2

and Q_ is streamflow
Q, is the component of Qg from source 1
Q, is the component of Qg from source 2
C, is the concentration of Q
C, is the concentration of source 1
C, is the concentration of source 2.

In practice, the ideal conditions described above which are necessary for the
validity of (2.12) do not occur naturally and they cannot be prescribed (eg.
concentration of the tracer in rainfall varies during the event). Some
relaxation in the conditions is always necessary and it is not a simple matter
to predict what will be the effect of the relaxation on the hydrograph
separation.

Field investigations based on this method have given hydrograph separations
quite different in character to those given by the BFI methodology (Fig. 2.9).
For example, several tracer studies have indicated that peak streamflows
comprise large components from a source of water which was in (or on) the
catchment before the rainfall event started and not, as might be expected on
the basis of the well-known ‘contributing area’ conceptual rainfall - runoff
model, largely rain water which runs off quickly from wet areas (or areas
which become wet during the rainfall event).

There are many variations on the basic method outlined above, and several
investigations use natural isotopes — arguably the best approximation to a
perfect tracer available, In principle, such hydrograph separations could be
extremely useful for defining relationships between stream concentration and
flow components but more research is required to check the validity of the
method under a range of non-ideal conditions.
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Rainfall - runoff mathematical models

The range of rainfall - runoff mathematical mode! types is large and there is
a correspondingly large literature on this topic; it would not be appropriate to
conduct a review of rainfall - runoff mathematical models in this report. It is
sufficient to note here that, in principle, any mathematical model which either
explicitly or implicitly routes rain water through elements of storage and via
flow pathways to stream channels, and thence to the catchment outlet, can be
employed for hydrograph separation.

An example of hydrograph separation using a mathematical model designed for
water quality purposes (including load estimation by chemical mass balance) is
provided by Birtles (1977, 1978). This model prescribes the broad details of
physical within-catchment processes which occur during streamflow generation. It
therefore routes rainfall through the catchment explicitly and, in its full form,
requires a large amount of input data describing the spatial and temporal
variation of rainfall, infiltration, evapotranspiration and aquifer properties.
However, a reduced form of the model gives reasonable hydrograph separation
into two baseflow components and ‘runoff (interflow plus overland flow) as
shown in Fig. 2.10. The detail of the reduced model is still, however, fairly
complex with respect to many other rainfall - runoff models.
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Figure 210 Hydrograph separation by mathematical modelling
(Redrawn from Birtles, 1978)
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An example of hydrograph separation which employs only rainfall and
streamflow data (and, where necessary, whatever data are available on
evaporation, or some surrogate for evaporation), is provided by the
mathematical model known as IHACRES (Jakeman, Littlewood and
Whitehead, 1990). This model is based conceptually not on within-catchment
physical rainfall - runoff processes but on the theory of Unit Hydrographs (e.g.
Chow, 1964) for (a) total streamflow and (b) quick and slow flow components
of streamflow. IHACRES, therefore, accounts for rainfall - runoff processes
implicitly only but, as the example in Fig. 2.11 shows, leads to reasonable and
potentially extremely useful hydrograph separations. (Note from Fig. 2.11 that
[HACRES gives a separation which broadly is similar to BFI hydrograph
separations but with additional detail of a mixing ratioc during runoff events).
This model has been developed only recently and further research is required
to' establish for particular catchments the physical sources and chemical
composition of the quick and slow flow components thus identified.
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Figure 211 Hydrograph separation into quick and slow flow
components by the IHACRES method
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3 United Kingdom river load surveys

3.1 INTRODUCTION *

Since 1970, River Pollution Surveys of England and Wales have been
undertaken periodically by the Department of the Environment and the Welsh
Office to give a ‘snapshot’ of the health of rivers. (Less formal national
surveys were conducted at intervals during the period 1959 to 197(0.) Largely
on the basis of BOD, and knowledge of the existence of point discharges of
toxic material or suspended matter which could affect the stream bed, river
stretches are allocated to Classes (1 = unpolluted to 4 = grossly polluted).
This classification provides assistance in identifying problem areas and
monitoring trends, Changes in the lengths of river stretches in each class
between Surveys indicate the extent to which the overall sitwation is improving
or deteriorating. Such Surveys (similar ones are made for Scotland and
Northern Ireland) are wundoubtedly useful but it is recognised that the
information they present is condensed and, to some extent, subjective
(Simpson, 1978). Estimates of the mass loads of substances carried by rivers
are not provided by River Pollution Surveys.

The Harmonised Monitoring Scheme was initiated in 1974 to provide river
quality information of a complementary but less subjective nature than the
information in River Pollution Surveys.  Rivers with daily mean flows greater
than about 2 cumecs are systematically sampled above the tidal limit or at the
confluence with another river. About 250 sites are involved and samples are
analysed for a wide range of determinands. One of the major purposes of the
Scheme from the outset was to enable assessment of mass loads of materials
carried by rivers into estuaries and the sea (Simpson, 1978), thereby fulfilling
certain obligations to provide such information to international agencies (eg.
the Paris Commission) — see Section 3.3.

3.2 NITRATES

One of the earliest systematic attempts to survey river loads using the
Harmonised Monitoring database was for nitrates (Marsh, 1980). For the four
year period 1974 to 1977, between 60 and 200 pairs of flow and concentration
data per station were available from the Harmonised Monitoring database.
Mean annual nitrate loads for rivers in England and Wales, ranging from 2 to
40 kg N/ha, were estimated by the simple second-choice Paris Commission
method defined earlier in the current report. Despite the acknowledged
uncertainties involved, these estimates were judged to be of sufficient integrity
to enable assessment of regional differences in nitrate loads, and on this basis
many interesting observations were made (e.g. the relative importance of point
and diffuse sources of nitrate). No attempt was made to assign numerical
(e.g. percentage) uncertainties to the load estimates, though several points were
discussed concerning the problems involved when using simple calculation
methods which are likely to introduce large errors into estimates.
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33 NORTH SEA INPUTS

Norton (1982) summarised available data to conclude that (a) rivers and
atmospheric deposition together are the main input routes to the North Sea
for the metals {(Cu, Zn, Pb, Cr, Cd, Ni, Hg) and (b) rivers provide the
largest input for nutrients, though direct coastal discharges also account for
substantial amounts. Data and information for the summary were taken from
existing sources (e.g. International Commission for the Exploration of the Sea)
and no quantitative estimates of the associated uncertaintics were given.
Mention is made, however, of problems of comparability which arise due to
(a) doubts in some cases about whether concentrations refer to filterable or
total pollutant amounts and (b) the different calculation procedures adopted
when ‘less than’ concentrations are encountered (some authorities use zero and
some the limit of detection). This latter point is discussed again later.

The Water Research Centre has compiled budgets of toxic material inputs to
the North Sea and other coastal waters of the United Kingdom (Hill et al.,
1984; O’Donnell and Mance, 1984a, b; Jolly, 1986). Estimation of annual river
inputs for these budgets made use of the river flow information available in
the Surface Water Airchive and employed the first-choice Paris Commission
method already described in the current report (flow-weighted mean
concentration based on pairs of flow and concentration at sample times
multiplied by a mean flow — based, in most cases, on a continuous record of
daily mean flow from the Surface Water Archive). Curiously, though, the
periods over which the flow-weighted concentration and the mean flow were
computed appear to be different. For example, Firth of Forth estuary input
estimates presented by Jolly (1986) are based on the product of flow-weighted
concentration, derived from concentration and instantaneous flow data for the
period February 1984 to August 1985, and a mean annual flow for 1934.
The possibility that this practice introduces bias into the load estimates is,
" however, acknowledged by the author (Jolly, 1986). Nevertheless, the
information on toxic inputs from rivers to the North Sea assembled by the
Water Research Centre is probably one of the most comprehensive registers of
river inputs so far.

Many toxic substances appear in rivers at very low concentrations and a large
proportion of measurements may be recorded as ‘less than' values. For the
five major UK estuaries draining to the North Sea (Thames, Humber, Tees,
Tyne and Firth of Forth), Jolly (1986) tabulates estimates of annunal mputs of
Cd, Cr, Cu, Pb, Hg, Ni, As, Lindane and DDT separately for rivers, sewage
and industry. To investigate the effects of values recorded as ‘less than’, river
load estimates are presented for three treatments of these values; replacement
with (a) the ‘limit of detection’, (b) half the ‘limit of detection’ and (c) zero.
As an example of the impact on computed loads, the annual river input of
Pb via the Firth of Forth estnary is estimated at 18.3 tonnes or 7.1 tonnes
depending on whether ‘less than’ values are replaced by the ‘limit of detection’
or -zero respectively. Clearly, therefore, the frequency of ‘less than' values can
have a marked effect on the uncertainty associated with a load estimate but it
is a problem with no easy solution. An additional factor of complexity is that
the ‘limits of detection’ can themselves vary for a given determinand at a
particular site (due to changes in analytical procedure).

A basic option exists for deriving river load estimates from the Harmonised
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Monitoring database, involving simply the summation of the products of
concentration and flow at sample time (instantaneous or daily mean - in that
order of preference - depending on which type of flow data is present in the
database). This is the second-choice Paris Commission method, or Method 2
as described earlier in the report, and it is being employed by Her Majesty’s
Inspectorate of Pollution for assessing annual inputs of nutrients (NH NO
NO,, TON) to the North Sea (B. G. Goldstone, personal commumcat]og
thn a ‘less than detection limit’ value is encountered, a value of half that
amount is used in the calculation. For those years when there are no
measurements, the annual average load is used.

34 HYDROMETRIC AREA GROUP INPUTS AT TIDAL
LIMITS

For the period 1975 to 1980, Rodda and Jones (1983) derived estimates of
mean annual loads at 163 tidal limit sites grouped by Water Authority
(England and Wales) and River Purification Board (Scotland) areas. In
common with a previous survey of nitrate loads (Marsh, 1980), loads were
estimated principally on the basis of data from the Harmonised Monitoring
database and using the simple second-choice Paris Commission algorithm. Joint
exploitation of the Harmonised Monitoring database and the Surface Water
Archive, to allow use of the superior Method 5 (first-choice Paris Commission
method) was precluded at the time by administrative and practical difficulties
associated with bringing the necessary data together; the databases were, and
remain, managed separately, though with modern database facilities the practical
difficulties of jointly exploiting their contents is reduced. Mean annual loads
were estimated for eight determinands; Cl, NO3, S0, ortho-POd, Zn, Cd, Pb
and Cu. No quantitative uncertainties are given for the estimates but many
qualifying points are made. For example, the efficacy of regular fortnightly (or
thereabouts) sampling is doubtful given that typically 80% of anpual lecad
might be transported in only 2% of the time (Rodda and Jones, 1983).
Nevertheless, this survey provided much useful information on regional
variations in loads and their causes.

35 OTHER

Following the third ministerial International Conference on the Protection of
the North Sea, held in The Hague (1990), commitments were made, or
reaffirmed, to reduce inputs of selected materials to the North Sea via water
and air by about 50% by 1995 (based on 1985 levels). Clearly, a need exists
therefore to establish baseline (1985) loads and to monitor inputs from year
to year to determine whether the remedial measures being taken to improve
the situation are effective. The Department of the Environment, the National
Rivers Authority and the River Purification Boards are actively formulating and
implementing North Sea Action Plans, and for marine inputs are basing their
data on the Paris Commission methodology.

At the tenth meeting (June 1988) of the Paris Commission established by the
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Convention for the Prevention of Marine Pollution from Land-based Sources, a
comprehensive study of riverine inputs to the northeast Atlantic was planned.
Measurements for this study are being taken from 1990 and a review by an
ad hoc Working Group on Input Data is due in the autumn of 1991. Other
existing and potential sources of river loads survey data and information are
(a) reports of estuary management committees (e.g. The Water Quality of the
Humber Estuary, 1987 (Howard and Urquhart, 1988)), (b) annual reports of
the International Councit for the Protection of the Sea (e Anon., 1984;
Bewers and Duinker, 1982), (c) the Joint Group of Experts on the Scientific
Aspects of Marine Pollution (eg. GESAMP, 1987) and (d) other reports
prepared for the Department of the Environment (e.g. Grogan, 1984).

As part of the programme of North Sea research being undertaken by the
Natural Environment Research Council, freshwater inputs from the major
estuaries are required. However, given the practical problems of measuring net
seaward flow in tidal areas, recourse has had to be made to adjusting
measurements from further upstream - where flow is unidirectional. The
Institute of Hydrology has recently supplied the Proudman Oceanographic
Laboratory with estimates of daily freshwater inflows from the following
estuaries for 1988 and 1989: Firth of Forth, Tyne, Tees, Humber, The Wash
and Thames (T. J. Marsh, personal communication).
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4 Simulation and Methods Investigation of
Load Estimates for Rivers (SMILER)

4.1 INTRODUCTION

A basic problem in assessing load estimation methods, namely that only rarely
are there sufficient streamflow and concentration data available from which to
calculate ‘true’ loads, has been discussed earlier in this report. Some previous
investigations have, therefore, determined the relationships between errors in
loads and other factors (e.g. sampling frequency, estimation method) by
employing synthetic data (e.g. Dolan.et g/, 1981; Richards and Holloway, 1987,
Young ef al, 1988). However, such investigations have been concerned
invariably with specific load estimation periods {e.g. annual) and specific
determinands at particular sites of local importance. Although, undoubtedly, the
results of such exercises are extremely useful, it is problematical to transfer the
information thus gained to other combinations of estimation period, site and
determinand (exhibiting probably quite different hydrological and hydrochemical
responses).

A requirement was perceived, therefore, for a scheme of synthesising long time
scries of flow and concentration data such that the dynamic hydrological and
hydrochemical behaviour (of particular determinands) can be simulated for the
full range of typical conditions likely to be encountered in the United
Kingdom. Time series generated by such a scheme can then be sampled at
any frequency (fixed or variable), and corresponding loads estimated by any
method over various estimation periods can then be compared to ‘true’ values.
In this way it should be possible to make generalisations about the
relationships between errors in load estimates and a number of factors
(sampling scheme, estimation method, hydrological response, hydrochemical
response, estimation period). The program described below, Simulation and
Methods Investigation of Load Estimates for Rivers (SMILER), is an initial
attempt to provide such a scheme for data generation and includes facilities
for comparing the performance of load estimators. Currently, SMILER allows
assessment of fixed frequency sampling schemes only.

Concentration data can be generated by SMILER from streamflow data
employing a (first order) transfer function model of the form introduced
earlier in this report (see section 2.4). In some rare cases it may be
possible, as a separate exercise, to calibrate a transfer function model for this
purpose from a period of record when both flow and concentration are
available at high frequency. Otherwise, the parameters of a transfer function
model can be prescribed which, for a given streamflow data input, give an
output which approximates to the response for the determinand of interest.
In either case the objective is to obtain a time series for concentration which
is reasonable with respect to the actual response; it is not necessary to
reproduce exactly any complex behaviour due, for example, to exhaustion of
the source of material, though the nearer to realistic behaviour the better will
be the results. Factors which can be controlled by the cumrent version of
SMILER are (a) the coefficient of variation in concentration (b) whether
concentration increases or decreases with flow and (c) the degree of hysteresis
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in the flow - concentration relationship.

Similarly, for applications where flow data are not available, streamflow data
can be generated by a (second order) transfer function from an input of
effective rainfall data (i.e. rainfall minus evapotranspiration ‘losses’). In some
cases the effective rainfall data and the parameters of a transfer function
derived from rainfall - runoff modelling by THACRES (Jakeman, Littlewood
and Whitehead, 1990), referred to briefly in section 2.6, can be employed. In
other cases it might be sufficient, for initial assessment purposes, to treat a
time series of observed rainfall as effective rainfall and to simply prescribe
transfer function parameters which produce a synthetic hydrograph of desired
properties. Under certain circumstances it should be possible to employ the
hydrograph separation facility of IHACRES (quick and slow flow) to
investigate relationships between stream concentration and the variable mixing
of component flows.

42 DEMONSTRATION OF SMILER

The series of Figures 4.1 to 4.3 illustrates the ability of SMILER to simulate
a wide range of hydrological and hydrochemical behaviour types. Figure 4.1
shows the performance of an IHACRES (Jakeman, Littlewood and Whitehead,
1990) rainfall - streamflow model (daily data) calibrated for a 20 km?
catchment in south-west England over a period of about 3.5 years. There are
four parameters in the second-order effective rainfall - streamflow transfer
function model. The goodness-of-fit is not of prime importance to the data
generation exercise but it can be observed that the rainfall - streamflow model
(6 parameters — 4 in the transfer function and 2 in the rainfall - effective
rainfall part of the model) reproduces the measured streamflow tolerably well.
Other hydrological response types can be simulated from the same effective
rainfall shown in Fig. 4.1 by varying the parameters in the second-order
transfer function.

Alternatively, SMILER can use long time series of observed flow data for a
particular site retrieved from the Surface Water Archive, or any other data
source.

Figure 4.2 shows the IHACRES hydrograph separation corresponding to the
modelled flow in Fig 4.1. To estimate the flow components of an observed
hydrograph, and to allow for differences between modelled and observed
streamflow, the variable ratio of modelled component flow and modelled
streamflow should be applied to observed streamflow.

Figure 4.3a reproduces the modelled flow data shown in Fig. 42 and shows
additionally a time series of synthetic concentration generated from that flow
data by a first-order transfer function (see equation 2.10). Four parameters
control the scale and shape (including the degree of hysteresis) of the
concentration response: the two parameters of a first-order transfer function;
an initial concentration level (10 mg/l in Fig 43a); and a concentration/dilution
{+ve/-ve flow - concentration relation) on-off switch. By varying these values a
wide range of concentration behaviour types can be simulated. For example,
the more pronounced +ve concentration response shown in Fig. 43b was
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obtained simply by changing the parameter in the numerator of the transfer
function from -0.7 to -0.85. The more subdued -ve concentration response shown
in Fig. 4.3c was obtained by reversing the on-off switch referred to above and
setting the parameter in the numerator of the transfer function to -0.5.

Alternatively, in the rare event that matching time series of observed flow and
concentration data for a particular determinand over a long period are
available, and that these adequately define the continuous variations of
concentration and flow, SMILER could receive an input of the observed
concentration data. Most often, the user of SMILER will assume a dynamic
response type (with respect to streamflow) for a determinand and site of
interest, basing this on inspection of available flow and concentration data. The
parameters in SMILER which controt the scale and shape of concentration
responses can then be adjusted by ‘trial and error’ until an approximation of
the desired behaviour is obtained. Since it is not necessary to have time series
which are excellent approximations of reality (they need only be reasonable)
this procedure is deemed adequate for initial assessment and comparison
purposes.

When flow and concentration time series of the desired dynamic characteristics
and record length have been accessed from databases, or pgenerated using
SMILER, as described above, a ‘true’ load can be calculated. The accuracy of
loads estimated from the same time series by a variety of methods and using
different sampling frequencies can then be assessed against the ‘true’ load
(taking the mean or median of load estimate replicates as the best estimate).
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Precision can be expressed as some measure of the spread of the load estimate
replicates about the mean or median. SMILER currently can assist with
assessments of the efficacy of three interpolation methods of load estimation,
namely Method 2, Method 5 and the Beale Ratio estimator. Definitions of
Methods 2 and 5 were given in Section 22. The Beale ratio estimator has been
employed extensively in North America (e.g. Young et al, 1988) and involves
applying a multiplicative correction factor F, given by (4.1), to Method 5.

Sig_ ]
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F= [—32 (4.1)
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Ci is the ith concentration

Q.

; is the flow corresponding to C;

1 is the mean load calculated from the G and Q

g is the mean flow calculated from Q

SMILER enables the operator to specify calculation of load over all, or any
part, of a synthetic record submitted to the program. Cumrently, two sets of
units are permitted in SMILER; flow, concentration, load and time interval are
assumed to be either (a) I/s, weq/l, equivalents and hours respectively or (b)
m/s, mg/l, tonnes and days respectively.

For the period of record selected and a user-specified range of sampling
interval (incremented in user-specified steps), SMILER estimates the load by
each of the three methods introduced above. In each case the estimated load
is replicated 50 times by starting at the 1st, 2nd, ..., 50th point of the
specified period. This method of replication may not be rigorous stafistically
but it does provide a spread of estimate values which can be examined with
respect to bias and precision. Unlike some other methods, therefore, SMILER
permits assessment of the effects on errors of (a) length of record and (b)
hydrochemical response within a specified period of record. In order that
the 50 load replicates are based on nearly the same ‘true’ value of load and
therefore that no apparent bias is introduced, periods of record for analysis by
SMILER should be chosen such that the variation in flow and concentration
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over at least the first S0 points in the record is subdued with respect to the
variation over the remainder of the record. In most cases the end of a fairly
long period of flow recession meets this requirement.

Although SMILER can produce tabular oufput corresponding to the exercise
described above, the most useful output is a plot showing how the median
and user-specified percentiles of the distribution of replicated estimates for
each estimation method change as the sampling interval increases. For example,
Fig. 44 shows how, for the data shown in Fig. 4.3c (starting at sequence
number 360), the bias (median) and precision {(in terms of the 20 and 80
percentiles) vary for Method 2 and 5 loads as the sampling interval increases
to 30 days. (The reader is asked to apply visual smoothing to the oscillations
which arise because of the discrete, rather than continuous, nature of the
source data.) The superiority of Method 5 over Method 2 is clear from Fig.
4.4. Whereas for Method 5 the bias is almost zero at all sampling intervals up
to 30 days, and precision increases only to about 1% at 30 days, the bias for
Method 2 is about +2% to +3% over the range of sampling intervals and the
precision, even at small sampling intervals, is considerably greater than for
Method 5.

Figure 4.5a corresponds to the data shown in Fig. 4.3b, ie. concentration
increasing with flow, and shows again the clear superiority of Method 5 over
Method 2; the performance (bias and precision) of Method 5 is similar in both
Fig. 44 and Fig 4.5a but Method 2 precision is poorer in Fig. 4.5a,
corresponding to a +ve flow - concentration relation, though Method 2 bias in
both cases is about the same at just under +3%. The effect of applying the Beale
Ratio estimator to the data shown in Fig. 4.3b is shown in Fig. 4.5b; in this case
there appears little to be gained by incorporating this complex adjustment in the
estimation procedure.

Method 5 ——
Method 2 ------
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Figure 44 Methods 2 and 5 bias and precision versus sampling
interval - concentration decreasing with streamflow - 25
years
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interval - concentration increasing with streamflow - 13
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The examples given so far are for a load estimation period of about 2.5 years
(sequence numbers 360 to 1261); for the flow and concentration shown in Fig.
43b the “true’ load over this period is 533 tonnes. Figure 4.6 shows
SMILER profiles for Methods 2 and 5 for the load estimation period from
sequence number 360 to 750 (about 13 months), during which the ‘true’ load
for the data shown in Fig. 43b is 245 tonnes. Figure 4.6 shows quite clearly
that the performance of Method 5 over the shorter period of estimation
remains acceptable. However, the bias in Method 2 at high sampling
frequencies has risen from about 3% (for the longer estimation period of
about 2.5 years) to about +6%, decreasing gradually (for reasons not yet fully
understood) to 3% or 4% at a sampling interval of 30 days. The precision
of Method 2 for the shorter estimation period is worse than for Method 5
over the range of sampling intervals.

43 AN EXAMPIE - ERRORS IN NITRATE LOADS FOR
THE STOUR AT LANGHAM

Consider now the specific problem of assessing errors in nitrate loads for a
fairly large catchment in East Anglia. Figure 4.7 shows the flow and nitrate
data taken from the Harmonised Monitoring Scheme database for the 13.5
years January 1974 to June 1987 for the 578 km? Stour at Langham. Clearly,
there is a +ve flow - concentration relationship but the corresponding scatter
plot shown in Fig. 4.8 indicates that a simple linear regression model would
be a totally inadequate description of the dynamics invelved. =~ SMILER reads
in the continuous 15-year (1974 to 1988) record of daily mean flows for the
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Stour at Langham from the Surface Water Archive and, assuming no other
information is available, it then generates from those flow data a continuous
time series of concentration data which conforms approximately, in terms of
mean and range, to the nitrate data taken from the Harmonised Monitoring
Scheme database. The degree of hysteresis introduced for this demonstration
case is arbitrary but the scatter in Fig. 4.9 agrees fairly well with that in
Fig. 4.8.

Nitrate (mg/I)

30 40 50

Daily mean flow {cumecs)

Figure 4.9 Scatter plot of ‘nitrate’ concentration generated by SMILER
Jrom 1974 - 1988 daily mean flow data for the Stour at
Langham taken from the Surface Water ive

No attempt has been made here to calibrate a transfer function model using
the limited amount of nitrate data available from the Harmonised Monitoring
database. These data are not spaced regularly in time and therefore would
present difficulties in analysis to calibrate a model. However, the synthetic
nitrate concentration data generated by SMILER are reasonable in that the
annual ‘true’ loads are, in most cases, not totally dissimilar to the loads
calculated by Methods 2 and 5, as shown in Table 4.1. Of the 11 years when
all three estimates are available there are

6 where Method 2 < Method 5 < SMILER
3 where Method 5 < Method 2 < SMILER
and 2 where SMILER < Method 5 < Method 2.

Bearing in mind that individual Method 2 and Method 5 estimates could have
large errors, and that these Methods are likely to underestimate river loads, the
SMILER estimates are considered to be acceptable.

Figure 4.10 shows the 15-year record of observed daily mean flow (from the

Surface Water Archive) and synthetic nitrate concentration (generated by
SMILER). These time series may now be employed to compute a ‘true’ load
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Table 4.1 Companson of annual loads calculated by Methods 2 and

and by SMILER
STOUR AT LANGHAM
NITRATE LOAD (tonnes)
YEAR NUMBER OF METHOD 2 METHOD 35 SMILER
SAMPLES ESTIMATE ESTIMATE ‘TRUE'
1974 41 640 767 1228
1975 48 855 918 1501
1976 * . - 413
1977 63 1305 1264 1112
1978 62 1066 1147 1185
1979 - 50 1790 1572 2091
1080 52 813 929 1067
1981 48 1386 1241 1289
1982 50 1465 1365 1761
1983 52 1505 1363 1542
1984 38 1212 1269 1451
1985 49 661 791 958
1986 * * * 924
1987 * . i 2556
1988 * * * 2303

* Sample concentrations do not adequately cover the calendar year or data not available.

for any sub-period against which combinations of sampling frequency and
estimation method can be assessed. As given in Table 4.2, the ‘true’ load for
the period between sequence numbers 150 and 5479 (14.6 years) in Fig. 4.10
is 21110 tonnes; ‘true’ average flux is 45.8 gfs; average flow is 3.3 cumecs;
‘true’ arithmetic average concentration is 105 mg/l. The other statistics in
Table 4.2, describing the variability of, and association between, flow and
concentration over the estimation period, will assist with further development
of SMILER.

The wvariation in level of bias and precision of Method 5 load estimates for
the 14.6 year period as sampling interval increases is shown in Fig. 4.11.
Although Method 5 bias in this case, calculated as the median of replicates,
becomes more variable as sampling interval increases it apparently introduces
little bias. By visually smoothing the curves in Fig 4.11 it can be observed
that precision worsens in an approximately linear manner from close to zero at
a sampling interval of one day to about +/-3% at 30 days. Figure 4.12 shows
that, for the same data and estimation period, Method 2 also introduces little
bias but precision is about +/-10% at 30 days.
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Table 4.2 SMILER ‘nitrate’ load statistics for a 14.6 year period for
the Stour at Langham
Stour (578 sq.km.)

Number of samples = 5479 (days)
First point in series = 1

Load has been estimated between
sequence numbers 150 and 5479 (days)

Flow - concentration model parameters

alel = -0.955 clstart = 5.000 mg/l
b0cl = 0075 idil = 2

"True" load = 21110 Tonnes
"True" average (hx = 45.849 g/s
"True" average flow = 3.309 cumecs
"True" arith. av. concl = 10.507 mgA
Coefficient of variation (flow) = 1368
Cocfficient of variation (concl) = 0.399

Ratio = 0.292
Correlation coeff. (flow, concl) = 0.583
Cocfficient of varlation (load) = 1.950
Variability Index, VI = 1.239
Cocfficient of variation (CQ) = 1.950
Standard deviation, C = 4.196 mga
Standard deviation, Q = 4528 cumecs
Standard deviation, CQ = 89.420 g/s

Similar plots can be produced by SMILER for any specified period within the
data shown in Fig. 4.10, enabling the user to investigate how errors in load
estimates are influenced by the length of the estimation period and the
variability of flow and concentration during that time. Figures 4.13 to 4,15 and
Tables 4.3 to 4.5 correspond to Method 5 estimates for the periods between
sequence numbers (Fig. 4.10) 150 and 2500 (6.4 years, 8139 tonnes), 150 and
1400 (2.8 years, 3925 tonnes) and 150 and 600 (1.2 years 2377 tonnes)
respectively. It would appear from this series of plots that there is little
deterioration in bias and precision in Method 5 estimates as the estimation
period decreases from about six years to about one year. Bias remains small
as estimation period decreases in this range, and the modest changes in
precision could be due to differences amongst the periods in variability of flow
and concentration (see next paragraph). Figure 4.16 reproduces the Method 5
curve in Fig. 415 on a different scale and shows also that Method 2
estimates for the 12 year period are about +/-20% at 30 days compared with
about +/-10% at 30 days for the 14.6 year period (Fig. 4.12).
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Table 4.3 SMILER ‘nitrate’ load statistics for a 6.4 year period for
the Stour at Langham

Stour (578 sq.km.)

Number of samples = 5479 (days)
First point in scries = 1

Load has been estimated between sequence numbers 150 and 2500 (days)

Flow - concentration model parameters

alecl = -0955 clstart = 5.000 mgA
bOcl = 0075 idil = 2

"True" load = 8139 Tonnes
"True" average flux = 40.087 gfs
"True" averzge flow = 2.945 cumecs
"True" arith. av. concl = 9.898 mgl
Coefficient of variation (flow) = 1409
Coefficient of variation iconcl) = 0.424

Ratio = 0.301
Correlation coeff. (flow, concl) = 0.629
Cocfiicient of variation (load) = 1.873
Variability Index, VI = 1.242
Cocfficient of variation (CQ) = 1.873
Standard deviation, C = 4.194
Standard deviation, Q = 4.149 cumecs
Standard deviation, CQ = 75.102 gfs

Table 4.4 SMILER ‘nitrate’ load statistics for a 2.8 year period for
the Stour at Langham

Stour (578 sq.km.)

Number of samples
First point in series

479 (days)

Load has been estimated between sequence numbers 150 and 1400 (days)

Flow - concentration model parameters

alel = -0955 clstart © 5000 mg/l
b0cl = 0075 idil = 2

"True” load = 3925 Tonnes
"True” average flux = 36343 gfs
"True" average flow = 2713 cumecs
“True" arith. av. concl = 9.532 mgA
Coefficient of variation (flow) s 1.453
Coefficient of variation (concl) = 0431

Ratio = 0.296
Correlation coeff. (flow, concl) = 0.647
Cocfficient of variation (load) = 1.964
Variability Index, VI = 1.255
Coeffcient of variation (CQ) = 1964
Standard deviation, C = 4.106 m
Standard deviation, Q = 3943 cumecs
Standard deviation, CQ = T.360 gfs
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Table 4.5 SMILER ‘nitrate’ load statistics for a 12 year period for

the Stour at Langham

Stour (578 sqkm.)

Number of samples
First point in serics

5419 (days)

Load has been cstimated between sequence numbers 150 and 600 (days)

Flow - concentration model parameters

alcl = -0955 clstart = 5.000 mg/
boel = 0075 idil = 2
"True" load = 2377 Tonnes
e average flux = 61.138 g/s
"True" average flow = 4,000 cumecs
"True" arith.” av. concl = 11666 mg/l
Coefficient of variation (flow) = 1317
Coefficient of variation (concl) = 0411
Ratio = 0312
Correlation coeff. (flow, conel) = 0.573
Coefficient of variation (load) = 1.626
Variability Index, VI = 1.213
Coefficient of variation (CQ) = 1.626
Standard deviaton, C = 4.791
Standard deviation, Q = $.270 cumecs
Standard deviation, CQ = 99403 gfs
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The influence on errors of the variability in flow and concentration during an
estimation period can be assessed by applying SMILER to periods of equal
length where the variability is quite different. Figure 4.17 shows Method 5
curves for the one-year period between sequence numbers (Fig. 4.10) 600 and
965 (low flows and relatively subdued concentration response - 298 tonnes)
and Fig. 4.18 shows similar curves for the period between 1700 and 2065
(relatively high flows and more pronounced concenfration response - 2051
tonnes). Tables 4.6 and 4.7 correspond to Figs 4.17 and 4.18 respectively. Fig.
4.17 shows that for the year with a low nitrate load the bias is less than 1%
and the precision is better than 2% for a sampling interval of 30 days.
For the year with a relatively high nitrate load, bias is again typically less
than 19 but precision at a 30-day sampling interval is about +/-7%. (The
reason for the downward trend in bias in Fig. 4.17 is not clear but it could
be due to relatively high variability, in the first 50 samples, with respect to
the remainder of the one-year record — see also the downward trends in Figs
414 and 4.15.)

The benefit of the additional information in the ‘continuous’ flow record, as
utilised by Method 5 above, is clear. Precisions of corresponding Method 2
estimates (the SMILER plots are not given here) are inferior; about +/-10%
for the ‘low load’ year and about +/-20% for the ‘high load’ year.

The surprisingly good precision in annual nitrate loads estimated from just 12
or 13 samples per year for the Stour at Langham (+/- 2% in a ‘low load’
year and +- 7% in a ‘high load’ year) should be viewed with caution. In
practice, there will be additional components of random error which arise
during the measurement processes (not dealt with here). Furthermore, it
should be remembered that the synthetic concentration data were generated
using a model structure which, though arguably superior to a simple regression
model (because it can incorporate at least some hysteresis), does not allow for
time-variant flow - concentration responses which may exist in the real world
(due to exhaustion or seasonal changes from a dilution to a purging
mechanism). The parameters of the transfer function employed to generate the
synthetic concentration data were necessarily selected in a somewhat arbitrary
way.

The ‘nitrate’ concentration time series generated here by SMILER cannot be
expected, therefore, to reproduce faithfully the unmeasured daily sequence of
nitrate concentration for 1974 to 1988 for the Stour at Langham. Although
Table 4.1 indicates a reasonable agreement overall between annual SMILER
‘true’ loads and loads estimated by Methods 2 and 5, there are significant
differences in individual years. It is not possible to draw any firm conclusions
from this observation (since we do not know any of the true annual loads)
but it does warn against unconditional acceptance of the provisional SMILER

" results. If daily observed nitrate concentrations were available for the 15-year

period (better — if hourly data were available), analysis might reveal that just
12 or 13 samples per year give annual loads with worse precisions than
indicated by the SMILER results presented here. Further work is required to
test and develop SMILER to ensure better representativeness of synthetic
data.

However, the SMILER analyses related to the Stour at Langham presented

here confirm at least two important points made earlier in the report. First,
the precision in annual load estimates of a determinand like dissolved nitrate
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Table 4.6 SMILER ‘nitrate’ load statistics for a low-load year

Stour (578 sq.km.)

Number of samples = 5479 (days)
First point in series = 1

Load has been estimated between sequence numbers 600 and 965 (days)

Flow - concentration model parameters

alcl = -0955 clstart = 5.000 mgl
b0cl = 0075 idil s 2

"True" load & 298 Tonnes
"True" average flux = 9.461 gfs
"True™ average flow = 1.246 cumecs
"True" arith. av. concl a 7.141 mgA
Coefficient of variation (flow) = 0.815
Coefficient of variation (concl) = 0.127

Ratio = 0.156
Correlation coeff. (flow, concl) = 0.611
Cocfficient of varlation (load) = 0.938
Variability Index, VI = 0.845
Coefficient of variation (CQ) - = 0938
Standard deviation, C = 0.908 mg
Standard deviation, Q = 1.015 cumecs
Standard deviation, CQ = 8.870 g/s

is typically much better than precision in annual load estimates of suspended
sediment - because of the relatively subdued degree of variation of nitrate
concentration compared with that for suspended sediment. Second, the
precision of annual load estimates varies considerably from year to year
according to changes between years in the level of hydrochemical activity.

SMILER can be operated in a similar manner for almost any combination of
hydrological and flow-concentration behaviour types characterised on the basis
of available time series and other information. In this way SMILER can,
subject to its current preliminary stage of development, assist with either (a)
the design of a sampling strategy for a particular determinand at a given site
to obtain specified levels of accuracy and precision for mass loads or (b) the
converse of (a), namely assessing the likely levels of accuracy and precision in
mass loads of a given determinand at a particular site and for a specified
sampling strategy.
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Table 47 SMILER ‘nitrate’ load statistics for a high-load year

Stour (578 sq.km.)

Number of samples = 5479 (days)
First point in serics = 1

Load has been estimated between sequence numbers 1700 and 2065 (days)

Flow - conceniration model parameters

alcl = -0955 clstart = 5.000 mg/
blcl = 0075 idil = 2

"True" load = 2051 Tonnes
"True" average flux = 65.033 gfs
"True" average flow = 3.966 cumecs
"True" arith. av. concl = 11.608 mgl
Coefficient of variation (flow)} = 1316
Coefficient of variation (concl) = 0478

Ratio = 0.363
Correlation coeff. (flow, concl) = 0.656
Coefficient of variation (load) = 1643
Variability Index, VI = 1.181
Coefficlent of variation (CQ) = 1.643
Standard deviation, C = 5.544 mgA
Standard deviation, Q = 5219 cumecs
Standard deviation, CQ = 106.849 g/s
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5 United Kingdom river quantity and quality
databases

5.1 INTRODUCTION

A clearly defined need has long been perceived for river flow databases for
describing floods and droughts to assist with the planning, design and optimal
operation of river channe! flood control works and water supply schemes, At
the national scale, the Surface Water Archive and other related databases
maintained at the Institute of Hydrology service the need for information on
water quantity. The Surface Water Archive receives data and information
mainly from the regional Divisions of the National Rivers Authority covering
England and Wales, the River Purification Boards covering Scotland and the
Department of the Environment (Northern Ireland).

Environmental management today recognises more widely that the quality of
our natural and engineered water resources is of equal importance to the
quantity aspects. At the national scale, the repository of river water quality
data is the Harmonised Monitoring Scheme database maintained by the
Department of the Environment (Her Majesty’s Inspectorate of Pollution). (It
appears likely that in 1991, responsibility for the Harmonised Monitoring
Scheme database will be transferred to the National Rivers Authority.) Data
input to the Harmonised Monitoring database are principally from the National
Rivers Authority and the River Purification Boards (river quality data from
Northern Ireland are not input to the database currently).

Mainly for historical reasons, but also because of differences in the types of
data, existing provisions for data retrieval, presentation and analysis vary
between the national quantity and quality databases. In the context of river
load estimation it is necessary to consider the best way of jointly exploiting
such databases. The following sections give brief descriptions of the national
databases, including details of their data retrieval and analysis facilities. The
scope of Geographical Information Systems (GIS) generally, and the Water
Information System in particular, for river loads data and information
processing, is also discussed briefly.

5.2 THE SURFACE WATER ARCHIVE

The following points of interest are taken from a historical perspective of the
Surface Water Archive given by Lees (1987).

In the 19th century regular river flow measurement was restricted to the
Thames at Teddington and the Lee at Feildes Weir, but the need for a
comprehensive survey of inland water quantity was already perceived. Early this
century it was suggested that effluent standards should be adjusted according
to the dilution available in the receiving watercourse, and some river flow
measurements were made accordingly for planning purposes. The decision to
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undertake an Inland Water Survey was taken in 1934; systematic river flow
measurement throughout the United Kingdom commenced, supported by regular
publication of corresponding data and information in a Yearbook format.

The earliest Surface Water Yearbook, for the years 1935 and 1936, published
daily mean river flow for 28 stations. Publication of Yearbooks has continued
to the present day (albeit with some publication delays), evolving in style and
content as administrative responsibilities for river flow measurement and
maintainance of the national database have changed, and as information
technology has developed. From 1982 onwards, management of the Surface
Water Archive and publication of hydrological data covering the United
Kingdom has been undertaken by the Natural Environment Research Council
(at the Institute of Hydrology in collaboration with the British Geological
Survey). Currently, the Archive contains data for about 1300 sites, about 1000
of which are extant. On a ‘following year’ basis the annual Hydrological Data
UK publishes river flow data and information for about 200 sites. All the data
in the Archive are stored in a computer system and Hvdrological Data UK
gives details of available data retrieval options (e.g. simple tabulations,
hydrograph plots, flow-duration curve summaries). Effectively, and only for a
modest handling charge, river flow data and information for almost any
measuring station in the United Kingdom are readily available to a wide range
of customers in pre-processed, quality controlled formats. Figure 5.1 shows
the daily mean flows, and summary statistics, for the Stour at Langham taken
from the 1989 Yearbook in the Hydrological Data UK series.

When environmental managers need to establish what river quality and quantity
data are available it often requires separate enquiries within the same
organisation, and sometimes enquiries to different organisations. In recognition
of the increasing need for river quality and quantity data and information to
be made available together, the series Hydrological Data UK now includes
summaries of river quality data from a selection of Harmonised Monitoring
sites. With agreement from Her Majesty’s Inspectorate of Pollution, the 1986,
1987 and 1988 Yearbooks presented statistical summaries for the year, and for
the period of previous record, for about a dozen determinands from 16 sites.
In the 1989 Yearbook the number of sites has been increased to 32 (two of
which are in Northern Ireland) and a greater range of determinands is
featured. Figure 5.2 shows river quality statistical summaries for four sites
(including the Stour at Langham) reproduced from the 1989 Yearbook. It is
intended to extend this service by giving river loads — provided these can be
estimated with acceptable accuracy and precision.

53 THE HARMONISED MONITORING SCHEME DATABASE

Systematic measurement of river quality, and the collection, collation and
publication of river quality data on a national scale do not have the same
depth of history as outlined above for quantity data.

The first modern River Pollution Survey was undertaken for 1970. Although
improvements were introduced into the 1972 and 1973 Surveys, it was
recognised that the nature of the river stretch classification, based largely on
BOD levels and whether or not there were discharges to the stretch, rendered
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036006 Stour at Langham 1989

Measuring authority’ NRA-A Gnd reference: 62 (TM) 020 344 Caichment area {sq km} Y80
Fust yoar: 1362 Level s1n (m OD) 6.40 Max gk, (en OO 128
Daily maan gauged discharges {cubic matres per second)
DAY JAN FEB MAR APR MAY Jun JuL AUG SEP T NOV OEC
1 1648 2875 4527 2.53% 2 600 0960 2107 1194 0 802 0747 1,282 23719
2 1631 2 695 4 501 3693 2376 1134 2 002 0989 0827 0 760 1426 2501
3 1484 2,608 a8 91310 2274 1094 180 1036 0§54 058 1583 2296
4 1,480 2 388 4 665 4 699 2182 1.180 1.839 10688 0913 0.781 1388 | 2392
5 1811 2,265 4048 5320 2 081 0972 1798 0953 0157 0729 145) 2598
6 6728 2,207 3725 9018 1988 1385 16499 0905 ¢ 688 0 889 1148 21628
7 37688 1.861 3263 16 410 1833 1686 2 555 0654 0 736 0934 1398 2 685
‘8 2867 1978 2614 9832 1725 1.370 2.462 o157 0.754 0.938 1798 2581
9 2,848 247 3365 5503 172 1420 2330 G 805 0803 o817 1751 2 465
10 2412 3557 4987 4753 1603 1220 1.995 1093 0801 0974 1925 2205
it 1.909 4 307 5 152 6 685 1 660 1266 1,425 1052 O a7 0.781 1.950 1.738
12 2124 4 B3 5004 9 550 1.707 1073 1435 Q854 0 808 0768 2028 2244
13 3.503 4203 5163 5561 1721 1161 1,419 0972 0858 0729 1818 2934
14 3288 4452 5414 3823 1525 1175 1.5%2 0 884 0843 0 66?7 2282 4 944
15 3443 4285 G 694 3227 13585 1163 1 892 1003 0882 D714 2127 4824
16 3 401 4217 10 580 3689 1355 1167 1 8§40 t 080 0863 0 707 2 104 4,290
17 2124 4 856 21400 2 850 1385 1120 1921 1039 0875 0.684 2183 4 606
18 2.375 6 764 23 830 2962 1535 1082 Y990 Q856 0 Bae6 0 B51 214 3063
19 2.461 6.213 9 596 2915 1539 1014 1989 0 B892 0814 0956 2224 3470
20 1,954 5054 70717 2796 1512 1410 1801 0 759 0,753 1,129 2,226 6272
21 3947 4 894 9275 2989 1517 1330 1728 0.B17 o718 1.328 2,308 14 9310
22 11600 4 869 7 962 2834 ¥ 522 1614 1711 0845 o778 1083 2.1587 10 860
23 6 070 4,792 5 619 2642 ¥ 348 12715 1.720 o832 0663 1,002 2263 4,241
24 3,313 4 854 4 119 3I;3 1351 1.752 1.779 0,B21 0905 1028 2.309 3895
25 2.585 8,551 3393 55876 1461 1691 1821 1038 0627 1020 2305 3172
26 2.985 14 790 3147 5147 1414 1655 1636 1.295 0693 1052 2,355 2 784
27 2,509 14 570 3097 4112 1291 1924 1660 1232 0718 1092 2 366 1680
28 2 595 9.348 28N 3046 1284 2026 1.545 094y 0729 1147 2226 2451
29 5642 2559 2418 1268 2 346 1,197 0932 0 784 1222 2225 2013
30 4148 233% 2 604 1068 20931 1177 0817 0703 1237 237 1552
3 2.952 25 QB854 1285 o0a12 1218 1648
Averaga 3234 4939 6044 49894 1615 1405 1778 0849 0790 0.928 1871 3623
Lowast 1 480 1881 2335 2418 o858 0 960 1177 0,757 0827 867 1148 1552
Highest 11 800 14790 23830 16 410 2 600 2 248 2 556 1295 0943 1328 2174 14 910
Pask flow 1367 16 89 2805 17 86 296 2586 313 155 112 1,91 258 1641
Day of pask 22 26 18 ? 1 21 7 26 24 a 14 22
Monthly tolal
(mithon cu m} B &6 1185 16 19 12 92 433 364 476 254 20% 248 a1 970
Runot! {mm) 15 21 28 22 7 [ 8 4 4 4 9 17
Raniall {mm) k1 g 54 66 ? 49 45 an 1 42 27 107

Statistics of menthly data for previous record (Oct 1962 to Dac 1988}

Mean  Avg 5 708 4982 4,774 316543 2418 1 653 1101 v178 1.176 1 996 2898 4 061

flows Low 1398 0883 1597 1217 0758 0454 0191 0210 0395 0519 o5 08692
{year) 1965 1965 1976 1974 1974 1965 1976 1976 1964 1970 1964 1964
High 16 8O 12980 97715 9334 7253 5999 2957 6236 4945 13170 1% 340 10 550
{year] 1988 1979 1581 1983 1983 1987 1987 1987 1968 1987 1974 1965

RuncHl  Avg 26 21 22 16 n 1 5 s 5 9 13 19
Low & 4 ? -] 4 2 i 1 2 2 3 3
High 75 54 45 az Ja 27 14 29 22 &1 51 49

Ranfall' Avg 50 33 48 44 49 53 47 52 51 52 59 51
Low 14 13 12 n 12 10 8 1 1 3 20 13
High 125 83 93 99 100 132 97 105 118 128 155 a7

Summary statistics Factors affecting flow regime

1989
For 1989 For record As % of ® Abstracuon for public water supplios
preceding 1989 pre-1989 ® Flow reduced by industnal and/or

Mean fiow {ms~'} 2674 2957 90 agncultural abstractions

Lowust.yaarly mean 1428 1973 ® Augmentation from surface water and/or

Highest yearty maan 5119 1987 groundwatar

Lowest monthly mean 0790 Sep [ LA Jul 1976

Highest monthly mean 6 044 Mar 16 080 Jan 1988

Lowes: dady mean 0627 25 Sep 0094 9 Jut 1976

Hghest dady mean 23830 18 Mar 50 780 12 Oct 1987

Peak 28050 18 mar 93 D00 17 Sep 1968

10% excoadance 5075 6 450 79

50% eaceadance 1 846 1694 109

95% excesdance 0757 0523 145

Antwal 10tat {mtbon cu m} 84 33 93 32 90

Annual runott (mm) 146 161 90

Annual rainfall fmm) 510 689 ;¥

[ 194 1-7C rantall average {mm) 598}

Station and catchment description

Twin-trapezoidal flume, throat tapping Spillway channel with werr constructed in 12/8% 1akes some flow above 1| 45m, Bypassing also occurs
over opposite bank above 1.85m More bypassing possibie from Q,5km u/s duning extrema evenis Naturahsed flows to 9&% Occasional igh
peaks due 10 gate action. Flow augmentad by intermittent purnping from Ely /Ouse Transfer Scheme and occasional SAGS borehols pumping
Mainty rural catchment Chalk ouicrops i N, tondon Clay in 5, all covered by semi-pervious Boulder Clay

Fi 5.1 Stour at Langham daily mean flows and hydrological
g summary from "Hydrological Data ﬂU(I)( : 1989”
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Bure at Horstead Mill

Harmomisad montonng staton numbaer :
Measuring authonty * NRA-A

05 722

NGR : 63 (TG) 267 198

Flow measurement station
CA {(km?: 1584 7

1989

034003 - Ingwarth
NGR ; 63 (TG} 192 296

1989 Panod of record 1975 - 1988
Determinand Units Samples Mean  Max. Daste Min Daty Mean Percentiles Quarterly aversges
5% 5 35 JM A-d J-8 0.
Tamperaturs C N 115 210 07508 34 04512 108 0 100 192 58 123 167 82
pH PH uts 34 80 85 21,08 73 09 78 73 78 a2 77 78 1.9 77
Condutinaty #Sjem 25 774 835 1 717 24407 128 610 730 828 142 102 725 T44
Suspendad sokds mgfl s 36 13s 26/00 00 24/07 83 12 53 239 258 64 42 62
BOD fintebnac) mgno 451 15 34 22005 <10 10/07 18 o5 17 32 18 22 18 13
Ammoniacal anrogen mgA N 33N 0116 1000 20711 <000 015 ool 010 051 025 010 009 014
Natnie: mgfi N 18 0062 0100 22/05 Q030 2108 Qar o011 006 020 007 o0d 010 008
Hitrste mgA N 3 547 750 28/01 330 24/07 59 36 68 0 77 59 48 55
Chiorda g i CI k] €03 1270 N2 250 2102 579 475 S60 142 603 556 561 601
Tl glkcabnay mg /i CaCOy 23 2079 2520 112 1800 0702 007 1776 2180 2588 23138 2082 2199 2407
Sdcs mgfl Sy 20 719 1183 23410 1668 2407 807 340 B30 1106 B76 501 685 1004
Sutphate mg/l 50, 23 Ba 1o 2041 659 102 80O 549 790 1120 B39 829 718 854
Caowm my/t Ca 13 171 1320 2411 1060 24707 180 907 1740 1430 1183 MN72 1145 1212
Magnesum mgfl Mg 13 85 118 21402 69 2404 13 48 75 a3 75 17 71 12
Potassum mafl & 13 44 A4 25709 32 24407 40 24 40 56 42 a7 39 45
Sodwm mgfl Ma 13 276 297 24507 257 21402 00 200 277 480 3 256 296 19
Stour at Langham 1989
Harmontsed monitorng station number . 05 810 Flow measurement station 036006 - Langham
Measunng authonty : NRA-A NGR : 62 {TM} 026 345 C.A{kmY):5780 NGR : 62 {TM) 020 344
1989 Perod of record 1974 - 1988
Datermunand Urats Samples  Mean Max. Date Min Date Maan Parcentilen Quartarty avarages
5% 50% 95% AJ & oD
Tampergiure c 48 1ny 215 2107 20 30{11 1.2 30 1o 200 49 115 69 a3
pH PH unns 49 03 8¢ 03108 78 0712 a2 ig a2 a9 81 a4 a3 A1
Conductrvity #5fem 30 81 1013 26/10 116 06/07 906 730 910 1100 927 a9 8B3 946
Suspended sokds mgfl 04y 116 1220 21412 05 1910 167 10 100 437 190 198 114 15§
Dusolved axygen mgh o a6 1077 1420 15102 740 22/06 109 75 109 1490 123 116 93 105
8O0 [intnxted) gt O a8 26 18 11705 07 19110 Al 11 23 96 23] 54 26 22
Ammomscal rtrogen mgfl N 49{11) Q0BAR CEBDO 06/04 <DO20 1210 013 o002 ca 038 Q2% 008 008 Q14
Netrae gl N 15(2) 0047 £ 100 13704 <OQO4 03708 oos co2 007 018 008 009 O0D4 009
Nitrata mg/l N 49 633 1510 28/12 050 07712 LRl 29 76 16D 126 79 44 a8
Chiofce mgA O L] 720 2930 14712 355 06/04 6568 382 640 954 557 612 7228 102
Total afhadwuty mgf CaCO,; 2! 2630 2850 1505 1940 21742 243 3 1915 2500 1800Q 2438 2424 2494 2503
Sirca mg/l SO; 19 1057 4610 15705 3.70 12708 747 620 785 1300 7651 340 0839 027
Sulphate myfl 50, 21 5807 1190 18709 716 03/08 100 4 700 989 1400 1z 139 970 45
Calcwm mgft Ca 1 1288 1450 30403 1080 12/07 124 2 930 $39¢ 1675 1483 1349 1197 1403
sum mgfiMg 1 83 118 15/09 62 02/02 99 50 @4 220 78 8% 97 B9
Posszrsm K 0 86 V27 tan10 S& 0202 7A 5 72 120 57 6% 79 91
uem mg{t Na 0 47 5 610 1910 310 02702 425 200 aGo 706 323 1397 500 43
-
Thames at Teddington Weir 1989
Harmonised monioring station number ; 08 010 flow measurement station . 038001 - Kingston
Mensuring authonty . NRA-T NGR - 51{TQ) 171 714 C A tkm?) 99480 NGR ., 61 (TQ) 177 698
1989 Pariod of record” 1974 . 1988
Datarminand Urara Ssmples Mean  Max  Dame Min  Date Mean Percontiles Quarterly sveragas
5 5 A Js 0
Temparatura [ 24407 50 19/01 16 40 115 2200 58 139 87
pH pH wruts 18§05 71 05930 a1 76 aQ 88 80 83 ra
Suspanced yokds mgfl 56 93 625 05710 15 20707 71 50 141 769 292 222 244
Drsotved oxvgen mgfl O 69 797 3175 19400 530 12/09 102 71 1wz 132 13 wa 100
BUOD {intubirad) mg/1Q 63(2) 2a 71 16/06 .10 15,09 29 11 24 67 22 43 25
Ammonacal mrogsen mgfI N 1012 G422 7300 15/08 <0DOS0 16/05 032 001 023 089 03 019 Q36
Nune mgflN 9 172 0300 21711 DOC82 15/05 o1 006 010 020 0w 010 013
Nitrate mgiN 70 695 94D 05/12 472 16105 74 54 71 102 42 686 76
Chtonce mg/iC1 0 S8 6390 12710 330 27504 4t 2 300 400 570 197 384 a2 4
Orthophasphate mg/I P 62 3320 4600 12/10 €9 0903 1 3¢ 033 108 272 Qs |\ D& 141
Sihca mg/I S0, a2 1281 2150 05/09 G130 16/05 1049 290 1150 1460 1103 677 1323
Lee at Waterhall 1989
Harmonised monitonng station number ¢5 101 Fiow measuremant stauon © 038018 - Water Hail
Measunng authomty NRA-T NGR ' 52 {TL) 299 095 CAKmY) . I1500 NGR . 52 (TL) 299 099
1983 Panod of record 1975 - 1988
Determinand [VTTEY Samplas Mean Max Date Min Date Mean Percentiles Quartarly averages
5% 50% 9 JM A4 J» QD
Temparature c 2a 1R%-] 215 20;08 40 25/02 70 45 120 199 63 136 167 %3
pH pH s 24 79 Bl C09 7Y 0H08 a0 76 :R3 B4 a0 a1 B 748
Conducivity #Sfcm 10 BOO 974 11410 545 15/08 808 623 779 1066 885 775 R4 B4
Suspanded sohds mg/l 1 210 7RO 25/08 30 10412 15t 30 1o 427 159 123 136 143
BCOD niwbred) mg/l O 24 28 S2 (5108 14 04701 27 13 74 48§ 27 31 22 24
Dussolved argarc carbon mgA O 10 160 213 25/04 315 3101 130 26 72 554 160 176 G4 17t
Ammomacal mirogen mgi N 2414 034% 3906 0211 -.0050 30/03 0 a0s o1l 078 037 008 ©09 D32
Nueita mgfl N 1 0191 080C 0711 0068 ID/03 014 005 011 029 011 012 034 D018
Nitrars mgfl N 24 1196 1750 104132 603 1508 16 77 11s& 163 127 17z 123 7
Chiorxda g/t Cl 24 883 1320 24/0% 540 15/08 694 444 BIO 1050 BGS 6% 55 740
Totat alkanrety mgfl CaCOy 10 1993 2414 04/61 1240 15/C8 2110 1291 2130 2339 2033 176 7175 MU
Orthophosphaie mgfi P 1 J546 4 BDO 041 1820 rBsoz 233 110 234 3%0 219 2M 251 247
Sulphta mgf 50, 3 774 1040 11710 520 15708 796 543 178 11 778 196 16 81%
Calciom mg/l Ca 10 1080 1330 04,01 720 15,08 1188 911 1180 1230 t194 1204 1°8° ‘159
Magnasnim n¥y/t Mg 0 39 50 2% 04 23 a8 a0 a1 29 49 42 39 13 KR
Potassant mgik K 0 0s 155 "1, 75 2a:02 B4 56 RQ " r LA &a “8
Sotum o Na 10 712 082 N7 1% 411 14,08 6380 R T IR R | 619 635 'z R4

Figure 5.2 Statistical

summaries  of
"Hydrological Data UK : 1989"
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the Survey somewhat subjective, Nevertheless, River Pollution Surveys gwe a
valuable ‘snapshot’ of the state of the nation’s rivers.

The Harmonised Monitoring Scheme was initiated in 1974 to complement the
River Pollution Survey information base by providing more quantitative
information on the condition of rivers. From the outset, one of the specific
objectives of the Harmonised Monitoring Scheme was

“... to enable an assessment to be made, in connection with
international obligations, of the materials carried down rivers into the
sea, in due course, this will be supplemented by estimates of other
polluting loads entering estuaries and the sea ..." (Simpson, 1978).

A further objective of the Harmonised Monitoring Scheme is

"To enable long-term trends in river water quality to be identified."
(Simpson, 1980).

Recognising the importance of such a database for environmental management
generally, it was intended to publish a summary of information each year.
However, publication of river quality data summaries from the Harmonised
Monitoring Scheme database comparable to the Yearbook series for river flow
data has yet to be achieved (but see the next paragraph). Mean annual
concentrations for a selection of determinands and rivers have been published
in the "Digest of Environmental Pollution Statistics” (eg DOE, 1978; 1980)
but this practice appears to have been discontinued. A recent "Digest” contains
estimates of United Kingdom heavy metal inputs by rivers (and via other
routes) to the North Sea (DOE, 1990). The source of this information is
given as the Second International Conference on the Protection of the North
Sea, 1987.

Understandably perhaps, a large part of the effort expended on the
Harmonised Monitoring Scheme to date appears to have been in the area of
Analytical Data Quality Control. It is essential, for comparisons between
sites at a particular time and for data analysis of time series for a particular
site, that concentrations are measured consistently over time by the different
laboratories involved. The Water Research Centre co-ordinates the water
industry effort in the area of Analytical Data Quality Control (Cheeseman and
Wilson, 1978) and the Committee for Analytical Quality Control (Harmonised
Monitoring) agrees and promulgates sampling and analytical procedures for
particular determinands (e.g. Committee for Analytical Quality Control, 1984).

It appears that attention was given initally to the adequacy of the
measurement network for assessing average concentrations, rather than river
loads. A broad objective of the Scheme was that the average concentration
for each determinand calculated from sample values should have a 95%
probability of being within 20% of the true value (Simpson, 1980).
Unfortunately, no similar broad objective appears to have been set for
assessing the efficacy of the Harmonised Monitoring Scheme for estimating
river loads.

Joint exploitation and assessment of the national river flow and quality

databases for river loads estimation has been minimal and, where this has
been attempted, the best methods may not have been used (see Chapter 3 for
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discussion of some of the ad hoc studies where Harmonised Monitoring and
Surface Water Archive data have been employed for river loads estimation).
The databases are managed quite independently of each other, though
exchanges of data and information between the databases for a variety of
purposes are becoming increasingly frequent. For example, data exchanges
have been made for estimation, by Her Majesty’s Inspectorate of Pollution, of
nutrient loads to the North Sea (B.G. Goldstone, personal commurmnication),
and for this study.

54 THE WATER ARCHIVE AND CHANGING
INFORMATION TECHNOLOGY

The Water Archive is a computer-based data and information storage system
developed in the mid 1970s jointly by the Department of the Environment
(Water Data Unit) and a consortivm of Regional Water Authorities. It
represents the first attempt in the United Kingdom to provide a single
database system capable of handling any water-related data and information
required by Government Departments, or by the Water Industry, for a wide
spectrum of applications. In principle, therefore, the Water Archive can handle
both river flow and concentration data and thereby ease the task of estimating
river loads. However, whilst several Regions of the National Rivers Authority
continue to us¢ the Water Archive structure for holding river flow and quality
data, it appears to have not had a great impact in the area of river loads
information processing, either regionally or at the national level.

Information technology, in the form of Geographical Information Systems
(GIS), is moving forward apace and the next section considers briefly if there
might be implications for GIS in future joint exploitation of river flow and
concentration data for river loads estimation and related data presentation.

55 GEOGRAPHICAL INFORMATION SYSTEMS AND WIS

Geographical Information Systems mark the next stage in the development of
computer databases for environmental management., A full account of the
nature of GIS, or of the exciting progress being made with this technology,
cannot be pgiven here. The purpose of this section is to outline some of the
potential benefits of GIS in the context of manipulating river loads data and
information.

A GIS can store a digitised ‘image’ of the land surface topography (including
bathymetry) and register with this the position or nature of any other
geographical feature such as rivers, coastlines, field boundaries, soil types,
discharge points, roads, etc. Data input to a GIS from remote sensing devices
is possible. The Water Information System (WIS) is a GIS being developed
by the Institute -of Hydrology with the support of International
Computers Limited which will allow advantage to be taken of time series data
within a GIS framework. Thus it will be possible to store details of the
variation in time and space of such things as rainfall, streamflow,
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point-discharges of contaminants to rivers, river quality, crops, fertiliser
applications, etc., and to display these types of information in a pictorial
format, User-interaction with' the pictorial output from WIS will facilitate data
retrieval and analysis. The market lead of WIS is in jts ability to bring to the
screen the river network, maps of catchment characteristics and time series
data of any type with equal facility at an interactive speed; normal GIS cannot
handle the huge databases required for water industry purposes. The interface
between WIS and mathematical models of environmental systems opens up hew
areas for research and use of data and information for environmental
management purposes.

It is not clear yet just how this technology will impact on river loads data
and information processing but it is clear that any GIS will not lessen the
need for careful design and operation of river quality monitoring programmes
and subsequent calculation of loads employing appropriate algorithms, though
the latter could be incorporated into WIS.

Perhaps the greatest contribution WIS could make in the context of river
loads is in ‘environmental auditing’. Given the power of WIS to record and
manipulate environmental data and information in four dimensions (the three
dimensions of space, and time), and the potential for exploiting this power
using mathematical models, it should be possible, theoretically, to keep an
inventory of water and chemicals and predict their mass movements within
catchments and across the tidal limits of estuaries. Direct discharges to
estuaries could also be audited using WIS. The success of the whole idea is,
of course, subject to the availability of data with which to create, test and
. operate the system.
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6 Summary and Conclusions

For meaningful comparison of load estimates it is necessary to know the
errors associated with specific estimates. In practice, a range of different
load estimation procedures are adopted in response to the variable amount
and quality of available flow and concentration data. Indeed, there is no
single combination of measurement strategy and estimation algorithm which is
suitable for the wide range of hydrological and hydrochemical response types
exhibited by United Kingdom rivers. Different sampling frequencies and
estimation algorithms lead to load estimates of varying accuracy and precision.
However, qualification of load estimates in terms of numerical accuracy and
precision is rare due to the difficulties of establishing statistical uncertainty
from sparse data; because of the high marginal costs involved, volumes of
concentration data seldom match those for river flows. Whenever a useful
mathematical relationship (model) between flow and concentration can be
established, the information in databases of ‘continuous’ river flow data can be
exploited to estimate concentrations for periods between samples, thereby
leading to improved river load estimates.

Methods

The literature review (Chapter 2) reveals that existing methods of river load
estimation are many and extremely varied in detail. Some methods are
simplistic because even when flow and concentration data are available at low
frequency (e.g. monthly) they employ, for example, the arithmetic mean of the
products of spot-sampled flows and concentrations. Except when the
variability of flow and concentration are both small, such methods can result
in load estimates which are biased or imprecise (or both) to an unacceptable
level. The terms ‘precision’ and ‘bias’ are defined in the report. Refinements of
simplistic methods attempt to reduce bias and improve precision by employing
carefully designed sampling strategies where the frequency of samples spaced
regularly in time is varied between ‘strata’ defined in terms of flow thresholds
or seasons {(or both).

In general, estimates based solely on infrequent spot-sample flow and
concentration data are prone to large errors. Often, however, there is available -
a record of ‘continuous’ flow from which a ‘continuous’ concentration record
may be estimated using a mathematical relationship (or model) between the
two variables. And better relationships between flow and concentration lead
to better load estimates. It is common practice to employ the linear regression
model to relate (the logarithms of) flow and concentration for load estimation
purposes but, because of the compléxities of the physical and chemical
processes which control flow - concentration dynamics, the uncertainty
introduced by such models can be large and load estimates, therefore, can be
rather imprecise. Furthermore, unless correction factors are applied the
resultant estimates can be heavily biased. ’

The inability of the simple linear regression model to account for amy part of

the commonly observed hysteresis in flow - concentration relationships is one
of its major weaknesses. The transfer function model is demonstrated to be
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able to account for at least some hysteresis; it is strongly recommended that
the transfer function model be more widely considered for use in extrapolation
load estimation procedures.

Most stream water sampling is undertaken manually and does not take into
account the level and rate of change in flow which dominate the variation in
flux of constituents. Manual sampling often leads to biased estimates. Where
sampling can be controlled continually by a computer linked to a streamflow
measuring device, it is possible, by taking samples at frequencies proportional
to flow, or according to a scheme of probability sampling, to effectively
climinate bias. In the case of probability sampling, estimates of known
precision can be obtained for specific periods of record, Potentially, such
methods could lead to significant improvements in river load estimates, and
greater understanding of flow-concentration dynamic behaviour generally,

Clearly, the costs of measuring river loads vary according to the required
quality (accuracy and precision} in the estimate and are a function of the
provisions made to obtain that quality. For a given determinand, there is no
single simple manual sampling strategy which will give estimates of known
accuracy and precision for the wide range of hydrological conditions
encountered in the United Kingdom. Furthermore, for those methods which
employ regular sampling irrespective of the hydrological conditions during the
period of load estimation (e a year), bias and precision can vary greatly
between (annual) estimates according to differences between periods in the
variation of flow and concentration. In general, load estimation is more prone
to bias and imprecision in situations (ie. the same period at different sites or
the same site for different periods) where flow and concentration are highly
variable.

Under the same hydrological conditions at a given site, loads estimated by a
given method for determinands which exhibit a high coefficient of variation
{e.g. suspended sediment) will tend to be the most imprecise.

Fundamental problems in assessing load estimation methods

A problem central to assessing methods of load estimation is the paucity of
long records of concurrent high-frequency flow and concentration data from
which ‘true’ load can be calculated for comparison purposes. Where such
records do exist (eg. for suspended sediment in certain southwest England
rivers) it has been shown (Walling and Webb, personal communication) that
an annual load (1979) computed (a) on the basis of 16 regularly-spaced
samples (fairly typical for the Harmonised Monitoring network) and (b) by the
preferred Paris Commission algorithm, can be biased by more than -50% (a
systematic underestimation). An indication of the low level of precision in
annual suspended sediment load estimates can be appreciated from a histogram
showing the spread of values obtained from a scheme of load estimate
replication (as discussed in the report).

In the context of load estimation, suspended sediment is a worst-case
determinand because typically it increases in concentration with increasing flow
by ‘orders of magnitude’ and therefore has a high coefficient of variation. It
can be confidently predicted that mass loads of determinands in solution which
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exhibit lower coefficients of variation will, in general, be better estimated than
suspended sediment loads. However, suspended sediment is a key variable
because significant amounts of certain heavy metals and organochloride residues
can be transported with the sediment as an adsorbed phase. Problems
associated with measuring and assessing the errors in bed-load transport have
not been considered in this report.

A i{stematic computational framework for assessing load estimation
methods

The problem of a general lack of suitable data from which to compute ‘true’
loads of different determinands has been circumvented in this study by
adopting a synthetic data approach. A prototype computer program for
Simulation and Methods Investigation of Load Estimates for Rivers (SMILER)
has been introduced. SMILER is flexible enough to make available for
analysis long time series of datz which typify almost any combination of
hydrological and simple concentration responses likely to be encountered in the
United Kingdom.

The rationale behind SMILER is that it uses any available ‘continuous’ data
and other information on flow and concentration for the site of interest and
generates synthetic concentration data (synthetic flow data also if necessary)
which may be additionally required to establish a ‘true’ load. The synthetic
responses are not required to be faithful representations of reality (though this
is a goal to be kept in mind) - merely typical — for error assessment
purposes.

Daily mean streamflow data for any available period of record can be input to
SMILER from the Surface Water Archive maintained by the Institute of
Hydrology. Information about the mean level and variability of concentration
for a wide range of determinands since about 1974 (based on spot-sample
data) can be accessed from the Harmonised Monitoring Scheme database
maintained by the Department of the Environment. In principle, SMILER
could receive flow and concentration data and information from other
databases. Ideally, and especially for flashy rivers, the flow data should be at a
finer time scale than daily (see later).

Demonstration time series for flow and concentration have been presented, and
analysed by SMILER, to illustrate the complexity of the relationships between
errors in load estimates and (a) types of hydrological and concentration
response, (b) period of estimation and level of hydrochemical activity in that
period and {c) estimation algorithm. The current version of SMILER can
compare three methods of estimation using fixed frequency observations: the
two methods recommended by the Paris Commission for monitoring North Sea
inputs from rivers; and the Beale Ratio estimator employed for monitoring
river inputs to the Great Lakes, North America. Several other methods are
discussed in the report and selected additional methods will be incorporated
into future versions of SMILER. Likewise, future versions of SMILER will be
enhanced with improved statistical techniques.
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An example — errors in loads of nitrate in solution

A particular application of SMILER, namely estimating the errors in nitrate
loads carried in solution by the Stour at Langham, FEast Anglia, has been
presented. In contrast to the massive errors which can arise in estimates of
suspended sediment loads for certain rivers in southwest England, the SMILER
estimated errors in Stour nitrate loads are modest. At this particular site it
appears from the preliminary analysis presented here that annual load of
nitrate in solution can be estimated by the preferred Paris Commission method
(involving flow-weighted mean concentration), and about 12 samples taken
regularly throughout the year, with a precision of about 2% in a ‘low load’
year and about 7% in a ‘high load’ year. Bias in both cases is probably less
than +/-1%. It must be stressed, however, that these results assume zero
measurement error and reflect, therefore, only the errors due to (a) 30 day
sampling interval, (b) the representativeness of the synthetic concentration data
and (¢) a particular load estimation method. The values of precision given
above should not be used, in isolation, to assist in the design of sampling
strategies; the results are preliminary and further work is required for a range
of determinand and site combinations. SMILER does incorporate facilities to
simulate measurement errors in both streamflow and concentration but this is
not discussed in the report. Clearly, the errors given above are minima. For
any particular application of SMILER, information about streamflow and
concentration measurement errors for the site and determinand in question
should be taken into consideration.

Scope for hbydrograph separation and mathematical hydrologic
mixing models

Particular aspects of scientific hydrology which have considerable potential for
application in the context of river loads estimation include hydrograph
separation into component flows, and mathematical modelling generally. It can
be envisaged that streamflow at any time comprises components which have
different but distinctive chemical characteristics. For example, low streamflows
occurring some considerable time after rainfall may be expected to be mainly
from sources of stored water in the catchment which have a distinctive
chemical signature. At, and near, peak flows, however, a significant proportion
of streamflow is probably water added to the catchment as recent rainfall
which has a quite different chemical signature. The higher the peak flow, the
greater proportion of it is likely to be water from recent rainfall. Point-source
contaminant inputs obviously complicate the situation and have to be
considered separately.

Simplistically, therefore, we may assume that streamflow at any time, at least
in relatively natural sitvations, is a mixture of flow components from sources
with different but (relatively) fixed concentrations. It might be expected,
therefore, that estimates of concentration based on knowledge of the
proportions of flow components at any time would be better than estimates of
concentration from total streamflow. Field studies and mathematical models
can be employed to investigate the complex detail of the timing and
proportions of component flow mixing. Examples have been given of different
methods of separating hydrographs into component flows and, clearly, progress
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and developments in this area of research (and related mathematical modelling)
should be closely monitored to assess the utility of the approach for river load
estimation,

Databases for river load estimation

At the national level the Surface Water Archive and the Harmonised
Monitoring Scheme database are the major sources of data and information
for river flow and concentrations respectively. The limited amount of flow data
in the Harmonised Monitoring database (either instantaneous or daily mean
flow rates corresponding to sample time or date respectively) is sufficient only
for -crude estimation of loads carried by rivers. The Harmonised Monitoring
concentration data, coupled with continuous records of daily mean flows from
the Surface Water Archive, however, offers considerable scope for retrospective
river load estimation, as demonstrated in the report with the example for
nitrate loads based on synthetic concentration data approximating to those
expected in a rural lowland catchment. Future arrangements for managing
these databases should encourage the joint exploitation of their information
contents.

It should be recognised, however, that use of Surface Water Archive daily
mean flows and Harmonised Monitoring sample (instantaneous) concentrations
for load estimation assumes that both values are representative for the sample
time in question.  This assumption will break down for sites and occasions
where flow {and probably, therefore, concentration) can vary significantly within
a day. For high-quality load estimates it will be necessary to consider data of
higher frequency. The daily mean flows in the Surface Water Archive are
returned by the measuring authorities (e.g. regional Divisions of the National
Rivers Authority and the River Purification Boards) and are based typically on
stage measurements at 15 minute intervals, Most measuring authorities have
computer archives to accommodate short interval level and/for flow data. In
principle, therefore, and subject to there being a stable identifiable relationship
between the two variables over the period in question, concentration could be
estimated from the 15 minute interval flow data for load estimation purposes.
This will require relationships (or models) between flow and concentration
which capture the essential dynamic behaviour of the constituent in question.
Unfortunately, the relatively low frequency of observations in the Harmonised
Monitoring database will render that source of information inadequate for such
purposes. It will be necessary, therefore, to investigate the availability of high
frequency concentration data from other databases maintained by the measuring
authorities. Given that continual intensive measurement of concentration is
prohibitively costly, except for those determinands which can be measured by
ion-specific electrodes or some other automatic device, there should be
intermittent periods of intensive monitoring at the site of interest to assess
any dynamic flow - concentration behaviour and to calibrate (and periodically
validate/update) suitable mathematical models.

The measuring authorities collect a far larger volume of river chemistry data
than is returned to the Harmonised Monitoring database but these sources of
data and information have not been inspected for this report. Their suitability
for load estimation purposes should be assessed at an early date..

73




7 Recommendations and suggestions for
further work

A full appreciation of several of the points referred to below cannot be
gained without reading the relevant Chapter of the report.

Mcthods

Meaningful comparison of river load estimates is greatly enhanced by
knowledge of the errors involved. Suppliers of such data and information
should be strongly encouraged to provide a numerical level of precision (at an
agreed confidence level) with individual river load estimates. Every effort
should be made to minimise bias in river load estimates by adopting an
appropriate sampling strategy and a suitable estimation algorithm.

In all situations where there is a ‘continnous’ flow record it should be
employed — to give a better river load estimate than if just flows at sample
times are used. Estimation methods based only on flow and concentrations at
sample times ignore the valuable information in the ‘continuous’ flow record
and therefore give inferior results.

A mathematical relationship (or model) between flow and concentration should
always be sought and thereby a ‘continuous’ concentration record derived from
a ‘continuous’ flow record. Wherever possible a programme of intensive
sampling should be operated until a best relationship (or model) can be
derived. It may be necessary to repeat relatively short periods of intensive
sampling from time to time to check the stability of the relationship (or
model),

In many cases a component of the scatter commonly observed in plots of flow
against concentration could be due to hysteresis. The linear regression model
cannot simulate hysteresis but a simple ‘black box’ model which can reproduce
some degree of observed hysteretic behaviour is the transfer function model.
The transfer function model, therefore, deserves more widespread use in
extrapolation methods of river loads estimation. Models based on relevant
physical and chemical processes may also be useful in extrapolation methods of
load estimation, though in most cases they require more detailed input data
than that required by the transfer function approach.

Given that a large proportion of the total mass load of many river
constituents is transported during fairly short periods of high flow, it is evident
that a combination of regular (but infrequent) sampling, and an interpolation
estimation algorithm which does not use the information in a continuous
record of flow, is likely to underestimate river loads. It has been shown by
other investigators that for the Thames at Kingston an automatic system which
takes samples at variable time intervals (depending on flow) reduces bias and
improves precision in river load estimates. Similar test facilities should be
deployed at other sites covering the range of hydrological regimes experienced
in the United Kingdom. Particular attention should be paid to assessing for

74



United Kingdom rivers the efficacy of SALT (Thomas, 1986) — a sampling
method which yields minimally biased loads of known precision for individual
load estimates. The transfer function model, rather than the linear regression
model, should be considered for generating the ‘auxiliary variable’ in SALT.

A systematic computational framework for assessing load estimation
methods

A prototype computer program "Simulation and Methods Investigation of Load
Estimates for Rivers” (SMILER) has been developed as part of the current
study. Wherever hydrochemical budgets are required (including small research
catchments) SMILER can be of assistance by providing information on the
likely errors in river loads under particular hydrological conditions. It is
recommended that SMILER be applied to strategic sites in the United
Kingdom where errors in river load estimates are needed to assist with the
assessment of the environmental quality control of the North Sea (and other
bodies of water, as required).

Hydrograph separation and mathematical mixing models

Recent developments in hydrograph separation by chemical tracer methods and
time series rainfall - streamflow modelling give new ‘insights into the mixing
dynamics of component flows which may have different but distinctive chemical
compositions. Such developments, referred to in the report, could be
extremely useful for extrapolation methods of river load estimation, and their
continued development should, therefore, be supported.

Databases for river load estimation

Historically, the national databases for river quantity and quality have been
managed independently and, although effective mergers of data and information
from each are becoming more common, their separateness does not encourage
their joint exploitation for river loads estimation. There is scope for
estimation of historic river loads from river flow data in the Surface Water
Archive and concentration data in the Harmonised Monitoring Scheme
database. Similarly, there is scope using these databases for deriving ‘best’
estimates of river load inputs routinely, for example, to the North Sea, Irish
Sea and English Channel. Careful thought should be given to data
acquisition, archiving and data analysis procedures to facilitate improved
estimates of mass flows

Consideration is required also of the potential for developments in information
technology (including GIS - Geographical Information Systems) in the context
of river loads data processing and manipulation for environmental management
purposes. Provision of river loads data is demanding in that it requires access
to quantity and quality databases (or the use of one that handles both types
of data). The ability to derive and manipulate river loads data is, therefore,
an important operational need which should be specified for future database
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and information systems. Ideally, such systems should be able to transpose data
to reaches where load estimates are needed, but where measurements have not
been made. '

The National Rivers Authority, the River Purification Boards, and other
organisations, hold large volumes of data and information not in the Surface
Water Archive or the Harmonised Monitoring Scheme database. There is a
pressing need to identify such additional datasets and to explore ways of
bringing them together for river load estimation.
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