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ABSTRACT 

Bias-corrected suspe nd ed sedi ment rating equations are 
developed for the data from s ix sepa rate ablation seaso ns in 
the Glacier de Tsidjio re Nouve basin. These equations diffe r 
sign ifica ntl y fro m one ano ther. Suspe nded loads as predicted 
by equations used beyond thei r yea r of origin fall in th e 
range of 34-278% of the true load. Mean absolute 
percentage errors (MAPE ) based o n forecas ts computed from 
each yea r's model applied to the other 5 years of data 
range from 35 to 81%, with a mea n of 52%. The equivalent 
MAPE for a lumped multi- yea r model is 38%, for an 
autocorrelation-correcting genera li zed least-squares (GLS) 
regression model, is 15%, a nd fo r a transfer function (TF) 
developed from a s in gle 25 d period, onl y 5%. Simple 
structure- transfe r fun ct io ns appear to be more robust to 
temporal transfer than th e usua l type of rating equation, 
and offer the poss ibilit y of grea tl y improving upon the poor 
performance of OLS rating equa ti o ns in providing estimates 
of suspended loads for periods beyo nd frames of origin. 

INTRO DUCTION 

Rating equations a re unqu est io nably the most widely 
used means of" estimating unkn ow n suspended sediment 
concentrations (C) and loads (f ) in glacier-fed and normal 
rivers alike. The ir popularity li es in the apparent s implicity 
of their de riva tion and application. C is held to be a 
functi o n of strea m discharge (Q), and the re latio nship 
between meas ured va lues of C a nd Q is formulated as a 
regress ion model. The resu ltin g eq uation is combined with 
measured values of Q to es tim ate unmeasured concentrations 
ee) directly and unmeasu red loads CL) as a time-referenced 
eQ product. A model whic h requires the use of only Q 
data to provide estimates of C and L is clea rly highl y 
suitab le fo r practical purposes . On th e other hand , such a 
model exc ludes refe re nce to var ia tions in sediment de live ry 
(notably in relation to drainage shift, glacier motion , 
rainfall , and mass-move men t eve nts), and is thus an 
oversimplified represe ntati on of the process sys tem . Whether 
the s imple rat ing mode l remains, nevertheless , a valuable 
practical tool hin ges upon the quality of the estimates it 
de live rs. 

The quality of rating equa tio n esti ma tes depends in 
part upon the extent to which the deterministic effect 
modelled by the fitted fun c tion exerts control upon 
variability in C (relative to stochastic effects and omitted 
deterministic effects), in part upon how well the data used 
to derive the rating eq uation fit the assumptions of the 
model applied, and in part upon how well conditions in the 
forecast period (the hori zon) matc h those in the original 
de rivation period (the origi n). This paper extends previous 
evaluations of the qu ality of es timates from suspended 
sediment rating equatio ns and transfer functions for the 
basin of Glacier de Tsidjiore Nouve, Switzerland (Gurnell 
and Fenn, 1984; Fenn and others, 1985) , by examining the 
stability of rating rela tions hips de rived from the same bas in 
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for six different ablation seasons. The general question 
addressed here is that of te mpora l spec ificity: how good are 
estimates of C and L when si mple rating equations a re used 
beyond their fram e of origin? 

THE DATA BASE 

Table I details the samp lin g base of the six data sets 
examined herein . Suspend ed sed ime nt concentrations were 
measured in units of mg rl (I mg 1-1 = I g m-3) . Stream­
flow discharges are expressed in units of I s-I(1 I S-1 
= I x 10-3 m3 S- I) . Scatter plo ts of C against Q for each 
yea r are shown in Figure I . The da ta differ substantially 
from year to year. Full details of the s ite , and of the field 
and labora tory me th ods employed ha ve been given in Fenn 
and others (1985). 

DERIVATION OF RATING EQUATIONS: TECHNICAL 
BACKGROUND 

Rating equations are typ ica ll y derived via the ordinary 
least- squares (OLS) reg ress ion procedure. The assumptions of 
the technique, and the consequences of violating those 
assumptions, are by now well known (e.g. Ferguson, 1977). 
Whilst those relatin g to the response between the dependent 
and the indepe nde nt va ria b les ca n be satisfied by careful 
experimental desig n, by par titi onin g a nd /or lagging cases as 
required and by adopting the co rrect functiona l form of 
mode l, those relating to the properties of the residuals are 
more difficult to sa ti sfy . 

Untransformed C-Q rating models are prone to yield 
residuals which are not normally dis tributed, are not 
homoscedas tic and, in the case of glacier basins, are not 
se riall y uncorrelated . The log-log transform is frequently 
adopted as a joint solutio n to the first two of these 
problems. Since estimates of C, as opposed to log Care 
required, the log-log model is re-expressed via the usual 
back-transformation proced ure as a multiplicative relationship 
between C and Q. The back- tra nsformation introduces an 

TABLE 1. THE SAMPLING BASE OF THE GLACIER DE 
TSIDJIORE NOUVE DATA 

Year Dates Sampling Con tinuous Sample 
interval se r ies? size 

1977 6 June-<i Sept 4 h Yes 557 
1978 1 June-3D Jul y I h Yes 1440 
1981 I June-4 Sept I h Yes 2287 
1982 29 May-31 Aug 4 h Yes 565 
1984 20 July-9 Aug I h No 332 
1985 22 July-12 Aug I h Yes 519 
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Fig . I. Scatter plots of suspended sediment concentration 
against stream disc ha rge for each of the six field seasons . 
The arrows on the 1981 plot indicate extreme values 
associated with ou tburst eve nt s: magnitude from left to 
right (in mg 1, 1), II 124 , 12660, 18 025, 25963, 13 830 , 
II 855 , 12901, 25655, 70774. 

underestimation bias into predictions of C, however, since it 
yields the geometric as opposed to the arithmetic mean of 
the conditional distribution of C at any given value of Q 
(Ferg uso n, 1986). A correction factor (Bf) proportional to 
the standard error of estimate (s) of the log-log model 
reduces this bias (Miller, 1984; Jansson, 1985) , 
(Bf = exp(s2/ 2) for natural logs, exp(2.65s2) for common 
logs) . The adjustment amounts to an upward, parallel shift 
of the rating curve on the log-log plot, and a higher , 
steeper curve on the arithmetic plot (Ferguson, 1986). The 
problem of true autocorre lation in the residual series (as 
distinct from quasi-autocorrelation resulting from the 
mis-specification of the model, the omission of important 
variables, and the presence of lags and / or changes in 
response) can be treated by the use of a generalized least­
squares (GLS) mode l weighted by the serial corre lation 
coefficien t of th e res idua l ser ies . By turning the 
autocorrelation structure to advantage, a transfer function 
(TF) can be developed as an a lte rnative to a regression 
equation (Gurnell and Fenn, 1984). Although preferable, this 
may be inconvenient, given the higher demands of 
developing a transfer functi on, or even a GLS regression 
equation, compared to an OLS regression equation . It is thus 
appropriate to evaluate the s imple rating model in terms of 
its ability to deliver sa ti sfa cto ry estimates, as well as in 
terms of its statistical validity. 

OLS RATING MODELS FOR THE 6 YEAR GLACIER DE 
TSIDJIORE NOUVE DA TA 

Inspection of the C-Q sca tte r plots (Fig. I ) indicates 
the need to transform each and eve ry data set in order to 
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Fig. 2. Log-log scatter p lots o f suspend ed sediment 
concentration against stream di sc harge for each of the six 
field seasons. 

sta bilize the variance. Th e Box-Cox transformation search 
procedure (Box and Cox , 1964) indicated the suitability of 
the log-log transform in all cases. Th e transformed scatter 
plots (Fig. 2) show the improvement which is achieved . The 
results from OLS regress ion applied to each data set (and to 
the combined multi- yea r data se t) a re given in Table 11. 
Bias-correction factors calc ul ated for eac h data se t are also 
shown , together with the co rrec ted coefficient in the 
multiplica tive model. The Dur bin Watso n d stati stic indicates 
that all mode ls y ield positive ly autocorrelated residuals, that 
is d < d L , P < 0.0 I. Detail ed in ves ti ga ti o n of the 1978 data 
se t , involving lagg ing the se ries to th e best match position , 
splitting the data into sec tions of co nstant response, testing 
the effec ts of air tempera ture and rainfall, and deriving 
discriminant ratin gs for ri s in g and falling stage and ablation 
periods has established that Ihe a utocorrelation is of the 
true rathe r than th e quasi t ype, a nd is likely to be an 
inherent property of this type of data (Fenn and others, 
1985). We should th e refore bewa re of the attendant effects 
on th e coefficients a nd Stati sti CS of the models. The 
coefficients a and b wi ll be stati stically unbiased , but their 
standard errors are like ly to be underestimated, as is the 
variance of the res idual se ries and the R2 statis ti c 
correspondingly inflated. 

TESTING THE TRANSFERABILITY OF RATING 
EQUATIONS 

Bearing in mind the reservations noted above, we can 
assess the degree to which a given rating model is likely to 
be tempo rall y transferable by exa mining the stability of the 
coefficients of individual ratin g equations. An examination 
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FCIlIl: Errors ill slIspcllded sedimenl rating equal ions 

TABLE [I. COEFFICIENTS AND STATIST[CS OF OLS RATING EQUATIONS 

Data set: 

Sample size: 

Results for equal iolls: 

A 

(A) InCt = In a + b InQt 

a = 
S.E. a = 
95% lower limit of a 
95% upper limit of a 

b = 
S.E. b = 

95% lower limit of b = 

95% upper limit of b = 

R2 = 

Durbin Watson d = 
S.E . of es timate (s) 
Bias correction factor = 

(C) C; = a Qf 
a = 

1977 

577 

0.9732 
0.4183 
0.1533 
1.7931 

0 .9220 
0.0668 
0.791 I 
1.0529 

0 .25 
0.890 
0.7295 
1.30 

2.6464 

3.4404 

1978 

1440 

-1.8143 
0.0925 

-1.9956 
-1.6330 

1.2851 
0 .016 1 
1.2535 
1.3 167 

0.82 
0.735 
0.4257 
1.09 

0 .1630 

0.1776 

1981 

2287 

-1.l615 
0.1510 

- 1.4575 
- 0.8655 

1.2223 
0.0236 
1.1760 
1.2686 

0.54 
0.260 
0.5653 
1. 17 

0.3130 

1982 

565 

4.5833 
0 .2665 
4.0610 
5.1056 

0.3184 
0.0401 
0.2398 
0.3970 

0.10 
0.540 
0.5349 
1.15 

97.8367 

0.3662 112.512 

1984 1985 

332 519 

- 5.7349 0.0565 
0.467 I 0.3470 

- 6.6504 - 0 .6236 
-4.8194 -0.7366 

1.8506 
0.0682 
1.7169 
1.9843 

0.69 
0.803 
0.4095 
1.09 

0.9232 
0.05 18 
0.8217 
1.0247 

0.38 
0.894 
0.4992 
1.13 

0.0032 1.058 I 

0.0035 I. I 957 

Multi-year 

5700 

- 0.8490 
0.0790 

- 1.0038 
-0 .6941 

1.14 70 
0.0 120 
1.1235 
1.1 705 

0.60 
0.407 
0.6205 
1.21 

0.4278 

0.5177 

Cl' suspended sediment concentration (mg rl) at time I. QI' disc ha rge (I S-I) at time I. 

C' denotes bias correction applied. 

of the 95% confidence bounds of the regression coefficients 
that is, a ± 1.96SE

Q
, and b ± 1.96SEb) indicates a minimal 

degree of overlap across the 6 year data set (Table I1) . The 
Chow test of equality of coefficients (Chow, 1960) on the 6 
year set results in rej ec tion of an hypothesis of no 
difference in coefficients between years (F* = 195.4, 
P < 0.001). Allowing for th e fact that standard errors (SEa ' 
SEb ) involved in th e first test, and the error sums of 
squares (ESS) involved in the Chow test may both be 
artificially low, it would still appear reasonable to accept 
that the coefficients of the rating model of 1 year cannot 
be taken to be applicable in any other year with any 
degree of confidence. I nspectio n of the positions and slopes 
of the curves fo r each of th e 6 years on the rating plot 
(Fig. 3) provides an unamb igu ous confirmation of this 
conclusion. 

A similar picture emerges wit h respect to the stability 
of coefficients of rati ng models developed for partial 
periods of a single ablation seaso n. The Chow test was 
applied in a comparison of coeff ic ients of the whole 1978 
data se t against the coefficients of models for the June and 
the July data separately CF* = 3197.5), models for the 
pre-first flush and post-first flu sh periods identified in 
Fenn and others (1985) (F* = 3604.4), and models for each 
of the nine sub-peri ods of alternately rising and falling 
ablation which constituted th e 19 78 seaso n (F* = 611.8). All 
F* values lie well above th e cr iti ca l value at P < 0.001. 

It would appear reasonable to co nclude from the above 
analyses that the sa mpling va ria b ilit y of the C-Q 
relationship is so great, on bot h yea r-ta-year and within­
year time-scales, as to preclude the transferability of a 
sample-rating equation to any other period save that which 
mirrors the conditions of th e origin to a very high degree. 
This confirms the conclusions of 0strem and others (1967) , 
0strem (1975), and Fenn and ot he rs (1985). The strict 
stati stical implication is th at th e data from different years 
are derived from different populations. A glacio-hydrological 
translation of this, assuming th at eac h glacier basi n does 
have a population distribution, is that this distr ibution must 
be very large, and very heterogeneous, and that observations 
from a s ingle- yea r sa mple o nl y parts of the tota l popu lation . 
This being so, there wo uld appear to be some benefit in 
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combi ning data from different samples as a means of 
approximati ng a population re la tionship for the basin . 

A MUL TI- YEAR RATING EQUATION: T OWA RDS A 
GENERAL MODEL? 

Combinat ion of the 6 years of da ta fo r the Glacier de 
Tsidjiore Nouve basin results in a multi-year data base 
which incl udes the ve ry diffe rent co nditions associated with 
early season snow-melt periods, sum mer snowfall recession 
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Fig. 4. Scatter plot (upper diagram) and log-log scatter 
plot (lower diagram) of suspended sediment concent ration 
against stream discharge for the collected multi-year data 
se t (n = 5700). The ar rows on the upper plot refer to the 
extreme values identified in Figure I. 

periods, rainfall events of varying intensity a nd duration, 
classic rh ythmi c diur nal cycles in flow and sed imen t 
transport, transient sediment flu shes occuri ng independently 
of flow fluctuations, and extreme water/sediment outburst 
events; Q ranges from 70 to 2263 1 S- l and C from 18 to 
70774 mg rl. The multi-year scatter plot benefits from a 
log-log transformation, a lth ough some degree of 
heteroscedastic behaviour remains (Fig. 4) . The OLS rating 
model fitted to the multi-year data exh ibits the familiar 
proble m of autocorrelated residuals (Tab le 11). Estimates 
from the multi-year model may accordingly lack precision 
(since OLS does not yie ld th e minimum variance so lution), 
but they are likely to be accurate. Since estimates of such 
quality may be acceptable in opera tional practice, it is 
appropriate to evaluate the performance of the multi-year 
model in terms of the magn itude of error involved in its 
use as an estimating tool. 

QUALITY OF FORECASTS FROM RATING EQUATIONS 

The success of the multi-year rating equation in 
estimating suspended sed im en t load in different yea rs is now 
assessed in comparison with equiva lent es timates obtained 
from each of the si ngle season OLS models. For further 

FCIlIl: Errors ill SI/I'pcIIJed sedil'l/(' 111 ratillg equ{lliollS 

comparisons, estimates a re also obta ined from a GLS model 
and from a transfer fun cti on (TF). The GLS model was 
derived from the 1978 data se t v ia the Cochra ne-{)rc utt 
method (Cochrane and Orcutt, 1949) as a means of handling 
the autocorrelation present in the residual se ries. The 
transfer function was developed from an arbi trary, as 
opposed to an optimally se lected, 25 d period within the 
198 1 set via the 130x-J enkins method (Box and Jenkins, 
1970 ). The mode l was deliberate ly ke pt si mple, in order that 
it could be used for making practica l predictions . The 
constant was fixed at zero, and an equation conta inin g on ly 
one coefficient was selected. Th e noise te rm used in the 
estima ti o n phase was dropped when making predictions , on 
the grounds that zero is th e expected value of the residuals . 
Gurne ll and Fenn ( 1984) ha ve desc ri bed th e procedures 
involved in developing th e fun c tion. 

Each equation was used to produce a se ries of 
estimated suspended sedime nt conce ntrations for the full 
duration of each of the s ix fi e ld seaso ns exa mined. These 
estimated concen trations (C) were th en combined with the 
discharge data to produce an es t imated load (L) for eac h 
year, whilst the measured co nce ntrations (C) were s imilarl y 
used to produce a tru e load (L). The prediction equations 
used to calculate C are given in Table Ill. The OLS 
eq uations requi re only a discharge reco rd to yield es timates 
of C, but the GLS and TF equatio ns also requi re the 
provision of a starting va lue for C (Co), si nce both involve 
a C t _l term. The starti ng values used in this analysis were 
not spec ially se lected, nor were different se lec tions 
a ttempted in o rd er to achieve an optimum result; the 
starting value Co was, in all cases, s impl y taken to be that 
va lue of C measured immediate ly before the star t of the 
prediction period . Thereaf ter, es timated values of C (C) 
were used as va lues of C' _l to calcu late forward. Only a 
s in gle va lu e of Co thus needs to be meas ured in order to 
run the GLS and TF equations. Intermittent measured values 
of C can, of course, be fed in as va lues of CI _l to retarget 
the estimation as req uired . 

Each predicted load is exp ressed as a percentage of the 
co rresponding measured load In Table Ill. The figures 
co nfirm, on a year-to-year time-scale, that an equation 
developed from a pe riod of low sedime nt transport 
unde restimates loads when it is applied to periods of hi gher 
sediment transport and v ice versa, according to th e disparit y 
between condi ti ons in the orIgIn and the horizon (e.g. 
OLS85 badly und erest imates load in al1 other yea rs; OLS77 
badly overestimates load in all o ther years). The figures in 
Table III show just how ser ious the under- or 
overesti mati on may be. Th e MA PE value provides a useful 
relative measure of th e performance of each model as a 
predictive tool, enabling us to quantify the erro rs invo lved 
in applyi ng a given rating equatio n beyond its derivation 
period. It is c lea r from th e MAPE figures given in Table 
III that transferring OLS rating equatio ns from o ne yea r to 
anot he r leads to absolute errors of esti mation in the order 
of 35-81 %, ave rag ing at 52%. The multi-year data model 
gives er rors averaging 38%. The GLS78 model performs 
substantially be tter, yieldin g an average abso lute percentage 
error of 15%. The transfe r function, however, performs on 
a higher level altogt her, g ivi ng a MAPE va lu e of o nl y 5%. 
The year-to-year transferability of what is in essence a 
very simple tra nsfe r fun c ti o n is remarkable. It raises the 
possibility that the structu ral fo rm of the function has a 
so und physical basis . The stabilit y of the st ruc ture and 
coefficie nts of transfer fun ct ion s deve loped from different 
yea rs thus require examinat io n. 

CONCLUS IONS 

Ordinary rating equa ti o ns change from yea r to yea r, 
and from period to pe riod within a yea r. Their application 
in times othe r than those in which they were developed 
accordingly leads to substan tial error in es timation of 
suspend ed sediment co ncentrations and loads. A ratin g 
equation deve loped from a multi-year data se t improved 
upon the average performance of si ngle-year models, but 
only to a limited extent. In contrast, GLS and TF models 
produced significantl y better results. This is because these 
models calculate changes in suspended sediment 
concentration resultin g from chan ge in di scharge, and 
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Fell/I: Errors ill suspended sedimelll raling equal ions 

TABLE Ill. PREDICTED SUSPENDED SEDIMENT LOADS AS PERCENTAGES OF MEASURED 
LOADS 

F 0 recas t yea r: 1977 1978 1981 1982 1984 1985 MAPE* 

Length (d) : 93 60 96 95 14 21 
Measured load (tonnes): 6780 1296 8250 7718 1793 II II 

Prediclioll equatiol/ 

OLS77 C' I 3.4404 QI0.9220 (96) 183 108 197 141 278 8 1.2 

OLS78 C' I 0.1776 Q/2851 55 ( 102) 67 133 94 180 39.4 

OLS81 C' I 0.3662 Q/2223 75 140 (90) 175 124 239 60.6 

OLS82 C' I 112 .5 1 Q10.3184 60 125 60 (93) 67 140 35.4 

OLS84 C' I 0.0035 Q/8506 48 87 67 148 (10 I) 185 46.2 

A 
Q/.9232 OLS85 C' 1.1957 34 64 38 69 49 (97) 49.2 I 

A Q
I
l.J470 MULTI C' 0.5177 64 120 76 145 103 200 38.0 I 

GLS78 see below 78 (101) 86 110 100 127 14.6 

TF81 see below 105 103 105 96 106 105 4.7 

GLS78 eq uation: 
A, 
Cl = 0.343 CI_1(Q /0.632 Q/_1)L285 

TF81 eq uati o n: 
A, 
Cl = 1.03 CI_ 1(QI+1/ Q/ ·9027 

I 1/ 

*MAPE 
A 

Mean A bsolute Percentage Error - I (ILi Li I / Li)IOO 
1/ i=1 

Figures in brackets indicate a prediction made for th e year in which the prediction equation was 
derived. All MAPE figures are based on years in which the prediction equation is applied beyond its 
orig in. The prediction equations are given in the ir bias-corrected back-transformed form. Note that th e 
co nstant appear ing in the TF81 equation is s impl y the bias-correction factor. 

because they address the autocorrelation structure in the 
C-Q relationship. Whilst th e GLS and TF models are more 
difficult to develop th an an OLS model, they are no more 
difficult to apply, in that they require only an initial 
measured value of C in order to run. The initial values 
used in these tests were not optimized but, since the value 
used for Co is pivotal, th e effects on final estimates of 
us ing different values of Co req uire evaluation. The simple 
transfer function used here showed a consistent ability to 
estimate suspended sediment loads in different years with an 
absolute error margin of only 5%. We can conclude that the 
simple transfer function has been shown to be substantially 
more robust to temporal transfe rence than OLS-rating 
curves . OLS-rating equations provide poor estimates of the 
suspended sediment load exported from glacierized basins 
when used beyond th e ir fram es of origin. Transfer functions 
appear to offer much greater promise in estimating 
suspended sediment tra nspo rt in glac ie r melt-water streams. 
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