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Reporting Scale and the Information Content of Streamflow Data

Abstract

Hydrometric records are collected on a nearly continuous basis in many hydrolegic metering programs around the world. These
measured signals are typically reported on a time scale longer thun the original observations, lor instance daily, monthly, or annual
runoff. The analysis presented here examined records [or several years [rom a number ol watersheds in British Columbia. 1t
addresses whether or not the reporting of daily mean discharge 1s appropriatc lor sireams of dilferent size seales and [rom
different hydrologic regions of the province. Dhaily mean discharge is an appropriate reporting scale lor watersheds ol large area
and low precipitation. However in smaller watersheds, and particularly those subjected to coustal rains. a finer time interval is

more a more relevant scale.

Introduction

Records of streamflow are collected from networks
of stations by many agencies around the world.
Caselton and Husain (1980) suggest that the sta-
tions in such networks should be considered as
transmitting hydrologic information. The hydro-
logic information is contained in the data records
collected manually or automatically. The sampling
interval is an important decision in the design of
data acquisition systems (Gupta 1973). If there are
significant serial correlations, redundant informa-
tion will resuit if the sampling is too frequent
(Whitfield 1983). However, infrequent sampling
would lead to a loss of information (Gupta 1973).
Many gauging programs collect observations
continuously and then report data at a time scale
much reduced from the scale at which the origi-
nal measurements were made. One example is
that continuous analog records of water levels are
converted into daily mean discharges. This daily
data contains much information about central ten-
dency, but often much of the hydrologic infor-
mation contained in the original signal is lost.

Streamtlow records have many propertics, and
many uses, Several authors (Matalas and Langbein
1962: Quimpo and Yang 1970: Gupta 1973) have
described the information content of the mean of
such records. The informatien about central ten-
dency contained in such records is used in as-
sessing economic and engineering aspects of water.
However, much of the detailed information con-
tained in such records has been lost. Historically,
the information which was lost was of little con-
sequence as the amount of detail was difficult, if
not impossible, to use in hydrologic analysis.
However, several authors have suggested that there
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be more consideration to time scales in data col-
lection and analysis (Loftis et al. 1991).

Gupta (1973) considered the information con-
tent of hydrologic records when reduced from daily
values to weekly and monthly records. Gupta
{1973) performed a number of analyses consid-
ering the information loss which occurs when
records were smoothed to means which represent
a week or a month.

The present analysis considers this saie ques-
tion when applied 10 records at a finer lime scale;
considering the information loss which accom-
panies the smoothing of records digitized at 15
minute intervals and smoothed to 30 minute, hourly
cte. durations. In much of the coastal area of British
Columbia, there is considerable detail in records
collected at 15 minute intervals (Whitfield and
Wade 1992; Wade and Whittield 1994). The
present work considers the information loss that
happens when data from a 15 minute sampling
interval is smoothed to longer time intervals.

Today, we are increasingly concerned with
details. mechanisms, and environmental processes
than in the past. Ecosystems operate on a wide
range of time and space scales, ranging from trac-
tions of second to thousands of years, and from
millimeters to global extent (Steele 1991). Stan-
dard methods and standard reporting scales were
expedient and efficient for dealing with engineering
and economic assessments. However, today we
are seeking different types of information from
the records, and the availability of hardware and
software to process large amounts of data allows
us to consider more detailed examination of the
records. Specifically we are seeking information




about the processes which result in the observed
hydrologic events and what the events tell us about
the environments and ecosystems.

In the coastal areas of British Columbia rain-
fall driven streamiflow can vary quickly; often very
significant changes can occur over a few hours
or less. The analysis here relates the information
loss to two physical properties of the stalions at
which the records were collected. First, the ex-
amination of information content in relation to
drainage areda, and second to runoff. It was ex-
pected that small watershed with high runoff would
have much more complex records, and more in-
tormation would be lost when records from these
stations were smoothed than stations which have
large drainage areas and less annual runoff per
unit area.

Methods

For each of the cases considered here the primary
measurement interval is 15 minutes. These val-
ues are the integration of streamflow over 15 min-
utes rather than discrete samples. Twenty-two
hydrometric stations from different hydrologic
regions of British Columbia and over a broad range
of drainage arcas were examined. For each sta-
tion three separate years of data were assessed.
These stations are listed in Table 1 with the drainage
arca, the long term annual runoff, and the Envi-
ronment Canada station number. These stations
were selected to cover the range of both drainage
area and runoff from small to large. A plot of
watershed area against runoff in Figure 1 shows
the variation amongst the 22 stations studied. These
stations were chosen to cover both several orders

TABLE 1. Station number and name for the watersheds with the watershed area and long term annual runoff and the runelf in

cach ol the three years used in this study.

Mean Annual Discharge
in Cubic Meters/second

Arca Runoll

Station (km™) in mms 1991 1092 1993
ORHB0OG9  Carnation Creek at 150 m conlour 2.53 1576 0.159 0.153 0.143
081B048  Carnation Creek at the mouth 10.1 2150 0912 0.740 0.823
OBMHO98  West Creek near Fort Langley 1.4 704 0.345 0.310 0.261
O8NM 145  Bulman Creek at the mouth 12.7 176 0.131 0.033 0.089
O8MHO76  Kanaka Creek ncar Webster Corners 47.7 1057 2,049 1.640 2.065
08IAOLG MacTvar Creek near the mouth 534 622 1.744 (.8¥63 1.185
08NKO21  Fording River below Clode Creek 104 380 2.955 1.355 2.571
O8HC004  Bedwell River above Ursus Creek 114 3258 16.775 12,171 13.425
OBNMI171  Vaseux Creek above Soleo Creek 17 256 1.455 0.607 1.353
O8HC002  Ucona River at the mouth 185 2155 15.470 15.552 14448
08AA009  Giltana Creek near the mouth 194 225 1.772 2.102 1.096
OSNFEO77  Barnes Creek near Needles 201 448 3.571 3.022 3.672
O8NGO77 St Muary River below Morris Creek 206 876 6.759 7.734 6.102
08MGO0L  Chehalis River near Harrison Mills 383 2168 38.435 25.924 28.652
O8KA001L  Dore River near McBride 404 1365 27.994 21.509 13.393
08JD006  Drittwood River above Kastberg Creek 407 633 11.647 10.807 6.935
08MI068  Coquihalla River above Alexander Creek 720 L1113 39564 25.307 26.377
OBKHOL0  Horsefly River above McKinley Creek 7835 772 22351 21.351 25415
O¥NMI16  Mission Creek near East Kelowna Bl 232 9.096 3.644 8750
O8GA022  Squammsh River near Brackendale 2330 2575 250929 252,589 175.033
08GDO04  Homathko River at the mouth 5720 1581 396.308 333.401 201.609
U8MFO05  Fraser River at Hope 217000 343 3100.473 2031.958 2468117
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of magnitude in drainage area and from low run-
off to high runoff watersheds.
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Figure 1. Runoff and drainage area relationships for the 22
hydrologic stations described in Table 1.

Each series was smoothed from 15 minute
observations to 30 minute averages, 1 hour aver-
ages. 2 hour, 4 hour, § hour, | day and 2 day av-
erages. Each of these smoothed series has the
same mean as the initial series. The autocorrelation
function of each of these series was calculated.
One problem with the interpretation of the lag
one autocorrelation is the differences in the de-
grees of freedom between the 15 minute data and
the smoothed versions. When smoothed to one
day there is approximately a loss of 100 degrees
of freedom. While the total degrees of freedom
for all cases is large, it is not equal between the
various curves,

The assessments of information loss was based
on the assessment of two properties of the origi-
nul and smoothed records. The first of these is
the autocorrelation of the values in the time se-
ries. The autocorrelation is 4 measure of the re-
lationship between each observation and the next
onge in the series and is calculated using:

L Z(Xr'i)(xi—k'«?)
e S, -x )

where x is an observation at time ¢, and x is the
mean of the series. When values in the sequence
are similar the autocorrelation value will approach
a value of one, [If the series is random, the value
will approach zero.

The second property is a measure of the amount
ol information contained in the variance of the
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values in the series compared to the total vari-
ance of the entire data set. While several cstima-
tors of the information content have been pro-
posed von Neumann'’s variance ratio was chosen
(von Neumann et al; 1941, von Neumann 1941),
The Von-Neumann’s variance ratio was calculated
using:

6t Xx;-x F/T-1)

ST Yix-x)S/T

Where x, is an observation at lime ¢, x is thc mean
of the series and T is the total number of observa-
tions. Von-Neumann’s ratio is essentially the ra-
lio of the variance of the points in the series, one
to the next. against the statistical variance of the
entire series. This provides a measure of the in-
formation content of the series of observations,
and as it approaches unity indicates that the point
to point variance approaches the statistical vari-
ance. An important feature of Von-Neumann’s
variance ratio is that the effect of sample sizes
associated with the smoothing of the raw data is
removed (von Neumann 1941),

Results

The difference between 15 minutes accumulations
and daily mean discharges are shown in Figure
2. A sixteen day interval is shown for a small
watershed {Figure 2a) and for the same period in
a large watershed (Figure 2b). These are typical
examples of the impact of smoothing. For Car-
nation Creek, a small high discharge stream, the
impact of the smoothing is quite obvious (Figure
2a). Here the observed streamflow is only grossly
represented by the daily mean discharge, For the
Fraser River at Hope, a large river with a large
drainage area, the daily mean streamflow more
closely represents the original observations (Fig-
urc 2b). [n particular, the smoothing which takes
place for a large river results in the expected in-
tegration, however, for the smaller coastal stream
there is a complete obliteration of the signal, This
then demonstrates that the records of the daily
mean discharges signiticantly alters the informa-
tion content of the original measurements.

Sampling Rate

Estimates of the lag 1 autocorrelation coefficient
and the Von-Neumann’s variance ratio were ob-
tained for each of the 22 rivers and streams, for



three separate years (1991, 1992, and 1993). The
results for each of the three years were similar,
and the average lag 1 autocorrelation for the three
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vears for each stream and cach level of smooth-
ing is presented in Figure 3. For all streams, the
autocorrelation coefficient increases with the
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Figure 2. Sucamllow records as measured and as reported for a six day period feor a high runoff small watershed A and for a large
drainage basin B. The dashed line is the series of 13 minute measurements and the solid iine is the reporled daily value.
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Figure 3. Mean lag | autocorrelation coclficient as a function of reporting interval for the 22 hydrologic stations,
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number of samples reported per day, indicating
that as the density of samples increases the time
series which are gencrated contain less indepen-
dence between measurements. In larger streams.
such as the Fraser River at Hope [MFO05] the lag
1 autocorrelation remains near unity until the re-
porting interval is multiple days. Small coastal
streams such as Carnation Creek at the Mouth
[HBO4E] and Bedwell River [HCO04] have very
low lag T autocorrelations when the number of
samples reported per day is reduced. In particu-
lar, consider the range of observed autocorrelations
at the reporting interval of one per day. The lag 1
autocorrelation coefficient varies from 0.5 to nearly
1. This result alone suggests that the informa-
tion content of such records is different. and the

amount of redundant information contained in those
records 1s also different.

There is a relationship between the reporting
frequency and the von Neumann's variance ratio
for all streams. As the number of samples re-
ported per day increase there is a reduction of the
ratio (Figure 4). This reduction in the ratio is in
total several orders of magnitude. For all rivers
there is a substantial difference between almost
every sampling interval. In effect. as the report-
ing frequency increases there is more informa-
tion about the signal captured. Considering the
reporting interval of one day, there is more than a
two order of magnitude variation [1.0 to less that
.01 across the stations considered. When the ratio
is less than unity the point to point variance in
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Figure 4. Mean von Neumann's variance ratio as a function of reporting interval for the 22 hydrologic stations.
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the series 1s less than the total variance, indicat-
ing that there is significant serial correlation be-
tween successive points. As the statistic increases
towards unity there is less serial correlation in
the data. Thus, for one reporting frequency (i.c.
one per day) there is a substantial difference be-
tween this statistic across the 22 streams consid-
ered.

On the other hand, consider that it might be
desirable to hold this statistic constant for all
streams In a network, in a case where the same
level of information about each station was needed.
Consider that a Von-Neumann’s variance ratio of
0.01 was important for providing adequate hy-
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drologic data. In such as case, some river could
be reported once per day (Fraser River at Hope
[MFO03]) while others would require more fre-
quent reporting {e.g. Carnation Creek [HB069]
~50 times per day).

Drainage Area

In the preceding results it was suggested that
smaller watershed have a more complex hydro-
logic record, and that more frequent reporting
provides more information. A plot of drainage
ared against lag 1 autocorrelation coefficient (Fig-
ure 3) shows that there is a tendency for low lag
1 autocorrelations to be associated with small
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Figure 5. Mean lag | aulocorrelation coefficient as a function of drainage area for the ninc
reporting intervals for the 22 hydrologic stations.

Information Content of Flow Records 47




drainage basins. This is not a consistent trend, as
there are basins of similar arca which have very
different coefficients for a sampling frequency,
yet have similar areas. This is best illustrated by
considering one of the lower reporting frequen-
cies. Arone sample per day, for example, there

ratio across the various reporting intervals for the
range of drainage areas considered here (Figure
6). This decrcase is about one order of magni-
tude for each of the reporting frequencies from
the smallest watershed to the largest.

Runoff

the coefficient is high [>0.9] at the largest drain-
age areas [ 10000 km?| but much more variable in

: ! LT The other hydrologie variable which was consid-
smaller drainage basins, ranging from 0.5 to >0.9.

ered to be important was runoff.  The lag 1
autocorrelation decreased with increasing runoftf
{Figure 7) particularly for highly smoothed data
(0.25). This suggests that there is less correlation

A much clearer pattern exists for the relation-
ship of Von-Neumann's variance ratio to drain-
age arca. There is a consistent decrease in the
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Figure 7. Mean lag | gutocorrelation coeflicient as a function of runoff lor the nine reporting intervals for the 22 hydrologic

stations.

amongst values inaseries from a high runotf stream
which has been highly smoothed. There is sig-
nificant scatter between coefficients for stations
of similar area despite the general trend, For the
highest reporting frequencies, the autocorrelation
for lag one are near unity.

Von-Neumann's variance ratio results have a
relationship to runoff. Von-Neumann’s ratio in-
creascs with increasing runoff for any reporting
interval (Figure 8). Generally, there is about one
order of magnitude increase in the ratio between
the lowest runoft watershed and the highest: how-
ever there is considerable scatter about the rela-
tionship, This result reflects the higher complexity
of the signal in higher runoff streams.

Discussion

The choice of sampling interval is an important
decision in the design of data acquisition systems
(Gupta 1973; Loftis et al. 1991). The final deci-
sion regarding the interval is a compromise be-
tween maximizing the information content of the
signal and minimizing the collection and storage
of redundant information. One possible approach
is a sampling interval which minimizes variance
and thus maximizes the information content (Gupta
1973). To achieve this Gupta suggests setting a
threshold based on information content which
balances the information content of the signal
against the collection of redundant information.
In his study he used a threshold of 0.80 for two
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Figure 8. Mean von Neumann’s variance ratio a5 a function of ranoff for the nine reporting intervals for the

22 hydrologic stations.

water years from three sites in watersheds with
areas of about 100 km®. In addition Gupta actu-
ally resampled the record at discrete intervals—a
record which had been created by accumulation
and averaging Lo daily mean flows.

The resulis presented here show that selecting
one size watershed from one geographic region
could be misleading. The information content of
streamf{low records is relaled 10 both the runoff
and the area of the watershed. The correlation
tunction is a measure of the reservoir mechanism
in the watershed (Glottschalk [977). Caselton
and Husain (1980} suggest that there should be a
scientitic basis for the design and operation of
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hydrologic networks. One of the important deci-
sions which must be made when developing a
network is how the results will be reported. The
results here suggest that reporting on one time
interval results in a significant loss of detail con-
tained in the original signal. While this informa-
tion loss may be small in terms of central ten-
dency measures, these details are important in other
types of analysis. High frequency water quality
monitoring has revealed information about pro-
cesses taking place within the ecosystem ( Whitfield
and Wade 1992; Wade and Whitficld 1994). As
the interest in ecosystemns increases the focus is
shifting from means and variances to detailed
analysis of processes.




From this analysis it appears that both water-
shed area and runoff have a strong influence on
the information content of hydrologic records.
These difference indicated that the response char-
acteristics of watersheds vary with both size and
with runoff. This may be considered as a prop-
erty related to the residence time of water within
the witershed. Small watersheds with high run-
off have highly variable hydrographs. The infor-
mation content of records is reduced and the sig-
nal obliterated when reported on a time interval
greater than the scale at which events take place in
that watershed. The information content of such
records is not equal across a broad range of drain-
age areas, nor across a range of annual mnoffs.

Conclusions

The information content of records is a useful
perspective to consider when designing the
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collection of a hydrologic record {Gupta 1973).
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sider when developing the scientific basis for
network operation. The present results support
this observation and demonstrate the loss of in-
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Acknowledgments

The author would like to express his apprecia-
tion to Lynn Campo and the Water Survey of
Canada staff who produced the data on which this
study is based, and to Dr, Rory Leith for the con-
tribution of his comments and suggestions to this
work.

Steele, 1. H.. 1991, Maring ecosvstem dynamics: comparl-
son of scales. Ecological Research 6:175-183.

von Neumann, J. 1941, Distribution of the ratio of mean square
successive dilterence te the variance. Annals of Math-
ematical Statistics 12:367-395.

ven Neumann, J.. R. H. Kent, H. R. Bellenson. and B. 1. Hart.
1941, The mean square successive difference. Annals
ol Mathematical Statistics 12:153-162.

Wade, N. L.. and P. H. Whitlield. 1994, Observing transient
waler qualily cvenls vsing eleclronic sensers. In: Na-
tional Sympostum on Water Quality, American Water
Resources Association. pp 103-112.

Whitlicld, P. H.. 1983. Evaluation of water quality sampling
locations en the Yukon River. Water Resources Bul-
letin 19:115-121.

Whitfield, P. H.. and N. L. Wade. 1992, Monitoring transicnt
water guality events electronically. Water Resources
Bulletin 28:703-711.

Information Content of Flow Records 51




