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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who prefer metric (Inter-
national System) units to the inch-pound units in this report,
values may be converted by use of the following factors:

Multiply inch-pound unit By To obtain metric unit
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)

Temperature is given in degrees Celsius (°C), which can be
converted to degrees Fahrenheit °F) by the following equation:

°F = 1.8(°C) + 32



COMPARISON OF ACCURACY AND COMPLETENESS OF DATA OBTAINED
FROM THREE TYPES OF AUTOMATIC WATER-QUALITY MONITORS

By Max S. Katzenbach

ABSTRACT

A comparison of data (specific conductance, dissolved-oxygen
concentration, temperature, and pH) collected by the U.S.
Geological Survey flowthrough monitor, the U.S. Geological Survey
minimonitor, and a self-contained commercial "packaged-sensor"
system indicates that the data obtained by means of the
flowthrough-monitor system were the most accurate and the most
complete of the three systems.

The U.S. Geological Survey flowthrough monitor is powered by
120-volt alternating current and is housed in a heated weather-
proof shelter. A pumping system brings water from the stream to
sensors clustered in a sample chamber located in the shelter.
This instrument measures output from the sensors; data are
recorded in binary-coded decimal form on a 1l6-channel punched-
paper tape recorder housed in the shelter.

The U.S. Geological Survey's minimonitor is powered by an
external battery and is housed in a weatherproof shelter. This
instrument measures output of instream sensors with extension
cables having underwater connectors; data are recorded in binary-
coded decimal form on a l6-channel punched-paper tape recorder
housed in the shelter.

The packaged-sensor system also measures output of sensors
housed in a package that is submerged in the stream. It has
internal power supply, no moving parts, and does not require a
weatherproof shelter; data are stored in solid-state memory.

Minimonitors were installed at four sites in Ohio where
U.S. Geological Survey flowthrough monitors were in operation.
Two packaged-sensor systems also were assigned to each site and
were alternated every two weeks. Detailed records were kept of
(1) field measurements, for comparison with monitor-system data
from each instrument, and (2) equipment problems that resulted
in loss of data. Results of the comparisons show that the flow-
through monitor gave the most accurate and the most complete
data.



INTRODUCTION

The U.S. Geological Survey conducts a nationwide program of
water-resources surveys, investigations, and research. Over the
years, the need for water-quality information has led the U.S.
Geological Survey to establish a nationwide network of water-
quality data-collection stations on rivers, canals, streams,
lakes, and reservoirs. Various systems have been used for auto-
matically measuring and recording water-quality data such as spe-
cific conductance, dissolved-oxygen concentration, temperature,
and pH. ‘

The two systems currently being used by the U.S. Geological
Survey are the flowthrough monitor (fig. 1) and the minimonitor
(fig. 2), which gather data electronically, record the data in
digital form on perforated tape and (or) transmit the data in
real time by Geostationary Operational Environmental Satellite
(GOES). 1In the flowthrough system, water is pumped from the
stream to a heated shelter in which a sampling chamber, sensors
and associated electronic components, and recording devices are
housed. An 110-volt alternating current (AC) power supply is
required. The battery-powered minimonitor has sensors that are
connected to long cables and submerged in the stream. No AC
power or pumping equipment is necessary, and associated elec-
tronic components and recording devides can be housed in a
smaller, unheated shelter in remote locations. Both systems
require maintenance and calibration of sensors in the field.

A more recently developed system makes use of "packaged
sensors" (fig. 3). All components in this system--including
microprocessor-controlled solid-state data storage, sensors,
and power supply--are contained in a sensor package that is
submerged in the stream. The sensor package has no external
wires and requires no land-based instrumentation or shelter.
The system can be maintained and calibrated in an office set-
ting after being exchanged with a spare unit in the field.

In 1985 and 1986, an economic comparison of the minimonitor
and the packaged-sensor system was conducted by the U.S. Geolog-
ical Survey (Katzenbach, 1988). The results show the packaged-
sensor system requires less time to install, operate, and main-
tain than does the minimonitor system.' 1In 1989, at the request
of and with support from the U.S. Geological Survey's Hydrologic
Instrumentation Facility at Bay St. Louis, Miss., the three con-
current sets of data (flowthrough monitor, minimonitor, and

'Experience shows that the flowthrough-monitor system has a
higher installation and operation cost than either the
packaged-sensor or minimonitor systems (for example, electric-
ity to run a flowthrough-monitor system can cost as much as
$1,000 per year). Maintenance costs for the flowthrough monitor
also are slightly higher than those for the other two systems.













































Data Output

Data stored in the packaged-sensor unit's solid-state
memory® were retrieved in the office during servicing. The
output of each unit was organized and formatted by the DMU and,
in this study, was transmitted through a modem to a computer
located in another U.S. Geological Survey office for temporary
storage. The data were then edited and transferred to permanent
storage for subsequent analysis.

COMPARISON OF ACCURACY AND COMPLETENESS OF DATA

Four minimonitors and eight packaged-sensor systems were
sent from the Hydrologic Instrumentation Facility to the U.S.
Geological Survey's District office in Columbus, Ohio, to be
tested at four flowthrough-monitor sites in Ohio for 1 year
(October 1985 through September 1986). Upon receipt, each sys-
tem was unpacked, inspected for shipping damage, and set up and
calibrated in an office environment.

A minimonitor was installed at each of four sites where
flowthrough monitors already were in operation (fig. 11); two
packaged-sensor systems also were assigned to each site and
alternated every 2 weeks.

Detailed records were kept of data lost and equipment prob-
lems. These records, in conjunction with data collected by the
three monitor systems and field-measurement instruments, are the
basis for the comparisons discussed in the following sections of
this report.

Accuracy of Data

The data are summarized in figures 14 through 29 (at back of
report). Data collected by field-measurement instruments at each
site are used as the standard or reference value. Reference
values were compared to the monitor-system values at each site
visitation and recorded. Absolute differences were calculated by
comparing reference values to monitor values. These absolute
differences are illustrated as box plots in figure 12 for all
four measurements (specific conductance, dissolved-oxygen con-
centration, temperature, and pH). The shape of the box plots for
all four sets of monitor values indicates the data are right-
skewed. This means that there are large values that are far from
the mean value. Data sets that are skewed should not be
described or tested by statistical tests or statistics that
depend upon a normally distributed sample.

®*Data were stored every 2 hours during the first part of the
evaluation because excessive power consumption resulted in
drained batteries. After modification by the manufacturer, data
were stored hourly.
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A rank transformation was used prior to statistical testing
to remove the effect of outliers on the data analysis. An anal-
ysis of variance on the ranks (Kruskal-Wallis test) of the abso-
lute values was performed for all four measurement sets (specific
conductance, dissolved-oxygen concentration, temperature, and
PH). The results of the analysis of variance are presented in
table 3. An analysis-of-variance test was performed to determine
whether the mean absolute differences are significantly different
for each instrument.

(

Specific Conductance

On the basis of the flowthrough-monitor data, the specific
conductance of the stream water sampled ranged from 195 to
2,330 uS/cm (microsiemens per centimeter at 25 degrees Celsius)
with an average of 655 pS/cm. The flowthrough monitor's cali-
bration range was from 0 to 3,000 uS/cm, whereas the range for
the other two systems was from 0 to 10,000 pS/cm. Thus, it was
expected that the flowthrough-monitor data would have greater
accuracy and precision. The comparison of field-meter values to
monitor values is shown in figure 12. Analysis of variance on
the absolute differences of data from each system against field-
measured values showed that the flowthrough-monitor data from
four sites have mean errors ranging from 10 to 25 uS/cm between
sites with a mean error of 19 pS/cm for all sites; the mini-
monitor data have mean errors ranging| from 29 to 59 uS/cm
between sites with a mean error of 39 usS/cm for all sites; and
the packaged-sensor data have mean errors ranging from 54 to
105 pS/cm between sites with a mean error of 76 pS/cm for all
sites (table 3).

Dirty sensors had little effect on the data collected by the
flowthrough monitors and some effect on the other systems. For
the flowthrough monitors, the greates change in reading due to
cleaning of electrodes was 16 puS/cm.  No change was noted after
cleaning for 60 out of 114 measurements. The average change per
cleaning was 2 uS/cm.

For the minimonitors, the greateét change in reading due to
cleaning of electrodes was 310 pS/cm.L No change was noted after
cleaning for 36 out of 109 measurements. The average change per
cleaning was 22 uS/cm.

Because the packaged-sensor units are exchanged rather than
cleaned and immediately replaced in the stream, effects of dirty
sensors are not easily detected due to lack of a communication
link between land surface and sensor package placed in the
stream. Moreover, during the first 6 months of the study, the
packaged-sensor system had to be calibrated with a standard that
exceeded 50 percent full scale (0 to 10,000 puS/cm). The average

18
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ERROR VALUES, IN DEGREES CELSIUS
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Tabie 3.--Results of the one-way analysis of variance Kruskal-Wallis test on
ranked data for the three monitor systems

[N, number of sampies]

Proba-
bility
of
Mean Mean F vatue
Data source N error squares statistic >F
Specific Conductance
Flowthrough monitor------------ 114 18.7 82,414 43.28 0.0001
Minimonitor-----------ccccm---- 109 39.0 1,904
Packaged-sensor system--------- 86 76.4
Dissolved Oxygen
Filowthrough monitor------=c---- 114 .36 124.872 33.16 0.0001
Minimonitor----------—--c-c----- 105 1.52 3.76
Packaged~sensor system--------- 82 2.63
Temperature
Flowthrough monitor------------ 114 .14 .699983 10.06 0.0001
Minimonitor----=--=cccccccca--- 110 .30 .0696076
Packaged-sensor system----~----- 88 .22
pH
Flowthrough monitor-----~=-==--- mna .09 1.56918 6.85 0.0012
Minimonitor----~-=-=-cccc—c---- 106 .32 .228993
Packaged-sensor system-—-------- 85 .24
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error for this period for the four sites was 101 uS/cm. After
instruments were returned to the manufacturer and modified,

the conductance could be calibrated with standards less than

50 percent full scale. The average error for the last 6 months
of the study was 52 puS/cm for four sites.

Dissolved-Oxygen Coﬁcentration
|

On the basis of flowthrough-monitor data, the dissolved-
oxygen concentration of the stream water sampled ranged from 0.1
to 20.0 mg/L (milligrams per liter), with an average of
8.3 mg/L. The comparison of field-meter values to monitor values
is shown in figure 12. Analysis of variance on the absolute
differences of data from each system against field-measured
values showed that the flowthrough monitors had a mean error for
all four sites of less than 0.4 mg/Li the minimonitor had mean
errors ranging from 1.1 to 2.0 mg/L between sites, with a mean
error of 1.5 mg/L for all sites; and the packaged-sensor system
had mean errors of 1.9 to 4.2 mg/L between sites, with a mean
error of 2.6 mg/L for all sites (table 3). The minimonitor and
packaged-sensor systems had a tendency to read lower than either
the flowthrough monitor or the field instruments, especially
during the summer months when the sensors became fouled more
quickly.

It appears the amount of flow past the membrane and the
chlorinating of water to keep sensors clean was the reason for
the flowthrough monitor's more accurite data. For the flow-
through system, the greatest change in reading due to cleaning
of electrodes was 2.4 mg/L. No change was noted for 47 out of
114 readings. The average change per cleaning was 0.4 mg/L.

Because of probe and instrumentiproblems, the number of com-
parisons was less for the minimonitor. The greatest change in
reading due to cleaning was 4.5 mg/L. No change was noted for
7 out of 105 readings. The average change per cleaning was
0.9 mg/L.

Because the packaged-sensor units are exchanged rather than
cleaned and immediately replaced in the stream, effects of dirty
sensors are not easily detected due to lack of a communication
link between land surface and sensor package placed in the
stream. In the first 6 months of data collection by the
packaged-sensor system, the Teflon membrane was covered by a
silicone membrane, and a water-saturated/air calibration method
was used. After instruments were returned to the manufacturer
for modification, single Teflon membranes were used, and the
units were calibrated in a circulating water bath at room tem-
perature (Gordon and Katzenbach, 1983, p. 4-5). The average
error for all four sites for the fir%t 6 months was 2.0 mg/L,
and for the last 6 months was 2.7 mg/L.
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Temperature

On the basis of the flowthrough-monitor data, the temper-
ature of the stream water sampled ranged from 0.0 °c (degrees
Celsius) to 30.0 °C with an average of 14.5 °C. The comparison
of field-meter values to monitor values is shown in figure 12.
Analysis of variance of data from each system against field-
measured values showed the flowthrough—monltor data from four
sites had a mean error of less than 0.2 °C, and the mlnlmonltors
and packaged-sensor systems had mean errors of less than 0.3 °c
for all sites (table 3).

PH

On the basis of the flowthrough-monitor data, the observed
pH of the streamwater sampled ranged from 7.1 to 9.2, with an
average of 7.7. The comparison of field-meter values to monitor
values is shown in figure 12. Analysis of variance on the abso-
lute differences of data from each system against field-measured
values showed the flowthrough-monitor data from four sites had
a mean error of less than 0.1 units; the minimonitor had mean
errors ranging from less than 0.2 to less than 0.7 between sites,
with a mean error of 0.3 units for all sites; and the packaged-
sensor system had a mean error of 0.2 units for all sites
(table 3).

Completeness of Data

Completeness of data reflects the number of equipment
problems associated with each system during the test period.
Most of the problems that occurred during the test were minor,
and some of the data loss was due to malfunction of the record-
ing equipment. A complete history of equipment problems and data
lost for each system at each of the four sites is presented in
tables 4, 5, and 6 (at back of report).

Flowthrough-Monitor System

The flowthrough monitors had very few equipment problems or
data loss during the test period (table 4 and fig. 13). Data
were lost once because of a malfunctioning pump, once because a
recorder was wired wrong, and once because of dissolved-oxygen
sensor failure. Several times the entire dissolved-oxygen sensor
was replaced (Gordon and Katzenbach, 1983, p. 82) rather than
just the membrane when dissolved-oxygen values were outside
allowable tolerances (Gordon and Katzenbach, 1983, p. 78).
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Minimonitor System

Problems with the minimonitors occurred sporadically
throughout the test period (table 5 and fig. 13), although more
data loss occurred during the first half of the period, owing to
an insufficient supply of spare parts. There were two failures
each for specific conductance and temEerature sensors. Problems
with the dissolved-oxygen sensors were primarily confined to
dirty or damaged membranes; however, at least four dissolved-
oxygen sensors appear to have failed, as well as four stirrer
assemblies. Problems with the pH sensors were numerous, and the
malfunctioning sensors were replaced whenever spares were avail-
able. 1In addition, nine recorders had to be replaced during the
test period, three that failed to advance tape and six that
punched erroneous data. In one instance, high water washed away
a sensor housing and the sensors insiEe. Other problems included
a monitor that was not left in operating mode, a punch tape
that was not secured to the take-up spool, interruptions in data
collection when minimonitors were returned to the Hydrologic
Instrumentation Facility for modification, and data loss because
the field person could not diagnose an electronic problem.

Packaged-Sensor Systems

In general, fewer equipment problems with the packaged-
sensor systems occurred near the end of the test period than at
the beginning (table 6 and fig. 13). | Early in the project, short
periods of record were lost because excessive power consumption
resulted in drained batteries. Afteerodifications were made to
correct for excessive power consumption, only two periods of
record were lost. These losses were caused by one malfunctioning
unit that would calibrate but not store data. The high-water
event that caused loss of minimonitor sensors also removed the
packaged-sensor housing, which caused loss of data and damage to
the unit. Packaged-sensor data were lost only twice due to
errors. In one case, temperature was\the only parameter pro-
grammed into the unit. 1In the other case, pH was omitted during
programming of the unit. !
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Figure 15.-—Daily mean values for specific-conductance data collected by flowthrough,
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Figure 16.--Daily mean values for specific-conductance data collected by flowthrough,
minimonitor, and packaged—-sensor systems, site 3.
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Figure 16.—-Daily mean values for specific-conductance data collected by flowthrough,
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Figure 17.--Daily mean values for specific—conductance data collected by flowthrough,
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Figure 21.-—-Daily mean values for dissolved—oxygen data collected by flowthrough,
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Figure 22.~—Daily mean values for water-temperature data collected by flowthrough,
minimonitor, and packaged—-sensor| systems, site 1.
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Figure 22.--Daily mean values for water-temperature data collected by fiowthrough,
minimonitor, and packaged-sensor systems, site 1--Continued.
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Figure 23.--Daily mean values for water-temperature data collected by flowthrough,
minimonitor, and packaged-sensor systems, site 2
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Figure 23.--Daily mean values for water-temperature data collected by flowthrough,
minimonitor, and packaged-sensor systems, site 2--Continued.
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Figure 24.——Daily mean values for water-temperature data collected by flowthrough,
minimonitor, and packaged—-sensor systems, site 3--Continued.
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Figure 25.--Daily mean values for water—temperature data collected by flowthrough,
minimonitor, and packaged-sengor systems, site 4
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Figure 25.--Daily mean values for water-temperature data coliected by flowthrough,
minimonitor, and packaged-sensor systems, site 4--Continued.
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Figure 26.--Daily mean values for pH data collected by flowthrough,
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Figure 26.--Daily mean values for pH data coliected by fiowthrough,
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Figure 27.--Daily mean values for pH data collected by flowthrough,
minimonitor, and packaged-sensor systems, slte 2--Continued.

55



9.0 T T T

8.8

8.6t

...............

L T L

Flowthrough
Minimonitor

Packaged sensor

7.4+ .
7.2 .
7.0 L i L L 1 1 L L 1 L
30 7 14 211 28 4 11 18 25 2 9 18 23 Tﬁ
OCTOBER NOVEMBER DECEMBER
1985
9.0 T T T T T T T T T T T T
Flowthrough
8.8} 4
——————— Minimonitor
------------- Packaged sensor
8.6 ¢

7.4 4
7.2+ .
7.0 I 1 i 1 i L i L L L L L
31 7 14 21 28 4 11 18 25 4 11 18 25
JANUARY FEBRUARY MARCH
1985 1986
Figure 28.—-Daily mean values for pH data collected by flowthrough,
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Figure 28.--Daily mean values for pH data coliected by flowthrough,
minimonitor, and packaged-sensor systems, site 3--Continued.
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