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Accuracy and Precision of GOES Data Collection Platforms
for Temperature Measurements

STEVEN F. DALY, CHARLES H. CLARK AND TIMOTHY PANGBURN

INTRODUCTION

The use of Data Collection Platforms (DCPs) for
transmitting hydrometeorological data to Geosta-
tionary Operational Environmental Satellites
(GOES) is becoming increasingly widespread as
the need for this real-time information increases.
Thisinformationis needed to monitor flood levels,
precipitation rates, water temperatures, and other
variables. A recent use of DCPs has been to meas-
ure and transmit air and river water temperatures
as part of an ice forecasting system developed for
navigable inland waterways. Water and air tem-
perature measurements provide important initial
and boundary conditions, and these data must be
as accurate as possible.

This report describes an analysis of the accu-
racy and precision of data transmitted by 12 DCPs
over a one-month period. The data transmitted
were voltages measured by the DCPs. The volt-
ages are directly related to the electrical resistance
of the thermistors used to measure air and water
temperature. After these transmitted data are re-
ceived, resistance values are calculated from the
voltages, and temperatures are determined from
the resistances. At each site, one thermistor was
replaced with a “reference” resistor that had a
known and stable resistance. Comparison of the
resistance calculated from the transmitted volt-
ages with the actual resistance of the reference re-
sistor allowed us to determine the accuracy and
precision of the measurements made by the DCP.
Measuring the resistance of a reference resistor is
an appropriate test of DCP performance because
theresistance of thermistors is calculated using an
identical procedure. The stability of these meas-
urements over a six-month period at selected sites
isalsodescribed here. Based on the referenceresis-
tor measurements, a means of correcting the meas-
ured thermistor values to eliminate bias is pro-

posed.

EQUIPMENT

DCP Network

GOES DCPs are used throughout the Corps of
Engineers to collect and transmit hydrometeorol-
ogical data. The DCPs discussed in this report
wereinstalled at twelvesites on the Monongahela,
Ohio and Illinois rivers (Fig. 1). Allsites have ther-
mistors to measure air and water temperature.
Most sites also have sensors to measure relative
humidity, solar radiation, barometric pressure,
wind speed and direction, precipitation and river
stage. Every site has 110-V commercial power
available. The DCPssample and record data every
hour on the hour, and they transmit every four
hours. All data are sent through the GOES system.
In this case, data were received at a downlink lo-
cated atthe OhioRiver Division of the Corps of En-
gineers in Cincinnati, Ohio.

Data collection platforms

Twelve DCPs were used in the analysis: seven
were manufactured by Sutron, two by Synerget-
ics, one by Handar and two by LaBarge. Table 1
lists the relevant specifications of each brand. The
locations where each type was installed are listed
in Table 2.

In operation, the DCPs are all essentially simi-
lar except in their ability to apply a gain to the
measured voltages and in the resolution of the an-
alog-to-digital (A/D) processor. The first step of
the operation is to apply a gain to the measured
voltage; only the Sutron and Synergetics DCPs
have this ability. Errors introduced at this pointre-
sult from nonlinear gains, zero offsets and the “in-
ternal noise” of the processor. The next step on the
DCP operation is to convert the measured voltage
to a digital number. The accuracy and precision of
this step is limited by the resolution of the A/D
processor. The DCPs discussed in this report have
either 8-bit resolution (I part in 256, as in the Han-
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Table 1. DCP specifications.

Nominal
accuracy  Resolution Pange V|
Brand Moddel (full scale) (bits) V) V)
Handar 560A 0.4% 8 0-5 47
LaBarge DCF1250 LSB 8 -5 47
Sution 8004D 0.05% 12 0-1 0.6
Synergetics 3400 (with 0.1% 12 0-1 06

3452A Interface)

Table 2. Results of reference resistor measurements.

Number of Resistance (ohms)
DCP type Site readings  Mean Std.dev. Min. Max.  Bias CLLSB(%)*
Handar McAlpine Locks 745 10,089 729 9995 10,219  +89 92
LaBarge Markland Locks 725 9,988 786 9,791 10,213 -2 88
& Dam
Cannelton 742 9,974 754 9,792 10,106 -26 90
Locks & Dam
Sutron Lock & Dam 4 745 10,428 20.5 10,372 10498 +428 45
Emsworth 741 10,436 18.2 10,380 10,490 +436 50
Locks & Dam
Montgomery 471 10,482 144 10,438 10,528 +482 60
Locks & Dam
New Cumberland 741 10,545 200 10399 10,599 +545 45
Locks & Dam
Hannibal 693 10,409 241 10,343 10493 +409 38
Locks & Dam
Peoria Lock 714 10,844 16.1 10,801 10,884 +8#4 54
& Dam
Starved Rock 735 10,569 27.6 10,480 10,664 +569 39
Lock & Dam
Synergetics Racine Locks 741 9,974 338 9,800 10,090 -26 28
& Dam
Meldahl Locks 698 9928 1879 9430 10460 -72 t
& Dam

* Confidence limit of the least significant bit.

+ DCP not operating properly.

dar and LaBarge DCPs) or 12-bit resolution (1 part
in 4096, as in the Sutron and Synergetics DCPs).
Additionally, errors may be introduced by the “in-
ternal noise” of the A/D processor. Finally, the
digital result is coded onto the carrier signal and
transmitted to the GOES system. The error that
results from each step in the DCP operation deter-
mines the overall performance and the nominal
accuracy of the DCP. Generally, the nominal accu-
racy is provided by the manufacturers (Table 1).

Temperature measurement

The method for measuring water and air tem-
perature uses thermistors, small electronic com-
ponents made of semiconductor material whose
electrical resistance is determined by its tempera-
ture. The properties of the thermistor can be con-
trolled so that small changes in temperature pro-
ducerelatively large changes in resistance. There-
lationship of the thermistor resistance and tem-
perature is highly nonlinear but well known, and
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Figure 2. Interface schematic diagram.

the exact response of thermistors can be deter-
mined through calibration. As DCPs measure only
voltages, a voltage divider circuit is necessary to
serve as an interface between the thermistors and
the DCP (Fig. 2). Thie nominal switched 12-V D.C.
available from the DCP is used to power the volt-
age divider circuitry. This voltage is first passed
through a 10,000-ohm resistor to supply approxi-
mately 1.2mA toadiode. Thediodeis conducting,
and the voltage difference across its junction is the
excitation voltage applied to the thermistor circuit
V. Each thermistor circuit consists of a “drop-
ping” resistor and a thermistor in series. The drop-
ping resistor is a precision, wire-wound 10,000-
ohm resistor with a nominal accuracy of 0.0025%
and a resistance stability of 0.0005% at ~55°C to
12.5°C. The voltages measured by the DCP are the
excitation voltage V_and the voltage across each
thermistor V. The thermistor resistance R is cal-
culated by

Ry = Ro{ 4 } M
V()'Vt

where R is the resistance of the dropping resistor.

The resistance of the thermistor is then entered

into the Steinhart-Hart equation, from which the

thermistor temperature is calculated. The refer-

ence resistors used at all of the sites were identical
to the dropping resistors described above. Refer-
enceresistors occupy the same position in the volt-
age divider circuit as a thermistor, and the resis-
tance of the reference resistor is calculated using
eql.

DATA

The reference resistor measurements analyzed
were based on the transmitted voltages collected
hourly between 1 January and 31 January 1988. All
the sites except Montgomery Locks and Dam (L &
D) recorded between 600 and 745 voltage meas-
urements for that month, the difference in number
being caused by problems in transmission or re-
ception. The DCP at Montgomery L & D did not
transmit for about two weeks. The mean, standard
deviation, maximum and minimum of the calcu-
lated reference resistor resistances for eachssite are
listed in Table 2.

Histograms of the reference resistor values were
plotted for each site and combined for each DCP
type (Appendix A). The combined statistics for
each DCP type are listed in Table 3.

Figure 3 displays the calculated reference resis-




Table 3. DCP statistics.

Number of

Resistance (olims)

DCP type readings  Mean  Median Std dee. Min. Max.

Handar 745 10,089 729 9995 10,219
LaBarge 1,466 9,981 10,000 854 9,792 10,213
Sutron 4,840 10,532 10483 143.1 10,343 10.03+
Synergetics 1439 9952 9970 1350 9430 10450

tor resistance over a six-month period from Han-
nibal L & D (Sutron DCP), Racine L & D (Synerget-
ics DCP),and Markland L & D(LaBarge DCP). The
six-month period started on 1 October 1987 and
ended on 31 March 1988. The results for these three
sites do not show any consistent trends and are
fairly constant over this time period.

DISCUSSION

It is appropriate at this point to define some
terms that we have been using. Accuracy describes
the deviation of the measured values from the

known values and is indicated by the difference
between the mean of the measured values and the
known value. The bins of the measurements is the
amount that the mean of the measurements and
the known value differ; it is used interchangeably
with accuracy. Precision indicates the ability to
reproduce a given reading with a given accuracy.
The precision is indicated by the spread of the
measurements about the mean; the standard de-
viation of the measurements is a good measure of
the precision. The smaller the standard deviation
about the mean measurement, the more precise
the measurements are. The nominal accuracy of the
DCP is an accuracy value supplied by the manu-
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facturer. It reeults trom the cumulative error of
each sten the DCP operation.

It + _omterest to determine if the results of our
meeasurements can be explamed by the nomina
accuracy ot the DCD. Tt s also of interest to assess
the degree to which the imprecision can be ex-
plained by the analog-to-digital quantizing error.
This error is a fundamental limit to precision that
1s determined solelyv by the resolution of the ana-
log-to-digital processes, that is, the number ot birs
used. The quantizing error iz '/, LSB (east sig-
nificant bit). If we assume that the measurement
results can be approximated by a normal distribu-
tion, then the confidence limits of the normal dis-
tribution that are associated with '/, LSB will be
agood indication ot the degree to which the results
can be explained by the quantizing error.

Handar DCP
There was only one Handar DCP included in
this studyv. It had a resolution of 8 bits, it did not
have the ability to applv a gain to the measured
voltage, and ithad onlv one voltage measurement
range of 0-5 V. The nominal accuracy s D44 of
thetull -scalereading, or 20m\ The results of the
measurements to be expected. given the nominal
accuracy ot the DCP, can be determined from eq 1
as follows: U’ s expected to be the nominal excita-
tion voltage suppited by the Zener diode, and the
voltage across i reference resistance Vs as-
sumed ta be exactly half of the excitation voltage.
These nominal voltages are then varied by 20
mV. Theresultant range159.749-10, 200 ohms. The
maximum aod nuinimum results are within this
range (Table 2). This implies that the accuracy of
the measurements i~ within the nonuinal accuracy
of the DT Neat we can look at the quantizing
error. The recclution of the Handar 15 8 bits, or |
partin 256, Apphed over 5V this is a resolution of
1953 m\V per it and the potential quantizing,
erroris /L Shor 977 m\
nominal voltages for | Cand V7,
cision assoctated with the ([udnh/m\' Cerror from
eq lis 1250hms The confidence it uxmmtcd
with the quanttaig crror (CLESRYV S 9270 ymply-
ing that the quantizing crror explains a Lxr.s,c part
of the imprec<ion of the Handar

It we again use the
the range ofimpre-

LaBarge GCP

There were twe LaBarge DCPsincluded in this
study. Thev had a resolution or S bits, thev did not
have the ability o apple
voltage, and thev Tad one voltage measurement
range of 0-5 V. While the nonunal accuracy of the

“agamn o the measured

~]

ﬂ

LaBargeis notdirectly stated in the literature sup-
plied, anominalaccuracv ot TLSBcanbe inferred
trom the description of the equipment and its op-
cration. Following the procedure described tor the
Handar, we can see that this translates to 1953
mV, and we would expect the same results as
above. The maximum and minimum results are
withinthisrange (Table 2), implving that the accu-
racv of the measurements s within the nominal ac-
curacy ot the DCP. The quantizing error of the
wcalto the Handar € 977 m\V, o
125 ohmx) The confidence mit associated with
the quantizing error are 88 and Y0 implving
that, similar to the Handar, the quantizing error
explains a large part of the imprecision of the
LaBarge DCDs.

,\b 1rn.x b s h:ntn

1 alll

Sutron DCP

Sutronisrepresented atsevensites inthis studyv,
The Sutron DCPs had aresolution ot 12 bits, and a
gain could be applied to the measured voltage. A
rangeof 0-1 Vivas used atallsites. The nominal ac-
curacvisstated as
appliesto the full scale, although this is not clearin
the published spedaications. This nominal accu-
racy would translate to an uncertaintv of .3 mV.
It the nominal excitation voltage supplied by the
stlicon diode (0.6 V) is assumed and the voltage
across the reference resistor is assumed to be ex-
actly half of the excitation voltage, the results of
the measurements to be c\pcctud given the nomi-
nal accuracy of the DCP can be determined from
eq 1 by varving the nominal voltage by =053 m\V.
This range 1= 9,950-10,050 ohms. All the Sutron
measurements fall far outside this range {Table 2).
All Sutron results show a large, unexpected bias.

0.057, and we assume that this

The reason for this Gias and the means to correct
for it are discussed in the next section.
Neglecting this bias tor the moment, we see that
the imprecision ot the measurement about the
mean asindicated by the standard deviationis rel-
ativelvsmall, onlv about one tiurd that ot the Han-
daror LaBarge DCPs. The resolution of the Sutron
s 12bits or T partin 4096 Applied over IV thisis
a resolution of 224 mV per bit and a potential
ara If we again assume
the nominal voltages asabove, the range of impre-
cision assoctated with the quantizing error from
eq s 12

nhzing error of Oy,

2 ohms The confidence limit associated
with this quantizing error (CLLSB) ranges from
2840 to 600 tor the Sutron sites. Therefore, we see
thata part, but by noneans oll, of the imprecision
ot the Sutron measurements can be explained b
the quantizing error. The remainder ot the impre-




cistonmay be caused by the application of the gain
to the measured voltage. This process can intro-
duce zerc oftsets and nonlinearities into the meas-
ured voltage. The application of gain may also ac-
count for the more normal appearance of the indi-
vidual Sutron histograms.

Synergetics

There were two Synergetics DCPs included in
this study. They had a resolution of 12 bits, and
they had theability to apply a gain to the measured
voltage. The voltage range 0~1 V was used at both
sites. The nominal accuracy is stated as 0.1% of
the full scale (maximum) and 0.025% of the full
scale (typical), although the meaning of “typical”
is not made clear. This nominal accuracy would
translate to an uncertainty of I mV maximum and
0.25mV typical (to use the manufacturer’'snomen-
clature). The range of measurements associated
with this accuracy would be 9,900-10,100 ohms
(maximum) and 9,950-10,050 ohms (typical). The
maximum and minimum measurements fall out-
side theseranges (Table 2), although the means are
within the maximum specified ranges. The biases
are not as large as with the Sutron DCPs. The two
Synergetics DCPs differ widely in their perform-
ance. This can especially be seenin the imprecision
of the measurements. The quantizing error is the
sani o5 the Sutron (12 ohms). The confidence
limits associated with this quantizing error is 28%
atRacine Lock and Dam and negligible at Meldahl
Lock and Dam. The result at Meldahl Lock and
Dam indicates that the internal noise of the DCP is
relatively large. In fact, this procedure may pro-
vide an automated means of detecting DCDPs that
are not functioning correctly.

ANALYSIS OF BIAS

Measurements in the laboratory showed that
the large biases 11 the Sutron DCP data result from
a leakage current. The leakage current is associ-
ated with the impedance mismatch between our
voltage divider circuit and the DCP. The voltage
divider circuit shown in Figure 2 can be reana-
lyzed assuming the presence of a leakage current.
The measured voltage drop V, across R is then

V‘ ={l+ IO_\)Rt (2)
where [ is the circuit current and Im is the offset

leakage current. The relative voltage measure-
ment bias B can then be found from

B=(V,~V )V, = _/V)(10000+R) (3)

where V' is the “true” voltage drop without the
leakage current. The relative voltage bias will be
reduced if Imis reduced, the excitation voltage Vo
is increased, or the total resistance of the divider
circuitis reduced. The bias of the reference resistor
resistance calculation can be determined as

(R, ~R)/R = B/(1-B) (@

where R is the true resistance of the reference re-
sistor. The bias of the reference resistor calculation
willbereduced if the value of Bis made verysmall,
as above. Replacing the silicon diode with a Zener
diode for the 8-bit DCPs, as described above, in-
creased the applied excitation voltage, which had
the effect of reducing B, in this case, by an order of
magnitude. It is not clear whether this can be seen
in the results for the 8-bit DCPs, where the bias in-
troduced would be less than the resolution of the
measurement.

Given the existence of this leakage current, the
transmitted measurements can be corrected by
including areferenceresistorineachinterface. The
resistance of each thermistor can be calculated
(assuming the same offset current on each chan-
nel) by the formula

R, = (10,000(V )/ 2V, - V) (5)

where R is ihe true resistance of the thermistor, V,
is the voltage measured across the thermistors,
and V_is the voltage measured across the refer-
enceresistor. The truethermistor resistance is then
a function of the voltages across the thermistor
and the reference resistor.

A possible hardware solution would be to in-
clude an operational amplifier in the voltage ci-
vider circuit. The operational amplifier with unity
gain would reduce the apparent output imped-
ance of the interface box so that the effect of the
offset current would be negligible.

SUMMARY

The reference resistors provide a check on the
DCP performance and a means to reduce the bias
associated with offset leakage currents. These bi-
ases can be quite large for certain DCPs, as demon-
strated by the recorded measurements. The exis-
tence of the bias was not anticipated but was un-
covered througharigorous program of field check-




ing of transmitted data. Once detected, the prob-
lem was corrected, with the major limitation that
the offset current must be assumed to be the same
on each channel of the DCP. Preliminary field
checking indicates that this assumption is valid.
Anticipating and correcting for the large biases
introduced by the offset current would be easier if

the manufacturers of DCPs would provide com-
plete and up-to-date specifications for their equip-
ment. This has not been the case, and although
some information has been made available, re-
seaichers should not install DCPs for which full
specifications are not available.
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APPENDIX A. HISTOGRAMS OF REFERENCE RESISTOR MEASUREMENTS
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Figure A1. Measurements at each site.
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Figure A1 (cont'd). Measurements at cach site.
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Figure A1 (cont’d).
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Figure A2. Measurements for each DCP type.
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