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ABSTRACT 

The accuracy of meteorological measurements 
cannot be determined because there is no 
demonstrable true value wi th which to com
pare the operational measurement. As an 
alternative the functional precision (re
peatabili ty) of measurements is determined 
to provide a means of evaluating the vari
ability of measurements in a synoptic 
field. Mechanization and automation of the 
observation process enhance the requirement 

1. INTRODUCTION 

Traditionally, atmospheric measurements for 
meteorological purposes are made by 
observers using manually operated sensors 
following the guidelines and instructions 
provided by national and international 
meteorological organizations. (4) The 
quality of the measurements depends upon the 
training of the observers as well as the 
laboratory accuracy of the instrumentation 
that they use. Meteorological measurements 
are point samples from a time and space 
continuum and it is important that the 
measurements made under identical conditions 
provide identical results. Accuracy is 
desirable, but repeatability is essential to 
a realistic representation of the synoptic 
measurement field. 

Before operational use of a new 
meteorological sensor system, answers are 
needed to a number of questions such as: 
·What is the accuracy of the new system?·, 
·What change will there be in the data 
provided to the user when the new system is 
adopted?", and "What will be the 
variability of measurements in a network 
containing such systems?". The need to 
answer these questions in a systematic 
manner led to the development of the 
standardized functional testing program. 
The program addresses all but the question 
of accuracy, which is determined in a 
laboratory. 

The introduction of electronics to 
meteorological instrumentation separated the 
sensors from the observers, and the use of 
automatic systems eliminates the human from 
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for determination of preC1Slon of the meas
ur ing process. Elimination of the human 
observer requires the use of processing 
algorithms to replace the human thought 
process. These algorithms require quanti 
tative definition of variables previously 
reported subJecti vely. Some determinations 
of precision and comparability have been 
made but much more effort is needed. 

the process of data collection. 
Increasingly, observers read dials or 
digital displays of measurements made by 
sensors whose output is converted by trans
ducers into an electrical signal . 
Automatic observing systems process the 
electr ical signals and transmi t meteor
ological data directly to the user. 

Many of the traditional measurements are a 
subjective evaluation by the observer. 
Cloud height, visibili ty, precipi tation 
intensity and other measurements used in 
synoptic observations are a subjective 
output of the observer produced by 
following the training and guidance 
provided. Recently, more and more attempts 
have been made to produce such observations 
automatically using electro-mechanical and 
electro-optical sensors with automatic data 
processing as a substitute for the 
observers subjective evaluation. 

To judge the quali ty of data obtained from 
a variety of sensors in a synoptic field it 
is necessary to compare the measurements 
made by such systems under real operational 
conditions. As new sensors and systems are 
developed it is necessary to know the 
co~parability between the new sensors and 
those that are already in use. 
Comparability must be determined for chron
ological continuity and to assure the 
consistency of data from a mixture of 
sensors used over a wide geographical area. 
In addition the automation of sUbjective 
measurements requires the definition of 
those measurements in a quantitative 
numerical form. 



Accuracy of an instrument can be determined 
in a laboratory by controlling the 
conditions to which the sensor is 
subjected, but the entire range of natural 
atmospheric conditions cannot be simulated 
in the labor a tory. For tha t reason some 
means of determining var iabili ty must be 
provided. This can best be accomplished by 
determining the precision of repeatability 
of the system when it is operating in the 
external environment under actual or quasi
operational conditions. Following the sug
gestion of Ku (5) this determination is 
called II funct ional precis ion II (i. e. , the 
precision of a system when it is performing 
its designed function). Accuracy is deter
mined in a laboratory under controlled con
ditions where the measurement made by a 
system is compared with the known value. 
Functional precision is determined in the 
natural environment where simultaneous 
measurements of an unknown value made by 
identical instruments are compared. 

After the establishment of the Test Evalu
ation Laboratory of the weather Bureau in 
the early 1960' s, newly developed sensors 
were sent for evaluation in environmental 
chambers and wind tunnels and in the 
natural environment. For operational 
evaluation newly developed systems were 
compared with systems that had been in use 
for a number of years. There was no stan
dardized methodology for making such 
comparisons and when a difference between 
simultaneous measurements by an old and a 
new sensor was observed there was no infor
mation on the difference that could be 
expected in simultaneous measurements by 
two of the old systems . Hence, evaluation 
of the size of the difference between the 
old and the new sensor was almost impos
sible. For this reason an attempt was made 
to standardize functional (operational) 
testing as reported by Hoehne (6) to the 
Second Symposium on Meteorological Obser
vations and Instrumentation. The rationale 
and methodology for this standardization is 
described in IEEE Transactions on Geo
science Electronics (7). Over the years 
the methods have been refined and developed 
and recently were submitted as a recom
mended standard practice, for balloting by 
the American Society for Testing and 
Materials. 

The production of precision determinations 
in accordance with this methodology is a 
low-priority effort at the Test and Evalu
ation Division. Data accumulated for other 
test purposes is frequently used for 
precision determinations and specific 
determinations are made on a time available 
basis. As a result the total production to 
date has been relatively small. The 
resources committed to this program are 
insignificant. 
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2. METHODOLOGY 

Functional precision of a meteorological 
measuring system is defined as the root 
mean square (rms) difference between a 
large number of simultaneous measurements 
of a particular atmospheric variable made 
by identical sensors in a specified atmos
pher ic volume. Identical sensors are 
defined as being the same make and model. 
The atmospheric volume is restricted to a 
diameter of 10 meters and a depth of I 
meter or one-tenth the height of the 
sensors above the surface, whichever is 
smaller. Simultaneous measurements are 
defined as being separated by not more than 
one tenth the time constant of the sensor, 
but not more than 1 second. Individual 
pairs of measurements must be separated by 
at least four times the time constant of 
the sensor to insure that the statistical 
samples are independent. If the systems 
used to make the measurements are 
different, that is, a different manu
facturer, or different model, or different 
design, then the root mean square 
difference obtained from the process is 
called comparability. Taken together, the 
two determinations (functional preCision and 
comparability) can provide information on 
the variation of data obtained by a mixed 
network of sensors of two or more types. If 
the functional preCision of a measuring 
system is known and the comparability 
between that measuring system and a 
different measuring system is determined, 
then the amount of variability introduced 
into a network as new sensors replace old 
sensors can be established. 

To make the results of functional precision 
and comparability determinations consistent 
in time and repeatable from laboratory to 
laboratory, it is necessary to standardize 
the sampling procedure used and the format 
of the results. The Subcommittee on 
Meteorology of the American Society for 
Testing and Materials (8) has a standard 
method for determining comparability and 
functional prec1s1on of meteorological 
measurements under development. Action on 
this standard could be completed by mid 
1984 and the standard should by available 
in the 1984 Book of Standards. In addition 
to the root mean square difference, the 
output format of the standard requires a 
report of statistical parameters such as 
mean difference, standard deviation, 
skewness and kurtosis. The method assumes 
that differences are randomly distributed 
about the mean difference and these para
meters are used as a means of verifying 
that assumption. The standard also 
requires calculation of the correlations 
between the value of the measurements and 
the size of the difference between them. 
In that wayan estimate of the change in 
var iabili ty wi th change in var iable can be 
determined. Other parameters are also 
required by this standard practice 
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including the range of measurements and a 
calculation to determine the reliability of 
the distribution. 

An attempt was made to produce a sampling 
procedure that would be widely applicable 
to all sorts of meteorological variables. 
In some instances this presents special 
problems due to time and space discon
tinuities and the method by ",.-hich a 
particular variable is measured. Care must 
be exercised to insure that determinations 
are made by comparing the same variable. 
For example, comparing a wind speed and 
direction measurement from a rotating-cup 
anemometer and vane with the measurement 
made by a laser system of the average wind 
speed and direction over an extended path 
would produce a special type of compara
bility. Obviously the point measurement 
made by the anemometer is not the same 
var iable as the volume measurement made by 
a laser system. In some instances one of 
the measurements of position is actually 
the variable of interest (e.g., cloud 
height). Or the sensor system itself may 
exceed the size limit of the method. For 
example, the projector and detector of a 
transmissometer are more than 10 meters 
apart. In the first case the corresponding 
elements of the sensor system (i.e., the 
projector and detector of the cloud height 
measuring system) are located within the 
horizontal restraints and height is treated 
as a meteorological varible of interest. 
In the other case the corresponding 
components of the sensor (the projector and 
receiver) are located within the 10-meter 
by I-meter volume and all other parts of 
the method proceed as specified. 

As new technologies br ing new instruments, 
the challenge to compare instruments or 
systems, as well as the danger of false 
compar ison, increases. The radiosonde, for 
example, has for many year s been the upper 
air measurement system from which vertical 
profiles of temerature, humidity , pressure
height, and wind information are obtained. 
At operational radiosonde stations, instru
ments are launched once every 12 hours and 
the profile is developed as the balloon 
ascends through the atmosphere for 90 
minutes or so. The data is presented as a 
vertical profile even though the balloon 
might have dr if ted a hundred miles or more 
from the launch site. An atmospheric 
profiler system developed by NOAA's Wave 
Propagation Laboratory in Boulder (9) uses 
a passive six-channel microwave radiometer 
to provide continuous vertical profiles of 
temperature, humidity, and liquid water. 
UHF and VHF clear-air Doppler radars 
provide continuous vertical wind profiles 
through the tropopause with updates 
currently available every 20 minutes. 

The data from both systems are presented to 
the user as vertical profiles of atmos
pheric varibles and comparability must be 
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determined if data from a mix of profilers 
and radiosonde observations is to be used 
in a synoptic network. Other applications 
of those comparability determinations must 
be done cautiously with full knowledge of 
the real differences in the measurement 
process. 

As information from new technologies are 
brought into the meteorological data base, 
the users must be made aware of the pos
sible changes. The NWS is (for example) in 
the midst of a program to replace its sub
station temperature measuring equipment, 
(the "cotton region shelter" with Townsend 
Support, mercury-in-glass maximum temper
ature and spirit-in-glass minimum temper
ature thermometers) with a small plastic 
shel ter containing a thermistor. The new 
system may have the same laboratory ac
curacy as the old, but has shorter response 
time when exposed to actual operational 
condi tions because of its smaller volume. 
The wooden shelter dr ies more slowly after 
being wet by precipitation, fog, or dew, 
causing evaporative cooling to alter the 
measured air temperature. The cumulative 
effect of these differences may be a subtle 
change in the reported temperatures that 
might be erroneously interpreted as a real 
climatic change. Although the standard 
recommended practice for determining 
comparability of meteorological measure
ments is structured to be as broadly 
applicable as possible, there remaIns an 
area where common sense and good scientific 
practice must prevail. 

3. PROSPECTS FOR THE FUTURE 

Increased mechanization of the 
meteorological data gathering process will 
require the determination of preCision and 
comparability for a wide range of 
meteorological measurements if the user of 
those measurements is to know what 
variability can be expected. Automation of 
atmospheric measurements has been increasing 
and can be expected to increase continuously 
in the near future. Booz Allen and Hamilton 
(10) recommend and increase in the efforts 
toward automation. Within the National 
Weather Service the general trend away from 
manual observations produced by trained 
observers, to automatic observations 
processed and transmitted by machines, can 
be expected to accelerate within the near 
future. 

Insuring continuity in climatological data 
and synoptic reports made from a mixture of 
automatic and human observations will 
require an increased effort in determining 
the precision and comparability of such 
observations. As old equipment becomes 
obsolete and is being replaced with new 
sensors which use new technolog ies to 
measure the "same" atmospheric elements, 
and as the pace of automation increases, 



the importance of precision determinations 
increases. In addition, more effort must be 
directed toward definition of the variables 
now reported subjectively by the observer. 
Such definitions must be quantitative and 
numer ical so tha the quality of automatic 
measurements can be established. 

The National Weather Service has begun to 
automate subjective portions of the surface 
observation such as clouds and visibility. 
Measurements from a number of sensors were 
compared to human observations reported to 
the FAA (11). Generally, there is good 
agreement. The main point to be made is 
that automated observations standardize the 
values reported for visibility and clouds 
but those values will be somewhat different 
from what the user gets today. 

Meteorologists have never strongly sup
ported determination of meteorological data 
quality. The academic community is not 
interested in the production of precision 
and comparability measurements because 
there are no theses or research papers to 
be written from such efforts. Most meteor
ologists are at least partially research 
scientists who have depended on the skill 
and training of observers and have by and 
large assumed that this quality is main'-
tained even though measurements are less 
and less frequently made by a human 
observer and more and more frequently by 
automated systems . Repeatedly, gross errors 
have been made by meteorologists who have 
accepted meteorological measurements at 
face value assuming either zero or very 
small variance. Some horror stories con

.cerning this problem were related by 
Giraytys (12). 

About 10 years ago the American Meteor
ological Society recognized the need for 
information on the variability of atmos
pher ic measuremen ts and the demand 
generated by laws written to protect the 
natural environment. Beckman (13), Lamb & 
Pharo (14), Beaubien (15), Hoehne (16) and 
others have cited the need for information 
on the operational accuracy of meteor
ological data and procedures for deter
mining this accuracy . In addition, non
meteorological organizations such as The 
American Society for Testing and Materials, 
The American Nuclear Society and several 
other standard-setting organizations have 
instituted efforts to prepare procedures by 
which the operational accuracy of meteor
ological measurements can be determined. At 
least one non-profit institution (Meteor
ological Standards Institute, Fox Island, 
Washington) has been established to help 
fill the need for standardized tests and 
procedures. 

Office of Management and Budget and Depart
ment of Commerce directives encourage 
federal agencies to use voluntary standard 
procedures and participate in their 
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development, but recent and expected future 
cuts in the federal government will reduce 
the production of precision and 
comparability determinations made by 
government supported laboratories. If 
present trends continue the very small 
effort presently supported by the National 
Weather Service can be expected to disap
pear wi thin the next few years. The 
purchaser of meteorological instrumentation 
and the user of meteorological data must 
depend more and more on the the deter
mination of precision and accuracy provided 
by non- government organizations. 

4. RESULTS 

4.1 Su r face Measurements: A large 
amount of the meteorological information 
produced each day can be classified as 
surface data. These are measurements made 
within 10 to 20 meters a bove the surface of 
the Earth, and for the most part, point 
measurements of meteorological variables. 
Stone (17) reported on a program by which 
over the past 14 years the Test and Evalu
ation Division of the National Weather 
Service has been able to determine the 
functional precision and / or comparability 
of measurements made by a few of the wide 
variety of sensor systems available. The 
variables for which such determinations 
have been made include air pressure; 
temperature (current, maximum and minimum); 
relative humidity; dew point; wind speed; 
wind direction, accumulation of precip
i tation; cloud height and solar radiation 
amount . Table I lists the determinations 
that have been made . 

4.2 Upper Air: Measurements made by 
balloon-borne sensors, aircraft or indirect 
means from about 20 meters above the 
surface to near the top of the atmosphere 
are referred to as upper air variables. 
These include pressure, temperature, dew 
point depression, and/ or relative humidity, 
pressure height, wind speed, and wind 
vector. Hoehne (18) has determined the 
precision of the National Weather Service 
system for measuring these variables as 
given in Table II. The difference between 
simultaneous measurements was in general 
independant of the size of the measurement. 
There was a weak correlation between the 
rms difference in height and the measured 
pressure and rms difference in pressure and 
the calculated height. The functional 
relationship is given along with the 
overall precision. 

5. CONCLUSIONS 

The increase in the use of electro
mechanical measuring systems for meteor
olog ical var iables increases the need for 
determinations of precision and accuracy of 
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the measurements. The quality of forecasts, 
both those made manually and those made by 
machine, is largely dependant on the 
qual i ty of the meteorolog ical da ta used in 
forecast preparation. To attempt to improve 
the quality of this data it is first neces
sary to determine its present quality, then 
measure the improvement. The small efforts 
of the Federal Government to produce such 
information can be expected to decrease 
continually with time and it will be more 
and more the job of the private industry to 

produce such determinations. If operational 
meteorologists are interested in the 
quali ty of the data they are provided and 
hope to see an increase in quality as well 
as quantity, they should support the 
production of standard methods for 
determining meteorolog ical da ta qual i ty, 
and encourage instrument and system 
producers to include determinations of 
functional precision and comparability in 
the adver tised speci fica t ions of the i r 
instrument systems. 
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TABLE I 

PRECISION ANO COMPARABILITY OF METEOROLOGICAL DATA 

VARIABLE 
Altimeter Setting 

(Pressure) 
Temperature 
Temperature 
Dew Point 
24-Hour Max. Temp. 

24-Hour Min. Temp. 

Wind Speed 
Wind Speed 
Wind Speed 
Peak Wind Speed 
Wind Direction 
Wind Oirection 
Wi nd Oi recti on 

24-Hour Precipitation 
24-Hour Precipitation 
24-Hour Precipitation 
24-Hour Precipitation 

Solar Radiation 

Visibility 

Cloud Hei ght 

VARIABLE 

Temperature 
Temperature 

Dew Point 
Dew Point 

Wind Speed 
Wind Speed 

Wind Direction 
Wi nd Di recti on 
Wi nd Di recti on 

24-Hour Precip. 

24-Hour Precip. 

SURFACE SENSORS 
SENSOR 
~an Aneroid 
Barometer 
HO-61 
AMOS 1II-73 
HO-61 
Mercury- i n-Gl ass 
Thermometer 
Cotton Region Shelter 
Mercury-in-Glass 
Thermometer 
Cotton Region Shelter 

F 420 
DARDC 
AMOS 111-73 
DARDC 
F 420 
DARDC 
AMOS 1II-73 

Weighing Rain Gage 
U. s. a-Inch Gage 
Snowden Pit Gage 
AMOS 1II-73 

Eppley Pyranometer + 
Monitor Labs Integrator 

Videograph 

Rotating Beam Ceilometer 

FUNCTIONAL PRECISION 
±O.OoO" Rg. 

±o.ao F 
+0.40 F 
+O.gO F 
±0.2° F 

to.2° F 

±I. 0 kt 
to. a kt 
±0.7 kt 
±4 kt 
±So 
±22.So 
±6.3° 

±0.02° 
±0.3 ... 
±0.7 ... 
±0.4 ... 

±0.3S langley/hr 

±0.2 mi. 

±0.0130g(a2 + h2) 
(S + O.01309h) 

a = Baseline 
h = Measured Height 

SENSOR COMPARABILITY 

HO-61/AMOS 111-70 +0.70F 
HO-61/AMOS 111-73 ±I.o"F 

HO-61/AMOS 111-70 ±o.a"F 
HO-61/AMOS 111-73 ±2.0"F 

F420/AMOS 111-70 tI. 0 kt 
AMOS 111-70/AMOS 111-73 ±o.a kt 

F420/AMOS 111-70 ±7° 
DARDC/AMOS 111-70 ±laO 
AMOS 111-70 AMOS 111-73 ±uo 

U. S. a-Inch Gage/ ±0.03" 
Belfort Weighing Gage 

U. S. a-Inch Gage/ O.OST ± 0.4 ... 
Snowden Pit Gage T=24-Hour Precip. in ... 

Number 4 
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TABLE II 

PRECISION OF UPPER AIR DATA 

VARIABLE FUNCTIONAL PRECISION 

At same time of flight 

Pressure t 1.9 mb 

As a function of height H t (12.1-6xl0- 5H) 

Temperature 

Dew-point depression 

Hei9ht 

Pressure 

As a Function of Height H 

Temperature 

Dew-point depression 

Wind Vector Difference 

Wind Speed 

Hei ght 

t 0.670 C* 

t 3.670 C* 

t 92.9 m* 

At Same Hei ght 

t 0.7 mb 

t(1.79-2xl0-5H) 

t 0.B4° C* 

t 3.420 C* 

6.0 kts (3.1 mps) 

t 6.0 kts (t 3.1 mps) 

At Same Pressure 

t 23.7 m* 

As a Function of Pressure P t (38-.038 P) 

Temperature t 0.610 C* 

Dew-point depression t 3.260 C* 

BIAS 

_0.140 C 

0.35 C 

-7.6 m 

-0.1 mb 

-0.190 C 

0.380 C 

-4.0 m 

-0.130 C 

0.35 C 

* Precision taken from standard deviation because of bias introduced 

by heat and humidity of upper sonde in balloon train. 

TABLE II I 

PROCESS FOR DETERI~INING OPERATIONAL COMPARABILITY 

1. Obtain two or more systems for mea~ur;ng a particular atmospheric 
variable. 

<: 

" ~ .... 
o 
~ 

" ~ 
~ 
" ~ 
:;,-

" .., 
a 

2. Expose the sensors for those systems in a natural atmospheric volume as ~. 
defined in Paragraph 1 of Section 2. ~ 

3. Record pairs of mea surements (one from each of two systems measuring the 
variable) at time intervals described in Paragraph 1 of Section 2. 

4. Sum the differences of these pairs and divide by the number of pairs to 
provide the mean or average difference. 

~ 

5. Multiply the differences by themselves; sum the products. divide the 
result by the number of pairs and extract the square root of the quotient 
to obtai n the root mean square (rms) of the differences. Thi s rms is the 
operational comparability if the systms are of different make, model or 
design. The nms is the functional precision if the two systems are of the 
same make. model, and design. 

6. Multiply the nms by itself and multiply the mean difference by itself. 
Subtract the product of the mean from the product of the rms and extract 
the square root of the difference to obtain standard deviation. 

7. Multiply the standard deviation by three and divide by one increment of. 
resolution (the smallest change in the variable measurable by the system). 
The number of pairs used should equal or exceed the square of the 
quotient. 

8. Subtract the mean difference from the difference of each pair. Raise 
these new differences to the third power. Sum these third powers, divide 
by the number of pairs, and extract the third root of this sum to obtain 
the skewness of the distribution of the differences. A normal 
distribution has a skewness equal to zero. Skewness is a measure of the 
asymetry of the distribution about the mean. 

9. Subtract the mean difference from the difference of each pair and raise 
these new differences to the fourth power. Sum the fourth powers , 
divide by the number of pairs and extract the fourth root of the quotient 
to obtain the kurtosis. A normal distribution has a kurtosis of three. 
Values greater than three indicate relatively more values near or at the 
mean difference. Kurtosis is a measure of the peakedness of the frequency 
distribution. 


