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4. %2.5.2.2 Corrective maintenance

Parts for wind systems ares not to bes found anywhers except from
the manufacturer. This is true at least at the sub-component and componsnt
level. When a part falls or wears out, the new part usuzlly must come from the
manufacturer. This may take a week or two depending con the part and the
manufacturer. It is prudent to have spare parts on hznd to cover some
predictable failures. 4 component plug-in philosophy is the quickest wavy to
correct fallures. If a bearing or a potentiometer failz in 2 sensor, a new
calibrated sensor is simply plugged in while the failed one is repaired. If 2
circuit card falls, a new callbrated card is plugged im while the failed one is
repalirad.

The nsxt level of spare pert strategy is the sub-component
level. Critical and difficult to buy parts zre stocked and used to repair
sensors or clrcuit cards. Conventional senscrs will ziways need repair at =zome
peint in time, bearings and direction potentloneters usually., Circuit cards
are becoming so reliable that maintenance iz hard te anticipate.

P

4.2.58.7 Tuality Control .

The quallty contrel (QC) of a2 data monitoring program is a loop driven
by routline inspection of the data for validity. The data QU person should be a
metearologist who is familiar with how wind datz sheuld look and what kinds of
variety are provided by the atmosphersz. Such zn lnspecior will spoi problems
before they are obvious to an observer who may be an sxpert in another field
but is not a meteoroleglst. If a technlcally qualifisd QC inspector is not
avallabie, the best compromise that is available musi be nade. It 1s very
dangercus in terms of lost time 1f no routine data OC funcilon is followed in
the QA Plan, or if there 1s no QA Plan.

When a problem is found by the data QC inspector, a discrepancy report
is issued which brings the operators inte the dzta QC loop. Thelir inspection
and corrective action is reported back to the QC inspector closing the locop.
Because of this QC loop, the measurement system can be operated "in contrel"
and valid dzta produced.
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4.2.7 PERFORMANCE AUDIT METHODS
4.2.7.% General Considerations

4 performance audit is the determination of the Instrument systsu
accuracy made with an independently selected methed and by a person who is
© lndependent of the operating organization. To make this determination foi wind
measurements, knowledge of the inpui conditiens imposed upon the sensors is
required. Given knowledge of these input conditiens, the transfer functions
anid the system’s data handling method, the output can be predicied. The
difference between the predicted output and the system output is the error of
the system or its accuracy.

The methodology starts with the ways of contrelling and/er measuring the
input conditions. When controlled inputs are used, as should always be the
case for starting thresholds, anemometer rate of rotatlion vs. output and
relative vapne positlon vs. output, the accuracy of the output is easily
determined. Of course, the accuracy of the anemometsr transfer function is not
a2 part of this determimation. When ihe input conditions are not controlled,
as with the colilocated transfer standard (CTS] method, the accurzey
determination has a larger uncertainty. The CT3 method doss challenge the
anemometer iransfer function. The best performance audit uses both methods
where appropriate.

& performance audit must follow some written procedures. Since the
precedures must be relevant to the design of the instrument or system being
audited, only general principles will be describerd below with some specific
examples. The data from the audit should essentially Fill eut am audit form.
It Is important, however, for the auditer to be sufficiently experienced to be
able to deviate from the procedure or the form when the pursuit of truth leads
away from the expected.

The starting peint of an audit form is the documentation of thes who,
what, where, when, and how the audit values were acguired.

4.2.7.1.1 Who

The performance audit report form should contain a space to
identify the auditor. The audit report which summarizes the audit findings
should report the names and affiliations of the cperators of the system.

4.2.7.1.2 What

The form should contain a secticn te identifv the instrument
being audited by manufacturer, meodel number, and serial number.
Sub~assemblies, such as a cup wheel of an anemometer, should be identified j=3%
number. If they are not numbered, the operator sheould be asked to mark them
for identification.

The audit report should contain a list of all the equipment
provided and used by the auditor, including model and serial numbers and b ime
of last calibratjon, where relevant.
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4.2.7.1.3 Where

The audit form sheuld have a space to show the location of the
gensor on a tower, lncluding height. A sketch is useful fo show the relative
positions of the sensing elements with respect to possible b1a51ng influsnces, -
suck as the tower, other sensors znd buildings.

4.2.7.1.4 When

The date or dates when the zudit affecied the system operation
should be listed. The time when the system cor a particular sensor was taksn
"of f-line" and put back "en-line" should be listed. The time, or time period,
when each datum value was taken is vital for the comparison with the system
output. Implicit in this is the need for the time the auditor uses to be
correlated to the time the operator or the system uses, The auditor should
rely on the Natlonal Bureau of Standzrds siatlion WWY for correct time. Battery

operated receivers, such as the Radic Shack Time Cube, are generally available.

4. 2.7.1.5 How
4
The asudlt form should esither contzin a copy of the method used
or reference the method number. The audit report should: contain copies of the
audit method used. The methods should be detalled enough to identify each step
in the acquisition of the audit value and in the conversion of the valus to
units compatible with the system output

4,2.7.2 Wind Spesd

There are two general phllosophiss in use oy those who operate
anemometers in mwetecrclogical monitoring systems and networks. The most common
treats the system as a unit where the sensor and signal conditioner and
rgcorder are callbrated together. The other, ofien gmployed by cperators with
large numbers of anemometers, considers the ssnsor zs a standard
interchangeable part. In thls case two auditsz are necessary. One to challenge
the sensor callbraitlon method and the other to challenge the system calibration
using a standard signal as a substitute for the sensor. A full system audit
method from sensor input to system outpur can be used as a challenge for the
sysiten operated with interchangeables sensors.

%

4.4.7.2.1 Sensor Control

The controlled condition is rate of rotation of the znemometer
shaft. The cup assembly or propellsr is removed for this challenge. The audit
form should provide space for fully defining the transfer functlon used by the
operators (usually supplied by the msnufacturer). This should include ihe

relationship of rate of rotation (R, rps) to wind speed (U, w/g), rzie of
rotation to oulput volts (0, V) and rate of retation to frequency (f, Hz), for
light chopper or a.c. generator types. See £.2.2.1.2 for a discussion of the
U=a+bR and U=bR types of transfer funciions and how the constants "a" and "b"
are determined. Some manufaciurers provide the transfer function in the form
I = 26,439 (U - 0.281)

which can be converied to
= 0.281 + 1.135R
once the number of pulses psr revolution (30 in this case) iz known.
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The rate of rotation can be imposed
on the anemometer shaft in a number of ways. If the
method is to drive the shaft with a d.c¢. motor, the
number of revolutions of the shaft over z period of
time is the data value. That value divided by the

rate of rotation R (rps). The R is converted to U
by the transfer function and the U ls compared tc
the system ocutput in the same units for exactly the
same period of time. If the system provides 53
minute average speeds, the count is for 5 minutes
with the start and step times inclusive of the
system period. If the d.c. motor is reasonably
constant (2 10%), a few seconds out of
synchronization over 300 seconds is acceptable. The
periced of time, however, must be exactly 300 seconds

about £ 0.2 =. If the system only reports hourly
averages, and cannot be changed to a shorter Lime,
samples of the signal copdiiioner output voltage may
be used tc estimate the system output. Three rates
of rotation in addition to zero are recommended.
Since the important speeds are low speeds and not
full zcale speeds, the use of simulated speeds on
the order of 2, 5 and 10 m/s is acceptable. Using
the transfer function above, Lhese speeds are
simulated by R values of 1.51, 4.16 and 8.56 rps
(90.6, 249.6 and 513.6 rpm). Figure £.2.7.1 is an
experimental d.c. motor drive used for this kind of
audit. Flgure 4.2.7.2 is a second generation d.c.
motor drive capable of being powered by a D cell and
a 9 volt transistor battery.

If a propeller anemometer with a transfer
function of e ELTNEN e e

U = 0.294R Figure 2.2.7.2

ls challenged, the speeds of 2, 5 and 10 m/s will be simulated by 6.9, 17, and
34 rps {414, 1020,and 2040 rpm). If the auditor could generate five B values,
1.5, 4, 7, 17 and 35 rps, both cups and propellers could be challenged a2t three
meaningful speeds plus zero. See Figure 4.2.7.3 for a third d.c. motor system.

]

Figure 4.2.7.3 An experimental 12-volt d.c. motor and counter
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A simple d.c. metor might be made to turn
the shaft, but the key to the audit challenge is
the measurement of thes shaft revolutions. A
light chopper and counter is a straight forward
approzch te thils measurement. Hand switching
the counter for periods as short as 60 s will
produce better than one percent accuracy in
time. If the light chopper produced 10 couats
per revolution, the count rate required for the
four R values mentioned zbove iz % to &0 Hz, an
easy range for zimple battery operated counters.
A system such as described above has the
advantage of Iindependence from commercial power,
a significant advantage for some remote wind
syslems.

The controlled condition audit reguires a
hands-on policy regarding the sensor. The
neasurensnts of the starting torgue does not
require the sensor to be connected to the
circult. It is possible, with proper equipment
and care, to install the spesd challenge motor
on the fensor and operate that challengs with it
connected in its operating location. Another
way tc challenge an anemometer is to connect the
shaft to a synchronous meior. The assumption
here is that the motor is running in
synchrenization and the ® value is therefore
known from the specifications of the motor or an
independent measurement of its rate of rotation.
Figure 4.2.7.4 shows three anemometers coupled
to a synchronous motor through a universal
coupler.

-

he lazst mzasurement iz the time constant.
With the simulated speed on its highest rate,
and with a meter on the output voltage of the
gignal conditioner, turn off the d.c.motor and
measure the time 1t takes to reach the value of
the simulated speed minus 63% of the simulated
speed. Exemples of wind speed audit procedures
and forms are found in Figures 4.2.7.5 :through
4.2.7.8.
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Cup Anemameter - MSI method CAQOT (version 2717541

This method praovides for a compariscn of the transfos furction
wEed with the =zvstem to the ouiput of the syatem. This is deme
by causing the ansmometer shaft to turm at a known rates of
rotation and observing the output. The means of turning the
shaft and measuring the rate of rotation are praovided by the
auditor and are completely independent of the operating svstem.
The method does not challenge the trancéfer fumction. This can he
dong best with & wind tumnel test.

The report form for this method includes spage for an opticnal

determination of starting torgue and system time consteant. The

torgue measursment may be used as an indicatiom of bearing

condition and hence starting thresheld of the Fnemometar. The

time constant is of use if turbulence is meEasured,

Camri—-A  Remove the cup assemably. Mount & coupler to the

apemomet e sh 179" zhatt iz reguired. I¥ the anemometer

does not use sizg or it is not accessible, an intesface

fitting will be required. Clamp the drive motor to the suppert

celumn ef the shaft so that the coupler is engaged with the drive

wheel. Determine if the cup assambly turns the shaft in & cloch- ,.
\\.¥/

=
&
]

wige or counbter clockwise direchion, when viagwed from above. \
Cleckwisd is common and is used on the form. Uperate the drive

mator st two speeds {(find the desired rez from the Stransfer

function) which are important te the application of the wingd

speed data., Use a tiss pericd synchramous with the svstem

autput., An average of one minute ar longer is reguired. ¥ the
svstem provides only ipstantaneous samples of output volits, taks

12 samples over a two minute period and uss the averags of the

samples to compars with fthe average rate of rotation measwed,

CRAOOI~-B  This method requires that the system e operating with

2ll cakles in place (cshort jumper cables may be used with CAOOI—a
ts allow simultanecus access to the anemometer ang the sion&l
conditicner for those systems whers these two parts are at some
distance away), At least a zeroc rate of rotation must be
measwrad (or obssrved) with the anemometer in place, the cup
assembly removed and the shaft taped ta assure non-rotation. &
second obssrvation mav be either z motor driven meassurod rete of
rotation for the operating period of the system or a natural <(ump-
measuraed) non-zere operation to ascure that gignal reachbas the
signal conditioner when the system iz in pperating positian. The
assumption with the later choice is that i€ the signal is
transmitted at all it will he properly simulated in methad A.

- This is more likely true with pulse trains than with generator
vol taoss,

Figure 4.2.7.5 Audit methed for a cup anemometer
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MESSUREMENT SYSTEM - Cup anemometas
Evstem number

Sernsor

Zug assembly

Lozation

figrnal conditioner

Data dhannel
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TIME off lime ory
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TRANSFER FUMNCZTION: {ros to mps)
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F
Taraques _______ OZa~In. cw, Time sgonstant ______seconds
CARQI—~B expaected ahzarvag diffearsnce
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|]:B o
s - ——

bl . g = - L
rlgure 4:2.7.6 dudit Form for the cup anemometler method
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Fined Puis Prapeller — MSI method FAFOOL (version 28/1/848)

Thiz method provides far a comparison of Lhs transfer function
used with the syestem to the owtput of the system. R seperate
farm iz provided for W {(vertical companent) sinee a different
transfer function is often wsed for this direction than is ussd

For U oand V. The metheod causes the propeller shaft Lo turn at a

kpaw Fate of rotation while observing the ouipui. The means of
turning the shaft and measuring the rate of rotatieon are provided
by the auditor and are campletely indempendsnt of the eparating
svstam. The method deoes not challenge the transder function,
Thisz can be done best with a wind tunmsl test. The sign
conwvention used with respect to clockwissz and counter clockwizs
i= tlat of the system being challarmged. Differences are always
calocul ated by subtracting the audit challange value from the
system output. Arithmetic conventiaon is followed evern though the
miaus sign i= used as an indigator of direction. For example,
the difference between a ~1.5 mps audit challenge and a ~1L.3 mos
system output is +0.2 mps even though the sysiem underazstimnated
the spead (a negative erraor) with respect to the audit walus in
the "=" dirsctiaon.

The report form for this methed includes space for an optional
datprmimation of starting torgue and syekem Lime constant. The
tergue measurement may be used as an indication of bBearing
condition and hence starting threshold of the propeller. The
rimm constant is of use if turbulenss is measured.

EaEpnnl-6 Rsmove the propeller, Mount =2 coupler €0 the propell
sHhaftt. A 1/8" shatt is required. I+ the progellsr does nobt us
pat =ize or it ig not accessable. an interface fltting will be
required. Clamp the drive motor tc the support coilumm of bthe
zhaft =2 that the coupler is engaged with the drive whesl.
fperats the drive motor in both a clockwise and counter clogkwi s
direction, whan viewed fram in front of the propellier. Operate
the drive motogr 2t Lwo sSpeeds (Fipd the degired ros from the
rramster function) which are imgortant ta the application of th=a
wing sgpesed data. Usa a time pericd synstronous with the systam
output. &n sverage of one minpute or longer is raguirsd. It the
gystem erovides only instantaneous samples of autput wglts, taks
17 zamples over a two minute pericd and uss the average g+ the
samples to compare with the average rate gf rotation measuwrad.

I a synchranous motor is used as the drive motor, an instan—
rameous sample wolbtage may be used. Some eviderc=a 2f the syRch-
ronous operation of the motor is required.

ay
2

CAOOZ~B  This method requires that the system be operating with
all cables in place (short jumper cables may fe used with FAPQQI-A
ta allow simultansous access te the propeller and the signal
conditimner for those systems where thess twe parts ars at same
distancg awayv). At least a tergs rabs of rotation must e

measurad (oF observed) with the propellar shaft in place., the
prupeller remsgved and the shaft taped to assure non-rotation. &
sacond observation may be =ither a motor driven measurad rate of
rotation for the operating perigd of the system or a matural {un=
measured; non-zero gperation to assure that signal reaches the
signal conditicner when the systsm 15 in gperating position.

Figure 4.2.7.7 Audit method for a propeller anemometer
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MEASUREMEMT SYSTEM - Fixed axiz propzller

Swoktem numier ) .

Sensor

Propeller

Locatian

Sigrnal conditioner
Data shamnel i

bATE _/__f_ TIME off lime ______ on lime ____ t@st start
TRANSFER FUMCTIOM: 1 rps = 0,294 mps (T pulses per revolotion)
I'wWlvalbs=2. 8t = mss
TEST RESULTE : }
FAFQO L= = zhallenge spsed -~ AL difference
time ravs, PR mEs M S s &
L [
"d.z.”
S CW
g CCW
F CH
& CCK
Ysyenot 2ime ros s el RS mps A
g CW T 000 1.47
g€ CcoW S.000 0 =1.,47
FOow T, 1063 &.82
FESH . T0,00 -@.82
Targue: ___ _Oz.~In. 2w, ____ _Oz.=In. zgw, T. Coast._____
FAPOO LW=-EB srpacited  oheserved differance
tima mps MRS il =
0 S
test 0 __ — ————

L Audit Feorm for the propellar anemcmeter metihod
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4.2.7.2.2 CTI3 Method

The ceollocated transier standard (CTS) method for wind speed
involves mounting a carefully calibrated anemometer in the vicinity of the
subject anememeter belng audited. The CTS should have certificates trecing ilis
calibration to NBS or some ather standard facilily. If the ASTM (i984) method
for comparability is being used, the CTS needs to be within 10 m of the sub ject
anemcmeter in the herizonial and the lesser of 1 n or H/10, where B is the
height above ground in meters, in the vertical. 1Ii ig important tc site the
CTS tc be representaiive of the flow at the subject anemometer. Mutusl
interference should be minimized through siting and through editing out data
where the direction shows the wind- passing through one to reach the octher. The
accuracy potential of the CTS method is based on data taken ip 1982 at the
Boulder Atmospherlc Observatery (BAD) and published by Finkelsteln et al,

(1986) and Lockhart (i988). The anemometers for this study were spaced about 5
m apart. The closer together they are in the horizontal the larger the
directicn sector of mutual interference.

The best situation for CTE auditing is one in which both
anemometers are connected to the auditor’s data logger. The element of the CTS
audit is the difference in speed calculated by subtracting the CTS speed from
the subject speed. The method requires a sufficlent number of simultzneous zad
independent differences. A simulitaneous difference is one where the time . .
between sampling each anemometer output lg less than 0,17, where T (s) is found L./
by dividing the distance constant, D {m)}, by the wind speed U (m'3s). -
[ndependence is achieved when the time between sampled pairs iz larger than 4t.
For example, assume the subject anemometer has 2 distance constant of 3 m and -
the .CTE has a distance constant of 1 m. If the wind speed is about 3 m/s, T
will be 3/3 = 1.7 s for the subject and 1/3 = 0.3 s for the CTS. Simultanecsus
samples will exist when the sampling rate of the daia logger is less than the
shortest C.17 or 0.03 s im this example. Most data loggers are fast encugh For
the example.

Independence 1s achieved when the lLime between successive
sample pairs is long encugh. In the example above, 4t iz 2003 = 6.7 = for the
subject anemometer and 443 = 1.3 s for the CTS. If the CTS loggar is set for
one sample every 10 s, the data will be independent at 3 mss. The ASTM metilod
defines minimum sample size in terms of the reseclution of the measured or
reported speed (assume 4.1 m/s for the example, 2 recommended resclution) and
the standard deviation of the series of differences. It takes 900 times the
variance of the series to provide the minimum number. If the two sensors ars
well sited and properly operating, the variance will be small. The RAD data
showed the standard deviatlon of the difference to be less than 0.2 n/'s
(variance of 0.04). This should be the minimum condition for a good CTS daia
set. [f the variance is .04, the minimum sample size ie 900 w 0.04 = 356,

Assume the subject anemometer produces a scalar average speed
every 15 minutes and it s not possible to wire the output intc the auditar’s
data logger. The CTS uses 90 samples, one each 10 s, to assemble lts : .
concurrent 15 minute scalar average. At this point, one can take cne of two k./
paths. One is to assume that the subject ig operating well, has a short enough WP
distance constant and is likely to agree well with the CTS on a sample to
sample basis; not perfectly because a large bias can still have z small
variance. Thers is no way to verify this assumpitlion unless the audit results
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show good agreement. DBased on this assumption, each 15 minute value is a data
point with a sufficient sample size to compare the anemometers. Sach dalum
point can be used in a linear regression analysis to define the sub ject
anememeter’s accuracy as a function of wind speed, 1lf znocugh dynamic range

exists in the data period. In Jjust a few hours, then, the CTS method with this

assumption will produce a2 measure of accuracy. -

The other way is to treat sach 15-minute average as a single
sample of 13-minute aversged data. A % hour peried will rprovide the minimum
sample size of 36. This ls an awkward periocd of time. It takes some time Lo
install the CTS and many auditors work € hour days like other people. There is
no such thing as teco many samples. Added time usually enlarges the dynamic
range for the audit. The optimum CTS audit goes for something like 24 hours,
one diurnal cycle. For an example of this CTS audit, look at. the data listed
in Table 4.2.7.1,

Each value is 2 20-minute scalar average. The sub ject
anemometer is a Climatronics F460 cup (C-V-W). The TS ig =z Young Propeller
Vane (P=V-W) located 3 m away. Both are at z height of 10 m. The standard
deviation of the CTS sensor ls shown for each 20-minute period. The difference
between the subject znemometer and the €T3 1s sheown in the column headed. by
"Y-H." HNotice that the average difference is 2 small -0.12 m/s and the
standard deviation of the difference series iz 0.10, half of the maximum
criteria. To express the accuracy of the sub ject anemomeier with respect to
the CTS, a linear regression was run. The coastant of 0.02 m's says there is
nw blas of significances. The X Coefficient of .98 sava Lhat there ig a 4 %
underestimate of speed at all speeds. The hest 7it straight line through the Y
points is calculated by multiplying the X (true) walus by the coefficient and
adding the constant. The residual error is thep found by subiracting the ¥
value from the estimated ¥ value, ¥', (column headed by ¥'-X). HNotlce that the
average difference is 0,000, as it must be, and the standsard deviation is
lower, 0.07 m/s. The audit report for this subject anemomster would report the
error of £ % in the slowe of the subject transfer functiorn. (NOTICE: This is
an example. The CTS is arbitrarily sslected. It is possible that in this case
the CTS was 4 % high or they were each off 2 %. That is net important for this
example and the speeds ars so close that this analysig was not included in the
BAQ ewperiment.) These datz are shown graphically in Figure £.2.7.9 and Figure
4.2.7.10. The anemometer data are shown on an XV plot with the best it
straight line through 'the 72 points. Figure 4.2.7.10 shows an XY plot of the
residuals., Also shown isg the normalized turbulencs, WU/U (s/K in the table),

plotied 25 2 function of speed to look for correlations. There seems to be no
influence of turbulence on the residusl error,

The CTS methed provides a measurs of accuracy which can be
related to wind tunnel tests (MBS and cihers). Some fleld audit devices which
claim this capability must he used with caution [(zee Lockhart, 1985a). Bui the
CTS method does not provide = measure of starting threshold. It is possible to
get threshold data from a CTS audit if the CTS has & low enough thresheoid, say
0.3 w/'s, and if periods are found with samples from the CTS sensors in the 0.5
n/s to 1.6 m/s range, for exanple. Suppese the subject anemometer reported 0.Q
m/s or the 0.2 m's offset value, indicating that it was not turning. The audit
could report the subject threshold te be greater than 1.5 m/s. The best zudit
includes both the sensor control method and the CTS method for wind speed.




%/82 ¥ f
Dates Subject £7%
Tige Gpeed Spead
{8/s) la/s}
1008 3,701 1.729
1020 2.972 2,979
{046 3,557 3.335
P0G 2080 2,509
1120 2,463 2,365
114¢ 2,378 2,399
1290 3,210 I.544
1220 3,511 5.4%3
1246 4,954 4,772
1300 4,281 4,253
1320 4,137 4.455
1340 3,137 3.%%
1800 2,384 2,433
1420 2481 Z.498
; 1840 4,178 4,270
1500 8.281 B.401
1520 7.478 7.893
1340 4,371 £.500
- 1AO0 5,589 £.57h
1620 I.046 I.413
1640 B.338 H.593
1700 7.236 7.43%
1720 5,439 5.338
{740 3,989 &,ill
1808 4.399 4,417
1820 4,407 &,51%
184G I.B47  £,012
g 394l 4,121
1940 4,734 4,474
(940 4,300 4,47
2000 2,907 3.03%
2020 2,881 I.15%
2040 2,049 3.221
260 1747 2,913
220 3,798 1,997
2140 4,085 4,198
2200 3.883 4.031
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Table 4.2.7.1 Simulated Audit Data (BAO 1982)

5
T8
Sigaa
{8i5)
Loo47
2,451
2780
0,544
La12
0., 883

51
3.238
1,113
1319
1,344
130
37
039
287
. 5ht
633
538
LE47
.35
53
.38
73l
333
620
30
0,343
2,291
0,131
0.383
9,442
0,134
0.9022

€l ) Bt e 3 LR e g —

T e e
s W

=

=
-
a3 —
So =D
[- S ]

-

B pq [nD e Bud
D & i k-

- TG~ LR I 3 |

= e
0 o

- o
— i g

P R - R
2T T a2 -

-

SN L |
[ 52

3/Y

(afs)
G.28
0.82
4,78
0.3z
6,80

T
G.37

=2
L, 5d

.57
0.24
0,2%
.30

st
.44
0,42
1.58
0.38
6,21
.26
#,48
1.8
0.52
4,20
0,13
4.048
.18
0.28
0,09
n.67

D o D O D O O o
e a o . A S s o e w

e = e B o e S e
ER £od LN O~ 8 sem L0 L &5 )

Lo

-1

i

{a/g}
=0,11
=0, 1)

=013

=, 14
-0, 17
-f), 04
(.02
-0, 10
-0,00
0.2
0.13
i 0
=4, 41
-, 04
=5, (4
-0, 02
-0. 10
-0.03
0,318
-i1.03%
0.01
=004
-0, 05
-0,03
.03
0,04
¢.02
0,03
=, 04
0.0
¢.02
0,18

0,10

4.21
0.02
4,02
-0,00
4,04
4.0
.00
0,03
0.02
0.0
-9.01

003

8.02

]

oA

KN L ey €N £ S0 £n LA eR €N L OO L kN

an LA AN Cf g LN gy £0 ¢ &N

f

126
140
200
a

240
100
320
340
00
420
440
il
Y
S48
500
62
b0
709
720
740
]
G20
g4
700
720
40

2.82% 3.973%
4198 2,219
1.58¢ 1.742
1484 1,310
1,399 1.63%
2.30% 2,897
LBbZ 1.6%6
§.769 1,934
fo094 1.114
1471 1,453
481 2,288
1,358 1819
3318 3303
5060 F212
f.932 2.074
1.763 1.83
G930 0.9
0,638 .523
1.809 1.9%4
1970 1,377
U438 LG
1AL 2.000
1,181 1,143
2.800 3.013
4.236 4,402
3.339 4,000
Aversge

(. 480
. 180
$.220
4,37

T

LAY

0,071
0. 280
4,422
4,173
§.292
0.3l%
0.349
0. 891
0.537

£,732

Standard deviation

s E
T 6 B
T oE 1 L b

<
i

-

T em e

fegrezzioe Dutput:

Constaat

itd Err of ¥ Esk

f Squarsd

Ne. of Observatians
begrees of Fresdoa

I Coeff.
gtd Err

0.9578
. 0048

=0.13
=004
=0.04
=G 03
-9.02
=413
=0.03
=017
-, 0h

.02
=0.10
=0. 08
-0, 19
=G, 15
=0, 0
=4, 07

.02

3.1t
=00
)
=0.04
-, 09

.02
=003
-0,12
=015
~0.122

0. 100

4.2.7
Q

17 Sep B9

11

=0.01
<. 02
811
={r. 01
-0.02
G.04
=, 01
0. 1l
G, 04
-0, 03
0.03
0. g4
.04
.04
.02
0,02
-.04
=0, 11
=.0¢
=0,08
-.0%
4,03
=0.04
§.03
-0, 08
.81
(. 000G
(. 089

0,0233
0.0699
0.9982

1

ia

70

af 20

¢
|
] |

\\‘{//




Section Mo, 4.2.7
- Revision No. a

SIMULATED CTS AUDIT % Is2%

Propeller Vane (P=V=W) as Coliccated Transfer Standard
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4.2.7.2.3 "W Anemometers

Some stations measure the vertical component of the wind, with
an anemometer sensitlve only to the vertical component of the wind. &
vertically mounted helicoid propeller, ar "W" propeller, is the most common
instrument for this measurement. The same audit methods can be used as are
used on a propeller anemometer. A synchronous or d.c. moter will challenge the
rate of rotation vs. wind speed and a torgue device can be used to {ind the
starting threshold. The common manufacturer's recommended practice is to use a
different transfer function for the W propellier than the one applied when the
same propeller is used for vane-oriented speed or for the N-S and E-W
components of a UVW anemometer.

4.2.7.2 Wind Direction
4.2.7.3.1 Sensor control

The first thing to do on a performance audit of a direction
vane is to record the as=found orientation value. Have the operator hold the
vane so that it poinis te or from {(whichever is most accurate for aiming) the
distant orientatlon target. Verify the alignment by viewing the vane and
target from the ground. Move back away from the tower or mast on = plane which
passes through the sensor and the target and verify that the vane is in the g
plane also. Fleld glasses or a theodolite can help make this sometimes (.)
difficult cobservation. The vane must be held steady or clamped until a A
congtant output exists for a few minutes. Record this value.

The controlled condition for a wind vane is a relative position
of the vane with respect to the sensor housing. There are several Wayes to
impose a series of kneown relatlve positions on the vane-sensor combination.
They vary In effective accuracy. [t is critical to kpow the time constant of
the direction circuit BEFORE starting the performance audit. It can be .
measured by setting the vane to a knﬁgn direction, simulate a wind from 0%0
holding the vane steady until the Q90 (or veltage equivalent) output is
steady. Mave the vane guickly (< 1 s) to 270 and measure the time constant of
the system. Assume that a time constant of 3 s is measured. Table £.2.7.2
shows the change in output angle and voltage (assuming = 540° format and 3V
cutput) as a function of time.

Table 4.2.7.2 = Time Constant Effeacts

Time Time Vane =  ——-——mmmme—ee Output ==——————
Constant Angle Angle Angle Error (540853 Change
{Na, ) (sec. {deg. ) {deg. ) (deg.} (volts)] (%)
0 i3 080 el o 0,933 .0

0.2 a.5 270 104 164 Q.981 s

i 3 270 204 (-] 1.889 63.2

2.3 6.9 270 252 13 2.333 90,0

3 o 270 . 261 g 2,417 95,0

1.6 13.8 270 263 2 Zz. 483 92,0

6.9 20.7 270 270 G 2.438 99,9
(after Fritschen and Gay, 1979)
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Motice that in this example a 180° shift requires waiting 20
seconds for the reading to be representative of the new position. If a 90~
shift is used, 14 seconds will provide zn cutput within | of the final value.
If measurable time constants are found, suggest te the operator that the
manufacturer be called about steps which might be taksn to modify the circuit to
a minimum time suitable for 60 Hz nolse filtering.

The least accurate method for challenging the relative positien
accuracy of a wind vane is fc point the vane in various directions while still

mounted on the towsr. This can provide positions related te external objects
rather than constant angle changes. I3 is estlmated that the accuracy of this
method is two to five degrees, with ths sxception of a parallel alignment. The

tall vane can be located parallel to a cross arm to within one degree, and held
parallel cn 2 calm day. ’

4 second method puts the operaling sensor in a controlled
situation like a roecm where the electronics are located. Theosensor can be
placed at the center of a template with radial lines every 60 . The sensor can
be oriented to the template and the vane
moved and clamped when the vane is paraliel
to the radial lime.. If care is taken Lo
avoid parallax errors (non-parallel or
non-perpendicular cobssrvations) this method
can provide relative accuracy on the order
of one degree.

The best method replaces
the vane with a fixture with the capability
of helding the shaft in fixed positions
Wwith respesct to the sensor housing.
Fixtures of Lhis type can provide .
repeatable position accuracy of < 0.1
Figure 4.2.7.11 shows such a device. 4
different application of this precise
method uses a theodeolite base as the mount
for the sensor. With the vane or vane
substitute held in one positicn, the base
can be rotated in very accurats steps.
Theodolitz worm gear assemblies divide a
circle in wheole degress with a vernier
2d justment with 0.1 degree index marks far o ‘
enough apart to allow eagy lnterpeolation to o ) ’
0.0Z degrees, a resclution wasted on the ’
application of wind dirsction measurement.

4,2.7.11

The zudit repert form
should contain the transfer functicn ussd
to convert output voltage to azimuth
degrees. This may include a2 540 format
where azimuth values greater than 360 are
reduced by subtracting 360. The report
form sheuld alse contain the challenge
progressjon used by the selected method. Filgure 4.2.7.12
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For example, Fig. 4.2.7.14 and Figure 4.2.7.1%, show an audit methodaand audit
form for wind direction which specifies 16 relative angles, each 60° from the
last one, in a glockwise rotation for 420° followed by a counterclockwisg
rotation of 480 . This tescts a 540 format, provides four samples at 180
{dupiicates from each direction) and a duplicate counterclockwise 240 pair,
The report of this series describes the range of relative srror resulting from
the shaft position measurement of the sensor (see 4.2,2.2.2.3 for an exanple ).

The starting threshold of the bearing and transducer assambly
sheuld be measured by some method (see 4.2.2.2.1.2 and 4.2.2.2.1.3).  If the k
value is not avallable to convert the torque to threshold speed at some
accuracy angle, the operateor should be requested to ask the manufacturer to
provide it for the next audit.

The bearing to the orientation target should be independently
challenged with a metheod capable of better than compass accuracy. A theodolite
is ideal for finding the bearing to other distant objects. A sclar ohservation
is recommended {(see-4.3.4.3.2).

The last activity of the sensor control audit is to repeat the
orientation test described above for the as-found value. The as-left value
will represent any changes the operator may have made and the new erientation, .
if the sensor was not keved for orientation. k.J
. A

4.2.7.3.2 CTS Method

There is no technical need for z CTS audit of direction. Mo
new information is added by this method to that gained in the sensor control
method. As a parallel example to the simulated CTS speed audit, data from the
same period of time from BAD is shown here, structured as 2 simulated CTS
direction audit. Table £4.2.7.3, sorted for ascending CTS direction, shows the
20-minute average direction for both ihe CT8 (Young Propellier Vane, P-V-W) and

the subject (Climatronics F460, C-V-W). Also shown is the Ty (ar EA) for each

20~minute period. (See Lockhart, 1988, for a discussion of the impact of the
sample size for Ty The EPA reguired sample size for sigma calculations is

360. Only 180 samples were avallable in the BAC data) The mean end standard
deviation were calculated from samples taken every 10 s. The difference in the

mean for each period is listed under the heading "Y-X" and each period may be
considered a.valid audit, having met the reguirement for a minimum number of
simuitaneous independent samples, HNotice, however, that the 72 pericds in the
diurnal cycle did not include any averages from 001 to 107 degrees cor 30 % of

Lhe dynamic range. The regressiog analysis is of little value for direction.

The average difference of about i shows how closely theg were oriented to TRUE
NQRTHN The standard deviation of the diffsrences of 1.3 iz smaktler than the

2 suggested by Lockhar: [(1988) as the maximum variability for an acceptable

CTS audit. Larger standard deviations must be investigated to find the problem

in the subject vane.. Froperly operating vanes will meet that criteria. Figure
4.2.7.13 shows this "audit" data in graphic form. It is comforting to note ; b
that even with very turbulent cenditions the vanes track each other on the '\.,J
average, =
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Table 4.2.7.3 Simulated CTS Direction Audit Data

N X
Gub3ect GTS
Direction Dirmcison
(deg. !} deg. )
110, 7Z 108, 55
1d6G. 18 12160
135G, 01 134,38
149,21 i48. 18
170. 9% 707 h
171i.8% 17348
17912 173.71
[78: 18 174, 82
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17%.81 LTR, 5%
1B 4F 179 sk
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18&. 77 183,95
184,24 1B3. 74
184,91 185 29
194,90 185.82
187.74 187,07
1G9.05 187. 83
189. 53 190, L2
191,87 C1FL.04
195,01 121,43
194,04 193,68
199, Bs 19303
197 .68 19717
159,44 198. BB
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aUZ. lh 203,37
I0E. 3T 202.9%
205, Q0 204 B
2035.77 el PR

208, 97
207,85
20F. 18
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SIMULATED CTS AUDIT @

Propeller Vane {(P—V—-W) as Collocated Transfer Standard

-

Regression Analysis

5801 v = —0.22 + 1.005 X -
Data: Boulder Experirnent }jJ//)*
9/4-=5/82 . */*
72 = 20 minute averages : ' ' s
270 =

180 /

Subject {C—V—W) Wind Direction (deg.)

nge - 1.
KEY - - . e e R
X =T = » ¥ & mmmmmm - 80 o
. S : 00 SRS, 4i0 S - VSR S e 95 T
Sigmea Theta = SIS A = i
5 g%ﬁ&ﬁﬁ&%#& x = o
096 180 270 360

CTS (P-V—W) Wind Direction [Thetal (degq.)
Figure 4.2.7.13 Simulated CTS Wind Direction Audit Data
4.2.7.3.3 Yeriical Wind Direction, ¢

The sensor control method is used for blvane auditing. The
vertical part of the blvape operation is treated in the same way as the
horlzental part, except different fixtures are used. Speclal [ixtures are
required for each bivane design, but the prinsiple is the same. A relative
zero point ls set when the fixture is attached feo the bivane. That peoint is
whnere the vane shaft is perpendicular to the wertical axis of the senscr. TFrom
this starting point where the output should be the egquivalent of 0°, the vane
is held in 15 steps until its physical limits are reached, beth tail up {+)
and tail down (-}. Threshold is very hard t¢ measur=s on a bivane because of
the static balance conditions of the vane. If the vane is perfectly balancsd
and its remains where ever it is physicalily moved, a force gage measurement ai
some distance from its axls of rotation will vield the starting thresheld just
ag the vane begins to move.

4,2.7.4 TURBULENCE OR Tq and @¢

The measurement discussed in this section is @ cr 4. The sigma valuss
result from how the samples are combined to estimate the statistical
parameters. It is a part of the auditor's job to determine how the algorithm
works and to challenge that process with a known input. This is also a
functiconal way to document the impact of the signal conditicning time constant
on the measurement of direction variability,




The challenge should be realistic or at least within
range. The challenge must take into consideration the wavae
variable direction imposed on the system in czlculating the
with which the output will ba compared. The effective time
direction system, caleculated from the delay distance of the
nominal wind speed important to air pollution applications,
Raximum frequency used in the sigma challenge.
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This methed describes the relative perfarmancs of the wind wane
as a shaft-psition transducer and the grisntation of the
traneducer with respect to true North. The former is.done with &
finture, part of which is mounted to the ransducsr body and part
maunted to the shaft in place of the vamg. THe latter requires a
determinaticn of trues North {(ses MSI method SHOOE) and a setting
oFf the :tranzducer relative to that orientation.

Wind Yane — ME] method WYQDS (varsion B71/84)

Tha renort form for this method includes space f$or the optional
method to define the "open space" whers relevant o the ssnsor
and spplication. Alzo there . is space to record starting torgue
measurements and system time constant estimstes for turbulence
measurement. }

WYnod=3a  FRemove the wind vanme assembly (vane, shaft and countar-
watghtl. A 1/89" shatt is reguirsd. i the censor does rnobt use
that size or it i= mot accessible;, am interface fittimg is
reguired, Mount the disec am the vertical shatt. HMount the clamo
to the support column for the shaft =0 that the pin engsges the
dize amd the disc iz free to move when the pin is withdrawn. Sat
the fixture parts with the pin in the 180 degree hole, FAotate
the clamp uniil the output indicates 1840, @ither by eguivalent
valtage or digital printout. Sincs this ig a positien
measurement, the challenge iz sonstant and imstantaneous valuss
may be us=d, being sure to reasct to the needs of thg time
cometamt for stable readings. Mowe the disc (wane substitute) Lo
the follawing positiens taking date at each paoints P20, i,
TeO, I0Q, Zao, 1806, 120, 180, 244, a9, I&0, 00, 120, 180, and
2410 d=greas. Thi= movee the "vane” 420 degress counter clockwis=
and then 480 degrees clochkwise to test "S40¢ strategies for the
gngle dizcomtinuily.

WMODd—E  Detine the “open space” for Ib0 degree potenhiometer
rransducere. Install thes index line fisture to an aopropriate
position with rezepect to the protractor mounted te hthe gdisc.
Dizencage the pin. FRotate the disc wrtil the sutput changss from
maximum woltage to five degrees less than maximum. ARecord bhe
angle to 1/Z2 deagree resclution. FRotate the disc back fTeward
maximum valtage and record the anglz when maximum is Ffirst
reached. Rotate the disc until the outpubt changes from mimimnam
voltage tm five degrees greater than the minimum, Regord the
angle. Reotate the disc back toward the minimum voltags and
recard the angle when minimum is first reached.

WWOO4=0 After having found a distant target of known direction
{see SNOOZ), set the wane so that the direction is the gutput ©
the semsor., Clamp the vane tm the shaft suppars tuke so that the
output stays constantly carrect, Bven with Light wind forces on the
VaANS . In Heavy wind, a fistures replacing the vane is reguireds.
Flace the sepsor in its mount and rotate the sensor body wrteil

the vane counterweiaht points to the target. Clamp the sensor in
plzee, check the oubput and remove the vane clamp. Record one
svetem data point with &ll cahles in place and the senser clamnped.

£
7

w

Figure 4.2.7.14 4 method for auditing a wind direction sensor
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4,2.8 ESTIMATING ACCURACY AND PRECISION
4,2.8.1 Measurements

Section No. 4.1.% contains a detalled discussion of methods of i
gstimating accuracy, precisicn and bias using wind speed and wind direction as
examples. That materizl will not be repeated here. The measursment procoss
begins with an instrument which has some slement or part wnich is sensitive fto
the variable of interest. If interest is in air flow with respect te the
surface, there are twoe variables, wind speed snd wind direction. Each part of
this section discusses various aspects of how the measurements might be made,
calibrated, operated, maintained and documented tc support z claim of
measurement validity. It is recognized that instruments are usually parts of
data systems with sampling, processing and summarlizing routines designed to
produce final elements of a data base to be used for some apblicaticn. The
earlier parts of this section were devoted {o methods of tracking the
measurement process all the way through the system to the system output.
Acocuracy was addressied in terms of how well what was designed to be done was
actually dome. The second part of this sub=seciion will desl with how well the
system design serves the application.

4.2.8.2 Summarized Data

Summarization schemes are many and preclude a full discussion hers. The,
auditor should define the methods used and commeni on the appropriatenass of K
the method to the application of the summarized data. Thers may be concurvent
summarizations such as a scalar wind speed, z resultani vector wind speed and
some kind of summarized wind direction. The accuracy of the data sysiem should
reflect sstimated errors because of an inappropriate summarization program.

)
il

A software analysis is required tc be sure that the declared method of
summarization is In fact belng accomplished by the computer program. For
example, 13 the scalar average wind direction aveiding the error of averaglng a
circular range with a discontinuity? If the average of winds ranging hetweesn
3007 and 060 turns out to be about 180 , this problem still exists.
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QUALITY ASSURANCE FUOR TEMPERATURE
AND TEMPERATURE GRADIENT (AT}
4.32.0 SUMMARY

The measurement of temperature iz standardized in grest detail by all thoss
organizations interested in such procedures, ASTM, ISA (Instrument Society of
Americal), and TMS (Tamperature Measurenment Society). The wroblem with
meteorclogical applications is that the free air temperature 1s required. This
means Lhe transducer needs to be expesad to the atmosphere which is in turn
exposed to the sun about half the time a2nd to the very cold outer space the
other half. The atmosphere is conditlionally transparent to heat sources (the
sun) and sinks (ocuter space) so shielding mist accommodate z wide range of
radiative conditions. Wind also influences the temperature shield. It
trapnsfers heat to and from the shield in = varizble way 2z a _function of wing
speed. Most effective shields use forced aspiration Lo expose the transducer
to nearly umnmodified outside air. Wind speed may also play a variable rele in
Lhe performance of the aspiration sy=stem.

This section concentraies on the metesrological apolicatiions of air
temperature weasurement and the differential temperaturs measurements which zre
interpreted as temperaturs gradients and zpplied as a neasure of vertical
stabilitv.

Since the application of the measurenent should define the accuracy needed,
both the relatively course zir temperacure and the relatively fine temperaziure
difference measurements will be considerad.
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There are several materials and structures which change In some way as 2
function of temperature. General books on meteorclogical Instruments such ss
Mason ana Moses (1984), Middieton and Spilhaus (1953) and particuiarly Hroek
and Nicolaidis (1984) will provide details on = varleity of thess sensors. From .
the standpoint of gquality assurance, a few basic principles and & few stand
types will represent the vast majority of instruments in use for air quality
applications.

[w]

4.3.1 TYPES OF INSTRUMENTS

The measurement of temperature for air quality applications is generzlly
thought of as either air temperature, T, or a difference between two
temperature measurements, AT. The application of these different measurements
require different specifications and auditing metheds. The two types of
temperature measurement will be treated in later sections as separale
measuremsents.

Temperstiure instruments are made up of three important parta., The
transducer is the device which changes its electric value as & Function af the
temperature of the transducer eslement. The signal conditioner and cables
convert the eleciric value to a recordable ocutput, usually valis. The
aspirated radiation shield is the mounting siructure which holds the transducer
in the atmosphere where the temperature is to be menitored. Each of these
three parts will be discussed separately since there are various combinations (.\
possible. X n//

4.3.1.1 Transducers

Consider the transducer as the part containing the sensing element. In
most cases, the sensing element is the transducer in air quality menitoring
applications. The element is usually a thermistor (or thermistor netwerk) or a
winding of fine wire on am ilnsulated bobbin. It could alse he a thermocounle
or a c¢lreuit element like an integrated cirecult (see Cole, 1978). . The glements
are usually encased in a protective capsule and sealed. From an operationzl
standpoint It only matters how the sensor reacts to the temperature inside the
aspirated radiation shield.

4.3.1.1.1 Thermistors

The thermistor is an electronic semiconductor made from certain
metallic oxldes, such as nickel, manganese, iron, cebali, copper, magnesium,
titanium and other metals. It is a nonlinear element. One common supplier
{Yellow Springs Instrument Co. [YSI]) sells both the standard thermistor and
the “linear" thermistor. Table 4.3.1.1 shows = typical negative thermal
response curves of raw thermistors and the nearly linear response of the
network thermistor. Alsc shown 1s the positive response of twa platinum RTD
(resistance temperature detsctor or gesistance thermal device) for contrast.
Notice the large average change per € with the YSI bead thermistar betwesn
10 C and 20 C (222Q) as compared to the network thermis:ior {(12882) or the 100
RTD (0.4Q) or the 1000Q RTD (3.8Q). The raw bead thermistors are included
because, in the future, microprocessor-based data systems can handle nonlinear
transducers as easily as lineariged cnes. The "linearized® Y$1 has a smzll
oscillating error of about # 0.1 C with a wave length of about 40 €. The
impact of this error on temperature difference systems iz small. At the
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Table 4.3.1.1 - Senscr Hesistance vs. Temperaiure

Thermistors Flatinum RTDs
It o R i Yol —mm=— e — = TNCD -~ — ==me T =CAL ———~
T 44037 44203 network 3-100 Pt 10006 Pt
(7C)| (ohms) (as) (ohms) (Af1) (onms) (45) (ohms)  (£Q)
=10 16500 13438 96 . 09 961.84
-884.0 =127.9 0,391 J.g1s
0 9794 12159 100G, 00 100¢.00
=382, 5 =125.2 0. 390 3.804
10 5971 10906 103.90 1038.04
~222.3 -126.1 0.389 3.792
20 3748 9645 197.79 1075. 98
-133.1 - -128.¢6 0.383 3.780
Jo 2417 8359 111.87 1113.78
-81.9 -128.8 G.387 3.768
40 1598 7072 118,584 1131.44
-%1.7 -123.6& g.383 | 3.756
a0 1081 5836 119,29 1189.00
(&2} iz ohms per degree C for the 10 degras range
VBl ——mmmme Yellow Springs. OH 43387
MINCO----=7300 Commerce Lane, Minnespolis, HMN 55432
| N BI-CAL-=--9830 Telsiar ive. El HMente, CA $1731-3093

@c - 3 = i 1] 1
steepest slope il is 0.025°C per degree differsnce. A AT would need to bhe +
4 C before the error reaches 0.1 C, at which point ths error is meot with
respact to zpplicaiion.

The big advantage to thermistors is the relatively large
resistance of the element with respect to the resistance of the gignal cable,
Lockhart and Gannon, 1973, peinted out the fact that it would take a 12.5@
difference in cable resistance to two senscrs of a AT pair to cause a Q.1 C
error (blas) in the AT measurement. Most signal conditioning circuits have the
capablility of adjustmeni to eliminate such =z bias. Anciher little known
advantage is stabllity. &4 several year stabllliiy test conducted al NBS showed
thermistors to bhe extremely stabhls. Thiz is conirary to early experisnce which
suggested that thermistors often failed with = shifi in the transfer funeticn
{obms vs. temperaturs) galning them a reputation of lnstability. Betier
packsging designs and better handling practices have gllninated many of these
problems.

4.2.1.1.2 Wire bebbins

The resistance of a wire changes with temperature. I[f =z leng
Pizce of fine wire can be handled in some way, it can be used as a temperzturs
element. Winding the wire on g non~conductive bobbin 1z the traditional nethoo
of handling, When the bobbin is large and open, z very fast response senscr is
made. When the bobhin is pottad in a stainless steel Jacket, 2 more
traditlonal slower response ssosor is made. The transducer in both cases ig =
length of wire. Different metzls have different temperature cogfflcients. 4

L
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40 gauge (0.08 mm diameter) wire at 20°C made of annealed copper has =
resistance of 3.40/m. [f 1t were made of German silver the resistance weuld be
63.%902/m. Platinum and iron are each 20.0 (/m while nickel is 15.6 Ovm.
Manufacturers, choosing for stablility, ease of handling and cost for a suitable
resistance, have settled on a fow materials. Platinum (1002} iz the most
common {or meteorclogical applications. WNickel-irenm is ancther common wire
providing a higher resistance at a lower cost with good stability.

Because of the small resistance change for a 1°C temperaturs
change (0.4%}, the transducer resistance must be measured with both high
resolution and aitention to cable resistance. Three and four wire bridge
c¢ircuits are commonly used, the latter being best for handling long cables. 1t
will be shown in the secticns on calibraticn and auditing that many of the
details of the transducer and circuits need not be ¥Xnown. Only the system
performance is important. -

4o3n1.1,3 Mercury-in-glass thermometers

These thermometers are not transducers, but they are commonly

‘used for calibrations. Some styles have enough resolution to be read to 0.02°C

with some care. The ASTM series of Precision thermometers are examplas of
these. They are 37.9 cm (15 inches) long zand breakable {and expensive = $30 Lo
#80 each). They are %lso calibrated for total immersicn. The ASTM 62ZC hasz =
range from =38 to +32 C and scale divisions of 0.1. The ASTM 63C has a range .
of =8 to +32 C and also has scale divisions of 0.1, but they are farther apart |
making interpeolation more accurate. [f higher temperatures are needed, the =
ASTM 64C has a range of 25 to 535 C.

[}

)

4.3.1.1.4 Thermocouple systems

The thermccouple operates on the principle that when two
different metals are joined, a small voltage with a temperature- dependent
magriitude is generated. By comparing this voltage to the voltage generated by
5 second thermocouple in a thermally stable epvironment of known temperature,
the temperazture of the first thermocouple can be determined. Because of
complex circuitry and problems with conductors, thermecouple systems are no
longer popular transducers for metecrological menitoring.

Thermecouple pairs are well suited for differentia] temperatures
measurement. They provide the same voltage far any size wire which makes them
ideal for miniature fast response applications.

4.3.1.2 Signal Conditioning

There are a multitude of circuits which will measure resistance.

Usually the transducer and the signal condiiicmer are purchased as a svstem,

complete with interconneciing cables., This ig advigable since the range of
resistance vs. temperature is gquite large. Zignal conditioning circuits may be

ad justed to comform to individual transducers ar transducer pairs. They may

alsc be adjusted to a generic or theoretical curve or transfer functiom. It is
important to understand the funciion of the signal conditioner and to treat it ;.
as a part of a system along with the transducers and the cables. h\‘,)

w
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4.3.1.3 Aspirated Radiation Shieids
There are many kinds of shislds, as Figure 4.3.1.1 depicts. Most of the
gryer in measuring air temperature comes from the shield. 1t is also true that

the magnitude of the error is largely unknown. In Sectiom 4.3.2
SPECIFICATIONE, there is a detailed discussian about accuracy of shield

QF

performance.

The measurement of the temperature of ihe iree aimocsphere a2t the point
where the shield intake i3 located is the gm 4 shield protects the seascr
frem radiation and provides the mechanics muunt for the senscr on a tower or
mast. I[f the shleld iz not aspirated, or designed for effective natursl
ventilaticn, it may become little more than = larger senscr case resulting in
the same radiation errors as an unshielded sensor but with a longer i{ime
constant. To avold thiz diffieulty, it is necessary to draw the air into the
shield in such a way thait it is not modifisd by the shield remaerature out will
come to equilibrium with the transducer 2t sope average Lims

Forced aspiration is the only way to minimize radiastion error for all
conditions. A fan draws air In past the transduﬁer 8t & speed guitable for
minimum error. Forced aspiration can be desi gned {o provide a flow in the
right direction under all ambient wind conditions. Ingufficlent pressure drop
in the fan during strong winds may allow reverse flow to occur transporting the
feat from the fan back to the trangducer (Lockhart, 1$73).

—
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Figure 4,3,1.4 Examples of various radiation shields
(MeXay and MeTaggart-Cowan, 1977)
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The purpose of deflning specifications is to give unambiguous meaning to
the terms used by all those who are concerned that the instruments and gystems
selected and operated will meet the needs of the application or project. This
starts with procurement specifications and ends with supporting claims of data
quality. These specificatlons provide the hasis for receiving lnspection and
testing. s

4.2.2 SPECIFICATIONS

Project and application requirements vary. To make this handbook as
specific as possible, the examples used will be comsisient with thase presenied
in the Gn-Site Meteorological Program Guidancs for Regulatory Modeling
Applications (EPA, 1987b). The specifications for temperature are range and
accuracy, The performance of the radiation shield is not defined by
specification. There is an Ilmplication that the accuracy requirements include
this error source, but if they de there is no way suggested to verify the
periormance of the shisld,

4.3.2.1 Delta Temperature {(AT)

The omiy requirement in EPA (1987a)} regarding the vertical temperaturs
diffegence is "Errors in measured temperagure difference should not exceed
0.003 C/m." This rate iz based on a 0.15 C accuracy for g 50m separztion.

The requirement came from a time when AT was traditionally measured betweéen the
iower 1Om level and the upper &0m level on a tower. If 2 shorter tower is L.
used, like a 44m tower, the =eparation between 10m and 44m, namely 3I3m, would &
show smaller lapse rates and inversicns., If the same RCCUTACY wWere tao be

preserved in measuring the equivalent or repres&ntatige AT from the shorter

tower, the measurement accuracy had to be better, .0.1 © in this case. Some

operators went to even shorter towers and to assure an aporepriately accurzte
measurement system, the reguirement was stated as a per meter error.

The above requirement is impossible to meet with the new 10m towers
Including AT. [f the aspirated radiation shields are mounted zt Zm and 9m (to
aveid interferencs with th§ 10m wind), the reguirement is to not exceed an
error of ¥ x 0.003 = 0.021 C. This is an accuracy which is hard te prove, let
alone achieve.

. The dynamic range for a AT installation on a 60m tower might be from
-2 C to +13 €. Convention for positive and negative AT is:

{-) a lapse rate is the normal decrease of air temperaturs with
heighg limited by the auto convection rate of 3.4 C/100 m er
0.334 C/ m. A lapse rate produces a megative AT.

(+} an inversion is the inverted lapse rate or an increase of azir
temperaturs with height. There is ne limit for inversion strength.
A inversion producss a positive AT,

The dynamic range between 2m and 9m is not much different tham that between 10w

and 60m. During the EPA-BAQ experiment in 1932 {(Lockhart, 1988), @ pair of AT il .
sensors was mounted on tower 4 at 2m and 2.ém. Each sensor was a 1002 Rosemont \.y
platinum RTD in a Young aspirated shield. On tower 3, also at 2m and g.6m, a e
pair of MRI-YSI linearized thermistors mounted in MRI shields (patterned after

the Young shields) were cperated. Figures 4.3.2.1 and 4.3.2.2 show three davs

of 20-minute average AT data and 2m temperature data from tower 3. Alse shown
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is the difference between the two 20-minute average AT measurements from the
two towers. Note the dynamic range of -1.3°C te +4.5°C (per 6.6m} and the
agreement between the two different instrument systems. For the three days the
average difference is -0.02 C With a standard deviationm of 0.10 €. The dalily
temperature range was about 17 C.

The reason the dynamic range is so high for such a small separation
dlstance ls that the surface i1s a better radiation receiver and transmitter
than ls the air immediately above it. The surface is almost always hotter ar
colder than the air above it. Convection and mechanical turbulesni mixing drive
almost all of the heat flux between the surface and the air. The closer the
sensors are to the surface the larger the temperature difference per meter of
separaticn. The drawback is that,the closer the AT pair iz to the surfacs the
more sensitive the differential measurement is to local surface conditions or
character. A black top road will affect a 2-i0m AT much more than it will
affect a 10-60m AT. The lower sensor really drives the AT and 2 2m temperature
will vary mere than a 10m temperature. '

For these reasons, the suggested procurement. specification in the
On=-Site guide (EPA, 1987b)} im 8.1.3 reads:

"Range . =3 to +15 degrees C.
Relative accuracy (error) =0.1 degrees C.” -l
@
While calibrations and audits of both accuracy and relative accuracy are "W

usually conducted in controlled environments, %he measursment is made in the
aimosphere. The greatest source of error is usually soclar radiation. Solar
radiation shield specification is therefore an important part of the system
specilication. Motor aspirated radiation shields {and possibly naturally
ventilated shields) will satisfy the less critieal temperature measurement. [t
is eritical that the same motor aspirated shield design be used for bolh
sensors used to measure AT. The expectation is that the errors from radiation
(likely to exceed 0.2 degrees ) will zero out in the differential measurement.
A motor aspirated radiation shield specification might read:

"Radiation range -100 to 1200 W/m°
Flow rate 2 m/s or greater
Radiation error <0.2 degree .

Data sheets from five manufacturers (listed alphabetically) specify
their aspirated radiation shields as follows:

1. Climatronics TS~1i0 Under radiation intensities of 1100 W/ma
' measuremeng errors due ifc radiation will net
exceed 0.1 C. Aspiration rate 3 m/s ab sensor
location.

2. Met One 076 Radiation error ~less than 0.05°F (0.03°C) .
; under maximum_solar radiation of
|

1.6 gm-cal/cm*/min (1100 W/m®). J X
Flow rate 500 ft/min (2.5 mn/s). B
3. Qualimetrics 2150-A Radiation error - 0.05°C during maximum aspiraticn

and full sun. Air speed 360 ft./min. (1.8 m/s).
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4. Teledynes Gsotech 2327C Shilelding - Under test radiation flux density of
1100 W/m; girrors caused by radiation are less
than 0.1 C. Aspiration rate & m/s at sensor
locaticon.
5. H. M. Young 43402 Radiztioy error - under rzdiztion intensity of

1080 ¥/m", Amblent temperature ~ 0.2°C BMS,
Delta T - 0,05 C AMS with ldentical shields
equally exposed. Aspiration rate = I ms.
It ig difficult not to notice the similarity among these very different
designs. An auditor would need 2 comparative field test to find the reiative
grrer from solar radiation. Such =z test be done uzing a AT sensor pair
with twe {ar more) shields collocated at the same level. [ the transducers
are well calibrated, the relative temperaturs of the transducsrs can be known
to 0.02 C. these transducers in the two aspirated radiaticn shields will
report the relalive perfermance of the zhislds to the sape relative accuracy.
The one which is coolest in the daytime and warmest at night has the least
radiation ercer. Several diurnal cyclss witk sunny days and clear nights are
required. Such a test series could identify the most efficient shield which
could become a standard agalnst which 2 relative error analvels of any shield
could be made by & CTS method.

O
5 M
=

4.3.2.2 Tempsraturs

The zccuracy specification for temperature is suggested in
EFPA (198Th) as

"Hange =4{] Lo +60 degrees C.
Accuracy (error) =0.% degreeg C."

Some applications such as "P3D" permits without fog problems require an
accuracy of only 1 degres C. For locsztions with winds generally abave 1.5 m/s,
a2 well designed naturally aspirated shieid can provide 1 degree C. accuracy.
When the zpplication requires an aspiratzd radiation shisld, the shield
performance reguirement should alse be ircluded in the specification. It is
customary to use the lower AT shield fo aspirate beth the temperature and half
the AT pair. Some designs develop AT by subiracting cne temperature
neasurement from the other, in which case there is enly one sensor in the lower
shield.




-

Section Ne. 4.3.73
Revisicn No. 0

Date: 17 Sep S
Page: 1 of 2\.;

4.3.3 ACCEPTANCE TESTING

Thers are two ranges of temperature to consider. One is the measurement
range and the other is the envircnmental cperating range. The two might be
gimilar for remcte installations without commercial power ar air conditioned
shelters. The operating lemperature range of the signal conditioning circuits
for remote installations is 3 function of the radiation shielding of the
electronics and the heat generated by the circuit operation. The elactronics
may get both colder and hotter than the air temperaturs under these
clrecumstances. The operating temperature range for a stalion with an air
conditicned shelter is much narrower than the measurement range. The recsiving
or acceptance test design must consider these facters. A conventional
temperaturs chamber is required to ceontrol the temperature of the electropics
while the sensors are controlled by a separate thermal environment.

A4 test which demonstrates the operation of AT and T sensors connected to
their signal conditioners is recommended. The test should include at least fLwo
temperatures. Liquid bath or solid thermal mass devices are recommended to
avold local gradients in the air. It ls necessary to remove the sensors from
the aspirated radiation shield and place them in a hath while they are still
connected Lo the signal conditioner. This may prove difflicull to do with zome
designs. Since calibrations and audits are likely to require the same
accessibility of the sensers in the field, it 1is best to solve this potential _
difficulty in the less hostile receiving laboratery space. Perhaps = statement .)
of accessibility needs io be included in the specification. K\f,

Experience has demonstrated that thermal stress can cause sensor failure
when baths are used. The sensors may seem Lo be sealed, but 1f a sensor is
submerged in a hot (40°C) btath for enough time te reach equilibrium and tzke a
series of measurements, and then submerged in a cold (Q@CJ bath, the pressure
change inside the metal sensor cover may draw water inte the element chamber.

[t iIs prudent to assume that the 52nsors are not hermetically ssaled and
te protect them as much as possible. Using solid thermal mass devices is one
way to aveid liquid from wicking or being drawn intc the sensor, but it is not
a total protection. In the above example, room air may be drawn inte the
cocling sensor as the pressure inside equalizes with ambient pressure. The air
drawn in may be saturated at the new cold temperaiura or may condense some
water vaper. Whether or neot this is a pProblem depends on how the sensor is
made, but it Is best tec take what Precautlions are pessible. I complete
immersion is hecessary, wrap the sensors in plastic so ng llguid can get to the
interface where the wires come out of the sensor. Usga partial immersion where
possible keeping the interface dry. Keep temperature changes small and in the
order AMBIENT-COLD- AMBIENT-HOT-AMEBIENT.

Assume the receiving test will use two temperatures, ambient temperature
and an ice slurry. Assume a water bath will be used for the ambient test. If
one to three sensors are in the sysitem, wrap them together along with a
thermometer using a rubber band. Use a Thermos bottle which has been filled . 3
with water several hours earlier. The key to accurate temperature measuremsnts k.J
with sensors of different time constants is in having a2 thermal mass with .
minimal gradients. The value of a Thermos bottle is its long time constant.
[t will tend tc keep the temperature of its contents constant, but all i: can
do is cause the heating or cocling to be slow, In time the contents will be a
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the same temperature as the surroundings, if the temperaturs of the
surroundings is constant, like an air conditioned reom. Wheno this eguilibrium
has been reachsd, the water in the bottle will be at the same temperature
everywhere in the bottle and stirring is unnecessary. Stirring suggests the
need to mix up parts of different temperature. It is better not to have parts
of different temperature and this can be achleved by reachlng equilibrium with
a well insulated mass. ' : '

Place the sensors and thermometer into the Thermoz. Use a cork or some
cover to keep amblent air from circulating ever the top surface of the water
mags. After about J0 minutes, assume the sensors apd thermometer are in
equilibrium (they should be, they went in from the same equilibrium
temperature) and start a series of measzurements. Take {ive meEasurements about
five minutes apart. If the measurements are constant reundsd to the Dearest
tenth degree C, average the five readings and use them Lo describe the
temperature with respect to the thermometer and AT with respect to zero
difference. If the measurements are glowly Increasing with respect to the
siower thermometer, Lhere is a self-heating error. Any resistance element will
get warm when currani flows through it. It is expected that the self-heating
will be small and the large thermal mass will carry the heat away without
detevtion. It 1z alsc possible that the elements ars sam@led and do not have
current flowing coniinuously. If self hesting is detected, or if you wish to
shorten the time teo equilibrium, some mixing of the water in the Thermos may be
useful,

After the response to zmbient temperaturs has been recorded, place the
assembly of sensors and thermometer in a Thermes hobtls containing an ice
slurry. The lce should be made with distillsd water and crushed into pea sized
pleces and mixed with distilled water until an easily penetrable slurry is
reached. As long as ice is present al the hotiom of the Thermos, the
temperaturs of the slurry will be 0.0 20.1°C. Within 1% minutes to cne hour,
equilibrium should be reached. A4 seriss of five measurements taken five
minutes apart should be recorded. If the measurements support the assumption
of equilibrium, then the fige readings are averaged and recorded as the
tempberaturs relative to 0.0 C and the thermometer, and AT with respect to zero
difference.

Accurately reading ths meniscus of the thermometer reguires twe things.
One, is the abllity to see the meniscus and the scale at the same Lime.
Magniflicaticn is helpful even for those with good eyes. It makes the
interpolation keiween scale marks pessible and accurate. Secondly, the eve
must be perpendicular to the meniscus to avold parallax errers. If a mirror is
held against the back slds of the thermometer and the center of the image of
the eye moved to the meniscus level when the scale ls read, the perpendicular
reguirement will be met.
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4.3.4 INSTALLATION

Each design of aspirated radiaticn shield has lts own installation
requirements. The manufacturer’s manual must be used in addition to Lhe
general guidance given here.

The installation location is cheosen to represent the temperature relevant
to the application. The height above ground is the first consideration. [f
the temperature is to be used for climatological purposes, a Zm height abave =
grass surface will do. If the temperature is tc be used to describe the air
being drawn into a manifold for chemimal analysis, the best location is the cne
that represents what the manifold inlet “sees." If a temperature gradient is
to be used to describe the stability of the surface layer, a repressntative
pair of heights is selected. Siting is best done with the concurrence of the
person who will be using the data for analytical purposes, the persgon who will
Judge the data to be valld, and the person who will accept the data and the
analysis on behalf of the regulating agency. Slting by this commlitee apprcach
Wwill henefit from any objective knowledge any member might have, hut its strong
point is in the mutual understanding of the criteria which were uged in malking
the selaction.

The second comsideration is bias from surrounding structures. The temperature
that is weasured is that of the air which is drawn inte the aspirator. If
there is a prevalling wind, mount the radiation shield into the wind such that
the wind passes the shield befors reaching the tower. The farther the
aspirator inlet is from the tower, the smaller the angle segment which can
contain ihe tower heat and the more mixing with non-heated air by the time the
inlet is reached. The distance out from the tower should he the max imum
allowed by the mounting hardware. Special booms for temperature may be
necessary 1f the design does not provide@fer gilting the inlet at least ons
tower diameter from the edge, and if 0.5 C accuracy is expected,
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4,3.5 CALIERATION

The manufacturer’'s manual wiil give instruction for the adjustment of
signal conditioning circuits in response to some input specification. Usually
what ls reguired is =z precision registor, either built in or to be supplied by
the calibrator'using a decade box or eguivalent. Such procedures are assumed
to have besn done and will not be discussed here. The method recommeinded in
this handbook is lndependent of the manufacturer. 1% requires only the generic
transfer function of the resistance slsment used, that iz the chms vs.
temperaiure relationship upon which the measurement syetem depends for accurate
performance.

4.3.5.1 Calibration Eguipment and Methods

The handbook method requ%res three stable thermal mass assemblies with
temperatures known to about 0.1 C. The three mzsses may be one mass used three
times with sufficient time allowed for conditioning to a new temperature.
Sufficient effort must go into the determination of thermal stability and
accuracy of the temperature measuring system used for that determinaticn in
order ic defend the results of the calibration or audit. The following »ill
describe one solution to this reguirement. This selution is not the only ons
but the confidence in stability and accuracy produced by this solution is an
example of the documentation necessary to support clalms of accuracy.

The thermal mass design uses a =zolid aluminum cy¥linder, shown in Figure
£.3.3.1, chosen for high thermal conductivity, The mass is supported in the
spac? Inslide a2 stainless steel insulaied botile (see Figure 4.3.5.2) by a
lucite tripod on the bottom and by thres low thermal conductivity stainless
steel screw spacers at the top. The lid is modified to allow transducer cablex
to go through. The insulating bottle is positioned inside a Z-gallon insulated
container modified to allow cables to go through with the top in place as showun
in Figure £,3.5.3.

Figure 4.3.5.1 Thermal Mass Figure 4.3.5.2 [nsulated bottle
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Figure 4.3.5.2 Three mass containers: Hoi, ambient, cold (right)

The velumes and masses invelved with this device are listed in Table 4.3.5.1. f
The alr space between the inside of the Z-gallon container and the outside of b
the insulated bottle is filled with either a cvlindrical structure with «

heater strip and thermostat "floated" on sitzinless steel spacers (#3, hot), air

{#2, ambient)} or ice (#1, cold]. N

Tabkle 4.32.5.1 - Details of a Solid Mass Thermal Device

Component Yo lume Mass
{em™) (g)
Aluminum cylinder (less holes) 485 1,341
Holes 58 G.1
Alr inside quart bottle 1,100 1.3
Quart bottle @31 1,154
Air outside quart bottle 5,882 7.1
Z=gallien container 14, 206 1,600
Total for #2 - ambient 12,862 4,104
Quart bottle (see above) ‘ 2,574 2,496, 4
lea-water mixture 4706 4,706
&ir above ice-watear 1,175 1.4
Zegallon container 10, 205 1,600
Total for #1 - cold 12,662 g, 804
Typical Transducers:
Minco S28F36Y nickel-iron 2.4 7
Rosemont RMT 78-39-7 5 36

"
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The ratio of 1,341 grams of thermal mass to about 43 grams of sensors meets
the design goal of a small sensor thermzi impact. The sseveral layers of
insulatlon and the minimizatiom of thermal conductlvity paths meets the long
time constant goal for the thermal mass.

A test was conducted to document the perfermance of the thermal mass assembliszs
and to show the time required to conditien the hot and cold masses and the time
constant of the ambient nass, see Figurs 2.3.53.4. Froem the beginning of the
test at a litile afker 10:00 a.m., when loe was put ilnto #1 and the heater waco
plugged in for £3, it ook about 9 hours for the slope to be flat enough to be
coni{’idea’ that the mass had a hcmoggnemus temperature. The maximum rate of
change of the amblent mass was 0.01 C/min. The stability of the measuring
circuit 1s shown by the line with triangle symbol. The thermsal conductivity of
aluminum is 0.5 cal./szc thrcugh a plats one centimeter thick across an area of
one squars centimeter when the temperature difference lg 1 C. Steel is 0.1,
rubber is 0.0005 and air is ¢.00005 (Hodgman, 1955). The aluminum cylinder
exchanges heat with its environment (except for the transducers being testizd)

Thermal Mass Conditioning Test
Meteorclogical Standards Institute
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nog 2 - 2 .. z . . .
through 450 cm”™ of alr, 2.4 cm® of lucite and 0.1 en® of steel. The differencs
in temperature betweern ithe heles where the transducers are mounted can be

estimaled from the difference in conductivity within the aluminum and within

the environment wouitside the aluminum (99.5% air), or 10,000:1., If the mean
- o 4 . - )
temperature of the cylinder changes at 0.01°C per minucte, the gradient change

<

between hole temperziures could be 0.0000C1 C per minute

=
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Having created a stable environment, there needs to be an sccurate method
of measuring both the relative and absolute temperatures of the thermal nasses.
A three transducer data system was designed for this purposs. The report of
its calibration is shown at the end of this section in £.3.5.4.

4.3.5.2 Delta Temperature (AT}

Cailbration of a AT system involves two parts. One is the matching of
the transducers at zero difference and the other is the gain of the signal
candlficner for a known difference in temperaturs of element resistance.

The first part involves placing the AT Lransducers together in a series
of stable thermal masses. A stable thermal mass is any mass which is at laast
23 times the mass of the sensors being conaltLoned by the thermal mass and
wihtich has thermal gradlents of less than 0.01 C/cm throughout the mass. Start
at cold, somewhere in the 0°C to 5 C range, and recerd the system AT output
after stability has been reached in 20 to 60 minutes. Take readings about {ive
minutes apart. When the readings Stablllze average the last five. Assume the
output reports a difference of =0.02°C. Then move the cwq LPaHSdLL@FS to the
thermal mass at ambient temperature, somewhere In the 15 O to 25°C rangs. When
stability has nearly been reached, start taking readings about five minutes
apart. When the readings have stabilized, average the last flve readings.:
Assume the output reports a difference of +0.03 C. Finally, move the two _
transducers te the hot thermal mass, somewhsre in the 35 C Lo 40 C range, and ! X
wait 30 te 60 minutes for stability fc be reached. Take readings about five O)
minutes apart. Assuming they are -0.09, =-G.07, -0.05, ~0.04, and ~0.03,
stability has not been reached. After ancther 30 to &0 minutes take another
series of measurements about five minutes apart. Now they are -0.01, +0.01,

0.00, 0.00 and +0.01, Stabillty has been reached and the average of the last
five readings, 0.00, is reccrded.

4

This test has confirmed that the twe sensors are matched to esach cther
and to the generlic transfer function with which the signal conditiening
circuits have been set. [t may be that the matching was done in the circuliry.
It does not matter. It has been shown that the transducers and their parts of
the circuitry agree with each cther at three different Lagperdtures r
agreement is not within +0.05°C of the true value of 0.00 C, logk to the manual
or the manufacturer for guldance in correcting the problem. The AT system
shou d start off with agreement in controlled conditions of much beiter than
0.1°C if the aimospheric measurements are to appreach that accuracy. The
methods described here for building a stable thermal environment and sampling
the outputs for zero difference are only an esxample which works. The only
important criteria is that 1t be documented in terms of gtability, whatever
methed is used.

The second part of the AT calibration sets to tests the gain of the
difference amplifier. Pick a common temperature for the site and substitute a
fixed resistor for cne transducer, arbitrarily chcose the lower one. Assume . ‘
the transducer is a 100Q platinum type (see Table 4.3.1.1) and your resister is |'.\J
108 z1Q. ©BSubstitute a precision decade box for the upper transducer Ad just -
the decade box until the AT output is the voltage egulvalent of 0.00°C. If the
range is =5 to +#i5°C for a 0 to 1 volt cutput, .00 C is 0.250 volts. The
cutput now reads 0.250 veolts and the decade box reads 107.96Q. If 107.79Q
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represents 20°C, and if 0.389Q represents = 1°C change (0.0389Q for 0.1°C
change or 0.01Q = 0.0237°C}, the simulated temperature for both transducers is
(107.96 - 107.79 = 0.17; 17 x 0/0237 = 0.437) 20.437 20.026 C or between 20.4]
and 20.46 C. -

If the decade box is changed to 108.35 (107.9%6 + 0.38%), the upper
simulated transducer is now 1 C warmer than +he lower simulated transducer.
The output should read +1°C or 0.300 velts 000 volis + 20 degrees = 0.030
volitssdeg.; 0.250 + G.059 = 0.300). If zero and full cale are to be
challenged, set the decade bax to 106.02 (107.9%& - [8x0.38°] = 106.02) for =
0.000 volt reading znd set the decade box o 113.80 (107.98 + [15x0.389] =
112.80) for a2 1.000 wolt reading. Chegk the difference in box gettings: 113.80
- 106.02 = 7,78Q; T.78 + 0.382 = 20.00°C.

(1
i g
o7 5
a
e

Beware of rounding errors if enough resolution is not carried ar
avallable on the decades box and the ‘cutput. . Check the decade box with = good
ohm meter. Errors in the tens wheel (when switching from 106 to 113} may be
larger than the smallest whegl. [f the tens wheel is only good to 1%, the
uncertainty is 0.100 or 0.26 C.

4.3.5.73 Temperature

The temperature calibration may oe achisved concurrently with the AT
calibration. Each thermal mass should have gome accurate means of determining
temperaturs. While the actual temperature is .pat important for the AT
calibraiion, it should be recorded on the calibration farm. IF the temperature
transducer is not one of the AT balr, 1t can be placed in a thermal mass at the
same time the AT calibration is balug done.

It may be thai the system does not have a AT measurement but it does
have a2 temperature measurement. Remembering that the temperature accuracy
requirement is *0.5°C, ihe temperaturs transducer can be challenged with a much
simpler method. Liguid baths in = pint or quart imsulzted bottle with the
transducer and a good ASTM or equivalent thermometer mixing the bath Logether
will suffice. Be sure stability hag been rezched before taking the readings.
Use care or parallax-avoiding devices when reading the thermometer.

«3.4 Calibration Beport Zxample

The following information is reproduced from 2 report prepared for
Meteorclogical Standards Institute to documesnii ithe accuracy of temperaturs
instrumentation used on audits.

4.3.5.4.1 Intreduciion

During Lpril 14 te Hay &, 198%, a calibration program was
conducted to verify the accuracy of three MINCO 604 ohm BTDs (resistance
thermal devices). Three ETDs, Minco model $S2sFIsv labeled %1, #2 and #3, were
originally calibrated in 1584 and have been in use for temperature and delia
lemperature auditing during the past four years. The earlier calibration wag =
relative calibration since the only accuracy of consequenca to the applicatlon
was the inter- relationship of the three HTDs. The current czlibratien is both
relative and absolute.
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4.3.5.4.2 The measurement circuitry

) The three RTDs are connected in series to a battery powered
constant current source of .300 mA. A fixed resistor (88% chms) of low
thermal sensitivity was alse in the series loop as a reference source (REF).
The voltages acroess each of the four resistors in the current loop wers
conpected to input channels of an ADC~-1 data logger. & NEC PC-8201A computer
controlled the ADC-1 and collected the data. A program called ADCT was used lo
sample all the channels every § seconds and to record the average and standard
deviation for periods of time selected through the program. Times of 10
minutes, 30 minutes and an hour were used at differeni times during the
callbration. The ADC-1 provides an cutput in tens of milliwvelts. If the
voltage across a 668 ohm resister in a 0.0005 ampere current loop is 0.334
volts or 334 mY, the ADC-1 will ocutput 3340,

4.3.5.4.3 The conversion of Mineco ohms to Lemperature

In the Minco Application Aid No. 7, Table 14-604, the nominzl
values of resistance for temperatures are given, Nine sets of temperatures and
resistances in flve degree steps from 0 C to 40 C were used to find a
mathematical expression for converting resistance te €. 4 linear regression
was not satisfactory. The quadratic selution to the regression analysis
predicted the femperature at the nine points with an errcr of less thanp Uuﬂioc,, ¥
@

Table 4.3.5.2 shows the input pairs, the predicted temperature and errar, and
the constants found and used. =

I

Table 4.3.5.2 - Helationship‘of Mineo Resistance to Temperature

. £ 4
¥ ® ¥ ¥ - ¥
~=~Minco Table 14~604-=- predictad
temperature resisitance temperature error
(°e) (ohms) (‘cy | "oy
0.000 604, Q0 0.0a6 0.006
5.000 &617.98 4. 998 ~0, 002
1¢. 000 632.13 9. 994 =-0. 006
15,000 6465. 46 14.996 -(.00C4
20.4000 ae&l, 27 20.001 0,001
25.000 675,66 25.005 0. 00s
30.000 . 690,32 30. 005 0. 00s
35.0400 703.57 35,004 0.004
40.000 720.79 39,994 =, 008
for y = a + bx + cx° & = -289.1531523
R = 1.0000000% b = 0.33213288
n=9 c = =0.00014322177

A second step in the conversion requires the constan:t currant
to be exactly C.5 mA so that the recorded veitage can be convertsd to
temperature. The REF resistor is recorded as temperature using the generic
conversion formula. The difference between the recorded value of REF and the
correct value for 0.5 mA gives the correction. To find the correct value a
series of measurements were made with the Fluke B06CA in the current loop. The
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least squares straight line was calculated for the daia and both the_data and
the pest-fit line are shown in Figure 4.3.5.5. The REF value for 0.5 miA was
calculated and found to be 22.258 deg. C.

Circuit Current vs. REF {(#4)
Tests of May 3—35, 1985

5010

5008 4 Regression Analysis

2008 4 ¥ = 4497.33 - 22.584 X
o
=3 -
o E,i///i
— ] = A
e L. ]
14
g 7
Q ’
- "
= ///ﬁ
= v

1] ? ] T H
22.1 | 22.3 22.5

Figure 4.3.5.5 “"Constant” currenl versus REF resistor "temperature”

The third step in converting the ADC voltage, V, to temper-
ature, T, comes from the siatement in the program ADCT which applies ithe
guadratic equation tc the resistance, assuming D.§ mA current. That statement
is as follows:T = -269.15 + 0.10642V - 5.728FE-0&V°,

4.3.5.4.4 MHeasurement of irue temperature

Two methods were u§ed to find the true temperature. The first
was the use of an ice slurry for 0 C. The secend was the use of an ASTHM &3F
mercury-in-glass thermometer. The Prince Instruments Factory Certificate of
Accuracy Eolerances for §/n 2454532, scale range 18°F to 89°F with divisions
every 0.2 F, states #0.2 F or one divizion. The thermometer was read with an
optigal magniflier with anti-parallax targets to the nearest 0.05°F or about
0.03 C. In.the relative sensge, the temperature should be accurate to D.lOC and
in the absclute senses to 0.2°C.
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The three Minco RTDs were taped to the mercury
bulb of the thermometer after all four devices were threaded through a rubber
stopper. The assembly was submerged in an ice slurry
or In water in z pint Thermos bottle (see Flgure
4.3.5.5). The data logger signaled when an average
% -was being recorded and the thermometer was read at
§ the same time. The average from the Minco RTDs
represents the middle of the time peried while the
thermometer was read at the end of the time period.
A linear extrapolation of the Minco RID dats to the
time of the reading of the thermometer provided
comparable data.

4.3.5.4.5 The test facility

4.3.5,.4.6 Results ' .

There were 73 thermometer readings over = njne
day perlcd coverlng a temperabure range of 31.95 F to
89.05°F (~0.03°C to 31.69°C). The differences in
temperature bgtween Mincoe sensors #1 and 33,
expressed in C, and the thermometer temperaturs,
&&.‘m-unl‘ii? .. expressed In F, are shown in Figure 4.3.5.7. Sensor
#2 was so close to #1 that it was not plotted. The
calibraticn correction curves for all three sensors i

L J

. - are shown on the figure. The best fit lines from the
Figure 4.3.5.6 " i . , e
linear regression analyses are drawn on the figure.
The coefficients are listed in Table 4 5.3,

MINCO Thermometer C ahbrahg‘an

Meteorclogical Standards Institute

Calibration

0.5 KEY !
o #3 (Regression Analysis ------=----- } 5
™ !
e 0.4 ¢ #1 (Regression Analysis ------------ ) :
E? i | a
o : G : o
Nt : - E o 1
8 5 g mgﬁ_ L
= ; L:
o :
= 1
2 :
e :
= s
e E o o
[ - ) o N
2 %Ig, 2 A P %
5 1. S T . ¥
& 4 H %
= \ ' ; e
g =0.1 H E
= #1 Correction (~0.002°¢) :5‘: :
-0.2 . f . i : _
o 50 70 a0

ASTM—B3F (245453) Temperature (deg. F)

Figure 4.3.5.7 Calibration of Minco sensocrs (RTDs)}
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Table 4.3.5.3 Regression sutput for Minco #1 and #3
versus mercury-in-glass thermometer

Minco £1 Minco #3
Constant (a) . 0. 02262 o 0.29951
Standard error of % 0.02838 0, 02534
Coefficlent (b) =0, 00030705 ~0, 00041265
Standard error of b C.O0niesa] 0. 00017491
Number () T3 73
Average difference 0,032 0.272
Slandard deviation 0,028 0. 02s

The relative calibrztion, withoug ccnsidﬁﬁation of an oulside
measurement of temperaturs, coversd z range of 0 C to 44 C. There were 254
averages recorded for sach of the Minco RiDs. The avarage and standard
deviation of the differences between ATDs is shown in Table 4.3.5.4.

Table 4.3.5.4 Relative difference analysis

===Minco Sengors (RTDs)=—-—

#2 = %1 3 - #2 #2 -

Average diffsrence 0.2/34 0.2753 0.0119
Standard deviation 0.0183 Q.01ex3

4,3.5.4.7 Conclusion

UsingoHinco #1 as a i
for the nias of 0.002°C as shown in 7T
relative temperature are estimated.

Minco #1 #1 - 0.002 = temperatur=a iﬂ.OS:C
Minco £2 2 + 0.010 = temperature iD,UEGC
Mincoe &3 #3 - 0.285 = temperzture =0.05°C

Similar tests in 1994 yielded the follawing coerrections:

#1L + 0.00 = temperature
#2 « 0.03 temperature
#3 - 0.22 temperature

i

shewing reasonable stability over four yvears and a reasonable capability to
duplicate relative calibrations.
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4.3.6 OPERATIONS, MAINTENANCE AND QC

4.3.6.1 Operations

From the standpoint of quality agsurance, routine inspection of the
temperature and AT data will help find problems soch after they occur. Routine
inspectlon of the instrument system is also required. The temperzture
equipment is usually free from wear or change, except for the aspirated
radiaticn shield, which tends to attract homeless critters of all kinds.
Inspectlion of the temperature shield and transducer should be a part of the
routine site visit and duly noted in the site iog book. I[f there is no routine
visit, a weekly or at the very lesast monthly visit is recommended. Systens
usually have some built in calibration feature which substitutes resisters rar
the transducers to check or calibrate the signal conditioner. The site visit
should include a temperature coemparison with a simple hand-held thermomster for
reasonableness. Guard against radiation errcrs with the hand held thermometer
when working In direct sun light by kesping the thermemeter in shade and away
from body heat, including hot breath. The long time constant of
mercury-in-glass thermometers (minutes) may make the inevitable warming from
biasing heat difficuli to observe.

4.3.6.2 Maintenances

Routine maintenance should lnclude cleaning the aspirated radiatlon .\
shield and verifying its function. This should not have to be done any more \u;/
Ifrequently than the bearing tests of the wind equipment. Since it ls necessary

to get the wind equipment down frem the tower for the bearing tests, a cleaning

of the radiaticn shields at the same time would be prudent and economical.

4.3.6.3 Quality Control

The best way to keep a AT system operating "in contrel” is to use a dataz
quality control inspectieon for this variable. The QA Flan sheould supply the
detalls of the AT inspection program.

An important aspect of the inspection is the background of the
inspector. Ideally, an experienced QC meteorcologlst should be used. Lacking
this resource, a tralning program should be made available to the person whe
Wwill routinely perform the data inspections. The training will point out the
nature of AT data as a function of wind speed, cloud cover, and time of day
{solar angie).

Additlicnally, training will point out that a AT value, that is the
difference between two well callbrated and shielded transducers, is Just that,
It 1s not a gradient measurement unless there is reason Lo believe that Lhe airp
between the two transducers is reacting normally to thermal flux. Cases have
been observed where a 10m to 40m AT averaged in excess of the auto convection
rate for bours. The easy assumption is that there is an instrument error
because autcconvection rates cannot be exceeded for long periocds of time. The ;
of ten unspoken assumption 1s that the AT transducers are in the same boundary k.)
layer and the difference in temperature represents the stability condition of il
the air. If the site can produce shallow or transitory surface poundary
layers, as can happen with land-water interface regions, one transducer may bz
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in one laysr and the other transducer in the other layer. Then the AT value
represents nothing more than single samples in different layers and lapse rate
conclusions are invalid but the data are valid.

Training will show the normal diurnal cycle from a negative AT (lapss
rate) In the daytime to a positive AT (inversion) at night (see Flgure
4.2.2.1). An understanding of the physicezl Process will support the data with
other observations of weather conditions. The sun heats the surface much more
than the air zbove it. The air at the surface iz warmed by the now warmsr
surface. The warmer air expands and rises and mixes with the air it passas,
This unstable convective process continues until the driving force, the surface
warmer than the air sbove it, is nediralized. This can Happen by either
changes in the radiaticnal heating of the surface or by the effective cocling
of the surfacs through the heat removal brocess described above. Censidering
the strength of radiant heating {sun angle and sky cover) and the strength of
the mixing process (wind speed), the size of the lapse rate (~AT) can be
imagined.

Conversely at night, the surfacse iz cooled by long-wave radiant logs to
the celd universe. As the surface gets colder tham the air above it that
surface air iz cooled by conduction. The cooled air 1s mixed by mechapicsa]
turbulence, caused by the wind flowing cver surfaces elements, and siowly cools
the air from the surfzce up. This very stable process results in the air
above, not yet cocled, being warmer than the alr below or ap inversion (+4T).
The size of the inversion resilts from the amount of surfece cocling (skv
cover) and the amount of turbulent mixing (wind speed znd surface roughness).
Calm clear nights will have larger fnverszions than cleudy and windy nights., If
the wind is toe high, thers may not o2 an inverslom at all. All the alr may be
mixed so well that there is ng measurabile dlfference between the tweo AT
tranaducers.

To complicates ihe plcture, temperature measurements also change as
different air with different conditioning histery ls blown or advecied past the
measurzment site. Diurnal rhythms can be szen 25 colder air tlows down terrain
features, such 2s hills and valleys, at night as =z consequence of the kind of
surface ¢ooling described abave, These vertically stable flow fields of ten
become decoupled from each other. It is possible for oz (ransducer to be in
one stiream of stable alr while the other iz in another stream. When this
happens, the AT value may not represent = temperature gradient as much as two
separate flow regimes, similar to the boundary layer axample.

The trained inspecior learns tc see these processes Iln the AT datas and
to recognize Physically unusual or unlikeiy data. If ihe data QC inspector
looks at the datz en a weekly schedule, problems will be uncovered shortiy
after they cccur, thus avolding long periods of data loss. One week is aisg
short emough te zilow lemery of conditions to be correlabted with the data.
Ciscrepancy reports originated by the QC inspector can initiate the testing znd
corrective action, 1ifF Aecessary, by the lnstrunent operator. If At

messurementis are taken, the purpose is usuvally the deternination of stability
calegories or parameters for use in diffusion models. This important varizble
deserves carerul attention and wel] documented evidence for valldity claims.

The accuracy of the measurement is achievahle enly with careful calibration.

The accuracy of \the dats requires as Buch care gliven to dats inspection beiwsen
calibrations.
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If only temperature is measured, the accuracy requirements are less
difficult and the data QC inspection c¢an be less rigerous. If data are
collected, however, routine inspection is recommended and a weekly pericd is
reasonable. The inspection compares the temperatures {c reasonable values for
the week and the nature of the temperature change to realistic patterns.
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4.3.7 PERFUHMANCE AUDIT METHODS
%£.3.7.1 General Considerations

& performance audit is a measw-ement made by an lndependent method znd
person of the accurzcy and precision of the performance of the measuremernt
system. - To make this determination for temperzturemeasurensnts, knowledge of -
the input conditicns to the system sensors ls required. It is also necessary
to know what the system will do to these input conditions in producing an
output. The cuiput is simply the system output. Given the inputs and the
transfer functicns, the cutput can be pradicted. The difference between the
predicted output and the system cutputr is the error of the system or its
accuracy. The methodology starts with the ways of controlling and measuring
the sensor inputs or knowing the inputs inm an uncentrollsd 2nvironment.
Predictlon of cutput from the conirciled input reguires knowledge of the
transfer function bub not necessarily lis vallidity. EKnowing the conditions of
the uncontrolled ernviromment does nol require knowledge of any intermediate
steps such as transfer functions. Temperature in is simply compared to
temperature out. The method using the latter appreoach is called the Collocated
Transfer Standard (CTS) method. The CTS method iz seldom practical feor AT.

The best performance audit uges both methods where appropriate.

& periormance audit must follow some Written procedures. Since the
procedures must be relevant to the design of the instrument or system being
audited, only general principles will be described below wiih some specific
examples. The data from the zudit shouid gs3entlally Fill out an audit form.
It is important, however, for the suditer to be sufficlently experienced to h
able to deviats from the brocedure or the form when the pursuit of truth lead
away Ifrom the expected.

41}

L]

The starting point of an audit form is the documentation of the who,
what, where, when, and how the audit values were acquired,

4.23.7.1.1 Who

The performance audit report form should contain a space to
identify the auditor. The audit report which summarizss the audit findings
|73 o

should report the namesz and affiliations of the cperstors of .the system.

4.3.7.2.2 What

£

The form shouid contain a section to ldentify the instruments
being audited by marufaciurer, model number, and serial number,
Sub-assemblies, such as transducer or RTD and aspirated radiation shield,
should be ldentified by number. If they are not nunoersd, the operator sheould
be asked te mark them for identification.

The audit report should contzin = list of 2ll the equipment
provided and used by the auditer, including medel and serial numbers and time
of last calibration, whers relevant.

4.3.7.1.3 vhers

@

The audit form should have = space to show the location of the
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sensor on a tower, lncluding height. A sketch iz useful to show the relative
positions of the sensing =lements with respect to possible biasing influsnces,
such as the tower, other senscrs and buildings.

4.3.7.1.4 VWhen

The date or dates when the audit aiffected the system operation
should be lisied. The time when the system or a particular sensor was tzlken
"off-line" and put back "on-line" should be listed. The time, or time period,
when each data value was taken is vital for the compariscn with the system
output. Implicit in this is the need for the time the auditor uses to be
correlated to the time the operator or the system uses. The auditar should
rely on the National Bureau of Standards statlion WWVY for correct time. Battery
operated recelvers, such as the Radic Shack Time Cube, are generally avallable.

4.3.7.1.5 How

The audit form should elthpr contain a copy of the meihod used
or reference the method number. The audit report siwould contain copies of the
audit method used. The methods should be detailed enough to identify each step
in the acquisition of the audit value and in the conversion of the V<1b@ o

units compatible with the system output. See Figures 4.3.7.1, 4.3.7.2, 4.3.7

and 4.3.7.5 for examples of forms and methods. These figures are intendea ag
alds for writing specific methods and drawing the companion form. These may Le

reproduced 1f they are relevant. K.)

4.3.7.2 Temperatiure Difference (AT}
4.3.7.2.1 Sensor control method

The audit method should simulate the mosi complete calibraticn
method (see 4.3.5). The first step is to condition the thermal mass assemblies
to be used tec challenge the transducers to a zero difference enviroemment. IFf
stirred baihs are to be used, be prepared to give ample time for equllibrium.,
The amount of time is Jnot well predicted by the transducer time constant.
Stability at the 0.01°C resolution scale is desirable to back up claims of
accuracy to 0.1 °c.

The transducers must be removed from‘the tower along with the
cables., AL some installations it will be difficult o impossible to remove LL
cables. Substitute cables may be used if care is taken to make sure the
substitute does not change the output more than G.0i €. This should be
verified by using a flxed resistance representing ambient temperature as =z
substitute transducer. OQutput readings using both the operational cable and
the substitute cable should be recorded on the audit form.

The AT audit usually requires much more elapsed time thawn
measurement time. It ls practical to have sguipment which allows the
tranguucers to slowly reach thelr egquilibrium state and to record this process
through the entire system. This way the elapsed time can be used for the moprs . 3
laber intensive audit variableg. O

w
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i Temperature Difference - M3[ amethod DLTOOE {wersion S/1/84)

Thisx method orovides for a measure of two femperaturs transducers

with eleciric ogiput used in a differermtial epplication, aften
‘ called delta T, The audit eqguipment includes three thermal mass
) assemblies. Each is a evlinder af aluminum (5.4 om 4 ametar by
17 em long, 1;331 g in 485 cct with holes for different kinds of
sensors. This 48B3 2o mass is suspended im the 1,190 ez inside
volume of a stainless steel Tharmas bottle, whizh i8 inside the
B30¢ ¢z inside wolune of an 18,300 =z eylinder (Gott 2 gallon
water cooler). The cold system is filled (4,500 =) ocutside the
Tharmas battle with 8 mixture of ize and water. The anbient
sygstem is full of ambient air. The hot system kHas & cvlindrical
¥rame spaced ouiside the Thermos bottle with a &£00 wath strip
heatss aperating through a2 100 F thermostat, Conditioming for
the now and celd nasces begins at lsast 12 Rours before planned
Iy Each mass Mas a Mimco 04 shm fat & ) mickal=iron RTD.
Fesistance is measured and comwerted o temperatwre using a
quadratic sxpresgion of the Minco Tabie 14-508 (see appendixl .
Ralative correcticons from interconparisons mede with the three
RThs in the same mass are applied yeilding relative eaccuracies of
better than 0.05 2. Absclute acocuracy is betbtsr than 2.3 Ce

A 3 BLTOQ&=G  This methed challengess the delta T pair at zero

\ '/ diffarence at three differant femperatures. Alace the pair of

- gensors in the ot mass. Record the pass temperaturs and the

' SEnsgr temperatures {or the difference if that iz all the signal

cenditioner provides) after about 40 minutes. Takz tTwo morse
sanples five (o ten minutes apart to wverify stabilitv. HMove the .
pair of sensors to the ambizné mass. Motes 1if DLTOOL-BE is to be
usad, leave the hot mass wigivgged and open &0 the air. Record
data afler 40 mimutes and again in five to tes mifuts stans.
Mowe the palr of zensors to the cold mass and record data after
40 minukes asd again in five to tem mimute stams,

DLTODE=E  This method wchallerges the delta T pair at a small
teampaeratures differences. The two mazsszs fo use are the ambient
and the hat, after the hot has cosled down from uze in DLTOG&=A
O maz been condltioned by a short input of hest., The true
diffarance in temperaturs betwesn the two masses should be
Detween one and three degraes C. Insktall orme sensor in the
ampient mass (T ! and one sensor in the “Roet” mass (T 2. After
49 mimutes record the temperaturss 9f the two masses and the
SEANS0rs or sensar differencz iF fRat {s all trat iz availiable.
Pt Record the data again after five to “em minuvtes. The érue

: difference will change slowly as the massas charngs temperature.

‘ Reverse the senscrs and repeat the methodg waitimg 40 minutes for
? the +irst data point, I¥ the time czunstant of the segsor is
Qbzerved Yo be fast enough to assure stability im less than 40
minuies, a shorter geriod may be usad.

Figure 4.3.7.1 dudit method for temperature difference
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! The transducers are challenged with 2z known zero difference ot

' three temperatures. This shows how well ithe transducers are matched and how
well they follow the generic transfer function. The acquisition of these three
data points may take four hours. Soms judgment is requirsd te ldentify the
point at which stability is achieved. One clue is the reversal of a
progression of data peints. If, for example, the five minute average AT values
are 0.09, 0.07, 0.06, 0.06, 0.0%, 0.05, (.05, 0.0%, the lsst 0.06 can be taken
as a signal that equllibrium has been rszzched. The reporied value could be the
average of five stable points (0.03) or the final stable value.

- After the zero difference test has heen completed, the gain of
the difference circuit can be challenged by usging the substitute resistancs
meihod. This method is described in 4.3.35. It is possible to use thermzal
masses at different temperatures, but it is not recommended because of the
uncertainties of stabiliiv and four transducers measuring twd temperaturss to
an accuracy of at least 0.022 C. Once the matching at zero difference has bheen
established, the gain is adequately verified by noermal elecironic eircuit
procedures.

It is not practical te mount a second pair of sensors and

aspirated radiation shields for collocated testing. The interference problems
with the aspirators are hard te overcome. The physical probhlems associated
.1 Wwith meounting parallel insiruments ars large compared to the value of the
W ./ methed. Considerable, but much less, effort isz reguired for the Sensor Control

L method which provides numbers with acceptable confidence in their accuracy.
4.3.7.2 Temperature
4.3.7.2.1 Sensor conbtrol method

Usually ithe temperature transducer, if it is different from one
of the AT pair, can be included in the thermal mass with the AT pair, or in
another thermal mass at the same time as the AT palr is being tested. Tining
for stability can include temperature with AT as though it were the same test.
The big difference, however, is that the temperature transducer ocutput is
coppared Lo the thermzl mass transducer cuiput as the zudit value. A
calibration of the thermal mass transducer is the key to the claim for accuracy
given the challenged svysiem.

IT there is no AT system being zudited, z simpler method is
appropriate for the temperature system. 4 two peoint check using an ice slurty
and an ambient bath is acceptabie. Two insulated boitles {pint or quari size)
with a cork to support = calibrated thermometer or 2 calibrated electric
thermometer are required (see Flg. 4.3.5.8).8tability 1s easier to find since
the readings are only taken tc the nearest 0.1°C.

4.7.3.2 CTS Method

i . . It 1s both practical and recommended to use the CTS method for
B4 temperature audits., The temperature transducer and its aspirated radiation

shield (or even naturally aspirated shield) is uvsuslly located at an easiiy
reached glevation. A& CTS such as the Assmann Psychrometer shown in Fig.
4.3.7.3 can be located near the temperature sensor. It should be expeosed so
the wind reaches the CTS without bias error from other structures. If the wind
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during the audit is passing through a tower to reach the temperature sensor,
the CTS should not be exposed to sample the same biased air temperature. The
presumption is that the temperature sensor represents the air temperaturs. Any
errer from siting is a part of the measurement error. The CTS should be

- mounted to avoid all bias, if possible.

The CTS method should be
used as an additional challenge to {he
temperature system. The two point Sensor
Control methed is a challenge Lo the
transducer and signal conditioning circuit.
The CTS method is a challenge to the
radiation shield at one point on the range
scale. A one polnt challenge of a
temperature system provides no
information about other temperatures. It
may be that the operator calibrated the
system at one point, perhaps the same
ambient temperature as exists during the
audit. There could be 2 slope error which
causes large errors at nesr freezing.
Having an accurate temperaturenmeasurement
near freezing, accurate to 0.5 C, can be
valuable as it relates to other sensors,
such as wind. If the wind vane does not
show any direction varlation and the
temperature system reports G.0 I, there is
a good chance that ice is en the direction
vane bearing assgmbly. Ir tge temperature
system reports 3 C, with a 3 C error
because only one point was used in
calibration and awdit, a different estimats
of the direction vane problem is necessary.
If audit or calibration records exist
showing the full range performance of the
temperature circuit, a cne point spot check
with a CTS is useful.

Figure 4.3.7.3
Assmann psychrometer
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Temperature = MSI method TEMOOS (version BALA25)

Thig method provides for a camparisor of & temperature bransducer
with electric output %o & calibrated transdocer in a slowly
changing thermal mass at thres different temperatures: The audit
equipment includes three theraal mass assemblies. Sach is g
zylinder of aluminum (4.4 zm diameter by 17 cm lomg, 1.341 g in
485 ) with holes four differsmt kinds of sensors. This 485 sc
mass is suspended in the 1,I100.z¢ inside wolune af & staimless
stesl Thermos bottle, whichk is inside tRe BSOYO e inside volume
@f an 18,9300 cz eylinder (Bohtt 2 gallonm water sogier). The cold
system is filled {4,300 oo} putside the Thermos bottle with a
mixtuwre of ice ang water. The ambient svetem iz full of ambient
aiF. The hot system has a gylindrical frame szpaced dutside the
Thermos bottle with & &00 watt strip hesber aperating through a
190 F therpostat, Comditioring for the hot snd cold masses
begins at least 1Z hours before planned usze. Each mase Mas a
Minco 404 abm (at O C! pickel=-iramn RTD.  Rogsistarcs is measured
and epAverted fo temperaturs using 2 guadratic supreszion of the
Minco Table [4-406 {(see appendixl. FRelative correstions from
intercompariscons made with the threoe RTDe in the same mass ars
applisd yeilding ralative accuraciss of better than 0.05 O,
Absglute accuracy is bettar than 0.5 £,

TEMQOI—& Insert the RTD bkeing challemqged im the cold mass. Wait
about 30 misutes or until shasl temperature is reached, Fecord
samples of the RTD ftemoeratswe =om the svshem owipui. Fecord
the resistance measurenents of tha mass RTO.

[ LA

a2
£

B33

Mowvae the RTD bzing challenged twm the ambient mass and rep=zat the
abowe proceduro.

i

KR

Mowva the RTD oeing chell
above procedure.

nged tao the hot mnass and repeat the

TEMDOZ-B  Use sm Assmasn aspirated psychrometer sounted in the
wakinity of the shielded temperature sensor. Hisd the Assmams
and fet it run five minutes. Wind again and afier an acdditiomal
tWom @minutes, oegin reading the merZury—in-glaszs “hermometers.
Uss the anti-parallax maonifiers. Fecord the temperatures from
the Assmann and from the system taken at Lhe same time. Bo sure
the two sensor systems are sampling from air which has not besn
biased by loecal maunting structuras,

w

Figure 4.3.7.4 Audit Method for Temperature
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FERFDRMANCE AUDIT REFCORT by TEMD

M

MEASUREMENT SYSTEM = Temperature
System number
Sensor
Transducer
L.ucation
Signal conditioner
Data channel

ot e e

UATE f__f TIME off line mn line test start

e e — c——— o ——— v T a——

TRANSFER FUNCTION {volis per dearee O
Conversion formula

TEST RESULTS -

TEMOGSA cold ' ‘ambient
Mass output gdif. Mass output
time ohms dealC’wolt deglC  degl time ohms deal volt cdegl

o
1
W e

£
3o

averags — R

hot
mass output gi+.
rime ohms degl volt degl degC

average

TEMOQSE .
time Assmann output differ=nce
dry wet RH "
degC degC k4 wolt deall degi

ot s D oy < ——— oy o

o oy cntts o A C——— ——— s e s RO

[ ]

Figure 4.3.7.5 -Audit Form for the Temperature Method
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4.3.8 ESTIMATING ACCURACY AND PRECIZICN

Sectlon 4.1.5 contains a detailed discussion of methods of estimating
accuracy, precision and bias using wind speed and wind direction as examples.

- Temperature transducers {(as differsntiated from temperaiturs senszors which
may include the radiation shielding) may be calibrated or audited by exposing
them to a controlled enviromment such as z wet or drv thermzl mass. The
temperature of the mass is known either by an installied calibrated transducer
or by collocating a calibrated transducer in the mass. The collocation
alternative reguires assurance that the mass ls at = homogenscus temperature.
The installed option requires assurance that the instzalled location is
representative of the homogeueous mass temperature. When such a method is
used, traditicnal statlstical or metrclogiczl methods may be used to estimate
accuracy. The preclsion of the method is the standard deviaticn about the
series mean value of repeated measurements in the constant and controlled
enviromment. Such methods are capable of zchieving accuracles of 0.1 degree C
and preclsien of 0.0% degree C or lesz.

When & cellocated transfer standard (CTS) method ig usad, considerable cars
is required in stating the accuracy of the calibration or zudit. The different
exposures in the aimosphere of differsnt transdicers with different time
constants in different radiation shields puts = larger uncertainty on the
compariscn than is found with a conirelled environment. If, for example, a 2
meter temperature insirument is comparsd to an Assmann thermometer mounted
nearby at the same height, the accuracy claim might be no better than the =um
cf the twe different imstrument accuracies. The sccuracy of the method might
be 1 degres C if each instrument is capable of a measurement accuracy of 0.5
degree C. There is reason to consider such z method as a comparative
nesgurement rather than an audit or calibration.

It iz possible that = CTS method can have greater accuracy. What is needed
is a bedy of data which sets the functiopal precision of the CTS method by
finding the best one can expect from ccllocated temperaturs instruments. A
companion requirement is = body of date which compares different radiation
siilelds as a function of radiation intensity, wind speed and wind direction
relztive to the orientation of the gspirator motor.
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GUALITY ASSURANCE FOR FRECIPITATION MEASUREMENTS
4.4.0 INTRODUCTION

By definition, “The total amount of precipitation which reaches the ground
in a stated period is expressed as the depth to which it would cover a
horizontal projection of the earth's surface if there were no loss by
evaporation or run-off and if any part of the precipitation falling as snow or
ice were melted" (WMO, 1971). In any method of precipitation measurement, the
aim should be to obiazin a sample that is representative of the fall in the
area. AU the outsef, it should he recognized that the extrapolation of
precipltation amounis from a single location to Fepresent an entirs region isg
an assumption that is statistically qusstionable. 4 network of stations with &
dengity suitable to the investigation is preferable.

=.4.1 TYPES OF INSTRUMENTS

Precipitatipn cellectors are of iwo basic types: - nonrecording and
recording? A

£4.4.1.1 Honrecording Gages

In its simplest form, 2 precipitation gage consistis of a cylinder
as a can with straight sides, closed &t one end and open at the other.
depth of the Liquid in the can can be measured with = messuring stick
calibrated in subdivisions of centimeters or inches (Flgure 4.4.1).

, such
The

To cbtain greater rescluticon, asz in the case of the standard-8-inch Ezge
made to NWS Specification No. 450.2301, the Ezge iz constructed with g ratic of
10:1 between the arss 0f the outside collector cylinder and the inside measuring
tube. The funnel attached to the collectior both directs the precipitation into
the tube and minimizes gvaporation loss. Amounts in gxcess of two inches of
rainfall overflow inio the outer can, and all measurements of ligquid and melied
precipitation are made in the measuring tubs with a measuring stick.

The automatic wel/dry precipitation callector, svallahkle in several
designs, represents =z gpecialized nonrecordine instrument designed for pPrograms
involving the chemical and/or radioactive analysis of precipitation. The
collector is built with a gensor that detsclis the opnge: and cessation of
precipiitation and automatically releases a 1id to open and cover the collecter.
In one design, the 1id can be made fo remain open during either wet or dry
pericds.  Another mode] iz made with two cellectors; the iid is mads to cover
one buckel during perieds of rain and spow (Figure 4.4.2}, 1in equipment of
this kind involving precipitation chemisiry, the volume of water in propertion
to the cons:tituents collected with the water iz importamt, so evaporation must
be kept {o a minimanm (see EP4, 1983).

dod. 1.2 Hecording Gages

Recording gages are orf Lwe basic designs based on theipr operating principles:
the weighing-type gege and thes tipping bucket-type gage (Figure 4.4.3). The
former, when made to NWS Specification N 430.2201, ig known as the lniverssl
gage, Indlcating usage for both liquid and frozen precipitation. There are
options {or the remote transmission of sispals from thiz type of gage. The




Section No. 4.4.0

Revisicn No. ¢
Date: 17 Sep 89
Page 2 of 7

standard National Weather Service Tlpping Bucket Rain Gage is designed with = Q
1Z2-ipch collector funnel that directs the precipitation to a small outlet —
directly over two equal compariments, or buckets, which tilt in sequence with

each 0.01 inches of rainfall. The motion of the buckets causes a mercury

switch closure., MNormally operated on 6 V d.c., the contazct closure can be
monitored on a visual counter ands/or one of several recorders. The

digital-type impulse can also be used with computer-compatible equipment.

Figure 4.4.1 4 typical non-recording Figure 4.4.2 Aufomalic
Rain Gage (Belfort wei/dry precipitalion P
Instrument Co.) collector. .

" Finping
Buckeat

Bucket
Platform

Figure 4.4.3 A Typical Weighing Rain Gage (left) and Typical Tipping
Bucket Rain Gage (Belfort [nstrument Company).
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4.4.1.3 Instrument Characterisiics

The most accurate precipitatien a
However, the recording-type gage measuls he time of beginning and ending of
rainfall and rate of fzll. The Universs welghing gage incorporates a chart
drum that iz made to rotate by either an 8-day spring-wound cleck or a
baitery-powered clock. Recent developments include a uait with a quartz
crystal mechanism with gear shafts for = wide range of rotation periods frem
half s day to one month,.

g2 1ls the indicating-type gage.
t

=3
3
i

The weighing gage iz sometimes identifiad by the name of its desigrner
(Fergusson) and comes with ope of two recording mechanisms. In the singls
traverse unit, the pen mpoves from the bzse of the drum to the top, typically a
water equivalent of 4 inches. In a dual traverse unit, ths pen moves up and
then down for 2 total of 12 inches of precipitation. A variztion of the
weighing gage, a “"high capacity” design with dual traverse, will collect as
much as 760 mm or 30 inches. To mininize the osciliztions incurred by strong
winds on the balance mechanism, welighing gages are fitised with a damper
immersed in silicone fluld. By incorporating = potentiometer in the mechanisn,
the gage is capable of providing a resisiance or, asm another ref inement, a
veliage proportional to ithe amount of precipltation collected. Linearity of
response is usually a factory ad justment involving the use of calibrated
weightes to simulate rreclpitation amounts. In spite of manufacturer’s
specifications, it is doubiful that the gage can resclve (.01 inches,
especially when the bucket ism nearly empty.

Im the tlpping bucket gage, the balance of the buckets and the leveling
0f the bucket frame are critical. Low voltage al the gage is imperative for
reasons of safety., Power Is typically 6 ¥ d.c.. The signal is provided by =
switch closure each time the bucket assambly tips (0.01 inches of rzinfall per
bucket}. Rain rates are caleulated from an event recorder with pens energizsd
sequentially to improve resolution. The tipping bucket (2 mechanical device)
takes time to tilt from one position to the next. When the rzte of fall is
high, there isg spitllage and the unmeasured precipitation falls into the
reservolr. Where there is 3 need for grester accuracy, the collected water is
measured manually, and excess amounts zre zllocated Proportionatsly in ths
record. The accuracy of the gage 1s giver as 1 percent for rainfall rates cf 1
in/hr or less; 4 percent for rates of 3 in/hr; and 6 percent for rates up to &
infhr.

4.4.1.4 dcresgories - Windshields and Heatsrs

Ascuracy of measuremsni for all types of gages is influenced perhaps
more by exposure thanm by variations in design. Windshields represent an
essentlial zccessary to lmprove the caich of precipitaticn, gspecially snow 1in
windy conditions. The improved Alter design, made of 32 free-swinging but
separated leaves supported 1,2 inch above the level of the g2ge collecting
arifiice, is an sffective way Lo improve the catch. In =z comparison of shielded
and unshielded $-inch gages, 1t has been shown that al a wind speed of $ mph,
the efficiency of the unshielded gage decreases by 25 percent, and at 10 mph,
the efficiency of the gage decreases by 40 percent (Weiss, 1961).

In below "freezing conditions when the cateh in g Zage is snow or sope
other form of eolid precipitation, it ig Necegsary to remove the
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collector/funnel of nonrecording gages and the funnel in recording gages. Scne
instruments are available with built-in heater elements that are
thermostatically controlled. An effective heater for conditions that are not
too severe is an incandescent lamp installed in the housing of the gage.
Cautlon should be exercised, however, as too great a heat will result in
evaperative loss. :

4.4.2 SPECIFICATICNS
4.4.2.1 Precipitation Data Requirements

In research studies, especially those related to acid rain, the
instrument used most frequently is the Automatic Precipltation Collector with
one or two collecting buckets and a cover to prevent evaporetion., In
operational activitles, the choice is between the weighing gage and the Lipping
bucket gage. For climatological surveys, the choice might include one of the
above gages as well as a nonrecording type gage. The use of a windshield is
recommended to minlmize the errors that result from windy conditions if the
application requires maximum accuracy.

The precipitation measurement made in air guality momitoring stationg is
frequently used for descriptive purpcses or for eplsedal analysis. IFf the
effort required to achieve the level of accuracy specified by most . .
manufacturers of electrical recording gages is more than the application of the"."
‘data can justify, a tolerance of 10 percent may be adequate: -

4.4,2.2 Procurement

In purchasing a suitable precipitatien measuring system, specify the
type that fits the data application and include 2 requirement for asccuracy
consistent with that application. A variety of gages are avallable
commercially. In general, the standards established by NWS specifications
result in the fewest problems. For example, there are numercus S-inch gages
avallable, but those feollowing NWS specifications are made only of brass and
copper, are more durable, .and are reported to rupture less frequently under
extended freezing conditions than those made of gzlvanized sisel.

The procurement of a weighing type gage should include 2 iripod mounting
base as weil as a set of calibration weights. For locatlons that may not be
readily accessible, or for locations with heavy precipitation, the buckel of
the weighing gage should have an overfiow tube. Refer tno Section 4.4.3.2 for
antifreeze specifications. If the resolution of time is nat tao Impeortant,
recording rain gages of the drum type can be obtained with monthiy rather than
weekly mechanisms. Unless the tipping bucket gage is equipped with = heater,
it is of no use for frozen precipitation.

4.4.2.3 Acceptance Testing

acceptance testing. The weighing gages should be assembled and given a quicl
"bench-top" calibration check using standard weights or a measursd valume of
waler. In addiiion, the ciock mechanism supplied with the gage should be

checked for at lzast a couple of days, preferably a week. The tipping bucke:

Except for visual inspecticn, nonrecording gages do not require .W
v
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gage should alsc be bench tested, primerily to be certzin that the bucket
mechanism assembly ls balanced and that the switch is opsraztional.

4.4.2.4 Calibration

Bench calibrations should follow the recommendation of the manufactursr.
The elecirical output gage or the drum recording Bage measulrzs weight, whether
total weight in the case of the “welghlng gage" or increments of weight in the
case of the tipping bucket gage. Density of water is aseumed so the weight can
be expressed in uniis of volume or depth assuming the arez of the collector
opening. Calibrations of the nmeasurement apparatus can be based upen the
introduction of known volumes of walter. The area of the collection surface
must be known for the volume collected fo he expressed ag a depth. For
example, an "eight inch” collector may feed 2 tipping buckel which tips when
7.93 coc of water has arrived. If this wolume of water is to represent 0.01" of
rainfall, the effective collection ares must be 48,51 square inches, from the
follewing calculations:
7.93 cc o= 0.485 in.” = 0.01 in. * 48.51 ip.?
If the ares is a circls, the diameter should ke 7.86 inches.
(48.51/m)"% = 3.93 in. radius

For rate-sensitive systems such as t{he tipping bucket, the rate of simulated
precipitation should be kept less thanm one inch per hour. Calibrations require
properly leveled weighing systems (gages) whether on the herch or in the field.

4.4,3 JPERATIONS
4.4.3.1 Installatiasn

Refer to Sectiom 4.0.4.4.2.4 which provides some sitlng guidance for
pracipitation measurement. The support, or base, of any gage must be firmly
anchored, preferably on a level surfzce g0 that the sides of the gage arsa
vertical and the collecteor ig horizental. The collector can be checksd with =
carpenter’s level placed at twa intersscting positions: The level of the
bucket assembly on the tipping bucket gage iz zlso critical and should zlsc be
checked along its length and width.

Once the welghing gage is installed, the silicope Tluid should be poured
inte the damping cviinder as required. The pen of the drum recording type is
inked to less thanp capacity because the ink used 1s hygroscopic and expands
with lncreasing humidity, easily spilling over the chart. The final
callbration check with standard weighls or suitable substitute should be made
at this time. To check ithe operation of the tipping bucke:, the best approach
is to put = known quantity of water in a cap with 2 small hole so that the slow
flow can be timed. Tt mey be necessary to ad just the set screws, which act as
limits to the travel of the tiiting buckeis. The average of 2 minimum of ten
tipz should be used. Adjustment i{s required if z 10 percsnt or greater error
Is found or if greater acocuracy is needed.

4.4.3.2 Field Uperation of z Precipitation Measurement System
Calibration chec¥s for welghing and tipping bucket £ages using the

techniques described above ars recommended at S-month intervals, Monrecording
gages, whether alens or in a networi, should be read daily at a standard time.
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Although the weighing gage i1s used for liguid and frezen precipitation,
it requires some special attention for winter cperations. First, the funnesl
must be removed when snow 1s expected. Second, tha bucket must be charged with
an antifreeze, 24 oz cof ethylene glycol mixed with 8 oz of oil. The welight of
this mixture represents the haseline from which precipitation amounts are to be
noted. The bucket should be emptied and recharged when necsssary, at about 5
inches in the Universal gage, and at abeul. 10 inches in the punched tape gage.
If the antifreeze mixture iz classified as hazardous or environmentally
sensitive, care must be taken in the disposal process. All operational
actlivities should be recorded in the station log.

4.4.3.3 Preventive Maintenance

Possible leaks in the measuring tube or the cverflow container of the
gage are easily checked. The receptacles are partially filled with water
colored with red ink and placed over a piece of newspaper. This procesdure is
especially applicable te the clear plastic 4-inch gage which iz more easily
damaged. Repalrs are performed by scoldering the 8-inch gage and by applving a
solvent to the plastic.

A number of pens, some with greater capacity than others, can be used
with the Universal gage. All require occasienal cleaning, including 2 good
soaking and wiping in a mixture of water zand detergent. After inking problems,
the next scurce of trouble 1s the chart drive: but these problems can sometimes )
be avoided by having the clock drive lubricated for the environmental ".'z
conditions expected. [t iz a good praciice to have spare clocks in stock. h_4

Houtine visual checks of the performance of weighing type gages should
be made every time there is a chart change. The time and date of change, and
site locaztiion should be documented. Houtine majintenance should include inkins
the pen and winding the clock. Battery-powered chart drives will require
periodic replacement of batteries based on elther axperience or manufacturer’s
recommendations. All preventive maintenance activities should be noted in the
log book.

4.4.4 PERFORMANCE AUDIT METHODS

Audits on precipitation measuring systems need be no more frequent than
every & months. The irregular occurrence of precipitation makes the use of a
CTS impractical. The performance audit should depend upon the challenging of
the gage with amounts of water known to an accuracy of at least | percent of
the total to be used. This methed will provide an accuracy of the measurement
system but not the collection efficiency of the gage in natural precipitation.
For tipping bucket gages use a rate of less than one inch per hour and an
amount which will cause a minimum of ten tips.

For weighing gages, it is more convenient to use calibration weights to
challenge the weighing mechanism rather than using the gallons of water
necessary for full scale testing.

All types of precipitation gages shculd be measured to determine the '\\.j
effective collection area. This measurement ls only reguired once but the =
difficulty of measuring the area of a slightly out-of=-round collector may
require several samples to accurately find the area.
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QUALITY ASSURANCE FOE RELATIYE HUMIDITY OR DEW FOINT TEMPERATURE
4.%.0 INTRODUCTION

Humidity ls a general term for the water-vapor conteat of air. Other,
more specific, terms for humidity indlude: absolute humidity, relative humid-
ity, specific humidity, mixing ratio, and dew point (Huschke, 1959). This
section discusses the measurement of relative humidiiy and dew point. Heslative
humidity (RH} is 2 dimensionless ratio of the actual vapor pressure of air to
the saturation vapor pressure at a given dry bulb temperature. Dew point is
the temperaiure to which air must be cooled, at constant pressure and constant
water vapor content, to be saturated with respect to licuid water. Frost point
is the temperature below 0 C at which zir 1ls saturated with respect to ice.

4.5.1 TYFES OF ITHSTRUMENTS
Thers are many ways {0 measurs the water vapor content of the atmo-
sphere. These can be classified in terms of the six physical principles

(Middleton and Spilhaus, 1933) listed in Table 4.5.1, Examples of instruments
for each technique ars provided.

Table 4.5.1 Prineiples of Humidity Msasurement

Principle : Instrument/Method

Raductlion of temperature : peychrometar
by evaporation i

Dimensional changes due to i hygrometers with sensors

aksorption of moisture, i of hair, wood, natural
based on hygroscopic : and synthetic fibers

properties of materlals

Chemical or electrical : electric nygrometers

changes due to absorption i such as Dunmore Cell;
or adsorption : lithium, carbon, and

aluminum oxide strips;
capacitance film

i dew or frost i cooled mirror surfaces
by artificial cooling ;

Diffusion of moisture : diffusion hygrometers
through porous membranes |

Absorption spectra of water 5 infrared and UV absorp-
vapor i tion; Lyman-alpha

. L E radiation hygrometers
1 | |

Instruments such =s diffusion hygrometers that involve the diffusicn of
moisture through porous membranes zra used primarily in research programs. The
same is true -of instruments that utilize the absorption spectra of water vaper,
such as infrared and ultraviciet hygrometers, and Lyman-alpha radiation hygro-




Section No. 4.5.0C
Revision No. a

Date: 6 Aug 8¢ @
Page: 2 of 10 y

meters. This class of Instrument requires frequent atiention and represents a
major investment in procurement and maintenance costs.

Psychrometry identifies a basic techrnique for
deriving both relative humidity and dew point temperature
from a palr of thermometers——a dry bulb thermometer that
measures the ambient temperature, and a wet bulb thermo-
meter. The reservoir of the wet bulb thermometer 1z
coverad with a muslin wick. When the wick is moistened
and the thermometer ventilated, the indicated temperature
is related to the amount of evaporative cooling that takes
place at the existing ambient temperature, water vapor
partial pressure, and atmospheric pressure.

The temperature sensors in a sling psychrometer
(Figure 4.5.1) are usually mercury- or alcohol-filled
thermometers. The same is true of portable motor-
operated psychrometers (Figure 4.3.7.3), but the psychro-
metric principie has been used with senscrs pade of
thermecouples, wire-wound resistance thermometers, therp-
istore, and bimetal thermometers. Relative humidity and
dew point are easily determined by observ- ing the
difference between the dry bulb and the wet bulb--the wet
bulb depression--and then refsrring to peychrometric
tables, charts, or calculators. One must be certzain teo
use computed values for the atmospheric pressure range of
the locaticn where the observation is taken.

PR
7

Figure 4.5.1

More measursments of atmospheric water vapor have Sling

probably been made with the sling psychrometer than by any .
other manual method. When properly used and read, the psychrometet
technique can be reasonably accurate, but it is 2asily misused. The most
important errors are from radiation, changes during reading, and parallax. The
Assmann psychrometer continucusly aspirates the thermometers and protects them
from radiation which allows time and
accessibility for a carsful reading to
avold parallax (a parallax avoiding guide
to keep the eve perpendlcular to the
meniscus is best, see Figure 4.3.2). For
goud accuracy, particularly where a
variety of observers are taking measure-
ments, an Assmann or ecquivalent type
psychrometer 1s recommended. One should
use the psychrometric tables with dew
point values for ithe altitude (pressure)
where measurements are belng made.

Hygrographs, which record relative
humidity, or hygrothermographs, which
record both relative humidity and temper-
ature, usually incorporate human hair as
the moisture-absorbing sensor. Other
instruments with sensors that respond to
water vapor by exhibiting dimensional

Figure 4.5.2 Assmann psychro-
meter with parallax guides.
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changes are avallable. They are made with slements such as wood, goldbeater’s
skin (an animal membrane), and synthetiec materials, especially nylomn.

Instruments that utllize the hygroscopic characteristlcs of human hair
tv¥. The hygrogrzph
i

s

are used most frequently, primarily becauss of availab
provides z dirett measure of relative humidity in 3 po
uncomplicated and is relatively inexpensive. There are limifations in AcCuracy
below 20 percent relative humidity and above 30 percent thatl may be unaccepi-
able, as well as limitaticns for appllcailons at iow tamnperatures. Atmospheric
Environment Services of Canada has found that Fernix, = speclially treated znd
flaitened hair element, can be used at temperaturss below freezing without
serious errcrs. The hygrothermograph mzde to an NWS specification incorporates
human halr as the humidity sensor and bourden tube {a curved capsule filled
with alcohol) a2s the tsmperature segser.

Llitn

e - a4

rlable instrument that is
= ]
A

Dew point hygrometers with centinuous electricszi cutputs are in common
usg for menitering. One dew point hygrometer was o ginally developed for air
conditicning control applications under the trzde pame Dewcel (Hickes, 1947)
and was adopted to meteorological use (Comover, 19507, rem the trade name,
the generic term dew cell has evolved that now ldenzifies an instrument made by
several manufacturers., This device determines molsture based on the principle
that for every water vapor pressure thers is an equllibriun temperature at
which the saiurated salt solution neither ahbserds nor gives up moisture to the
surrounding atnosphers.

ic
i

The dew cell, alsa known by the :rade name Dew
Probe, consists of 2ifilar wire electrodes wrapped
arcund a woven glass cloth sleeve that cavers a hollow
tube or pobbin. The sleeve is impregnated with &
lithium chloride sciution (Figure 4.5.3). Low=valitage
a.c. ls supplied to the electrodes, which arse not
interconnected but depend on the conductivity of the
atmospherically moistened lithium chloride for current
flow. The temperature ssnsor in tha tube iz usually a
resistance thermcmetar, but can be a tharmistor, "
thermocouple, bimetal thermometer, caplllary =syvstem, or
any sensor calibrated for the proper temperziure-to-
dew-paint relatlonship.

In the early i96G's, the technique of dateciing
the dew point on a cooled mirror surface evoglved into a
production-tvpe unii. This unili was autcmaiically
cperated and had an optical dew=-sensing system that
incorporated thermoelectiric cooling (Francisce and
Beaubien, 1963). Four manufacturers now produce
meteorological type, thermoelectric, covled-mirror dew
polnt instrument (Mazzarella, 1977). Thres of these
insiruments cover the range of -50 ko +50 C. Linear
thermistors are used (o measure the mirror temperaiurs
in three of the units; a platinum wire sensor is used
in the other. 4ll are designed with simultanecus
linear output signals for Td (dew point temperaturs)

Figure 4.5.3 4
typical Dewcel
sensar housing

and T (ambient tzmperature). Two of the manufacturers and transmitter
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make clalm to NBS traceability with stated dew point accuracies ranging Irom o
0, 2 to %0.4°C and ambient temperature accuracies ranging from *0.1 fo

£0.5°C. All incorporate some form of standardizatieon that invelves clearing

the mirror by heating, sither automatically or manually. Although complex in
design and operaticn, this type of cooled-mirror hygrometer is conzidered to e

a functional stardard. :

= O

In recent years, two obther sensors for humidity have been used on tower
ingtallaticns for atmospheric pollution studies. One invelves the uss of an
organic seed, cut and coupled to a strain gage. In principle, abserption of
moisture in the seed results in distortion, which lg converted to an electirical
signal by the strain gage assembly. Reports on performance are mixed.
Certainly the applications are limited, and the approach dees noi reoresent a
technological advance. By contrast, the thin film capacitor, designed primari-
iy for radicsonde applicatlions, incorperates advanced technology (Suntola and
Antson, [973). HReports of users in the past have been mixed, with a common
complaint of poor performance in polluted aimospheres. Modern capacitor-type
sensars have achleved a betiter performance thirocugh lmproved design and user
education.

4.%.1.1 Sengor Characteristice

Although the psychrometer is considered the mos:i practical and widely
ugsed Insirument for measuring humidity, two major problems are associated with
wet and dry bulb psychrometry involving the accuracy of the thermometers and .’.ﬁ‘.
the cumulative errors Le!atud to operating technique (Quinn, 1968). An accur— YN/
acy of *1 perceni at 23°C and S0 percent ]H reguires therm@meterw with ralative
accuracy of 0.1 ‘C. The commenly used 0. 5°C division thermometers introduce zn
uncertainty of +5 percent RH at this condition. This assumes that the re=ading
were taken at the maximum wet bulb depression, a difficult task with a sling
psychraometer.

It has long been recognized that there are some limitations in using the
dew cell instrument (Acheson, 1963). The lowest relative humidity it camn mess-
ure at a given temperature 13 the ratio of the vapor pressures of a saturatad
golution of LiCl to that of pure water. This 1s galculatﬁd to be 11. & percent
RH. A second limitation ls that at -£5.& , =-20.5 , +19.0 and +94.0°C, LiCl
in equilibrium with its saturated solutlon undergoes a pnase change. Errors in
deWw poinit measurements occur =zt - , -39° R "12 ang +40 C. This problem is
inherent 1n the use of LiCl and cannot be ellmlnatedm It is estimated that Lne
accuracy of the LiCl saturated salt technique iz 1.3 £ over the range of =30
to 30°C.

The optical chilled (cogled) mirror technique of measuring dew point is
a fundamental measurement. No calibration is required for the fundamental dew
generating process. The measurement however is the temperaturs of the surface
at which the dew forms and as with any slectrical temperature measurement
system, calibration is required. The process of periodically hsating the
mirror to a temperaturs above the dew (or frosi) point is followed by zeroing
the cptical system to correct for the dry mirror refleciance changing dus <o
contamination. In the better lnstruments, automatic zeroing is prograzmmable ij‘."
terms of frequgncy and length of time. It can also be accomplished manually.
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4,5.1.2 Sensor Housings and Shislds

Fsychrometers of all types should be acclimated to the environmental
conditlons in which the measurements are to be mede. In most cases, psychro-
melters should. be stored in a standard instrument shelter so that the mass of
the thermometers, especially the mass of the housing, adjusts te the temper-~
ature of the alr. Psychrometers with a stored water supply, such as thoss on a
tower, must be shielded from solar radiatiocn.

For metezorological applications, the dew cell element should be enclosed
in & weatherhood to protect it from precipitation, wind, and radiation effects.
This type of element functions best in still air. Some aspirated radiation
shields are designed, in keeping with these specifications to house both a
temperature sensor, which requires ventilation, and a dew cell, which reguires
only the smellest amount of air flow (Figurs 4.5.4). The winiaturization of
the dew cell has created some problems relzted to excessive air flow and solar
radlaticn- that remain only partially solved.

4
All menufacturers of optical cocled-mirror dew point and temperature
monitoring eguipment provide housings for the sensors, which include forced
ventilation and shiszlding from sclar radiation.

4.5.1.3 Data Bequirements

Elecirical hygrometers for monitoring applicaticng have Lime constants
generally longer than air temperature systems. The usuzl data of interest are
hourly average values. Data should e reported in terms of the condition
measured, dew point temperature,
relztive humidity or wet-bulb and dry-
bulp temperature. Programs msey be ussd
wiiich comvert among these if zll the
relevant varizbles are known. The
station elevation may be used to
estimate & nominal pressure if a
measurement 1s not available. The temp-
erature needed to convert a relative
hunidity measursment to dew point temp-
erature is theat temperature at the
relative humidity sensor surface. This
may not be the same temperature as that
mezzsured at some other loeation. On the
ather hand, the dew point temperaiure is
2 fundamental measures of the amount aof
wzler vapor in the air and is indepen-

Flgure 4.5.4 4 pzir of tover- dent of alr tempsrature. HRelative
mounited Gill asplirated radiation humidity calculations can therefore be
shields for housing temperature made given the dew polnt temperzture and
and dew point sensors (Young). any temperature measurement peoint in the

same general air mass. Empirical formulae for the estimation of relative
humidity as a function of dew poinl temperature and air temperature, relative
humidiiy as a function of wet-, dry-bulb temperzture and pressure, znd dew
polnt temperapure as & function of relative humidity and temperature ace shown
below. )
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Te calculate relative humidigy (RH = 100 r, %) {from air temperature (T,
°Ci} and dew polnt temperature (TD, C), do the following:
TD T
r = exp a - : (1)
b+ T (b = T )
. D )
where a = 17.27
b = 237.3

To calculate the dew point temperature (TDP ‘C) from air temperature (7,

‘C) and relative humidity (RH = 100 r, %) use

b [In r + Al
o+ T
T, = - - (2)
a - |lnr + ame
- b s? T‘A

To caleculate relative humidigy (RH = 100 ¢, %) {rom zir temperature
(T, C}, wet-bulb temperature (Tw’ C), and atmospheric pressure (P, mb])

through the vapor pressure (¢, mb) and the saturation vapor pressure (e_, mbl, {.\l
=
de the following: R 4

e - AP (1 + BT YT =T}
@ SW W W
r = = = (3}
s e exp |—2L |
o °FF b+ 7T ]
where A = 6.6 x 10“4
B=1.15 x 10°°
aT
SH 0 b+ T

@+

Te estimate wet-bulb temperature [TH” "C) from air temperature (T, QC‘,
dew point temperature {TD, °C), relative humidity (r, ratic) and atmospheric
pressure (P, mb), do the following:

i)

P+ T [ 19 + 130r - 28r° ﬁ

T =T
W

P+ T {'19 + 130r - 2807 J

The summarization of these relationships was suggested by &, L. Morris {rom
material found in Z. Geophysik, &, 297, 1930, the Smithsonian Mefeoroliogical
Tablies, Sixth Revised Edition, the Glossary cof Mefeorclogy and has besn
augmented by hls own derivation of expression (4).
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Fsychrometers are convenient devices for making spot checks of the per-
formance of other devices, especially those that are permanently installed,
providing the checking is done under rezsonably steady overcast conditions.
The psychrometric technique bullt inte tower instsllations presents servicing
problems. especially at temperaturs sxiremes. High temperatures cause rapid
evaporation, and low temperatures cauze freezing.

Both the dew cegll and the cooled-mirror type instruments have applica-
ticns on 10-meter or taller tower installaticns for pollution studies,
providing the senscrs are housed in the recommended saields with little, if
any, asplratlion for the dew cell and the recommended rate of aspiration for the
cocgled-mirror design is selected.

4.5.2 SPECIFICATIONS
4.5,2.1 Procuremeant

The selection of 2 humidity instirument is gulided by the application to
witich the data will be put. The PSD (Preventlon of Significant Deterioration)
guideline (EF4, 1987) provides the foliowing: "...If the permit granting auth-
ority determines that z significant potentlizl exists for fog formation, icing,
ete., due to effluents Trom the propoged facility, error in the selected
measurement technique should not exceed an equivalent dewpoint temperature
error of 0,3 C. Otherwise, errors in eguivalent dew-point temperaturs should
not exceed 1.5 C over a dewpoint range of =30°C to +30°C.° This latter toler-
ance allows for the use of lithium chleoride dew celle. :

Sling psychrometers and aspirated psychrometers with thermometers
shorter than 10 lnches do neot have sufficient resclution for the accuracies
required for checking other instruments Egually important, the thermometers
should have etched stems: i.2., the scale markings should be etched on the
glass. Relizsble thermomsters ares favtory calibrated at 2z minimum of two temp-
eratures, and usually at three. Thermometers calibrated with NBS-traceable
standards are preferrad.

When patenis expired on the original Dewcell, 2 number of similar units
appeared on the market. In light of problems which have existed in the past,
it is prudent to specify acouracy of the humidity system whem it is operzating
ag & system in Lhe atmmsphere. Problems with ventilation rates will he quickly
expused by this requirement. It is not recommended &o purchase comnponents Lo
patch together im a system. Corresicn in poliuted ztmespheres can be avoided
by selecting optional Z4-carat gold windings, provided cost 1s not nrohibitive,
1f dew point alone iz to be measured, the standard weatherhocod iz a proper
cholee. [ both temperature and dew pvoint are to be measured, Lt may be
advantagecus Lo purchase a standard shield that provides a housing for the dew
cell and & separate aspirated compartment for the temperature probe.

Optical cooled-mirrer dew polnt svstemg are now commercially available
irom severzal manufacturers, all of which incorperate either linear thermistors
or platinum resistancs temperature devicas,
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4.5 2.2 Acceptance Testing

Test at least the ambient atmosphere at one point in normal wind and
radglation.

4.5.2.3 Calibration

The procedure for calibrating the thermometers in a psvchrometer is
essentially the same as any thermometer callibration (See Secticn 4.3.5).

Both the dew cell and the cooled-mirror hyvgrometer can be checked for
approximate callbraticn accuracy with a motor-operated psychrometsr., Their
performance should be verified under stable conditions at night or under cloudy
conditions during the day. Several readings taken at the intake of the aspir-
ator or shield are recommended. Bench calibrations of these more scophisticated
units must be made by the manufacturer. The elecirenics porticn of some
instruments may be calibrated by substitution of known resistances in place of
the temperature sensor. Thils procedure, 1f appropriaie, is desecribed in the
manufacturer’s operating manual for the instrument.

4.5.3 OPERATIONS

4.5.3.1 Installation
{ '

Dew point measuring equipment on a tower should be installed with the ‘4,
same considerations given to temperature sensors. Reference has already been
made to the weatherhood as a shield for the dew cell and to an aspirated shiels
for the cooled-mirror instrument. At some installations, success has been
reported in mounting these housings so that they are close to the tewer frape-
work on the north-facing side. This minimizes the eoffects of direct solar
radiation and provides a rigid suppert, especially for the cocled-mirror
sensor, which requires a stable wounting surface. Another conslderation in
mounting these devices lnboard involves servicing., Inboard mounting makes
recharging the dew cell with lithium chloride and cleaning the reflective
surface of the cocled- mirrer hygrometer much sasier.

4,.5.3.2 Field Operation and Preventive Maintenance

Field calibration checks should be made at least monthly on dew cell
type units. The use of gold wire windings around the LiCl cvlinder minimizes
corrosion problems in polluted atmospheres. Periodic removal and washing of
old lithium chioride, followed by recharging with a fresh scluticn, improves
data reliability.

Onee a mercury or alcohel liquid-in-glass thermometer is callbrated,
there ls no need for recalibration, unless it 1s to be used for refersnce or as
a2 transfer standard. Errors in wei bulb tempearatures are most freguently the
result of an lmproperly installed or dirty muslin wick, the repeated use of tan
water instead of distilied water, or human error in reading. Wicking materizl .
used on psychrometers must be washed to remove Lraces of sizing and finger- iz.J
prints. Once cleaned, the material is tied at the top of Lhe thermomeisr byl
and & loop of Lhread placed around the bottom s the thermometer bulb is
tightly covered. To prevent solid materials from collecting on the cleth and

preventing proper evaporation, the wick should be wet with distiiled water. Of
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course, slinging or motor aspiration should be done in the shade, away from
reflected or scattered radiation, at = ventilation rate of about 3 to 5 m/s.
Many technlique-related errors are minimized by using an Azsmann-type, motor-
operated psychrometer, providing the instrument is alliowed to assume near
dmbient conditions prior te use.

The cooled-mirrer instruments requirs no callbration except for the
miner temperature senscor. Oepending on epviroamental conditions, the mirror is
easily cleaned with = Q-Tip dipped in the recommended cleaning fluid, usuzlly =
ligquid with an zlcohol base. While the accuracy of a psychrometer is inferior
to that of the optical chilled mirror system, an occasionzl check at the intake
to the sensor shield is recommended under the proviszionsz specified earlier.

All operational and preventive maintenance a”LLVTilE: should ke logged.
Data retrieval will be dependent upon program objectives.

.4 PERFORMANCE AUDIT METHODS

Instrument audii procedures for hygrometry sygtems follow calibration
procedures. 4 systems zudit should be performed near the beginning of a fleld
measurement program.,

The performance audii of a num;d*ty neasuring system should be based
upon 2 comparison with a cellocated traznsfer standard (CTS). Parts of the
system can be tested by conventlonal electronic tests, but this avoids so much
of the measurement process that it should only be used Lo zugment the total
system test. The CTS may be any qualified instirument. The most accurate type
is the cooled-mirror dew point instrument. The Assmann-type psychromeier with
calibrated thermometsrs traceszhle to NES ig acceptable for most dats applice-
tiong. It is also most convenient since it does not requilre commercizl power
and can be carried o elevated levels on g tLower.

Given the qualifier that humidity is a very difficult measurement to
make, a rule of thump 7for Judging the accuracy of a humidity monitoring svysten
with an Assmann as the CTS is as follows: when the CTS and the challengsd
system agree in dew pol ﬂb temperaturs to within JbC the challenged svstem is
essumed to be within 0.35°C of the true value, This arblirarily assigns an
uncertalnty in dew pulﬁt temperature of +0.5°C for the Assmann which iz trus
Tor mest of the range.

duditing is best backed by authoritatlve standards. ASTM, 1982, 1983,
1984 and 1985 may be of selective valus.
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QUALITY ASSURANCE FOE SOLAR RADIATIOHN HEASUREMENTS
4.6.0 THTRODUCTION

Solar energy is the driving force of large-sczle atmospheric motion,
indeed, of the gesneral circulation of the atmesphere. Although air pollution
investigators normally consider the messursment of sclar radiation secdndary to
wind and tempersture measurements, sclar radiation is directly related to
atmospheric stability. It 1s measured as tctal incoming global radiation, ==
outgeing reflected and terrestrial radiation and as net total radiation.

Quantitztively, sglar radiatlon is described in units of energy flux,
gither W/m or cals/cm»min. When measured in specific, nrarrow wavelength
bandg, solar radiatlon may be used to evaluzte such air pollution indicators as
turbidity, amount of precipitable water, and rates of photochemical reactiong.
However, this manual will cover only broadband meazurements and sunshine.

The generic term, radicmeter, refers to any instrumeni that measures
radiation, regardless of wavelength. Shoriwave radiation has wave1enths less
than 4 micromsters (um) and is subdivided as follows:

Ultraviolet (UV) 0.20 pm to 0.38 um
Vigsible 0.3%8 pm to 0.75 um
Near-infrarsd 0.75 pm to £.00 um

Longwave radiation has a wavelength as follows

Infrared (IR) 4 pm to 100 um

=
in
o+

znd comes

ir the Earth and its stmosphere. Th
used for env

il e i ruments most commonly
ronpental meonitoring are discussed below.

Gi
i

4.8.,1 TYPES OF INSTRUMENTS
4.6.1.1 Pyrancmeters

Fyranometers are instruments that measure the golar radiaticn received
frem the hemispherical part of
the atmesphers it sees,
including the total sun and
sky shortwave radistion on a
hor¢zmrudt surface (Figurse

i3 Hosi pyranometers

'_. . . A = & - G‘UE‘FG’DJSG /\m<
incorperats a thermopile as 5, i

Sensing Fregision Ground &
Elemant’ Folished Glass Domeg
(Fregquanty Doubia)

sensor. Somes use & sillcon e N L T——
phictevalialc cell z¢ = sensor. Cadfs -

The precision spectrsz Cﬁgﬁﬁzzzzt - Leveling
pyranomneter (PSP) is made by UE%F:Q Level LTl Serew
Eppley Laboratories and has [ ,‘- - ,sfﬁéii \

two hemispherical domes A -

designed Lo measurs sun and
sky radiation on 2 horizontal
surface in defineg

‘wavelengths. -This is achisved Figure 4.6.1 Features of a itypical

pyirenometer {Carter, ei al.,1977)

s

by substituting one of seversal
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colored Schott glass filter domes for the clear glass outer dome. The smaller
dome suppresses convection, so this type is better sited if tilied from the
horizontal.

4.6.1.2 Bimetallic Recording Pyranometers

Bimetallic recording pyrancmeters, also known as actin~ ometbers,
weredesigned by Robitzsch of Germany. These mechanical sensors consist of two
or three bimetallic strips, alternately painted black and white, that
respectlvely absorb and reflect solar radiation. The resulting differential
heating produces a deformation that is transmiited mechanically through levers
and a pen arm to a clock-wound drum recorder. Although of limited accuracy,
these instruments are useful for locations with ne commercial power.

4.6.1.3 Net Radiometers

Net radiometers or net pyrradiometers are desigrned to measure the
difference between downward and upward total radiatlion, including the total
incoming shortwave and longwave radiation and the
total outgoing shortwave and longwave radistion.
There are two basic types of net radiometers. The
ventilated plate type, often referred toc by the
name of the designers (Gier and Dunkle), is more
popular In research applicaticns than the type
with hemispherical polyethylene domes originally
designed by Funk. Both incorporate thermopiles
with blackened surfaces. Because net radiometers
produce a signal with a positive sign when the
incoming radiation exceeds the outgeing, the
recerding equipment must be designed with an
offset zero.

4.6.1.4 Sunshine Recorders

Sunshine recorders are designed to provide
information on the hourly or dally duration of
sunshine. Only one commercially available,
off-the-shelf type of sunshine recorder is now
avallable. This is the Campbell-Stokes design
(Flgure 4.6.2}), designated as the interim
reference sunshine recorder "IRSR" by the World
Meteorological Organization. The device consists
of a glass sphere 10 cm in diameter mounted in =&
spherical bowl. The sun's rays are focused on 2
card that abserbs radiation and changes coler in
the presence of sunlight. The recorder is used
infrequently in the United States bul extensive-
ly abroad, primarily for the collection of
climatological data. The National Weather Serwvice
routinely uses a Sunshine Switch, which Figure 4.6.2 4 Campbzll- .

_

incorporates one shaded photocell and one exposed Stokes Sunshine Recorder |
photocell. (U.5. Army, I1975) -

w
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4.8.1.% Instrument Characteristics

Only the characteristics of pyranomeiers and net radicmeters, the two
types of Insiruments used most frequently in pellution-relzted programs, will
be digscussed in thls section. The pyranometer is not to be confused with the
pyrheliometer, "an instrument for mezsuring the intensity of direct solar
’ ’ . radiation at nermal incidence" (WMO,

XN 1971). The pyrheliometer 1s mounted
S in @ solar itracker, or eguatorial
- mount,. automatically pointing to the
A, sun as It Lraverses from east to west
x\\\ qu {Figure 4.5.3). By contrast, Lhe
. pyrancneter lg mounted facing toward
the zenith. Ideally, the response of
the thermoplle sengor in the
pyrancmeter Lg proportional teo the
coslne of the angle of the solar beam
ard 1s constant atbt 2ll azimuth angles.
This characteristic lg known as the
Lambert Cosine Hesponszs, an important
characteristic of pyranometers. For
the majority of zpplications related

Pyrhefiometer

Declination 4diustment

24 hr. Diad

Latitude Adiust

to atmespheric pellutien, Class 2 znd
: ‘ Class 3 are satisfactory (see Table
Figure 4.6.2 Fealures of a &.8.10.
typical pyrheliometer and frack-
Ing mount (Carter, et al., 1977) Most net radicometers now

avallable commerclaliy are made with a
small disc-shaped thermopile covered by pelyethylene hemispheres. In most
units the maiterial used for shielding the element from the wind and weather is
very thin and is transparent to wavelengths of 0.3 to &0 pm. Until recently,
the internal veptilation and positive pressure required te mazintain the
hemispheres of net radiometers in their proper shape was conzidered critical;
however, new designs have eliminated this problem. The plate-type net
radiometer, meost oftes the modified CGler and Dunkle design sold commercizlly in
the United States, is occasionally used in routine air pollution
investigations. The thermopile heat flow transducer is blackened with a
material that is easily cleaned with water cor naphtlm. Because the ihermopile
1s uncovered for total specirum responsse, a2 built-in blower, avallable for
cperation on 115 V S0.80 Hz or 12 V d.e., draws alr zcross the element at a
constant rate eliminailng the effeects of wvarving nztural winds. The devige is
temperature~compensated and typically has a sensitivity of 2.2 uV per W/ma, z
respense time of 10 seconds, and & "relative” ascuracy of twe percent in
calloratlon. When supplied with a reflective shield on its lower surface, this
plate type net radicmeter of the Gler and Dunkle design becomes a total
hemispherical radicmeter or unshielded pyranecmeter,

4.5.1.&6 PRecorders and Integrators for Pyranomeisrs and
Het Hadiometars

The relatively high impedance and low signal of thermopile sensors,
excluding silicon photeveliaic cells, limits thelir use with both indicating

meters and recording meters. Electronic strip chart millivelt potentiometric
recorders incorporating variable-range rneostats are prefarred. The
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variable-range rheosiat permits the exact matching of the recorder scale to
interchangeable sensors so that deflections of the meter represent engineering
units, i.e., W/ng'calfcmdﬂmin, etc. The alternative is & standard millivolt-
meter potentiomeiric recerder where the data, in millivolts, must be translated
to upits of energy, corresponding to full-scale values of 1370 W/m® or 1.96

Z . ;- s o1
cal/cm”»min. It may also be necessary, especlally if the signal is toc be used
- as an inpuit to a computer, to combine preamplification with scaling.

4.6.2 SPECIFICATIONS
4.6.2.1 Procurement,

In purchasing a solar radiation measurement system, follow the practice
of matching the data requirements tc the instrument selection, specifving the
performance required on the purchase order (complete with test method to verify
performance) and testing the perfeormance in receiving. See Section 4.1.4.5 for
comments on traceabllity protocel. Many types of radiation instruments have
been developed, especially in recent years, because of an increasing interest
in environmental considerations (Gates, 1962), meteorclogical research
(Monteith, 1972), and solar energy (Carter, et al., 1$77). Except for spscial
studies, the requirements for relating radiation to stability can be satisiied
by purchasing sensors of Class 2 or Class 3 as identified by the WMO (see Table
4£.6.11.

\J l“
Takle 4.6.1 Classification of Pyranometers According to @/
Physical Response Characteristics
Sens. Temp. Lin. |[Max Time Cosine
2 Constant |Responsa
{wW/cm™) { %) { % ) {gec. ) (%)
ist Class £ 0.1 £ 1 ® 1 25 * 3.0
2nd Class 0.5 2 £ 2 50 * 3.7
drd Class 1, O £ 5 £ 3 240 £ 10

Class 2 sensors offer the advantage of providing data comparable to that
collected at Mational Weather Service stations and at key locations of
Department of Energy (DOE). The sensors to be specifiied sheould be commercially
available, field proven by the manufacturer for several vears, and have the
technical requirements established by WMO standards. Severzl American Scoietly
for Testing and Materials (ASTM]) standards are available (ASTM, 1%84). UWhen
purchasing a recorder or integrator, one must match the calibraticon factor or
sensitivity of the sensor to the readout equipment. It must be recognized that
the signals from net radicmeters, in conirast to pyranometers, reguire
zaro-offset capabillity to sccommodate both negative and positive voliage
outputs.

4.6.2.2 Acceptance Tegsting

Physical inspection of the relatively fragile pyranometers cr net \.f
radiometers lmmediately after delivery of the instrument is important. -
musi be sure that the calibration data have been received and that these da"
correspend to the serlal number of the instrument. Storage of this information
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will prove helpful when the times comes to have the calibration of the
instrument checked, or to replace the senser or readout device. Few
organizatione are equipped or staffed to bench-~tesi 2 radiometer to werify
calibration, but a quick determination cam bes made indoaors as to whether the
sensor and recorder or integrator system is operating by exposing the sensor
the light of a tungsten lamp. It may be necessary to place the instrument
airly close to the lamp. Covering the sensor for several hours will ensure
that the system is not "dark counting."

1.

[Re]

~

4.&6.2.3 Calibration

The user of a pyranometer or net radiometer is normally not equipped to
calibrate the senscr. The best the uszer can do is to perform field calibration
checks on two cloudless sky days. These checks involve a side-hy-side
comparison of the sensor to a sensor of similar design, the calibration of .
which can be traced tec 2 transfer standard. Since 1975 all measurements have
been made in accordance with the Absplute Radiation Scale or equivalently the
World Radicmetric Reference established at the International Pyrheliometric
Comparison IV at Davos, Switzerland (NCAR, 1984, pp. 4-103). If a side-by-side
comparison is not possible, the devicsz should be returned to the manufactursr
or to a laboratory with the facilities to check the calibration. The frequency
of making comparative readings or having factory calibrations will depand on
environmental conditions. Any indication of disceloration or peeling of =
blackened surface or of scratches on the hemispheres of a pyranometer warrants
recalibration and/oir service.

Net radiometers are more delicate and require more frequent attention
than pyrancmeters. Pyranometers of high quality in = clean atmosphere may
require recallbration annually; net radiometers should be recalibrated at least
yearly. Callibrating the recorder or integrator iz an gasy task. The stzndard
nethod involves the use of 2 precision potentiometer to impress known voltagss
into the circuit. The linearity of thes readoul instrument may be checked by
introducing a series of voltages covering the full scale, checking first
up-gcale and then down-scale. Adjustments should be made as necessary. In the
absence of a precision potentiometsr, it may e possible to introducs a
calibrated millivolt source that covers ons or itwo points. Integrators can be
checked the same way, except that the input value nust =2lso be timed.

4.6.3 UPERATIONS
d.5%.3.1 Installation

The site selected for an upward-looking pyrancmeter should be free from
any obstruction above the plans of the sensor and should be readlly accessible
for cleaning and maintenance. 1t should be located so that shadows Wwill not be
cast on the device, and away from light-colored walls or other objects likely
to reflect sunlight. 4 flat roof is usually a good cholce; but if such a site
is not possible, a rigid stand with a horizonkzl surface some distance frem
buildings or other cbsiructicns should be used. & ziiw survey of the angular
elevation above the plane of the radiometer surface ghould be made through 360
degrees (The Eppley Laboratory, Inc.).

The same procedures and precautions should be foliowed lor net
radiemeters that are both upward- and downward-leoking. However, the
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instrument must be supporied on an arm extending 7rom a vertical support about
1 m above the ground. Except for pet radiometers with heavy-duty domes, which
are installed with a desiccant tube in series with the sensor chamber, most
other hemispherical net radiometers require the positive pressure of a
gas-—usually nitrogen-~to both maintain the shape of the polyethylene domes and
purge the area surrounding the thermopile. In on incressingly popular design,
there iz a requirement for internal purging with nitrogen and external ’
ventilation with compressed dry air through heoles on the frame. The compressed
air supply minimizes fogging and condensation.

Precautlions must be taken
te avold subjecting radiometers
Lo mechanical shock during
installation. They should be
installed securely and leveled
uging the circular spirit level
attached Lo the instrument. Net
radiometers are difficult to
mount and to mainiain free of
vibratlon. Pyranometers of the
Moll-Gerzynskl design, used
extensively by Atmospheric
Envircnmental Sciences (AES) of

Canada, are oriented so that the : Y X
emerging leads face north (Figure ) \! ,)
4.6.4). This minimizes sclar - = 10 in. e

heat on the electrical
connections of an instrument that
is not temperature compensated.
The thermopiles of these
instruments should be oriented so
that the long side of the

thermepile points east and west (Latimer, 1972). The cables used to connect the
pyrancmeter to the readout device, recorder, or integrator should he betwsen

16 and 20 geuge and made of shielded, waterproofed 2-conductor copper wire.

The sensor, shield, and readout device should be connected to a common grouid.
Potentiometric millivelt recorders are to be used with most high-impedance,
low-signal radiometers. Cable lengths of 300 m or more zre practical.
Galvanometric recorders can be used with silicon cell radiometers. Soldered,
copper-to-copper junctions between instrument connectors and/cr cables are
essential. Pyranographs or actinographs should be installed on a level surface
immune to shadows. These instruments should be placed in such a way that the
sensitive bimetallic strips lie within 2 degrees of true east and west witly the
glass inspection window facing north (in the northern hemisphere},

Figure 4.6.4 A Moll-Gorczynskia
Solarimeter (U.5. drmy, 1975)

4.6.3.2 Field Operation of a Solar Radiation Syztem

As part of the qualliy assurance program, a2 field calibration checlk
should be performed at lﬁaﬁt once every 6 months according to the proceduress i
outlined in Section 4.6.2.3. Solar radiation instruments require almost dailyy "
attention. The data should be inspected for a reasonable diurnal patltern and \ j
the absence of dark counting. Where strip chart or digital printers are used,
daily time checks are desirable. Data retrieval will depend upon pregram

L__/
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objectives; but even for climatological programs, data should be collected
monthly., All operational activities during a site visit should be logged.

4,6.3.3 Preventive Maintenance

&l types of radicmeters requirs frequent cleaning to remove any _
materisl deposited on the surface that will intercept the radiation. In most
cases, this 1s a dally operatien. The outer hemisphere should be wiped clean
and dry Wwith a lint-free soft cloth, using alcohol.. Any scratching of the
surface will alter ths transmission propertiss of the glass, so cleaning must
be done with care. If frozen snow, glzzed lce, hosrirost or rime ice is
present, an attempt should be made to remove the deposit carefully with warmed
cloths.

Should the internal surface of =z pyrancmetsr’s ocuter hemisphere becoms
coated Wwith molsture, it can be cleaned by carefully remeving the outer
hemisphere on & dry day and allewing the alr Lo evaporate the moisture, then
checking the dessicant. If removal of 2 hemisphers exposes the thermopile
element, extreme care should be tzken hecause it is fragile and easily damaged.
About cnce each month, the desiccant installed in mest pyranometers should be
inspected. Whenever the silics gel drying ageni is pink or white instead of
blue, it should be replaced or rejuvenaiad by drying it out om 2 pan in 133 C
oven. The level should be checked after ezch servicing of the radiometer, or
at least monthly. Significant errors can result from misalignment.

Met radlometers require more freguent maintenance attenticon than
pyrancmeters. It is necessary to reslace the polyethylens domes as often as
twice a year or more before the domes becone discolored, distorted, or crackad.
More frequent replacement is necessary in polluted environments due to
accelerated degradation of plastic hemispheres when exposad to pollutants. A
deily maintenance schedule is essentizl to check on the proper flow of gas in
instruments that are inflated and purged with Ritregen. 411l PM activities
should be recorded in a log.

4.6.4 PERFORMANCE AUDIT WETHODS

A4 performance audit on a solar radiation systenm ls only practical with a
CTS. The CTS musi have the spectral response and exposure egquivalent to the
instrument being audited. One diurnal cycle will estzhlish an estimate of
accuracy gufficient for most zir quality monltoring apolications. The method
of reporting the data from the monitoring instrument (daily integratsd value,
hourly lintegrated valus, average intensity per hour, etc.) must be used in
reducing the data frem the CTS to provide a meaningful comparison. An audit
frequency of at least six months is recommendsd.
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QUALITY ASSURANCE FOR ATHMOSFHERIC PRESSUNE MEASUREMENTS
4.7.0 INTRODUCTION

Surface atmospheric pressure is not generzlly a2 required measurement to
make for an air pollution meteorology application. . A pressure value may be
required for the calibration or interpreta- tion., Section 4.5.0 lists some
formulas for converting wet- and dry=- bulb temperaiures to dew point
temperature or relative humidity where a pressure value is required. In many
of these applications, a standard atmosphere pressure for the station elevation
will be gocd enough. For greater accuracy without measurement, the current
altimeter seiling from a nearby airport will provide an adjustment of ths
standard atmosphere to present conditions. If measurement ls desired, the
following may be helpiul.

4.7.1 TYFES OF INSTRAUMENTS

The two most common barometers ars the anercid barcometer and the mercurial
barcmeter. These must be read to get = measurement. Most electronic systems
vhich include pressure as a variable use & sensor which has an anercid pressure
sensor. The motion of the sensor zs a result of prassure changes may be

—

detected by any number of metheds. The latest and most accurate is = capacitor
type.

The Fortin mercurial barometsr iz used by the Naticnal Weather Service as
he officizl station pressure insirument. Portable orecisicn ansroid
aromelers ere used to make pressurs measurementis evailable at different work
tations. A standard on the measurement of pressure (ASTM, 1977) provides
L

-

Lthods fer calibratien and height correctiions.

4,7.2 SPECIFICATIONS

Meteorologists are familiar with the units of pressure called millibars
(mb). When SI units were adopted internationally, the Pascal (Pa) was chosen
as the pressure unit. The hPa (h=cto Pascal) is the common expressicon of
pressure in the SI units because it is equivalent to millibars. One standapd
atmosphere at standard gravity is:

1013, 22 nb or hPa .
29.9213 in. Hg ai 273.13 K
14,8939 1lbf/in”

Any practical application will be well served by & pressure measuremsnt
accuracy of zboui 10 hPa (= 1% or 100 m in elevation). The best accuracy one
can expect to achieve In a monitoring azpplication is about 0.5 hPa.

4.7.3 UOPERATIONS

%3 maximumlaccuracy is the goal, care must be given to the eXposurs
of the pressure sensor. The sensor is sensitive to both the atmospheric
pressure (weight of Lhe air above the station) and wind pressure. Errors from
wind may be at most aboul * 3 hPa undsr ordinary conditions.
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4.7.4 PERFORMANCE AUDIT METHODS

The audit instirument can be as slmple as an anercid barometer (altimeter)
which has been compared to a calibrated barometer. Figure 4.7.1 shows a pocket
altimeter which will provide all the resolutien and accouracy reguired by
normal applications. The accuracy for this small ingtrument, when properly
used, is 0.2 % or about 2 hPa. . : .

Figure 4.7.1 Engineer’'s Altimeter
(WEATHERtronics)
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QUALITY ASSURANCE FOR GROUND-BASED REMOTE SENSING DEVICES

4.8.0 OQUTLINE AND SUMMARY

It has been common practice in air quality siudies to use towers as platforms for
meteorelogical monitoring.  Such towers range in height from 10 to over 150 m and are typically
outfitied with in situ sensors at several levels. Often, these towers fall short of the effective stack
height (ESH) or the height of interest of an air quality study, and thus various technigues must be
used to estimate metecrological conditions above the tower, Such techniques are not aiways ths
most realistic methods for estimating the wertical structurs of the boundary laver. Tzl towers are also
expensive to insiall and maintain, and commonly, logistical constraints preclude proper siting of such
a siructure, Meteorological remoie sensing provides an alzemative 1o tower based measurements.

Over the past few years, cevelopments in remoie sensing technology have made it possible
to cbtain three-divensional wind velocity (u, v, w) end virtual eir temperature (T,) profiles with the
precision and acouracy suitabie for regulatory applications. There are three types of commercially
available remoie sensors: SODAR (SOund Deiection And Ranging) which uses acoustic pulses to
measure horizonial and vertical wind profiles as well as the heigit above ground of the elevated
mversion layer and mixed layer, radar (Radio Dretection And Ranging) which uses electromagnetic
{(EM) pulses to measurs horizontal and vertical winds; and radar/BASS (Radio Acoustic Sounding
System) which uses both acoustic and EM waves to measurs virtual aiv ternperature, wind speed and
wind direction profiles. Each will be described with detail in the following ssctions.

It is importarni that the user understand the fundamentel differences between remote profiler
measurements and in sitv measurements. In situ sensors, including iemperature probes, cup
anemometers and wind vanes, are the mainstay of metecrological monitoring. They are found on
towers, buildings, bridges or other structures and measure a particular meteorclogical variable by
direct coniact, However, by their very nature, these sensors disturb the environment in which they
are serapling. These sensors ane easily characterized inwind tunnefs or environmental chambers ang
provide the user with a point estimate of the varizble in question.

Metecrological remote sensing devices, on the other hand, provide measurements without
disturbing the enviromment. In addition, remots sensing measurements are not restricted in fieight
to the extent that in siu, tower-based measuremers are. Wore imp ortantly, data obtained from 2
remoie sensor is represented as a spatial, or more specifically, a volume average, This particular
characteristic of these data is described in later sections.

‘Wher comparing in situ sensors with profiling systems, we must acknowledge various
tradeotfs between accuracy and the capability of characterizing the almosphere.  Conventional
methods for obtaining upper air measurements have included aircraft, rockets, tetherballoons, and
rawinsondes. Of these, rawinsondes released twice per day at some Mational Weather Service (TW S
stations have been the principal means for routine upper air ohservations, Rawinsondes provide poing

&-1



measurements of wind direction, wind speed, temperature, and dew peint at intervals of about 100
meters. Morning and afternoon mixing heights are estimated from the twice daily vertical
temperature profiles using the recommended standard method of Holzworth (19564, 1972). In this
method, the mixing height is calculated as the height above ground of the intersection of dry adiabatic
extension of the surface temperature with the vertical temperature profile. Various techniques are
then used to interpolate hourly mixing heights between the two rawinsende observations. This is not
always a reliable method since the atmosphere can be extremely variable, especially on time scales
of just a few hours. Remote sensors provide indications of the mixing height based on indications of
the stable layer aloft, operate continuously and produce spatially averaged observations that are more
capable of accurately characterizing the atmospheric boundary layer.

Remote sensors provide profile information based on time zveraged observations that are
fixed with height. Instantaneous values acquired by remote sensors may have errors associated with
them due to random interference by sources such as bugs, birds or low fiying aircraft. These
erroneous values are removed by sophisticated algorithms and then averages are generated. These
averages are usually computed for time periods of 15 minutes o one hour, depending upon the data
requirements of a particular field study. These observations are alsc spatiaily averaged due 1o the
large sample volume involved. This type of averaging over fime and space characterizes the
atmosphiere more precisely than those values that are interpolated from a data set acquired by twice
a day rawinsonde launches.

The following sections in this chapter describe the theory of operation of the various types
of profiling systems that are commercially available, with an emphasis on system specifications.
Sections foliow on installation procedures and acceptance testing techniques to assure that acquired
data are reliable and representative of atmospheric conditions. The inherent problems of calibration
procedures and performance audits are discussed in detail Standard operating procedures,
maintenance schedules and quality control issues are outlined in the final sections.

4.8.1 TYPES OF INSTRUMENTS

Ground-based meteorological remote sensors have been designed to measure vertical profiles
of wind velocity and virtual air temperature, as well as the hetght of the slevated inversion Jayer. The
development and evolution of these devices over the last several decades have followed twe similar
but distinct paths: One based on acoustics and the other on electromagnetic (EM) radiation. Wind
velocities acquired by sodar are based on the atmospheric effects on the propagation of aceustic
energy, while radars are based on the atmospheric effects on the propagation of eleciromagnetic
energy. Profiles of virtual air temperature are obtained by RASS which combines beth acoustic and
EM technologies. Table 4.8.1 provides a summary of typical specifications for the three major types
of meteorological remote sensing devices. The theories of operation of all three profiling systems are
discussed below.




4.5.1.1 S0DAR

In the taie 19605 and early 1970s, remote sensing techniques focused on the develaopment of
an acoustic-based wind profiling system, commonlv kﬂﬂ-v«ﬂ today as a sodar (e.g., Beran et al, 1971;
Beran and Clifford, 1572; Beran, 1975; Balser =t &l, 1970, Kaima! and Haugen, 1975; Brown and
Hall, 1978). The principle of operation is actuall quite simple. The monc-static sodar consists of
a transceiver antenna which 15 used to transmit and receive acoustic signals. The transducer generates
a pulse of acoustic energy that is released into the atmosphere, either vertically or at some angle from
the vertical. As the acoustic wave propagates upward, differerces in atmospheric temperature and
density cause some energy to be soattered back to the surface. This returned energy is received by
the antenna and the frequency of the signal is determined. The difference between the transmisied
and received frequencies, known as a Droppler shift, is directly proportional 1o the wind velocity along
the beam axis.

The earliest sodars consisted of a single, vertically orlented, transceiver antenna approximately
1.5 m in diameter. The received signal intensity wes recorded on facsimils paper. This system
provided the user with qualitative information on the structure of the atmospheric boundary layer to
heights of up to 1 Km. Since only one autenna was used io measure the vertical boundary layer
structure, the system was termed as operating in a mone-static mode. In this configuration, sodar
signals are scattered primarily by temperature gradients (eff, 1988).

The next step of sodar development lead to & bi-static configuration whick uses two antennas
One antenna acis as the transmitter and is tilted from the vertical, typically about 30°. The other
antenna, which acts as a receiver, is situated away Tom but tilted toward the transmitting antenmna,
Bi-static sodars obtain wind velocity profiles by measuring ihe scaitering of acoustic signals due to
temperature and wind velocity fluciuations. Figure 4.8.1 depicis the mono-static and bi-static
configurations.

Further refinement led to the development of three-beam and five-beam sodar systems. Ina
three-beam configuration, one antenna is poimed vertically and is used o raeasure the vertical wind
velocity {w). Two other antennas, which ars usuaily orented off vertical and at right angles to each
other, are used to estimate horizontal components (u and v} of the wind velocity. The five-hezm
configuration is similar to that of the three-beam, except that two additional antennas are used. These
extra antennas are also criented off vertical and are at right angles to each other. This configuration
adds some redundancy, and in theory provides the user with a more raliable estimate of the horizontal
and vertical wind velocity,

The phased erray Doppler sodar 15 the latest &emgn of an gcoustic profiling system (Figure
4.8.2). An array of vertically pointing trensceivers, in some insiances horizontally with "hounce
boards" to direst the beams 1o the vertical, is utilized. The number of transducers may range from
20 to over 100, depending upon the requirements of the system. These transducers are sequenced
slightly out of phase to mEchmmcaﬂy “steer” the acoustic beam away from the vertical, thereby
obtaining information required to estimate the horizontal wind velocity.
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The horizontal components of the wind velocity are measured by releasing two accustic
signals into the atmosphere at an angle, typically 15° t¢ 36°, off the vertical axis. The two acoustic
signals are typically oriented at right angles to one another. Orne is usaally directed toward the East
or West so that the u component of the horizontal wind velocity can be determined while the other
is directed toward the North or South for the v component. Figure 4.8.3 depicts this beam
configuration. The mean horizontal and vertical wind velocity components can be approximated
using the following simplified equations:

-V, - wesnd
u

’ cosee cosh e
— er )
v cos (’_{)

where V, is the measured radial wind velocity (m s™) for the u axis, V,,, is the radial velocity in the
vertical, & is the elevation angle of the transmitted beam {degrees), and = is the azimuth angle
{degrees). Normally in calcuiating the mean wind, time averaging is used to eliminate the effeci of
variations in the veriical velocity. Some systems correct for mean vertical wind if other than O m .
This is usefiil in situations where the average vertical wind may not be zero (i.¢., in complex terrain).

Sodars typically operate at frequencies from below 1 KHz to just over 4 EHz with typical
nower outputs in the range of 2 to 300 W. In operating or purchasing a sodar for a particular
application, one should note that the lower the frequency and the higher the power output, the greater
the range of the sodar. Therefore, sodars can be tuned to obtain the most sound information for a
particular application.

The vertical range of a typical sodar is 0.5 to 1.5 Km and is 2 function of frequency, power
output, and atmospheric stability. The most important factor affecting range is the presence of
atmospheric turbulence, especially eddies on the scale of 0.1 to 0.3 m since these are the major source
of reflectivity for acoustic waves. Range resolution is the distance between reported heighis and is
typically between 25 and 50 m. In a typical configuration about 20 to 30 levels are reported.

- A mini phased-array sodar (mini-sodar) is a downsized version of its standard counterpart and
has a height coverage of about 200 m and a range resolution between 5 and 20 m. The mini-sodar
provides measurements near the surface and is useful for studying local flows and shaliow inversions.
Figure 4.8.4 shows a photograph of a mini-phased array sodar,

Sodar signals are shaped somewhat like a cone as shown in figure 4.8.5. The half-power
beam width typically ranges from 2° to 10° depending on frequency and the size of the antenna
aperture. The sampling volume increases with height and can be approximated by:
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where L ig the length of the transmitted pulse (m), o is the beam half width {degrees), and h is the

height of the sample volume {m). For example, if the transmied pulse [ength is 20 m, the beam half
width is 2° and the height of interest is 500 m, then the sample volume would be near 19,000 m’.

4.8.1.7 RADAR

The principles behind the Doppler radar ere similar to sodar axcept radars use electromagnetic
{Elv) waves to sense turbulent fluctuations in the atmosphers. Because Bl signals do not attenuate
{dissipate) as quickly as sound waves, radars have greater vertical range than sodar.

The original Doppler radars cperated at frequencies that required fairly large refiectors (i.e.,
waier vapor, bugs, or chaff) to reflect the EM signal back to the receiving antenna. In the 19%0s,
radars were developed which used small scale wind and terperature fluctuations as the source of
reflection of EM signals (Ve ei. al,, 1993 and Brown and Hall, 1978). These so called "clear air”
radars provided a means to acquire winds aloft withow the requirement for large diameter scattering
mechanisms. Doppler radars today operate at & typice! frequency of 519 MHr, and are capable of
measuring winds i around 3 Km with rangs resclutions ranging from 69 ¢ 400 m. Tyrical
configurations designed for atmospheric bourdary layer studies are capable of measuring to 3 Km
with & vertical range resolution of 60 to 200 m, thus ellowing about 20 1o 30 levels 1o be reporied.
The lowest measurement hetghl (minimum range) is typically beiween 150 and 200 m. The most
important factor effecting the range is the presence of gradienis in the rafractive index of the
atmosphere. Figures 4.8.3 and 4.8.5 provide 2 graphical representation of typical Doppler radar,

Doppler radars emit pulses of B energy into the atmosphere. /As the B waves propagate
outward, some energy is reflected back to the surface due 1o the presence of atmospheric density
gradienis and variations in ihe refractive index. The most common sgurce of variation in the
refractive index is the presencs of humidity gradients. High humidity in the boundary layer provides
an ideal enviromment for the radar 1o reflect its signal. In general, the more humid the atmoaphers,
the better the data eapiure efficiency and greater the rangs.

To determine the three-dimensional wind velocity, three independeni EM signals must be
collected and analyzed. A burst of EM energy is released in the vertical to derive the vertical wind
velocity. Two other separate EM bursts, released at angles from the vertical, are required to
determine the two horizontal wind componenis. In the past, three separate antennas were used to
derive the tiree components of wind, One antenna pointed vertically and twe other antennas tilted
15% 40 30° off vertical and normalty at an angle of 90° from one another. Wew phased array radars
are now being manufactured which use cne anienna for detenmining the three componenis of wind,
The phased array system has the capability i clectronically "steer” the energy pulse away from
wvertical, thereby providing the off axis information required to detenmine the horizontal wind
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components.

The transmitted half-power beam width of radar is larger than that of the sodar, ranging {from
7° to 10°. Equation 4.8 2 may also be used to estimate the size of the sample volume for radar. For
example, if the transmitted pulse-length is 60 m, the beam half width is 4° and the height of interest
is 500 m, then the sample volume is nearly 230,000 m’.

4.8.1.3 RASS

A Radio Acoustic Sounding Systermn (RASS) is a combination of sodar and radar technology
and 18 used to obtain profiles of virtual air temperature {T,), along with the radar's wind profiles (zee
Figure 4.8.6). Viriual temperature is the temperature dry air must have to equal the density of moist
air at the same pressure (Stull, 1988). An acoustic source i8 added to a Doppler radar, or a sodar
added to a bistatic radar, and used as a reflective source for back scattering the EM signal. The
variations in temperature produced by the compression and expansion phases of the acoustic wave
provides a refractive index structure from which EM waves can scatter (Gaynor et al,, 1993, Meff,
1988),

The RASS transmits an acoustic pulse veriically into the atmosphere followed by an Eiv
pulse. Note that some RASS systems use continuous acoustic transmissions to provide the radar with
a well defined reflective source. Since the EM wave travels much faster than the acoustic wave, the
latier signal intercepts the former, and some EM signal is reflected back to the surface. The returned
EM signal is analyzed to determine the speed of the acoustic pulse, derived from the Doppler shifted
EM signal. The acoustic wave travels at the speed of sound, since this is a function of the vatio of
specific beats, pressure and density of the air mass, it becomes a relatively simple exercise to derive
an estimate for the virtual air temperature. The minimum recording beight and range resolution of
the temperature measurement are the same as radar, however the height coverage is similar to that
of a sodar, typically 1 Km. ‘

Table 4.8.1
Typical Specifications for Meteorological Remose Sensors

System Variables Frequency Height Besolution

mini-Sodar u, v, w 3-4KH= <03 Km 5-20m

" Sodar U, v, W, 7 i1 -3KH= <ZKm 20-50m
Radar u, v, w 015 MHz <4 K 60 - 200 m
RASS T, 2 KH=z <1Km 60 - 200 m

Note: u, v, w are the three components of wind, z, is the height of the elevated inversion laver, and
T, is virtual air temperature.
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Figure £.8.1 Depiction of a mono-static and bi-static sodar.
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Figure 4.8.2 Photograph of a phased array sodar (Courtesy of Remtech, Inc ),
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Vigure 4.8.3 Typical beamn configuration for a phased array sodar and radar.




Figure 4.8.4 Photograph of a phased array mini-sodar (Courtesy of AeroVironment, Inc.).
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Figure 4.8.6 Photograph of a radar wind profiler with RASS (Courtesy of Radian Corp.).
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4.8.2 SPRECIFICATIONS

The previous section described the basics of remote sensing devices for meteorological
monitoring, Metearological remote sensing devicss, by their very nature, must be configured to
obtain the most reliabie data possible for 2 given field site. Configuration may include modification
of the profiler outpust signal frequency, output signal power, averaging intervals or sampling heights.
The overall accuracy of an acquired data base is dependent, in part, on the surrounding terrain, neareyy
butldings, atmospheric stability, noise sources, insecis and birds.  When compiling a set of
specifications for the purchiase of a remote sensing device, it is important to determine site specific
information that will 2id the manufacivrer in configuring the devica to fit the user's needs. Tha
foliowing sections describe site specific parameters which nzed to be identified and provide some
initial estimates of expected accuracy, precision and date capiure efficiency.

4.8.2.1 SODAR

The specification for vertical range will normally determine the appropriate operating
frequency. For sxample, if a user only requires low level winds (< 200 m}, then 2 higher frequency
(3 to 4 KHz=) may be used. High frequency signals emit little energy in their side lobes and have =
narrower beam wadth, thus preducing a relatively smeil sample volume, ses Figure 4.8.7. Although
this provides = relaiively cleaner signal, it does have a drawback. High frequency signals attenuate
faster in the atrmosphere ther low frequencies. Therefors, more power is teouired to obtain the same
vertical range. In situations reguiring winds above 200 1w, lower signal frequencies (1 to 3 KHz)
should be used. Since low frequencies attenuate more slowly in the stmosphere, less energy is
required io observe high level winds. The drawbacks with low frequency beams are that they emit
more energy in their side lobes and have 2 wider beam width, thereby produciag a larger sample
volume with an increased possibility of generaiing false echoes.

Sodar signals are shaped somewhat like a cone as showr: in Tigurs 4.2.5. The beam width
ically ranges frorm 2° to 15° depending on freguency. The sampling volume increases with helghi
¥ * 2 i : bs 5
and can be approximated by Squation 3.

Sodars are not usually configured for measurament of the structure of the elevated inversion
layer above 1.5 K, due to the enormous power requirenients needed to probe the atmosphere ic
these heights. For regulatory modeling, atmospheric dispersion modeis used to derive poliutant
concentrations and the site climatology will usually dictate whether inversion heights above 1.5 Km
are required. If the user does noi require wind velocity information above 1.5 Km, then a sodar
configured with a low frequency and bigh output power should be adequase. Mote that radar should
be considered i wind profiles are needed above [ K.

Sodar options usually include software smbroutines that perform a variety of QA/QC
functions. If is important to purchase QA/JC softwars which provides an extra level of data
validation. Care should be taken however, so as not to filter out any valid meteorological data,
Inversion height routines are required if estimates of this level are to be reported. Software is also
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available for estimating the vertical and horizontal turbulence paramelers, o, and o, However, care
must be taken with how these values are generated since they usually have large errors associated
with them and therefore, are not recommended for use in regulatory applications at this time. If they
are used, great care must be taken to ensure that these values are accurate and meaningfil. An effort
15 currently underway to investigate the suitability of using sodar derived o, and o, estimates in
regulatory modeling applications.

Some manufacturers provide routines to correct the horizontal winds for vertical veleeity.
In near flat terrain this is usually not a problem unless the system is not perfectiy level. However, in
complex terrain the average vertical wind velocity may be large and should be vsed to correct the
horizontal winds, if the desired output is the total vector wind speed. During the acceptance test,
discussed later, the wind speed from the sodar should be calculated in the same manner as the test
instrument. During actual monitoring, the operator needs to be carefil to supply the wind srpectad
by the model (i.e., vector or scaler). For example, if a uvw anemometer attached to a tower is being
used, then both the sodar and the uvw anemometer derived winds should be corrected for the mean
vertical velocity if other than 0.0 ms™. Information concerning this correction may be found in most
model documentation.

Gaynor et al. (1992) and Finkelstein et al. (1986) have determined the accuracy of wind speed
estimates generated by sodars to be about 0.2 m s™, for atmospheric conditions experienced during
the field studies. Sodar observations compared with tower-based measurements indicate the accuracy
ranged from -1.04 {0 0.44 m s” while the precision ranged from 0.6 10 1.7 m 5. These studies alsc
concluded that the accuracy of the wind direction is about -3.0°, ranging from -6.2° to 4.0°. The
reported precision ranged from 18.4° to 37.6°.

Unlike the data from in situ instruments, the quality of datz from a sodar is a function of
atmospheric conditions. When turbulence is fow, the signal-to-noise ratio is low and it becomes
increasingly difficult to determine the frequency shift of a return echo. When wind speeds are low,
small errors in the horizontal velocity components can lead to large srrors in the estimate of wind
direction. The variability in the estimates of wind speed is alse partially based on the
inhomogeneities within the sample volume. For each sample height, the return frequencies are plotted
and analyzed for a peak frequency, which is used to determine the Doppler shift. The esiimated
Doppler shift is then used to determine the average velocity within the sample volume. When the
winds are inhomogeneous in the sample volume, the peak in the frequency plet becomes broad, and
thus determination of the peak frequency becomes difficult, The error in determining the peak
becomes an error in accuracy when compared with the true wind. The problem is compounded when
determining wind direction. Wind directions are calculated using the u and v velocity information
obtained from the off vertical sodar beams. The errors associated with determining the 2 and v
velocities are accumulated and transferred when computing wind direction.

Inversion height calculations, in some systems, are based upon the calculations of a,, and o,

Other systems use profiles of reflectivity to estimate the inversion height. In these systems,
sophisticated pattern recognition algorithms are used to determine the height of the inversion layer.
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They zre also capable of detecting multiple layers, if 11 oy exist.

Diata recovery of sodars is highly variable and iz dependant on atmospheric conditions at the
various sampling heights, With sodars, it is commen to have several levels of invalid or missing data.
This is typically due to a lack of turbulence at those levels. Tt is up to the data analyst to interpolate
or extrapolate missing wind data from the sodar cuigut information. Weber and Wuertz {1991)
describe a computer program that can be used (o validate and BI in these missing data. However,
care should be exercised so as not io smooth aver zny ree! deia. Sodars typically have good height
coverage during daytime hours when there is strong mixing and thers is sufficient turbulence to
provide an adequate reflective source. However, turbulence doove the irversion layer may be
suppressed sufficiently to inhitit data capture. In this case, no data would be recorded. This situation
occurs frequently at night when the inversion height s below the maximun recording height of the
sodar. Typical data capture ranges from about 50% to near 90% and is highly variable from hour to
hour. Data capture here is defined as the percent of valid data received from the sodar during one
averaging period divided by the total number of levels which the sodar is programmed to sample.

G 1o° 20° 30°

—50 70

, s0’f
Figure 4.8.7 Sodar beam widths at acoustic frequencies of 1, 2 and 3 KHz with no acoustic absorbers
(Neff, 1928).

4.8.2.2 RADAR

Radars are capabie of measuring winds to several kilometers with a vertical resoifion
between 60 and 400 m. However, range resolutions should be kept near 100 m and the lowest
recorded height should be kept to 2 minimum {i.2., 150 m). Like that of sodar, many radar options
include software subroutines that perform a variety of functions. It is important to purchass optional
QASGC software, if available, to provide an extra level of daia validation

The operating frequencies of ali EM devices, inchuding radars, are regulated by the Federal
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Communication Commissicn (FCC). The allocated frequency for radar wind profilers for general use
in the United States iz 915 MHz, however, other permitted operating frequencies do exist. This
frequency does provide the radar with good height range and minimum sample height, and should be
adequate for most meteorological applications.

Like sodars, data recovery of radars is a function of atmospheric conditions and is highly
variable. With radar, it is common to have several levels of invalid or missing data. This is typically
due to a lack of humidity and insufficient levels in the refractive index in the atmosphere at those
heights. Vertical range of radars is also variable and is a function of atmospheric conditions.

During precipitation events, radars measure the fall velocity cf the precipitation instead of the
air velocity. During these evenis, radars may appear to be generating reasonable wind estimates,
however, it is more likely that the reported wind information is coniaminated by the rainfall. During
rain events, hail, or snow, the data should be flagged as suspect unless corrected in scftware.
Assuming the vertical velocity averages to zero during the sampling interval, the vertical velocity
measured during precipitation events represents the fall velocity of the precipitation. Knowing ihis,
the horizontal winds can be corrected to an acceptable level, but the reported vertical velocity will
be meaningless. During short duration precipitation events, the corrupted data may be pulled out of
the data strearn and an average produced using the remainder of the data set, thereby removing the
problem. The radar user should be familiar with how the sofiware handles precipitation events and
should examine the data regularly to determine if the software handled the data processing correctly.
Typical data capture efficiencies range from about 50% to near 90% and are variable from hour to
hour.

4.8.2.3 RASS

RASS is an optional component of a radar system with the frequency of the acoustic source
matched with the radar frequency to obtain a maximum reflective source. The power output of ihe
acoustic source should be kept as high as possible to obtain the highest vertical level of virtual air
temperature as possible. Data capture efficiencies are usually good, ranging from 70% to over 90%.

4.8.3 INSTALLATION
The following sections provide information on installation issues related to QA/QC concerns.
General information concerning installation and siting of remote sensing devices may be found in the

On-Site Meteorological Program Guidance for Regulatory Modeling Applications (U. 5. EPA,
1987).

4.8.3.1 SODAR
Siting of sodars can best be accomplished by vendors or users who have expenence with this

type of remote sensing device. The complexities of sodars provide a challenge to the user who must
optimize the conditions favorable for sodar technology while still making use of available sites in a
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given study arez. !t 13 suggested, until the time more deta become availeble on proper installation
procedures, that the vendor or an experienced scdar user be called upon to aid in the site selection
and installaiion process.

A problem may exist at some potentizl moenitoring sices due to the presence of acoustically
reflective obstructions. The shapes of emitted acoustic pulses are not complemlv comcal, but have
side fobes that change shave and energy with frequency (see Figurs 4.8.7). Reflective "fixed" echoes
oceur when acoustic {scund) waves emitted from sodars are rcf]cm,ud back to the receiver by fixed
objecte such as towers, buildings, trees, local terrain features, or other obstructions. These fived
echoes are ofien dus 1o the energy contained in the side lobes of the emitred acoustic pulse. These
fixed echoes have the effect of biasing the computed wind cormponents o, v, and w.

[t is exiremely important to determmine if the proposed sampling zite has any potentiz! for
producing fixed echoes. Printing a facsimile chart sometimes reveals the presence of fixed echoes.
This should be performed shortly after system setup, aud repeaies seascnally to aid in the
determination if fixed echoes exisis. Some fxed echoes may be avoided by constructing an
acoustically absorbing shelter arcund the sodar ardennas, These shelters are designed {0 absorb most
of the energy released in ine side lobes, providing a narrower beam, thus a cleaner acoustic signal.
In general, it is recomunendasd that the installer follow guidence provided in the On-Site
Meteorological Progvam Guidance for Regulatory Modeling Applicarions (U, 5. BEPA, 1987).
section 3.0, Additional guidance includes the absence of obstruciions in an 110° are uentered on the
vertical axis or 40° centered or: each beam {see Figure 4.8.8}. In addition, if’ the sysiem is io be
installed near a building, the antennas should be orented off the comers of the building. Tf the
building does intercept the sound wave, the wave will be reflected away from the sodar due to the
acute angles of the building's wall. Some manfacturars provide sofiware routines which can detect
fixed echoes and eliminate them from the consensus output.

All attempts should be made to avoid fixed echoes. However, if 2 limited number of sites are
avaanble and all have & possibility of producing fixed echoes, then the fued acho detection sofiware
should &g used to elininate the problern. Special attention .:.II.fDLl]d be used during the acceptance tes,
described later, to determins if the fixed echo rejection routines ars working properly.

The antenna does not necessarily have to point in one of the cardinal directions {i.e., north,
south, east or west). System scftware aliows the sodar to be setup in almost any direction, ailowing
the installer to point the beams away from obstacles that might interfere with the signal. For example,
if the sodar is to be setup near a tower, the antenua should be oriented so the beams point away from
the tower.

Amother type of interference may oceur from objects that emit noise such as local automohile
traffic, nearby construction and overhead aircraft. Any acoustic source that emits its energy near the
iransmission frequency of a sodar has potential for interfering and degrading the quality of the sodar
data. This type of interference is more difficult o detect because it "Eands to be seasonal, sporadic or
randera in nature. The potential for this problem may be reduced by installing acoustic absorbing
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shelters around the transceiver arrays. A simple test to determine if a problem exists at 2 given site
is to set up the sodar and turn off the transmitter. Analysis of received energy will determine if the
presence of interfering noise exists. If interference from remote sources is detected. it is
recommended that the sodar be moved to an alternate site. The vendor or an experienced sodar
operator should be consulted during the installation process to decrease the chance of contamination
of these data.

4.8.3.2 RADAR

Siting a radar is somewhat more difficult than siting a sodar because of an increase in the
potential for "ground clutter" to interfere with the return signal. Trees, power lines and aven terrain
features just a few meters above the radar can produce erroneous data due to reflected EM signals.
Ground clutter often degrades the signal enough to render data useless, a: least in the first few
reported levels. Obstructions also produce false echoes similar to that of sodara. These false echoss
also degrade the information in the first few reported levels.

Like sodar, radar beams have side lobes which emit energy to around 70° from vertical
(Figure 4.8.9). These side lobes cause a higher degree of interference than sodars because radar
return signals are typlcally very weak, so small amounts of energy refiected back to the receiver may
cause large errors in the estimates of wind.

Therefore, radars should be setup away from tall buildings, power lines and other obstruction
that may be a potential source of interference. The radar shonld also be situated on top of a small hill
or building to decrease the potential for ground clutter contamination. The antenna does not
necessarily have to point in one of the cardinal directions (i.e., north, south, sast or west). System
software should allow the radar to be setup in aimost any dlrectmn aliowing the installer to point the
beams away from obstacles that might interfere with the signal. For exampie, if the radar is to be
setup near a tower, the antenna should be oriented so the beams point away from the tower.

The vendor or an experienced radar operator should be consulted during the instaliation
process to decrease the chance of contamination of these data,

4.8.3.3 RASS

The user of a radar/RASS should follow the guidelines for installing a radar, as specified in
Section 4.8.3.2. Contamination from external acoustic sources is only a minor problem but should
also be avoided as outlined for sodars in Section 4.8.3.1. If a sodar/bistatic radar is being used to
measure the virtual temperature then the installer should follow the guidetines for mstaiimg a sodar,
with the addition of meeting the recommendations for installing a radar profiler
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4.8.4 ACCEPTANCE TESTING

Acceptance testing, a5 defined in Section 4.2.3, should be designad to determine if newly
purchased or instailed equipment is performing eccording to the marfasturer's specifications. Thea
acceptance test is crucial for profiters since data produced by such ingtruments cannot be easily
verified by siraple tesis. The fallowing acceptance test is suitable for the sodar and may be easily
modified for radar and RASS

For meteorological remote sensors, an zcceptance tesi should include comparison of data
from the sysiem 1o be tested with data from an acceptable in-situ sensor on 2 tower, tethersonide, a
mini-sodar, kite, WS rawinsonde, or similar systems, Alihough in-situ sensors do not gqualify 2s
transfer (or reference) standards, they do possess the required senstiivity to determine if the remere
sensing device is operating notmally (within some broad limits). The test should include the
comparison of data at a minimura of three levels; all ouiput generated by the remote sensing device
(e.g., wind speed, wind direction, virtual air temperamrs), should be included in the comparigon. Ons
level should be the level of interest or application of the remote sensor data (i.e., effective stack
height).  Some manufacturers correct the horizontsl wind componenis for vertical fow
contamination. This correction is suitable in complex terrain where the average ventical wind velo city
may be other than O m 5™, indicating up-slope or éown-slope flow. Tt is imporiant o verify if this
corteciion is veing performed properly by the system. If the correciion is veing implemented, then
it should be applied during the acceptance test if one is comparing the device with another remote
Sensor of anemorneter that does not measure the vertical velocity. Figurs 4.8.10 is a work sheet that
may be used for performing an acceptance test on a sodar using a tethersonde as the gauge. The
work sheet may be easily modified for use with other typss of Systems. |
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Determination of atmospheric stability, by an EPA approved method, should be the first step
in an acceptance test of a profiling system. Atmospheric siability is important because it is an
indication of the degree of turbulence present in the atmosphere. As discussed in Section 4.2.1,
atmospheric turbulence provides the mechanism to reflect the transmitted signal back to the receiver.
Pasquill-Gifford (P-G) stability categories of B or C {DOE, 1984) are probably the most desirable
conditions for performing this test. These two stability classes typically provide a reasonable amount
of turbulence to reflect sodar signals back to the receiver. In addition, the turbulence iz such that it
will not significantly "bounce" the tetherballoon, thereby avoiding unnecessary accelerations (which
can introduce measurement errors) on the instrumentation attached to the tetherline. Ideally, surface
wind speeds should be steady at 2 to 5 m s'. Wind speeds less than 2 m 5™ may be too variable for
a reliable comparison, while wind speeds greater than 5 m s will cause problems for the tethersonde
as it is dragged out in more of a horizontal fashion rather than in a vertical profile.

The tetherballoon should be situated downwind and far enough away from the sodar so that
it will not interfere (i.e., reflect) with the acoustic signal. It is suggested that a facsimile chari, or
some indication of signal intensity, be printed during the test to determine if the fethersonde is
interfering with the sodar. If a tower or other remote sensing device is beng used then printing 2
facsimile chart is not required. If the tethersonde is interfering, it will show up on the facsimile chart
as a selid fine, {see Figure 4.8.11). The tetherbalicon should be tethered at the first sampling heighi
and data collected for at least 15 to 20 minutes. The time series information obtained from the
tethersonde should match the time period for corresponding levels of the sodar sample.  Averags
wind speeds and directions from both systems, along with their corresponding sample height, should
then be entered intc the work sheet. This procedure should be repeated to obtain similar information
for at least two other heights.

The next step is to subtract the time averaged wind speed obtained from the tethersonde from
that obtained from the sodar and record this information under the colummn titled "Wind Speed
Discrepancy ." Repeat this procedure for the wind direction information. Dwetermine the average
discrepancy for each section. If the absolute value of the average discrepancy is less than the sum of
the accuracies of the two instruments for wind speed and less than the sum of the accuracies of the
two instruments for wind direction, then the profiler passes the acceptance iest. If the test fails, 1t
may be due to unsuitable atmospheric conditions at the measurement heights, the winds are not being
comrected for contamination by the vertical velocity, or the average vertical wind velocity is other than
0 m s The test should then be repeated during conditions more favorable for sodar operation, mid-
to-late moming, with clear skies and 10 m wind speeds between 2 and 5 m &”'. If the sodar siifl fails
the acceptance test, it may be informative to repeat the test using the u, v, and w components instead
of the direction and speed information. This may reveal a mean vertical flow of something other than
0 m s, an error in orientation, or some other problem.

The performance of meteorological remote sensors is dependant on meteorological
conditions. Recognizing this, the meteorological conditions occurring during the test should be
documented. This documentation should include the standard hourly observations including, current
weather, ceiling, sky-cover, ambient temperature, wind speed and wind direction. An estimate of the
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P-(x class should also be included. If a tethersonde is used, ¥ should be located so as not to interfere
either with the tower sensors or the remote sensor,

It is very important to make sure the comperisnn data are processed in the same manner as
the sodar or radar profiler being checked. The data fiom the rethersende should be broken down into
its u and v componenis, At the end of this sampling period, the compaonents should be averaged and
the resultant vector wind speed and wind direction czleulated.

Ad some sites it may be possible to uss Mational Weather Service rawinsonde data to perform
the acceptance test. This test is somewhat more difficult to perform but will provide the data required
to complete the test. The rawinsonde should be within 20 K of the remote sensing site, in simple
terrain, and in the same metecrological regime as that of the remote sensing instrument. The
comparison shouid include 2 data time series long encugh to have a largs sample for every
meteorological condition expsrienced at the site, and only data captured during similar meteorological
regimes at both sites should be used in the comparison. Diata at higher elevations should be used for
the comparison since it is less likely that surfacs features will effect the data.

4.8.5 CALIBRATION AND PERFORMANCE AUDIT METHODS

Calibration of meteorological remote sensing devices is problematic since there is no
correspondence with calibration of in situ instruments. Direct comparisons with rawinsondes,
tetherballocns, or instrumented towers are not afways adeguate becauss of the difficulty in comparing
point estimates with large volume estimates, as weil as the problem of separation in time and space
between the two platforms. Fecent advances inn 3A/QC of sodars have led to the development of 2
transponder {responder) unit that simulates returned echoes to 2 sodar. This device allows the user
to calibrate the instrument, much like using a constant speed metor 40 calibrate & cup anemomeier,
Due to costs required to build & sindlar system for BM systems, no similar device has been developed
for radars.

Derivations of the first momenis (i.e., wind speed in the direction. of the energy pulse) are
based on first principles. If'the returned energy is strong encugh, then reliable estimates of the radial
wind speed raay be obtained. From these derivations, an esiimate of wind speed and direction are
produced. If the remote sensing device has been calibrated, the meteorological conditions are
tavorable for the system, has no system problems and the signal-to-noise ratio is high, then the date
produced may be considered of zceeptable quality, assuming proper shing and calibrasion.

second moments produced by remote sensing devices such as o, and o, are typically based
on statistics that are generated from wind speed and wind direction time series data. Statistically,
these second moments are derived from spatially averaged time series with a data point being
produced every 3 to 15 seconds. When wind speeds are low, errors in the estimaie of wind direction
increase. Some manufactures use more sophisticated techniques to esiimate o, and g, These
techniques are usually statistically based and provide a more refined estimate of these values, during
certain atmospheric conditions. However, they still do not provide reliable estimates for all
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meteorological conditions. At this time o, and o, from remote sensors are not recommended for use
in regulatory dispersion modeling. Currently, there is an investigation underway to determine the
usefulness of the reported o, and oy values for use in regulatory modeling studies. If this
investigation shows that these values are adequate for modeling, the next revision te this document
will provide for their use in regulatory applications.

For these reasons, calibration and performance audit techniques for remote sensors should
focus on the instrument electronics and other system components. If practical, the acceptance test
snould be repeated during the calibration process. This will ensure the highest quality data is being
obtamed. The following sections provide initial guidance on calibration and performance audit
techniques for sodars, radars, and radars with RASS.

4.8.5.1 SODAR

To derive an estimate of the rad:al wind velocity, the sodar analyzes the frequency of the
returned echo. The difference between the transmitted and returned frequency, the Doppier shifi, is
then used to derive the estimate of wind speed in the direction of the propagating accustic wave, If
atmospheric conditions are favorable and the signal-to-noise ratio is high, (i.2., a strong return signal
is received) then an acceptable estimate of the wind speed within the sampling volume is produced.

Inherent to most sodars i3 a subsystem designed io identify malfunctions in the
mstrumentation. These subsystems differ with each manufacturer, but are of adequate sophistication
to detect most instrument failures. These subsystems use both software and hardware to check
system components such as signal amplifiers, analog-to-digital (A/D) converters, and voltage
supplies. in multiple transducer units, the transducers can be checked by comparing their signal
strength with their neighbor's signal strength. These tools should be used to determine system
operation on a component basis. To determine overall system performance, a transponder
{responder) should be used to induce signals into the system to determine if the instrument can
correctly process the information. At a minimum level, the calibration should include feeding
frequency shified information into the transceiver array. If the information is analyzed correctly
{within specified limits), then the calibration can be considered acceptable. If not, then the system
should be serviced by the manufacturer. Manufacturer's instructions for performing these system tests
should be followed until guidance is generated to standardize the procedures. In general, calibrations
should be performed on a semi-annual basis, and whenever the system is moved or updatec.

4.8.5.2 RADAR

Radar systems use software and hardware similar to that of a sodar to determine individual
component operation. These checks are useful for determining if there are any component failures
in the system and should be performed frequently enough te prevent long down times. In most
sttuations, the software will provide the user with enough information to determine which component
is malfunctioning. Due to the immense cost of building a transponder for radar systems, a series of
component tests is used to monitor system performance. A series of test procedures defined tc
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thoroughly test the funciicnality of the radar should be implemerted to determine system
performance. Key system components such as galn, power levels, and noise figures should be
included in the test. Manufacturer's instructions for performing thess systems tests should be
followed until guidance is generated to standardize these tesis. Calibrations should also be performed
on radars on a sermi-arrual basis,

Tests are currently being conducted to determine 2 sef of minimum requirements for
calibrating sodars and radar. This section will be revised shertly to address any new requirements.

4.8.5.3 KAKE

RASE systems use acousiic waves to provide the redar with 2 well defined refraciive index
structure for scatiering the Ei energy back to the receiver. The ondy rrJaI difference between & radar
and a radar with BASS (except for some additional software) is the presence of acoustic sources.
These acoustic sources ypicelly cousist of four transducers, one p:aced on gach side of the radar
antenna. Testing the radar cormponent of the system should follow the guidelines discussed Section
4.8.5.2. This test should be performed on a semi-annual basis or when the system is moved or
updaied,

4.8.60 OPERATION, MATNTENANCE ANE QO

Sodars, radars and #.ASS have automated ocperating systerms and crereially require minimeal
input from the user. Variables such as vertical range, range gates, averaging times, frequency, and
power output may be adjusted if needed, but most of the system operations are automatic. The wind
data should be stored in its u, v, w components, as this will insure mirimal luss of information and
more thorough data validation. This will also be useful in instances when the wind direction may be
in question. Statistics such as number of valid returm intensities and standard deviation of component
values should also be stored as this information may bz useful in deteciing insicumentation probiems.
if 2 hard-dislc drive is used for storing data, it should e checked as often s necessary to insure there
1s encugh room to store data. This will avoid the poteatial for data loss due to insuficient disk space,

Tor the first fow weeks after installation, the data should be checked on a daily basis
determine if the system is working properly. Tims series plois of all varizhles should be produced
and analyzed by & meteorologist or other qua&iﬁed professional. This step is impaoriant for detecting
any bias or anomalies in the data set. It is usually at this poim that false echoes are detected. Al
inspections and mainienance zctivities should be ducumsm d in a site log book.

After a time when the site operator determines the sysiem to be operating adequately, data
should be plotted and checked on 2 weekly basis to determing system performance. This information
is uselld 1o aid in the evaluation of the systern. For instance, datz at certain heights are not recorded
duning pariicular meteorgiogical conditions but are fine at other times. This information: can also be
used as an aid in determining system performance when the systerm appears ic be malfunciioning.




Maintenance should include weekly checks of the antenna array, cables, and all connections.
The antenna-and antenna shelter should be checked and cleared of any debriz. Al cables should ba
systematically checked for any breaks due to weathering, animal bites or cuts due to human activities.
If damage is detected, the cable should be immediately replaced. All other connections should be
checked to insure proper operation. If manufacturer supplied hardware diagnostic routines are not
automatically initiated, then they should be performed manually on a weekiy basis.

Systematic routines used to inspect these data provide a level of quality control (GC). These
QC checks should be performed by a meteorologist or other qualified professional who is {amiliar
with the physical nature of profiler data sets. Such a person will more than likely spot and correct
any problems. Without a qualified inspector, the potential exists for data to be corrupted and go
unnoticed.

When a problem is found by the QC inspector, a discrepancy report should be issued which
brings the users into the data QC loop. Their inspection and corrective action is reported back to the
QC inspector closing the loop. With such a QC loop, the measurement system can be operated "in
control” and valid data produced.

4.8.7 ESTIMATING ACCURACY AND PRECISION

At the present time, there are no accepted procedures for performing adequate calibrations
to define system accuracy and precision of sodars, radars, or RASS. The difficulties were discussed
in previous sections and will not be repeated here. New studies are necessary to provide valuable
information on sodar and radar performance. These studies should enlighten our understanding of
remote sensor performance and characteristics. At the completion of these studies, EPA will revise
this Section to include any new information.
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Instrument Type Date:

Instrument Serial No. Time:

Acceptance Test Report by

Specified Accuracy:  Wind Speed (ms™)
Wind Direction (deg)
Tethersonde Serial INo. Sonde Type

Atmospheric Stability Surface Observations

Mumber of Minutes in Average

Height Average Sodar Average Tethersonde Wind Speed Discrepancy

{m) Wind Speed (m s™) Wind Speed (m 5)

{m &™)

If absolute value of average discrepancy is < 1.0 m s7, then system passes test (initial)

If absolute value of average discrepancy is > 1.0 m s, then system fails test (initial)

Height Average Sodar Average Tethersonde
(i) Wind Direction (deg) Wind Direction (deg)

Wind Direction
Discrepancy {deg)

Figure 4.8.10 Worksheet for computing sodar discrepancy
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PAMS METEOROLOGICAL MONITORING GUIDANCE

4.A.0 ENTRODUCTION

The following seciion is an example of metearalogical monliurmg gutdance tailored to &
speciiic regulatery application. Most of Lhe ircormation given below is frora the Quafny.lsswancp
_’Eram’ﬁam: Jor div Pollution Measwremens Systems, Volume IV Meieorological Measurements and
other EPA documents.

4.4.1 OVERVIEW

Title 40 Part 58 of the Code of Federal Regulations (U, 5. EPA, 199 1) requires the Siates to
esiablish a network of Photochemical Asscssment Moni"[oﬂng stations (PAMS) in ozome
nonattainment areas which ave classified as serious, severe, or exireme, Bach PAMS program st
include provisions for enhanced monitoring of ozone and its precursors such as nitrogen oxuﬂes and
volatile organic compounds. In addition, surface 2ad upper-air meteor ological monitoring iz alsc
required.  The Environmental Protection Agency's (EFA) authorit y for enhanced monitoring is
provided in Title I, Section 182 of the Clean Air Art Amendments of 1990,

The importance of high quality metecrological data for these nonattainment areas can not be
oversiated. Metzorology is a critical element in the 1"‘br”'1at50n, transport, and everitual destruction
of czong and its precursors. Consequently, meteorological deta are essential to the development and
evaluation of ozone control strategies (U, 8. EPA, 1991}, These evaluations include phoiochemical
and receptor modeling, ermissions tracking, and trend analysis. This section provides guidance for
meteorological moﬁimring in support of PAMS. 1t is intended for use by Regional, State, and local
EPA personnel involved in enhanced czone meniioring activities.  An overview of the PAME
meteorological menitoring requirements is presented in Table 4 4.1

&AZ PAME SITES

40 CFR Part 58 identifies up to four PAMSE site types for a typical urban region. ki is intendesd
thai meieorologicel monitoring activities will coincide with czone and precursor sampling at each one
of these sites. Sile #7 is intended as the upwind/background characterization site and is located in
the predominant morning upwind direction near the fringe of the urbanized area. Data collectad at
this site are needed to esiablish ozone and precurser concentrations which may be advected into the
PAMS area from other regions. Site #2 is the maximum nzone precursor impact site and is twpically
located near the downwind boundary of the cenire! business district where maximum DTEclrsor
concentrations are expected. A4 second Site #2 may be requiret in Jarger urban areas. This additional
site would be located near the edge of the central business district dowmwind of the second mos!
predeminant morning wind direction. Site #3 s the maximum ozone concentration site amd | is
typically located 15 10 45 km downwind of the urban fringe area. Diata collected at this site are
neeced {0 mONior maximum ozone concentrations ceourting dewnwind of the area of maxdimum
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precursor emissions.  Site #4 is intended as the extreme downwind monitoring stie and 1s located

eyond Site #3. This site, which 15 downwind of the predominant afternoon wind direction, is needed
to characierize the extreme downwind ransport of ozone and precursor concentrations. Sites #1 and
#2 are required for all PAMS networks whereas sites #3 and #4 are population dependent, Further
details on PAMS site types may be found in the Phofochemical Assessment Moniioring Stadions
Implementation Manual (U 5. EPA, 1994),

4,A.3 SURFACE METEOROLOGY

Guidance for surface meteorological measurements is provided in several documents They
include the On-Site Mereorological instnmentation Requirements 1o Characierize Diffusion from
Point Sources (U. 5. EPA, 1981); Guide to Meteorological Instriomenis and Methody of Observaiion
(WMO, 1983); Instrucior's Handbook on Meteorological Insirimentation (MCAR, 1985); Ambient
Monitoring Guidelines for Preveniion of Significant Deterioration (U. 5. EPA, 1987a), On-Site
Meteorological Program Guidance for Regulatory Modeling Applications (J. 5. EPA, 1987D). and
Quality Assurance Handbook for Air Pollution Measurement Sysiems, Volume V. Meteorological
Measuremenits (U, 5. EPA, 1989).

The surface meteorological variables to be measured at all PAMS sites include horizontal
wind speed and wind direction, ambient air temperature, and relative huridity. Solar radiation,
utraviclet radiation, barometric pressure, and precipitation are to be measured at only one site (either
Site #2 or #3). Application areas associated with these measurements are indicated in Table 4 A2,
A summary of instrument specifications for surface measurements are given in Table 4.A.3.

Meteorological instrumentation should not be mounted on or near selid structures such as
buildings, stacks, water storage tanks, grain elevators, and cooling towers since they may create
significant wind flow distortions. lnstead, these instruments should be mounted on an open laitice
10 m tower since this structure creates the least amount of wind flow distortion. There are several
types of open lattice towers: Fixed, tilt-over, and telescopic. A fixed tower is usually assembled as
a one-piece structure from several smaller sections. This type of tower must be sturdy enough sc that
it can be climbed safely to install and service the instruments. Tilt-over tawers are also one-piece
structures, but are hinged at ground level. This type of tower has the advantage of allowing the
instrunients to be serviced at the ground. Telescopic 10 m towers are usually composed of three
sections, each approximately 4 m in length. The top section is the smaliest in diameter and {its mside
the middie section which, in turn, fits inside the base section. The tower can be extended o a height
of 10 m by use of a hand crank located at the lowest section. The top of the tower can be lowered
to a height of about 4 m providing easy access to the wind sensors. Telescopic and tilt-over towers
are ot generally recommended for heights above 10 m. Regardiess of which type of tower is used,
the structure should be sufficiently rigid and properly guyed to ensure that the instruments mainiain
a fixed orientation at all times.
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Tabie 4.A,1
Question/answer overview of PAMS melsorological monitoring requirements

Question Answer
Wherge? All serious, severe, and exirenis ozone nonattainment areas.
WWhen? Foutine continuous monitoring during the PAMS monitoring

season (J months per year minimum).

How Long? Untit area 15 redesignated as sitainment for ozone.
How Iany Siies? Zto 5 surface sites per network plus one upper-air site.
What [nterval? Surface: Hourly.

Upper-Air: 4 profiies per day (minimuim).

What Variables? Eurface: Wind speed, wind direction, air temperatiure, and relative
bumidity at ali sites.  Solar radiation, uliraviclet radiation,
berometric pressure, and precipitation at only one site.

Upper-Air: Horizontal wind speed and direction required. Air
temperature highly desired. Wartical wind speed, relative humidity,
and barometric pressure opticnal.

Tabie 4.A.2
Applications for PAMS meteorslogical data.

“ariable Photochemical Diagnostic F.eceptor
Iodeling Aralysis Iodeling

Wind Speed o N o

Wind Direction o & N

Adr Temperature o

Felative Humidity W ¥

Solar Radiation e s

Ultraviolet Radiation W "

Baromeiric Pressure " e

Precipitaticn W




Table 4.A.3
Summary of sensor requirements for surface metecrological variabies.

Variable Height Range Accuracy Resolution Time / Dislance
{m) Constanis

Wind Speed 10 05t050ms'  202ms'+5%  0Ims'  5m(63% response)
Wind Direction 10 (0 to 360° +5° 1° > m (50% recovery)
Air Temperature 2 -20to 40 °C +0.5 °C a.1°C &0 & (63% response)
Relative Humidity 2 0 to 100 %RH +3 %RH 0.5%RH 605 (63% response)
Solar Radiaticn any  Oto 1200 W m? +5% T Wm? 60 s (99% response)
UV-A&B Radiation any Oto 12 Wm? +5% 001 Wm? 605 (%9% response)
Barometric Pressure 2 800 o 1100 hPPa =l hPa 0.1 hPa &0 s (63% rosponse)
Precipitation i 0 to 30 mm hr” £10% 025mm 60 s (63% response)

The objective of instrument siting (horizontal and vertical probe placement) and exposurc
{spacing from obstructions) is to place the sensor in a location where it can make measurements that
are representative of the general state of the atmosphere in the region of interest. The choeice of a site
for a metecrological tower should be made with an understanding of the regional geography. Idealiy,
a metecrological tower should be located n an open level area away from the infuence of
obstructions such as buildings or trees. The area surrounding the site should have uniform surface
characteristics. The specific site characteristics should be well documented. This i5 zspecially
important where terrain with significant topographic features may mtroduce different meteorological
regimes at the same time. Secondary considerations such as accessibility and security must be taken
into account, but should not be allowed to compromise data quality.

Although it may be desirable to coliocate the surface meteorological measurements with the
ambient air guality measurements, this may not be possible at all PAMS sites without viclating one
or more of these criteria. Surface meteorological measurements in urban areas, where cornpliance
with the above guidance may be precluded by the close proximity of buildings and other structures,
present special difficulties  In such cases, the individual involved in the site selection needs to assess
the likelihood that the data which will be collected at a given location will be valid for the intended
application. In all cases, the specific site characteristics should be well documented. This is especially
important in areas where surface characteristics and/or terrain are not uniform and whenever standard
exposure and siting criteria can not be met.

The recommended sampling interval of the meteorological sensors by the data acquisition
system is 10 seconds. Data for all variables should be processed to obtain one-hour averages. The
observation time should correspond to the time at the end of the averaging period and should be

recorded as iocal standard time. For example, a recorded time of 1500 {3 p.m.} corresponds to the
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sampling period ffom 1400 to 1500, The data zcquisition system clock should have an accuracy of
*1 minuie per week.

4.4.3.1 Wind 3need and Direction

Hornzoniel wind speed {m s™) snd wind direction {degrees clockwise from geographical north)
are essential to the evaluaiion of trenspor: and dispersion processes. Ivisasurements of wind speed
and direction are alsc important in assessing simospheric stability and turbulence. Wind speed ig
typically measured with 2 cup or propelier anemometer; wind direction is measured with a vane.

The standard heiglit Tor surface layer wind measurements is 10 m above ground level (WHAD,
1983). Tt is important ihat the tower be located in an area of level and cpen terrain. The wind sensor
should be sited such that the horizontal distance to an nbstruction is ai least ten times the height of
the cbstruction, An ohstruciion may be man-mace {&.3., building) or nztural (e, g., frees).

The close proximity of tall buildings in downtown urban areas will often preclude strict
compliance with the above exposure guidance. In such cases, the wind sensor should be sited such
that measurements are reasonably unaffected by locel ohstructions and Fepresent, as far as possible,
what the wind at 10 m would be if there were no obstructions i the vicinity. Site characteristics
should always be fully docuinented. This is especially important when sizndard exposure and siting
criteria can not be obtained. Fwvans and Lee (1281} grovide a discussion on the representativeness
of 10 m wind data acquired in an urban seiting wherz the everage obstruction height is of the same
order as the wind measurement height.

Turbulence in the immediate wake of the tower (aven a lattice type) can be significant. Thus
precautions must be taken to ensure that the wing messurements are not unduly influenced by the
tower. The wind sensor should be mounted on a mast & distance of at lzast one tower widih 2bove
the top of the tower, or if the tower is higher than 10 m, o1 8 boom projecting horizontally from the
tower. The sensor should be [ocated at a horizontal distance of at least twice the diameter/diagonal
of the tower from the nearest point on the tower. The boom should project inte the direction which
provides the least distorticn for the most importan: wind direction {i.e, inte the prevailing wind).

A sensor with e high accuracy at low wind speeds and 2 low starting thresheld is
recommended for PAMS aprlications. Wind speed measuremenis should be accurate t0 +0.2 m g
+ 5% of cbserved speed from 0.5 to 50 m s with a resolution of 0.1 m o Light weight molded
plastic or polystyrene foam should be em3ioyed for cups and propeller blades to achieve a starting
thresheld (Jowest speed at which z rotaiing anemomater starts and continues to turn and produce a
mieasurabie signal when mounted i its normal posidon) of < 0.5 m &, Wind vanes or tail fins should
aiso be composed of light weight melded plastic or polystyrene. The distance constani (the distance
of air passage through the cup or propelier required for sensor to indicate a 1 - /e or 63 2% step
change in the wind speed) shouid be < 5 m at standard sea fevel density (1.2 kg m™). Wind direction
measuremest should be accurate io %3° with 2 resolution of 1°. The starting threshold (lowest speed
at which a vare will turn to within 5° of the irue wind direction from an initial displacemeni of 10°)
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should be < 0.5 ms”. The delay distance (50% recovery from a 10° deflection) should be < 5 m at
standard sea level density. Overshoot must be < 25% and the damping ratio should lie betwesn 0.4
and 0.7.

4.4.3.2 Air Temperature

Air temperature (°C) is strongly correlated with extreme ozone concentrations.
Consequently, it is an essential variable for PAMS applications. There are several types of
temperature sensors; these include wire bobbins, thermocouples, and thermistors. Platinum resistance
temperature detectors (RTD) provide accurate measurements with a stable calibration over a wide
temperature range and are among the more popular sensers used in ambient monitoring,

The temperature senser should be mounted on the tower 2 m above the ground and away
from the tower a distance of at least one tower width from the closest pont on the tower. This height
15 consistent with World Meteoreological Organization (WO, 1983) and EPA standard monitoring
procedures. The measurement should be made over a pict of open, level ground a2 least 9 m in
diameter. The ground surface should be covered with non-irrigated or unwatered short grass or, in
areas which fack a vegetation cover, natural earth. Concrete, asphalt, and oil-soaked surfaces should
be avoided. As such, the sensor should be at least 30 m away from any paved area. Other areas to
avoid include large industrial heat sources, roof tops, steep slopes, hollows, high vegetation, swamps,
snow drifts, standing water, and air exhausts (e.g., tunnels and subway entrances}. The sensor should
be located a distance from any obstruction of at least four times the obstruction height.

Temperature measurements should be accurate to £0.5 °C over a range of -20 to +40 °C with
a resolution of 0.1 °C. The time constant {(63.2%) should be < 60 seconds. Solar heating is usually
the greatest source of error and consequently adequate shielding is needed to provide a representative
ambient air temperature measurement. Ideally, the radiation shield should block the sensor from view
of the sun, sky, ground, and surrounding objects. The shield should reflect all incident radiation and
not reradiate any of that energy towards the sensor. The best type of shield is one which provides
forced aspiration at a rale of at least 3 m 5™ over a radiation range of -100 to +1100 W m*. Errors
in temperature should not exceed +0.25 °C when a sensor is placed inside a forced aspiration
radiation shield. The sensor must also be protected from precipitation and condensation, otherwise
evaporative effects will lead to a depressed temperature measurement (i.e., wet bulb temperature).

4.A4.3.3 Relative Humidity

Measurements of atmospheric humidity are essential to understanding chemical reactions
which occur between ozone precursors and water vapor. The relative humidity (RH) is defined {(List,
1951} as the ratio of the ambient mixing ratio (w) to the saturation mixing ratio {w,) at a given air
temperature and barometric pressure, Le.,

RH = 100 2 (1

i
5

o
[

The ambient mixing ratio is defined as the ratio of the mass of water vapor to the mass of dry air. -
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The saturaiion mixing ratio s defined as the ratio of the mass of water vapor in a given velume of air
saturated with respect to 2 plane surface of water to the mass of diy air. The mixing ratio can zasily
be determined if the relative humidity, air terperaiure, and barometric pressure are know by first
computing the saturation vapor pressure (e,) using the relarion (Buck, 19813
17.502T
e, = [LOCOT + (346210 Sp))6.1121 ¢ 20577 (2)

o

where 7'is the ambient air temperature {°C) and p is the baromeiric pressure (hPa). The saturation
mixing ratio is then compuied using

where € 1s 0.5272. Substitution of RH and w, into Equeiton yields the mixing ratio w,

Other measures of atmospheric hurnidiy inciude vapor pressure (P2), dew point temperature
(°C), specific humidity (g ke™), and absolute humidity {g m™). All variables except for the relative
humidity provide & complete specification of the amount of water vapor in the aimosphere. However,
any of these variables can easily be derived from the relative humidity given the ambient air
temperature and barometric pressure.

There are vanious technigues for measuring eimospheric humidity. However, the emergence
of capacitive thin-film technclogy is now producing sensars which ars reasonably accurate, reliable,
compact, and inexpensive. Crescent and Payne (19%1) compered thin-film relative humidity sensors
from two different manufacturers and found thet they performed quite well. These sensors are
becoming more commaon as they are easy to insiall and operate,

The relative humidity sensor should be instailed neing the same siting criteria as thes for air
temperature. The sensor should be housed in the same aspirated radiaticn shield as the temperature
sensor at a height of 2 m above the ground. The accuracy should be £3 %RH over a range of 10 io
95 SARH (£5 %BH from 0 to 10% RH and from 95 to 100 %RH} and -20 to +40 °C. Resolution
shiould be 0.5 %RH with a time constant {63.2%) of = &) seconds.

The thin-filin elements of the humidity sensar must be protected from contaminants such as
sait, hydrocarbons, and other particulates. These pollutanis can easily cormupt the sensing element
and lead to failure of the instrumeni. The best protection is the use of a porous membrane filter which
allows the passage of ambient air and water vapor while keeping cul particulate matter.
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4.A4.3.4 Solar Radiation

Solar (sometimes called shortwave) radiation is a measure of the electromagnetic radiation
of the sun and is represented as an energy flux (W m™). Solar radiation measureraents are used in
heat flux calculations, for estimating atmospheric stability, and in modeting photochemical reactions
(e, ozone generation). The solar spectrum is comprised of ultraviolet radiation {(6.10 to 0.40 wm),
visible light {0.40 to 0.73 um), and near-infrared (0.73 to 4.0 um) radiation. About 27% of the solar
- radiation incident at the top of the earth's atmosphere lies between 0.29 and 3.0 um (WM, 1933},
A portion of this energy penetrates through the atmosphere and is received at the earth's surface. The
rest is scattered and/or absorbed by gas molecules, aerosols, various particuiates, cloud dreplets, and
ice crystals.

A pyranometer is an instrument used for measuring energy fluxes in the solar spectrum. The
sensor measures global solar (direct and diffuse) radiatton when installed facing upwards in =
horizontal plane tangent to the earth's surface. The sensing eiement of the pyranometer is usually 2
thermocouple which is protected by a clear giass dome to prevent entry of wavelengths cutzids the
solar spectrum {i.e., long-wave radiation).

Solar radiation measurements should be taken in a location with an unrestricted view of the
sky in ail directions. In general, locations should be aveided where there are obstructions thet conld
cast a shadow or reflect light on the sensor. In addition, the pyranometer shouid not be placed near
light colored walls or artificial sources of radiation. In practice, the horizon should not exceed 5°,
especially from the east-northeast through the south to the west-northwest (63° to 295° azimuth).
A 5° horizon will obstruct only about 1% of the global radiation and thus can be considered
negligible.

Pyranometers have no specific hetght requirement. Consequently, a roof top usuaily makes
an ideal location for sensor placement. Lacking a suitable rooftop, an acceptabie alternative would
be a location directly south of the meteorological tower. Regardiess of where the pyranometer is
sited, it is important that the instrument be level to within 1° of horizontal. Any tilt from the
horizontal will introduce significant errors (Katsaros and DeVault, 1986). To facilitate leveling, most
pyranometers come with an attached circular spirit level.

Solar radiation measurements should have a total system accuracy of £5% of the cbserved
vaiue with a resolution of 1 W m™ over a range of 0 to 1200 W m™  The time constant (99%) should
be < 60 seconds. Manufacturer's specifications should match WMQ (1983) requirements for either
a secondary standard or first class pyranometer if reliable heai fhux and stability parameters are o be
calculated (Table 4.A.4). Photovoltaic pyranometers (which usually fall under second class
pyranometers) should not be used for PAMS applications. While their cost is significantly iess than
that of thermocouple-type pyranometers, their spectral response is limited only to that of the visible
spectrum. In essence, these sensors are nothing more than visible light indicators.




\. Tabie 4.4.4

WO (1983) classification of pyranometers

Characteristic Units Secondary Firat Secornd
Giandard Clzss Class
Peschetion W o +] +3 ‘ +10
Stability %P8 year” £] +2 +5
Cosine Fesponse %% <43 < £7 <+15
Azirauth Eesponge %o <43 <=5 <z£i0
Temperature Fesponse ¥ £l =2 +5
Manlinearity BoFS +0.5 +2 +5
Spectral Bensitiviiy % +2 +5 +10
Response Time (99%;) seconds <15 <60 < 240

4.4.3.5 Ultraviolet Radiation

.} Uliraviolet (IU%) radiation may be divided into three sub-ranges {Table 4.A.5). Due to
- strztospheric absorption by czone, UV radiation thet reaches the surfacs is usually Himited to
wavelengths longer than 0.28 pim (UV-A and U-B ranges). The most imzortant photochemically
active chemical species at these wavelengths are czone, nitrogen dioxide, and formaldehyde, All

three of these chemical species are important in the chemistry of czone formaticon.

Tabie 4,4.5
Uttraviolet radiation classifications (Wi, [983)

Type Range

L -A 0.31510 0.400 pm
U¥-B 0280 0 0.315 pm
Uw-C 0100 to 0.280 i

Ultraviolet pyranometers which have a spectral response spanning both the UV-4A and UV-B
{0230 ro 0.400 m) ranges are recommended for PAWS applications. The same siting criteria used
for solar radiation me asurements. apply, The UW sensor saould heve an accuracy of £5% over the
range of 010 12 W o™, a resclution of 0.01 W m™, and a time constant (99%) of < 60 s=conds.
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4.A4.3.6 Baromeiric Pressure

Barometric pressure (hPa) is useful for examining trends in the weather on the order of several
days or more. It is also essential for the calculation of thermodynamic guantities such as air density,
absoiute humidity, and potential temperature.

There are numerous commetrcially available pressure transducers which range widely both in
price and performance. Most of these sensors are capable of measuring barometric pressure with an
overall accuracy of £1.0 hPa over a range of 800 to 1100 hPa, a resclution of 0.1 hPa, and 2 time
constant (63.2%) of < 60 seconds. '

The sensor can be place at the base of the tower or inside a shelter. Ideally, the sensor should
be ptaced at Z m above the ground. If needed, the pressure at 10 mi {p,,) can be derived from the 2
m pressure (p,} by using the hypsometric equation

£z 1g)

T 4
Pip = Pa® o (g)

where z, and z,, are 2 and 10 m, respectively, g is the acceleration due to gravity (9 81 m s2), R, is
the universal gas constant for dry air (287.05 J kg K™), and 7, is the mean virtual air temperature
{K) in the layer between z, and z,, which is computed by using

T,. T{l « 0.61w) (5)

where ¥'is the mean ambient air temperature (K) between z, and z,,, and w is the mixing ratio {g g™).
The decrease in pressure between 2 and 10 m is 0.9 hPa for a typical ambient air temperature of 20
°C and a mixing ratio of 11 g kg™ (75 %RH). Altitude of the station above mean sea level and the
height of the pressure sensor above ground level should be carefuily documented.

If the pressure sensor 15 placed indoors, accommodations should be made to vent the pressure
port to the outside environment. One end of a tube shouid be attached to the sensor's pressure port
and the other ended vented to the outside of the trailer or shelter 50 that pressurization due to the air
conditioning or heating system is avoided. The wind can often cause dynamical changes of pressure
in a room where a sensor is placed. These fluctuations may be on the order of 2 to 3 hPa when strong
or gusty winds prevail.

4,A.3.7 Precipitation

The tota! amount of precipitation which reaches the ground is expressed as the depth to which
it would cover a plane horizontal to the earth's surface in a given period of time. There are several
rain gauge variations, including tippmng-bucket, weighing-bucket, capacitive-siphon, and optical. The
most common are the tipping and weighing-bucket which are cylindrical in shape with 2 20 cm (8
inch) diameter collection orifice.




The rain gauge should be mounied on level ground so that its orifice is horizontal with the
earth's surface. Obstructions (including the tower)} should nat be closer than two to four times their
height from the instrwment. The ground surface around the rain gauge should be natural vagetation.
It should not be paved since this may cause splashing of rain into the gauge. The orifice of the gauge
should be mounted 1 m above the ground.

Measuremenl accuracy for all types of rain geuges is influenced more by exposure than by
variations in sensor design. High winds generally cavse an urderestimation of precipitation.
Therefore, efforis showld be taken to minimize the wind speed at the orifice, sspecially in open areas.
This is best accomplished with the use of a wind shield. An example is the Alter type wind shield
which consists of a ring with 32 free-swinging separeie metzl leaves approxioately 1 o 2 cm above
the collection orifice.

The rain gauge accuracy should be £10% of the observed value with a resolution of 9.25 mm
and a time constant (63.2%) of < 60 seconds.

4.A.4 UPPER-AIR METEOROLOGY

40 CFR Part 58 requires at leasi one upper-air meteorological monitoring system for each
PAMS aftected area. Proiiles of wind speed and wind direction are needed for use in transport and
dispersion modeling. Profiles of air temperature are highly desired sirce this is a principle indicator
of atmospheric stability. Cther variables which can be measured, but not required, include vertical
wind speed, relative humidity, and barometric pressure. EPA currantly does not have any specific
guidance on measurement levels end accuracies for eny upper-air datz. However, Tables 4.A.6 and
4.4.7 are WG (1983} guidelines which can be used, bui nof required, as & model by those agencies
responsible for implementing PAMSE upper-air measursmsnts.

Table 4.A.6
WO (1983 observation levels for lower irogospheric
soundings for operational and ressarch purposes.

Warehic Interval {m) Range (i)
Wind Bpeed and 50 0io 300
Wind Direction 100 400 to a00
200 800 to 1200
300 1500 to 2000
Adr Temperature and 20 Oioc 300
Relative Humidity 50 350 1o 1000
130 1106 to 2000
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Table 4.A.7
WMO (1983} observation accuracies for lower tropospheric
soundings for operational and research purposes.

‘Variable Accuracy

Wind Speed o H05mst WS <dms?
+10% W5>5ms’

Wind Direction +10° W5 < S5me!
+5° W3>5mg?

Air Temperature  £0.2 °C

Relative Humidity —+5% EH = 95%
+1% BH > 95%

The upper-air measurements are intended for more macro-scale appiication than the surface
meteorological measurements. Consequently, the iocation of the upper-air site does not necessarily
need to be associated with any particular PAMS surface site. However, for convenience and logistics,
the upper-air site can be collocated with a surface meteorology station. Depending on the
meteorological conditions typically associated with high ozone concentrations in 2 given PAMS area,
both upwind (Site #1) and/or downwind (Sites #3 and #4) sites may be appropriate iocations for the
upper-air momitoring. Factors that should be considered in selecting a site for the upper-air
monitoring include whether the upper-air measurements for the proposed location are likely to
provide the necessary data to describe the meteorological conditions associated with high ozone
concentrations.  Additional upper-air monitoring systems may be needed in areas where
meteorological and photochemiical processes are complex or where an internal thermal boundary layer
has a significant role in ozene formation and transport.

A minimum of 4 profiles per day is required. These profiles should be acquired just prior io
sunrise when the atmospheric boundary layer is usually the most stable; during mid-morning when
the growth of the boundary layer is most rapid, during mid-afterncon when the surface air
temperature 1s maximum; and during late-afternoon when the boundary layer depth is largest. The
implementing agencies should make every attempt to acquire profiles in the first several hundred
meters of the convective mixed layer. It is highly desired to obtain profiles of at least 1000 m or to
the top of the convective mixed layer (which can easily exceed 2000 m on summer afiernoons).
However, not all measurement systems are capable of an extended height range. The implementing
agencies are encouraged to acquire profiles with greater vertical range, higher resolution, and on a
more frequent basis, if at all possible. Wind, temperature, and humidity profile data obtained by
nearby National Weather Service (NWS) radiosondes may be used to partially fulfitl and/or
supplement the PAMS upper-air monitoring requirement. : :

In addition to the above variables, estimates are also required for the deoth of the atmospheric '
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boundary layer or mixed Iayer (i.e., mixing height). Reliable estimates of the mixing height are
essential to dispersion modeling because this is the deptk through which vertical mixing of nollutants
normally cocurs. The degree of dispersion within the sTll}{Bd layer is primarily a function of
atmospheric turbulence (L.e., wind flow, surface heating), The mixing height can be determined based
on air temperature, aU]’bULl’%CE, a.ncl/or aerosol concentration data.

The E¥A recommendsd methed for estimaiing mixing height requires measurement of the
vertical temperature profile (Helzworih, 1964; 1972). In this method, the mixing height is ceicuiated
a5 the level above the ground in which the intersection of the dry adiabat (9.8 °C km™) from a mid-
morning surface iemperawire and the sunrise temperature profils ocours. This concept of & mixing
layer in which the lapsa rate is roughly dry adiabatic is founded oa "Lhermrldyﬂamic principles and on
operaiional use in repulatery dispersion modeling over the lzst two decadzs. Comparisons of mixing
height estimates based on the Holzworth method with several other izchniques indicate that all
methods perform similarly in estimating the maximum aftermeon mixing depth (Hanna, 1969; Irwin
and Paumier, 1990). The Holzworth method ts normally preferred because of its simplicity.

Agiother simple method for estimating ihe mixing height is by using an air temperature profile
to derive a potential temparaiure profile. The potential temperature & of an air parcel is defined as
the temperature which the air parcel would have if it wers expandad or compressed adiabatically from
its existing pressure and temperature to a standard pressure p, which is generally taken as 1000 hPa
{Wailace and Hobbs, 1977, Fleagle and Businger, 1980} An expression for the potential temperaturs
can be deriver by combining the First Law of Thermoedynarcics and the Ideal Gas Equation in terms
of pressurs p and alr temperature ¥ as

h Rdh;
«D d
R ()
&)
where X, is the universal gas constant for dry air (287.05 J kg’ K, and ¢, is the specific heat at

constant pressure (1004 J kgt K1Y, Within awd] ed boundary layer, potential temperature is
nearly a conserved property, 1.2, It remaing a consiamni va 1 te. The top of the mixed layer is typically
marked by a rapid increase of potential temperatire with height.

There arz 2 vanety of platforms for measuring usper-air meieorological data. These include
aircrafi, tall towers, balloon systems, and ground-based remote sensors. As with any measurement
sysiem, each has its advaniages and disadvantages. The variables that can be measurad with sach
upper-alr system are summarized in Table 4.4.8. Wote that with the excepiion of aircraft and tower,
70 ONE BPpEr-air measurentent system is capable of acquiring all of the variables listed in the rabls.

jrmeE vertical ranges and resolutions for these systems are presented in Table 4. 4.9, The choice
of using any one of Mote Upper-air measurement system is lefl to the discretion of the implementing
agency. The mformaiion presented befow provides some general background for each type of v LppEd-
air systent.
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Table 4.A.8

Meteorological variables that can be measured with various upper-air monitoring systems. Variables
include horizontal wind speed and direction (WS/WD), vertical wind speed (%), air temperature (T,
relative humidity (RH), and barometric pressure (BP).

System WSWD W T RH BP
Aircraft v v v o v
Tower v v v o o
Radiosonde v ¥ o W'
Tethersonde v v o v
Radar v v
Sodar v v
RASS v

Table 4.A.9

Typical vertical ranges and resolutions for upper-air monitoring systems.

System Range (m) Resolution (m}
Adrcraft 100 to 10,600 1
Tower 10 to 600 1
Radiosonde 10 to 10,000 5
Tethersonde 10 to 1,000 5
Radar 100 to 3,000 &0 1o 100
Sodar 50to 1,000 25 to 50
RASS 100 to 1,300 50 to 100

4,A.4.1 Aircrafi

Aircraft (both airplanes and helicopters) are the ultimate mobile observation station. They
are capable of traversing large horizontal and vertical distances in a relatively short period of time.
This platform can be equipped with meteorological instrumentation and an assortment of chemical
sensors. Traditionally, aircraft are used for episodic field studies which often require extensive data
sets for model evaluation. Lenschow (1986) provides an excellent overview of aircraft measurements
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in boundary layer applications. While an aircraft can provide detailed aimospheric observations over
large areas, the total sampling time per flight (typicaliv & to & hours) is relatively short because of fue
considerations. Aircraft may also be subject to Federal Aviation Adminmistration {FA A} restrictions
on flight paths over urban areas. In addition, the cperating cost for this type of platform is extremely
expensive,

&.A.4.%2 Tall Towers

In some instances it may be possible to use exisiing towers which may be located in PAMS
areas to acquire veriical profiles of atmospheric boundary layer data.  Radio and television
transmission towers, which may be as tall as 600 m, can be eguipped with in-situ meieorological
sensors at many levels. An advantage to using & tower s the ability to run an unattended data
acquisition system. Also, daia can be coilected under all weaiher conditions. However, the main
disadvantage of using a tower is the inability to determine the mixed layer height during most ot the
day. When moderate to strong convective conditions exist, the mixed layer heighi easily exceeds that
of the tallest towers. Anocther disadvantage is the potentially high cost of maintenance, especiaiiy
during instances when the instrumentation needs to be accsssed For adjustmeants or repairs.

4.A.4.3 Balloon Systems

Balloon-based sysiems offer a relatively inexpensive means for upper-air meteorology
measurements. There are two fypes of balloon systerns. Radiosonde {sometimes called rawinsonds)
and tethersonde.

The radiosonde is reliable, robust, light welght, and relatively small  The radiosorce is
expendable, and can be mass produced at low cost. The radiosonde 13 comprised of sensors, &
tracking device, and a radio transmitter. This sensor peckage Is suspended frem a hydrogen or helium
filled balloon and i released at the surface.  Air temperazure is measurad with a bimetallic strip,
ceramic semi-congductor, or a wire resistor. The relative humddity 1s measured with a carbon hygrister
of & thin-film capacitive chip. The barometric pressure i3 obtained with the an aneroid capsule.
Ground-based radar is used 1o determine horizontal wind speed and direction. The radiosonde is
capable of easily traversing the depth of the troposphare and reaching well into the siratosphere.

A tethersonde system is comprised of a tethered balioon with szveral sonde packages attached
to the fine. Wartables measured inciude horizontal wind speed and direction, air temperature, relative
humidity, and barometric pressure. These daia are telemetiered to the ground by radio or by
conductors incorporated within the iethering cable. The tethersonde is capable of reaching aititudes
up to 1000 m. However, this system can only operate in light to moderate wind conditions {5 m s
ai the surface, 15 m 5™ aloft). A tethered ballvon may also pose a5 an aviation hazard and is subject
to FAA regulations. A permit must be obtained for permission to operate such a system.

Low cost is the main advantage for these systems, as well as ease of transport and relatively
iow maintenance. The main disadvantage for batloon systems is that they can be very labor intensive,
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especially if data are needed on an frequent basis. In addition, vertical wind speed can not measured
by either balloon system. ’ '

4.A.4.4 Ground-Based Remoie Sensors

Ground-based remote sensors have become effective tools for acquiring upper-air information
and have played an increasingly important role in atmospheric boundary layer studies. However,
there is a distinct void in available guidance needed to help potential users in the regulatory
community. Because of their unique nature and constant evolution, EPA guidance for remote sensors
is more generic than that which already exists for many of the well established in-sitis meteorclogical
sensors. Efforts are underway to provide more clearly defined guidance and standard operating
procedures which will appear in the next edition of the Quality Assurance Handbook for Air
Pollution Measurement Systems, Volume IV: Meteorological Measurements (EP A, 1989).

There are two basic types of remote sensing systems used to acquire three-component wind
velocity profiles: Radar (radio detection and ranging) and sodar (sound detection and ranging).
Radars (also called wind profilers) transmit an electromagnetic signal {~ 915 MHz) into the
atmosphere in a predetermined beam width which is controlled by the configuration of the
transmitting antenna. Sodars (also called acoustic sounders) transmit an acoustic signal {~ 2 to
KHz) into the atmosphere in a predetermined beam width which is also controlled by the transmitting
antenna. The radar has a range of approximately 100 to 3600 m with a resoiution of 0 to 100 m.
The sodar has a range of about 50 to 1000 m with a resolution of about 25 to 50 m.

Both systems transnit their respective signals in pulses. Each puise is hoth reflected and
absorbed by the atmosphere as it propagates upwards. The vertical range of each puise is determined
by how high it can go before the signal becomes so weak that the energy reflected back to the antenna
can no longer be detected. That is, as long as the reflected pulses can be discerned from baclkground
noise, meaningful wind velocities can be obtained by comparing the Doppler shift of the output signal
to that of the return signal. A positive or negative Doppler shift indicates whether the radial wind
velocity 1s moving towards or away from the transmitting antenna. The attenuation of a transmitted
puise is a function of signal type, signal power, signal frequency, and atmospheric conditions. Radar
signal refiection depends primarily on the presence of an index of refraction gradient in the
atmosphere which varies with temperature and humidity. Sodar signal refiection depends primarily
on the presence of small scale atmospheric turbulence. The reflected signals received by either a radar
or sodar are processed in a computer by signal conditioning algorithms.

In order to obtain a profile of the three-component wind velocity (U, ¥, W), one vertical
beam and two tilted beams are needed. The two tilted beams are usually between 15° and 30° from
the vertical. These two beams are also at right angles to each other in azimuth. Each antenna
transmits a pulse and then listens for the reflected signal in succession. After all three antenna
perform this function, enough information is available to convert the radial velocities into horizontal
and vertical wind velocities by using simple trigonometric relationships.




There are two types of antenna configurations for radars and sodars: RMonostaiic and phased
array  Monostatic systems consist of three individual transmit/receive antennas. Phased array consist
of a single antenna array which can electronically steer the beam in the reguired direciions. Vertical
panels {also known as clutter fences) are usvally placed around the aniennas. This effectively acts
to block out any stray sids-lobe echoes from contaminating the return signal of a radar. For sodars,
these panels cut down on the side-fobe noise which may be a nuisance to nearby residents and also
prevents any background noise which may contaminale the rerurn signal.

A radio acoustic sounding system {(RASZE) utilizes 2 combination of slectromagnetic and
acoustic pulses to derivs a virtual air temperature profile. A RASE usually consists of several
acoustic antennas placed zround a radar systern. The antennas transmit a sweep of acoustic
frequencies vertically into the atmosphers. As the sound pulses rise, the speed of the acoustic wave
varies according Lo the virtue air temperature. Concurrenily, s radar beam is emitted veriically into
the atmosphere. The radar bears will most strongly reflect off the sound wave fronts created by the
acoustic pulses. The virtual air temperature is computed from the speed of zound which is measursd
by the reflected radar energy. The typical range of a RASS is approximately 100 to 1500 m with a
resclution of 60 to 100 m.

Unlike in-situ sensors which measure by dirsct contact, remote sensors do not disturb the
atmosphere. Another fundamental difference is that remote sensers measurs 2 volume of air rather
than a fixed point in space. The thickness of the volume is a function of the pulse length and
frequency used. The widil of the volume is a function of beam spread and altitude.

Siting of these profilers is sometimes a difficul! task, Artificial and natural objects located
near the sensors can potentially interfere with the transmission and retumn signais, thereby
contamiitating the wind veiocity data.

Since sodars utilize sound transmission and recepiion (o determine the overlying wind field,
a clear return signal with a sharply defined atmospheric pesk frequency is required.  Thus,
consideration of background neise may put limitations on where a sodar can be located. Extarnal
noise sources cai be classified as active or passive, and as broad-band (random frequency) or narrow-
band (fixed frequency). General background noise is considered active znd is broad-band. [Tloud
enough, il can cause the sodar software to reject data because it can not find a peak or because the
signal-to-noise ratio is too low,. The net effect is to lower the effective sampling rate due to the loss
of many transmission pulses. A qualitative survey should be conducted fo identify any potential noise
sources. A quantitaiive noise survey may be necessary o determine if noise levels are within the
mstrument's Mintmum requirsments.

Examples of active, broad-band noise sources include highways, industrial facilities, power
plarits, and heavy machinery. Some of these noise sources have a pronounced diurnal, weekly, or
even seasonal paitern. A noise survey should at least cover diurnal and weekly patterns. Examination
of land-use paitems and other sources of information may be necessary to determine i any seasonal
activities may present problems.




Examples of active, fixed-frequency noise sources include rotating fans, a back-up beeper on
a piece of heavy equipment, birds, and insects. If these noise sources have a frequency component
irs the sodar operating range, they may be misinterpreted as good data by the sedar. Some of these
sources can be identified during the site selection process. One approach to reducing the problem
of fixed frequency noise sources is to use a coded pulse, i.e, the transmii pulse has moere then one
peak frequency. A return pulse would not be identified as data unless peak frequencies were found
n the return signal the same distance apart as the transmit frequencies.

Passive noise sources are objects either on or above the ground {e.g., tall iowers, power
transmisston lines, buildings, trees) that can reflect a transmitted puise back to the sodar antenna.
While most of the acoustic energy is focused in a narrow beam, side-lobes do exisi and are a
particular concern when antenna enclosures have degraded substantially. Side-lobes reflecting off
stationary objects and returning at the same frequency as the transmit pulse may be interpreted by the
sodar as a valid atmospheric return with a speed of zero. It is not possible 1o predict precisely which
objects may be a problem. Anything in the same general direction in which the antenna is pointing
which is also higher than 5 to 10 m may be a potential reflector. It is therefore important 1o construct
an "obstacle vista diagram" prior to sodar installation that identifies the direction and height of
potential reflectors in relation to the sodar. This diagram can be used after some data have been
coltected to assess whether or not reflections are of concern at some sodar height ranges. Note thas
reflections from an object at distance X from an antenna will show up at height Xcos(e), where o is
the iilt angle of the antenna from the vertical.

The radar, sodar, and RASS antennas should be aligned and tilted carefuily as small errors in
orientation or tili angle can produce unwanted biases in the data, True North should aiso be
established for antenna alignment. Installation of the antennas should not be permanent since
problems are very likely to arise in siting the profilers in relation to the tower and other obiects that
may be in the area. Omne final consideration is the effect of the instrument on its surroundings. The
sound pulse from a sodar and RASS is quite audible and could become a nuisance to residents who
might happen to live near the installation site.

4.A.5 REFERENCES

Buck, A. L., 1981: New equations for computing vapor pressure and enhancement factor. Journal
of Applied Meteorology, 20, 1527-1532

Crescenti, G. H., and R. E. Payne, 1991: Evaluation of two types of thin film capacitive relative
humidity sensors for use on buocys and ships. Seventh Symposium on Meteorological
Observations and Instrumentation, American Meteorclogical Society, New Orlears, LA, Jan.
13-18, pp. 125-128.

Evans, R. A, and B. E. Lee, 1981: The problems of anemometer exposure in urban areas - a wind-
tunnel study. Meteorological Magazine, 110, 188-199.

A-18




Fleagle, R. (&, and J. A Businger, 1980: An lntroduciion to Atmospheric Physics. Second Edition.
Academic Press, Orlando, 432 pp.

Hanna, 5. R, 1969: The thickness of the planetary boundary layer. Afmospheric Fnvironment, 3
519-536

Holzworth, G. C., 1964 Estimates of mean maximum mixing depths in the contiguous United
States. Adonthly Wearher Revigw, 92, 235-242, '

7

Holzworth, &. C., 1972 Mixing Heights, Wind Speeds, and Potenvtiod for Urban Air Poliution
Fhroughout the Comtiguous United States. Publication Mo, AP-101, Ciffice of Air Programs,

U. 5 Envirenmental Protection Agency, Research Triangle Park, Morth Carclina.

Frwin, J. 5., and I. Q. Paurnier, 1990: Characterizing the dispersive state of convective boundary
layers for applied dispersion modeling, Soundary-Layer Metearofogy, 53, 267-296.

Katsaros, . B., and DeVauk, J. B 1986 On irradiance measurement errors at sea due to tilt of

7

7 i

pymnometem. JSowurnal o f tmospheric and Oceardc Techinofogy, 3, 740-745.

Lenschow, D H., 1986: Aurcraft measuremesnts in the b undary layer. Probing the Atmospheric

Bowndory Layer, American Meteorclogical Society, Bosten, oo, 39-55.

List, R. 1., 1951 Smithsonian Meteorological Tables, Smithsorian Institution, Washington, D, T,
527 pp.

Mational Center for Afmospheric Fesearch, 1983 - fustrucior’s Handbook on Meteorological
fnsirumeniation. MICARSTH- /“‘7+]1/—L Boulder, Colorado,

U E. Environmental Protection Agency, 1981  On-Sile Meizorological insirumentation
Reguirements to Characterize Diffusion from Point Sources. EPA-600/9-31-020, Research
Triangle Park, Morth Carclina.

U. 5. Environmental Protection Agency, 1987a; Awmbient Monitoring Guidelives for Prevention of
Significant Deterioration (PSD).  EPA-450/4-87-007, Research Triangle Park, Morth
Carcling,

U. §. Enviroumental Proteciion Agency, 1987b:  On-Site Program Guidance for Reguliatory
livdeling Applicarions. EPA-450/4-87-013, Research Triangle Park, Worth Carolina.

U. 5. Environmental Protection Agency, 1988 Jwality Assurance Handbook for Air Pollution
Mdeasurement Systems. Volume IV Meteorological Measurements. EPA- t}':'U.er Q0-003,
Research Triangle Park, Morth Carolina.




<
€]

5. Environmental Protection Agency, 1991: Technical Assistance Docnment for Sampling and fr |
Analysis of Ozone Precursors. EPA-600/8-91-215, Research Triangle Park, MHorth Carcling. \ ‘

- Environmental Protection Agency, 1993: dmbient Air Quality Surveiliance; ¥inai Rule. Code
of Federal Regulations, Title 40, Part 58, Office of the Federal Register, Washington, I. C.

<
€51

U. 5. Environmental Protection Agency, 1994: Photochemical Assessmeni Monitoring Siations
Implemeniation Manual. EPA-454/B-93-051, Research Triangle Park, Morth Carglina.

Wallace, J. M., and P. V. Hobbs, 1977: Atmospheric Science. Academic Press, New York, 467 pp.

World Meteorological Organization, 1983: Guide to Meteorological instruments and Meithods of
Observation (Fifth edition). WMO No. 8, Geneva, Switzerland.

A-20



