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MEMORANDUM
SUBJECT: QA Handbook for Meteoroclogical Measurements
FROM: Jack aowen£§%EE§
Project Officer, USEPA, ARFAL, 0AD (MD-778),
RTP, NC 27711
TO: - Users of QA Handbook for Meteorological Mezsurements

Enclosed is the f£ing! 2raft of the QA Handbook for Meteorological
Heasurements. The drafs contains some typographical erroers, which are shown on
the attached errata siieet. These errors wit]l be corrected before the document

is sent to NTIS. We decided to send the QA Handbook with an errata sheet
attached to those wha had requested = COPy to prevent any Ffurther delays in
distribution.

1 hope you find thig revised edition of the QA Handbook a useful tool in
providing practical informaticn and guidance on the operation of your
meteorological measurement systems,

If you have auy questions, pleazse feel free Lo contact me by phone (9193
541-3969),

Enclosure
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PURPOSE AND OVERVIEW OF THE QUALITY
ASSURANCE HANDBOCE

The purpose of this volume of the QA Handbook is to provide information and
guidance for both the meteorclogist and the non—metecrologlst whe must maks
judgments about the valldity of datz and accuracy of measurement systems. Care.
has been taken to provide definiticns te help those making these judgments to
communicate without ambiguity. Methods are described in the handbook which
will objectively define the quality of measurements z¢ the non- meteorologist
can communicate with the meteorvlogist or environmental scientist or enginser
with precision of meaning. .

The first secticn of the handbook contains z special glossary of terms
necessary to meteorclogy and guality assurance. Following that i1s an znalysis
of the state of the art from information and interviews of those practicing QA
in the air quality field. The final parts of the {irst section define some of
the reguirements for gathering data which 2 QA effort can compare to the
practice of acgguiring data.

The sacond section iz devoted to guality assurance and quallty conkrol as
it is applled to meteorological problems. This section is somewhat independent
of the variable being measured. Where the variable iz important it is treated
individually. '

The final six sections are variable-specific. The most lmportani wind OJ
measurement is covered in considerable detaill. The temperature measurement o
section concentrates on the temperature difference measurement used for
stability determination. The final four sections cover tc an adeguate depth
the measurement of humidity, radiation, precipltation and surface air pressure.
Examples are given where possible to help explain the methods and problems Lo
be found in programs of collecting metecrclogiczl data and assessing dats
validity.

The need for common understianding is c¢ritlcal for the practice of quality
control (QC) and quality assurance (QA). This is achleved in part by the
definitions of the language usec¢ within the discipline. From that voczbulary,
the detalls of the systems and procedures are defined in terms of the necessary
goals.

There are a variety of QA/QC definltions in the llterature and in common
usage. Volume I, Section No. 1.3 and Appendix A4 provide some general
definitions. Secticn 1.4 shows how the elements of U4 are distributed and
where in the section they are described. The welil known "quallty assurance
whes1" 1s shown in Figure 1.4.1. The following discuszion of definitions is
broader based to include metecrological requirements and explicit betwesn QA
and QC.

The structure shown in Figure 4.0.0.1 below ls from ANSI/ASQC Q90-1987;
American National Standard, Quality Management zand Quality Assurance Standards .
Guidelines for Selection and Use. The definitions in-the glossary (4.0.11] Sﬁsjf.
the following descriptions are structured to fit Figure 4.0.0.1 and the \\;r
practices of megeorological measurement,
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Figure 4.0.0.1 The Siructure of Qualify (reprinted with permission
from Lhe Americapn Soclety for Quallty Cantrol)

This figure will be desecribed asz it applies to a meteorclogical company
which manufacturersg instruments and provides a variety of services. It can
alse apply to government organizations and temperary project—oriented
cooperative organizations. At the top of the Figure and the top of any
organized effort toward quality are the QUALITY MANAGEMERT ASPECTS. These
aspects comprise the policy statement for the organization expressed by
management. The statement is in writing as & company policy and signed by the
president of the company so that theres will be no misunderstanding or confusion
about the quality goals of instruments so that they do produce valid data. &
performance audii, then, is a challenge both to the insirument and to the
operater to ilndependently verify that the mezsurement system is “in control.”
Just as with system audits, the auwdltor ls primarily z teacher and trainer.
The audit method should be the besi possible method. The operator should be
encouraged to upgrade the calibration methods o do a better job.

Uften the operator has no experience wiih meteerclogical insiruments.
Uften they are well gualified lnsirument teshnicians, but the auditor is an
expert, or should be. A mutually valuable gual is for the operator to learn
what methods zre necessary and most complete and adopi those Tor the
calibraiion procedure. When ths instrumenis are all working perfectly it is
because they are getting the experienced attention it takes for “im contral®
operation. At this point, the audit becomes a spot checking operation
producing documentation from an independent individusl verifying this “in
control" operation.

If some basic ground rules ars followed, the zudit is maximized zs a
learning exercise. One rule is that the operator does all the instrument
handling. There is a gsneral reluctance to handle unfamiliar instruments.
They might get broken or changed in some mysterious way, The way to become
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familiar with them is to work with them. The safest environment in which to
gain this experience is in the presence of someone who is familiar with the
instruments.

Good audit methods are as close to Jaboratory tests as. 2 field site and the
ingenuliy of the auditor will allew. Tails inevitabiy regquires a tower mounted
instrument to be taken down, complete with cable or substitute cable, so that
tests can be made in a physically convenient enviromment. For wind sensors,
the bearing condition is of vital importance. Thls can be measured only when
the sensor can be cennected tc the torque instrument with complete control and
freedom to move. It is not a proper test ic try on a tower or mast. .
Ferformance audits, in exactly the same way as calibrations, challenge parts of
the system. Ideally, one wanis to challenge all of the system, bui thai is
often impossible. Known free atmospheres are not avallable from MBS,
Controlled atmespheres like a wind tunnel or a thermal chamber or a2 "sun® lamp
only challenge a part of the system. They leave out or drastically change the
important coupling functien. Even controlled atmosphers devices, such as a
wind tunnel, are not available to the zuditor in the fleld. All one cap do is
impose = known conditlon such as the rate of rotation for an anemometer, and
measure the system response. This type of audii assumes that the
manufacturer’'s generic transfer function applies to this senseor, or assums that
earlier wind tunnei tests of this sensor still apply (2 good assumption if the
serisor is not damaged]).

)
Another method 1s the ASTM collefated transfer standard methed. This is @/
the most complete method from the standpoint of total system error sources but

it has two drawbacks. First, it is limited to the conditions that prevail

during the audit. Seccondly, it is very sensitive to exposure or siting hias.

It requires careful guidelines pointing out potential bias sources and ways Lo
watch for them in the data. These are covered inm the variable-specific

sectlions.

A performance audit program using experienced independent auditors, whether
internal or external to the crganization, is the first step toward gstablishing
a quality plan if one does not already exist. The goal of the measurement
program is to have documented data. The performance sudii will peint out aress
required to get the system "in control." The auditor can help impiement the
establishment of 2 quality system, or its kev elemenis, in order tc schieve the
necessary on-golng activitles to keep the measursment system "in control”
continuously.

The survey which led off the werk of rewvising this handbock exposed sons
confusion in the communitiy of metecrological auditors with regard to the
difference between performance audits and calibrations. A4 form letter was
composed to discuss these differences and to ask for new numbers of audits
conducted. The lefter used the definitions found in the glos szary (£4.0.1) zand
expanded on them with examples. The principal difference is independence of
respongibility. Some organizations percelved the documentation of the
condition of the system "as found® as a performance audit and the adjustmsnt of g
the sysiem Lo accepiable operating conditions, documented “"as left," as =z .
callbration. Thus, a single individual could both audit and calibrate during =
the same visit. By any accepted standard of quality systems definition, this
whole process of testing and adjustment is a calibratlon. This properly
documented calibration is the basis for claims of data validity. All the

|
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performance audit adds is an independent assurance that the calibrations were
thoroughly done and that the documents are complets and accurate. Such
assurance must be entirely free of potential iafluence.

The letter described situatlons where a gingle company can be structured to
provide both callbration and auditing services, bui cautioned that the
independence of the auditor requires a nanagement structure insulating the
auditor from the budgeiary concerns of the operating crganization. Responses
to this letter were few and in no case was the distinction challenged. Aall
agreed with the concept of independence for Q4 audits. Hegulators should
acknowledge the distinction and reguire true indegendence.

Sltuatlons arise whers the fundamentsl principle of independence between
calibration znd audli services is difficult to fellow. Small agencles may not
be able to contract for independent audits. In the interest of documented
validity of data for zll partles, lonovaiive arrangencents among different
agenclies should be promoted. The individual whe operates and calibrates
instruments for Agency A might be asked to audlt the Agency B instruments in
exchange for the operator at Agency B auditing the Agency A instruments. This
practice would have the further benefit of stimulating communication about and
standardization of good audit methods.
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4.0.1 GLOSSARY FOR METEOROLOGY ANLD QA/QC

ACCURACY - is the degree of agreement of z measurement (or an averags of
measuremenlts of the same thing), X, wlth an accepted refesrence or true value, T
usually expressed as the difference between the itwo values, ¥ - T, or the
difference as a percentage of the reference or true value, 100{X-T)/T, or
sometimes expressed as a ratio, X/T. )

3

CALIBRATION - is a MEASURE of conformance to or discrepancy from a
gpecification or set of criteria for an instrumeni or system if necassary andg
an ADJUSTMENT of the instrument or system to conform to the specification ar
criteria. A calibration may be performed by a person or agency within the
operating organization.

DAMPING RATIO () - The damping ratic 1s calculated from the overshoot ratio

($2). 23
(]

/7]

DELAY DISTANCE (D) - The distance the air flows past 2 wind vane during the I'/."
time 1t takes the vane to return to 50 percent of the imitial displacement. I2} 4

EXTERNAL QUALITY ASSURANCE - is the activity designed tc provide the purchaser
with confldence in the quallty of what is being purchased.

INTERNAL QUALITY ASSURANCE -~ is the activity designed te provide managemnernt
wlth confidence that the quality system is operating and the management npolicy
iz being carried out.

INVERSION (+AT} - is the inverted lapse rai= or an increase of air
temperature with height. There is no general limit for inversion gstrength.

LAPSE RATE (-AT) - is the normal decrease of air temperature with height
limited by the auto convection rate of 3. &°C/100 m.

OVERSHOOT (Q) - The ratio of the amplitude of two successive deflections of a
wind vane as it oscillates about the equilibrium peosition after release from an
offset position of iten degrees, as expressed by the equation

a
{n+l]

&

2]

whers Bn and equz are the amplitudes of the n and n+l deflections,

respectively.
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PERFORMANCE AUDIT - iz a report of conformance to or discrepancy from a
specification or set of criteria determined by a person or agency separate
from and independent of the operating organization.

PRECISION - 1is the standard deviation of a series of measuresd valueg, Xi’

about the mezn measured'value, ¥. (see 4.1.5.1}

QUALITY ASSURANCE - 41l those planned ard systamatic actions necessary to
provide adequate confidence that a product or service will satisfy given
requirements for quality. (1}

QUALITY CONTRCUL - The operational techniques and activities that are used to
fulfill requirements for quality. ri

QUALITY MANAGEMENT - That aspect of the overall management funclion that
determines and implements the quality policy. 113

QUALITY FOLICY - The overall quality intentions andfdifection of an
organization as regards qualliy, as formelly supressed by top management. (1]

QUALITY SYSTEM - The organizational giructure, responsibilitiss, procedures,
processes, and resources for implamenting qualiiy manazgement. [1)

REFPRESENTATIVENESS ~ is the extent to whien z set of measurements taken in a
space-time domain reflects the actuzl conditions in the same or different
space-time domain taken on a scale acpropriate for a specific application. (4]

STARTING THRESHOLD (EG, n/s) - The lowest speed at which = vane will turn to

s . 9 - - a . -~ - _m a
within § of &, (the true direction) from an initial displacement of 10°. (2]

STARTING THRESHOLD [UQ, m/s) - The lewest speed at which a rotating anemometer

starts and continues to turn and produce a measurable signal when mounted in
its normal positicnm. (3]

(11 ANSI/ASQC, 1987a: Quality Management and Quality Assurance
Standards - Guidelines for Selection and Usa. ANST/ZASOC Q90-1987. American
Seclety for Quality Control, Millwaukes, WI 53202,

21 ASTM, 1985k: Standard Test Methed for DETERMINING THE DYNAMIC FERFORMANCE
CF A WIND VANE. (Draf:i 8 of D22.11) Amer. Soc. for Testing and Materials,
Fhiladelphia, PA 19103,

31 ASTM, 198Sa: Standard Tes:i Method for DETERMIMING THE PERFORMANCE OF A CUD
ANEMOMETER OR PROPTELLER ANEMOMETER. (Draft 6 of D22.11) Amer. Soc. for
Testing and Materials, Fhiladeliphia, PA 19107,
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4.0.2 STATE OF THE ART

The achievement of predicted quality for a product or service can be the
delegated responsibility of an identifiable part of am organization. The
practice of elevating quality toc a management staff level is relatively new.
The value of quality contrel and the umbrella menagement structure of gquality
assurance became clear when products, purchased zgainst a specification, wers
rejected by the purchaser. When the cost of rework or scrap absorbs the
profit, an alternative will be found. The aliternative is to do if right the
first time and the path te that goal lnvolves training, in-process inspecilon,
final inspection and all of the other QA functions designed to mimimize sorap
and rework.

The QA profession grew during World War II and thereafter as the U.S.
Government became a significant purchaser using comprehensivespecifications,
like the well known Mil-Specs. In the '60sand *7Us the practice of planned
obsolescence and using the customer as the final inspector set up our
industries for failure against foreign competition with higher quality
standards. The successful foreign producers, using the quallty principles
developed in the United States, caused a resurgsnce of quallity swareness.

The Environmental Protection Agency (EPA} recognized the need to set
standards, develop standard methods and materials, and produce a system of
quality assurance to suppert validity claims for the data being collected in o
response to the Clean Alr Act. In 1976 a Quallty Assurance Handbook for Alr Oj
Pollution Measurement Systems: Volume [. Principles was published (EPa, 1976), =
in 1977, Volume II. Ambient Air Specific Methods (EPA, 1977z) and VYolume J1II.
Statiomary Source Specific Methods (EPA, 1977k) were published. This programn
addressed the Criteria Pollutants which were covered by federal law.
Meteorclogical measurements were recognized as supportive to the Criteria
Pollutant measurement program but they were secondary.

When the Clean Alr Act was amended, permission for growth of scurce
strength (and thereby growth of industry) was granted as a con- sequence of
diffusion model predictions based on input metecrclogical dats. Naw, the law
recognized the requirement for valld and represent- ative metsorologiczl data
and the need for a structure to provide documented assurance of validity. In
1983, Velume IV. Meteorclogical Measurements (EPA, 1983) was added to the
Handbock family.

Almost all of the QA work provided hy the private sector was geared to alr
and source chemistry. When meteorology was added to the technical requirements
list, a varlety of solutions were applied by a variety of individuals with a
variety of technical backgrounds. The original Vslume IV. was like a
background guldebook for taking meteorcloglcal measurements and genaral
suggestlons {for how QA and OC might be appli=d to the requirement for walid
data. This revision of Volume IV. is intended to be more speciflic =nd more
informative and more in the spirit of the other three volumes. [t has not, and
cannot as yelb, specify standard methods. A greater success with predictive
medels is necessary before knowledge will exist which can dictate the stands)d . 'y
methods to assure valid input data. The premise of this VYolume IV. is that .”
measurements worth taking are worth taking right.
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4.G.2.% Auditor Survey

This handbook is intended to deocument Lthe metheds currently in use in
meteorvloglcal QA/QC znd to point to methods which are optimum for meeting the
requirements suggssted or defined in various EPA publications. A starting
point toward this goal is 2z survey of all those zctive in performance and
system auditing of meteorological measurement programs. Figure 4.0.2.1 is a
copy of the survey form sent to as many peaple with experience in auditing as
could be found. The initial list, shown 9y company and lecation in Table
4.0.2.1, grew considerably with help from sll the EFA Hegions and many state
and local agencies. The number of survey formsg rzturned from each company ls
alsc shown.

Table 4.0.2.1 - Uriginal Survey Listi

COMP AN : CITY/STATE NUMEER
* feroYironment, Inc. Monrovia, Ca 4
Names & Moore Atlanta, Ga 2
Desert Research Institute Rerwm, NV 2
* Enviro. Menliorlng & Services Inc. Thousand Oaks, CA 1
Environmental Research & Tech. Fort Callins, CO 1
' * Environmental Research & Tech. - Concaord, MA 4
Galson Technical Services, Inc. E. Syracuse, NY 1
Metecrological Standards Inst. Fox Island, WA -1
Research and Evaluatlon Assoc, Chapel HilLl, NC
® Research Triangle Institute N RTF, WC 1
Raoy F. Weston, Inc. West Chester, FA 1
RTF Associates Denver, CO 1
Technical Environmental Enter. Aurora, CO 1
Temnessee Valley Authority Musele Shoals, AL 1
* TRC Envirommental Consultants E. Hartford, CT
* indicates companles chosen for in~depth interview

0Of the 70 or =o forms sent originaily ar copied and distributed within
an organization, 49 forms were returned. Ths summary of these responsss is
shown numerically on Figure 4.0.2.1%1. The number of audits rapresented by ths
survey iz 12,195, where the definition of an zudit 1s ihe challenge of cne
instrument measuring =z meteoruvlogical variable. Each fespcndent was asked to
qualify himself by specialty, using three or more if necessary but indicating =
priority of 1,2 or 3. Some maragers reported for their organization of
auditors. The responses Lo the questions were not welghted by numbers of
audits., As wiih most surveys, a few points ars useful but action should not be
based on the survey results. Of the 49 survey forms returned with data, 21
came from the original list, 9 came from local, state or federal agencies and
19 came from others. Of this 19, 5 came from utilities in the Northeast U.S.
(3 from Pennsylvania Power & Light) showing a close relationship te Regional
Meteorologists and interest in QA/0C in the area.
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Survey of Meteorological Measurememt GC/0A Feople

(please print or type your recponses)

NAME COMFANY

ADDRESS ADDRESS

PHOME 4 } { 3

I am a __meteorologist, __chemst, __environmental scientist,
professional, __instrument technician, __electronics tech., __&
net.tech,, __modeler, __manager, ~.2afs analyst, Tield hanrnd.

r2:> if you are more tham one) THhiIE information will be summar:

without the use of names or companies or agencies S0 please be o:
Consider an audit or challenge as a GA ocbservation of the res

of anm_instrument to a known input and consider a calibration as an

OPERATIONAL testing and adjustment, as negcessary, oFf an instrument.

1. If one meteorclogical audit is defined as a challenge to one
varjable or one variable of a system, about how many audits have you
performed in 1980—1984 ___ _, 1985 ___ ., 19B& ____ . 198@¥ _ __ 7

Ze Did wou aﬁ,usual ly _z;Eumetime& ;é;ﬂewer use s written procadure?

3. I a calibration is detined as the testing and adjustiment of one
variable or one variable in a system, how many calibratiens have yvou
performed in 1980-i984 _ _, 1985 ____, 198& __, I8V ____7 G

4, Daid yquaiusmal 1y Lﬁsnmetime‘s i@never’ use the manufacturer’ = @)
calibration procedure? _ g

S: When you perform an audii, do vou reguire the operator to FeEsove The

sensors from the;,r mounted position? I;Ygﬁ E_QNC; lifﬁametima

&. Do vou require the operator to re—connect the sensor to the syeten
whern it is presented for audit? E&Yeﬁ LéNs}

7o It #a. is wes, is the re-cornection made with E_Eithe operational
cable, _O_-;—:t. substitute cable or E_,either’?

g. Do yvou Eﬂusual 1y JJ_sumetimes Jinever meastire the starting torgusz

of each anemometer bearing assembly and transducer?

7. Do vyou L?_,usually Iﬂsnmeti mes mnever measure the starting Ltorsue
of each wind vane bearing assembly and transducar?

ig. ;Dn you _Q_usually Lasnmetimesalnever use the cnollocated trensfer
standard method for auditing a wind instrument? '

1i. Do you S_qusua.lly _Izsametimes _a_never find the audited imstirussni
mests the reguired specification?

1Z. De you challenge anemometars with known rFates of rmtatimw?aéﬁz%@ﬁ
LEFNQ = If ves, how many spesds 7 ___Synchronous or  _asasuced?

13 Do you challenge direction wanes with a diwiding nheel?wﬁiif%gﬁ ‘ _
a’_NQ = I+ ves, how many angles 7 Sl COW, __ _bhoth, L\.]

ia. Will you fill cut a more detailed guestionaire as 2 contribution o
the guality of this project? dfves _| ne

Figure 4.0.2Z.1 Survey Form and Response Summary
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The pumber of audits, sorted by the tschaical background rated by the
respondent as #1, is shown in Table 4.0.2.2. . It is comforiing tc note that the
largest number of auditors consider themselves meteorologists first. While the
largest number of audits were reported by persons considering themselves
magagers first, 1t is likely that thozs they managed were distributed like the
rest of the group. One organization reported by a mapager listed 3,600 audits.
It is likely that tbe discipline of the persen doling most of the performance
audiis is meteorologist.

The information from each question gives some feeling about how the
audits reported were conducted. Question 2 shows that 76% of the auditors baclk
their work with a writien procedure. Quesltion £ shows that 64% of the zuditors
usually use the manufacturer’s calibration procsdure. This answer pertaing to
the calibration function which most auditors perfeorm as a geparate part of
their job.

Table 4.0.2.2 - Survey Summary

Matgorological Performance Audits

#1 Specially fumber 1980-84 1985 1988 1987 Total
Meteorologist 11 1,291 &84T 471 623 3,034
Engineer g 253 194 i88 206 841
QasnC 7 387 193 237 318 1,138
Tngtrument Tach. g 129 702 102 60 669
Manager £ 2,115 =47 851 644 3,853
Environ. Sci. & 224 7o 130 91 518
Electronics Tech. 4 5i0 165 181 212 1,068
Chemist 3 352 220 256 192 1,020
Data Analyst 1 G 0 a 0 0
Mo indication 2 ¢ ] ad 30 50

Total 4% 5,261 2,102 2,256 2,376 12,193
Average number psr year 1,082 2,102 2,256 3,435
Percent change —mm— 100 7 52

I question 3, 43% of the auditors either do not physically inspect the
senser or do s0 by performing the operator’s function of climbing the tower and
removing the senser. Volume IV. should reduce that percentage to zero.
Question ¢ suggests thal most auditors (67%) do both = physical and an
operaticnal challenge of the sensor when 1t is down from the tower, The
conditional question 7 shows & preference for the operaticnal cable (71%) over
a substltute cable.

Questions 8 and 9 show only £3% of the audiiors usually measure the
starting torque of the anemoweter and only 41% usually measure the direction
vane starting torque. [t looks like when an zuditor decides to make this
measurement, both sensors ars included. Several respondents answered "never"
but indiecated that they were getting egquipment to make the mezsurement in the
future. Other auditors inspect the bearing assemblies with educated fingers
which tell the auditer whether or ot they are "all right" but fail to provide
numerical or objective documentation.
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Question 10 shows that only 19% rely on the collocated transfer standard
(CTS) methed for auditing wind instruments. Volume IV. should help increase
that number. Question il may mean that 70% of the instruments audited are
working within specification, or it may mean that the audil methods used are
net rigorous enough te find the discrepancies. The fact that half the audits
do not include a torque measurement, the only method shert of a wind tunnel to
challenge starting threshold, points to the latter possibility. Volume IV.
should help to improve audit methods toward a standard practice so that this
question, asked in the future, will provide an unambiguous answer.

Questions 12 and 13 show a difference in challenging speed and
direction. There were 73% of the auditors whe indicated the use of a simulaied
speed to challenge an anemometer., The most common number of speeds was two
(32%}, followed by three (2i%i, then one {15%), and finally four or more (L17%}.
There were 8&% who indicated a synchronous motor was used. This near unzinimity
is probably because of the avaliability of synchroneus motoers and the lack of
avallability of simple measurement systems. The measured method is the only
cheice where good commercial power 1s not available.

The direction challenges were not as unifoerm. Of the 23 who indicated
the number of angles used, seven said 4, five saild €&, four said 8, three szid _
5, and one each said 1, 12, 16 and 12%. There i= no consensus there., All but f.'“\
two said they used both clockwise and counterclockwise rotation. The two used \\_,/
clockwise.

I1f the survey did one thing, it demonstrated the need for guldance
toward an acceptable standard of performance auditing. It also demonstrated a
recognition of need to move toward that goal and a Wwillingness to help ln the
process. OUnly one of 47 sald no to question 14.

4.90.2.2 Interview Summary

After the survey results were in, a series of visits was planmed to talk
te private sector organizations which had a recognized role in quality
assurance of meteorological measurements. The first organization visited was
AeroVirenment, Inc. of Monrovia, Califarnia. The half-day discussion with four
AV auditors was a frank exchange of methods currently in use, shortcomings of
Volume [V and suggestions for the content of the revised Yolume IV. The
principle of starting torgue measurements of anemometsr and wind vane shafts as
a field substitute for starting threshold wind speed determinatlon ip a wind
tunnel was accepted. The principle of operators dolng all the climbing or
handling of sensors was currently practiced.

The second interview was at Environmental Monitoring and Systems, Inc.
in Thousand Qaks, California. Half-dav discussions with twe meteorological
auditors reinforced the hellief that sowme organizations were advanced in the
practice of metecrological QA. Comprehensively written audit procedures were L -
followed. Questions of the difference between an audit and 2 calibration wers O
correctly answered with autherity. The need for uniform expectations or ——
requirements was expressed in the context of competitive bidding for providing
audlt services. . It was felt that the new Yolume IV could help buvers of
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services Lo specify a scope of work in encugh detail tc both assure =
comprehensive service and provide a falr bidding competiticon,

The third interview was with Environmental Besearch and.Technology (now
ENSR) in Concord, Massachusetts, perhaps the largest of the five organizations
in terms of meteorclogical services and suditing. Some different concepts and
practices were found, particularly in the arsz of gtarting threshold
determination. Seven meteorolegists, field auditors and 04 specialists wsre
present during the half-day discussion. This organizatlon was 2 leader in the
field of providing meteorclogical moniitoring services to industry. As a result
of the history of providing all services including design, installation,
operation, data summarizatieon and Q4 auditing, an interesting discussion was
held on the subject of independencs between operators/calibrators and auditors.

The fourth Interview was with the head of the Fleld cperations
department of TRC Envirommentzl Consultants in E. Hartford, Connecticut. This
organization was also & leader in providing full meieorological monitoring
services., Their procedures developed in a different way. They calibrated
Lthelr sensors by wind tunnel testing in thelir calibration facility and emploved
a regular replacement of sensors in the fiszld. AllL of the performance auditing
related to sensers was done by Q4 personnel in the calibration facility. This
method requires a spare set of sensors be avzilable for each client. The
methods described in Volume IV for callbrating or auditing in the fieid ars not
necessary if you have a wind tunnel and emiloy the interchangeable sensor \
method. ;

The final interview wag with a metesrclogist/auditor from the Research
Triangle Institute of Research Triangle Park, Nerth Carolina. Since two of the
original Volume IV asuthors were at RTI when the work was written, 1t was not
surprising te find the methods emploved to be acceptable standard metheds. The
level of quality of the field standerds used in auditing was the nighest, as it
was withh most of these orgznizations.

This series of interviews provided vzluable insights and confirmations
about the best methods to use for meteorological quality assurance practices.
It showed the field to be well praciiced at the level of the largest and best
consulting organizations. The task for Yolume IV is to provide a basis for a
standard practice in this field at all levels, and to provide a measure =374
which those practicing in the fleld capn be Judged by these with the final
authority to accept or reject cata on the basis of documented validity.
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There are a variety of reasons why meteorological data are collected.
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reasons relate to regulatory requirements or npatiomal monitoring programs.

Some data are collected for the purpose of. research.
- agalpst the contingency that they may be needed at some future tine.

Some data are collected

data are collected for one reason and then used for other reasons.

The philosophy upon which this volume rests is the belief that datz need
have an estimation of uncertainty before the numbers can be dignified by the

title "data.

13

The estimation might be a2 simple declaration such zs "The

metecrological measurement program was operated Iin conformance with FSD
This cites the accuracy requirements for PSD as the uncertalnty
level for the data and promises that the documentation required for validity

guidelines.”

claims for 2 PSD application will be available tc back these data.

When such

an estimation exists and rests on documentation of performance, decisions can
be made as to whether or not these data are appropriate for the application.

4.0.3.1 Regulatory Programs

of Significant Deterioration (PSD) (EFA, 1987a).

4.0.3.1.1 PST

2

€
17 Sep 89
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Some

Sometlnes

to

The regulatory pregram used in this document, and to some extent ip
the On-Site Meteorological Program Guidance for Regulatory Modeling
Applications (EPA, 1987k}, is the Ambient Monitoring Guidelines for Prevention

This is the mosti explicit

guideline and one requiring a quality of instrument performance asvallable only

from sensitive instruments.

a "standard”

which follow a prescribed data content and format.
meteoroslogical inputs.

usually in 135 minute increments.

of specification.

Recently it seems to be used for other progrums as

; . |
g
e

Most air quality dispersion models described in the Guideline on 4ir
Quality Models (EPA, 1986) used for PSD applications are Gaussian models
requiring input data which represent the conditions at the slte of interest and

They are:

The models require five

1} Wind speed - representing the average wind speed at 10 m above
the ground {and additiopal heights for elevatsed sources) during each hour
calculated by a scalar average or mean of samples taken during the hour,

The samples may be the integrated wind run

during the sample period (one or two seconds ig often used) or inztantaneous

samples of speed.

dilution for which the Gaussian medel uses wind speed.

A resultant vector magnitude does not represent the initlal

2) Wind direction - representing the average wind direction at 10 m
above the ground (and additlomal heights for elevated” sources) during esch hour
calculated by carefully averaging samples of wind direction or by calculating
the resultant vector direction using unity as the wind speed for esch sampls.
A resultant vector direction does not represent the distribution of dirsction
samples which coccurred during the hour.

3} Temperature - representing the air temperaturs at the standard
m height above ground (and additional heights for elevated sources).

3

&

@
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4} Stabllity class - representing the site of interest can bz
estimated by a variety of schemes. Turner (1970} describes a method based on
the observation of cloud cover, ceiling helght and wind spesd along with a
known solar elevation angle. Estimatlons may also be based on the distributicn
of wind direction (sigma theta) or on fhe vertical temperature gradient (delisz
T). Currsnt research is investigating whether or not the Turner method
stability class can be estimated with measurements of solar radiation (daytime
sky cover substituie) and 2 to 10 m delta tzmperzture (nighttime sky cover
substitute) along with wind speed, latitude and date. The method which will be
acceptable for the site of interest is determined by -the regulatory authority.

$) Mixing height - may be esziimated by a method described by
Holzworth (1972).

The PSD guideline provides accuracy and performance requirements
for wind speed, wind direction, temperature, vertical temperature difference,
and solar radiation along with humidlty, precipitation and wisibility,

Measursments for PSD permitting may, in some cases, be continued
after the new source begins to verify the estimations nade by modeling.
Continued maﬂitoriﬂg requires the same QA/QT efforis as the permit phase
required.

- 4.5.3,1.2 Other Programs

Meteorological measursments may De made to zugment air quality
measurements made to demonstrate compliznce with the Hatlonzl Ambient Air
Quallty Standards (WA4LQS) or fo monitor trends.

4.0.3.2 Research Frograms

Meteorological datz networks may be installed for special model
validation studies. The same kind of Q4 0C efforts are necessary for these
programs but they are usually zpplied on = shorter time scale since the
programs are relatively short in duratlion and the need Tor documenied accuracy
could not be greater.

Data representativeness is sz critical questlon as the terrain increases
in complexity. Research looks into the number and location of measurement
sites and the applicability of certain types of instruments to characierize the
complex (turbuleni gr gtratified) air flow gystems. Different instruments,
sucht as Doppler sodars for remote vertical sounding, sonic anemometers for
small eddy size sensitivity and low threshold speeds, laser aznemometers for
long path length integration, and even the nld standby kivane, are examined to
try and optimizs the detection of lmpertant aspects of flow measurement for
model inputs or verificatien.

Meteorclogical data ares used to find correlaticns with aeromneiric
heasurements in a continuing search for better forecasting capablility,

4.0.3.3 Contingency Frograms
Indusiry may chooss o monitor meteorological variables at
representative sites on their property to document the local zir flow




Section No. £.0.3

Revision No, O
Date: 17 Sep 89
Page: 2 of 3

conditions in case excessive concentrations ars observed which might
errcneously be attributed to their scurce. While such programs may not fall
under any regulatory requirements, the use of the data for ils contingency
purpose requires documentation sufficient to verifly the data accurzcy.

Dther programs may be exploratory to see how on-site data compare with
public data from other sites (airporis or state or local agency stations).
Such guestions of representativeness cannct be convincingly answered if ithe
on=site data does not come from suitably sensitive instruments, properly
calibrated and maintained and sukject to QA/QC effort designed to document dats
validity. '

[t is possible to select, install, operzte and document on-site
measurement systems to meet PSD requirements. Public data from airports may
differ from valid on-site data for three reasons. FHRepresentativeness deals
with different mesec-scale structures in the surface layver flow driven, in part.
by the larger synoptic flow. [t is common to find that airport measurements do
not repregent other sites just a few miles away because the flow is differant.
It is also common te find airport data to be different from on-site dava
because the alirport data is essentially an instantaneous sample (2 one minute
average] taken within ten minutes of the end of the hour while the on-gits dats
for the same hour includes samples from the entire hour. Finally, the airport
instruments are selected to serve aviation where low wind speeds are of no ; b
importance. Alrport instruments do not meet PSD reguirements. O

\
|
K.«’{
oo




Section No, 4.0.4

Revision No. o
Date: 17 Sep 89
Page: 1 of 7

4.0.4 MEASUREMEMNT REQUIREMENTS
4.0.4.] - Heasurement System
4.0.4.1.1 Sampliog

The usuzl periecd of time assigned a dats valus is an hour. It
iz geliing common to use z shorier intermediate period in the process of
generating the hour value. Fifteen minutes is the recommended intermediate
pericd. The fifteen minuite values are usually caleculated from samples tzken
duripg the period. The number of samples is related to the accuracy with which
the samples represent the true value for the period. [t has been found that
when the mean is estimated by 60 samples, the ssmpling srror is 5 to 10
percent. Also, when the standard deviatlon is estimated by 360 samples, the
sampling srror 1s alse % to 10 percent. For this reason, the required number
of samples for sigma theta, the standard deviation of the wind dirsciion is
equal or greater than 2360 (EPA, 1987n).

If a fifteen minute pericd iz used and if 380 samples are
required within that period, a simple calculation shows the maximum time
between samples is 2.5 seconds. How a sample is taken and what it represents
ig also a consideraztion. If a continucuz cutput voltage is available, as with
wind direction, =z sample of the voltage can be taken at any time. I[f the wind
speed 15 calculated by measuring rate of rotation by counting pulses during =
Fixed time, as is common for systemz with the sensor directly connected to z
datz logger (without a dedicated signal conditiomer), the "sample” is really
the average for the fixed time. If samples are taken once 3 second and the
anemometer provides three pulses per revolution and the anemcmeber turns one
revalutlon for every 0.3 meters of alr that goes through it, =sach pulse will
repregent 0.9 m/s. If samples are taken every 2 seconds, the resolution of the
wind speed sample becomes 0.45 m/s. 4 15 ninuts period at 2 second sampling
will have £30 samples. The average wind speed will be sccurate with a
resolution of better than 0.1 m/s. The varisnce of the wind speed samplas may
be influenced by the 0.45 m/sresolution of the sample.

Quality assurance congiderations should include the
determination and documentation of the sanpling procedures used in generating
the reported hourly dats valuss.

a

4.0.4.1.2 dn-Line Processing

There are iwo en-line processing programs commonly ussd in alr
quality meteorology. One is the program used to combine wind speed and
direction samples for an hour. The other is the program used to calculate or
gestimate sigma theta,

The Q& role is to determine what these programns do and judge
the suitabllity of the programs for the measurement application. The fiseld of
sof tware QA for meteorology is in it infancy and methods are not standardized
as yet.

4.9.4.1.% Data Handling

‘There is a need to provide dataz in certain formats for some
applicatlons. If the data are machine processable in the final measurement
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step, any reconfiguration reguired will be handled by a program which can be
subject to software QA.

If any hand entry work is required, a data handling QC step is
reguired to be sure that errors of transceription do not enter the data hase.

4.0.4.2 Documentation.

If there is a requirement to show evidence of data valldity, the process
of doecumenting the various QA, QC, and operaticnal activities is important.
The added time such documentation takes is usually propertional to the degree
of preparation and training which has been applied.

4.0.4.2.1 Station Log

The station log is the journal of all happenings at the
measurement site. These include visits where no provlems are found, scheduled
callbration visits and findings, unscheduled maintenancs tests and repairs, and
audits, [t is = truism that there are never encugh field notes to reconstruc:
with certainty what happened in the past. Planping for the ddy when such a
recenstiruction may be necessary can save a long peried of data from being
discarded because of inadeguate documentatloen.

4.0.4.2.2 Reports

Any activity effecting the measurement sygtem should be
reported. This procedure allows responsihle individuals te follow these
activities without visiting the measurement site or witnessing calibrations and
audits. It also provides input to a file of activities related to the system.
Reports should ilnclude calibrations, audits, discrepancies found and corrected,
medificatiens or upgrades and the like. Reports do not need to be exhaustive
or glossy but they do need tc be as factual =znd succinct.

4.9.4.3 Siting and Mounting
4.0.4.3.1 Introduction

Although good instrumentation iz a3 hecegsity, proper site
selection 1ls eritical to obtain good meteoroleogical datz. It is, from an
absolute error point of view, much more important than proper placement of any
other kind ufaair monitoring equipment. FPoor placement can and has causad
errors of 180 in wind direction, and can cause ma jor errors in any other
meteorological variable, including wind speed, temperature, humidity, and solar
radiation.

The purpose of this section is to offer guidance in assessing
the suitability of meteorological monitoring sites. The guidance given is
based principally on standards set by the World Meteorclegical Organization
(WMG, 1971}, the Federal Meteorological Handbook Mo. 1 (NWS, 1979) and the
Tennessee Vailey Authority (TVA, 1977). For an understanding of flow around
obstacles and their potential bias to wind data, see Hosker (1984).

Froper siting is part of the total qualiiy contrel program. 0
course, as in many other monitoring activities, the ideal may not be attainabl
and, in many urban areas where air quality studies are traditionally done, it
will be impossible to find sites that meet ail of the siting criteria. In
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those cases, compromises must be made. The impertant thing to realize is that
the data will be compromised, but not necessarily in a random way., It is
incumbent upon the agency gathering the datz to describe carefully the
deficlencles in the site and, 1f possible, quantlify or at least evaluate the
probable consequences o the data.

4.0.4.3.2  Instrument Siting

The primary objectlve of instrument giting ls to place the
instrument in a location where it can mzke precise measurements that are
representative of the general state of the atmosphere in that area, consistent
with the objectives of the data collectleon program. Because most atmospheric
properties change dramatically with height and surrocundings, certain somewhat
arbitrary conventions must be observed so that measurements can be compared.

In this ssctlon. conventions published by the World Meteorsolegical Organizstion
(WO, 1971) have been adopted wherever possible.  Becondary considerations such
as accessiblllity and security must be taken into acecount, but should not bhe
allowed tc compromise dats qualliy.

4.9.4.3.2.1 Wind Speed and Direction

"The standard sxposurs of wind insiruments over level,
open terraln is 10 m above the ground” [WMD, 1971}, however optimum measurement
height may vary according te data nseds. Open terrain is defined as an area
where the horizontal distance between the instrument and amy obstruction is at
least ten (10) times the height of that obstructien. &n cbstruction may be
man-made (such as a building) or natural (such as s tree)(Figure 4.0.3.1).

[y
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Figure 4,0.4,1 Siting wind insiruments; a 10 m tower located at least

10 times the height of cbstructions away from those
obstrucijons (nei to scale).

The wind instrument should be securaly mounted on a mast
that will nmot twist, rotate, or sway. If it is necessary to mount the wind
instrument on a reof of a building, it should be mounted high encugh to be cut
of the arez in which the air flow is disturbed by the building. This is
usually 1.5 times the neight of the building above the reaf so that it is out
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of the wake of the obstruction. This is not a good practice, however, and
should enly be resorted to when absolutely necessary. 3Sensor hetght and its
height above the obstructions, as well as the character of nearby obstructions,
should be documented.

4.0.4.3.2.2 Temperature and Humidity

Temperature and humidity sensers should be mounted over &
plot of open level ground at least 9 meters in diameter. The ground surface
should be covered with non-irrigated or unwatered shert Erass or, ln areas
where grass does not grow, natural earth. The surface must not be concrete ar
asphalt or oil soaked. The standard height for climatological purposes is 1.23
to 2 m, but different helghts may frequently be required im air quality
studies.

The sensors should not be closer to obstructions such as
trees and/or buildings than a distance equal to four times their height. . They
should be at least 30 m from large paved areas and not close to steep slopes,
ridges, or hollows. Areas of standing water shauld also be aveided. Louversd
instrument shelters should be oriented with the door opening toward trusz north,

in the northern hemisphere.

4.0.4.3.2.3 Radiation

Solar and whele sky radiation measurements should be taken | y

in a location free from any obstructien to the measurements. This means there "
should be nothing above the horizontal plane of the sensing element that would

cast a shadow on 1t. Neither should the instrument be pear ilght colored walls

or artificial sourrces of radiatian. Usually a tall platform or roof of a

building is the most suitable Ioceation.

4.0.4.3.2.4 Precipitation

& raln gage should be mounted on level ground so that the
mouth or opening is horizontal. The gage should be shizlded from the wind but
not placed in an area where there will be excessive turbulence caused by the
shield. For example, a good locatieon would be an opening im an orchard or
grove of irees whers the wind speed near the ground is reduced due to the
canopy effect, but a location that is mostly open excent for one or two trees
would not be good because of the strong eddies that could be set up by the
trees. This admittedly requires a good deal of subjective judgment but it
cannot be avoided. Obstructions to the wind should not he closer than two to
four times the obstructicn helght from the instrument. In open areas, a wing
shield such as that used by the U.S. National Weather Service should be used.
The ground surface around the rain gage may he npatural vegetation or gravel,
It should not be pavad, as this may cause splashing into the gage. Ths gagpe
should be mounted a minimum of 30 cm above the ground and should be high encugh
so that it will not be covered by snow.

4.0.4.3.2.5 MHeteorological Towers

[t is frequently necessary ¢ measure some meteorological :\.)
variables at more than cne height. For centinuous measurements or where the i
height requirement is not too- restrictive, towers may offer the must

advantageous meaSurement platform.
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Towers should be located in an open level area (see Table
£.0.4.1) representative of the arez under study. In terrain with significant
topographic features, different levels of the Lower may be under the influence
of different metecrological regimes at the same time. Such conditions should
he well documented.

Table 4.G.4.1 Limits on Terrain and Obstacles Near Towers

Distance Slope Max. abstruction or
from tower (betweean) vegitatlon height
{m) (%) (m)
0= 15 £ 2 0.3
15~ 30 R 0.5~1.0 (most veg.<0.3)
30=-100 &7 3.0
104-200 z 11 10 % hi. must he less
than distancs
Source: TVa4, 1577 Lo obstruction

Towers should be of the open grid type of construction,
such as is typical of most televigion and radic broadcast towers. Enclosed
towers, stacks, water storage tLanks, grain elevators, cooling towers, and
similar structures should not be used (Molle-Chrisiensen, 1979). Towers must
be rugged enough so that they may be safely climbed to install and service the
instruments. Felding or cellapsible towers thait make the lastruments available
to be serviced or calibrated at the ground are desirsble provided they are
sufficiently rigid to held the instruments ln the proper orientation and
attitude during normal weather conditions,

Wind instruments should be mounted shave the top of the
tower or on booms projecting horizontzlly out from the tower. If a boom is
used, it should support the sensor at a diztznce equal toc twice the maximum
diameter or diagonal of the tower awzy from the nearest point on the tower.

The boom should project into the direction which provides the least distertion
for the most importanit wind direction. For exzmple, a boom mounted to the sast
of the tower will provide least distorticn for north or south winds. One may
Wish to consider having two sets of instruments at each level, located on
opposits sides of the tower. A simple zutomatic switch cap choose which set of
data to use (NASA, 1968). Documentation of the tower sheould inciude the
orientation of the booms.

Temperature sensors must he nounted on booms to hold them
away from the Lower, bul s beom length equal to the diameter of the tower is
sufficlent. Temperature sensors gshould have downward facing aspirated shields.
The booms must be strong =nough so that they will not swsy or vibrate
excessively in strong winds. The besl verticzl location on the tower for the
Sensors is at a point with a minimum aumber of dizgonal cross members, and away
from major horizonial cross members. Even with these precautions, data
obtained while the wind blows from the sector transected by thz tower may not
be free from Error.

These instrument siting suggestions may seem to preclude
the use of many air morltoring sites that otherwisae would be desirable, but
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this need not be the cage. In siting air quality moniteors that are to be used
for long-term trend analysls or large gecgraphic area coverage, it may be
perfectly acceptable to have some or all of the meteorological equipment at a
different location that betier meets the large-scale requirements of the study.
As long as both sites are in the same area of interest and meet their
respective siting criteria, this should present no problems. When the air
quality data are to be used for shori-term diffusion medel validstion or
studies of short-term levels from specific sources, however, 2 meteorclogical
station should be located in the vicinity of the air gquality sensor.

4.0.4.3.3 BStaticn Siting

Besides care in selecting the local environment of a
meteorological senser, it is important that care be taken in selecting station
location with respect to major man-made and topographic features such as
cities, mountains, large bodles of water, etc. Meteorclogical variables are
obviously affected by the large-scale surrcunding features. The effecl of
cities has been studied extensively (Ite, 1972; Vukovich, 197i: U.S.FHS, 19561).
Documented effects include a degrease in an average wind speed, decrease in
atmospheric stabllity, Increase in turbulence, increase in temperature, and
changes in precipitatlon patterns. These changes wlll obviously have an effect
on the evaluation and interpretation of meteorclogical and air quality data
taken in an urban area.

)

/

Even more proncunced are the effects of large natural featurss ,.
(Siade, 1963). Besides thelr cbvious effect on humidiiy, oceans and large

bodies of water are usually at a different temperature than the nearby land.

This generates the well known land- and sea-breezes which, in many coastal

areas, dominate the wind patterns. There are also often simultzneous

differences in cloud cover beftween the oceans and nearby land surfaces. This
difference in thermal lag, insolation, and changes in surface roughness and
vertical temperature structure can have a profound effect on atmospheric

stability (SethuRaman, 1974).

The effects of mountalns and vallevs on meteorological
variables and atmospheric dispersion continue to be studied. Twe of the mors
interesting recent papers are by Kac (1974) and Hunt (1972). Well-lknown
effects include the channeling of flow up or down a valley, the creation of
drainage flow, the establishment of lee-waves, and an increase in mechanically
generated turbulence. All of these effects and others can play = major role in
the transpert and dispersion of pollutants.

The imporfant peint is that almest any physical object has an
effect upon atmospheric motion. In fact, it is probably impossible to find =
site that 1s completely free from obstruction. This being the case, it iz fhe
responsibility of the person choosing a monitoring site to have in mind the
varlous forces at work and te choose a site that will be most representative of
the area of interezt. If the area is a valley or a ses coast, then the
meteorolagical instruments should be in that valley dr near the coast; not oo a
nearby hilltop or inland 30 km at a more convenient airport site. Of course
one must also keep In mind the vertical structure of the atmosphere. Winds
measured at the bottom of a 100 m valley will not represent the winds at the
top of a 200 m stack whose base happens to be in that valley.
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The choice of a statlon for meteorclegical data collection must
be made with a complete understanding of the large-scale geographic area, the

sources belng investigated, and the potential uses of the data. Then rational,
infermed cholices czn be made.

Once they are made, the site should be completely documented.
This should include botl small- and large~scale site descriptions, local and
topographic maps (1:24,000 scale), photogrzphs of the site (if possible), znd z
written description of the area that is adeguately represented by this site.
This last point is most important for it will allow & more rational
interpretation of the data. It might state, for example, that a site
adequately represents a certzin section of z particular valley, the suburban
part of a given city, or several rural countiez. Whatever it ig, the nature of
the site should be clearly described in a way that will clear to those who will
be using the data in the future.
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GEMERAL ASPECTS OF CQUALITY ASSURANCE
FCR METEORDLOGICAL MEASUREMENTS
SUMMARTY

Quality assurance (QA) for meteorcicgical measurements is z relatively new
field. There are generally two reasons for recording metecrological data. One
is to learn what the atmosphers is doing, particularly the lower part of the
boundary layer. The other is to document what the atmosphers is doing. It is
necessary to find the relevant facts and understand them fo learn something
To document what has been learned may require censiderably more data and will
require some assurance the datz are correct. The organlzations that need valid
data are the ones which collect it, and they will write their own procedures.
This is how the Watlomal Weather Service has nandled data collectiaon for
synoptic and climatolegical applications. When third party requirements with
the force of law began to need meteorclogical data Ffor transport and diffusion
modeling and safety analysis, the need for QA was established,

As with most specialties, HA in general has acquired its own languags 2nd
infrastructure. In this handheok, the goal is to aveid structure which has po
specific value to metecrological data valldity. On the other hand, the goal is
te provide clear definitions, methods and examples which will help produce and
verify valid meteorologlcal data. Some of the popular sayings or phrases make
valld peints. The book "QUALITY IS FREE" (Crabby, 197%) promctes the idea that
it is really cheaper ito de¢ it right the first time. This concept ig easy to
demonstrate with manufactured products where bad products will elther cest more
through warranty repairs or lost sales and had will. If the "product” is daiz
or services producing data, an awarensss of the ultimate cost of the loss of
datz is importaunt. If no one ever looks at or uses the data, it is a wasies
of money to buy, install and operate instruments and recording systems. Even =z
facade of data is not worth the money. 17 there is = reason for metecrclogical
measurement, that reason will provide the bazgis for ggtimating the eccnemic
down-side for producing unacceptable data.

Of course data judged "unacceptable" must have been rejectad by somecne for
some reason. The reason for needing the data ia the First place will provide
the basis for the economic price which must be paid for either not “doing it
right the first time" or for fighting the rejection because it was done right.
Usually the reascn for measuring metectological variables iz a government

regulation requirement or a need to combal potential clalms of injury. It can
be argeed that the facade of data coming from the instruments on the itower will
satisfy the governmeni regulation requirement. It haz been argued that an

extra nickel spent measuring meteorological variables {or alr quality, for that
matter) is a nickel lost to ihe bottom 1ine proflt of a manufacturing plant.

The assumption upon which thals handbook reskts iz that the pertinent
government regulations and guidance documents will clearly defines what velid
data are and how validiliy is proven. And further, that those people
responsible for accepting or using the data will require that the data be valid
of rejected. The expertise fdscessary for this determination will be found in
this handbook and its references. This should equally help those whe must
cellect valid data and those whoe must accepi the claim of valldiiy. This
assumption clearly moves the purpose for collecting data away from learning and
inte the category of documenting. Documentalion needs Q&
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4.1.1 PLANNING FOR A QUALITY ASSURANCE PROGRAM

A formal quality assurance program should be designed intoe the monitoring
brogram so that provisions can be made in the measurement system design for
Necessary qualliy control checks and for better maniioring of system
pperations. [ these activiities are planned and provided far by incorporation
of special readouts, calibration equipment, spares, and procedures for their
use, thern the system 1s more likely to perform in a satisfactory manner and
deliver valid data.

The formal plans for quality assurance are presented in a document called &
QA Flan (Lockhart, 1985¢ and EFA, 1987h). This plan lists all the
quallty-related procedures and the frequency of their use to document the
operation of the instrument system. The QA Plan containg information under
different headings to organize all the various activities in ‘a logical sequence
and to sveid overlocking an important step. The specifics of each plan nust
relate te the needs of the program, but the general content elements areg tLhe
same,

4.1.1.1 Project Description

This introduction establishes why the documentation of metecrelogical
data monitering is needed and why it is important tc the organization that
valid data are collected. It aisc describes how the data will be used which -
establishes ithe criteria for Judging the representativeness of the dats. \./

4.1.1.2 Project Organization

The literature of QA abounds with examples of the importance of well
defined organizational structure starting with the organization poelicy on
gquality, endorsed im writing by top management. This provides the authority to
"do it right the first time." If the organization has no policy on quality and
if somemone at the operations level is glven the 04 responsibility without
sufficient authority (often the casel, the effort may become Just another
secondary task which must be done. This is an invitation to a fagade systenm.
An organization will seldom bulid a new plant without the expertise of
architects and engineers. Meteorological data systems ara often assembled f{rom
parts picked from catalogs by experts in other fields who do not understand the
routine cperating requirements for cellecting valid data, 4 valid 0A Plan is &
structure to encourage and guide organizations toward a successful collaction
of needed data. '

4.1.1.3 QA Objective

This section is the real QA plan. The first fwe seciions described the
project for which the data will be used and the organization of those who will
participate ln the data collection. This section contains the details of how
the QA program will monitor the callection process with the purpose of
document ing and defending claims of data validity,

4.1.1.4 Calibration Method and Frequency

Calibratigns'are tests, and adjustmenis if necessary, to relate the
instrument system to truth or validity. The evidence of this actlvity, the
documentation, is the foundaticn upen which the judgment of data valldity must
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rest. This section definzs in advance how the calibrations will be done, how
often and by whom.

%.1.1.% Data Flow analysis

This section starts with samples of almospheric conditions, & rate of
retaticn of an anemometer representing wind speed for example, and describes
now the samples are combined into reported values. The section describes now
these values, perhaps hourly zverages, are inspected and judged to he
acceptable or not. Finally, after validity has heen established, the datz are
archived in some way to become available for use as the project reguires. An
experienced meteorologist reading this section will know what the data mean and
what data quality contrel has been applied.

4.1.1.6 Validation and Reporting Hethods

Section 4.1.1.4 provides points in time at which the ingtrument
performance is known. This section describes what criteria are used for any
automatic data inspection programs applisd between calibrations and hoew the
results of such programs are lmplemented and reported. If comparisons ars made
to other similar measurements, such as z wind speed at a different location or
a different time, this secticn will document the methodoleogy applied.

4.1.1.7 4udits - Perfurmance and System Types

Audits may be required or chesen ho add ta the documentation some
independent evidence of the performance of the meteorclogical instruments
and/or the performance of those wheo ars responsible for implementation of the
Q4 Flan. This section defines how often performance audiis are used to
challenge the measurement instrument system and how often system audits are
used to challenge the implementatilon of the Q4 Plan or program. Also defined
1s the type of auditor to be used. Internal auditors are nembers of the
organization who are independent from thoss responsible for collecting and
handling the data. External auditors are usually outside contractors. In
¢ither case, ths zuditor must be experisnced 1ln the field of meteorology and
mugt be provided suppert from the operating organization. Auditing should be
the most positive learning experience for operators and 2 contributer te data
validity.

4.1.1.8 Preventive Waints=nance

Scme instruments require routlne service to assure valid data. Sclar
radlation sensors have glass covers which need {0 be properiy cleaned on some
schedule {daily or weskliv), depending on its location. Tipping bucket
raingages need to he checked periodically for spiders or other insects which
might take up residence in the bucket mechanism. Anemometers and wind vanes
have bearings which will need servicae (usually replacement) on some time scals
(quarterly or nnually), depending on ths environment. Some dew point sensers
require coating periodically. All such oredictable service points should he

Fecognized and a2 preventive maintenance plan deseribed for each of them in this
sectlion.

2
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4.1.1.9 QA Procedures

Section 4.1.1.2 describes the QA objectives. This section contains the
details of how these objectives will be met. 4 written procedure will hoth
document how the Q4 task will be addressed and guide a QA person through the
process. Procedures are a mechanism for establishing technically correct
methodology which can be followed by people without the technical background or
experience to write the procedure. While it ig ot practical tc use experts te
perform routine tasks, it is necessary te have the expert guidance to follaow.
Frocedures {ill this need. Procedures should be controlled to the degree thar
they cannot be changed without written approval of an expert. A svstem auclt
checks to see if procedures are being followed as they are written.

4.1.1.10 Corrective Action and Reports

Documentation is the main goal of a QA4 Plan. General procedurss will
require noting in the Site Log any activity relating to the meteorological
systam. Top management, having established the policy and granted ithe
authority te "de it right the first Lime, " needs to be aware of the Fy
activities required by the Q4 Plan. If a procedure or inspection uncovers a
discrepancy with respect to the clearly written system specifications, a
discrepancy report becomes the message toe Initiate corrective acticn. Top
management needs to see these reports aleng with the corrective action ¥ N
statements (usually a part of the discrepancy report form) to know that the O
system ls in control. Too often, problems must be visible to Lop management if
corrective action te the system is going to be inmitiated. Audit reports and
other performance reports are circulated and foliowed up by procedures
described in this section of the QA Plarn.
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4.1.2 ORGANIZATION OF AUTHORITY AND RESFONSIBILITY

Quality does not mean the best moniey cam buy. It means that the customer
gets what he needs and expecis, no mors and ne less. The way to assurs a
quality product or service is to firse set 2 top managemsnt policy "im writing
stating that goal or commitment. The implementation of such 2 policy raguires
a person wheo can avold the conflict of interest of providing the product ar
service and judging ite quality before it is delivered. This usually means a
Quality Assurance Manager. Once the pelicy is set and the Q4 Manager is chosen
the procedures by which quality is assured can be written, usually a 04 manual.
The manual might procleim that gvery project with & deliverable product or
service will have a Qp Plan.

The authority to establish this kind of organizational structure must be
top management. During the establlshmen: perlod, lop management must
participate and approve the quality organizational structure and procedurss.
Once estzblished, top management can delegate authority to the QA Manager for
operating the depsrtment. A routine feadback from the Q4 Manager to top
management 1s necessary to preserve the centrol of delegated avthority, see
that it is being used eifectively and demonstrats to the rest of the
organization a level of Importance placed cn the quality policy.

Once the organization is in place, znd QA Planz ars required, the job of
collecting wind data for a PSD (Prevention of Significant Detericration)
application starts with a QA Pizn. What are the measurement requirements? How
will the data be handled? How will the instruments be calibrated and serviced?
What procedures will be used? What cutside authority will assure management
that the QA Plan is adequate? Once all the steps required to gather a vear of
valid wind data have been defined, the QA people will monitor the precess, help
train inexperienced operators, and build = documentation base to support the
clalm of validity for the data once the year iz over. This should include some
outside zuditing to add to the documenitation an impartial expert opinion of
satisfaciory performence, or bring to the attenlion of the QA people and their
nanagement any problems which might have been overlooked. The best time for an
independent audit is at the beginning of the dzta-taking period when the loss
of valuable time can be minimized.

The principles of this approach to quality are sound and irrefutable. The
cost is less than any other approach. 4ll that is required is to figure out,
in sufficient detall, what and how the job ig to be done befors it begins and
to specify how the job will be monitored te assure satigfactory completion.
Anything less is a Zamble which mey or may nat pay of f. Host organizations do
net like to gamble, but many do,
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Quality contrel is a process which operates in parallel with thes production
of a product or a service. There is a gigantic body of literature on the
subject. Some examples of bocks are Juran (1979}, Felgenbaum (1941) and Grant
and Leavenworth (1974}, A technical organization. the American Scciety For
Quality Control (ASQC) exists for the promotlion of quality systems. ASOC hes
committees of volunteers to establish guldelines and standards for the guality
profession. One such committee is the American Naticnal Standards Institute
Accredited Standards Committee (ANSI ASC] Z-1 Committee on Quality Assurance.

4.1.3 QUALITY CONTRCL GUIDELINES

- A& product of this committee is a series of standards (ANSIZASQU 1987a-e) in

which ls stated the need to qualify quallty contrel with an adjective
describing what is to be controlled. Thils need is nowhere greater than in
metecrelogical monitering.

In the meteorclogical literature there are recent papers (Wade, 1987 and
Lockhart, 1988) in which the use of qualiify control is discussed. There 1s a
difflculty with the language used to descrilbe a task and the percepilon of
control as related to those working the task. Assume the task iz the
accumulation of a one year data set of wind and temperziure measurements. The
QA Plan describes the goals and the specifications to which the instruments
must ceniorm., Purchasing has bought the instruments with a purchase order
requiring conformance to performance specifications and describlng how the -
conformance will be tested. A suitable site has been found and 2 consensus has A
beun reached ag bto the representativeness of the site. Recelving inspectors k\ )
accepted the instruments and operators have installed them. The QA Flan callegd
for an independent performance audit at the beginning of the data vear which
the system passed. The QA Plan“calls for an inspecticn of the data on & weekly
basis by the metecrologist or envircnmental scientist who will be working with
the data. The QA Plan provides a procedure with which the data inspector can
communicate in writing with the operators to report questionable data and
recelve an answer of special instrument checks. The (& Plan reguires operators
to calibrate the instruments on & six month freguency or when problems are
found. The QA Plan specifiles how the calibrations are to bs done and to whom
the reports will be routed. At the end of the year the data are summarized and
made ready for use iln diffusion models. Where is control and wheres is gquality
control?

The whole program is coentrolled by the top management through the Q4 Flan.
How well the various parts of the organization carry oui their responsibilities
ig checked on by the QA people or person. £ the recelving inspectors halk at
performing their service because they are too busy, top managemeni participates
in the declision to either modify the QA Plan and Pelicy on Quality or find a
way to accomplish the recelving inspection. Management may choose to gamble
that the instruments are all right and any problems will ke uncovered during
the instzliation and audit. This is managemeni’s prervgative and thisz gamble
is a pretty safe crnie. Without the QA FPlan the manager of receiving may make
the decision without the beneflt of knowing what the stakes of the gamble might
be. While the whecle project is controlled by the QA Plan, there is cne daia ‘
quality centrol functlieon performed by the meteorclegist/envircnmental .’.|'-
scientist; on a weekly basis the data are examined and accepted or rejected. \\%,j
If problems or guestions arise, discrepancy reperts will he lnitiated which
operate in accordance with the QA Plan. The inspector finds that the wind
direction looks too steady and writes it up. The operator goes to the site
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and, finding that the vane has been removed hy a predatory bird, installs a
spare, notes the action in the site log and on Lhe discrepancy report,
recalibrates if necessary, and reports bzck to the inspector cleosing the locp.
This is a true quality contrel activity., The quality of the data is being
controlled by the experienced judgment of ihe data inspector who looks back irn
the data to find when the vane disappearsd, and deletes or flags the datz zg* -
missing.

Another quality control function is the periocdic calibration. -This is zn
instrument quality control process whers ad justments are made as necessary to
kesp the insiruments "in control." [f more freguent calibrations are used or
if the program goes on for several years, a standard control chart may he used
to visually track the "in control" status of %the instruments. The data quality
control inspector must see the calibration reports and contribute to the
decision about what if anything to do to the data as a result of callbration
Tindings. Doing anything to the data requires very careful consideration =znd
thorough documentaticn. o

When the organizatiocn pelicy 1s to achieve the level of quality the
"customer" expects, the whole organization sffectively becomes 3 parlt of the 04
department. Various technigues, such a quality cirecles, may be used to
maintain & high level of quality through broad participation and training.
These techniques also underscors the managenent’s dedication to the gquality
policy. It is only when cther criteria, such ag departmental profit goals,
enjoy a higher priority than does quality that an lndependeni “watch dog"
organization iz requirsd te achieve a publiszhed quaiity policy. The prics for
quality iz inversely proportional to its placs on the priority scale. When
quality iz first on the list, the most efficient and least expensive process
can be {ound for its achisvement. '
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4.1.4 TRACEABILITY PROTOCOL

There is a general practice in QA/QC to use a hierarchy of standards
resting on international standards or those maintained by the National Bureau
of Standards (MBS). This resuits in claims of calibrations that are "traceable
Lo MES." While it is difficult to define traceability in quantitative terms,
there is value in using an authority against which other instruments can be
compared. This section will discuss how this hierarchy relates to
metecrological measurements. ‘

Most meteorological measurements contain some sensing alement which reacts
to the variable of interest and the usual transducer outputs of voltage,
current or frequency. In terms of accuracy, the respense of the sensing
element is the most important and the most difficult to define (ses sub-zection
2., SBpeclifications, for each variable). The measurement of the various
compenents of the elsctrical output, including digital code, is straight
forward and subject to normal methods of calibration and certification.
Protocols for “traceability to NBS" far voltage will be discussed first.

4.1.4.1 Voltage

Regular calibration labs maintain transfer standards which are sent to
NBS for calibration. These in turn are used to calibrate the lab's voltage
sources which in turn are used to calibrate a subject volt meter. This process .
has gone on for years and is called "tracesble to NES.® Calibration labs check K\ /)
& vali meter, adjust it if necessary, and affix a calibration sticker
certifying the meter to be in calibration at the date tested and recommending
re=certification at a future date (six months to z year). This traditicnal
process is entirely acceptahble. '

Manufacturers of volt meters also have transfer standards which they use
to calibrate and certify their products. Modern digital volt meters or
voli-ohm meters (DVOM)! are very stable in calibration, particularly those of
high quality. Another method for achieving "traceability to NBS" involves the
comparison of DVOMs. If one DVOM is certified as accurate, either by a
calibration lab or by the manufacturer with a transfer standard, and anothsr
DVOM is placed in parallel across a valtage source, the uncertified one capn be
certified by that comparison. This process is valuable to use in performance
auditing In order to fix the accuracy with which the operator calibrates the
signal condltioners. The process yields a relative accuracy if neilther DVOM is
certified, but it becomes absolute as comparisons are made with certified
DVOMs.

What is an acceptable error in voltage measurement for meteorological
purposes? Assume a mezsurement system with a full scale output of 1 volt for
wind speed, wind direction and temperature difference, Assume the DVOMs are on
2 range displaying millivelts where the 1 volt fuil scale looks like 1.000G.

How important is it if the two DVOMs disagres by as much as 0.002 volts? If
the range for wind speed is 0.2 to S0 m/s, and the accuracy requirement iz 0.2
m/s, what l= that accuracy requirement expressed in volts? (.)
-
50.0 m/s = 1.000 V
0.2 ms 0.2/50 x 1.000 = 0.004 ¥
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The disagreement betwsen the DVOMs is equivalent to half the acecuracy
requirement. For all practical purposes = disagreemenit of this size is not
lmportant, but an auditor would like more infermation. Is it a blas or a
random differepce?

& good DVOM, like the Fluke 806CA, spscifies its acocuracy on the 2.0000
V range as % (0.04% of reading + 2 digits). On the 20.00C ¥ range the sccuracy
is specified as & (0.03% of reading + 2 digits). If the twe DVOMS were on the
same output of 0.1000 ¥V (3 mrs for the wind speed example), and 1f they were on
a range equivalent to the 2 V¥ range stated ahaove, they should each read 0.1000
£(0.00004 + 0.0002) or between O.09976 V and Q.10024 V. Trumcation of iLhe
measurement to fit the display would cause the meters Lo read betweepn 0.0997
and 0.1002 which would be interpreted z2s £.98 and $.0]1 w's. If the difference
were as much as 2 m¥ (0.1 m/s), it would indicate = vizms (calibration] error in
one or both of the DVOMs. If the DVOMs were each on a 20 ¥ range, they should
read 0.100 % (0.00005 + 0.002) or betwesn 0.09795 V and 0.1020%5 V. Truncation
would force the meters to read between 0.097 and 0.102 which woidld be '
interpreted as 4.8% and 5.10 w's. A difference of 2 mv (0.1 n’s) in the metsr
readings could be either a bias errer or & random ervor from the Z-digit
uncertainty. Switching both DVOMs to the 2 V rangg would resolve the question,

Table 4£.1.4.1 summarizes the aocuracy of the conversion of the
transducer output to voltage cutput in units of valtage and units of
meteorology for the 1 volt range exampls for wind speed,direction and
temperature difference. )

Table £4.1.4.1 = Veltage vs. Met, Unit Agouracy
Yariable Hange Accuracy (0.1% FS)
Volts Met., Units Valts Met. Unlts
Wind speed (.000 - 1.000 0.0 - 30.0 m/s 0.001 0.05 n's
Direction 0.d00 - 1.000 3ed - 360 deg. Q.a01 Q.36 deg.
o T 0.000 - 1.000 =5.0 - 15.0 C C.0a1 .02 C

4.1.4.2 Wind Spead

Traceaklliiy to NBS has some meaning in the measurement of wind speed.
The Natlonal Bureau of Standards Fluid Mechanics Section operates a psir of
calibration wind tunnels sai their fecility in Galthersburg, MD {(Washington,
0.C.). One ecan arrange tc send an anemometer to NBS for calibratlon. A report
Wwill result which describes tie output of the ssnsor or system (rate of
rotatlon or volis) at a series of wind speeds. NBS states the accuracy of the
wind speed they use to be 0.1 mph. How the user implements the test rzport is
a different story (ses £.2.12). If the user i3 & manufactiurer, the test report
Wwill probably bs smoothed by some least sguars method which predicts speed from
rate of rotation. The spead predicted by the rate of rotation of the ,
anemometer calibrated by NBS will then be transferred to another anemometer by
collocating them in ancther wind tunnsl or by calibrating the wind tunnel a2z an
intermedizte standard. If new anemometers agree wilth this transfer of the
perfermance of the "standarqg" anemomneisr to within some margin of error, the
calivration of the new znemometer is szaid to hbe “traceable to MNBS."
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There is no standard wind. NBS uses a structurs designed to smocthly
control the air being driven by a propeller-motor assembly. How smoothly “and
uniformiy the air flows through the test section is determinsd by testing.
The wind speed at some point in the fest section is caiculated from the
measured pressure difference between the pitot tube and the static pressure,
correcting for air density. The pressure differences is measured with a
manometer. Anyone can build a wind tunnel and measurs its performance as
accurately as can NBS. "Traceable to NBS” provides a relative standard of
comparlson with absolute errors which are small compared to the needs of ithe
sclientific and industrial users.

4.1.4.3 Wind Direction

"Traceable to NBS" has no meaning as it relates to wjnd direction
(see 4.2.2.2}.

4.1.4.4 Temperatureand Temperature Gradients

There is a hierarchy for temperature much the same as voltage.
Calibration labs and manufacturers maintain sensors with calibrations run by
NBS. A user can send an slectrical transducer, which has a unique relationship
between resistance and temperature, to a calibratlon lab and get a report on
that relationship as determined by the lab’s iransfer standard. This
calibration is called "traceable to NBS" because the transfer standard was
calibrated there. Some concern about how the subject transducer and the
transfer standard are expased to the "same" temperature is warranted. " The test
method and test facilities are not usually certified by NBS and so the
cazlibration may not deserve the inferred NBS authority.

Differential temperature is nothing more than twe or mors temperature
measurements taken at different points. The important callbratien for this
variable is one which compares one instrument te the other, a
relativecalibration. Traceability is not relevant to relative calibrations,

4.1.4.%5 Solar Badiation

Traceability to an absolute measurement of solar radiation is achieved
by collocated comparisons with secondary standards at organlzations such as the
Lesart Research Laboratory in Arizona or at a scheduled World Meteorological
Organization (WMO) inter comparison. An abscolutz measurement of tie intensity
of the direct beam from the sun is made with an Active Caviiy Radiometer. This
instrument ls based on fundamental principles. The cavity "sees" only the
direct radiation from the sun. The optically black surface in the cavity is
heated by radiation of all wave lengths. The cavity temperature is accurately
measured and the instrument yields the abssclute flux of direct radiation (D] at
the mea@utement location., A global pyranometer wikh a disc located to shield
the dirsct beams from the disc of the sun measiures the diffuse radiation (d).
With knowledge of the angle of the sun from the zenith (8), the total global
radiation (G} can be calculated by the following formula.

Dcos 8 +d 'II’
Secondary standards, traceable to such an lnter comparison, may be usaed -
calibrate operafional pyranometers. Pyranometers whnich have been calibrated in
this way may he used as collocated transfer standards in the field.
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4.1.4.6 Atmospheric Water Vapor

It 1s posszible to ¢reate zn absolute humidity and NBS has a facility for

cdoing just that. Atmospheric water vEpOr instruments, expressing the

conditions as relative humidity or dew point temperzture can be calibrated by
NBE in a fundamentzl procedure requiring only the measurement of length
(volume), mass znd temperature. There ars standard methods for creating
relative humidity environments useful for scme kinds of instruments. ASTM
{1985¢c) describes such a method. For air quality applicaticons, a cellocated
comparison provides adequate accuracy. If the colloeated instrument iz a
psychrometer and proper methods are used (ASTM, 1984) For measuring the wet-
and dry-bulb temperatures, traceability Lo MES might be claimed far the
thermometers used in the psychrometer. -

4.¢.4.7F Precipitation

There arez some measursments whers traceability to MBS is possible but
not required. Pracipitation measurement. lg essentially 2 measure of the volume
of liquid wabter (including the liquid water equivalent volume of snow) which is
collected by an area heounded by & cylindsr. Calibration may require volumes of
water or squivalent weigiits. The accuracy required and sxpected from
precipltation gages will be well served by the accuracy of commercizl measuring
equipment. ., Ordinary chemical dispensers such as graduated cylinders and burets
are accurate encugh without calibration traceable to NES. The measurement of
the area of ths cylindsr may be made with a commercial ruler or tape, always
keeping in mind the need for quality commercial preducts for the best accuracy
without extrzordinary effort. ‘

4.1.4.8 Atlmospheric Prassure

Calibration labs creats pressures wilth devices using weights. 1t is
possible to use weights with calibration traceable to NBS, but the accuracy
with which the atmospheric pressurs is needed for air quality applications does
oot require such an effort.
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4.1.5 ESTIMATING PRECISION AND ACCURACY

4.1.5.1 Definitions

There are about as many definitions of precision and accuracy as thers
are bodies devoted to carefully defining these terms. The definition used herc
iz found in EPA (1976) cn page AlT as follows:

“Accuracy - The degree of agreement of a measurement (or an average of
measurements of the same thing), X, with an accepted reference ar trus value,
T, usually expressed as the difference between the btwo values, ¥ - T, or the
difference as a percentage of the reference or true vaiue 100{X=-T)/T, and
sometimes expressed as the ratio, X/T."

For meteorological purposes, this concept of accuracy is acceptable.
The problem comes from knowing the "accepted refersnce or true value." Sectlon
4.1.4 Trac=abillty Protocel discusses this problem for all the metesrological
variahblies of interest. AlLl data that are
used are averages or means. The formula for accuracy is

n
E=s —— [Xi -T) =X=T : (1)
i=1

is the average erreor (accuracy)

E

Z, 1s the ith sample of X

T 1ig the non-varying true value of ¥
n

is the number of samples

i is a sample, 1,2,2...n

Accuracy, the average error, or really the uncertainiy in the value, X,

has two or three components. They are bias, condlibional bias, and random
errer, a statistical expressicn of a series of which is called precision.

Since, in some cases, bias and conditional bias can be separated, both will be
discussed. .

Precision is defined in EPA (1976) as "4 measure of mutual agreemeqt
among individual measurements of the same property, usually under prescribed
similar conditions. Precislon iz mest desirably expressed in terms of ths
standard deviation buf can be expressed in terms of varliance, range, or other
statistic. Various measures of precision exist depending upnn the ‘prescribed

measurements made in the atmosphere because "prescribed szimilar conditions" ar
hard to find. Parts of the instrument system can be challenged by controllces
environments such as wind tunnels and temperature, humidity or pressure
chambers. The precision of the measurement can he found, providing it is
larger than the variability of the controlled enviranment. Usually it is not

L=

similar conditions.’" This is more difficult to fit to metecrclogical O
e r/

o .
,1 .
N
-
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larger and what s mezsured iz the variabllity of the controlled environment.
The definition to be used in this handbook is as Follows:

Precision lg the standard deviation of = gseries or measured values,

#,, about the mean measured value, ¥. The formulz for an estimation

of the precision or standard deviation, s, ig

il
i
I

I s, V
/ Z (., = Z)é (2)

An equivalent formula which can be used for real-time czlculations in modern
data loggers or computers (Juran, 1979, p 22-7) i

,f
I 13
n N 7
E n Vox?) - [ boE ] (3)
/f? L=1 i=] ’
‘v"‘ 7 (FJ. = 1]

Equation (3) is prefarred because it int
than the four intreduced in equation (2).
x; = X% + C where C ls some constant value. Then

Ti = X; = C and X =¥'=-C and K, o~ K = Xi - w0

Therefore, the standard deviation, s, of a seriss of values, as calculated by
(2) or (2) is identical to the standard deviation, s, of the same series of
nuabers, each plus a constant. If the trus value, T, is constant, the

precision of the accuracy estimate, E, is identical to the standard deviation
of the samples, ¥

[

Bias is defined in EPA (1978) az "4 gystematic (consistent) error in the
test results.” i goes on with qualifiers which apply to chemical lzbs. For
metecrclogy, the definition for this handbock iz simply the average diiference
between the measured valuve ¥, and the true value T, (A, - Ti)' Using the

1
symbols of ASTHM (1984), the systematic difference (d) or biazs is found from the
following equation.
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=
0
~i

=

1 Ii
dz—f—cZ(x. ST =
n 1 1

i=1

where

T, is the ith sample of the true value of T

It can be seen in these defipitions that when the true value, T, does not
change, the accuracy is the same as the bias. Whai is the precision of formuls
(1}? For the non-varying true value, the accuracy with which any sample may he
determined is )

E, = E :

i 3 (%)
and for z variable T
E. =d % 3 (&)

i
When T varies, X may vary in a systematlc way. For example, the c2se for wind
direction found in 4.2.2.2.2.3 shows a sysiematic difference, d, of -3.4 deg.
(orientation error) and a conditional bilas {(potentiometer linearity errar) of g
about * 0.5 deg. on some wave shape with an amplitude of about * 2 deg., The @)

acouracy of the vane might be stated as

Ei = ~3.4 £ 2.5 deg. or, removing the
orisentatien error, Ei = 0.0 £ 2.5 deg. or, correcting for linearity
at each angls, Ei = 0.0 £ 0.5 deg. There is iittle polnt in

making this {inal correction in operational programs. This is Jjust an example
of how a conditional bilas can be treated to decrease an error or improve the
accuracy.

4.1.5.2 Colioeated Transfer Standards

If a collocated transfer standard (CTS) is used to estimate acguracy,
any correction which makes the CTS provide values closer to the true value is
worth making. The statistical methed of operational comparability (ASTM, 1984)
15 used when a CTS is emploved to estimate the accuracy of an instrument
operating in the field. The analysis requires differences between the
instrument being challenged and the CTS, properiy sited. The differences are
best if the same data logger can sample the challenged sensor, Kg, at the same

time as the CTS, X, so that the difference, (Kﬂn-Xbﬂ}, can be stored, sguared
T al i

and accumulated. If this is not pessible, the CTS data logger should form
averages ovar the same time pericd as the averages formed in the challenged

system. Then these averages are used for Xai and Xbi“

to make is comparability from the following formula:

-



Section Mo. 4.1.5

Revision Wo. 2
Date: 17 Sep 89
Page: 4 of &

(7)

wheres
Xai is the ith messurement of the sub ject output
{b? is the ith simultanscus sanple from the CTS

substituting

The systematlc difference, d, is calculated From (&) ;
ggtimated standard deviation of

L. and X . for ¥, and T., respectively. The
ail bi i i

the difference, s, is calculated from (8],

1]
il
23
a
L}
48

(8}

The minimum sample size, B required for the calculation of C isg given by

equation (9). Most data loggers sample sequentlally. The time between members
of a data pair to satisfy the requirement of simultanecus measurements must not
exceed one tenth the response time of the instruments. The time between pairs
of measurements nust be greater than four times the responge time of the
instruments to assurs sample independence.

noo= |
] 3

ds . 2
f ] (2)

where
r is one increment of rescluticn reported by Xa

For example, a CTS wind vane operating in a speed range of 2 to 7 n/s

with & delay distance of 2 m would have a response time between 1 and 0.3 5.,
If a data logger had an analog to digital conversion cycling ’
time faster than

0.03 = and if samples were taken no faster than every 4 s, and if the

resolution {measurement and display) of the measuring gystem were 1 deg., and
assuming z 35 deg. standard deviation of the difference, s, the minimun sample
size would be

3}'{%‘2

L, = || = 225 samples, requiring 15 minutes @ | per 4 =.
i ,

There cannot be too nany samples. The minimum is specified for a confldencs of
99.7% or grester that the estimated mean difference, d, is within one elemeani
of resolution (1 dew. in the example). At that confidence level, the accuracy
of the estimate “increases (error decreases) as the square root of the sample
size. If the sample size wers increased by a factor of 4 to 200, the zceouracy
of the estimate would by 0.5 deg. The valuss of O znd d found from a series of
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differences are only valid for the range of conditions used for the test. The
shorter the period of time that is sampled the smaller the range of conditions
will be. A reasconable goal for a minimun CTS time pericd is 24 hours from the
standpeint of dynamic range variation.

Assume the CTS will provide the true value in & test in thes free
atmosphere within the limits of the calibration of the CTS to some other
standard, typically 0.1 m/s with respect to some wind tunnel for speed and 1
deg. with respect to TRUE NORTH for average direction. The accuracy of the
challenged instrument is the comparability, C. The biss, d, provides the
calibration and orientation error. The standard deviation, s, provides the
irreducible random error or minimum functional pracision with which two
insiruments measuring the same quantity report when operated using the ASTM
D4430-84, determines the operational comparability of metecrclogical
measurements. Lockhart (198%) found the following values of ‘s for wind speed
and wind direction:

it

0.2 mss
2 deg.

Wind speed == - S

']

Wind direction g

When ¢ is found to be larger than these values, the assumption must be pade

that either =ite bias or a malfunctioning sensor is ai fault. Under thoss

condltions the calibration error, d, is also suspect. a.‘/']
4

4.1.5.3 Other Congiderations

The average error, E, calculated over a uniferm distribution of ¥, is
the same ag the average difference or Bilas. The contributionm of the standard
deviatlon of the difference between X and T (or the precision error) goes tn
zero and the average accuracy is the bias. The measurement of meteorological
variables in the atmosphere 1s never really that simple.

Occasionally there is confusion between the word precision and the
resolution of the measurement system. Resolution is the fineness of the
measurement system, the output of the measuremeni system or the display of the
cutput of the measurement system. A wire-wound petenticometer im 2 wind
direction sensor may have a resolution of 0.355 degrees (1,000 windings of =z
wire over 3155 degrees). The circuit that converts the resistance of the
potentiometer to voltage may have a resoluticn of 0.1 degree. The display or
recorded value may show whole degrees. The whole degree may be truncated f{rom
the ocutput or rounded. For example, if the potentiometer wiper is at the 312th
wire (312 x 0.355 = 110.76 degrees), the voltage output (312/1000 % 1 volt =
0.3120 volis) has no resclution; the resolution of its measurement is limlted
only by the resclutlon of the volt meter. If the system has 2 digital oubtput
wlth a resolution of one degree, the output will be 110 degrees (truncated) or
111 degrees (rounded). The regolutien of the sensor in this example 1s 0,36
degrees and the rescolution of the system is 1 degree.

A wind direction system with a resolution of 10 degrees might have =
precisicn of % 0.5 deg. (it would take a lot of samples to prove that
precision). On the other hand, a wind direction system with a resolution of
C.1 deg. might have a precision of * 3 deg. (because of hysteresis in the
coupling of the potentiometer to the vane in the sensor). Resolution should be
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specified te match the needs of the datz application and to provide sufficient
informaticn for data QC.

Mest of the discussion in this handbook includes the sensor and signal
conditicner providing an cutpui. Good digital dats sysiems degrade the output
so litile that they coftribuie only z small error fo the total.. .The resolutlon
and accuracy example 4.1.4.] applies to aay digital systemn. There is a twoc
digit uncertainty in the digit which represents the resclution of the

measurement. If the analog to digital converier resalves wind direction to 10

deg., the accuracy cannot be better than z 10 deg. IF the converter resolves
to 1 deg., rounds to the nearest 10 deg. and displays 10 deg.. the accuracy of
the average direction may be 3 deg, while the accuracy of a single observation
is £ 5 deg.

When analog recorders are used, their error must be added to the error
of the measurement. For some recorders this errer can gat quite large. Seldom
considered or specified, for analog recorders which use rollz of chart paper,
is the error caused by expansion and contraction of the paper ag a function of
temperature and humidity. This error zdded to the resclution uncertainty of
narrow paper rolls marked by a tapping bar {(when such recorders are used) can
deminate the error of the system when the analog recorder datz are used as
measurement daita.

Random errors identifled for ezch component of a system can be combined
to estimate the total system error by the BSS (roet sum square) method. Blases
or systematic errors cannot be combined in this way. They must be added
arithmetically. See Fritschen and Gay (i97%) fon further discussion of arror
analysis.



Section Mo. 4.1.6
Revision No. 0

Date: 17 Sep 8% |
Page: I ef 2 k.,l

4.1.6 SYSTEM AUDITS

A system audit, as defined in EPA (1976, p A1Q) 1s “A systematic on=-site
qualitative review of facilities, equipment, training, procedures,
record-keeping, validation, and reporting aspects of a total (quality
assurance) sysiem, to arrive at a measure of the capability and ability of the
system. Even though each slement of the system audit is gqualitative Iln nature,
the evaluation of each element and the total may be guantified and scored on
some subjective basis." In short, it is an evaluation of the suitability and
effectiveness of a QA Plan or QA Manual.

Any audit is most useful when considered as a learning or training
exercise. Given the newness of the implementation of quality systems to zir
quality programs, particularly meteorology, a mechanism for "on the job
training” is useful. Given the two facts that everyone really wants to do a
good job and almost everyone is a stranger to the concepts of structursd
quality systems, an audit is a valuable tocl. There is really Little
difference beiween alr gquality and metzorology when it comes to system audit
principles. The short section on system audits in EPA (1976 is slanted ftoward
alr chemistry projects. In a very general way, & gystem audii should include
the following elements for any technical discipline.

i. Declared Agenda - The audit should not be a surprise or contain
surprises. The sericus audit is weil planned in advance in writing. The items l.)
to be covered are spelled cut. The sgenda ls structured with the help of thoasze N
to be audited, recognizing the areas where they may need special help.

2. Entry and Exit Interview with Top Management =~ A short introduction
meeting with the authority being audited sets the stage for the cooperation
necessary for success. Success is defined ag improving the audited program
through training and education. A short exit interview wiil announce the
findlngs already discussed with the OA people being audited. The exit
interview and the audit report should contain no surprises.

3. Criecklist Structure - The audit should flow along a prepared
checklist of questions, but if time is limited as it usually is, [lexibility is
valuable. Special problems, either found or volunteered shiould be rescived
even at the expense of fallure to finish the cheeklist,

4, Audit Report - The report should be delivered in a timely manner,
certainly no more than 30 days after the audit, preferably within =z week of the
audit. The report 1s the important documentation verifylng the QA program is
“in control." It must contain the structure for corrective action with plans
and schedules committed in writing. An cpen—loop pledge or a general plan is
likely to get a low priority. The value of ithe audit and corrective action
must be clear to the audited organization if the system audit is to be
something other than a paperwork exercise.

5. Follow-up - The QA Plan of the organization being audited should P ,
require seme form of documentaticn of the completion of the tasks defined in [\./
the corrective action plan. Completion of this task closes the loop for the -

system audit.
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A short visit to understand the ocrganization, QA Plans and Procedures, and

to meet the QA person is a good 1
system audit without access to all

Since there iz a large spectru
it is important to keep in nind th
cbjectives and regulations definin
to provide the necesgary leavel of
make the audii process useful and
with documentation backing up the
different ways, some of wWillch may
system. It is not the role of the
determine if the-systen meets the

rst step. It is difficult to do an effactive
three.

m of quality programs which might be auditsd,
¢ original reason for the audit and the

g the gquality program. One abjective must be
quality at the minimun cost as well as to
effective. The geal iz to ensure velid data
claim for wvalidity. Thig ean happen in many
not conform to the auditor’s concept of =
auditeor to redesign the system, but to
objectives and regquirements.
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4,1.7 PERFORMANCE AUDITS

This handbook will concentrate on performasnce audits. The audit methods
for each variable will be descrihed in each of the variable-specific sections.
The purpose of 3z performance audit is o determine as completely as possible
whether or not the instruments are producing valid data. It is the '
respensibiliiy of the operators to calibrate and operate the instruments so that
they do produce vallid data. As mentioned in Section 4.0.0, performance audit
methods may be identical to those used in calibration. If they are different,
it is expected that the audit method 1s mosi comprehensive challenging the
greatest part of the total system. A complete calibration of an anemometer
requires a wind tunnel. Most operators do noi have access to a wind tunnsl and
glect to use the manufacturer’'s wind tunnel experience as authority for Lhe
anemometer transfer functiom. This practice is generally acceptable whers
manufacturers can provide test reports confirming their results. Statistics on
the distributlon of error of samplez of production run anemometers with respect
te the generic transfer function are necessary if the manufacturer does not
callbrate each unit during manufacturs. [f 100% calibratlon is & part of
manufacturing process, the method of calibration should be avallable from the
manufacturer. '

A& performance audit may Inciude a challenge by a collocated transfer
standard. Such data serve to check the transfer function at a few points. The o
uncertainiy of the challenge is usually greater than wind tunnel challenges f.
where the conditions can be carefully controlled. -

4 performance audit on variables such as relative humidity (or dew point
temperature), seclar radiation and atmospheric pressure will usually include a
cellocated transfer standard comparison. This is may be the only way a
challenge can be made to the whele measurement system.
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4.1.8 DATA VALIDATION PROTOCOL
4.1.8.1 Strip Charts

Some years ago, metsorological dats were recerdesd primarily on strip
charts. Average valuss were estimated by “reading” the charts. The most
common and the most useful strip chart was one where the output of ths
measuring system was continuously recorded by means of a galvanometer movemsnt
or & servomoter. Data QU meteorologists became expert in determining the
validity of the data by examining the sirip chart trace, a process necessary
while checking the digitizing of the strip chart datia.

Wnen the digital datz logger and computer first appeared, it was the
recommended practice to have strip chart recorders in parallel to the digital
systems. The strip chart data could ba “read” and ussd to Fill the gaps when
the digital system fziled, a common occurancs in garly designs. Many
meteorclogists found that the strip chart data contained information which was
not present in the digital listing. The most important information was the
character of the output during the period of time that the digital system was
sampling and averaging. One example is the presence and frequency of
potentiometer noise in the wind directien output. This information is an early
lndicator of potentiometer failure. Whether or not the digital average was
influenced by this nolse could be seen by the comparison of the two outpuis,
the strip chart belng used as Lruth.

snother example shows threshold degradation by the character of the
anemometer trace. Of ¢ourse the sffect of lce or freezing temperaturaes on
anemometers and wind vanes could often he seen on the girip chart. The digital
average value would simply be 2 number which met the plausibllity test but was
erronecus.

Digital systems have become more reliable, accurzte and capable of
on-line processing and at the same time less and less expensive. The economy
of the digital system pushed the analog recorder te a "bazck up" role and foward
extincticn. Digital systems show promise of both large memory sufficient to
save one second data samples for time histery plots and on-line diagnostic
prograis to moniter outpui paiterns for unreallstic variabllity or lack
theraof,

Until the technology stabalizes sneough to allow a consensus to ba
developed and regulatory pesltions to be tzken, requirements for strip chart
data will be a reagon or agency gpeclfic requirement. The one clear fact is
that strip chart data, used as a data quality control teel, will result ino a
better data validity nrococcl,

4.5.8.2 Hethads

Once data are collected, they should be reviewed to screen out possible
incorrect data pointg befors they are put intc zccessible storage or passed con
Lo the user. Whils the purpose of a QA program is to avoid the generation of
bad data, it lg imposzibkle to do so completely. Even in the best planned and
best conducted programs, undetected errors can be generated by faulty
equipment, noisy dats transmission lines, faulty key punching, and a myriad of
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other scurces. Fllippov (1968) offers a detziled and thorough discussion of
the various possible sources of error.

in both automatic (ADP) and manual data screening the mosi obvious
checks should be performed first. These include such things as being sure thet
the -data exist and are properly identified, the forms or filles are fillled out
properly, that numbers are in the blocks where they should be, letters are
where they should be, and blapks exist where nothing should be. This sort of
data editing is a subject unto itself and will not be pursued here.

Methods of editing or screening meteorological data usually invelve
comparison of the measured value with some expected value or range of values.
Technigues for checking the measured value usually fall inteo one or more of the
following categories:

1. Comparison with upper and/or lower limit en the allowed
range of the data;
2. Comparison with known statistical distribution of
the data;
3. Comparison with spatial and/or temporal data fields: and
4. Comparison based upon known physiczl relationships.

A choice must also be made of what to do with the datum that does not
pass a validatlon procedure. Basically there are twe cheices, eliminate the
questionable data from the file, or flag it for further examination.
Automatically discarding data may be a viable, cost-effective option if the
screenlng procedure is carefully designed and -each datum is not of high value.
Records must be kept of discarded data seo the reasen for the fault can be found
and corrected. Flagged data are examined and a decision made on their
acceptabillty. If unacceptable, it may be possible to correct them or
substitute a more reasonable value (Reynolds, 1979). Corrected or substituted
values should be so indicated in the datz file, with an explanation of the
substitution available to the user. Alternatively, dala of guesticnable vazlue
may. be kept in the data file under a flagged status, with 2 notation of why
they are questionable, so that the user can make a decision a2z ta theirs
usefulness. This procedure is of questionable walue to most users because the
collecting agency is freguently in the best position to make a decision on the
data,

The range test 1s the most common and simplest test. Data are checked
te see if they fall within specified limits. The limits ars set ahead of tine
based usually upon histerical data or physically impessible values. Some
examples of reasonable range tests are rainfall rate greater than 10 in./hour
or wind direction not between 1 and 360 . In setting the limits, one must
take intoc consideration whether or not the system will select only ouiragenus
extreme (i.z2., impossible) values usually caused by data handling errors (suc h
as wind speeds greater than 100 m/s or less than zerc) or just unusually high
(i.e., possibkle ) values, which should be examined further. This may redguire a
further decision on just how extreme a value should ke flagged. This dscisicon
should be based on the real impact of using extreme values should they be in
error. Considerations of the cost of incorrect data, the pessibility of
correction or substitution, or replacemenL by obtaining new data should be
made. Uniortunately, the decision may also frequently be made on the available
resources of those who axamine the flagged data.
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4.1.5.2.1 Comparison with known disiributions

Comparison with known statistiecal distributions may involve
comparison of means, standard deviations, means of gxtiremes, or higher order
statistics. For example, Lee and Stgkes (1978) report that their data base
usually had kurtosis of approximately 2 with zero skewness. Any of their
instruments, then, that showed z nmarked departure from these values were
considered to be in need of further verificetion. (additionsl research is
needed to determine whether these or similar criteriz could be used in other
areas. )

Lockhart (1979) suggests compressing data into a densely packed
graph where long-term (week, month, or seascnal) patterns can be easily seen.
Mz jor departures from these subjectively seen patterns can be noted and the
data checked. Although thiz method of dats verification is vsually used to
check a particular data sst against a longer term climatology, it can also be
used to check individuzl values. TFor example, one might compare a temperaturs
reading with the monthly averzge maximum or mininum pius or minus
(respectively) two or three standard devizations., This technique obvicusly
depends on & rellable history or Fepresentative measurements being available
from the site and is ineffective far noting significant leng-term changes in
the instrument.

4.1.5.2.2 Comparison with ciher data fislds

Screening data by comparison with fields of similar or related
data is commonly done when large amounis of datz are taken and when assumptions
of spatial continuity of the meteoralogical variable are physically reasonable.
The most easily visuzlized example of this iz a field of atmospheric pressure
measurements, Any value can be compared With those in 2 large area around it,
elther visually, or by numerical Interpolzation. Major deviztions from the
domlnant pattern {z low pressure reading in the middle of 2 high pressurs arsa)
are not to be expected. OF course, zllowance must be nade for mesa- and micro-
scale phencmena such as a shortwave or pressure jump area ahsad of a caenvective
storm.

Not all meteorological fislds can bs expected to have the
needed centinuity. Rainfall is g notoericus example of discontinuity or
microgcale variations. Wind speed and dirsction can exhibit continuity on some
spatizl scales, but cars must be taken to account for the many effects, such as
Lopography, that can confuse the issue (See Seéctiom 4.0.4.3.2.4).

Interrelated fislds can also be used to screen datz. Rainfall,
for example, is unusual without clouds and high munldity while wind dirsction
arid speed, especially above tha surface layer, are related to pressure
gradisnts.

Fields of dazta in time, rather than sSpace, are also used to
check datum points. Thesze checks are usuzally macde on rates of change of the
data. Checks are made both on rates of change that are too high and not high
enough. For sxample, atrospheric stability is not expected lo change by
several classesrwithin an hour. A wind direction reading, however, that does
not change at all for seversl hours may indicate that the vane is siuck
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(assuming the wind speed is not zero) or that there 13 some other problem with
the system-

4.1.8.2.3 Comparison based on physical relatiunships

Screening checks can alse be made to assure that physically
improbable situations are not reperted in the data. This kind of check is oot
commonly used because of the wide variety of conditicns thab can aceur in the
atmosphere under extreme conditiens. These unusual events would freguently be
noted first by some of the statistical or range checks noted above.

Table 4.1.8.1 Examples of Data Editing Criteria

Wind Speed: >25 mss (NRC)
»50 kts (NCC)
>20 kts and doubles at 3-hour cbservation (NCC)
First 3 hourly values <:0.2 mph of next 4 (TVa)

Wind Direction: Any recorded calm wind speed (NCD)
Same sector for more than %8 hiours (NRC)
First S hourly values <* Z of the next 4 (TVA)

Delta Temperature: AT Az >10C/100m between 10 a.m. and 5 p.m. (TVA)
AT/Az <=1 Cfigom between 6 p.m. and S a.m. {TVA4)
AT 84z »15 C/TDGm (TYAY
AT/AZ <=3,4°C/100m (auzgronvectlva)(TVA}(NRU
AT/Az changes sign twice In 3 hours (TVA)

Stability: A,B,F, or G stability during precip. (MRC)
: F or G stability during the day (NRD)
A.B, or C stability during the night (NRC)
Change in stability of more than 3 classes
between 2 congecutive hours (MRC)
Same stability class for >12 hours (NEC)

o

Temperature: 9‘? > mean daily maximum for the month (TVA)
g°F < mean dally minimum for the month (TVA)
> 10 F change in 1 hour at & site (TVA)

First 5 hours within £0.3 °F of next 4 (TVA)
>125°F (NCC)

wﬁD‘F {NCZ}

> 10°F change 1 hour or 20°F 1n 3 hours (NCC)

Dew Point: Dew point > temperature (TVA)(NRC)
Dew point change »>7 °F in 1 hour (TVA)
ﬁirst 3 hours within #0.%5 F of next 4 (TVA)

»30 f (MCCh

<=60F {NCC) .

Temp. - dew point »5 F during precip. (NRC)

Temp. = dew point >12 consecutive hours (NRC)
Pressure: >1060 mb (sea level) (NCC)

<940 mb (sea level} (NCC)
Change of 6 mb or 0.2 iach Hg in 3 hours (NCC)

|/'. ;\I
!!!)
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Some screening points of this type that are used include
assuring that the dew point is not grezater than the temperaturs, and that the
lapse rate is net greater than the autoconvective lapse rate. Chsacks on
stability class versus time (not allowing “strongly unstable" =t night or
"stable" during the day) may also be considered in this category,

Table 4.1.8.1 gives z2xanplss of some of the datz editing
criteria used by three Federal agencies: the Wational Climatic Center (WCC,
now NCDC); Klimt {197%); the Nuclear Regulatory Commission (NRC), Fairobent
(1979); and the Tennessee Valley Authority (TVAJ, Reynolds (1978). Examination
of the table shows some interesting differences that cam be agcrihed to Lhe
differing missions of the agenciss. Because of thelir global concerns, Lhe NCC
must allow a far wider range of limits on fields such == temperature and
huridity than does an agency with only local interest, such as TVA. On the
other hand, the MNCU has the data avaliizhle %o do spatlal checks over a widsp
area than would be pogsible for many losal gstudy situstions. Differences can
also be noted depending on the type of datz collection (spot readings once per
hour or thres hours versus continuous recordings) and major interests (synoptic
weather patierns versus stability). Filippov (1968) gives an exhaustive review
of checks used by weather services of many other countries. The criteris
listed in the table are used to ldenmtify datz to be edited or challenged for
further review.

4.1.9.3 The AREAL Swstem

On the following page is a datz validation gystem recommended for ARFEAL
te replace the present system for screening metsoroleoglcal data. It could be
used to screen data gathered by AREAL, coniractors, or state and local
agencies. The system tzkes into account the variable mature of AREAL's field
activities. It does not depend on, or have the advantages of, long—term
multistation network degign, nor is it labor intensive. The basic goal 13 that
of rapid identification of field problems, with low valus azsigned to
individual datz points, thus allowing the discard of questionable values.
Flexibillity is available, however, if an individual project’'s meteorological
datz are Judged to warrant = more critical approach.

The flow of the system is shown in Figure 4.1.8.1. &1l data will g0
firet through a hard copy auditing procedure desipgned to find data entry and
keypunch errors. [N the hard copy audit, a perceniage of data points will be
randomly selected for audii. & second, independent file of these values, as
well ag the hour just before and after the hour, will be created from the
original hard copy. This file will be compared with the master file and
discrepancies moted. If there are ornly a few random diserepanciss, these
points will be eliminated from the system. [f there are severzl, or there
se=ms te be a systematic pattern of errcrs, the project offlcse (the offica
responsible for gathering and reducing the datz) will be rnotified so that they
can correct and re-enter the data and correct the data entry system. The dats
are next passed through & screening program, which is designed to note and flag
questlonable values. Flagged data will g0 to the laboratory neteorological
office for review., There they will elther be accepied, discarded, or returned
toe the project officer If there is g large amount of questionable data. That
officer may accapl, discard, or correct the dats. The sereening values are
given in Table 4.1.8.1. They offer = combination of range, rate of change, and
physical impossibility checks that ara chosen to be reasonably restrictive. It
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igs anticipated that some good data will be flagged, but that most data handling
and gross lnstrument failure problems wlll be caught.

-
J | -
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| Program Correcs Dais
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Figure 4.1.8.1 Schematic flow of decisions in the
AREAL data vallidation scheme.

Data that pass the screening program will go through a comparison
program. This program will randomly select certalm values {or manual
comparison with information collected by the National Weather Service. In the
selection process, one day and one hour will be chosen on which data from all
stations in the netweork will be audited. One day in every 20 will be randomly
chosen, and on that day, one hour between 5 and ¢ a.m. (EST), will be randomly
chosen. Data from that hour and day for all statlons will be printed out by
the audlit program faor the manual checks. The preogram will also make compressed _
time scale plot (20 days of hourly values on cne line) for each parameter for Yy
the use of the valldators. ‘ Q,J
The data generatsd by the audit programs will first be compared with
National Weather Service data te see If they fii reasonably well with synoptic
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conditions prevalent in that area. The meteorologist will choose the staticns
to be used in the verification, and trzin the data clerks in the sub jective
comparisen procedurs. All questiocnable data will be given to the metecrologist
for review as above. The wvariables to be checked in this way will include wind
speed and direction, temperature, dew point, pressure, and occurrence of
precipitation. : ’

Naturally, if the audit checks show a2 problem with one or mors
instruments, an attempi will be made to ldentify the time range of that problen
so that all questionable data can be found. Logs of bad data will also be kept
and used to identify troublesome instruments and other Eproblems,

This systen iz suggested principally for AREAL, but may prove a useful
starting place for state and loczl zir pollutien agencies wishing to develop a
meieorciogical datz vazlidation procedure. The suggested system Ls very
complete and will be evaluated over a period of time. Changes to the system
may have to be made, depending upon the needs and rescurces of the users.
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4.1.2 QA REPORTS AND CORRECTIVE ACTION
4.1.9.1 Operations Log and Maintenance Reports

In all of section 4.1 it has been siressed that the resl purpose for a
QA4 or Quality program is to document data valldity and the steps taken to make
that determination.  Any activity which has the potential of affeciing the
validity of the data must be reported. A report usually includes 2 note in the
station log indicating the time of the operator visit and visusl staius of the
sensors. The log 1is signed by the operater. If the operator found a probiem
which he was suthorized to fix, the log would contain the entry to that offect.
If the cperator is not autherized to make the repalr or does nol have the
necessary parts, a maintenance repert can initiate the work and the purchase
of the parts to {ix the instrument. When parts are changed, serial numbers ar
property numbers should be noted in the log. If a part does not have a number
{some cup assemblies and propellers do not have numbers), a number of soms sort
should be assigned and marked on the part with permanent ink. The Q& Plan
should provide some communication route and method by which the person
responsible for the project and the person responsible for data quality contral
{if they are different people) are notified of work done on the svystem.

4.1.9.2 Calibration Reports

Callbration reports are the most crucial documents of a data collection ’;.'I
project. They are the foundaticn blocks which uphaold the the validity claim. 4
Quality Control and the routine inspection of the data spans the Lime between
calibrations. The calibration reperts will show whether or no: the system ig

"ln control.” [ the system is always "in comtrol” or cperating within the

required tolerance limits stated in the QA Plan and generated by the

application, and the data QC does not have any unsolved mysteries, the dats z:e
valld. 1If the calibration shows problems. the report will also show the

corrective action taken or initiated. The "as-found" and “as—lefi” readings

are a vital part of the calibration report. I[f gty data "correction”

(quotation marks used because this is a very delicate subject! is applied, the
Justification must rest on calibration reperts on either side of the data

period and the data in between. This report requires distribution to the

project leader and the QC inspector, aor at least sz sign~off routing. If

corrective action is initiated hut net completed, a report of complietion is

required and has the same routing.

4.1.9.3 Audit Reports

Audii reports should confirm the ecalibration reports. I they do
not, the assumption is that the audit report is correct. Whenever a
measurement discrepancy exists, the cause of the difference must be Found and
resclved. If the audit measurements asre wrong, the sudlitor will bs smarter
next time and =11 parties will have mere confldence in the calibration reparts.
It is the responsibility of the auditor to Inelude a report of the discrepancy
between calibration dataz and audit data along with the explanation and solution
of the disecrepancy in the audit report. It is the responsibility of the Y \
operator to be sure that it is in the report. The documentation musi be K\ /]
sultable for use in a court of law.
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%.1.9.4 Reports Lo Management

Reports to management are of value to maintain the close communication
necessary betwesn the source of autheority, top management, and the exerciser
delegated authority, the QA4 organization. Whatever the structure of the
organization, directed effort must be paid for and planned for through
budgeting. Top management must know how the quality program is performing its
intended, money saving role. There are about as many types of meteorolegical
mofltoring programs as there are applications. One fairly standard one is the
Z=level, 60 m tower ussd at most nuclear pawer plants. Crutcher (1924)
provides zan insight into costs of a minimum system and an szcknowledgesment of
the annual costs involved in operations and quality zssurance,

“Costs are controlled by the design and reliability of ihe system, as well as
the markstplace. Cosis given here are approximats 1977 prices for presently
avallable eguipment sufficlent to meet the minimum requirsments of the Nuclsar
Regulatory Commission's Regulatory Guides 1.23 (formerly the USAEC Safety Guide
23). For the first two vears these costs approximates one-=third of 2 million
dollars. These minimum costs do not lneclude elither office or storage space.

Une tower, installation and equipment $100¢, 000
Afnpual maintenance cost 25,000
Annual cost of surveillance and quallty zssurance
{including personnel and supplies,
magnetic tape, paper stc. ) 50, 000
Anitual cost of data listings, ete. based an 15-mi
integrating intervals and autcmatic legging in
digital form on magnetic tape, 13 parameters
{channels) to a page, daily summzris

L.

£

&0, Q00
The cost of 2 mobile tower and aqulpment installation is essantially 50% of the
cost of & permanent-typs tower installation. Other costs remain essentizlly
the same. "

Qf particular interest in this reasonably zccurate ssiimate (ten Years ago)
ig the ratlo of annual costs to one~time costs, 1.35:1. Of course, the
requirement of RS 1.23 is for valid dats With documentation and quality
assurance. Smaller systems cost less, but the often neglected provision for
annual operating and QA costs are stil] necezsary if valld data are.required.

4.1.3.5 Diserepancy Reports

Scme systems report discrepancies as a section of another report and
Some use a discrepancy report as a stand-zlone vehicle to initiate corrections
and reporit completsd corvections. If 1t lg a2 stand-alons report, some system
of control is necessary to keep track of open reports and monltor progress
toward completion (called fellow-up or needling).
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QUALTTY ASSURANCE FOR WIND SPEED, WIND DIRECTION
AND TURBULENCE
SUMMARY

This section discusses all aspects of the itask of monitoring the wind at a
particular site with an emphasis on quality assurance. A background chapier
describes the nature of wind and the kinds of instruments commonly usad to
monitor its speed and direction. This section describes in detail the
important aspects of the operation of conventionsl arlememeters and wind vanes.
Some discussion of secondary effect sensors is provided but the handbook ig notb
intended to cover these instruments. The background infermation and the
detalled Information found in the following chapters are necessary for two
kinds of tasks. One is to execute the responsiblity for the collection of
valld data. The cther is to audit or Judge how well the first task was
performed within the goals or regulations which caused the measuremencs to be
made in the first place,

Specifications is the longest and in sone ways the most detailsd ssction.
The premise ls that an understanding in depth of the way the common sensors
work is necessary before purchasing, Installing and operating the instruments.
Specifications set the performance parameters for the instrument or system,
Careful definitions are given along with test methods which will equip the usaer
to verify or to judge the work of others who verify conformance to

specification. y N
Once the specifications are clearly understood, the process of purchasing (./

and accepiance testing can be considered. The contention is that quality R

assurance ls a vital aspect of defining that which ls to be purchased and

verifving the performance of the delivered system. When the walid svystem is in

hand, the installation can be planned and implemented. The important process

of orientation of the wind vane to TRUE NORTE iz described in detail.

Calibration is a foundation on which claims of data validity are built.
This important funciion may be practiced in a number of phases of the
monitering program. This chapter stresses documentation of the calibration
findings and methodology. The use of the most inclusive methods practical in
field conditions is advocated. Once the calibrated sysiem has heen lastallied,
the routine performance of operaticnal checks, preventive and corresctive
maintenance and quality control operations begin. The documentation of thess
operations provide the framework, resting on the foundation of callibration, to
suppert the claim of data validity. :

Performance audits add confidence to the decumentaticn that the system is
in control. Performance audit methods must be the most comprehensive methaocs
possible for fleld challenges. This chapter describes some recommended =zudir
methods and audit forms to support the methods. The performance audits and
calibrations provide the data for the estimation of accuraecy and precision
desecribed in the following chapter.

There 1s noi room to include all the details or background information
which might be needed or desired. A list of the references used for this
section is found at the end of the section. [f the reader needs additional
information or iz curious about peripheral subjects, the references will
provide the answers or a start in search of the answer. ’
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4.2.1 TYPES OF INSTRUMENTS

There are many ways to detect wind as it passes & polint om Earth. Only
these ways which reference a fixed point (or volume) will be considered in this
handbook. This class of measurements lg expressed in Eulerian coordinates
where properties of the air are assigned te points in space at each given time
(Huschke, 1970}. The other class of measursment is expressed in Lagrangian
coordinates. It 1s good to keep in mind the: Eulerian neasurements are
frequently used in Lagrangian models. Or, in other words, monitoring data
measuring wind on a tower are used to estimate where parcels of air move and
how the concentrations of constituents of the parcel change in the process.

It is necessary to understand just how the measursment is made to

adequately do the following: -

« write procursment specifications,

« adopt and apwly acceptance tegsting methods,

-+ slte the sensors in the repressntative flow of interest,

« perform calibration and mainterance services,

¢ establish an effective quality control (00) eperaticen, and to

° avaluate audiis used to estimate precision and accouracy of the data.

This sectlon will describe how various kinds of instruments work. The
thoroughness of the descriptlon in this hendbook Will be proportional to the
frequency of use of ithe instrument in alr quallty applications.

Anocther background point deals with the nature of wind. There can e no
questlon zbout the wind requiring a vector to describe fully a single
measuremsnt.  The vector has direction in spherical coordinates (azimuth with
respect to TRUE NORTH and elevation with respect fto a2 horizontal plane) and
length (speed) along that direction. I: is common: for many alr quality
applications to deal only with the presumably horizontal fFlow as measured by
vanes and anemometers. In this case, the horizontal compenents of the vectoer
are expressed as an zzimuth angle from which the wind is blowing and the speeg
at which the air is passing the point of neasurement. Whiles each sample of
wind requires both spesd and diresetion, it ls common to neasure them
separately. A series of samples may be summarized in differant ways depending
uporn the application. The arithmetic mean of the samples is recommended for
many applications (EPA, 1987b). The standard deviation of the samples is used
to describe the level of turbulence in the alr.

4.2.1.1 Common Hechanical Sensors
4.2.1.1.1 Wind speed sensers

Common anemometers ars either cup zssemblies turning on =2
vertical axis or propellers turning on a vane-orisnted horizontal axis. The
cup anemomeier 1s an empirical sensor in thal the reiztionship between the rats
of rotation and the wind speed is determined by testing rather than definsd by
theery. It is a linear relationship, for zll practical purposes, above its
threshold non-linearity and through the range of Ilmportant gpplleation. It iz
an aerodynamic shape which conwverts the Wwind pressure force to torgque [(hence
rotation) because of asymmetrical 1ift and drag. Its dynamic performance
characteristics (starting threshold and distance censiant) are density
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dependent but its transfer function (rate of rotation vs. wind speed) is
independent of density. The cup i3 not very efficient and creates turbulence
as the air flows through and arcund it. The linear speed of the center of a
cup is only a half to a third the linear speed of the air turning it (Masen and
Moses, 1984). The cup anemometer is omnidirectiopal to herizontal flow but
exhibits 2 complicated reaction to vertical components. It may indicate spsed
slightly greater than the total speed when the flow is non~horizontal
(MacCready, 1966),

The propeller anemometer is a more efficient shape. The
helicold propeller is so efficient that ite transfer function can be specifisd
from theory (Gill, 1973). It creates little turbulence as the air flows most iy
through it. turning like a nut on invisible threads. The propeller measures
wind speed when it is oriented inte the wind by & vane., Iis errors from
imperfect alignment with some mean vector are small, being nearly propertional
to the cosine of the angle of misalignment.

In either of these types of anemometers, the rate of rotation
is sensed by scme transducer. Tachometer generators, a.c. frequency
generators, llght choppers and shaft revolubion counters bave all been used.
{t is Important to know how the transducer works if the performance of the
anemometer 1s to be challenged for a QA purpose.

4.2.1.1.2 Wind direction sensorsg

n

The wind vane is perhaps the simplest of instruments. 4 fFip i
tled te a vertical shaft such that when foree is applied to the area by the
wind, it will turn the shart seeking a misimum force position., The
relationship of the shape, size and distance frem the axis of rotation of ths
fin to the bearing assembly and transducer torgue requirements determines the
starting threshold. These attributes of the fip area along with its
counterweight determine the dymamic performance characteristics of overshaot
\damping ratic] and delay distance (distance constant) of the direction vans.
While its eguilibrium position is insensitive to density, the dynamic response
characteristics and ithreshold are density dependent.

Vane design is of little impertance if Lhe average wind
diresction is all that iz required. If turbulence parameters are of interest,
as they usually are or shouid be, the design of the vane becomes important.

The vane transducer is usually a potentiometar, but synchrosg, shaft encoders,
capacitors and Hall effect devices have been used. It iz fairily common to findg
theorange of the sensor to be "540 degrees" rather than the physically true

360 . The reason is related to the problem of a continuous range (a circle)
with a discontinuous output (0 to n velts). Tt is important te Knew how the
transducer works if the performance of the wind vane 1s to be challenged far a
Q4 purpose.

R A Spgcial direction vane is the bivane which has the vertical
range of * 435 to 60 in addition to the full azimuth circle. The additicnal
range brings with it the need to neutralize gravity by having a perfectly
balanced vane assembly. Bivanes can be conditionally out of balance, such as
happens when dew, forms and then evaperates from the tail fins. The effect of
this imbalance on threshold and performance is complicated. Horizental Vanes
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can be designed to be stable in the horizontal even when slightly out of
balance. The effect of this design is to add the vane horizontal restoring
force to the wind force, again a complication.

4.2.1.1.3 Fixed componeni sensors

Propeller anemometisrs exhibit someihing like a cosine responsa
to & wind along some line other than the axis of the propeller. The degree
with which thls respeonse represents z cosine is a function of the design of the
propeller. If the cosine responsse is perfzct, the §flxed propeller accurastesly
reports the component of the windg parallel to the axis of the propeller. If
three propellers were located on fixed ¥, Y and Z axes, the three outputs would
define the components of =z three dimensionzl wind vector. From a Qa
perspactive, the accuracy of the wimd speed and direction data are related to
the determination of Lhe component aerrors and the algorithms used to correct
for them. Often ill-defined are the errors from the interfersnce of one
propeller on another and the errors when the beyanﬂ~threshald«nqnlinearity
spead has not been reached. [% is the speed of the component parallel to the
anemometer axis that the prmpﬁller responds tao, not ithe total speed. A 5 w/s
wind with 2 5 up zngle znd 5° off the Y axis will provide a 0.44 m/s wind for
the W and X propellers. 4 50% error in the ¥{ propeller bhecause of threshold
nonligearity would cause an insignificzmt 0.0%12 mw's grror in the wind speed ang
a 2.5 error in wind directien. A 30X error in the W propeller for the same
reagon wWwould cause s 50% error in the W component (0.2Z m/s reported rather
than the true 0.44 mrss).

4.2.1.4 Becondary Effect Sensors
4.2.1.2.1 In-situ senscrs
Several meteorclogical instrumenpt books contaln information on
a variaty of wind instruments. See Mazon and Moses (1985) and Middleton {1953)

for greater depth andg varisty,

The three component sonie anemometer iz considered in some

cirecles as the standard for wind measurement. For those applications where the
contribution of small eddys is important, it ls an excellent choics. As with
many cf the secondary effsct sensors, it is a research togl requiring
considerable attention frem the operator. It 1s not a good cheice for reutins

monitoring. It has its own set of error sources when i
leng-term (tenz of minutes) averages and standard deviat
sonic anemcmeters deployed as W sensors may bécome the s
difficult measurement. The secondary effect for this in
iransport of sound waves in the air,

t is used for measuring
ions. Single component
tandard for this
strument is the

The hot wire or hot film anemometer is slso a research tool
which measures the wind speed component perpendicular to a heated cylinder.
The secondary effect for this Instrument iz ihe removal of heat by the alir
measured by the currenmt it takes to replace the heat. There are some new
designs of this type of instrument which are intended to e monitering
instruments. ’
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4.2.1.2.2 Remote sensing devices

There are two Doppler shift instruments which measure wind
remotely by analyzing the return from transmitted energy pulses. The most
important for the boundary layer applicatlons is the acoustic Doppler (SODAR)
sounder. It depends on the back scatter from small temperature differences
that tag the alr for motion measurement. The other Doppler uses
eleciromagnetic energy to measure winds through the troposphere. There arec
alsc some Doppler applications using lasers as the energy source. These
systems are complicated. A QA effort related to systems of ithis type will
require special study of the system and ingenuity te find other ways of
measuring what they are measuring. In the case of the SUDAR which is being
used in monitering applications for air quality programs, = reascnableness tesi
with ancther instrument capable of measuring winds aloff is more likely to
produce useful informatlon than is a challenge designed to repoert the accuracy
of the SODAR.

@
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2.2
Q

4.2.2 GSPECIFICATIONS

The purpose of defining specifications iz to give unambigucus meaning to
the terms used by all those who ars concernsd that the instruments and systems
selecied and operated will meet the needs of the applicatlion or project. This
gtarts with procurement specifications and ends with supporting claims of dats
quality. These specifications provide the basis for receiving inspection znd
testing. The wind is the most important variable to be measured and its
specificatlons are the most complicated. Specifications discussed here will
also include some aspects of the measursment svstem.

Project and application requirements vary. To maks this handbook as
speclfic a2 possible, the exampies used will be conststent with those presentsad
in the On-Site Metecrological Frogram Guidance for Regulatory Modeling
Applications (EPA, 1987b). The specifications will be discussed in order of
their importance and then summarized at the end of the sub-sesction.

4.2.2.1 Wind Speed
4.2.2.2.1 Threshcold
4.2.2.1.2.4 Threshold definition

One of the kevs (o a good wind sensor is a2 low thresheld.
The threshold is alse the one performance characteristic which will certainly
change with tine because of bearing degradaticn. There lg no standard
definition of thrasheld so different manufactur-ers may apply different tests
to establish their threshold specifica~tion. Absence of a standard or
def’inition of the specification makes it difficult to gpecify a meaningful
value. The following definition comes from Standard Test Method for
DETERMINING THE PERFORMANCE OF 4 CUE ANEMOMETER OR PROPELLER ANEMOMETER (Draft
) (ASTM, 198%).
"Starting threshold (U ,m/s)-—the lowest wind speed at which a
rotating znemometsr starts and continues to turn and produce
a meagurable signal when mounted im its normal position.”
A starting thresheold specification, 0.5 w's for example, should include z
footnote describing the meaning of the specification. In the example above, it
might sav: 0.5 m's (1)
(1) "as determined by wind tunnel tests conducisd on producticn
samples in accordance with ASTM D22.11 test methods."”

AlL rotating snemometers are non-linear as they go from not

turning to turning at z rate predicted by their linear transfer function.
Kote that the definition does ot require linear output at threshold, only
continuing turning and measurable sigral. If the manufaciurar provides an
accuracy specification whiech ig independent of sgpeed, the presumption is thsat
the accuracy specification is met at threshold. Consider s hypothetical cup
with & transfer functlom, i.e., the relationship between rate of rotation and
Wind speed, as follows:
U=0.2+1.5E
wiere U is wind speed (m/g) and
B 1z rate of rotation (rps)

The transfer function would have been Jfound by uslng a least squares fit
{linear regression) to wind cunnel data. The ASTM method uses the wind speeds
well abowve the starting threshold tg avoid #lags from the non-linear threshold.
In Figure 4.2.2.1 the lowest 2 n’s of the hypothetical performance curve is




Section No. 4.2.2

Revision No. 0
Date: 17 Sep 89
Page: Z of 32

shown along with the contribution of the offset to the system output. The
variable part of the transfer function (U = 1.5 K) coming from ihe cup rotation
is shown theoretically as the straight line {rem 0.2 m/s to an ocutput of 1.8
m/s when the wind speed is 2 m/s. The triangies show the actual output from
the cup rotation. They start to turn at 0.2 m¢/s (threshold) and reach the
theoretical line at abouit 0.8 m/s. The paraliel line through the origin simply
adds the constant offset to the cup rotation output. The measurement srror ig
the differencé between the diamonds in the figure and the ldeal straight line.
It staris at +0.2 m/s, goes to -0.1 m/s at 0.2 m/s, and then gets smaller asg
the nonlinearity of the thresheld decreases.

The offset is defined either by the linear regression or
by the arbitrary choice of the manufacturer. If it ls the former, the starting
threshold will always be larger than the offset. If it is the latter, the
starting threshold may be either side of the offset. The manufacturers of the
common small three cup anemometer often set an offset veltage in their signal
conditioner as shown in Figure 4.2.2.1. For this hypethetical cup, the offsst
voltage is critical to its meeting the accuracy specification discussed in
4.2.2.1.2. Sensitive propeller anemometers have a much smaller offsel beczuse
they develop more fornce [(torque) per m/s. Sume offsets are so small that thers
iz no advantage or need to use an offset voltage. See Baynton (1978) and
Lockhart (19771 for further discussion of the erraors of rotational anemometers,
particularly at the threshold.

Cup Anemometer Performance

- Threshold Analysis _
2.0 X
Hypathetical Transfer Funed ' o
o] el Tt uneion o

e
14 | /;;fﬁ

i

)
\g 1.5 4 From Cup Rotation and Offset Voltage . g,)?/
:j T Ideal
= 1.0 =
. < Actual
5 ’ e
o 0.8
Q.6 = Frem Cup Rotation
i Theoretical
Q0.4 =
7 v Actual

I [ ! 1 ¥ i i ! i | i i

I ! I
0 02 04 08 08 10 1.2 1.4 1.8 18 2.0
Wind Speed (m/s)

i I

Figure 4.2.2.1 4 hypothetical cup anemometer threshold analysis.
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4,2.2.1.1.2 Thresheld Measurement

There is only cne way to measurs starting thresheld. It
requires a wind tunnel capable of accurate operation below 1 m/s. One standard
methodology is defined in ASTM (1985) and described in Lockhart (1987,
However, il is possible to estimate the starting threshold by matching the
torgue which is reguirsd td keep a cup or propeller from turning at a known
wind speed (in a wind tunnel) with the starting torque of the anemometer
bearing assembly. Lockhart {1978) provided the toerqus relationship as a
function of wind speed for four ansmometer ghapes.

Teble 4.2.2.1 contains values calculated with these
data by using the relationship
T=K1u .
where T_ is torque (g cn /sec”)
u- is the square of the wind speed (m/s)
o X iz = constant for the sesrodynamic shape (g)
The values in the table were calcuizted from this formula using
the & walues from Lockhart {1978).

2

Table 4.2.2.1 - Torque Ueveloped vs. Wind Speed

cup cup prop cup
Speed $1 #2 £3 4
(1/s) (g-cm) (g~cm) {g—-ciz) {g~cm)
C.1 0.014 0.027 G.04% 0.148
0.2 0.0586 0.103 0.i%5 0.892
Q.3 0.128 C.243 0. 441 . 1.332
0.4 o.224 a.432 0,784 2.368
C.35 0.350 0.&873 1.225 3.700
1.0 1.4 2.7 4.9 14.8
#1  Teledyne Geotech 170-42 (20.3 g) K= 1.4
#2 MRI Model 1022 (48.3 g) K= 2.7
£3  R.M. Young Mcdel 21180 (9.7 g) K= 4.9
#4  MRI Model 1074 [18&.8 gl K=14.8

The Lorgues lisied are those acting on the sensor when the sensor is restrained
in a wind field at the speed listed. If the sensor bearing assembly has a
starting torgue lesz than the torgue provided at that gpeed, and the restraint
iz removed, it will start turning. The torgue watch used for the low speed end
of the wind tunnel tests waz a Waters Model 3656-3 with a range from 0.003 oz-in
(0.216 g-~cm) to 0.03 oz-in (2.16 g-cm}. To convert oz-in to g-cm, multiply by
72.

The method of using a starting terque measuremen: to find
the sensor starting threshold will become standard only with the publishing of
K constants by the manufacturers. One manufacturer {(R.M. Young Co.) provides
the K value for anemomsters. Thess values are shown in Table 4.2.2.2.
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Table 4.2.2.2 - Anemomeier K Values
Type Model K
~Polypropylene Cupwheel | Ne. 12170C-100cm 1.4
Polypropylene Propeller| MNo. 08234-18x30cm | 2.3
Polystyrene Preopeller Mo. Z21282-19x30cm 3.6
Polystyrene Propeller No. 21281-23x50cm 5.0

4.2.2.1.1.3 Starting Torgue Measurement

The starting torque of an anemometer bearing assembly will
increase in time because of wear and dirt. The starting torgue, with the cup
assembly or propeller removed, can be measured. Starting torque measurement is
simple in concept but sometimes difficult in application. An experienced
metearvlogical instrument technician can tell if & bearing assembly is in ne=d
of service by simply feeling the shaft or rotatlng or spinning the shaft and
listening to its sound. The trouble with this practice is that it is not
quantitative. It works for fleld servicing instruments but does not provide
documentation sultable for a quality contrel program. Ancther gualitative
practice is to roll the sensor slowly over a smooth horizental surface watching g

the shaft not turn as the sensor {.
turng around it (see Figure k.
§.2.2.2). Sel screws and other
asymmeiries apply a torque which
Jkeeps the shaft from turning while
ithe sensor moves around it. if the
applied torgue could be measured,
this method would be quantitative.

The measurement of the
starting torgue of the bhearing
assembly provides only an
Figure 4.2.2.2 Climatronics F460 torqgue approxXimation of the starting

test for speed sensor threshold of the anemometer,
particularly cup anemometers. The absence of the cup weight may lower
the starting thresheold of the cup bearing assembly but theres is no evidence
that this is an imporiant consideration. At this point in time there iz no
better way to estimate and document in the field and in units of wind speed
this important specification., the starting threshold of the anemcmeter.

The direct measurement of starting torgque requires some device which can
apply a known torque. The most common, perhaps, i1s the Waters Torgus Watch. A
model 366-3 1s shown in Figure 4.2.2.3 applied to a Climstronics cup anemcweter
sensor. The measurement requires some degree of care and skill. The torgus
watch has a square shaft which fits into a sguare hole in the connecting
fixture. The torque watch is turned while holding its shaft in line with the : .
anemometer shaft, without end loads. The indicator is watched and when the .
shaft turns the maximum reading is recorded. This process needs ic include at %
least one fuil turn of the anemometer te be sure the maximum frictiom in the
bearing assembly is encountered. The torque waich measures either clockwiss or
counterclockwise. Use only the rotatlon sense required by the cup assembly or
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propelier. The range of the torque watch may nct be as sensitive as one would
like. 1If the model 366-3 is used on anemometer #1 in Table 4.2.2. 1, the
threshold (0.003 oz-in or 0.216 g-cm) will not measure equlvalent speeds below
0.4 m/s. If the torque watch turn= the shaft
without reaching the.lowest scale point, 211
that can be said is that the starting thresheld
of the znemometer is less than 0.4 m/s.

Another torque watch is the Gu-CH Torqneter

781 with a 0.1 te 2.1 g-cm range (0.001-0.029
0z=in), shown in Figure £.2.2.4 wmounted to a
Teledyne Geotech 1385C wind direction sensor.
A third torque measuring device is the simple
Torque Disc, model 18310 made by R.H. Young Co.,
shown in Figure 4.2.2.5. This is a fundamental
device which does not need expensivs
calibration. Weighls (screws) are attachsd at’
distances from the center of rotabiocn. The
force of gravity provides g-cm terques at the
center of rotaticon of the intentionally out of
balance disc. The shaft being tested must be
horizontzl and symmetrical in mass. & cup
anemometer shaft which does not turm while the
sensor 1s slowly rolled along a flat surfacs
will not work with the Torgue Disc. The g-Cm t :
torque applied equals the weights and distances Figure 4.2.2.3 Waters

when the welights are in the same horizonizl Torgue Wailch
plane as the shaft. Calibration resultis from
welghing the welghts and measuring the distances. An appropriate interface
Fixture would allow the Torque Disc to be used to calibrate =z terque watch.

=3

Figure 4,

2.4 Gm-Cm
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There are several ways to measure torgue but the available

instrumentation to make the measurement is limited. TFigure 4.2.2.6 is a
collection of spring-type torque watches, spring scales and circular discs
capable making torque measurements within narrow ranges and specific
orientations. It is necessary toc become Tamiliar with these devices aad how
they are correctly used. : .-

A = Waters Torque Watch
Model 366-3
(0.2-2.0 g-cm)

B - Waters Torgue Waich
Model 651%-3
(12-360 g-cm)

C - Gu-Cu Torgmeter
Model 781
(G.1-2.1 g-cm)

D = Young Torgus Disc
Model 18310
(0.1-15 g-cm)

£ - Haldex AB
Gram Gauge
(1-10 g)

F' = Young Gram Gauge
Model 18330
(0-10 g)

Figure 4.2.2.86 Faricus Torque Measuring Devices
4.2.2.1.2 Accuracy
4.2.2.1.2.1 Definition

The classic definition of accuracy is the comparison of =
meagured value te a true value expressed as a bias term plus or minus -z random
uncertainty (precision). The bias term may be conditional with respect to the
best Fit straight line; it may vary with wind speed or angle of attack.

When accuracy is specified, the kind of itrue value to be
used to test the accuracy claim must also ke specified. Usually ihe buyer
expects the "true value” to be the wind speed where the anemometer is sited.
The manufacturer expects the "true value” to be the near laminar flow of a
calibration wind tunnel. Some auditors expect the "true value® to be the
cutput predicted by the transfer function when the anemometer is rotated at =
known rate. Let us label the kind of accuracy ze2 follows: -

AT} - accuracy with respect to the horizontal component
of wind speed at the sited lccation,
Al1a) - instrument response
A(1b) - siting representativeness
A4(2) - accuracy determined in a wind tunpel, and
A({3) - accuracy of conversion of rate of rotation to output.

v

A{3) is the easiest to measure and represents most of the
claims for data accuracy from audit reports. It requires, usually, a mezsure
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of the offset voltage {or equivalent m/s) and the combination of offset and
output from the rate of rotation te output converter.

4(2) requires a calibrated wind tunnel and it is a more
difficult and mare eXpensive accuracy io determine. i does provide a check on
the manufacturer's generic transfer furction plug the variztiom in production
individuals represented by the individual being tested. The wind tunnel

‘calibration test provides a specific transfer functiom which can be used to

change the signal conditioning to get the smallest srror of an A{Z) type for
that specific system. Serial numbers ghould be recorded with the test resulis.

Some manufacturers de not identify their cup assemblies or
propellers with numbers. Assune an 4A(2] acouracy is found in a wind tunnel
test and compared to the generic transfer function used for A(3) operations.
Asgume the test shows that the A(3) valus is uniformly 10% law. Assume the
operators tock a year of data with A(3) accuracy tests showing insignificeant
errors. The error to the A(Z2) level iz a 10% bilas and ths data can be
corrected for the year. This action requires szither evidence or goed reason ta
believe that there wasg no physical change to the cup assembly over the vear and
that the individual tested was tfhe one ussd during the vear,

There are still unknowns of the A(1) type to consider.
These are usually conditional biases and often impossible to define. They may
be recognized and their impact estimated. There are two types of these errors.
One is the consequence of the anemometsr design in the Flow field it iz to
measure., Allal. The other is a result of assumptions of representativensss,
A010).

The discussion of Alla) errors requires an understanding
of comventions for the use of u, v and w. In traditional diffusion
applicatiens, the statistics for wind rspresenting a psricd of time refer to u
28 the speed of the horizontal component zicong the dirsction of the mearn wind,
v as the spesd of the horizontal wind component perpendiculzr o the mean
direction, and w as the speed of the vertical wing Compenent.  Another
convention applies to fixed component ansmometers such as the UVW propeller
array. Hsre, the U is the east-west component of the wind in = Cartesian
coordinate system (2 west wind is positivel; V is the nerth-south component af
the wind (a2 south wind is positive); znd W is the vertical component of the
wind {upward moving wind is positive) (Stull, isssg).

HMacCready (1968) characterizeag BITOrS In anemomelers wien
operating in a turbulen:i §low, & cup anemometer has o U=error becauss of =z
different response "constant” to an increasing speed than to a decreasing
spesd, so-called overszpeeding., With modsrn sensors, this is usually 2 small
grrer of s percent or two, depending on sensor design and height above ground,
A cup anemometer has no v=error since it ls insensitive to changes in
direction, but it does havs a wW-error caused by pon-horizontal flow, Thls
8rror can easily be 10% and larger with some designs (Lockhart, 1987). A vane
oriented propeller will have small v-errors and w-errors from misalignment.
These will be small becsuse the propellers respand nearly as the cosine of the
mlsalignment angle, 2% for a 10 degree misalignment. The u-error is too smsll
to measure for light welght helicoid propellers. These are all A{la) errors
and ‘they vary as the wind virlies.

A(iD} errors deal with the agsumpition is that the
anemometer 1s measuring what the true wind would be at ithe point of measurement
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if the apemometer were not there. This is a question of rspresentaiiveness and
net instrumentation but it can have a large impact on the question of data
accuracy. The influence of any supporting structure can bias the flow which
the anemometer falithfully measures. [f the assumption gaes further to eguate
the measurement to its physical height above ground, and if the anemomnst=r ig
mounted on a 2 m pole on top of a large 8 m building, the blas with respect to
2 10 m flow over a flat field will be the fault of ths building. These =rrors
are of the A{lb) type. [f the pole is on the edge of the bullding, the
distortlion of the building will provide non-atmospheric errors of the aAlla)
type to be combined with the A(lb) type. These types of errors ars very
difficult to define and virtually impossible te correct. Data from an
anemomeier mounted In a questionable site, after the A(2) and A(3) errors have
been calibrated out, could be compared with data from a vane orlented propsller
anemometer mounted in a space where the subject anemometer is assumed to
represent. The difference in these collocaied measurements may be used to
estimate the magnitude of A{1) errors. The A(2), A(3) and A{ia) errors are the
ones te concenirate on minimizing., See 4.2.4.1 for siting guidance.

4.2.2.1.2.2 Heasurement of accuracy

The accuracy of an anemometer is found by comparing iis
output to ithe known speed in a wind tunnel. A callbraied wind tunnel has
uncertainties associated with its operation. These include instrumentation )
errors in measuring the wind speed in the tunnel when it is empty (0.1 mph or ‘) :
0.05 m/s in ihe NES wind tunnel above 2 mph) and the inhomogeneity of wind \.)
speed in the test section away from the boundary layer (a function of the B
tumnel designl). The turbulence level in ithe wind tunnel test section should be
homogenecus across the test section with most of the energy in eddy sizes which
are small compared to the size of the anemometer. When this is true, and it
usually is, turbulence does not influence the calibration. Fluctustions in the
tunnel speed can be thought of as long wave length longitudinal turbulence.
This "turbulence” can influence the calibration without careful measurement
synchronization and time averaging.

When an anemometer is placed in the test section for
calibration, consideration musi be given to blockage errors, which are
dependent on the ratio of the size of the instrumen:t to the size of the test
seciion. Also interference errors, which are dependent on the placement of the
anemometer with respect to the wind tunnel instirumentation need to be
congldered. Small calibration wind tunnels may themselves be calibrated with
an anemometer which has been run in the NBS wind tunnel. It 1s alsc a commen
practice to run two anemometers side by side, cne of which has an NBES
calibratlon curve. It is prudent to reverse the positions from time to tims to
verify test sectlion homogeneity. It is not reasonable to expect such
calibrations, even though they are "traceable to NBS® by some definitien, to
have an accuracy better than 0.2 mph (0.1 m/s).

While a calibrated wind tunnel iz the recognized standard
method for calibrating an anemometer, a fundamentzal {but not very practical)
calibration is possibie by moving an anemometer over a measured length in a
measured period of time through still air (Lockhart, 198Sb and Stearns, 1985,
Most manufacturers have samples of their products calibrated by NBS to
establish for their design a generic relationship between wind speed and rate
of rotation, measured by counting pulses, frequencies eor outpul voltages., This
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reiationship is then used as the transfer function to define what the signal
cenditioning electronics or other output devices require tc express the
measured rate of rotaztion in units of wind speged. Some manufacturers test and
ad just each cup wheel or prepeller to fit the generic relztionship within some
error band.

Baynton (1976) discusses the callbration of anemomaters
and shows the results of tests of 12 different ¥inds of anemometers Iln the
National Center for Atmospheric Research (NCAR) wind tunnel. He compares nis
calibration t¢ the manufacturer’s calibration or generic relatienship. Except
for the Adersvane, which probably was too large for the NCAR tunnel, the
difference was within #3%. He also discusses the difference between an
anemometer transfer function which goes through the origin, of the form

Y o= b,
and the transfer function with an offset or threshold, of the form
¥ = a + BX. :
Tabie 4.2.2.3 summarizes datz from his Table 1 and Tadle 3,

Table 4.32.2.3 Wind Tunnel Testi Regults From Baynten

a i E
Type of Anemometer (is) (m/rev.)
Gill 4-blade helicoid propeller Q.073* 0.299 1.03
Gill 3=blads hellicoid propaller G.0u1* 0. 437 1.03
Aerovane hellcold propeller a.233 1.338 0.93
Taylor Biram' s propeller 0,145 0. 255 1.00
Casellz Seasitive a, 487 1. 404 0.93
Thornthwal te ¢, 331 1.47a 0.97
INETAAR ¥ 0.318 1,597
Climet 011-1 0.2853 1.382 1.01
TechEcology # Q.273 1.3%91
Giil 3-cup G.2350 1.057
Elsctric Speed 0.610 2,728 1.03
Bendix Totallizer Model 349 0.588 2.8603 Q.97
MR Model 1074 ¢ . 08T7T* 2.314
& is not significantly greater thar zero
+ Instltute for Arctic and &lpine Research, Fouldsr, Colo.
% Analysis of NBS data wrovided by L. Petgalli
¥ Data from Lockhart (1977) '
E lg the ratio of the tes: result to the mfg.’s calibration.

Baynton lists the valus af "g" for the 12 znemometers he tested, which rangsd
from nearly zero [(0.01 m/s) ta 0.é m’s. One purpose of his paper was to
cautlion users of “"wind run® instruments of the errors associazted Wwith ignoring
"a." Wind tun is generally used to describe those anemometers which count
shaf't rev-olutions over = leng period of time or are geared to a counter or
recorder inm such a way that the output is in units of gpeed. These instruments
cannot pro-vide an offssi. Lockhart (1977) shows thet scme cup designg,
specifically the Meteorology Hesearch, Inc. Hodel 1074 used on the Mechanical
Weather Station, can be nearly as accurately describsd witheut an of faet (a=0)
as With one (a=0.03). Table 4.2.2.4 llsts the NBS data and the linear
regressions to sup-port thils fact. The residual errors from each nodel ara
plotted in Figure 4.2.2.7.
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------ NG === ¥ I e=——e--iinear Repressigpe—---=-
Test  futput  Tupnel  Tunnel utpet I
Ke. Freg. Sperd  Gpeed 137 Y K-y 1° 1%y Pagressicn Output: Ha. |-1p
(hz}  (apd) infs) (rps)  (a/g} (a/5) (8/8) {ars} Canstant ¢, 03208%
1 14 8.9 o4 O 0,28 412 8.2 -0.1§ S0 Erroof ¥ Est 0,106714
z o 1.3 8,6 04.11 G.83  ~0.08 b3l =008 £ Sauarsd {4, 995944
3 ] i I3 049 LI =07 L1E =018 No. af (hsarvations B
§ &8 3.7 L7 0.47 3 0.0 1.6 <0.09 legrees of Fresdas L
3 112 4.7 LI 6.83 202 -¢.08 L9 =411
b 244G 9.5 4,7 .82 4.2 -0.00 4,28 =0,03 I Corfficiant (2) 2. 341654
7 380 5.1 6.8 2.88 5.77 0.02 673 =0,00 Std Err of Caef, 0.004174
g S0 19.9 8.9 379 g8.50 4,01 8.8  -0.02
q 433 4.9 el 473 1112 =0.01  §L.10  -8.63 e
ik Toe 29.8 133 572 1143 LI W 1 .09 Regrassion Outpub: Mo, -8
1 ekl 4.7 13.5 8.87  {5.44 013 15,43 .12 Canstant ]
12 1003 3.4 7.7 7.48 17.84 fle 1785 §.13 Std Err of ¥ Fst 0.1040%9
13 1233 4§.3 1 .31 2130 9.17  12.29 e R Squareqd 0.95%945
14 L 504 5.3 8.5 11,38 Zh.44 0,13 26,44 .13 Na. of dhsarvationg 18
{5 1735 69,4 3.1 13,38 .47 4.0 3017 0.4% Degress of Freedos 17
18 1995 79.4 Sad 130 3502 <hils 0 3543 .08
17 2255 3¢, 2 4.3 17,56 40,20 =011 40,33 -¢.10 I Lowfriciant (s) 2. 348357
i8 2330 16,7 8.8 1907 M9 <010 #4493 -G.08 Std Err of Coef. 0,002754
Test date - [{/18/75 MRI, #ltadens, Calif. Model 1074 B [32/rev. ’
Linear Regression of NBS Data
Residual Errar Analysis
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Figure 4.2.2.7 Residual Errors from MRI Model 1074
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A similar analysis for a propeller anemometer is shown in
Table 4.2.2.5. These data come from = Lest in the Atmospheric Environment
Service (AES) of Canada wind tunnel nn a propeller anemonster being used in a
‘round robin" experiment to estimate the accuracy of wind tunnel calibratlons.
Each test was run for 100 seconds. The tunnel speed is an average of one
second samples taken every ten seconds by AES. The senszor count is 2 total for
100 seconds from the ligh: chepper dellivering 10 pulses per revolution. Each
test was replicated and tests 2 and 4 wers alsw replicatsd in tests 19 and 20,
Two linsar regreszions wers rur. The first, and besi £it, allowed the intercept
of the X axis, or zero offset in ASTM language, to be calculated. The sescond
forced the straight lins through the origin. This latter method vields a
constant slope or pitch (meters per revelution) which when multiplied by the
rate of rotation {revelutions per second) results in wind speed (meters per
second). The residualerror from these two regressions are plotted in Figurs
4.2.2.8. -

It is characteristic far hellcoid propellers to show a
better correlation with wind tunnel speeds than dewes z cup anemometer. This is
because propellers generate torgue uniformly without sensitivity of position.
Three-cup assemblies, oun the other hand, preduce three peaks and three valleys
in torque for each revolution (Lockhart, 1%83). FEither type of anemometer can
be calibrated to an accuracy sufflicient for most zpplications.

4.2.2.1.2.3 Application of accuracy specifications

Al accuracy specification should include enough
information to define the type of accuracy intended and the method by which
accuracy claims may be tested. Here arg a few examples of accuracy '
requirements,

~-

In the Ambient Morltering Guldelines for Prevention of
Significant Deterioration (PSD) (EPA, 1987a}, it states that for horizeontal
wind systems "Wind speed systems should be accurzte above the starting
threshold to within 0.25 mw/'s at speeds equal to or less than 5 m/s. At higher
speeds, the error should not exceed 3 percent of the cobserved speed (maximum

errar not to exceed 2.3 m/s)." In the On=Site guide (EPA, 1987b) in 9.1.1 it
states "Accuracy (error)(1)(2) =(0.2 mrs +5% of observed)
(1) as determined by wind tunnel tests conducted on preoduction
samples In accordance with ASTM D~22.11 test methods. 21 (sic)

(2] zerodynamic shape (cup or propeller) with permanent serial
number tao be accompanled by test report, traceable to NES,
showing rate of rotatien vs. wipd speed =zt 10 speeds.”
By implication, the latter specification refers to accuracy type A(Z), although
the expectation is that A1) will be included by careful siting. This
expectation must be addressed with experienced subjective Judgment.

Assume z system is te be used in accordance with EPs
(1987b], znd an “"off the shelf” anemomeler is purchzsed. The manufacturer
states that the sensor delivers 10 pulses per revolution (ppr} with a transfer
function from revolutions per’ second, R (rpsi, to wind speed, U (mrg), of

- 2 % 30 freg,
U vl = .22 = = Al P e
(mn/s) = 0.224 + ——=nr 0.284 + —mmen

0.224 (mrs) + 1.410 (m/r) R {rps).

B
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Table 4.2.2.5 NBS Test Data for Young 27106 at AES

N ¥ IO Lingar Ragresciga==-=-=-
Sest dutput  Tennel  Tunnel Jutpst i
Wa.  Lount speed  Spead /1006 §° 1=y X ie=y Regrassion Outnut: Na. 1-26
(1 {a/s! {6f5) lrpad {aig) {oisi {n/g) ta/s) Congtant G, 467574
l 3b44 W Ld Eae LU 0001 L9 =0.08 Std Erp aé ¥ Est G. 023963
2 3675 0 1.14 .14 358 1.1S 0,01 109 =005 f Souares 0, 599534
3 L0BIY 32 .27 10.89 3.2 0,01 321 004 Bo. of Observatians 000
4109 .27 1.27 10,91 .09 0.02 R S Degrams of Feoedos L. 08
8t 5.42 3.42 18.1F 3.41  -G.04 5.7 -3
& 18207 q.42 S.42 18,21 3.4 0.402 .40 ~0.43 T Cozffieient (s) G, 295224
7 25418 7.5 7.55 25,42 T7.57 0,02 7.54 0,08 3té Err of Caef, -G, O0027%
§ 12433 7.41 7.60 25.43 7.3 -0.03 7.5 -0.08
3 33004 9.92 §.82 35.01 9.81  -0.01 .80 -4.42 .
W 35903 7.83 .83 335.00 .90 -0.02 980 -0.03 N
11 014l 1L% 11,96 80,16 41,92 -6.04 11,92 0,04 Regression Jubput: Mo, 1-2G
12 81 11,95 £1.95 40,04 11,92 =003 Q.91 -0.04 Canstant 0, GOGe00
13 4TERE 14,13 14.1T 47,584 14040 §.00 14,14 i} Std Err of ¥ Est 0.043328
4 4TET? 14,14 1414 47,58 14,18 ~6.03 14,08 <002 R Guwared . 999944
15 3B 16.35 14,73 35.00 1633 ~0.02 1433 . G Na. af Gbservabions 20,08
1T I L ) .30 55,11 16,34 G.04 18,36 0.4 Degrees of Fraados {5.00
l7 42813 18,33 18.33 al.ei 1B.335 0.02  18.38 4. 03
18 93 14.58 16,54 62,79 18.40 0,04 18,43 G.07 ¥ Coefficient{s} 0.296805 i
17 10930 3.2 3.29 10.9% 3.2 .00 .04 ~0.05 3td Err of Caoef. 0. 000248 (l.\
i 1093t 3.28 .28 0.9 3.8 t.01 LIA -G -
{3} 10 pulses per revalution cousted ror 199 szronds.
Ataosoneric Environment Service of Canada April 12, 1983 with J. Earle Chapeam, Youag Z7i06 B [O/rav.

Linear Regression of AES—EER Data
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Figure 4.2.2.8 Residual Errors from Helicoid FPropeiler



Section No., 4.2.2
Revision No. 0
Date: L7 Sep 89
Page: 13 of 32

Assume that an MBS test was conducted afier a year of
operation and-the results provided a lezst squares analysis of
U (m/s) = 0.301 (nr/s) + 1.387 (n/r) R (rpe).
What action is suggested by this Finding? Throughout the ysar the operator had
the elecironics trimmed to ouwtput 0.224 m/s when the Cups wW=re not turning and
14.325 w's when the cups were twrning at 10 rpz.  The A(3) =2r-or in converting
A ta U ig 0.00. The 4{2) arror can he expraessed zs follows: o
Generic transfer functionm: U = 0.224 + 1.410 R
Wind tunnel (truth): U = 0.301 + 1.387 &
The grror (E, wsg) is U ~ ' or E = =0.077 + 0.023 R
In terms of the measured speed, U, E = -0.081 + 0.0183 U
Table £.2.2.6 compares thls error with the gpeciflcation at different rates of
rotation. The 1.8 percent overestimaiion of speed by the generic transfer
functicn is not large enough to bother with dots correactlon, The data meet the
accuracy guidelines with two thirds of ths allowable error unused. At the nsxt
calibration the system should be adjusted to the wind tunnel derived transfer
function.

Table 4.2.2.6 Wind Speed Errors

R u L’ E Allowed Used
(rps)  (w's) (m/s)  (m/s) _ (mrz) (%)
0.000 0.224 . 301 =0. 07T 3,20 3z
1.2258 1,981 2.000 =0. 049 +0, 30 18
3.388 5.001 3.000 0. 001 0. 37 Q
£.993 10.084 10,004 0.Gs4 0. 45 i9

1£.203  20.250 20,001 0.249 0. 81 31
4.2.2.1.2.4 Precisicn

The definition of acourdcy describes a blas tern and s
variable term zkin to precleion. Traditicnally, precision describes the
uncertainty with which a measuring process or instrument realizes the measursd
value when thati being measured is the game thing and is repeatedly meazzured.
The key Lo finding the variability of =z measuring process is to use a
non-varying subject. In neteoralogy, and particularly in anemometry, il is not
possible to have, with certainty, a nonp-varving subject. The ASTM subcommittes
D=22.11 desalt with this problem by writing the Standard Practice for
DETERMINING THE OPERATIONAL COMPARABILITY OF METECROLOGICAL MEASUREMENTS -
D4430~84 {ASTM, 1994). This work was patterned after Hoehme (1973) in which he
defines Functional Precision as the root-mean-square of a progression of
samples of the difference between gilmultanecus meastrements made by identical
instruments collocated in the atmosphers. Opesraticnal comparability applies to
two different kinds of instruments rather than identiczl ones. This method
recognizes that, from an cperaticnal perspective, the precision of a
measursment can be estimated by know-ing how well identical or similar
instrumentis measure the "same” ©low,

Az EPA project collected data in Boulder, Colorado in 1982

Lo add to the literature some e#stimates of comparzhility. Finkelstein et al.

(198&) published in the refereed literature the material rublished by NOAA in
Kaimal et al. (1984). Lockhart (1988) re-znalyzed these data zpd cancluded
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that the operational precisicn of anemometers at 10 m is no larger than 0.2
wis., Operational precision is the standard deviation of a series of difference
measurements which is equivalent to the operational comparablility with all the
bias (mostly callbration error) removed.

An expression of accuracy for an anemomeier operating on s
10 m tower in the atmosphere can be expressed as some function of speed [f(u)l,
which comes from the wind tunnel test, A(2), plus or minus C.2 m/s. This
estimate does include the influence of turbulence on the sensor since the 0.7
m/s comes from collocated cups and vane oriented propellers operating in a
turbulent’ summer environment.

4.2.2.1.3 Distance Constant
4.2.2.1.3.1 Definition of distance constant

ASTM (1985a) deflnes distance constant as the distznce the
alr flows past a rotating anemometer during the time it tzkes the cup wheel or
propeller to reach {1-1/2) or 63 percent of the equilibrium spead after a gten
change in wind speed. The shtep change is specified as one which incresses
instantaneously from € to the equilibrium speed. The step change is simulzted
by releasing a restrained anemometer in a wind tunnel running at the
equilibrium speed. Several authors. among them Achescn (198%), Hayahsi (1987),
Lockhart (1987), and Snow et al. {1988), have commented on the difference -
between the distance constant to an increasing step function and the distance ".,‘
constant Lo a decreasing step function. The differesnce is larger with larger -
and heavier cup wheels, as is the size of the resulting overspeeding =rror.
Snow et al. (1988} point out that a system including a sensor and an analog
gignal conditioner will have a combination distance and time constant.

4.2.2.1.3.2 Heasurement of distance cenatant

Most manufacturers will provide the disztance constant of
thelir product. These are usually derived from tests of protoiype gsnsors
during the development phase of the preduct. The varlation from individual to
individual in a production medel is net large nor important. It is important
Lo use a standard test and standard definitions 1f distance constant
specifications are to be meaningfully compared to other designs and
requirements.

EPA (1987a} doces not specify a distance constznt far
anemometers. EPA (1987b) does suggest in the Instrument Procurement section
8.1 a distance constant of <5 m at 1.2 kg/m {standard sea-level density). As
with accuracy, this reference uses a footnote to specify the ASTM test method.

The reason why distance constant is included is to urge
users to buy high quailty responsive sensors. Heavy sensors with long distance
constants are more likely to produce overspeeding errors, which overstate the
average wind speed. If they are used to measure turbulence, they will
underestimate sigma u because of a failurs to respond properliy to eddy sizes
smaller than twice the distance constant.

-
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r conpleteness and

in

anticipation of future specifications when more data have been published on thas

Fuby jeot.

The off-axis errors from helicoid propellers zre nearly cosine

errars.

slows down.

misorisntation.

cosine of 10 degrees (0.%84%) or 5.08 m/s.
located behind the propeller may not keep the propeller perfectly aligned with

the wing.
small zngle is wearly onpe.

angle of
a propeller

When a vane-orientsd propeller is turned in = wind tunnel so that the
wind is at some angle to the axis of rotation of the propsller,
The indicaled gpeed from this miscorientatien of the propeller is
nearly aqual to the total speed times the cosins of the
That is, if the indicaied speed from
and the propeller is being held {0 degrees off the true axis of the flow
aligning wind vane, the true speed is the indicated speed (5) divided by
In nmatural turbulent flow, a

the propeller

is 5.00 w's
by the
the
vane

Small misalignments result in small errors since the cosine of =

The oif-axls errors from a Cup anemomeirer with a properly
oriented vertical axls will depend on the design of the cup wheel and the zngle
Maclready (1966) and

from horizent
Rondo =t al.
air flow is net herizeontal.

a
(

1 from which the wind reaches the cups.
1971) show that cup anemometers overstate the wind speed when ths
Konde shows the overestimation by the cups tested

to be § percent when the standard deviaticm of the elevation angle is 17
Slting on ridges or bullding tops or
enywiere the distortion of the flow over an object produces a steady
non~horizontal flow will result in errors which will be unknowr.

degrees and 10 percent at 25 degrees.

The figure from MacCready (1968) showing the response of
various znemometers to the elevation angle of the wind is reproduced here zg

Figure 4.2.2.9.
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Consider the fact that a wind of 5 m/s with an elevation angle
of 30 degrees will have a horizental component of 5 % cos (30) = 4.33 m's. If
the presumption is that the cup anememeter is providing the speed of the
herizontal component of the wind, and if the cup perfurms like a “total speed
senser” 1o the range of £50 degrees as the figure suggests, the 5 m’'s the cup
reports 1s a 15% overestimation of the true horizontal speed of 4.33 m/s. A
propeller anemometer will report the horlzontal component because it does have
a nearly cosine response. Operating side by side in this 30 degree wind, the
cup will report S m/s and the propeller will report 4.33 m/s and each will he
"right."

In addition to the horizontal component dilemma, the cup
anemometer tends to overestimate even the toital wind. This is particularly
noticeable when the alr 1s rising and flows past the support column creating a
wake which interferes with the normal cup aersdynamics. The figure ghows this
effect tc be about 10% at +30 degrees for "standard small cups.” This 30
degree rising air example suggests that the side by side anemometers menticned
above will really be reporting 5.5 m/s (10% off-axis error for the cup) zind
4.33 m/s for the true horlzontzl speed from the propeller, or a 27%
overestimation of the horlzontal component by the cup snemometer.

K\L.//

{
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.2 Wind Pireciion
4.2.2.2.1 Threshold
4.2.2.2.1.1 Definition

: As with wind speed measurement; z key to 2 good wind vane
for air poilution applications is a low thresheld. The threshold is the one
performance characteristic which will certainly change with time because of
bearing degradation. Most wind vanes use opotsntiometers o convert position to
cutput voltage. Potentiometers have besarings or bushings which will wear and
add to the starting threshold. There iz not a standard definition for wind
vane threshold, although the ASTM Standard Tes: Method for DETERMINING THE
DYNAMIC PERFURMANCE OF & WIND VANE (ASTM, 1985h) offers the follewing
candidate., The QB in the definition is the egquillbrium dirsction of the vans

in a wind tunnel at about 10 mrs, .
Starting threshald [Sn’ m/s} iz the lowest speed =zt
witich a vane will turn to within 5" of & from an
initiszl displacement of 10

Even this deft
must move at 1
sensitivity re

in interpretation. If the vane

nition rums into some prowlems
threshold speed, is the offset

fgom 10° to ] atathe
¥ 3 rather than 10 7

The requirement in EP4 (1987a} for FSD zpplications states
"Wind direction and wind speed systems should exhibit a gtarting threshold of
less than 0.5 meter per second (m/s) wind speed (at i0 degreess deflection for
dirsction vanes).” JLoes this mean that a vane that moves from a 10
displacement to 9.3 at 0.5 m/s has a gtarting threshold of 0.5 m/s? The newer
EFA (1987b) cn-site guldance says

"Threshaold (1) = 0.5 ms
(1) as determined by wind tunnel tesis conducted on producticn
samples in sccordance with ASTH D=22.11 test methods.”

The reason the ASTM committee requirsd the vane to move From 10° to 5° was to
relate the starting threshold to accuracy. Wlth wind speed, thers is a way to
cerrect for threshold nonlinearity; for wind direction thers is not. It seemed
best to establish the range of operating speeds io correspond to the range
where accuracy reguirements are met. ASTM zssumed © for wind direction as a
reagsonable accuracy.

When torque measursments began their use as a measurs of
starting tireshold, the question became clearer. If the vane is required to
nove tao 5 there should be enough torque deweloped by the wind speed working on
the tall area exposed at 3° from the wind tunnel centerliine or the true wind
direction to turn the shaft assembly zand transducer. This sounds like 2z &
thresheld requirsment, and parhaps that 1s 2 better desceription. As will be
showr latera there 1s 2 big difference between the torgue developed at some
speed at 10 and the torgue developed at the same speed at 5 . The naturs of a
standard test method is less Important than the application of a standard
method everyone uses and regulatory performance requirements censistent with
that test metihad. This handbook will use the 10° cffset moving to 5% on
release in the wind tunmel (the ASTM method) az the criteria for starting
threshold. The relevant torgue for this definitien is thet at 8°
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4.2.2.2.1.2 Threshold measurement

The measurement of starting threshold requires a wing
tunnel capable of accurate operation below 1 m/s. OUne standard methedology is
defined in ASTM (1985b} and described in Finkelstein (1981). Just as it is
with wind speed, it is possible to measvre the torque which results from the
force of the wihd on a wind vane as the torque measurement dev1P@ holds the
vane at some angle from the wind tunnel centerline, say lﬂ . Lockhart (1978)
‘deseribes wind tunnel test data using f{we very different wind vane designs, the
front-damped Meteorology Research, Inc. (MRI) Model 1074 and the more
traditional Teledyne Geotech (TG) Model 53.2.

Another body of wind vane torgue data exists as a result
of tests run by the R. M. Young Company (RMY). Their tfests used = DC "torque
motor" as the transducer for vanes mounted in their wind tunmel. The torque
motor current was linearly correlated Lo torgue measured with 2 series of
Waters Torque Watches. The torgue motor drove the vane to each of four
positions, plus and minus five degrees and plus and minus ten degrees from the
Wind tunnel centerline. A measurement of current was taken at each position
and at each of 12 wind speeds varying from 0.3 o € m/s, depending on the vanc
design. Table 4.2.2.7 lists the average constant, ¥, which was found by =
linear regression of the motor current (torgue) te the square of the wind
speed, wWith the intercept forced to zerc. They tested all of their products
along with some vanes from other manufacturers.

Table 4.2.2.7 - K Values for Vanes at Two Angles %o the Wind

Vane Type Offset Angie 8
5° 16°

K E K E r
Wind Sentry (MY 03301) 1.8 0.006 3.7 0.017 2.1
Wind Meonitor (RMY 05103) 0.6 0.080 23.3 0,114 2.2
Wind Menitor AQ (BMY QS5305) 16.8 0.126 37.0 0.280 2.2
Propvane (RMY 03003) 15.9 0.081 38.8 0,304 2.4
Microvane (RMY 12302) 25.0 0.414 57.5 Q.7é0 2.3
Bivane-19 cm fin (RMY 17003) 14.5 (0,188 37.6 0.267 2.6
Anemometer Bivane (RMY 21003) 17.1 0.141 45.6 0.457 2.7
Propeller Vane-23 cm (RMY 35003) 19.0 0.127 45.5 0.378 2.4
Long Yane (Vaisala WAV 13) 3.6 0.047 7.8 0.049 2.2
Short Vane (Vaisala WAV 15) 2.0 0.013 4.3 0.029 2.2
Black Aluminum (Met One 0Z4A) 13.2 §.181 28.4 0.394 2.1
High Damping Ratio (Met OUnefi244) 19.9 0.1%4
FA4&0 Vane (Cllmatronics 100075} 1&.0 0.322 22.8 0.4%7 1.8
whera: & = T/U°, E = Std. Err. of Coeff. and r = K{10° ) K(5°

The ratio of the 10 degree K value to the 5 degree K valus
seems to be lower for high aspect ratio vanes, A square vane has an aspect ; ;
ratio of 1. The Prepvane, Microvane, Bilvane and Anemometer Sivane are examples K.//'

of designs with an aspect ratioc of 1. A rectangular vane which is two times =e
high as it is long {along the tail boom) would have an aspect ratio of 2. The
Wind Monitors are examples of this design. The F260 vane has ap aspect ratla
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of 4 and 2 K ratic of 1.9. The "high aspect ratie"” TG Model 53.2, whose torque
datz (natural log of toraue vs. naturzl log of displacement angle) are shown in
. Figure 4.2.2.10, has an aspect ratio of & and has a X value ratlo of 1.4 at
} 0.45 m/s. Differences in torgque betwsen I degrees and 10 degrees could not be
! measured at 2.2 m/s (the ¥ value ratio therefore equals one at that speed).
The High Damping Ratio (Met One) also has =z high aspect ralic and alsoc could
not provide a stable torgue reading at i0 degrees. The BRI 1074 (aspect
ratio of 2).has a ¥ ratio of 2.&. This design is more difficult to compare to
cther vanes because of its fronk damping wane.

Wind Vane Torque Data — Two Vanes
: 1975 Data — (see Lockhart 1978)

29 59 i0” 159 20 30°
KEY: l '
7 - MRl Mode!l 107 4— A2
TG Model 53.2 —— 7 ‘
G 55 m{i/b it [~ 5C8
Vs ol w/® /s
E 3 3 “,@5" I -
o ! /"’M e 22 DX L gg
S __‘*,-v’/ 3 i -
a A4 e e - E
o - — ‘r
/ o e &
23 " ’ ©
=
= — -
= 50 5
- i
e
$ T
_ Q,&é_flﬁd,ﬂ;ﬁw—"’
P
O ' 1 1 i I j T ' 1 - I 1 i 1 1
1.0 2.0 3.0
Ia Displacerment Angle (deq.)

Figure 4.2.2.10 Torgue measurements as & function of vans angle.

if the starting torgque of the shaft of a direction vane bearing
and transducer assembly 1s to be interpratsd in terms of wind speed, zan
expression of torque as & functlen of speed iz regquiresd. Each expression 13
specific to the vane design and an offset angle. Take, for example, the Wind
Menitor AQ shown in Table 4.2.2.7. The expressien for a 10 degree offset ls

T = 27 U°

If a stzarting torque were found to be 5.9 g-om, that
measurement can be expressed as a threshold wind speed of C.4 w/s (0.9 mphl). A
y . .41 s wind a2t & 10 degree angle irom the vane positlon will produce enough
.'1 torgue to move the vane closer to the wind direction. The expression for this
wind vane for = 5 degree offset iz

T = 16.8 U2

The sames startiné torgue of 5.9 gecm will regquire a wind speed of 0.6 m/s (1.3
mphl) to mave the vane closer than 5 degrees Lo the true wind direction.
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Table 4.2.2.8 - Wind Vane Torque vs. Wind Speed and Angle

Wind Offset Angle 6 (deg.)
Ll =] i} (<]
2
Speed 5 A 10 A 15 " 203 A
U T T, T, ) T T, T T,
{m/s)| (g~cm) (g~cm) (g~cm}{g~cm) (g=cm) (g=cm] | (g=cm) (g—cm)
1.3 7 T2 76 108 a7 144 150
2.2 72 &9 166 177 J24 278 432 430
4.5 216 217 562 537 1182 1183

T is the measured torque helding the vane at affset angle @

5 is the linear regression coefficient when a = 0
T ig the predicted torque using K from the fellowing:
h 1.6 A 1.6
T1= 19.55 U~ T?m 20.22 U
A 5 A -
Ty= 57.47 U T,= 88.81 U~

The data from Lockhart (1978} for the MRI Model 1074 are
shown in Table 4.2.2.8 tc demonstrate the complexity of the dynamic performapnce y
of some vane designs. A simple expression is useful to convert a torgue g
measurement to a wind speed., The simple vane designs listed in Table 4.2.2.7
fit a U” expression quite well. The % degree and 10 degree data for the Model
1074 define a different slope than U° on the log=-log plot of Figure 4.2.2.11.
An expression of U"” fits the data well enough to use to extrapclate the
experimental data for this vane design to other wind speeds. The physical
reasen for this unusual dynamic performance is probably related to the effect
of the front damping vane and the relatively large support column. The
vortices shed by the column only effect the rear vane.

. The question remains, should the & degree K value be used
or the 10 degree K value? For the purpose of making a conservative estimate of
starting thresheld for performance accurate to 5 degrees, the 5 degree K valusz
is recommended. The user should not expect this torgque-defined threshold to
agree with the "starting threshold® published by manufacturers. Oniy afier g
test is specified, like the ASTM test, can a 5 degree K value he expecitad Lo
agree with the data sheet values.

4.2.2.2.1.32 Torque measurement

Starting torque measurements of 3 wind vane may be made Iin
either of two general ways. [f the vane can be removed, a Lorque watch can be
used to measurs the starting torgque of the bearing assembly and transducer {(sen
Figure 4.2.2.3). For this method ta be most acourate, an equivalent weight of
the removed vane must be placed on the shaft to simulate the end loads of the .-
L

shaft of the bearings.
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Wind Vane Torgue Data — MER! 1074

1975 Date - (see Lockhart, 1978)

Torque (g—cm)

ST - | T
1.3 m/s v 20° 2.2 m/s 4.5 m/s
KEY: x 15% 5 !
’ : T =5747 U
= 1,000
T
=
O
!
)
©
o
=
Q
— — 10C
£
4 5 )16 T=1955u'"8 -
T =5022U" ' >0
3 F T T I I.I I I I T T T i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
In Wind Speed (m/s)
Flgure £.2.2.11 Torgue measurements as = function of wind speed.

If the vane cannot be removed or the choice is to not
remove 1t, the starting torque can be measursd by imposing s force at a
measured radial distance from the axis of rotation. 4 spring-type gram scale
at 10 cm from the axis of rovation will yvield g-cm after dividing by 10. On
some designs it is impossible to impose the ferce at 1 cm. In the interest of
accuracy, it is better to use a longer distznes so the length part of the
measurement can easily be just a few percent. Of courss the trade-off for
accurate distance is small force, an egually troublesome source of uncertainty.
Figure 4.2.2.12 shows different gram scales used on, 2 Young Wind Monitor A3

wind vane.
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If the vane is left on, the space used for the measurement
must be devoid of any air movemeni. Human breath provides a force which can
bias Lhe measurement. It is alsa impertant that the axis of rotation be
vertical to negate any imbalance in the vane assembly.

For ejther method, the full 3&0 degrees of rotation of the
vane should be challenged with the highest torque found being reported as the
starting torque (worst case).

4.2.2.2.2 Accuracy
4.2.2.2.2.1 Accuracy definition

There is no transfer function for a wind vane comparable
to that for an anemometer, unless the conversion of shaft position to output
voltage 15 taken to be such a function. The vane is assumed te be accurately
placed, on average, downwind from the axis of rotation, when the wind is steady
and its speed is well above the threshold. If the vane is bent in some way, =
bias will be introduced {see Dynamic Vane Bias later in this section). This i=
seldom large enough to be of concerr.

The accuracy of the sensor is described by how well the
shaft pesition is reported by the transducer and signal conditioning circuit.

The accuracy of wind direction must include the accuracy with which the sensor - \
|‘l|"
e,

is sited with respect to TRUE NORTH. Any error in orientation will be a true
blas and can be removed from the data at any time the facts become known. The
“facts" in this case mean a rigorous quality contrel program which requirss o
site log to indicate any servicing of the sensors. The "trus blas” can change
if the sensor is removed and reinstalled without "as-found and as-left"®
orientation measurements in the log book. Any possible undocumented change can
negate data correction for orientation.

The requiremenis for accuracy inciude TPA (1987a) which
states "Wind direction system errors should not exceed % degrees, including
senser orlentation errors." In EPA (1987h) it says

"Accuracy (error) (1) =3 degrees relative to the sensor
mount or index (=5 degrees
absolute error for installed system)

(1) as determined by wind tunnel tests conducted on preduction
sampies in accordance with ASTM D-22.1{. test methods, "

The footnote is in error. There is nothing in the wind tunnel test which
relates to wind direction accuracy.

4.2.2.2.2.2 Measurement of sensor ACCUrACY

The simple procedure for this measurement requiras somne
fixture which provides for steps in the direction vane shaft position of known
size. There are innumerable devices and methods for this procedurs, many of
which wiil be described in the callbration section (4.2.53.2). One device which |
can move the shaft in 60 degree increments is shown in Filgures 4.2.2.13. The
important criteria are stability and knowing that the error band for the
fixture is on the order of 0.1 degrees of arc.

L ]
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-2.13 Wind direction calibration Fixtures from Teledyne
Geotech (lefi) and Hei. Standards Insiitute (right).
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Typlically, potentiomsters used for wind direction will
have a linearity of about 0.5 percent, 1.8 degrees in 360 degrees. A table of
angles and output values will usually fall within 2 range belween ~1.8 degrees
and *+1.8 degrees when the bias is removed by subtracting the average error from
each error. This statement is true when the open sector of the potentiometer
is lgnored (for 360 degree mechanical and zbout 352 degree glectrical systems,
see Jection B.2) or when errors in 340 degree format switching systems are not
considered. Other contributions to sensor error, such as hysteresis,
out-of~round and signal conditioning errors, when added to the linearity earror
menticoned above sheuld previde an error band net larger than -3 to +3 degrees
relative, or 6 degrees if the bizs has not been removed.

An example of zudit data shown in Table 4.2.2.9 describes
the performance of one wind vane when chzllenged with = 60 degree fixture. The
fixture settings and the displayed digital output ofthe system are listed. The
system had a 340 degree range and a2 5 wolt Full scale output. The cutput is
convertad to nominal veltage to show how the 540 range works. (Degrees per
volt = 540 / 5 = 108)

The average error of -3.4° was calculated without using
the obvious "open section" values marked by "*.* When the Tixture is installed
the vane substitute is set in the 180° location and thep rotated untll the
output is about 180. This need not be precise since the average srror provides
a means of normalizing the data by removing the initizl bias of zpprovimate
setiting. The linsarity of the potentiometer-signal conditloner can be seen in
Figgre 4.2.2.14. Except for ths "open sector" near 35007 the error is within 2

+ 1

* 3 band, inecluding the 540° format switching error of about 1°.
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Table 4.2.2.9 - Relative Wind Direction vs. Quiput Direction

Fixture System Nominal Error Nermalized

Setting Output Voltage Error Output
A B B/108 E=B=-A E-C B~C

(deg. ] (deg.] {volts) (deg.) (deg.) ({deg.)
180 ccw 177 1.639 -3.0 0.4 120.4
120 cow 114 1.05%86 -6.0 =2.6 117.4
060 cocw 054 ¢.500 -G.0 =Z.56 057.4
360 cow Q01 0.009% 1.0% 4. 4" 005, 4
300 coew 298 2.759 -2.0 1.4 301.4
240 ccw 238 2.204 =2.0 1.4 241.4
180 ccw 176 1.830 -4.0 =0.6 179.4
120 ccw 115 1.065 -5.0 -1.6 118.4
i80 cw 177 1.639 =3.0 C.4 180.4
240 cw 239 2.213 =1.0 2.4 242 .4
300 cw 292 - 2.704 -2.0 1.4 301. 4
360 cw o1 3.343 1.0%* 4, 4% Q03. 4
0&ed  cw 56 3.8532 -4.0 0.6 059, 4
120 cow 115 4,398 =5.0 -1.6 1i8.4
180 cw 177 4. 972 ~3.0 0.4 180.4
240 cw 239 2.222 -1.0 z.4 242 .8

average error C = =-3.4 (" values excluded)
L CW is clackwisep ccw is counterclockwise fk.}
L A

Relative Wind Direction Accuracy
Actual 16~Point Audit Results — 540 Degree Format

5
Mumber indicates point sequence g “4 12
I =8 counterclockwise ! :
4 §-16 clockwise
/_‘.\ |
o3 - :
S .
= £10,16
. 2 is
O ﬁ N _
= S8 e, 5,11
L . vy
~ $‘,J,9,15 .
= 0 ;
L] A
E s S - /’ + =
- Tl 13 - 7
O -1 = - .
= . /;
\\\_ e84 .
-2 :
-3 +2
; i .
-3 } I H\“//
060 120 180 240 300 380

Fixture Position {deg.)

Figure 4.2.2.14 Results of & wind vane audift using s0° steps.
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An analysis of Lhi=s type helps Lo opiimize the accuracy of
the crisntation. [f an orientation target is at 120° TRUE, when the vane is
pointing from 120° the autput should read about 118°. This effectively centers
the error band (sse 4.2.4.3.2 on orisntation).

G.2.2.2.4.73 Heasurement of erieniation accuracy

. QOrientation error is an important part of the measurement
error, but it cannot be considered until the sensor is installed in the field.
The accuracy of the orientaticn includes the accuracy in finding TRUE NORTH and
the accursey with which the vane is aligned to TREUZ NORTE. Use different
methods for finding TRUE NORTH. Methodology for orilentation is given in

4,2. 4.3, 2.

4,.2.2.2. 2.4 Expression of Accuracy

An accuracy specification should include enough
information to define the type of accuracy intsnded and the method by which
accuracy clalms may be tested., There is no reguirement for traceability to NBS
for wind diraction. The measurement of relative direction is s fundamentzl
division of a circle. The measurement sysism can be bhench tested by basic
methods vielding a clear expression of the srrors assoclzited with a positleon
angle vs, sysiem output transfer functicw, The errors are mestly conditional
blases which are small enough (less than cne percent of 250 degrees) to ignore.

Thwe orientation error is 2z pure bias which cannot be bench
tested. The toizal error, a simple sum of the two parts (roct-sum- square, RBSE,
combination is only legitimate with random errors, not biases), can only be.
found after installation.

4.2.2.2.2.8% Precizion

o~
1

he definitien of accuracy describes a bias term and a
variable term akin to precision. 4 comparabllity test (see 4.2.2.1.2.4) will
show that two vanes properly sited and perfectly orisntsd will report the 20
minute scalar averageodirections with & difference of less than two degreses,
i.e. precision is + 2

A0 expression of accuracy for a wind vane operating on a
10 m tower in the ztmospheres can be expressed zs the relaiive accuracy plus
orientation accuracy and = 2° for precision. For a collecated test (Lockhart,
1988), the orlentatlon error can be estimated by the average difference betwsen
the subject wind vane and a collocated wind vane perfectly oriented. If the
orientation error is found to be large, ard if a qualliy control system nas
provided records of maiatenance showing the orlentation has not been changed, a
bias correction can be applied, The aceuracy of the data corrected for bizs is
then the relaltive accuracy z 2°

I I

£2.2.2.3 Delay Distancs [(Distance Constant)

4.4.2.2.3.1 Definition of delay distance

ASTM (19€88b) defines delay distance (D) as the .distance
the air flows past a wind vane during the time it takes the vane to return tc
50 percent of the initial displacement. The vzlue For this sensor
specification is found in wind tunnel tasts, as described in Finkelstein
(1981). The Initizl displacement is 10 degrees and D is the average of =
series of tests at 5 mw/s and 10 n/s using displacenents on both sides of the
tunnel centerlinme.
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The specification in EFA (19872, PSD) says "...the
distance constant should nct exceed 5 m." In EPA (1987, On-Site) the
specliication says

“Delay Distance (1) =5 @ at 1.2 kg/mj {standard

sea-level density)
(1} as determined by wind tunnel tests conducted on production
samples in accordance with ASTM D-22.11 test methods, "

4.2.2.2.2.2 MHeasurement of delay distance

Measurement requires a wind tunnel of reagsonable size and
quality. The width of the tunnel should be at least three quarters of the
overall length of the wind vane to be tested. With the small displacement

angle of 10 degrees (about 3 percent of full scale), it is hard to conduct this

test in the open atmosphere. -

- This specification is strictly a sensor dynamic
performance specification. Any tlme constants in the signal conditioning
circults will dampen the apparsnt sensor response and mpake D larger than it is
for the senser. One could argue that it ls ONLY the combination of D and the
time constant of the signal conditionmer that should be considered in meeting
the regulatory requirements for performance. The 35 m maximum Ffor D is roughly
equivalent to a time constant of 0.5 seconds at 10 m/s wind gpeed and a 1 m
vane. For this and other reasons it is best to keep the time constant of Lhe
signal conditioning circuits to 100 ms or less. For the same reason, it is
necessary tc use high speed recording equipment for the wind tunnel tests. At
10 mss, a2 1 m vane reaches the 30 percent D value in 100 ms. If one wants

resalution te find D to 10 percent of the true value (0.1 m), 2 5 m2 resolution

in the data 1s desirable.
4.2.2.2.4 Overshoot or Damping Ratio
4.2.2.2.4.1 Definition of overshoat or damping ratio

ASTM (1985b) defines Overshest (I} as the ratio of the
amplitudes of two successive deflections of a wind vane as 1t oscillates zbout
HH after release from the offset position, as expressed by the eguation

Q= (n+1i)
=]

n .
where Bn and efn+1) are the amplitudes of the n and (n+1) deflections,
respectively.

The Damping Ratio (n) may be calculated approximatzly from the overshcoot ratia
by the formula
-
ln[—ffd

DN
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The specification in EPA (1987a, PSD) says "The damplng
ratio of the wind vane should be between 0.4 and 0.85...° In EPA (1987Db,
On-Slte) the specification says

"Damping Ratio (1) 0.4 at 1.2 kgfmj or
Overshoot- (1) e -<28% at 1.2 kg/mJ
{1) ag determined by wind tunnesl tests conducted on

production sampleg in accordance with ASTM D=22.11 test
methods. ”

The subject of dynamic wind vane psrformance is thoroughly

discussed in MacCready and Jex (1964), Gill (1967}, Weiringa (1967) and #ches
(1970).
4,2.2.2.4.2 Heasurement of overshooel _

The measurement of overshoot also reguires a good wind
tunnel and sensitive, fast response recording systems. A series of tests wer
conductad by Lockhart in 1986 in pursuit of a wind vane design with a 0.6
damping ratlo. A sketch of the results of ithis unpublished work is shown in
Figure 4.2.2.15 to provide an sxample of how varlous vans designs compare in
overshoot and delay distance. Ons of the requirements in the ASTM method is
initizl offsel of 10 deg.

4.2.2.2.5 Dynamic Vane Bias

The Dynamic Vans Blas (BE, deg.) ig the displacement of

the vane from the wind tunnsl centerlire at 3 m/s. This measurement will
identify wind vanes with unbalznced azerodynamic response because of damage
{bent tail) or design. This is z screening specification not needed or ussd
any application requirements. The ASTH method mszsures this difference, if
any, and disqualifiss the vane if the difference is greater than one degres.

4,2.2.3 TUREBULENCE
4.2.2.3.1 Definition

The Clessary of Mebeorclogy (Huschke, 1970} gquotes Sutton

on

&

an

in

(1955) defining turbulence as a state of fluld flow "in which the instantanecus

velocities exhibit irregular and apperently randem fluctuations sc that in
practice only statistical properties can bs recognized and subjecled to
anzlysis. The situztion is, in fact, analogous to that accepted unreservedly
in the fleld of molecular physics...” The definltlon 1s ended with a quote
from the Bikle®

The wind bloweth where it listeth and thou hearest
Ehe sound thereof but canst not tell whence it comeih
and whither it goeth:... Jobn 3:®

not measured, 1t is caleculated. From the standpoint of quality assurance;
turbulence 1s a difficult subject to contrcl. It is possible to define the
meagurement samples from which the statistical properties are calculated. It
is possible to define the algorithm by which the zamples are summarized. The
relaticonship betwesn the algorithm and the zpplication or model is also
impprtant, but it is beyond the scope of this handbock.

From the standpoint of wind measuresment, then, turbulence is
j
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4,2.2.3.2 Direction Measurement forr 3igma Theta

The most common turbulence property routinely reported ils sigma
theta, the standard deviztion of a series of horizental wind direction samples.
Most, but not all, of the following will also =zpply to gigma phi, the standard
devigtion of a series of vertical wind direction samples. Among the :
specifications which are impartant to the direction measuremsnt used fo
calculate gigma thetz 1ls delay distance which limits st the small end of ths
eddy zize spectrum the eddy sizes to which the vane can react. If the vane has
a delay distance of 5 m, Lt will not detect energy from eddys smaller than 5 m
because the vane cannot react to them. I 1 m eddy sizes are important te the
diffusion being estimated, use 3 wind vane having s deley distance of 1 m ar
less.

Anether important specificstion is overshoot or damping ratio.
Vanes will overshoot when correcting for a direction chenge. If the oversheoot
ratio iz 0.5 (or 50%), more vartability will be reportsd from the zame
turbulent f{low than is reperised by a vane with an overshoot ratio of 0.25 (eor
28%). The relationship beiween overshooi ratio and damping rztie is given in
Table 4.2.2.10 as calculated by the egquatlon found in £€.2.2.2.4.1.

Table 4.2.2.10 - Overspoot Ratio vs. Damping Hatlo

Overshoaot Damp 1ng
Ratlo Percent Hatlo
1.00 oo Q.o
0.%0 9d 0. o3
0. 80 &0 0.4a7
Q.70 T 0.11
.80 &0 Q.16
Q.50 30 Q0,22
Q.40 40 0.28
Q.33 35 Q.32
Q.30 30 Q.36
Q.25 23 .40 )
Q.20 20 .48
0,15 15 0.52 |
Q.10 10 .59 |
Q.05 3 .69
¢ denotes PSD range

Slgma calculations zre blased by any averzging built into the
signal conditlioner. They are alsc subject te error 1f external nolse geis Into
the output, a dilemma for circuit designers. 4 compromise might be to filter
out any noigse al freguencies higher than 20 Hz {(0.% m st i0 m’s). In winds
above Z0 m/s, this filier would degrade datz from =z wind vane having a delay
distance of 1 m. Turtuleace from meunting structures upwind of the
vane will bias the sigma valus. Out-of-balance conditions with = vane
measuring sigma phi will also bias the = tlc, particularly ay the low wind
speeds. Un-filfered noise from potentiomsters will add an error to the natural
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variability of the wind. These are problems which are best detected by
lnspection of strip charts or oscilloscope traces.

4.2.2.3.3 Statistical Summaries

A few basic ccnéepﬁs will help in considering the specifications of the
statlstical algorithm used and the representativeness of the value calerulated.
Here again, careful definition will help understand what the circuiis and
logical netwerks are doing to the input samples. EFA (1987b) devotes 44 pages
to Meteorclogical Data Processing Methods.

Representativeness is the impertant concept to keep in mind
when examining strange or unusual data. Samples of wind direction taken over s
short peried of time (sesconds to a minute or twe) are likely to exhibit nearly
normal or Gaussian distributiscn. As the tipe gets longer {(a Tew minutes to an
hour or morel, physical dynamics driving the {low in the surface laver may
provide different shapes. The most common of these might be the bi-nodal
distribution resulting from land-water, mountain-valley, day-night or
meso-scale convective flow systems, Whatever the driving feorces, a bi-modzl
distribution cannot be usefully representad by a mean and standard deviation.
This is to say that a data sampling and processing system may work perfectly
and produce mumbers which have no physical meanlng. From & specification
standpoint, tests for "working perfectly" ares possible and should be used. .
|
wr

The method used by the wind direction system to describe the i
pesition of the vane in the series to be statistically deseribad must be
thoroughly described and understood. The most common error in the past,
perhaps even made today, is to do nething. i the cutput voltage unambigucusly
represents an azimuth angle, and if samples of veltage are described with the
statistical parameters of mean and standard deviation, and then expressed in
units of azimuth angle, great errors will result. These ErTers ares a result of
a discontinuous range of output voltage. If O01-360 degrees are represented by
0-1 valt, samples clustered around 360 will contaln some near 0 and some near
1. The mean of 0.3 will be 180 degrees away from the mode.

When analog ink recorders were used exclusively with 360 degres
formats, it was common to see the paper painted red by the pen going back and
ferth through full scale, effectively obliterating any data. There are several
ways to aveid or minimize the "crossover" problem. System speciiicacion should
define how this will be done. The mast common methed for minimizing this error
is to use a "540 degree" format. Systems were designed with dual
potentiometers or dual wipers 180 degrees out of phase. When the wiper moved
into the gap, circuit swltching would change to the center of the cther circle.
This switching would be invisible in the cutput at the 1/3 and 22 scale
peints, but when the voltage went hevond full scale, 1t would switch to 772
scale and when Lthe valtage went to zera, it would switech to 23 seale.  This
format completely eliminated the ren painting probklem and drastically reduced
the output voltage swWitching, but some large pulses remained to occasionally
bias sigma calculations.

With the advent of microprocessers and digital computers it
became possible to combine the samples witheut any large pulses. One method
uses a unit vector sum to find the resultant vector direction (average
directipn]. With an assumed wind speed of 1 m’s, each sample of wind direction
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1s converted from polar coordinates (001-380 degrees) to cartesian coordinates
(N-5 and E-W components in meters). The compconents are added or subtracted over
the sample period and the resultant vector direction is found by converting the
final coordinzte sums to polar coordinates through an zrc-tangent calculation.
The standard devistion of each sample about the resultant vector direction is a
stralght forward process on the differences of the samples from the "average.
0f course, this same method can be used with the true spaed-welghted wind
vector samples.

Some automatic systems currently available pick an assumed
direction, ususlly the mean of the last period, take the digital difference in
degrees (limited to 180) of each sample from ihe zszumed mean, and find the
standard deviaiion and the mean difference for the period. The standard
deviation about the mean is the same as the standard deviation about the nean
plus a constant. The mean differsnce plus ihe assumed divection is the true
mean (limited to 360 degrees). )

There are alsoc cther algorithms which sstimate the standard
deviation (see Turner, 1985). It is only necessary from the standpoint of
quallity assurance te know that the method used is heing sztisfied with the
samples taken from the measurement system.

d in EFA (1987b) as 360 samples to
r LO¥%. Lockhart (198%) found an

The sample size iz specifi
i a
standard deviation was estimated

estimatle the standard deviztion to within
appareat blas, not a random errer, when th
from 120 samples over = 20 minuts periaod.

M L8 4D

ost models accepl data representing one hour. Slgma theta §
60 minutes is Infliuenced by the changing wind direestion during the hour. It
recommended (EPA, 1987h) that four 1S-minute sigma theta calculations be
combined to provide a “one hour' valus for the purpose of selscting a
Pasquill-Gifford stability class. The method iz

ar
ig

1
2 z 2 z Tz
o + g + b
" B A hso ANS a_ﬂ
A UL =l = - -
4
E . e . NE
whers ¢ ls caléulated besiween 00 znd 153 minuies,
by
15 :

z ; N
where ¢ 1s calculated between 13 and 30 minutes,
"3
z ‘ . m e
where ¢ 1s calculated beiwsen 20 and 45 minutes,
- b g
2,
wherse e, 15 calculated between 45 and 60 minutes,
Ten
. z i . R : : ;
where each o 18 a 135 minute standard deviation of wind directioen. The proper
label for this average valus is GAd:}, sinece it ls the sguare root of the
o
average 13-minute variance and contains no energy from eddy sizes larger than
the 13-minute period. ANy change in mean directlon from ene period to the next
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Is excluded from this value but included in Lhe true standard deviation of the
directlon about the houriy mean. If the standard deviation about the hourly
mean is required for a concentration digtributian analysis, the corrasct

formulation feor o 1s shown below.
A{l=hr)}
i
z 2 2 2 2 2 2 2 e
o +*nr’ +a¢ +nae +nd +nd +nd o+pd
14 2 4 3 & 4 A 11 23 33 4
Tationr) : 2 3 A
roar m, D, tn o+ n,

where n_.n_,n ,n4 are the number of samples in pericds 1,2,3 and
L -

2" 3
Z2 .2 .2 .2 :
and d1,d2,u3,d4 are calculated for each peried from
d = A - &
1 1
d_ = A_- A
= 2
a_ = A~ A
3 3
d = A-X
& 4

where A1 is the average direction for period 2 eta,
and A is the average directlon for all four perilods.

See Box et al. (1978) for further discussion of the caleulation of total
variance from discrekte subset variances and means.
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4.2.3 ACCEPTANCE TESTING

The procuremsnt document, purchase crder or contract, should be specific at
least in terms of requirsd performance specifications. "Reguired" in this
context mzy oply mean that the instrumsnt meets the suggested or specified
regulatory performance. It 1s another question, beyond the scope of this
handbook, whether "necessary” velates tc the azpplication to which the dats will
be used.

There are two kinds of performance specifications., those which can be
verified by simple inspection testlng and those which require unusual test
equipment and experience. The former should be tested and the latter certified
by the manufacturer. The manufacturer should have eithesr performed these tests
on one or more samples of the model design or arranged for such tests to have
been conducted by some calibration facility. In either cass, a test report
should be available to any who require the documentaiion. The cost of the capy
of the test report should not be much larger than the cost of normal copying.

If the manufacturer does not provide such documnentaticn, the choice is between

accepting the manufacturer’s unsubstaniiated claim or having a specific test
rum.

A good QA FPlan will provide for 2 QA slgn-of? of the procurement document
in order to assure that squipment capable of the required performance is veling
purchassd and that the capability can be verified. Purchasing by brand name is
of ten expedient where the performance ¢f a model has been verified and all that
is required is more units. This practice is alss cost effective when
considering spars partz and instrument technlicizn training costs.

The parts of wind speed and wind direction sensors which predictably
deteriorate and seriously influence the performance of the sensors are the
bearings. It is acknowledged that an experienced inspector can "measure”
bearing condition by feeling or spinning the shaft. The receiving inspection
is a protection against putting defective squipment into the field. It is not
a necessary link in the documentation itrail for data validity purpases. True
torque measurements for data validity will be most valuakle at the initial
fileld calibration. True laboratory conditions ray be chosen, however, because
torque measurements are sufficiently difficult to mske.Therefore, a receiving
inspection may be used for this purpose.

a

-

4,2.3.1 Wind Speed

3]

Arn ewample is found in Table 4.2.2.1. This performance specification
for an anemometer is hypotheiical but cne which will meet the requirsments of
EPA {1987a, PSD). Each atiribute of the instrument is identified by a kesy as
to whether it 1s a recelving test candidate of not, and the nature of the
testing is briefly discussed below. Each instrument includes a senser, signsal
conditioner, and recorder. When an attributz of the sensor is affectied by the
slgnal conditlioner or recorder, a keved commnent will be made.
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Table 4.2.3.1 - Anemometer Performance Specification

Rangel 7 0.5 to 50 m/s
Threshold1’2[+) 0.3 m\=

1A

iA

(0.2 m’s + 5% of observed)

5mat 1.2 kgfm3 (standard
sea level density)

Acouracy (erfar)1’2[$]($j

14

Distance ConstantZE?J

{+) as determined by wind tunnel tests conducted
on production samples in accordance with
ASTHM [-22.11 test methods (ASTM, 198Sa).

(¥) aerodynamic shape (cup or propeller) with
serial number to be accompanied by test repart,
traceable to NBS, showing rate of rotation vs.
Wwind speed at 10 speeds with 0.1 m /s resslution.

1 subject to recelving ingpection
Z  transducer with signal conditicner

4.2.3.1.1 Threshold

The threshold receiving test should examine the system output
with the anemometer not turning (below sensor thresheld) and with the
anemometer turning at an equivalent 0.5 m/s. If the cup is a Climatronics FAGD
Vinyl Cup Set (100083) or Heavy Duty Cup Set (101237}, the peilished constant
for mph and 30 pulses per revolution is 9.511 which converts to .41 meters per
revolution. At 0.5 m/s the cups should be turning at

0.5 # 1.41 = (.35 rps,

or one revolution in 2.8 s. The cup assembly can be turmed by hand to
approxlimate that rate of rotation. If the anemometer is a Young propeller
(08234, 18 cm polypropylene), the turning factor is 0.294 meters per
revolution. At 0.5 m/s the propeller should be turning at

0.5 + 0.294 = 1.70 rps,

F]

or two revolutions in 1.2 5. This also can be approximated by turning the
propellier by hand. '

The key measurement for threshold, however, is starting torgue.
This requires knowledge of the X value (see 2.1.1.2) which should be available
from the manufacturer.

4.2.3.1.2 Accuracy

The receiving test for accuracy is the conversion of rate of
rotation to output in units of wind speed. The iransfer function, supplied by
the manufacturer, should be in terms of rate of rozation (rps) vs. wind speed
(mps). The receiving inspector simply turns the anemecmeter shaft at a few
known rates of rotation to see if the systemoutput compared to the predicted
output is within the tolerance specification.

t’.-l
-

L
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4.2.3.1.3 Distance constant

The distance constant determinztion requires a special wind
tunnel test and i1s beyond normal recelving inspection czpability. The time
constant of the anemometer clreouitry will influence the sffective system
performance. Assume the manufzacturer's wvalue for distance constant of the
sensor is cng meter. At a wind speed of 10 m/s the .sensor will have a time
constant of 0.1 8. Assumne the time constant of the system electronics is 2 s.
Then, at a wind speed of 10 m/s, the system time constant is 2 s or 20 m.  In
this example, the system electronics would need z time constant of 0.1 s or
less if the respense capabllity of the szensor ls to be fully available. 4t a
Wwind speed of 0.3 m/s tie sensor respends in 2 s, the same 235 the system
glecironics. I[n this example, the svstem zlecironics dominstes the sensor
response abt all speeds. [f the sensor response is to be available at all
speeds (up to 25 m/s), the electronics time constani must be 0.04 s or less.
The tlme constant can be measured at the receiving test by timing how long it
tekes for the output to reach 63.2% (l-1/2) of a step change in speed, The
step change can made by turning the anemomster shafi at & known rate of
rotation and then instantanecusly stopping lts rotatien.

Ly ]

4.2.3.2 Wind ﬂirectiqn

£ examnple of 2 wind directlen specification iz found in Table 4.2.3.2

(see EPA, 1987b). This performance specification is also nypothetical but 1t

i1s one which will meet the reguiremenis of EPFA (1987z, PSD). Each instrument
an

includes & sensor, signal conditloner, and recorder. When ap attribute of the
sensor ls zffected by the signal conditionsr or recorder, a keyed comment will
be made.

Table 4.2.3.1 - Wind Yane Performance Specificalion

- 1
Range QCG1 to 360 degreess or
Q01 to 340 degrees
Thresholdl % (+) C 20.5 ms
Accuracy (error)lpz(T) % 3 degrees relative to the

zanser nrount or index -
degrees relative te
THUE NORTH :
1

P P - J . .
mat 1.2 kgsm” (standard
sea level density)
3

3

ife
o

Delay Distanced(?)

14
[#]]

Damping Ratlo®(+) 2 0.5 at 1.2 kg/n

Overshoot2[+] 2 25% at 1.2 kg/m

() as determined by wind tunnel tests conducted on
production samples in accordance with
ASTH D-22.11 test methods (ASTHM, 1985a).

L subject to receiving inspsction
2 transducer with signal conditioner
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4.2.3.Z.1 Thresheold

The threshold receiving test is a starting torque measurement
(see 4.2.2.2.1). To relate the torque measured to wind speed and off-set
angle, a K value is required, either from the manufacturer or from an
independent test. The torque measurement may be made with the vane assembly
removed or with the vane assembly in place. [f the latter is chogern,
verticality ls essential to negate any out-of-balance Iin the vane asgsembly from
biasing the test. Alse there must be no air motion. Very small air motions
will bias the tesi. Use 4 smoke puff to be sure the alr is still apd refralin
from breathing in the direction of the vane surface.

4.2.3.2.2 Accuracy

The receiving inspection is the best place to establish the
true non~linearity, if any, of the direction vane transducer. A test using
some circle dividing fixture capable of fine resclutien, 1 deg. for example,
will provide a record which can be referenced in futura field spot checks.
Without such a test it is hard to prove accuracy of = 3 deg. [f seversl units
show the same pattern of non=linearity, it should be acceptable to sample
future units and accept a generic shape of the error. When a long seriss of
samples is planned, there is a tendency to devise methods which ars quick. The
time constant of the signal conditioning circuit must be known to establish the
minimwr time between positlion change and cutput reading or recording. If the
step is small, like 1 deg., three time constants will deliver 95% of 1 deg. ,
which is good enough. If the step is large, like 180 deg., three iime
constanis will deliver 95X of 180 or 171 deg. which is not good esnouygh. It
takes seven time constants to deliver $9.9% or 179.8 deg.

The receiving inspectlon cannot include the orientation error.
The manufacturer does not deliver orientation. There may be orientation
fixtures, however, which assume that an optical centerline is parallel to the
line set by an orientation pin. This asgsumption can be tested. Fleld
orientaticon may be hased or the arientation of & crossarm with the assumption
that the output angle when the vane is parallel to the crossarm is knewn. This
assumption can be tested or the alignment fixiure set in laboratory conditions
tc the desired output.

4.2.2.2.3 Delay distance and overshont

These dynamic characteristics require a gpecial wind tunnel
test and their determination is beyond normal receiving inspection capability.
The time constant of the wind direction circuitry car Influence the svstem
performance as it can with wind speed. Assume the manufacturer’s value for
delay distance 1s one meier and the time constant of the electronics is 2 s.

At wind speeds of 10 m/s the time constant of the wind vane iz 0.1 s angd at ©.5
m’s it 1s 2 5, the same as the system electronics. For this axampla,
therefore, at all speeds above 0.5 m/s the periormance of the wind vane is
being limited by the time constant of the electronics. The time constant can be
measured at the receiving test by timing how long 1t takes for the ocutput te
reach 63.2% (1-1/e) of a step change in directien. For example, the sien
change can made by quickly turning the vane from 0JG to 180 deg. The time
constant 1s the time required for the system output to change from 000 deg. io
113.8 deg,
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%,2.2.3 Heasurement Systien

All the elements of a system of signal conditioners, recorders and
monitors will require checking for correct function. The receiving inspection
shotld include testing these various sub=-zystems. There may be a calibration
switch which replaces the sensors with simuiated conditicns. Assume a system
has a calibration switch which substitutes the eguivalent of 25 m/s and 180
deg. to the input of the signal conditioning besrds., In 4.2.3.1 and 4.2.3.2

the sensors were providlang the input valuss. [t is possible for these tests to
snowWw perfect vesulis and yvel the outputs with the calibrztion switches on could
show the system [o be cut of calibration., The reason would bhe that the

ad justments for thes substitute calibraticn inpuis were off.

After the calibration inputs have been adjusted and the "output” shows
the system to be ln calibration, a parallel znalog recorder may show incorrect
values. Thls event could be caused by an incorrect adjustment in the interfacs
which drives the analog recorders from the cutput. So far the "output" is
assumed tc mean the volizage which goes inte the data logger and becomes the
archlved data. There may be monltoring meters or digltzl displays on the
system panel. These monitoring meters may differ irom the "cutput" because
they have indlvidual adjustments., All the sub-systems should tell the same
stery and the receiving inspectlon should verify that they do. In fact, it is
rare when a system arrives in receiving with the variocus ocutputs in
disagrezement, but they musi be checked.

It goes withoub saving that the recelving function records the model
numbers and serial numbers of the component parts and checks the parts received
against the purchase document and the shippling document. -



Section No. 4.2.4

Revision Ne. O
Date: 17 Sep 89
Page: 1 of 8

4.2.4 INSTALLATION
4.2.4.1 General Considerations

From a QA point of view, there are aspects of the installatiorn which
should be considered. Psrhaps the most impertant of these is giting. See
4.0.4.4 for general siting criteria and discussion. From a QA4 poimi of vigy,
however, faillure to meet the recommended siting criteria may be necessary., If
the general site is selected for other measurements for good reason, the wind
-Sensor siting may be only a best compromise. There are considerations which
set the options for the compromise. Among these are technical and budgetary
considerations. The qualitative Judgments which go inte siting are hriefly
diseussed here,

If buildings or trees are likely to interfere with the wind speed or
direction sensing, try to locate the tower or pole such that the wind sensors
will most faithfully record speed and direction for the direction of primary
concern, e.g. for directions that would take an effluent toward a residential
area.

Another important technical consideration is accessibility of the
sensors. There should be no hesitation in taking a hands~on lock at the
sensors whenever a performance questicn arises. Vet this is the most difficult
task at most sites. Scme sites require special "climbers" to retrieve a sensar
and walt to return it te its installed position. These Ffield peoplis may not be
trained to handle delicate instruments. Tt may be so difficult or expensive to
get a3 sensor down that suspected bad data will he accepted rather than facing
the probiem. This reluctance causes mounting hardware to become corroded to
the point that the semsor camnot be removed without damage. Most of the
breakage of dellcate sensor parts resulis from handling while climbing on a
tower. If the direction sensor does not have an allgnment fixture, it may not
be possible to remove the sensor without going through the orientation
procedure at re~installation. '

There are several ways Lo overcome most of these problems. They all require
design forethought in instaliation. First, the senscrs need g he gasily
removed from the mounting structure. They need to be as easily connected to
the rest of the measurement system when they are down, either with the same
cable or a suitable substitute cable. One popular cup and vane design uses a
crossarm which contains non-removable cabling, Either the whale crossarm
assembly must be taken down with the sensors or :there has to be a substiture
cruossarm to plug the sensers inte at ground level. Some towers, the shart 10 m
types, can be tilted to access the sensors while still connected. In this case
the sensors are about 90 deg. from their operating position. Some tzsts
require the sensors to be vertlical. In these cases the sensor still needs to
be removed and re-connected. Tdeally, the crossarm is left exactly as ig so
when the sensar is replaced, nothing physical has changed with respect to
verticality or orientatiorn. Some towers telescope for access to the top where |
wind sensors usually are mounted. This makes access easier bui removal and |
reconnection is still necessary. Some towers have elevators which transpert -
the sensors up and down the tower. How they deal with cables depends on the k.)
elavator design. ‘ h A
An ideal installation is one where the cperator can get hands on the
sensor, perform a test adjacent to the electronics and recorder, and re-install
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the sensor, safely, alone and within one hour. There are no technological
regzsons why this cannot be done, except for tzll towers where an elevator may
take 20 minutes for a one-way trip. There probzsbly is not a budgetary reason
for aveoiding something like this ildeal installatien, cnce the cost of invalid
data and true operating costs are factored into the formulza. 1t is usually not
done simply because the need for serv1ce is overlicoked and che method of access
is not gpre-planned. ‘ -

4.%.4.2 Wind Speed

The wind speed sensor 1s most suscsptiblie to error from shadowing and
interference. Aside from the need to have the anemcmeier properly exposed, the
only cother consideration is verticality (for cup anemometers). If the cup
wheel is well balanced, a small angle (1 deg. or less) in mounting ls not
important. If the cup wheel is not well bzlanced, the starting threshold will
be degraded.

%.2.4.2 Wind Direction
4.2.4.32,1 Exposure

The problem with verticaiity for the direction vane iz just ths
same &5 with wind speed. For a well balanced vane zsgsembly, a small angles frem
vertical is neit lmportant. I[f the vane assemibly is not well balanced, the
starting threshold is raised and z predominant directlon for light winds may
not have any basis in fact. .

Wind vanes are often used for dizpersion apwllcatlons by
calculatling the standard deviation of the wind directlon about the mean
direction, sigma theta. Unless the wind vane ls at the tower top, there will
be some direction whers the wind goes through and around the tower befors it
gets to the vane. The farther from the tower the wind vane is mounted the
smaller the sector with tower interference. The interference sector czn be
selected by placing the vane on the appreprizte side of the tower.

4.2.4.2.2 Orientation

Of all the sources of error for 2 wind direction measuremsnt ,
the orisntation of the vane to TRUE NORTH has the potenlial and reputation of
being the largest. A bad orientation provides = fixed bias to the data which
cani be removed. If the vane is moved and the censtancy of the bad orisntation
is in question, the data may not be reccverzble. The method of wind vane
orientation must be capable of 1 deg. accuracy with 2 or 3 degrees as the upper
limit of the error. Twoc steps are necessary te achieve an oriented wind vane.
First, the lccation of TRUE NORTF must be found to an zecuracy of less than 3
deg. Secondly, the wind vane "index"” mus: be zimed =t that lovation with an
accuracy of betier than 2 deg. (see £.2.2.2.2.3 for =z discussion of the
location of the normalized erreor "index”).

TRUE NORTH as distingulshed from magnetic north is usually
found by resding 2 magnetic compass znd apolying the correction for magnetic
declinaticn. The declination can be read from a USGS map. The Fox Island
Statlon declination, asccording to the 1959 (revised in 1981) map, is 20.5°
The USGS is now providing =z compuier service called GEOM&S. See below:
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CONNECT

Unautheorized use of this U.S. Government computer systamn
is punishable under PL98=473
Welcome to the USGS Branch of Global Seismology and Geomagnetism
On-line Information System
Type Q for Quick Epicenter Determinations (QED)
 H for Historical Epicenter File Searches (EIS)
M for Geomagnetic Field Values
Enter program-option (Q, Hor M): m
GEODMAG
The Internaticnal Geomagnetic Reference Field ([GRF) was revised in August,
1987. The models for 1945.0, 19%50.0, 1955.0, and 1960.0 have been suparsaded
by new definitive models (see, for example, EUS Transactions, American
Geophysical Unlon, vol. 6%, no. 17, April 26, 1988, pages 557-558). The new
models were installed on June 21, 1988. Please note that the revision affzcts
fileld values for dates between 1945.0 and 1965.0, but net those for later
dates.
Problems or suggestions? Please contact Norman Peddie, U.S. Geological Survey,
M5~968, Federal Center, Box 25046, Denver, CD 20225, Telephone: (303) 236-1364
(FTS 776=-1364).
Press RETURN te continue:

Do you want information about this program (Y/N}7? [
Options: 1) Field Values (D, I, H, X, ¥, 2, F) .
2} Magnetlic Pole Positions {.’I
3) Dipeole Axis and Magnitude R
4) Magnetic Center [
Display values iwice (Y/N)}? vl [ 1
Name of field model: : [ .1 ?
The following field models are available:
Name Type [late range Region
IGRFRS Spherical Harmonic 1945%.0 - 1990.0 World
USCONES Spherical Harmonic 1985.0 - 1990.0 48=-States
USALABS Spherical Harmonic 1983.0 - 1990.0 Alaska
USHAWSS Spherical Harmonic 1985.0 - 1990C.0 Hawaiil
Name of field model: { 1 JSCONES
Date: [1725/8%) | ]
Latitude: [ Ja7{.z2%8
Nerth or South [(N/S): ['1 N.
Longitude: { 1122, 6292
East or West (E/W): [l W
Elevation: i0.0) [250 feet
Model: USCONSS Latitude : 47.25 N
Date : 1/25/89 Lenglitude: 122.6292 W Elevation: 230.000 ft
N I H X ¥ Z I
deg min deg min nT nT nT nT of
19 47.9 69 29.0 19526 18372 &613 52181 35715 .
19 47.9 &9 29.0 19526 18372 6613 52131 s5715 ¢ Yy %
Annual change: \\.j
0 -5.5 a -0.7 -1. 8.7 -29.8 =39.8 -37.7 il

9
0 -5.5 0 -0.7 -1.9
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The GEOMAG program was accessed by calling 1-800-358-2663
through the modem of an "XT clone' using a "CNE TO ONE" communications program.
Using the capture feature of ONE 7O ONE, thas following communication was .
recorded. HNote that the Fox Island Station declination for 1/25/89 is 19.8° or
0.7 less than the map indicated. This is consistent with the 0 deg. -5.5 min.
annual change for the roughly eight years since the map was revised.

The cther way to find the directlon to TAUE NORTH employs soms
astronomical obgervatlon. Waile the compass method is clearly easiest, ilL is
also the most prone to error. Good training and equipment will reduce these
errors to an acceptable level, but not the "less them 1 dsg." advised above.
Training will minimize errors from the influence of nearoy metal objects and
the mis-zpplication of the declination carrection, but local variation in the
isogonic fleld ls¢ unmknown., On the cither hand, the observation of astronomic
bodies can be unambligucus. Folaris, the north star, will provide TRUE NOARTH to
within ! deg. (without cerrection) on any clear night. The true solar noon
method will provide the north-south direction te withism 0.1 degree on any clear
day, given the station longitude, date and an acrurate clock. 4 simple Basic

"program will provide the azimuth angle te the sun at any time of day given the

station longitude, latitude and date. Examples of the two solar methods are
given below.

4#.2.4.3.2.1 True Solar Heon Method

The True Solar Mocn (TSH) method finds the time at some
particular date at some particular longitude when the sun is in the north-south
plane passing througl the North Pole, the South Pole apd the longitude
selected. [f the sun is not directly overhead (slewvation 90 deg.) the azimuth
line to the sun is TRUE SOUTH or TRUE NOBTE. Twoe calculations are required.
First, find the time of the Local Apparent Noon (LAN) from the lengitude. The
exanples shown here are for:

Fax Island, WA (Long. 122.6292, Lat. 47.2300), Q7/04/90 and
New Orleans,L4 (Long. 90.1100, Lat. 230.000C) 12/25,940.

ﬁAH = 12:00:00 + 4(Leng. - 15n), whers n is the number of time zones from

Greenwich., Table 4.2.4.1 is z list of i valugs for United States time zaones,

Table 4.2.4.1 Time Foneg

Tine Zone o

Eastern &

Central &

Mountain 7

Faciflc &

YukonsAlaska g

Hawaii L0
T}AH(WA]= 12:00:00 + 4(122.6292 -~ [i5 x 8]) = 12:10.32 = 12:10:31 PST
TL&H(Lﬁ] = 12:00:00 = 4{0%90.1100 - [13 % &]) = 12:00.44 = 12:00:26 CST

Secondly, carrect for the Ephemeris of Lhe sun.

TTSH = TLAH - A, #here A is the correction found in Table 4.2.4.2.
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Table 4.2.4.2 Ephemeriz of the Sun

From the Nautical Aimanac - 1888 Yachtsman’s Edition
Equation Equation Equation Equation
Date oftime Date oftfime Date  of time Date of ims
m. s. M. s. M. 8, U
Jan. 1 =324 |Apr. 1 =400 |Jul. 3 - d 05 et 1 #1099
4 <448 ' 4 =307 B -457 4 411 08
7 -5 {8 7 -2 18 b -5 08 7T osizde
10 724 10 <128 iz -53z | 1M +i2 52
13 -335 13 - 39 15, <5853 1 +1338
16 -940 18  + & 18 -609 16 +14 20
19 -0 39 19 & 48 21 -B20 - 19 +14 58
22 113 22 +126 24 -§27 22 41527
25 -1318 25 +159 27 -628 25 .. 415 B2
28 -12 54 28 +2 29 a0 - B 25 28 +1810
31 1325 |May 1 +252 JAug. 2 -B18 I +16 29
Febh, 3 -1349 4 4313 g  .&m Nov. 3 +1g828
6 -4 05 7 +328 B  -540 & +1B 22
8 -i414 10 +338 11 -5 18§ g 41612
12 -14 16 13 +342 14 -4 44 12 +15 54
15 -14 14 16 +342 17 -408 15 +15 28 @
18 <1400 19 +337 20 -328 18 +14 55
21 <1342 22 +328 23 -243 29 «l4d 14
24 -1318 25 311 2% =158 24 41328
27 -12 48 28 + 252 29 -1 03 27 <1231
Mar. 2 -1215 31 +228 [Sep. 1 - 2 30 +14 29
5 1137 JJun. 3 +200 4 ¢ 80 |Des. 3 #1029
8 =14 58 ] + 129 7 + 1 50 B + 3 08
11 1010 9 + 5§ 10 +252 ) 9 475
14 -5 21 12+ 19 13 +388 12 + 829
17 -84t 15 - 19 18 +500 12 4 8 (0d
20 -738 - 18 - 58 19 4804 18 +337
23 -544 21 -138 22 w708 21 +208
26 -549 24 .215 25 +811 24+ 38
289 <454 27 -283 28 +912 27 - 51
3¢ -330 . -220
Togy WA} = 12:10:31 - (-4:16) = 12:14:47 PST = 13:14:47 PDT
TogqlA) = 12:00:26 - (-0:08) = 12:00:34 ST -

fnce the time of TSN is known, all that remains iz to observe

" the position of the line to the sun at TSN. An easy way is io use a loosely

mounted thecdolite set at 180 deg. to tirack the sun. [CAUTION: EYE DAMAGE av
RESULT FROM LOOKING AT THE SUN WITHOUT SUITABLE PROTECTION - Remember that
harmful UV rays can be present when visual iight "looks" safe - USE AN EVE
SAFE FILTER] When a watch (one second resolution set to WWV or equivalent
source {or the correct time) shows TSH, tighten the thecdolite mounting. At
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that instant the sun is in the cross hair of the theodslite and the theodelite
correctly labels the azimuth angle as 180, Once set, the theodolite can be
used Lo filnd the bearing to any distant feature which might be selected as zn
orientation target. Another method is te mark the end of the shadow of =
vertical tower at TSN, thus establishing z N-S line from the base of the tower
to the mark. :

The two drawbacks Lo the TSN method are weather and
gchedule. If the sun iz obscured at TSHN the cbservation cannot be made. 4dlso,
if other actlvities command higher pricrities, the tlme of TSN might not be
availzble for the sighting.

4.2.4.3.2.2 Solar szimuth Method

The azimuth angle to the sun can be found at any time if
the latitude is alsc known. A Baglce program (Blackadar, 198%) which contzins
the necessary subroutines has been adited to provide the outputs shown in
Figure 4£.2.4.1. These are Lhe same two examples as are used in 4.2.4.3.2.1.
The program listing 1s given as Flgure 4.2.4.2. Hotice in Table 4.2.4.3 that
the two methods do not agree. The differences are irivial. Even at the fast
apgular motion of July, the sun moves about 0.5 deg. per ninute. The roughly
quarter minute differsnce in methods represents only & 11litls over 0.1 deg.
uncertainty. HNotice alse the nonlinearity difference between winter and sumper
which makes simple extrapolaticn impossible.

. 4 Brunton compass, mounted on a tripod, can be used for
selar sighting. The mirroer can be seb to project the sun znd the sighting
points and lines on a white piece of paper. Thas compass needle can be used as
3 reading index or an additional protractor and polntser can be added to the
compass mounting hardware.
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TAY? 4 iy et
MONTH? T HINTHY 12
YEAR? 1990 VEAR? 193
SOLAR ALINUTH ANGLE SELAR RIINUTH BHELE
YEDHEZDAY 4 JUL 1990 TESDAY 23 DEC 1990
Fox Isiand, ¥R i ' New Orisans, LA '
Langitude 121,6292  Latituge 47.23 Lengizude 90,11 Latztuge 30
fay of Year 183 Julian Bay Z448077 gy OF Year 357 Julian Day
Trangits Neridian 13 14 &3 P07 Transits Meridian 12 0 34 £37
Ting Elevatian  Azimuth Tizg Slevatinn  Azimuth
HR, MIN? 11,30 B4 16,30
ar.84 130,15 ARSI 1S5.28
HR,MIN? 12,00 L HINT LG
6l.34 141.99 N IRZ07
HR,MIN7 12,30 HL RIN? 15,30
&k, 04 155,84 *0 175,35
Hi, MIN? 13,00 He 7 12,450
63,43 171,73 8 17535
HR, MIN? 13,30 . 1, HiN? 12,30
45,42 198, 40 .14 199, 08
HR, MIN? 13,00 ' HR,MIN? 13,00

45,452 171.73 , WIS %45 &.
o ,«’J

Figure 4.2.4.1 Screen printouts for two azimuth examples

Table 4.2.4.3 Solar Method Comparisons

Lo,La,D WA (7/4/90) LA (12725/90)
Method TSN Almanac dif. TSN Almanac dif.
Units POT FDT (s) CsT LC3T {s)
TSN 13:14:47 13:14:53 -6 12:00:34  12:00:34 ¢

where Lo is the station longitude
La is the station latitude
D is the date of interest




Figure 4.3.4.3

50 STAG="M3!, Fox stand, WASFEM STATION NAM
60 READ LG,LA o .
100 DATH 122.529,47.25 REM LONSITUDE & LATITUDE
110 READ FLOBLO L AOATLESED 0 T
120 DATA 3,741 502654, 409005 ,4 . E83T651%9,.01 7202791
130 DATA B.23471229,,007205570,.015723,.00218

140 TR=FY190F Ca2 PLREM TO AADLAME, FULL CIRCLE

150 Sl 15 INT(LOV 5+ 5):REM STANDARD LONGITUDE

180 TZaSL/ 154 AEM SELECTS TIME ZOMS LABEL

90 L=l O TR A= AT TR S LS TR

210 1 5e"SUNDAY MONOAY TUSSOAY WEDNESDAY®

220 D23 THURSDAY FRIDAY SATURDAY

230 D5mDM 54028 1 Xfmr == *

240 M5 ANFEBMARAR RMA Y JUHJULALG SERPOC TNOVDEDS

250 5= AR TE S TLETMSTPSTYS TASTADTED TS OTME TRO YT TAGT®

260 THal QP B:REM LONGITUDE TIME DFFSET - 13 HR
270 PRINT "DAYHNPUT T

280 PRINT "MONTH:NPUT M

250 IF W12 THEM PRINT "INVALID DaTETCOTE 250

S0 PRINT “YEARSINPUT YR

310 Xa 1Y 1E0OSUE 2470

320 Ji=TREM YEAR DAY 1

230 ZallsVaMBOSUE 2410

340 W Dm el 101 :REM DAY OF YEAS

Q50 XealWNT (T WY = INTTKD

Q60 WDmTT* M-t .50 120 DAY OF WEEK

280 TeT+3440.5: THHEM T 18 HOW TIME OF LOCAL MEAS MODK
385 DTw (00594228 08T : TaT+OT ¢ FEM EPHEMERIS TIAE -
394 PRINTY TAB{28);"S0LAR AZIMUTH aMELE"

405 PRINT TARZA);

410 FRINT MIDS(DS,5"W0h+1,59%

SEO PRIMT AIDSMS, 3711+ 15078

420 PRINT TAB(201:STAS:

428 FRINT TABE0) Longitude , LOVTRTAS 42 Laduce™ LA/ TH
450 PAINT TAS(20);°Day ol Yew YD TAR M2) " Jullan Day* NT {01
480 X O YR SL-15°TR

00 1R K80 AND Xe298 THEN TZaTI4? 1 Sle¥

S10 TS=MIDSZE. 3°TZ+1,0)

310 GOSUS 2860: REM FIND SUN 4T LOSAL MEAN MOON
820 IF UE=PI THEN DE=DE-FC

630 Quidl-FAAEM EQUATION OF TIMZ (MOT DISPLAYED)
640 DEalE : REM SAYE DECL FOS HEAT BUDGET

GAD Xan 0145439 1 GOSUB 2260

630 IF ABS{M I THEN 720

FI0 GOTD 7a0

720 SC=Z(1+LUFC) : Ha80 2 GOSUIE 2250

728 TC= D027 4" S0 SINIDE) " COS(TL) " Sibi (LA

T30 Z=SINIB)  COS{LACIS(DE)3)

TIE TC=TOIL

740 =TT TE+20 : GOSUB 2390

780 PRINT TAB23); Transie Mendias

789 IF AESLA-DE)PYE THEN PRINT X305 TH

800 M=y 1 GOSUT 2260
813 XaZT : GOSUE 2315
B20 FRINT X215

B30 PRENT

B0 PRIMT TAS (123 Time
Tl GOTD 000

2010 Cal:pl=

2020 IF o) THEM 20850
2020 ZadiZutlF el THEM Nal
2040 GOTQ 2060

Elevaton Anmuh®
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2080 ZadY

2060 ZadTHN(Z)

2670 F Cul THEN ZaP2-Z

Z20HG F Nwt THEMN Znad,

20808 F D THEM ZaZoi!

2108 € Zol) THEN ZuZ+FC

211¢ RETURAM

2160 CZaSIMILA " SIM{DIE) « COS{LA) COS(DE) COSH)
2165 SZwSORAT -CIM2]: ZA=ATNISICZ)

2170 F Zhel THEMN ZBaLia Pl

BITS MaSOSIDE)SINIHYSE

280 Pe{SIN (LAY CZ-SINCENHSE COS(LA)

2388 FOSUE 2010

190 AZal : IF AZ>P] THEM AZ=AZ-FG

2198 ASTUAN

2270 MaZ T4 SL-Ria-L Okl P

2220 F HoPl THEM Hal4-FC

2230 RETUAN

S280 FOR e TS

2288 TTwber Pl O 810 L -5

E3T0 XuSRET) - Y0052 GOSUB 2010

2278 Ml 0 LI (T-T (Sl ZYFE) T NEXT I

280 ITwZ : AETUEN

B30 F Kl THEM RallF T 30TO 2270

FAUE WK LS | o T

2520 Ta (W21 10 W TET)

T30 ZeINTUZ-Y)"60) + AETUAK

FI8G VXS IBILA) “SINIDE)WCOSILA) " COSDE)
2370 F ABSTY)1 THEM 2399

2380 KaSOR(1-13) | GOSUB 2070

20 AETIIRN
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Basic program listing for finding solar azimuth as a

function of Longitude, Laiitudes, Date and Time
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4.2.5 CALIBRATION

Calibration, as defined on page 2 of the Purpose statement in the beginning
of this handbock, gqualifies the procsss as both a measurement and adjustment,
if necessary, of the performance of the system and its components
Mapufacturers usually lnclude in their manuals the detzils of all the avallable
calibration or adjustment points. From a QA standpoint, the important
consideration is how the system is working as a whole. Since only parts of the
system are adjustable, the relationship of these adjustments to the whole
system must be known. This brief section will focus on documentation af
calibratlons and methods to verify the system response to subcomponent
ad justments.

4.2.5.1 Wind Spead
4.2.5.1.1 System accuracy

The part of a calibration which challenges the entire system,
except for the coupling cor reaction of the sensor te the wind,relztes the rate
of rotation of the anemometer shaft to outpui speed. It does not matter if the
rate of routation is caused by a synchronous motor or a d.c. motar with =
provision for shaft revolution counting. What does maiter ls the accuracy of
the determination of AVERAGE rate of rotation and a common averaging PERIOD
used by the system and the challenge. The cperators may cheose to conduct this
callbration with the sensor installed on the tower. When multiple outputs
exist, the calibration should recerd values from each of them, but the criticzl
gutput 1s the one used to produce the official archieved data.

The accuracy determination depends on both the method used in
the challenge and the accuracy of the measurement of the inpui. If =a
synchronous motor Ls used, there must be some reason to believe the moter was
turning in sync with the commercial power. Repeated samples which do not
change is one form of evidence, Commercial power ls generated within a
frequency tolerance of 80 %£ 0.1 ¢ps. Synchronous motors which are hand held
with a2 flexikle coupling to the anemometer shaft may go in and out of sync
providing & slightly changing output. Shaft rotation counters can also produce
erronecus outputs. Some evidence of their perfermance, such as counting a
synechronous metoer shaft rotation or simply: counting revolutions at a slow rats,
is needed In the documentation of the test equipment, preferably before and
after field use.

4.2.5.1.2 Component accuracy

IT the system has built in calibration circuits, they should be
calibrated at the same time as the total svstem. They are handy to use on a
routine service schedule, but there needs to be some evidence of thair
calibration. If panei meters or portable DVOMs are used to check the signal
conditioner or transducer sub-system, there needs to be evidence that they are
in calibration. It is pessible to adjust a circuit to provide the required
cutput on a mefer which has a 2% error and thereby introduce a 2% error to the N 3
calibrated system oufput. \\.)

f—

.The calibration of the sensor starting threshold can only be =
measurement. Adjustment ls usually impossible. The exception might be the
amount of end play in the shaft-bearing assembly, but that level of sensor
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repalr is usually left to the laboratery or shop for good reason. The accuracy
of ithe torque measurement, or non—-measurement, isg also important. Assume a
Lorgue watch, or similar device, with a range of 0.003 to 0.030 oz-in. The
threshold of measurement is 0.003 oz-in or 0.22 g-cm. If a cup anemcmeter has
a E value of 1.4 (see 2.1.1.2), the torque provided by a 0.4 m/s (0.9 mph) wind
s 0.22 g-cm [from T:Kug]. The torque provided by & 0.5 w/s {1.1 mph) wind is
-3% g~om. If the torque watch cannmot messure the gtarting terque of the shef
because il turns beforz the indicater moves, the starting torque is < 0.22 g-cm
and the starling speed is < 0.4 m/s. [f, instead, the gtarting torgue reads
0.35 g=cm (0.005 cz-in), the starting spesd iz 0.5 w's and within
specification. If the starting torgus reads 1.0 g-cm (0.014 oz-in or about
half scale on the torque watch), the starting speed is 1.4 m/s and clearly in
need of service. Documentation of this measurement will tell the datz Qc
inspector that the data from this anemometer is in error in the indicated 0.2
(assuming a 0.2 m/s offset) to about 3 m/s range. {3 n/s wind provides 12.%
g-cm torgue or about an order of magnitudz mere than that provided at 1 m/s.
The difference between 0.35 and 1.4 is not likely to be vigible at 12.6) Ths
true wind speed will be higher than the indicated speed. At Indicated 0.2 n/s
it would be 1.3 m/s and at indicated 3 m/s it would rzally be 3 m/s.

f

Qe

4.2.5. 8 Wind Direction
4.2.5.2.1 System accuracy

The system calibration ¢f a wind vane ran be checked on the
tower by alming the vane to and from known directions, such as a distant
mountaln peak or similar feature. If checks are made with respect to a mounted
component, such as z crossarm, the orientation of the crossarm also needs to be
checked. A single distant fzature should be the orientation target with a
known bearing with respect to TRUE NOSTH. Other targets can be secandary
checks which challenge both the orientation znd the performance of ths
transducer. For systems using the 540 format, the targets should be reached
after a clockwise revolution and Lhen ageln after a counter clockwise
revolution to challenge both parts of the transducer,

Befors the transducer is removed from tihe tower, a
documentation of the as-found cuiput with the vane held wointing at or frem the
orientation target is sssential. Thisg single act provides the basis for data
valldity for the period beginning with the previocus as-left record and ending
with this as-found reading. Since the sansor should ol have been removed {rom
the tower or adjusted in orientation without the as—-found and as—left readings,
these values should be the same, within the capabllity of pointing the vans (1
deg., 2 deg. at the most). If they are no%, the data OO inspector will havs
gsone detective work to do. Usually, when ths sensor is removed and uged in a
calibration at the iccation of the rest of the gystem, replacement in z keyved
fixture will cause the as-left valus tao be the =zme as the as-found. Flgure
2.2.5.1 shows three examples of how manufacturers provide an orientation key
for wind dirsction senscrs. If there 1s no keyed fivture, the full orientation
procedure will be required,
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Figure 4.2.5.1 Methods for keying orientation of difection sensors

One simple orientation procedure regquires a clamp which will
hald the vane from turning. A hose clamp will work for some designs. Figurs
4.2.5.2 shows a hose clamp used for this
purpose. Tape which does not stretch is
marginally useful. Stretchy tape like
duct tape or eleciricians tape will only
work on a perfectly calm day. Set the
vang sc¢ that the ocutput is the correct
value for the orientatlon target isee
4.2.2.2.2.1). If the angle of the
orientation target is ceincident with a +2 !
deg. error relative to the average error
of O deg., the output should be 2 deg.
higher than the bearing of the orientation
target. Only in this way will the relative
error of the sensor be distributed egqually
about TRUE directions. Tighten the clamp so the output is both correct and
constant. Mount the clamped sensor on the tower and turn it until the vane
points at the orientation target. Clamp the vane in place. Yerify that the
output is still correct before remeving the vane clamp.

Figure 4.2.5.2
4 direction vane clamp

4.2.5.2.2 Component accuracy

The same comments regarding calibration circuits, paralie]
recorders and panel meters apply to wind directicn as they de to wind speed,
mentioned in 4.2.5.1.2 above. With the senscr next to the signal conditioner
(attached with either the operating cable o a sultable substitute) and with a
fixture which holds known relative directions, the signal condiiioner can be
adjusted if required. The 540 offset voltage, if one is used, can be tested

cand adjusted. The output voltage vs. position can be set, The open space in
the potentiometer, if one is used, can be measured and ad justed for,.
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A single potentiometer has an electirical range of something
like 355 dsg. with =2 mechanlcal range of 360 deg. If the transfer function of
relative direction to voltage oultput is

B = 360 x V

where 6 is the angle in deg. and ¥ is the ocutput in volts {(0=1 V scale), and
the maximum "full scale” output, set by sherting the potentiometer wiper to the
high side of the potenitjometer, is 1.0020 V, a small =rror will have been sst
inte the system.  The error will be +1.4£ % of reading. At 2333 deg. the output
will be 3&0. At 180 deg. the output will be 182.5 deg. This adjustment error
added to the llnearity srror of the potesnliometer may be more than is
aceeptable., If instead, the signal conditioner is set to cutput 0.986 V when
the vane is set to 335 deg., the cutput will be 355 deg. (3680 x 0.986). At 180
deg. the output will be 180 (assuming mno linearity error). All of the srror
between 353 deg. and 360 deg. is in that 5 deg. sector. .

[s this acceptable for PSD (EFA, 1987a) zpplications? The
"wind direction system error? which ecannst suceed 3 deg. lg the error of ths
averaged wind direction samples. If the mean directionm wers 355 deg. with a
range of *3 deg., and if the distribution were bi-modal with half the valuss at
350 deg. and hzalf at 360 deg., and if the output voltage remained at 0.98%6 V¥
between 3535 deg. and 260 deg., the averzge cutput would e 352.3 deg., a -2.3

deg. error. [7 the dead space were at 0O V, {he ocutput would cause the bi-modal
disiribution to lock like half 350 deg. and half 360 deg. producing the correct
average of J535 deg. This ls a maximum @rror estimate, True distributions

would cause smaller average errors. Even a wind averaging 357.5 deg. with =z
range of *Z.5 deg (the vane is always in the dead space), the error is 2.5 deg.

The starting threshold of the wind vane is lmportan:t to
accurate low wind speed directions. The deslgn of the vane along wlth the
of f~sel angle (or ervor tolerance) provides =z ¥ value. The K value along with
the starting torgue of the vane assembly provides a threshold wind speed.
Assume & 3 deg. error tolerance and a ¥ valus of 13. At 0.5 m/s the available
torque is 3.73 g-cm. At 10 cm out from the zxis or rotation, a force of 1/3 of
z grem should move the vane assembly, Thiz iz ancother threshald of the torque
gauge ziluation. At I m/s the torque svailable iz 15 g=cm and at 10 cm the
force is a reasonable 1.5 g. At 1 m/3 and 10 deg. error tolerance, X becomes
37.8, the torgue available becomes 37.5 g-cm, and the force at 10 cm is an
@aslly measured 3.75 g.
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4.2.6 OPERATIONS, MAINTEMANCE AND QUALITY CONTROL
4,2.6.1 Operations

The important aspects of operaticns, from the standpeint of quality
assurance, are planning (see QA Plan, Section Mo. 4.1.) and decumentation
(Section No. 4.9.1).  The purpose of coperztions is to. acquire valid data. For
wind measurements, this requires frequent {weekly, if possible) visual
examination of the sensors. This is not a "hands-on" examination but sinply a
look at the active shapes, cups, propellers and vanes, fto be sure thers hag
besn no physical damage. Sensitive wind instruments can be damaged by hail and
by birds. The nature of an analog recording, if one is used routinely, will
tell how the sensor is performing. Routlne entries in the station log will
provide the evidence of attention to suppert validity claims.

Callbrations are a part of operations. A member of the operating
organization needs to become the "expert" on how the measurement sysiem works
and what 1t needs to continue “in control” performance. Regularly scheduled
calibraiions build the expertise and the documentation shewing measurement
accdracy, The freguency of calibraticns is a variable. For & new
ingtallatlon, a calibration during the installation is necessary. 4 careful
lock at the first week of operation will find early failures. If all seems to
be going well, a calibration check after a month is prudent. I no problems
surface, a full calibration at the end of the first quarter is advisable. For
some site environments and some applications quarterly calibrations are
recommended. Semi-annual calibratien is the mininum Frequency. If problems araz
found they must be documented and corrected as quickly as poszible. The )
requirement, of 90% joint frequency of valld wind and stablility data does not
permit much dewn time. The frequency of calibratichs or calibration checks
should be determined by the performance of the instrument system. If problems
occur, the week-month-quarter frequency should begin again. When it is
demonstrated that the system is once again "in conirul,” routine calibraticn
fregquency (semi-annual or quarterly) can resume.

4.2.8.2 Maintenance
4.2.6.2.1 Routine and preventive maintenance

The only routine maintenance required for the wind systen
should be applied during routine callibrations. Sensors axposad to the elements
need cleaning and protective lubricants applied to their mounting hardware.
When a sensor needs to be removed for close inspection or calibration and it
cannot easily be removed because set screws or nuts are locked to their threads
by corresion, a fallure in routine maintenance iz the reason.

If the system has supply requirements, such as ink and papar
for analog recorders or tapes and printer paper for digital recorders, the
timely servicing of these requirements is a routine maintenance task.

Fraventive maintenance must at minimum folleow the ‘
manufacturer’'s recommendations. Considerable damage can result by ignoring .)
this guidance. Some beople like tc oil anything that moves. Sensitive wipd .
sensors require speciflc care if the threshoid 1s to be maintained.




