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All-weather calibration of
broadband (Robertson-Berger
type) meters for ozone
dependency

Charles F. Musir , Greg E. Bodeker' , Malcolm W.J.
Scourfield and Leslie W. Powrie

Broadband solid-state detectors, which are robust, relatively inex-
pensive and uncomplicated to operate, are particularly suitable for
routine measurements of biologically damaging solar ultravtolet-6
(UV-B: 280-320 nm) radiation, especially in developing countries
with limited financial resources and human technical capacity.
Specific tables of conversion factors provided by manufacturers of
these instruments correct for their dependence on solar zenith
angle (SZA) but not on total column ozone; this dependence is due
to slight wavelength mismatches between the instruments' spectra!
responses and biological action spectra. An entirely instru-
ment-based calibration procedure has been described but Is appli-
cable only at sites with clear skies and abnormally low atmospheric
pollution. We have investigated the practicality of calibrating such
equipment customarily operating under all weather conditions with
typical atmospheric pollution by comparing satellite observation of
total column ozone with simultaneous broadband pyranometer and
spectroradiometer measurements of erythemal-weighted solar
UV-B irradiance over a 42-month monitoring period. The numerous
(2657) measurements taken were inadequate to quantify, within
statrstically acceptable limits, the divergence of ozone-reiated
observations by pyranometer and spectroradiometer ot UV-B
irradiance at different solar zenith angles. However, a general linear
regression that quantified differences in UV-B irradiance measured
by broadband instruments as a function of total column ozone
inclusive of all SZA values conformed to statisticaily acceptable
criteria. Application ot the regression slope and intercept coeffi-
cients in a remedial equation reduced the total number of broad-
band instrument errors in measurement of UV-B irradiance by 40%
but by small margins only; these averaged 2.40 ± 0.44%. The con-
siderable time and expenditure entailed for such small corrections
are not readily justified.

Introduction
Since the discovery of strdtt)sphcric ozone depletion, scientists

have become concerned about what effects increased solar ultra-
violet-B (UV-B) radiation observed in the tropospiiere of both
the southern and nortliern hemisphcri's'• has on the earth's
biota.' These concerns are especially pertinent to the southern
hemisphere, where stratospheric ozone desfructiun is more
intense/ and solar UV-B fluxes are up to 5()/i. greater than those
at comparable laHtudes in the northern hemisphere." Scientists
studying these effects need reliable ground-based measure-
ments of solar UV-B flux and several dsisimeter networks have
been established worldwide."
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Broadband solid-state detectors, which are robust, relaHvely
inexpensive and uncomplicated to operate, are widely used for
routine ineasureincnts of biologically damaging UV-B irra-
diance," especially in African countries with limited resources
and human technical capacity." Several commercial versions of
the popular Robertson-Berger (R-B) fype of mefer'" are available
and their spectral characteristics are somewhaf similar fo each
other. I he manufat turcrs of these instruments provide conver-
sion factors tor estimating vai'ious parts of the UV-B spectrum
(28(1 315nmor28t)-32t)nm)and weighted integrals according to
various biokigical action spectra, for example, the International
Commission for Illumination (CIH) reterence action spectrum,"
and the Parrish action spectrum.'-

fhere arc several reports on the absolute calibration of R-B
type meters, including detailed theoretical assessments of these
instruments.''" All of these reports compare broadband UV
measurements with a co-located spectroradiometer whose spec-
tra are weighted with equivalent erythemal or other biological
action spectra integrated over the wavelength response range of
the broadband instrument. These comparisons have shown that
the resp(.)nscs of broadband instruments are influenced by solar
zenith angle (SZA) and total column ozone. SZA reliance is due
to the cosine dependence of horizontal incidence-type sensors,
altered proportions of direct and diffuse radiation at different
angles, and variation in these partly with wavelength. Ozone
reliance is due to wavelength mismatches between broadband
instrument spectral responses and biological action spectra, for
example, displacement of some broadband specfral responses to
slightly longer wavelengths in the steep fall-off region of biologi-
cal action spectra.'"

An entirely instrument-based procedure for calibrating a refer-
ence broadband instrument and transfer of the calibration to
other broadband instruments of the same type has been
described.' It is noteworthy that the calibration constants pre-
sented for different SZAs and total column ozone were obtained
at a site under clear skies at i\n altitude of 3400 m wifh abnor-
mally l(!w atmospheric pollufi()n.'n"he practicality of calibrating
such equipment customarily operating under all weafher condi-
tions at lower altitude in the presence of typical atmospheric
pollution is uncertain, and was investigated in the study
reported here.

Methods
Ozone r}!cii$iirciuc)!ts. Measurements of total column ozone were

obtained from the .\ASA Total O/one Mapping Spectrometer
(TOMS) instrument flown on board the Nimbus 7,'" Meteor 3,''
harth Probe" and Adeos'' satellites, and also from the Global
O/one Mimitoring Rxperiment (tiOMF) on the ERS-2 satellite.-"
Ozone values in Dobscin units (DU) over Durban {29''58'S,
30'57'I:) were extracted from \ latitude by 1.25"'longitude satel-
lite grid data using bilinear interpolation. Owing to the different
satellite orbits, sampling close tt) local midday was every 24
hours for TOMS and every 72 hours for GOMl:.

Solar iiltraviolvl-B nicasiiraner.t^. Concurrent measurements oi
solar UV-B flux were obtained with broadband and narrow-
band instruments located on top of an observation tower, which
allowed an unobstructed view of the hori/on, at the University
ot Natal in Durban. The broadband instrument was an inter-
nally teinperature-stabili/ed pyranometer (YFS model UV-Bi,
Yankee Fnvironmentdl Systems Turners Falh, MA, U.S.A.)
operated in accordance with the manutacturer's instructions/'
and calibrated again.st an unused reference YFS pyranometer at
approximately six-monthly intervals. The instrument's ana-
logue voltage output was interfaced with a data logger which
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inlervals, Ihv ciiecilw Snuih Afric.m SLmdjrd I'inic (SAS!) of
t'oclt averaged analogiu ' i'n]l,ip,r ri'dLiirii', iva-^ .s-r-igsii'v! io Ihe
ct'tilrc oi thf ivnijn r i xo r j i ng inScrx J L A\ L-Taî t-d \oltay,i.' rt\Ki-
!ii':,s vvcrt' d(Avii!<i.id»'(l Jailv inio a [li'iscnal c tunpulfr p io-
graininfd io compuii* liu' C(^rrL"^ponLiing S /A and to c o m e r !
\'oU(igc ri'iiiiiiu',,s inio .disiiliilc aiui bioiogicatly vv i-igtitcd
(280 32(1 nm) irradiances ct>nipliaiit with i\)v ( J l rciiTi.'ru c-

I !H' nar row-band ins t rmneni vva^ a dnublt ' monochromati^r
'-pectroradionietiT (fV'nth.ini moch,'! I)VI 130, Beniiiani [fislus-
nif'tils, Ki'tuiing, Bc'rk^iiii'e, [...K.) inU'rfacfd with a pt~rsv>nal
csimputer. Ihv instrument '-^ sti.'ppi,T-!noior-i.tr!\ en. g.ralings
cuverct! tlic sfHTiral r angr I'-K) .'50[") nm with a band u id t l ! ot
i n m and a scan time of 180 ^-1 he lighl î.•^^sor vva^ a l ihie-oplir
(.able topped by a ifllon difluser connecled to a tempera-
ttire-stabilized piu>tonuiiti["ilier cieieehu lealec! in an insulali 'd
ccnhiiner. (hi^ ins l rnmenis v\ere calibrated montiity, Ab>(iiLUe
response was checked against :n\ i n t andes fen l lamp iTjcnthaiii
i'\2, Hentham his l ruments) niounte*.] inside a baH'lod cylinder
io exclude anibieni and reilecied lainplighi. Wavelengih align-
men I v\'asehtH'ked against \'a pour ensission lines trtsiii LS n u ' R i n i
art lamp, Ihe spect i 'oradionieirr \va-. pi-ogramnied to -,tar(
measu remen i s at dawn and per lorm ^lans ril snicrvaK ni '}-
dVj^rvv S/A Ihroitghoiii Ihe day. Ab'-'oiuie -.[U'clra! iiTadiaiue
measnremeTils vveri.' biiilogii.aily wr igh led wiih ilie T'll' relei-
enceerv l i iemal aclion spt^i r i im and iniegi-alei.! ov'er tht^ r.inge
2811 320 mil- Standard times (SAS I") \vv\-f assigned lo the centre
\)^ ilie efleciive wavelength oi the integrated --pei-'tra.

Diifa • ; ( / . ' ; / / i i ' . - i - Ofu! . - . i i j ' / / , - . / / ! ! / ! ;ij,';,'/!/,-,'->. V ! e a i u r e i n ( , ' n l - . o i

e r ) t l i e n i a ! [J\'-H i r r a d i a n e e u s i n g the p v r a n o n u l e r and
S[U'eh'oradiomeier dur ing the toiirM'Ut eas.h i.iay wi:s\: in.ilcn.ed
tor date, SAS I <uui S/A, [ luTri ier ia applied in ^!eiec!ingsliUabK
paired irradidnce mea--nren!ents v\-et"e that Ihe e!feUi\e slan-
dari.! tinies anil i.urre-'piinding SZA assigned to the corre--pond
ing indi\idU("il irradiance-- deviated bv nn more Ihan H'' s in
durat iou and 0.25 in S/A.

i'aired spect roradiomeier |S(t1l-.)^ and p\ rai iometcr jS^LA'
iii I n ieasuremenisoiAirvihenial L \ ' - l! i r radi j iKe were le-^ti'd ior
concordance aceording lo r i ' a ' i nmended '-iaiislical procedures
ior uiinparing, ! \ \o me ihod- [ instruments) oi inejsuriMiK'nI.
Ins l rumen ta l con!pari>ons v.ei'e lesiricleti l(^ [nose p.^ireJ
jiKMsin-emenii lakeri ai O'):\M), 12:0(i (solar n(ion) :yn>.\ 1.5:00 SAS i
oiily. which adequatelv SL^npied Ihe S/A ratige oi o 70 o \ e r
Stie42-snonih (Xovemhei- lM'i6 to April 2000) monitorin); pc! lud
In ordei ' to obtain rsviiisiii nunibers of i ndependen t sample-^ tor
slalislical comparison, the dirterenve^ in inea^uR'd erylliema§
LA''-Ii irradiance wese grouped nilo .̂ 2̂ i.lillerenl S/A \ s v o n r
calegories, Ihal is,8 ••. 8 S / A a g a i n s i 4 x 2,̂ 1 ) l ' , in each ca iegor i .

Table 1 Sici!istic!i tor iLigruii
ditfereni categories ot soiar

SZA caleyory

f tnini co'umn !h C
arrgle (S/Ai

SfUVBIt.&iOiFi

tiie dillereru es in iri'adiance bet wee]! in'-tnuiK'nls were }4oitec.i
agaisisi the sums ot" the m e a s u r e m e n t s . A StiKlent\s f-tesi
as-,e;ised the nidi h\ polhcsis thn! iiie me<ii! difieriMiCi^> between
ins t ruments were zero A com puled i'ears(in lorreiat ion loell i-
cient iesied ior >igniiicaiii mstruinenial bias, iiidi is, iu check
wheti ier one ins t rumen! i>,a\'c- iiigher or lower values Ihan ihe
other,''" Aithv)L^gi"i sialistii-al tests were conducted on absolute
iisstrumt^nlal dillereru es, Ihe differences vviM'e alsrs liisplaved as
p e n e n i a g e s , ihat is, ; S ( L V ' H : S((_"ib')l x I{KVS(( "Ih'), so that
their inagni iude niid propensit} ' were explicit. Ord ina rv least
'"egressions o^ S(L,A''-[i]) S((,'il:} ratios againsi lotai coiumn o/.one
q u a n l i i i e d ihe d i v e r g e n c e of pyrLinomctiM" from -pe t ' t ro
radiometer mi 'asurements ol i A'-B irj Lidiaiice in ihe eigiil dil ier-
enl S / ' \ categories. Sindenb'- / teslcd the statistieal significanee
ol: the regression slope ond iniervepis, Staiisiiialiy signisicani
slope and iniercepi coeiTicients were used in the toiknving
remedial equat ion to Lorre^i ihe pvranoruetei '-hased nieasure-
menis of irradianct^:

differences between (he o/on^'^ 'orreeted n ieasurements ol

LA''-i-' i r rad ianu ' [S{LV'-iM) ,, „ ,j aaid the u) i ' responding S(C'IF)
meastirei-'lenis weie rv tesled for statistical signilii^anci,'anti bias

according to tiie procetiures deseribevi abo\ 'e, and compared

with the original S { I J V HI) S{t'[f') differenees, wiiich exciuded

tU) o / o n e V orriH'tion,

Results and discussion
fhe 1277-dav monitoi'ing, period im inded onlv 2657 properiv

piiired pvranometei- and spectroradiometer measurements , a
con>ei-]uenee of ineomj.>ieie o / o u e eo\H'ragi> irv saielHte (177
davs) , and of calibraHon and per!\)rmanLt ' checks on the
p v r a n o m e t e r f3! days) dnJ -^pi'CiroradionuMer (178 davs}.
r i \1heni . i ! I. V'-B irradiances mea.-^u!•ed by botfi iustrunu-nIs dis-
pla}i_'d prop{irlionaieiy similar decrease's with increasing total
column o/(5ne in ail SZA categories, except in thv' range 6 -1 , ' '
fliU. i}, StLilisticall}' sij;nii"icant differences in Ilie eor responding
in- i rument readings were appa ren t in !2 {•!()'>;) of the 30 S / A x
ozone categories (lig,, I), Ihese were most commiMi in fhe
pu 'sence ot' moderaiciy knv total s.'oiumn cv/,(Hie (25i--275 !)L';,
when the pyranomeles -ig,;iificantl\ [P •'•• 0.0,">) nndi^rrated UV-B
ii radiance-, by as niiich as ').O • 3 7'/. I hese undersa ted irratii-
aui,'e> by ilie broadband insirnmenl were evident in all SZA cate-
gcine*-, except 33 62' ,md fO 7(̂ " (f"ig. I), ( b in 'ersr iv , waiii high
ifs takoiumn o/o(ie(.5(ll M'.) DU), ihe pvrau(inietersignilii .autly
(/' v i)-it3) overrated cryiheniai I A -i^ ii-'-.idiances b\ as mnch as
12,2 - 4,8':,, bui ihcsc were evident in. only iiie S / A cdk'gorii,'s
22 2'i'\ 30 37 and 46-54 (i'ig, !}. ! hesc irends, hov\'ever, were

L>Cl;:)?;.idioni(!lni iSiUv-B'!,3(CiE)i iai!o> tor

or slopes

63-/0

46 54
38-45
30-3/"

6 13
G-70

0.0011
0,0020
0 o:?oa
0,0029
0 1254
0,0242

0 0001
(; 0033

0,9592
0 8587
0.4681
0.66S2
0 4446
0.3980

0.7455

: 3.9976
4.1243
3.3247
3.1792

•-i 2339

0,4198
•,7079

.8.3519

0.0009
<0.(

0.0015
0 2198

0 oeo?

r: 000,/
0.0006
0,0019
(UK) 11

0,0052
0 002"
C) c,029
CM1002
0.0010

== 0 6080
0.H29H

= 3.7470
= I 4420
= 4.0068
- 1 /39Fi
• 1 8623

0 ' 1 77
= 2.9491

0 5430
0 ''073
0.0002
0 1497
0.0001
0 0845
0 0649
0 9064
0.0032
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Fig. 1, Pyrancmeter [S(UV-B1)] and spectroradiomeier [S{CIE)1 measurements ot erytliemal UV-B irradiance, includitig percentage divergence ± standard errors tor
different categories of solar 2Qnith angle |SZA| and total coiumn ozone Numbers of paired measurements presented" m brackets. Significant (P-i 0.05) instrument
differences indicated by an atrow and bias by the letter B.
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bv sniai! niars^in^. oii iy; tiiese a\eraj',evi 2.4(1 ± (t.44''i (Viu. 2).

In t,oni,iii^iun,niiri>bser\alion>- indicate Ihai ihe i.'a!ibration o'.
broadband detectors for o/one dependene\ rU pieiixe S/.A
values is Hiireaiisiie ioi -^vwh instrumenls i^iiilomarih' (ipciMlini;
under all weather ct)ndt lions, indei'd, -ealteririgni I V radial ion
by almosptierir aerosols •:\ud cloiid add-- substantially lo ! he
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tienvation of ̂ lalistiealiv nieani!\j-',ful ealibi'ation^. Ne\ erthele^^,
limited ealibiMlion in broadband lnstrumenS-- is leasibti- but the
considerable time and expefKliiurc t^ntailed lor Ihe sinall eosiee-
tions obtained are noi readily justified

276 300 301-325

1 t

I- ' I

mi'voi t,.. M.iVL'i l i . . Lrb H. ,i!Kl iHi i iH,. 'd I , ( h i " , ; \ \

ei iti I ' " ' , ' Ih.m iil l'"*2 i..c.:i'hu- R-.'- .'.," 7.1, •••','' iSi'

111 "\i'v\ /Oiilaiid IP rr^p.in-.i li> ,1

ilk- inL-K'j-i

[!ii;i>lni.v

2.S5,

33l>, <:.'i i
, |iili)!-.tnn l
- H I! ,intt

22, l8->; IH"2
\ 1-, :iiK; i, .ib-on | i 1

i u ; r ! .iii.i ''






