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Abstract. We present a re-evaluation and quality control mid-latitudes it has been leveled off, although it remains still
of spectral ultraviolet irradiance measurements from twolower compared to the ozone amounts in the 1970s (Metz
Brewer spectroradiometers operating regularly at Thessaet al., 2005). If all other factors affecting UV (e.g. clouds,
loniki, Greece. The calibration history of the two instru- aerosols, albedo, etc.) remain stable, reductions in atmo-
ments was re-examined and data flaws were identified byspheric ozone can lead to increases in UV irradiances at the
comparing quasi synchronous measurements. Analysis ofround, particularly at wavelengths less than 320 nm. Poten-
the sensitivity of both instruments to variations of their in- tial increases in solar UV radiation raise concern because of
ternal temperature revealed that they have temperature cats detrimental effects on humans, plants, and animals (An-
efficients of different sign. These coefficients exhibit small drady et al., 2006). Consequently, long-term monitoring of
variability during the 15-year period. Using averaged tem-UV irradiances at the ground are essential for assessing the
perature coefficients, we corrected both datasets. Correctionsiological effects of UV and therefore a number of monitor-
were applied for the angular response error using two differ-ing sites have been established, although coverage is by no
ent approaches depending on the availability of required anmeans representative for the globe. Increases of UV radia-
cillary data. The uncertainties associated with the measuretion in response to reductions in total ozone at various sites
ments have been estimated and presented. Finally, the twand for various periods have been reported during the 1990s
datasets are compared using ratios of irradiance integrals g§Booth et al., 1994; Kerr and McElroy, 1993; Seckmeyer
various bands in the UV, in order to assess any dependenciest al., 1994; Zerefos et al., 1997, 2001; Bartlett and Webb,
on the internal instrument temperature, solar zenith angle an@000).

wavelength. Of particular importance for determining accurately the

Keywords. Atmospheric composition and structure (Instru- Variability of UV radiation and its long term changes, is the

ments and techniques) — Solar physics, astrophysics an@luality of the measurements. Many projects were accom-
astronomy (Ultraviolet emissions; Instruments and tech-plished and numerous studies were conducted with the aim

niques) to improve the quality of the measurements (Gardiner and
Kirsch, 1992; Bais et al., 2001; Bernhard and Seckmeyer,
1999; Gbbner et al., 2005). Maintaining consistent qual-
ity assurance (QA) and quality control (QC) procedures for
the measurements from UV spectroradiometers and simpler
radiometers is not an easy task, requiring substantial invest-
c;pent in laboratory facilities and labor. Lack of calibration
rocedures and standards that can easily be operated in the
eld with low uncertainties, makes the absolute calibration
Rf spectroradiometers a still challenging task. Achieving and
maintaining a reliable absolute calibration of a UV spectro-
radiometer is a complicated process, but this is the most im-
portant requirement in UV spectroradiometry. Some of the
Correspondence to: K. Garane most significant sources of errors and uncertainties during
(kgarane @physics.auth.gr) the calibration procedure, using spectral irradiance standard

1 Introduction

Following the discovery of the Antarctic ozone hole in the
mid 1980’s, there has been an increased scientific and s
cial interest in the state of stratospheric ozone levels, on ef
global scale. Apart from the ozone depletion in Antarctica, !
there was strong evidence that stratospheric ozone was d
minished also at mid-latitudes (Harris, 1997). While ozone
depletion continued in the 2000’s at the polar regions, at
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lamps, are discussed in previous works (Bernhard and Seckude 22.956E, altitude 60 m a.s.l.), in the center of the city
meyer, 1999; Bais et al., 1997a; Gardiner and Kirch, 1995).of Thessaloniki. The horizon of their input optics is free to
The accuracy in setting the current of the calibration lamp,the South and West. Buildings and local obstructions block
the precision in setting the distance from the lamp, the stathe East side up to an angle of°ldhd the north side up to
bility of the conditions in the calibration room, reflections an angle of 30. These obstacles, which are present since the
on surroundings and the positioning of the lamp are a few ofbeginning of the measurements, reduce the diffuse irradiance
the most common sources of uncertainty during the absolutéy up to 2% for both instruments. The magnitude of this ef-
irradiance calibration (Bernhard and Seckmeyer, 1999). fect is within the measurements’ uncertainties and due to the
Aiming at the standardization of measurements and qualfact that it varies, depending on solar zenith and azimuthal
ity control procedures in UV spectroradiometry, the World angles, and on cloud and aerosol conditions, no correction
Meteorological Organization has produced three document$ias been applied to the spectral irradiance measurements.
with guidelines: Webb et al. (1998), Seckmeyer et al. (2001) The operational wavelength range of Brewer #005 is 290—
and Webb et al. (2003). In addition, a series of post pro-340 nm and the nominal step of the spectral irradiance mea-
cessing procedures have been developed aiming at the insurements is 0.5 nm, while Brewer #086 operates in the range
provement of the spectral solar UV measurements’ accuracy287.5-366 nm (step 0.5nm). The measurements of Brewer
These, include methods for correcting the measurements fo#005 above 325nm are not used in the analysis because of
angular response errors (Seckmeyer and Bernhard, 1993he low sensitivity of the instrument at this wavelength range,
Bais et al., 1998; Feister et al., 1996), for wavelength scalevhich results in large uncertainties. For both instruments, the
errors (Huber et al., 1993; Slaper et al., 1995; Slaper andhape of the slit function is triangular with wings extending
Koskela, 1997), for temperature dependence (Weatherheaid both directions beyond1 nm from the center wavelength
et al., 2001; Capellani and Kochler, 1999), for stray light (Bais, 1997a) and the FWHM (Full Width at Half Maximum)
rejection (Davies, 1996; Bais et al., 1997a) and for spikesis equal to 0.55nm. The double monochromator consists of
(Meinander et al., 2003). two conventional Brewer spectrophotometer optical frames,
The UV monitoring station of Thessaloniki has one of arranged so that the exit slit plane of the first one forms the
the longest records of spectral UV irradiance measurementsntrance slit plane of the second. The second spectrometer
from two Brewer spectroradiometers. In this paper, werecombines the spectrum dispersed by the first reducing the
present the re-evaluation of the UV spectral irradiance recordimount of the out-of-band light (known as stray light) that
of Thessaloniki, which was performed in order to further im- reaches the final exit slit of the system (Bais et al., 1996).
prove the quality of the measurements and the significancd he diffraction gratings used in the double-monochromator
of their statistical analysis. We describe the methodologyBrewer are both operated in the first order and have a line
that was followed and the relevant QA/QC procedures. Thedensity of 3600 lines/mm, whereas the grating in the spec-
analysis of the measurements for their long-term variabilitytrometer of the single Brewer has a density of 1800 lines/mm
is subject of another study that will follow. and is operated in the second order.
The monitoring site of Thessaloniki is equipped, among
other instruments, with two erythemally weighted radiome-
2 Instrumentation and history of measurements ters, a UVB-1 radiometer by Yankee Environmental Sys-
tems Inc. (http://www.yesinc.com/) and a UVB Biometer 501
In this study we are concerned for spectral measurements dy Solar Light Co. (http://www.solarlight.com/), a UVA ra-
solar ultraviolet irradiance on a horizontal surface. The meadiometer by EKO (http://www.eko.co.jp/) and a CM21 pyra-
surements were conducted by a single- (type MK II, with se-nometer by Kipp & Zonen (http://www.kippzonen.com/).
rial number 005) and a double-monochromator (type MK I, Data from these instruments are recorded as 1-min averages
with serial number 086) Brewer spectroradiometers (Brewerand, for the purposes of this work, are used for the qua"ty
1973; Kerr et al., 1984; Bais et al., 1996), which operatecontrol of the spectral measurements.
on a regular basis at the Laboratory of Atmospheric Physics,
University of Thessaloniki, Greece. The single monochro-
mator was installed in 1982 for the monitoring of total ozone 3  Calibration history
and columnar sulfur dioxide. In late 1989, it was modified
to conduct also spectral irradiance measurements. The do®.1 Absolute calibration and stability checks
ble monochromator started its operation in 1993. Because it
has been used a lot in experimental campaigns, its measur&ach of the spectroradiometers is equipped with an inter-
ments’ record has various gaps, occurring almost every yeanal 20 Watt standard quartz halogen lamp that is sampled
During their operational period the two instruments recordedat least twice a day, and it can be used for coarse daily sta-

more than 156 000 spectra. bility checks. Furthermore, an internal mercury discharge
Both Brewers are positioned side by side on the roof oflamp is used for checking the wavelength calibration of the
the Physics Department building (latitude 40.684 longti- spectral measurements, and is usually measured before each
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Fig. 1. The GigaHertz to Optronics irradiance scale ratio, as de- Years

termined in 2002, when two new spectral irradiance lamps were,

obtained from each laboratory. The dashed line is the 2nd degregqlg' ti}OTg:;:rngseong?azg;zqt;geaf%%%nvtvri]t?] rreesspc;rlstl\t/(l)ty of
polynomial fit of the ratio. P ' P

the first calibration in their records. The calibration factors have
been corrected for temperature effects to a standard temperature of
25°C.

spectral solar irradiance scan. The stability of the instru-

ments is also monitored once a week using a set of five 50 W

quartz halogen lamps that are mounted at a fixed distanc&000W calibration standard lamps quote an uncertainty of
above the instruments’ diffusers. Usually, two or three differ- £1% (1o') for the UV range, whereas an additional.5%

ent lamps are measured each time for consistency checkinghould be expected from the transfer of the calibration to our
Since 2002, the schedule of the lamp measurements has begmorking standards.

modified. The same pair of lamps from the set are measured The absolute irradiance calibration of the two Brewer
every week, together with a third one which is different every spectroradiometers is performed once a month — or sooner
time. Thus, the first two lamps are used for monitoring theif necessary -, using 1000 W DXW tungsten-halogen work-
stability of the instrument from one week to another, while ing standard lamps. Every six months, a main calibration
the third lamp is used as a link to the past measurements. Theource of spectral irradiance (1000 W DXW) is used along
50 W lamp measurements are performed outdoors, where th&ith the working standards. Thus the working standards are
instruments operate regularly. re-calibrated at least every six months.

The main calibration sources of spectral irradiance that Almost every two years, the relation between the stepper
were used in the Laboratory of Atmospheric Physics, sincemotors of the gratings and the measured wavelength is deter-
the early 1990s were obtained and calibrated by Optronicsnined by scanning the emission lines of spectral discharge
Laboratories, and thus they were traceable to NIST (Nationalamps (Hg, Cd and Zn) (@bner et al., 1998). The wave-
Institute of Standards and Technology, http://www.nist.gov/),length calibration is checked many times a day by scanning
standards. Since 2002, the main calibration sources are suph internal Hg lamp. The application of the SHICrivm algo-
plied by GigaHertz Optik, who traces their calibrations to rithm (Slapper et al., 1995) shows that the wavelength shifts
PTB (Physikalish — Technische Bundesanstalt, http://www.of the spectral measurements are of the ordet@fL nm at
ptb.de/), Germany. To avoid an abrupt change in the mea305nm andt0.05 nm at 320 nm, for both instruments.
surements record, we adjust spectrally the scale of the PTB The calibration history of the two instruments is shown
lamps by a function that was determined in 2002, when twoin Fig. 2, as percentage changes of the calibration factor at
irradiance standards were obtained, one from each Labora320+5 nm, with respect to the first calibration. The cali-
tory. The function that is displayed in Fig. 1 resulted from bration factors have been corrected for the effect of tem-
the direct comparison of the two calibrated lamps that wereperature variations to a standard temperature 623 he
measured at the same day by Brewer #086, and represengbrupt increase in the calibration factor of Brewer #086 on
the spectral difference between the two specific lamps thaR7 June 2002 is due to the replacement of one of the gratings.
were delivered by the two Laboratories. The dashed line is &maller fluctuations in the calibration factors are attributed to
2nd degree polynomial fit of the “GigaHertz over Optronics” changes in the sensitivity of the photomultiplier, as well as to
ratio. This fitis used regularly since 2002 to adjust the irradi-changes that were caused during servicing or repairs. Espe-
ance scale of the GigaHertz lamps to the Optronics Laboratoeially for Brewer #086, changes have been reported after its
ries scale. It appears from Fig. 1 that the spectral differencesransportation to take part in experimental campaigns. The
between the two calibration standards range betwe&¥ systematic decrease in the calibration factor of Brewer #086
and —2%, depending on wavelength. The providers of thethrough the years, at this wavelength range, is approximately
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Ratio: 320(+5) nm over 305(5) nm The fluctuations of the ratios coincide with changes in
the optical alignment of the spectrometers and other ser-
vice actions, which usually result into wavelength dependent
changes in the throughput of the spectrometers. As with the
changes in the absolute responsivity of the instruments, these
wavelength dependent changes in their sensitivity, affect also
the calibration factors and therefore they are also taken into
account implicitly when the actual irradiance measurements
are processed.

| —@— Brewer #086
4 —| —+— Brewer #005

3.2 The re-evaluation procedure

% Departures from the mean ratio

6 — T T T T 17 " 7 " T " T " T The calibration history of the two Brewer spectroradiome-
1990 1992 1994 1996 1998 2000 2002 2004 2006 ters was recently re-evaluated and the quality control of their
Years measurements was revisited. The re-evaluation was consid-
ered necessary, since after so many years of operation we

Fig. 3. The spectral variation of the calibration factors of Brewers . o . . i
#005 and #086, throughout the period of their operation, expressetrj]ave obtained a better insight on the stability of the instru

by the ratio of the calibration factors at 320 n#a5nm) and 305 nm mer_lts and more experlgnce concerning th?'r Iong_—term be-
(45 nm). haviour. The re-evaluation procedure consists mainly of a)

the recalculation of the calibration factors after cross check-

ing the behaviour of the calibration lamps during the entire
25% for the period 1993—-2002 and about 23% for the periodperiod of the record, b) the intercomparison of synchronous
2002-2005. If the replacement of the grating in 2002 had notmeasurements of the two instruments, and c) the comparison
occurred, the overall degradation of the instrument’s sensitiv-of the measurements of the two Brewers with those obtained
ity would have been about 43% in a period of 13 years. Theby a collocated erythemal radiometer and a pyranometer.
corresponding degradation of the sensitivity of Brewer #005 As the two Brewers operate unattended and automatically,
is close to 55% in 16 years of operation. These percentagetheir measurements are occasionally affected by the mispo-
of degradation are probably an aging effect of the differentsitioning of the iris, the filters or the director prism, or by
optical components of the instruments, including the diffuser.the loss of wavelength calibration, especially after power
The effect of the degradation on the actual measurements ikreaks. Any false measurements that have not been de-
negligible, since the reduction in the sensitivity has been im-tected during the regular quality control, become clearly ev-
plicitly taken into account in the absolute calibration factor. ident when comparing synchronous measurements, and are

Sometimes, the responsivity of the spectroradiometersemoved from the dataset, unless they can be corrected.
changes not only in absolute sense, but also spectrally. The The first step of the quality control methodology was the
spectral stability of the responsivity of Brewer #005 and #086correction of the raw data for extreme values (spikes) at sin-
is shown in Fig. 3, indicatively as the departure, in percent,gle wavelengths, following a methodology developed at our
from the mean ratio of the calibration factors averaged overaboratory, which is similar to the one described by Meinan-
two different wavelength bands: 328 nm and 3055 nm. der et al. (2003). Afterwards, a day-by-day inspection of
Despite the sudden fluctuations that appear during the recordhe internal standard lamp irradiance measurements was per-
the general pattern for Brewer #005 is a systematic increaséormed. The standard lamp irradiance depends strongly
in the ratio of about 7.4% during its period of operation, on temperature, which, however, is also recorded and can
which suggests a faster decrease in the sensitivity at shotie taken into account when comparing measurements per-
wavelengths. Part of the variability of this ratio results from formed at different times in a day. From the temperature
the large decrease in the sensitivity of the MK Il type Brew- corrected standard lamp measurements, major momentary or
ers at wavelengths longer than 320 nm, which leads to an infonger-term changes in the instruments’ behaviour could be
crease in the random noise. On the contrary, Brewer #08@letected. Occasionally, it was possible to apply appropriate
appears to be quite stable from the start of its operation untitorrection factors, depending on the nature of the problem
early 1997, when the removal of the UG11 bandpass filter(e.g. mispositioning of a filter or the iris). When a change
caused an abrupt increase of the ratio¥826. The system-  of less tham~10% in the standard lamp measurements was
atic decrease of the spectral ratio for the double monochrodetected without any profound reason, the respective spec-
mator, since 1998 until now, is about 8% and it denotes thatra were flagged and they were re-examined during the next
the sensitivity decreases faster at long, than it does at shosteps of the quality control procedure, otherwise, these spec-
wavelengths. tra were discarded.
The spectral calibration factors of the instruments are de-
rived both from the main calibration sources and the working
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1000 W standard lamps. The 50W lamp scans are usedatios were examined also on a day-by-day basis, separately
mainly for tracking any prominent changes in the sensitivity for each spectroradiometer, in order to detect any remaining
during the period between subsequent absolute calibrationgrroneous measurements. By using data from the erythemal
If such a change could not be accounted by the two absoluteetector we could inspect all the available spectra from both
calibrations, performed before and after the change, the 50 Vépectroradiometers, because the erythemal detector operates
lamp scans were used to produce the spectral calibration facontinuously and therefore there are always data to match a
tor for the corresponding period. UV spectrum. Such comparisons were also useful in periods
The quality control of the spectral irradiances recordedwhen one of the two spectroradiometers was not present or
by the two spectroradiometers, as far as their long term stawas not operating. For the period 1989-1992, when only the
bility is concerned, was achieved by comparing all spectraBrewer #005 was operating, we used indicatively the mea-
that were recorded almost synchronously by the two specsurements of the UV-A radiometer. Although the Brewer
troradiometers. The average irradiance in the wavelengti#005 spectra cannot be matched with a UV-A instrument,
band 305-325nm was chosen for the comparison, becaussill this comparison could indicate major changes in the sen-
both instruments have their highest sensitivity in this spec-sitivity, especially under cloud-free conditions.
tral range. A ratio of measurements was formed only when The sensitivity changes that were detected by the above
the two measurements (one from each instrument) were syrprocedures were used for the determination of the time pe-
chronous within one minute and they were recorded underiod for which each calibration factor could be used, since it
cloudless conditions during the whole scan, because the irrais very rare that a change in the sensitivity coincides with a
diance changes significantly with solar zenith angle (SZA),calibration check. Such a coincidence only occurs when a
and thus with time, and under variable cloud conditions.repair, a maintenance work, or an intervention on the instru-
Ratios from measurements recorded under unstable weathenent is expected to be followed by a change in its sensitivity.
conditions were used only qualitatively, when no clear-sky
ratios were available in a day. The duration of a spectral scan
is different for the two Brewers. Therefore the time stamp
for each band was calculated as the mean of the measur
ment time of all wavelengths in the band. Scans with a dif-

ference in the mean time of less than 1 min were considereggfore converted to spectral irradiances, the raw measure-
as synchronous. Under certain conditions, this intervalis still ,ants of the two spectroradiometers are first corrected for
large enough to introduce noise in the irradiance ratios, bujhe gark current and the dead time of their photomultipliers,

it allows a sufficient number of ratios to be used. Selectiongpq ysing the integration time, they are converted into counts
of a smaller time difference leads to large gaps in the seriesq-1 The count rates of the single monochromator are then
without affecting significantly the pattern of the time series ., rected for the stray light effect, by subtracting the average
of the ratios. In a few cases, visual inspection of these raj;radiance measured in the band 290-292.5 nm. This correc-
tios uncovered changes in the sensitivity of the instruments;g, (Kerr and McElroy, 1993) is based on the assumptions

that had passed the quality control checks. The changes Weg ¢ there is no real detectable radiation signal in this spectral

usually of the order of 2-4% and in most cases application th‘?egion at the Earth's surface, and that the stray light effect
calibration performed a few days later, could counter for theis the same at all wavelengths. Therefore it should be ex-

problem. o pected that the correction may not remove entirely the stray
Continuous pyranometer measurements — with a time résggp; effect. Stray-light correction is not needed for the irra-

olution of one minute — were used to flag all the scansgjance measurements of the double monochromator (Bais et
recorded by the two instruments since 1993, for the stabil-5; 1996).

ity of the radiation field caused mainly by clouds, using the
methodology described by Vasaras et al. (2001). For theg.2 Angular response
period 1989 to 1992, no pyranometer measurements were
available, so we applied a similar methodology using hourlyCorrection for the angular response error is necessary for
measurements from a collocated UV-A radiometer. The irra-both instruments. The angular responses of the two instru-
diance ratios corresponding to clear sky conditions are lessnents are different, and therefore this error is apparent in the
noisy, allowing easier detection of changes. ratio of the uncorrected data. Two methods were used for the
In addition to the irradiance ratios, we also used ratios ofcalculation of the angular response correction factors. The
the erythemal irradiance as calculated from each scan, to thérst method was applied on the Brewer #086 data for the
average of the one minute samples of a YES UVB-1 ery-time period after 1996 and is based on the measured direct
themal detector corresponding to the duration of the scanto global irradiance ratio. This methodology is described in
These ratios were used mainly to attribute changes that werdetail in Bais et al. (1998) and cannot be used for the data
detected by examining the irradiance ratio of the two Brew-before 1996 because measurements of the direct to global ir-
ers, to one of the two spectroradiometers. Moreover, theseadiance ratio were implemented after 1996.

Other corrections

%1 Dark current, dead time and stray light
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Fig. 4. Average correction factors for the angular response error of the two Brewer spectroradiometers at 324 nm under all skies (crosses)
and clear skies (cycles), as a function of solar zenith angle. The shaded area representstfability for the all-sky average correction
factor. The variability of the clear-sky correction factor is very similar and is not shown.

For the entire period of operation of the Brewer #005 andthe two instruments as measured in the laboratory (Bais et al.,
between 1993 and 1996 for #086, the angular response cof998). The dependence of this factor on solar zenith angle is
rections are calculated using the UVSPEC radiative transimore evident under clear-sky conditions than under cloudy
fer model (Mayer et al., 1997), and the measured irradianceskies, where the solar zenith angle dependence is less than
with an approximate angular response correction. The latted%. The correction factors under clear skies are very sim-
is based only on the diffuse irradiance correction factor, asdlar to those under all skies because for small solar zenith
suming also that the diffuse radiation is distributed isotrop-angles (summer period) there is high probability of cloudless
ically (Bais et al., 1998). UVSPEC uses as input parame-skies, whereas for large solar zenith angles the direct irradi-
ters the total ozone from collocated measurements or satellitance contributes less to the global irradiance.
overpasses, climatological values of aerosol optical depth,
and the actual solar zenith angle for each spectral irradiancd.3 Temperature correction
measurement. An effective cloud optical depth is calculated
by comparing model-derived irradiances (convoluted to theThe Brewer spectrophotometer was developed primarily for
slit function of the instrument) for different cloud amounts, Measurements of the total ozone column (Kerr et al., 1980).
with the measured irradiances (with approximate angular reThese measurements are corrected regularly for the effects
sponse correction). Then, this cloud optical depth is usedrom changes in temperature, but, because the ozone al-
as input in the model to derive the direct to diffuse irradi- 90fithms are based on radiance ratios, temperature related
ance ratio for each spectral irradiance measurement, whickhanges to the instrument response are not critical, as long as
is needed in the angular response correction algorithm (Baiéhe changes are independent of wavelength (Weatherhead et
et al., 1998). The model-derived cosine correction factordl., 2001). However, in the spectral irradiance measurements
method was validated against the method that is regularljhe temperature sensitivity of the Brewer is expected to be
used after 1996 (Bais et al., 1998) using four years of Brewefmore apparent.

#086 data (1997—2000). The two methods were found to The internal temperature of the Brewer instruments is not

agree on the average withirl %, regardless of season. controlled, as it happens with other UV spectroradiometers.
However, to avoid operation at very low temperatures elec-

In Fig. 4, the mean angular response correction factors africal heaters are used to automatically warm the interior of
324 nm from all-sky and clear-sky spectra is presented forthe instrument when its temperature falls belew—10C.
each instrument, as a function of the solar zenith angle. Thé@'hese heaters are usually capable of keeping the tempera-
shaded areas represent tlwevhriability for the all-sky aver-  ture above 0C, but they are not sufficiently strong to main-
age correction factor. The respective variability of the clear-tain this level if the ambient temperature is very low (e.qg.
sky correction factor is very close to that for all-sky, hence lower than~ —10°C). An electrical fan is also installed to
it is not shown here. Mean corrections for the Brewers #086help the air circulation inside the instrument enclosure, in
and #005 are #1.5% () and 112% (lo), respectively.  order to minimize temperature gradients. In our Brewers
This difference is due to the different angular responses othese heaters were first installed in 1995, but occasionally
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they were not operating due to hardware failures. The inter-dependence of the Teflon diffuser could affect the tempera-
nal temperature is sensed at three different spots, but only thiure coefficients calculated by using external lamps, but as
temperature associated with the photomultiplier is recordedstated earlier, this dependence cannot be taken into account
At the site of Thessaloniki, the internal temperature of thebecause the temperature of the diffuser is not monitored. On
instruments can vary during the year from abdi@ @ more  the contrary, when the internal standard lamps are used in the
than 45C, depending on the ambient temperature and sunanalysis there is no involvement of the diffuser.

shine. Occasionally, temperatures a few degrees below zero Finally, we conducted a case study for both Brewers, by
and up to 55C have been recorded. measuring a 1000 W working standard lamp at different in-
It was suggested by Meltzer et al. (2000) that there arestryment temperatures, under very stable and controlled con-
two main components contributing to the temperature depengjitions. In particular, the instruments were brought into the
dence of the absolute spectral measurements of a BreweHark room in the early morning hours when the ambient tem-
the photomultiplier tube (PMT) and the Nickel Sulphate perature, hence its internal temperature, was low. The current
(NiSQy) filter that is used in MK Il Brewers in front of the = anq the voltage of the 1000 W lamp were electronically sta-
PMT to remove the high order refractions from the grating, pjlized with a high precision controlling system. The instru-
allowing only radiation with wavelengths below825 nmto  ment was set to perform sequential spectral measurements
be measured. The PMT sensitivity on temperature is genyf the external 12000 W lamp and the internal standard lamp,
erally wavelength independent. Therefore, the wavelengthypile its internal temperature was rising during the day. The
dependent part of the effect can be attributed to changegnaracterization test in the laboratory was repeated with each

in the optical transmission of the extremely hygroscopic spectroradiometer at three different days, to ensure repeata-
NiSO, band-limiting filter (Bais et al., 1996). In the dou- pjjjty,

ble monochromator Brewer #086 no Nig@iter is used, as The main advantage of the laboratory test over the statis-

the spectrometer gratings operate in the first order, thereforﬁcal estimation of the temperature coefficient from the time

there are no higher orders of refraction to be removed. Until_~". ) . .
X . series of the lamps is that neither the lamp, nor the instrument
now no temperature corrections have been applied to the data__ . .
. are likely to change during one day. Therefore, the uncer-
of the two Brewers, although several attempts to determing_. .
: ainty of the laboratory method becomes negligible, and the
the temperature effects had been made in the past. Recent - .
nly factor that may affect the measurements is the internal

it was reported (Ylianttila and Schreder, 2005; McKenzie et .
. ; temperature of the Brewer. Thus the temperature correction
al., 2005) that a number of Teflon diffusers are influenced . . . X
actor can be easily derived from a linear regression. The

by temperature changes, butsmce the temperature of thg dIfﬁisadvantage, on the other hand, is that this study is repre-
fuser in the Brewers is not monitored, we could not take into

sentative only for the current state of the instrument and does
account such an effect.

In this study, the temperature coefficients were calculateor'Ot provide any information for the past.
from various available data and methodologies, such as the Brewer #086 has shown high consistency in the results of
history of internal standard lamp measurements and the hishe different methods. The temperature coefficient that re-
tories of 50W external lamp and 1000 W lamp measure-sulted from the laboratory test was considered as the most
ments. In particular, the temperature coefficients resulting€Presentative due to the small uncertainty in the measure-
from the standard lamp measurements were calculated foments. On the contrary, for Brewer #005 the temperature co-
days with at least four measurements, using linear regres,efflments that resulted from the standard lamp measurements
sions and assuming linearity in the temperature effects. Théecord were different from those derived from the analysis
advantage of this method is that it provides a lot of infor- of the 50 W lamp record as well as from the laboratory test.
mation on the history of the temperature coefficients, which Taking into account the uncertainties of each methodology
appear to vary with time. The main disadvantage is the lackVe d_ecided to use the Iaboralto.ry characteri;ation test to de-
of information on possible temperature effects on the operal€rmine the temperature coefficients for the single monochro-
tion of the internal standard lamps, including the electronic™ator, as well.
circuit that drives these lamps (Weatherhead et al., 2001). In Fig. 5, the lamp irradiance measurements performed

Measurements of the external lamps (50 W and 1000 W)during the single day temperature characterization test for
were also used for the estimation of temperature coefficientdoth Brewer spectroradiometers, are shown. The percentage
for the two instruments. The observed changes in the irradideviation of the measurements at 320 nm from their mean is
ance of a lamp recorded by the two Brewer spectroradiomepresented as a function of the internal temperature of the in-
ters may be due to both the aging of the instrument and thestruments. The different symbols represent the three days of
temperature variations. Assuming that both effects are lineanmmeasurements for each instrument. The slopes of the linear
a multi-linear regression may be used to calculate the temperegressions on the data correspond to the respective tempera-
ature correction factor, in % (Weatherhead et al., 2001). ture coefficients which are: +0.065.03%/#C for #005 and
From the above analysis we have taken into account only-0.22+£0.02%?C for #086. Note that the above tempera-
the results that are statistically significant. The temperaturdure coefficients are valid only for the specific wavelength
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Fig. 5. Percentage deviation of lamp irradiance measurements at 320 nm from their mean, as a function of temperature. Measurements

were performed in the laboratory using a 1000 W DXW lamp. The slopes of the regressions represent the temperature coefficients for each
instrument, in %7C.

G 04 The analysis of the external 50 W lamp measurements for

3 s ®- Brewer #086 Brewer #086 showed a distinct change in the temperature co-

5 ] ~+- Brewer #005 efficient in 1999, coinciding with the transportation of the

S 02 instrument to an experimental campaign. Since no tempera-

= . ture characterization data existed for the period before 1999,

% 0.1 7] z we adjusted the temperature coefficient that was derived for

g 0 — the period after 1999-+(0.188+0.02%# C), with the change

° - calculated from the 50 W lamps. Thus for the period 1993—

% -0.1 B 1999 a coefficient 0f-0.06 %fC is used. No such change

g 02 T /,I- ek LTS S in the level of the temperature correction factor for Brewer

£ i - #005 seems to have occurred.

= -03 L A S e e s e | Having established the temperature dependence of the two
290 300 310 320 330 340 350 360 instruments, the entire data set was corrected for the effect

Wavelength (nm) of temperature variations. For each scan a temperature cor-

rection was calculated based on the difference in the tem-
Fig. 6. Wavelength dependence of temperature correction faC_to'r(?erature of the instrument during the particular scan, and its
for the two Brewer spectroradiometers, #005 and #086, deriveqemparature during the absolute calibration that is used for
E’)@r;?:;rir:'tgggeﬁggr';?géance measurements conducted in they,; period. The temperature of the solar measurements ap-
' pears to have an annual course following the annual variation
of the ambient temperature, whereas the calibration temper-
displayed in Fig. 5. The temperature range during the experf"ture is less dependent on the ambignt temperature, since the
iment was 11—35C. lamp measurements are performed in the dark room, where
Figure 6 shows the wavelength dependence of the tempefl® @ir-temperature during a year ranges from 15 {C30
ature correction factors, as derived from the laboratory char{1€nce, the temperature correction of the measurements ex-
acterization tests. Apparently, the temperature correctior!IPits an annual course, as well. _
factor of Brewer #005 is constant and equakt0.04%?C The_ app_llcat|0n of the temperature correction changed the
for wavelengths up to 310 nm, increasing linearly thereafter.Selar iradiance measurements of Brewer #086 by a factor
Brewer #086 shows no spectral dependence in the corred@nging between-1.4% and +0.7% for the period 1993 —
tion factor, as expected due to the absence of the NisoMid 1999, and betweer-4.7% and +3% from 1999 on-
filter, thus the average value from all wavelength bandsWard. The correction of the solar measurements conducted
—0.188:0.025%7C, was chosen as the temperature correc-PY Bréwer #005 during the entire period of its operation is
tion factor for all wavelengths. wavelength dependent, amounting, for example, to within
+1% at 302.5nm andt1.5% at 320nm. In Fig. 7, the
monthly means of the temperature corrections in percent,
applied on the two instruments’ measurements, are pre-
sented. For Brewer #005 only the correction at 320 nm is
displayed. The shaded areas represenitthe range of the
mean correction.
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3 Table 1. The sources of error that affect the spectral measurements
_| Brewer MKII #005 320.0 nm: £1.5% . . .
of the two Brewer spectroradiometers and the associated uncertain-
ties.
Brewer #086 Brewer #005
Source of error 305nm 320 nm
;3 Absolute calibration 1.40 1.40 1.40
=z Stray light 0.00 4.00 0.00
8 - Wavelength shift 0.50 0.50 0.50
§ -3 T T T T T T T Linearity 0.28 0.28 0.28
5 1990 1992 1994 1996 1998 2000 2002 2004 2006 Radiometric Stability 2.80 330 3.30
% Temperature correction 1.00 0.84 1.56
5 4 | Brewer MKl #086 Angular response 3.50 3.50 3.50
e Combined Uncertainty1c )  4.8% 65%  5.3%
Q.
S
o
|_

measurements of Brewer #005 are corrected for the stray
light effect, as discussed in section 4.1, the measurements
below 305 nm may still be contaminated. The average
contribution of stray light at these wavelengths is estimated

1994 1996 1998 2000 2002 2004 2006 L. . . .
Years to about 4%. This is evident in the comparison results of the
two spectroradiometers measurements, which are discussed
in Sect. 6.

Fig. 7. Monthly means of the temperature corrections applied to the
solar UV irradiance measurements conducted by the two BreweWavelength shift:

spectroradiometers, during the entire period of their operation. Th .
upper panel displays the correction for Brewer #005 (at 320 nm) ansrhe wavelength shift of the spectral measurements has been

the lower panel the correction for Brewer #086. The shaded areaget'ermined by the application' of the SHICrivm algorithm
represent the standard deviatiaglé) of the mean. which reported wavelength shifts of the order®f0.1 nm

at 300 nm andt 0.05nm at 320 nm, for both instruments.
According to Slapper et al. (1995), the uncertainty of the
5 Measurement uncertainties method is+ 0.02 nm. Bais (1997a) reported that wavelength
shifts of that order result in an irradiance change-6£5%,
The overall uncertainties of the measurements were estiboth at 305 and 320 nm.
mated following a methodology similar to that described in
Bernhard and Seckmeyer (1999). Table 1 summarises theinearity:
results of the uncertainty analysis from all sources of errorThe linearity of the instruments’ response was determined
that may affect the spectral measurements conducted by thia the laboratory using attenuation filters and the associated
two spectroradiometers. For Brewer #005 the measuremenincertainty is estimated to 0.2%. Since the departure from
uncertainty is presented for two wavelength bands becausknearity affects the solar measurements, as well as the
of the spectral dependence of the temperature correctiotfamp measurements during the calibration, a combined
and the stray light effect. In the following each source of uncertainty {/2x0.2=0.28%) was used in Table 1.
uncertainty presented in Table 1, is discussed:
Radiometric stability:
Absolute calibration: According to Kostkowski (1997), the radiometric stability
The uncertainty of the absolute calibration procedure isof an instrument is the standard deviation of the mean
estimated tat1.4% (), resulting from the combination of that results from a time series of the difference between
all known sources of uncertainty, including the stray light in consecutive absolute calibration factors. The radiometric
the calibration room, the stability of the lamp current, and stability was found~ 2.8% for Brewer #086 and-3.3% for
the adjustment of the distance of the lamp from the diffuser. Brewer #005.

Stray light: Temperature correction:

The stray light effect on the double monochromator BrewerThe uncertainty due to temperature correction is a type
#086 measurements is considered negligible. Although thé8 uncertainty (Bernhard and Seckmeyer, 1999) and it is
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1.2 6 Comparison of measurements from the two Brewers

_| All skies monthly means (£ 1c)

Following the re-evaluation of the spectral solar UV mea-

surements performed by the two Brewer spectroradiometers,
a detailed comparison in the common spectral region of the
two data sets was conducted. Specifically, we examined the
ratios (Brewer #086 over Brewer #005) of quasi-synchronous
spectral irradiance integrals over the wavelength range 315—
320 nm, starting in mid-1993, when the newest instrument,

08 T T "~ T "~ T " T ™ T Brewer #086, was installed. As the two instruments operate
4p_ 1994 1996 1998 2000 2002 2004 2006 with independent schedules and their scanning times are also
| Clear skies monthly means (£ 1c) different, absolute synchronization could not be achieved.

Thus, two measurements were considered as synchronous
when they were conducted within 1 min. Reducing this time
interval to 30 s reduces slightly the noise in the ratios (from
0.044 to 0.036 for the ratios under all-sky conditions and
from 0.036 to 0.029 for the clear-sky ratios), but also results
into a much smaller data set. Hence, we decided to work with
§ the 1 minute interval ratios.
08 L e e e e e e B e In Fig. 8, the time series of the ratio of monthly mean
1994 1996 1998 2000 2002 2004 2006 synchronized irradiance measurements from the two Brew-
Years ers are presented, separately for all-sky and clear-sky condi-
tions. The methodology for the categorization of the mea-
surements in the two classes is described in Sect. 3.2. Ratios
recorded within 1 min by the two Brewer spectroradiometers atof monthly mean irradiance were calculated only if at least 30

Thessaloniki, under all-sky (upper panel) and clear-sky (,Owersynchronous observations were available. The general pat-

panel) conditions. The shaded envelope corresponds to the standaf@m of the ratios in the two panels is similar, being on the
deviation ¢10) of the mean. average 0.9880.044 for all-sky and 0.9960.036 for clear-

sky conditions. The variability in the ratio is caused mainly

by the imperfect synchronization of the measurements and by
determined through the maximum and the minimum correc-small changes in the instruments’ sensitivity, which is within
tions applied to the measurements, as they are displayed ithe uncertainty of the measurements. The noise in the ratio

Ratio of synchronized measurements

Fig. 8. Time series of monthly mean ratios (Brewer #086
over Brewer #005) formed by irradiance integrals (315-320 nm)

Fig. 7. is higher under all skies, as expected, due to the variability
induced by the variation of clouds during the measurements
Angular response: period. In the following sections we discuss possible depen-

The uncertainty due to the angular response correction iglencies of these ratios on temperature, solar zenith angle, and
the combined uncertainty of all sources of error involved wavelength.
in the procedure, namely, the uncertainty in the direct
measurements, which #52% (Bais, 1997b), the uncertainty 6.1 Dependence on temperature
in the determination of the angular response function, which
is also+2% (Bais et al., 2005) and the uncertainty due to Here we investigate whether the comparison of the two in-
the isotropy assumption made for the determination of thestruments is affected by the variation of their internal tem-
correction factor of the diffuse irradiance, which42%  perature, and, consequently, whether the applied tempera-
as well. Thus, the combined uncertainty was estimated taure corrections have improved the comparison. The irra-
+3.5%. diance integral ratios of the two Brewers were formed for
both the temperature-corrected and the uncorrected measure-
As it is shown in Table 1, combining the uncertainties from ments. In both cases, measurements under all skies have
all sources of error, an uncertainty ef+5% results for  been used. Thereafter, these ratios were grouped according
Brewer #086, while for Brewer #005 the uncertainty is es-to the internal temperature of one of the instruments into bins
timated t0£6.5% for 305nm and-£5% for 320nm. All  of 10°C, the first centred at°@ and continuing with incre-
uncertainties correspond te 1 ments of 10C, up to 50C. For each group, the ratios were
averaged, and these averages with the corresponding stan-
dard deviations (@) are displayed in Fig. 9. The minimum
recorded temperature was9°C and the maximum +5€.
Also, in Fig. 9 the number of measurements used to form
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each temperature group is displayed as a bar chart, at the 120 ® Tomporature conedied
bOttom Of the graph. - < No temperature correction
The ratios corresponding to 20 and 30C are very close 1.10 —

o

to unity because these measurements were recorded at ten® .

peratures similar to those that occurred during the absoluteg 4, ; & | 6000
calibration of the instruments, and therefore, the caIcuIated% i IL r ;
. — 4000
corrections are very small. For temperatures beloWC2and 0.90 L
above 40C, the temperature corrected ratios are closer to i - 2000 ©
unity than the uncorrected ratios, suggesting that the applied = C
i I

. . . . T T | T | T | T | T | T
temperature corrections improved the measurements. This is 10 o 10 2 % 0 5 o
further supported by the fact that the two instruments have Internal Instrument Temperature (°C)

temperature coefficients of different sign. The same con-

clusion is drawn if only the .CI(.ear-sky mean ratios are usecj;Fig. 9. Averages of the ratios (Brewer #086 over Brewer #005) of
however, the standard deviations are smaller. Some smalynchronous irradiance integrals (315-320 nm) recorded by the two
remaining temperature effects that can be seen at very lovBrewer spectroradiometers as a function of the internal instrument
temperatures can be attributed partly to the effect of the intertemperature, in bins of 2C. Filled circles correspond to tempera-
nal heaters, causing temperature gradients, despite the coture corrected data and rhombuses to data uncorrected for tempera-
tinuous mixing of the air with the internal fans. In addition, ture effects. The error bars correspond to one standard deviation.
the small number of observations conducted under extremely

low or high temperatures, may explain the relatively large
standard deviations of the averages at extreme temperatures,

as well as their departure from unity. 120

Irr

o of Obs

@ Allskies
T <  Clear skies

6.2 Dependence on solar zenith angle o 110

© 4
Such dependence could be introduced mainly by inappro—§ 1.00 — - 6000
priate angular response correction, and possibly by non-é . [ so00 8
linearities in the instrument responses and uncertainties in the= (g, _| H_‘ L %
characterization of the angular responses. At shorter wave- i H_‘ H_‘ = 2000 ©
lengths, under-correction of Brewer #005 data for stray light . [ H_l L,
may also contribute to the solar zenith angle (SZA) depen- 10 ' 2'0 ' 3'0 ' 4'0 ' 5'0 ' 6'0 ' 7'0 ' 8'0 ' %0
dence of the ratio. The dependence of the irradiance ratios Solar Zenith Angle (degrees)

(Brewer #086 over Brewer #005) to solar zenith angle vari-

ations was investigated in a similar way to the temperaturerig. 10. Averages of the ratios (Brewer #086 over Brewer #005)

dependence. of synchronous irradiance integrals (315-320 nm) recorded by the
Here, we grouped the ratios of synchronous measurementsvo Brewer spectroradiometers as a function of solar zenith angle,

according to the solar zenith angle at the time of the measuren intervals of 10, for clear-sky (rhombuses) and all-sky conditions

ments, in bins and increments of°1@tarting from 20. Av- (filled circles). The error bars correspond to one standard deviation.

erages of the ratios for each group are presented in Fig. 10

as a function of SZA, separately for clear-sky and all-sky

conditions. It appears that there is practically no differencebands that are affected by the possible under-correction for

between clear-sky and all-sky data, apart from the expectedhe stray light effect, especially the 300-305nm band (not

reduction in the variability of the ratios recorded under clearshown here), the solar zenith angle dependence of the ratio

skies. At the bottom of the figure, a bar chart indicates theiS more evident. At large SZA the irradiance at short wave-

number of observations for each group of solar zenith angledengths is diminished; hence the contribution of stray light to

It is evident that the smaller the solar zenith angle, the feweithe measured irradiance is more important than it is at smaller

the available observations in the data set, since measuremer®A.

at small SZA occur only during summer, while measure-

ments at SZA higher than-60° are present all year long. 6.3 Wavelength dependence of the comparison

At the very small and very large SZA, below2énd above

80, there seems to be a reduction in the ratio by about 1.5%Ratios of irradiance integrals (Brewer #086 over Brewer

These discrepancies which, however, are within the uncer#005) were formed also for other wavelength bands, besides

tainties of the measurements, may be attributed either to northe 315-320 nm band, that was discussed so far. The com-

linearities (very high intensities at 2@nd very low at 80) or parison results between the two instruments (averages and

to insufficient angular response corrections. For wavelengtistandard deviations of their ratio) for all common 5 nm bands
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Table 2. Average and standard deviation of the ratio of irradi- trol procedures, as well as unreasonably high or low mea-

ances measured synchronously by the two Brewer spectroradiomé@Uréments caused by instrumental failures. The latter was
ters, #086 and #005, integrated over 5 nm wavelength bands. supported also by comparison to a collocated erythemal ra-
diometer. Finally, the data from both instruments were cor-

rected for effects from temperature variations and for devia-

Mean irradiance ratio

Wavelength band (nm) (Br. #086 / Br. #0058} o tions from the ideal angular response.

The angular response corrections increased the irradiance

All skies Clear skies measurements of Brewer #086 by-7.5% (k) and of

300-305 0.955 0.095 0.964t 0.071 Brewer #005 by 132% (1o). The application of temper-
305-310 0.975- 0.046 0.982+ 0.040 ature corrections changed the measurements of Brewer #086
310-315 0.993- 0.043 0.998+ 0.036 at all wavelengths byt1.4% during the period 1993—-mid
315-320 0.989%: 0.044  0.996+ 0.036 1999 and from-4.7% to +3% since 1999. For Brewer #005,
320-325 0.991 0.044  1.000Qk 0.037 the temperature correction changed the irradiance measure-

ments on the average hy1% at 302.5nm andt1.5% at
320 nm. The combined uncertainty of the measurements was
estimated, taking into account all the known sources of er-
rors, including the absolute calibration procedure, the correc-
are summarized in Table 2, separately for all-sky and clearions for the temperature effects and the non ideal angular re-
sky conditions. sponse, and the wavelength shift. The total uncertainty of the
For the all skies ratios, the irradiance integrals in the specmeasurements was fourneb% for Brewer #086, while for
tral bands 300-305 nm and 305-310 nm exhibit a deviatiorBrewer #005 it was estimatetd6.5% at 305 nm ane- +5%
from unity by -4.5% and-2.5%, respectively, which can at 320 nm.
be attributed to a possible under-correction of the single The comparison of synchronous irradiance measurements
monochromator data for the stray light effect. The corre-from the two instruments during their common period of op-
sponding deviations in the clear-sky ratios are respectivelyeration, showed an overall agreement of aboti4P6. Part
—3.6% and—1.8%. The reduction in the standard deviation of the differences can be attributed to lack in absolute syn-
with increasing wavelength is possibly due to the reductionchronization of the measurements, which becomes important
in the noise of the measurements from both instruments agspecially under partly cloudy conditions, and at large so-
their sensitivity and the irradiance level increases with wave-lar zenith angles. Taking into account their uncertainties,
length. the agreement of the two instruments is satisfactory. The
The data sets of the two Brewer spectroradiometers ar@radiance ratio of the two instruments showed no signifi-
not completely independent, as they share the same calibrazant dependence on solar zenith angle or on internal instru-
tion sources. In addition, their comparison was used duriment temperature. In addition, the ratio was rather stable
ing the re-evaluation procedure to detect changes that wereith wavelength, except for wavelengths shorter than about
not identified from the inspection of the calibrations. On 305 nm, where an overestimation of the single monochroma-
the other hand, the two instruments operate independentlyor Brewer by up to 4.5% was found, caused probably by
and they are different with respect to their wavelength sen-insufficient correction of the stray light.
sitivity (#005 has maximum sensitivity at about 305nm, de- The detection of long term changes in surface irradiance
creasing rapidly with increasing wavelength, while the sen-depends largely on the long term stability of the instrument’s
sitivity of #086 peaks at about 320 nm and decreases wittsensitivity, and on the ability of the calibration procedures
decreasing wavelength). Therefore, the agreement that has compensate the sensitivity changes. We believe that the
been achieved in their irradiance measurements is good, forgreement that was achieved between the measurements of
the stated levels of uncertainty. This allows merging of thethe two spectroradiometers, supported also by the level of
two datasets to derive a composite spectral irradiance recordigreement with a collocated broadband radiometer, is suf-
ficient to justify the use of the re-evaluated 15-year record
for the analysis of long term variations of UV irradiance at
Thessaloniki. The results from this ongoing analysis will be
7 Summary and conclusions reported in a separate publication.

The re-evaluation of the solar irradiance measurements per-
formed by two collocated Brewer spectroradiometers at
Thessaloniki, Greece, was presented and discussed. For the
re-evaluation, the calibration histories of the two instruments
were re-visited and comparisons of their raw data were used
to identify gaps that had not been detected by the quality con-

Ann. Geophys., 24, 3215-3228, 2006 www.ann-geophys.net/24/3215/2006/



K. Garane et al.: Monitoring of UV spectral irradiance at Thessaloniki 3227

Acknowledgements. This study was co-funded by the Ministry of Booth, R. C., Lucas, T., Morrow, J., Weiler, S., and Penhale, P.: The
National Education and Religious Affaires through the Project United States National Science Foundation/Antarctic Program’s
EPEAEK Il - “Herakleitos” (Contract No. MIS 88740), which is network for monitoring ultraviolet radiation, in: Ultraviolet Ra-
co-funded by the European Union/European Social Fund, and by diation and Biological Research in Antarctica, in: Antarct. Res.
the European Commission through the Integrated Project SCOUT- Ser., 62, edited by: Weiler, S. and Penhale, P., AGU, Washington
03 (Contract No. 505390-GOCE-CT-2004). D. C., 1994.
Brewer, A. W.: A replacement for the Dobson Spectrophotometer?,
Pure and Appl. Geoph., 106, 919-927, 1973.
Capellani, F. and Kochler, C.: Temperature effects correction in a
Topical Editor F. D’Andrea thanks W. Josefsson and another Brewer MKIV spectrophotometer for solar UV measurements, J.
referee for their help in evaluating this paper. Geophys. Res., 105, 4829 — 4831, 1999.
Davies, J. A.: Correcting for stray light in Brewer spectroradiome-
ters, Environmental Technology, 17, 421-426, 1996.
References Feister, U., Grewe, R., and Gericke, K.: A method for correction of
cosine errors in measurements of spectral UV Irradiance, Solar
Andrady, A., Aucamp, P. J., Bais, A. F,, Ballare, C. L., Bjorn, L. Energy, 60, 6, 313-332, 1996.
O., Bornman, J. F,, Caldwell, M., Cullen, A. P., Erickson, D. J., Gardiner, B. G. and Kirsch, P. J. (eds.): First European intercom-
deGruijl, F. R., Hader, D.-P,, llyas, M., Kulandaivelu, G., Kumar,  parison of ultraviolet spectroradiometers, Air Pollution Research
H. D., Longstreth, J., McKenzie, R. L., Norval, M., Redhwi, H. Report 38, CEC, Brussels, 1992.
H., Smith, R. C., Solomon, K. R., Sulzberger, B., Takizawa, Y., Gardiner, B. G. and Kirch, P. J.: Setting standards for European
Tang, X., Teramura, A. H., Torikai, A., van der Leun, J. C., Wil-  spectroradiometers, Air Pollution Research Report 53, CEC,
son, S. R., Worrest, R. C., and Zepp, R. G.: Environmental ef- Brussels, 1995.
fects of ozone depletion and its interactions with climate change:Grobner, J., Wardle, D. I., McElroy, C. T., and Kerr, J. B.: Investiga-
Progress report, 2005, United Nations Environment Programme,  tion of the wavelength accuracy of Brewer spectrophotometers,
Environmental Effects Assessment Panel, doi10.1039/b515670j, Applied Optics, 37, 36, 8532-8360, 1998.
Photochem. Photobiol. Sci., 5, 13-24, 2006. Grobner, J., Schreder, J., Kazadzis, S., Bais, A. F., Blumthaler, M.,
Bais, A. F., Zerefos, C. S., and McElroy, C. T.: Solar UVB mea-  Gorts, P., Tax, R., Koskela, T., Seckmeyer, G., Webb, A. R., and
surements with the double- and single- monochromator Brewer Rembges, D.: Traveling reference spectroradiometer for routine
Ozone Spectrophotometers, Geophys. Res. Lett., 23, 833-836, quality assurance of spectral solar ultraviolet irradiance measure-
1996. ments, Applied Optics, 44, 25, 5321-5331, 2005.
Bais, A. F.: Spectrometers: Operational errors and uncertaintiesHarris, N. R. P.: Trends in stratospheric and free tropospheric
in: Solar Ultraviolet Radiation, Modelling, Measurements and  ozone, J. Geophys. Res., 102, 1571-1590, 1997.
Effects, edited by: Zerefos, C. S. and Bais, A. F., NATO-ASI Huber, M., Blumthaler, M., and Ambach, W.: Method for determin-
Series, 52, 165-174, 1997a. ing the wavelength shift for measurements of solar UV-radiation,
Bais, A. F.: Absolute spectral measurements of direct solar ultravio- edited by: Stamnes, K. H., Proc. SPIE, 2049, 354-357, Atmo-
let irradiance with a Brewer spectrophotometer, Applied Optics,  spheric Radiation, 1993.
36, 5199-5204, 1997b. Kerr, J. B., McElroy, C. T., and Olafson, R. A.: Measurements of
Bais, A. F., Kazadzis, S., Balis, D., Zerefos, C. S., and Blumthaler, Ozone with the Brewer Ozone Spectrophotometer, in: Proceed-
M.: Correcting global solar ultraviolet spectra recorded by a ings of Quadrennial Ozone Symposium, edited by: London, J.,
Brewer spectroradiometer for its angular response error, Applied Boulder, Colorado, 74-79, 1980.
Optics, 37, 6339-6344, 1998. Kerr, J. B., McElroy, C. T., Wardle, D. I, Olafson, R. A., and Evans,
Bais, A. F., Gardiner, B. G., Slaper, H., Blumthaler, M., Bern-  W. F. J.: The automated Brewer spectroradiometer, in: Proceed-
hard, G., McKenzie, R., Webb, A. R., Seckmeyer, G., Kjeldstad, ings of Quadrennial Ozone Symposium on Atmospheric Ozone,
B., Koskela, T., Kirsch, P., @bner, J., Kerr, J. B., Kazadzis, Halkidiki, Greece, 396—401, 1984.
S., Leszczynski, K., Wardle, D., Brogniez, C., Josefsson, W.,Kerr, J. B. and McElroy, C. T.: Evidence for large upward trends of
Gillotay, D., Reinen, H., Weihs, P., Svenoe, T., Eriksen, P., Kuik,  ultraviolet — B radiation linked to ozone depletion, Science, 262,
F., and Redondas, A.: The SUSPEN intercomparison of ultravi- 1032-1034, 1993.
olet spectroradiometers, J. Geophys. Res., 106, 12509-12 526ostkowski, H. J.: Reliable Spectroradiometry, Spectroradiometry

We thank the two reviewers for their useful comments, which
helped in improving the quality of the paper.

2001. Consulting, La Plata, Maryland, USA, 1997.
Bais A. F., Kazadzis, S., Garane, K., Kouremeti, N.pkaver, J.,  Mayer, B., Seckmeyer, G., and Kylling, A.: Systematic long-term
Blumthaler, M., Seckmeyer, G., Webb, A. R., Koskela, Tort5, comparison of spectral UV measurements and UVSPEC model-

P., and Schreder, J.: Portable device for characterizing the an- ing results, J. Geophys. Res., 102, 8755-8767, 1997.

gular response of UV spectroradiometers, Applied Optics, 44,McKenzie, R., Badosa, J., Kotkamp, M., and Johnston, P.: Effects

7136-7143, 2005. of the temperature dependence in PTFE diffusers on observed
Bartlett, L. M. and Webb, A. R.: Changes in ultraviolet radiation UV irradiances, Geophys. Res. Lett., 32(6), 1-5, 2005.

in the 1990s: Spectral measurements from Reading, England, Meinander, O., Josefsson, W., Kaurola, J., Koskela, T., and Lakkala,

Geoph. Res., 105, 4889-4893, 2000. K.: Spike detection and correction in Brewer spectroradiometer
Bernhard, G. and Seckmeyer, G.: Uncertainty of measurements ultraviolet spectra, Optical Engineering, 42, 6, 1812—-1819, 2003.

of spectral solar UV irradiance, J. Geophys. Res., 104, 14 312-Meltzer, R. S., Wilson, A., Kohn, B., and Rives, J. E.: Temperature

14345, 1999.

www.ann-geophys.net/24/3215/2006/ Ann. Geophys., 24, 3215-3228, 2006



3228 K. Garane et al.: Monitoring of UV spectral irradiance at Thessaloniki

dependence of the spectral response for the MKIV Brewers inVasaras, A., Bais, A. F., Feister, U., and Zerefos, C. S.: Comparison
the UGA/USEPA network, 6th Brewer Workshop, Tokyo, Japan, of two methods for cloud flagging of spectral UV measurements,
2000. Atmos. Res., 57, 1, 31-42, 2001.

Metz, B., Kuijpers, L., Solomon, S., Andersen, S. O., Davidson, Weatherhead, E., Theisen, D., Stevermer, A., Enagonio, J., Rabi-
0., Pons, J., de Jager, D., Kestin, T., Manning, M., and Meyer, L.  novitch, B., Disterhoft, P., Lantz, K., Meltzer, R., Sabburg, J.,
(eds.): Special Report of the Intergovernmental Panel on Climate DeLuisi, J., Rives, J., and Shreffler, J.: Temperature dependence
Change (IPCC), Cambridge Univ. Press, UK, 2005. of the Brewer ultraviolet data, J. Geophys. Res., 106, 34121—

Seckmeyer G. and Bernhard, G.: Cosine error correction of spec- 34129, 2001.
tral UV-irradiances, in: Atmospheric Radiationtion, edited by: Webb, A. R., Gardiner, B. G., Martin, T. J., Leszcynski, K., Met-
Stamnes, K. H., Proc. SPIE 2049, 140-151, 1993. zdorf, J., and Mohnen, V. A.: Guidelines for Site Quality con-

Seckmeyer, G., Mayer, B., Erb, R., and Bernhard, G.: UVB in Ger- trol of UV monitoring, WMO-GAW report No. 126, Geneva,
many higher in 1993 than 1992, Geophys. Res. Lett., 21, 577— Switzerland, 1998.

580, 1994. Webb, A. R., Gardiner, B. G., Leszczynski, K., Mohnen, V.,

Seckmeyer, G., Bais, A., Bernhard, G., Blumthaler, M., Eriksen, Johnston, P., Harrison, N., and Bigelow, D.: Quality Assur-
P., McKenzie, R. L., Roy, C., and Miyauchi, M.: Instruments to ance in monitoring solar ultraviolet radiation: state of the art,
measure solar ultraviolet radiation, part I: spectral instruments, WMO/GAW No. 146, Geneva, Switzerland, 2003.

WMO-GAW report, Geneva, Switzerland, 2001. Ylianttila, L. and Schreder, J.: Temperature effects of PTFE dif-

Slaper, H. H. A. J. M., Reinen, M., Blumthaler, M., Huber, and  fusers, Optical Materials, 27, 1811-1814, 2005.

Kuik, F.: Comparing ground-level spectrally resolved UV mea- Zerefos, C. S., Balis, D. S., Bais, A. F., Gillotay, D., Simon, P.
surements from various instruments: A technique resolving ef- C., Mayer, B., and Seckmeyer, G.: Variability of UV-B at four
fects of wavelength shifts and slitwidths, Geophys. Res. Lett., stations in Europe, Geophys. Res. Lett., 24, 1363-1366, 1997.
22,2721-2724, 1995. Zerefos, C., Balis, D., Tzortziou, M., Bais, A., Tourpali, K., Meleti,

Slaper, H., and Koskela, T.: Methodology of intercomparing spec- C., Bernhard, G., and Herman, J.: A note on the interannual
tral sky measurements, correcting for wavelength shifts, slitfunc-  variations of UV-B erythemal doses and solar irradiance from
tion differences and defining a spectral reference, in: the Nordic ground-based and satellite observations, Ann. Geophys., 19
Intercomparison of Ultraviolet and Total Ozone Instruments at  115-120, 2001,

Izana, edited by: Kjeldstad, B., Johnson, B., and Koskela, T., http://www.ann-geophys.net/19/115/2001/.
Finn. Meteorol. Inst., Helsinki, 89-108, 1997.

Ann. Geophys., 24, 3215-3228, 2006 www.ann-geophys.net/24/3215/2006/


http://www.ann-geophys.net/19/115/2001/

