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Abstract
MICROTOPS II, a 5-channel hand-held sunphotometer with center
wavelengths of 300, 305.5, 312.5, 940 and 1020nndesgned to
allow quick and inexpensive measurements of the total ozone column
and water vapor column. Tt2ebnm FWHM for the UV channels was
selected to balance noise and ozone measurement performance. The
total ozone column is automatically calculated based on measurements
at 3 UV wavelengths, the site's latitude and lordgitwunivesal time,
altitude and pressure. A built-in pressurensdicer faciltates the
measurement. Two IR channels allow measurememntalfpreipitable
water in the atmospre. Critical agsects of the design da#ed in the
paper include: stray light rejection, thermal and lterm stability,
signal/noise optimization, collimation, tasting and data analysis.
MICROTOPS Il performance is tested by qmaning toDobson
spectrophotometers.

Introduction

The intensity of ultraviolet radiation at the surface of the Earth is modulated by aerosols and ozone within

the atmospére. Since ozone absorbs shorter wavelengths more effectively than longer wavelengths, the

ratio of the intensity of direct slight attwo wavelengths within the range 830 to 320 nm is related to

the total abundance of ozone in a column through the atmosplhéséorms the basioperating principle

a variety of instruments that measure the ozone layer. The best known such instruments are the Dobson and
Brewer speebphotomeers. Both these Biruments diide swnlight intoits constituent wavelengths by

means of a spectraater. The digersing element in the Dobson is ada prism in the Dobson and a

diffraction grating in théBrewer.

Filter Ozonometers

Filter-based ozonometers are much smaller anatstly than spectrometersinu ments. Tieir
performance, howver, is less than deable due in large part to thedeir spectral passband of filters.
Optical filters of the glass absorption type are used in the Russian M-83 speetr¢iyBtThis instrument
has been compared wittDmbson spectrometer by Bojk@8), who found large differences between the
measured ozone values of the two instruments of 830% Osherovich found evemegter discrepancies
in his analysis.(4) The discrepancies have been attributed to the fiigyfiker bandwidth of about 25-30
nm. Therefore, the monochromatic Beer-Lambert law is inapplicablesvaamdcorrections based on the
accurate ozone spectrum cannot easily be applied because of atmosplosit scaering effects. Other
drawbacks of the M-83 include itsidle field of view andanalog meter readout. While the M-83 has been
supplanted by the newer and better designed M-124, the filtdphas, field of view and alog output
limitations remain.



Ozonometers based on narrow-typass interference filters were first depad rearly thirty years ago, the
first instrument havindpeen described by Osherovich.(5) @slvich(6) and Steblova (7) subsequently
reported on its use. Matthews aBasher (8-10) developed an ozonometer for New Zealand'’s national
atmospheric monitoring laboratory that usedrowbandpass interference filters. The peaavelengths

of the filters were closely atched to the awvelengths used by ti¥obson spectrometer.

Limitations of Filter Oz onometers

The key limitations of ozonometers which use narrowdpass iterference fters havebeenreviewed in
detail by Basher and Matthews (11) &abkher (12). The most importantfiitilties with erly

interference filter instruments were imperfect monoctaticity, bandvdth, temperatureependegies,
orientation of the filters, radiatideakage, and aging of the filters which produce a gradual a shift of the
center wavelength. THatter shift has been attributed to changes in dimensionality due to reaction with
absorbed moisture. This can be solved to some extent by hermetically sealing the filter.

Interference filters are sueptible the radiation-inded aging known asolarization. This can beduced
with blocking filtersplaced bedre the interferencelfér. There is also the problem of maaatiuring the
filters to closely repeatable tolerances which is related to tfieudty of accuately depositing the many
thin layers which comprise an interference filter. Many ekhearly problems in fabricatingenference
filters have been overcome hglvarces in techaology. Filters having bandwidth of 1 nm esk are now
available (13) Metal oxide layers are much moesistant taging and solarization. Whildteérs cannot
currently be made with absadly identcal performance specifications, thesobably can be marfactured
with tolerances of 1-2%.

Total Ozone Portable Spe ctrometer (TOPS)

Mims applied the work of Basher and Matthews and high quality interference filtersdevblepment of

a miniature, hand-held filter ozonometer known as Total Ozone Portable Spectrometer (TOPS). (14, 15)
Two TOPS were calibrated against the Total Ozone Mapping Spectrometer (TOMS) aboard NASA's
Nimbus-7 satellite in the fall of 2®. These instruments measured fluctuations in the ozone layer during
the total solar eclipse of 1991 (16), redd ozone following the eption of Pinatubo irl991 (17), and an
extrapolated cdirationdrift in the Nimbs-7 TOMS (18,19).

Microproces sor- Controlled TOPS (Mi croTOPS).

The success of TOPS resulted in a 1993 Rolex Avzdlivihich funded thedevdopment of a
microprocessor-cdmlled version of the instrument known as Miops. Microtops is a Sun photometer
with 5 channels: 297, 303, 310, 940 and 1020 nm. The 3 UV channels measure total colwsrandz

direct UV-B. The ration of the 940 and 1020 nm channels permits the measurenogalt@flumn water
water vapor. The 1020 nm channel measures the optical thickness of the atmosphere at oneapkae prin
wavelengths used for this purpose by the StratospAerimsol and GasX¥periment (SAGE yatellite.
Microtops was designed t8cott Hagerup, and 32eve fabricated by Advanced Gaept Eleatonics.

Twenty Microtops monitored the ozone lajimm Baja, California, to New Hampshire during the annular
solar eclipse of 10 May 1994. Many of these instrumehsgrved fluctuations in the ozone during the
eclipse (Mims et al., paper ingparation).

A Microtops having UV filters with a batpass of 7 nm was compared with a Brewer spphbtom eter by
Labow and Flynn (21, 22). This iadendent coparison established that ozone retriefram the

Microtops were typically within 2% of those by tBeewer. A Microtops with2.2 nm (Supertops)lfers

was calibrated against wordthrdard Dobson spectrometer 83 at Mauna Qbaervabry during June

1994. During a gcond corparison in June 1995, Supmss yielded ozone amounggically within 1% of
those by Dobson 83. Partops was the first instrument to detextord low ozone over the southern United
States during fall 1994. (23)
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Instrument design

The overall stucture of MICROTOPS Il is shown in Figure 1. The optical block is shapinfieiienf
view of the instrument, filtering the incoming radiation, detecting it and faaid targeting at the sun.
The electrical sigals from photodetectors are amplified, converted to a digital form and matteri
procesed in the signal processibtpck.

Optical block
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Figure 2. Spectral transnission of UV filters measured
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the stray light.
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Figure 1. Signal measured by MICROTOPS Il on Mauna gaterial.

Loa (May 16, 1996, 271DU, clear sky) « The suntargeting hardware is

machined from aluminum and
directly attached to the filter

block to avoid temperature effects on targeting.

» The entire optical block is suspended in the enclosure in such a way that a mechanical strain applied to
the enclosure does not result in substantial strain in the optical block.

» The sun targeting assembly is laser-aligned to withirfrdrh the optical axis of the block.

» The temperature of the optical block is monitored and logged in order to allow temperature
compensation if needed.

« Ahuilt-in solid state pressure sensor provides the current atmospheric pressure needed for Rayleigh
scattering calculation.

Special consideration was given to the optical filters and photodetectors, particularly for the UV channels.

The most critical, and difficult to meet, was the requirement for high out-of-band rejection. The computer

simulation called for leakage no greater thah(28650nm) for 300nm filters. Lower wavelength filters

have more strict

Table 1 UV filters specifications

FILTER 1 FILTER 2 FILTER 3

Center Wavelength 300nm 305.5nm 312.5nm

#0.3nm +0.3nm +0.3nm
FWHM 24nm 24nm 24nm

#0.4nm +0.4nm +0.4nm
Angle of incidence 0 0 0
Max. out of band transmission 10" A<650nm 10° A<650nm 10° A<650nm
(relative to peak) 10° A>650nm 10* A>650nm 10 A>650nm
Min. peak transmission 15%
Temp. coef. of center wavelength <0.005 nm/°C
Wet/dry shift <0.1nm
Long term stability <0.1nm/year
Operating environment temp:-20 .. +40°C;

hum: 0... 100%;




leakage requirements because the in-band signal leewdgn that at higer wavelengths. Tpical shape
of the filter's transmission is shownBiror! Reference source not found. The repeatability of center
wavelength and FWHM within a batch was in the orded.dhm. The nveltechnology ofdepositing the
filter's layers and coatings assures long life and stability.

The GaP photodetectors used in the MICRPE |l are chracterized by relativelstrong sensitivity in the
UV region, low noise level and low sensitivity above 500nm. These chasticeallowed us to relax the
out-of-band rejedbn above 650nm lowering the production cost of the filters. The photodetectors are
hermeticallypackaged to assure long life and stability.

Signal con ditioning and processing

The solar radiation at short UV wavelengths decreasedlyapith increasing air mas&(ror! Reference
sourcenot found). The slope increases as the ozone layeea@ses. In order to measure the ozone column
the MICROTOPS Il measures each wavelength indepélydand then calculates thratio, unlike the
Dobson instrument, which benefits from the differerdijgbroach. In order to perforatcurately, the
MICROTOPS Il must bable to measure very weak and veipng sigals withadequate signal-to-noise
ratio and high liearity. To actéve that goal the following approach was taken:
« Theinput amplification stages were optimized &védnthe loweshoise level. The dominant noise
source in the most sensitive channels is the thermal noise of the feedbackaesistie amlifier.
The band-width of all amplifiers redad cut to a minimum arkkpt equal for all channels. With a
band-width of just under 10Hz the max. RMS amplifier output noise i8/5.8
« Ahigh performance sigma-delta A/D converter with on-chip digital filtering is used. Thewagh
sampling ratio of this converter elingites the need for higbrder anti-aliasindgjilters at thefront-end.
The conversion nolirearity is less than 0.0015% within the entire input range and the A/D
conversion noise level is u8 RMS with 2.5V full gale.
« The A/D corverter'sfilter is programmed to reject liftequency interference (useglsctable).
* Each measuremenyde comprises mitiple measurements of all channels that are processed
numerically inorder to lower the noise level and improve overall esxy
« Attention was paid to proper shielding and optimal layout of theliéiers and the conversidolock.
Overall, the dynamic range achieved in the instrument is over 300,000 with excellent linearity leaving
adequate signal-to noise margins even for very weak signals.
To assure longerm stability of measurements the elenic circutry itself has to be very stable, both
thermally and long term. The gain of the afipts isdetermined by a set of precisiagsistors with
temperature coefficients below 0.003%/ The amplifier's déet is automatically compsated every time
the instrument is powed on. Both the offset and full scale of the A/Dwemer are automatically
calibrated beforeach scan. The fultale calibration régs on a high performance voltage reference with
the temperature coefficientdar 0.001%3/C and long term stability in the order of 0.005%/year. Careful
design of the sigal conditioning angirocessing block redates the effect of anglectrcal instability to a
negligible level simplifying characterization and calibration of tretrirment.
Real time andlate for the solar zenith angle calculatioprisvided by the on-board clock. The inherent
accuracy of low-power crystal clocks is not adequate for pemgds of time, therefore a clock trimming
mechanism is implemented in the software. The caerenter the clock correction in seconds/30 days and
the program will periodically skip (or add) a few secondsriter to maintain the clock accuracy to within
5 seconds.
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Figure 1. Series of consecutive MICROTOPS Il Toenhance the sun targeting
measurements of ozonemploying three different| accuracy in the MICROTOPS |1
ways of sun targeting: an algorithm was implemented

that analyses a series of rapidly

repeated measurements. A signal
strength &ctor is calculated based on the signal from all 3 UV channels. Ondgdbels with highest
ranking signal strengtrattor are averaged and passed for further processing.
The total number of measurements in a scan as well as thenofirecords averaged can be set by the
user.
Figure 1 presents the results of three consecutive series of o0zone measurements perfainyediear
day, with the same instrument. Each of the measurement series employs different sun targeting technique:
hand-held with @argeting enhancemebaised on a series of 3&id measurements (measurement time
approx. 10 seconds), hand-held with jageraging of measurements and the thircesavas reasured
with MICROTOPS Il mounted on a tripod.
Table 1 shows thstardard deviation oBach measurement series, the hand-held witletiagg
enhancement offering the most repeatableltewith a standard dation of 0.18%. Theargeting
enhancement prodes results slightly better than tripod-meaghinstrument by compensating the targeting
error due to limited resotion of the instrument's targeting system.

Calibration and measurement of ozone

Calibration of the MICROTOPS Il instrument requires that the intensity of radiation measured at each
channel be analyzed assuming the validity of the Lambert-Beer law, whichappked to ozone
absorpion and Rayleigh scattering by the atmospheregihe simple equation
| — |0e-cqu—mBP/Po

(1)
I, is the intensity of the light of a particular wavelength before it paksmsgh the atmosgre, |, the
intensity remaining after all processes attging the incidentadiation have oceted, Q is the amount of
ozonea is the ozone absorption coefficient at thagdfic wavelengthp the ratio of the actual and
vertical path lengths of thadiation through the ozone lay&rjs the pressure of the atmospl in mb P,

. is standard pressure = 1013.25 mb, enid a
Table 1Performance of sun argeting methods.  guantity known as the airmass, which is

Targeting method Standard deviation defined as theatio of the actual and vertical

Hand-held. no enhancement 087% path lengths of the radiation through the entire

Hand-held. enhanced 0.18% atmosphere to the detector. ok 2 thep

Tripod mounted 0.23% andm are virtually identical. Other prosges

including molecular scattering (Rayleigh
scattering coefficient



represented b§) by the atmosphere, and particulate scattering produced by haze (water plus atmospheric pol-
lutants of micron patrticle size) are included as shown into the exponent for a complete representation of atmo-
spheric attenuation. It is customary to ignore the particulate scattering. Studies have shown that even the worst
haze conditions do not effect ozone measurements by more than a few percent and much less under usua

conditions’

Expressions fopl and m quantities are as follo@/:

m=secZ-00018167( seZ— )~ 000287H) seZ- )I- .0008043 sez- )’

(2)
_ R+ h
[(R+ h)? —( R+ 1)?sin? Z]lj2 (3)
1
or more conveniently, 4= m (4)
wherev is a geometric factor for the height of the ozone layer given by
- (R+r)?
(R+h)*” ©)

R = mean earth radius ( 6371 km),
r = height of ozone station above sea level in km

andh = height of ozone layer above sea level approximated as :

In general, at sea level in the continental United States,
12
|

1 mpakaian = VU. i .

. Ef E“maf: v = 0.99316, and this value should be used
E 8 H_lzl_'?“' E:hgh‘ﬁ:g:t The solar zenith anglg (angle of sun with respect to
pa]
= the zenith) which is the basis for the calculationuof
£, . ) n

5 and m is calculated based on the coordinates of the

o . ) ; - measurement site and universal time (UT). The algo-

i

rithm implemented in the MICROTOPS Il were tested
—= 0305 .5nm signal)—=- Ini3 12 .5nm signal)
to an accuracy of:0.03 (max. error) for the entire
practical range of latitudes and longitudes, for the time
period of 1996-2006. The error observed comes partially from simplified algorithms and partially from the use
of single-precision arithmetic. This error causes negligible effect on ozone calculations. The MICROTOPS Il is

equipped with a real-time clock and calendar. The coordinates of the location are entered from the keypad or an

external computer.
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where:
a, = (aq - ay), the difference in the ozone coefficients fespective channels 1 and 2
B2 = (B;- B,). the difference in the air scattering coefficients for respective channels 1 and 2
L »,=(L1-L2)=In(,,1,,), the combined "extraterrestrial constargl'rbr! Reference source not
found.).
L, coresponds to measurement of the incidentation above the earth’s absphere (no attenuation
from any absorption or scattering process). It is obtained by exdtiaygpa plotor doing a regression
analysis) of Ini(;/1,) vs.u (Langley plot). The ozoneolumn thickness is @xessed irDobson units
which correspond to milliatm-cm.
Calibration was based on the Langley method which has a long history of application tbtwnD
instrument&. A regression analysis ¢arried outusing the most liear portion of Langley plou(< 1.75)
for each channel and the datajgpropiately weighted. The intercept gives the extrasrial corstant for
that channel.
Thea’s andp's for each channel were calculated usingadeideveloped by the TERC projéetThe
exponential equation (1) when linearizgides an egression of the form:
In1=Inl,-apQ-upP/P,
)
Form ~p it yields a value for Ing) and a total coditient value for the remaininigrms whersubjected to
regression analysis. That constant must then be broken down into a term foalegomtion and a term
for the Rayleigh scattering. TERC developed a simmgd@hwhich assumed that armaw bardpass filter
acts like a filter of a single wavelength. This forcesdditional constraint on the coefficients to be
determired, because they must both be appropriate for that waveleregthh¥lpful is the fact that thee
andp change differetly with wavelength.To simplify the determination af and, the wavelength
dependencies of these coefficients wealkeulated with the following two equations, derived by fitting the
ozone cross sections dexil by Molina and Molin and the Rayleigh coefficients of Penndbrf
a()) = (2.1349 x 18) e 014052)
(8)

9)

where is the wavelength in nm.

Substituting (8) and (9) into (7) one caalculate theslopeA of the Inl vs.p line:
A=-1%*((2.1349 x 169) e (01405 x ) 11000 + (16.407 - 0.085284+ 0.000115222) P/R))
(10)

B(\) = (16.407 - 0.08528% + 0.00011522 ?)

The effective wavelengtk, of each channel's

Table 1 Effective wavelength vsfilter's center .. torence filter is determined ipding the

wavelength. wavelength at which the slope of the In of the

MICROTOPS Il Filter's Typical effective measured signakgror! Reference source not

center wavelength [nm] wavelength [nm] found.) matches the #oretical slop@&. The
300.0 300.8 ozone column for calculation &fis taken from
305.5 306.0 a co-located independenstrument, such as
3125 312.6 Dobson spectrophotometer. Once xpes

known, thea andp for each channel can be
calculated from8) and (9).

For the filters used in MICROTOPS Il thdeitive wavéengths are fraction of a nanomesdiove the
filter's center wavelength (Table 1).



Derivation of water vapor

Water vapor transmission was studied for almost a cefifiiiige calibration techniquesed for
MICROTOPS was developed Reagaret.al’® and further tested by Michalsky et'alThe water vapor
measurement is based on a pair of radiom etric measurements in the IR band. The 940nm filter (10nm
FWHM) is located in a strong water vapor absorption band, whildGp@nm filter (LOnm FWHM) is
affected only by aerosol scattering.

For the 940nncthamel (indexed with 1) located in the water vapor absamgband the Bouguer-Lambert-
Beer law takes the form:

M exp(-T ,, m- k(um)y’)
01
(11)
whereV; is the ground based radiation at 940r\vy, is the extraterrestrial radiatiory,, is the aerosol
scattering coefficient at 940nmjs the vertical water vapor column thicknasss air mass ankandb
are constants numerically dexd for the fiter.
For the 1020nm channelate is negligible water vapabsorption and the equation takes the form:

V.
—Z =exp(-T ,, M)
02
(12)
A radiation tansfer nodel was used to calculate the spectratiiance around 940nm for standard US
atmosphere and various aiasses. Subsequently the spectral irragiarfrom the model wereuttiplied
by the 940nm filter's trandssion curve prducing the theoratal signal from®40nm detector. Based on
(11) a set ok andb parameters was found that matches most closely thdaded results.
The V, forthe instrument is found from antexpolation to air mass zero of the linearized (11):
In(V,)+1, m=In(V,,) - K uny’
(13)
Thek andb are already known thei@e In(Vy,) is the intercept from linear regssion of (13) versus’.
For the water apor calclation theaerosol scattering coeffentt,; at 940nm is needed. In MICROTOPS
Il the aerosol scatteringpefiicient t,, at 1020nm is first measurédsed on (12). The,, is obtained from
extrapolation of a Langleglot on a sunny dayFrom the radiation transferadel a relationship between
T.1 @ndt,, is found for a standard atisphere and because of asel proximity of the two bands it is
assumed constant for other conditions. For the filters used in MICROTOPS Il the relationship is:
T, = 1.161,,
(14)
The vertical water vapor column is calculated as:
b

0 v v
(0, m(1-116 - In3~—22[1
] 2 Vo1

k P O

k @

u

(15)

Conclusions

The MICROTOPS Il is a low-cost han@id instrument allowing quick and accurate ozone column and
water vapor measurements. Tests indicate that the instruraestagprodiwcible resilts urder various
weather and climatic conditions.
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Figure 1 shows the results of a comparison between Dobson spectrophotometer and MICROTOPS i
instrumentcarried out in Boulder, Colado, during a demonstration of the Dobson instrument (courtesy
NOAA Climate Monitoring and Diagrstic Laborabry). The MICROTOPS Il instrument was previously
calibrated in Mauna &a, Hawaii, under distantially different climatic conditions. Comparisons with other
instruments are under way aedrly data idicate good ageement.

The typical ageement between myile MICROTOPS Il instruments is within 1-2%. Trepeatability of
consecutive ozone measurements is better@r&tb Error! Reference source not found).

Measurements through broken clouds or in very hazgitons show vdability of 1-2%.

Similarly to otherspectophotoneters® the MICROTOPS |l exhibits some air mass dependency. This
effect is being cotibuted to out-of-bandadiation leaks, scattering of diffuse U&diation into the
instrumert’s field of view and the &ct of the finite bandwidth of the filtétself. Figure 3 shows a series
of measurements performed during a sunny day iraé#lghia, PA over a vde range ofi. The ozone
calculations based on a single pair, for eg#800/305nm or 30312nm show the air mass dependence
effect. With air-mass dependence correction the measurements canidzeout up to an air-mass of 3.8.
The quality of calibration depends strongly oeatther conditions when the Langley method is used,
limiting the number of locations where the calibration can be performed. A calibration based on the
spectroradiometric measurements afiwidual filters is proposetf but more experimental data is needed
to test its applicability.
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