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Figure 3. Signal measured by MICROTOPS II at Mauna

Loa Observatory, Hawaii (May 16, 1996, 271 DU, clear sky).

amplification stage for each photodiode is optimized to have
the lowest noise level. To reduce interference from power lines
and other external sources of electrical noise, the bandwidth of
the amplifiers is reduced to 10 Hz and kept equal for all
channels. Careful layout and shielding of the circuit board
keeps the amplifier output noise to a maximum of 5.8 uV
RMS.

A high-performance sigma-delta analog-to-digital (A/D)
converter with on-chip digital filtering converts the amplified
photodetector signal into a 20 bit digital word. The conversion
nonlinearity is less than 0.0015% over the entire input range,
and the A/D conversion noise level is 5.3 uV RMS. The full-
scale output of the A/D converter is 2.5 V. The A/D converter’s
filter is programmed to reject electromagnetic interference
caused by electrical power lines, with the frequency being user
selectable. When the user presses the scan button, the instru-
ment stores the time and date for the solar zenith angle cal-
culation and performs a user-programmable number of mea-
surements of all five channels in rapid sequence. These
measurements are processed numerically to further lower the
noise level and improve targeting accuracy. Overall, the dy-
namic range achieved in the instrument is over 300,000, which
leaves adequate signal-to-noise margins for very weak signals.

To assure long-term stability of measurements, the elec-
tronic circuitry has to be very stable, both thermally and over
time. The gain of the amplifiers is determined by a set of
precision resistors with temperature coefficients below 0.005%
per degree Celsius. The amplifier’s offset is automatically com-
pensated cach time the instrument is powered on. Both the
offset and full scale of the A/D converter are automatically
calibrated before each scan. The full-scale calibration relies on
a high-performance voltage reference with a temperature co-
efficient =0.001% per degree Celsius and long-term stability of
0.005% per year. Careful design of the signal-conditioning-
and-processing block reduces the effect of any electrical insta-
bility to a negligible level, thus simplifying characterization and
calibration of the instrument.

5.3. Sun Targeting

MICROTQOPS II must be pointed directly at the Sun during
use. A Sun target on the front panel of the instrument facili-
tates aiming. When the instrument is pointed in the general
direction of the Sun, a bright point of light appears in the Sun
target. The instrument’s position is then adjusted until the
point of light falls at the intersection of a cross hair in the Sun
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Figure 4. Series of consecutive MICROTOPS II measure-
ments of ozone employing three different Sun-targeting meth-
ods.

target window. The scan button is then pressed manually, or a
scan is initiated by an external computer.

While optionally equipped with hardware for tripod mount-
ing, the MICROTOPS II is designed primarily for handheld
operation. There is a concern about the accuracy of pointing
the meter toward the Sun. A series of tests indicated that even
in the hands of a well-trained operator, the instrument can
move up to 1° away from the Sun’s center. Presence of strong
wind or cold weather may further degrade the steadiness of the
operator’s hand. Handheld stability is much better when the
operator is secated and the elbows are rested against the legs or,
especially, when the instrument is rested against a table or
other rigid surface.

To enhance the Sun-targeting accuracy in the MICROTOPS
II, an algorithm was implemented that analyzes a series of
rapidly repeated measurements. A signal strength factor is
calculated based on the signal from all three UV chanr '
Only the records with highest-ranking signal strength fac.o.
are averaged and passed for further processing. The user can
set the total number of measurements in a scan as well as the
number of records averaged.

Figure 4 presents the results of three consecutive series of 32
rapid (10 s total) ozone measurements performed on a fairly
clear day with the same instrument. Each of the measurement
series employs a different Sun-targeting technique. The first
series, which is handheld, employs the targeting enhancement
algorithm. The result of the second series, which is also hand-
held, is the average of all 32 measurements. The result of the
third series, which was measured with the MICROTOPS 11
mounted on a tripod, is also the average of all 32 measure-
ments. Table 2, which shows the standard deviation of each
measurement series, reveals that the handheld series with
targeting enhancement offers the most repeatable results
(standard deviation of 0.18%). The targeting enhancement
produces results slightly better than those with the tripod-

Table 2. Performance of Sun-Targeting Methods

Targeting Method Standard Deviation

Handheld, no enhancement 0.87%
Handheld, enhanced 0.18%
Tripod mounted 0.23%
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mounted instrument by compensating the targeting error due
to limited resolution of the instrument’s targeting system.

6. Calibration and Measurement
of Column Ozone

Calibration of the MICROTOPS II instrument requires that
the intensity of radiation measured at each channel be ana-
lyzed assuming the validity of the Lambert-Beer law, which
when applied to ozone absorption and Rayleigh scattering by
the atmosphere is

J = Ioe —ap.ﬂ*mﬁP/Pg, (1)

where I, is the intensity of the light of a particular wavelength
before it passes through the atmosphere, I is the intensity
remaining after all processes attenuating the incident radiation
have occurred, () is the amount of ozone, « is the ozone
absorption coefficient at the specific wavelength, w is the ratio
of the actual and vertical path lengths of the radiation through
the ozone layer, P is the pressure of the atmosphere in milli-
bars, P, is standard pressure (1013.25 mbars), and m is the
relative air mass, which is defined as the ratio of the actual and
vertical path lengths of the radiation through the entire atmo-
sphere to the detector. For m < 2, u and m are very close.
Other processes determining the radiation transfer include
molecular scattering by the atmosphere (the Rayleigh scatter-
ing coefficient 8) and scattering caused by acrosols.

It is customary to ignore the aerosol scattering when ozone
is computed from two pairs of wavelengths. For example, mod-
erate haze does not generally affect ozone measurements by
more than a few percent and much less under usual conditions
[Basher and Thomas, 1979]. The negative effect of aerosol
scattering is enhanced when only one pair of wavelengths is
used, as in MICROTOPS 1II and its predecessors. However,
using very closely spaced wavelengths that minimize the dif-
ference in the absorption coefficients at the two wavelengths
reduces the aerosol effect on these instruments. In practice,
MICROTOPS 1T ozone observations are more consistent and
agree better with Dobson and Brewer ozone measurements
when the sky is free of haze. An important advantage of
MICROTOPS II when many clouds are present is that an
ozone measurement can be made during a few seconds when
the Sun is open. Since a Brewer must perform a mechanical
scan of wavelengths, it requires more time to conduct an ozone
measurement and may not function as well when clouds are
frequently blocking the Sun.

Expressions for p and m are [Kohmyr, 1980; Kohmyr et al.,
1989]

m=sec Z — 0.0018167(sec Z — 1)
—0.002875(sec Z — 1)*—0.0008083(sec Z —1)°, (2)

B R+nh 3
PR TR R+ 0TS0 2T 3
or, more conveniently,
1

- 4
P A—ysinnZ’ )

where v is a geometric factor for the height of the ozone layer
given by
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R+
R

v (5a)
where R is the mean Earth radius (6371 km), » is the height of
the instrument above sea level in kilometers, and /& is the
height of the ozone layer above sea level, which is approxi-
mated as

h (km) = 26 — 0.1 LATITUDE (deg). (5b)

As noted by an anonymous reviewer of this paper, at high solar
zenith angles an error of a few kilometers in the height of the
ozone layer can cause a small error in the ozone retrieval. The
air mass limitation of MICROTOPS 1I largely precludes this
error.

The calculation of the solar zenith angle Z (SZA, angle of
Sun with respect to the zenith), which is the basis for the
calculation of w and m, is based on the coordinates of the
measurement site and universal time (UT). The algorithm
implemented in MICROTOPS II was tested to an accuracy of
+0.03° (maximum error) for the entire practical range of lat-
itudes and longitudes for the time period of 1996-2006. Ac-
curate astronomical algorithms [Meeus, 1991} executed in dou-
ble precision were used as a reference. The error arises
partially from simplified algorithms and partially from the use
of single-precision arithmetic on board MICROTOPS I1. This
error causes negligible effect on ozone calculations.
MICROTOPS 1I is equipped with a real-time clock and cal-
endar. The coordinates of the location are entered from the
keypad, an external computer, or a GPS receiver.

The theoretical expression for the ozone value derived for
any channel pair (indexed by 1 and 2 in this paper) is as
follows:

1 P
1000 Llﬁz —In 1_2 - 31,2’" F

[
a2l

Q= DU, (6)
where «,_, is (a; — ), the difference in the ozone coeffi-
cients for respective channels 1 and 2; B, _, is (8; — B,), the
difference in the air scattering coefficients for respective char
nels 1 and 2; and L, _, = (L, — L,) = In ({,,/1,,), th.
combined extraterrestrial constant (Figure 5). L,_, corre-
sponds to the incident radiation above the Earth’s atmosphere
(no attenuation from absorption or scattering). It is obtained
by the Langley method, which has a long history of application
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Figure 7. Measurement of ozone over a wide range of air
masses at Philadelphia, Pennsylvania (May 31, 1006).

band radiation leaks and scattering of diffuse UV radiation
into the instrument’s field of view. Figure 7 shows a series of
measurements performed during a sunny day in Philadelphia,
Pennsylvania, over a wide range of u. The ozone calculations
based on a single pair of wavelengths, such as 300-305 nm or
305-312 nm, show the air mass dependence effect. An empir-
ical formula for correcting this effect is

Qg5
Qoo = Q305—312[1 + < LR 1) OC} >

9300—305

()

where OC is a parameter determined by a best fit of a series of
Q.orr values to the accepted ozone value. The application of
(11) substantially extends the instrument’s measuring ability at
high air masses. One of us (S. Anderson) has found that it is
possible to use an alternative polynomial fitting procedure for
each wavelength combination to extend the air mass range and
also correct for this dependency.

The quality of calibration depends strongly on the clarity of
the atmosphere when the Langley method is used, limiting the
number of locations where the calibration can be performed. A
calibration based on the spectroradiometric measurements of
individual filters is proposed [Labow et al., 1996; Flynn et al.,
1996]. While it might prove convenient for the initial calibra-
tion, the subsequent recalibrations would be difficult to con-
duct since the instrument would have to be disassembled in
order to measure the spectral responses of the filters.

Thus far all commercial MICROTOPS 1I instruments have
been calibrated using the Langley method at Mauna Loa Ob-
servatory. Since 1992, F. M. Mims has conducted annual Lang-
ley calibrations at MLO using various MICROTOPS II instru-
ments and its predecessors. All these tests have been
conducted within a few tens of meters from MLO station
Dobson (instrument 76). Present during some of these tests
were the World Standard Dobson (instrument 83) and two
Brewers from Canada’s Atmospheric Environment Service
(AES). Agreement between MICROTOPS 11 4 and Dobson 76
and 83 is typically better than 1%. These results are very
similar to those obtained during the 1995 comparison of
Brewer 112 and Supertops. A future collaborative paper will
describe in detail the field calibration procedures and results of
simultaneous ozone measurements by MICROTOPS 11 4 and
these instruments. This paper will also report more on the air
mass dependency of the instrument, the long-term (>5 years)
stability of its ion-deposited UV filters, and the results of an
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ongoing, long-term (1990 to present) comparison with ozc
retrievals from the TOMS instrument aboard various NASA
satellites.

8. Measurement of Column Water Vapor

Solar UV passing through the atmosphere can be modulated
as much by haze in the troposphere as by ozone in the strato-
sphere. Since the optical thickness of haze is often related to
the column amount of water vapor, two of the five channels in
Microtops and MICROTOPS 1I have been traditionally de-
voted to the measurement of column water vapor. This me
surement also provides the optical thickness at 1020 nm, whil
is at an atmospheric window free of gaseous absorption.

The attenuation of sunlight caused by water vap~- "as be
studied for almost a century. The calibration teck.... ue usc.
for Microtops was developed by Reagan et al. [1987] and fur-
ther tested by Michalsky et al. [1995]. The water vapor mea-
surement is based on a pair of radiometric measurements in
the near-infrared. The 940 nm filter (10 nm, FWHM) is located
in a strong water vapor absorption band, while the 1020 nm
filter (10 nm, FWHM) is affected only by aerosol scattering.

For the 940 nm channel (indexed with 1) located in the water
vapor absorption band the Bouguer-Lambert-Beer law takes
the form

Vi/Vor = exp [—7am — k(um)’], (12)
where V, is the ground-based irradiance at 940 nm, V/, is the
extraterrestrial radiation, 7, is the aerosol scattering coeffi-
cient at 940 nm, u is the vertical water vapor column thickness,
m is the air mass, and & and b are constants numerically
derived for the filter. For clarity the Sun-Earth distance cor-
rection is omitted in the formulas given here. However the
instrument automatically applies this factor during calcula-
tions, and the extraterrestrial constants are referenced to the
mean Sun-Earth distance.

For the 1020 nm channel there is negligible water vapor
absorption, and the equation takes the form

70: = eXp ("Talm)'

(13)

A radiation transfer model was used to calculate the spectral
irradiance around 940 nm for the standard U.S. atmosphere
and various air masses. Subsequently, the spectral irradiances
from the model were multiplied by the 940 nm filter’s trans-
mission curve to produce the theoretical signal from the 940
nm detector. On the basis of (12) a set of k& and b parameters
was found that matches most closely the simulated results.

The V', for the instrument is found from an extrapolation to
air mass zero of the linearized (12):

In (Vy) + 7,m = 1n (V,

Since k and b are already known, In (
the linear regression of (14) versus .

For the water vapor calculation th
ficients at 940 and 1020 nm (7,, a1
aerosol scattering coefficient 7, at ]
on the basis of (13). The V, is obtan
a Langley plot on a clear day. Fro
model a relationship between 7,, an
dard atmosphere, and because of a ¢
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bands it is assumed constant for other conditions. For the
filters used in MICROTOPS 1I the relationship is

Ty = 1.167,,. (15)
The vertical water vapor column is calculated as
In (V) —1In (V) = 1.167,,m\ *

9. Column Water Vapor Results

Column water vapor is measured each time MICROTOPS
II measures column ozone. As the emphasis with
MICROTOPS 1II and its predecessors has been the measure-
ment of total ozone, the column water vapor measurements by
MICROTOPS II have yet to be fully analyzed. Here we report
preliminary results from daily observations at solar noon at
Geronimo Creek Observatory.

Column water vapor has been regularly measured at
Geronimo Creek Observatory since February 4, 1990, using a
novel near-infrared hygrometer developed by Mims [1992b].
This instrument uses a pair of near-infrared light-emitting di-
odes (LEDs) as spectrally selective photodiodes. Annual Lan-
gley calibrations conducted at Mauna Loa Observatory since
1992 have demonstrated that this and similar LED Sun pho-
tometers are far more stable than instruments that use con-
ventional interference filters [Mims, 1999]. The measured drift
of the extraterrestrial constant derived from such instruments
is ~1% per decade.

Various preliminary comparisons of column water vapor
measured by the original LED near-IR hygrometer and by
MICROTOPS II at Geronimo Creck Observatory have been
conducted [Limaye et al., 2000]. The peak column water vapor
at this site occurs in August. During August 1999 the mean
column water vapor measured by the LLED instrument and
MICROTOPS II was 4.49 cm and 4.41 cm, respectively. Thus
the MICROTOPS II mean is only 1.8% below that of the LED
instrument. During the drought conditions of August 2000 the
mean column water vapor measured by the LED instrument
and MICROTOPS II was 3.59 cm and 4.44 cm, respectively.
Here the difference is far greater than during 1999, with the
MICROTOPS II mean being 23.7% higher than that of the
LED instrument.

The significance of this preliminary comparison is twofold.
First, from mid-1997 to late 1999 there is excellent agreement
between the dew point calibration of the LED instrument
[Mims, 1992b] and the model calibration of MICROTOPS 11
described herein. Thereafter, however, there is an obvious
upward trend in the MICROTOPS II results. This increase is
to be expected if the transmissivity of one or both of the
conventional near-IR filters in this particular MICROTOPS 11
has drifted upward, thus altering the validity of the model
calibration. As noted in section 7 the ion-deposited UV filters
used for the column ozone retrievals with the same
MICROTOPS II have to date exhibited no noticeable drift.
The drift problem with the near-IR channels can be resolved
by the use of ion-deposited filters or by substituting appropri-
ate near-IR LEDs for the 940 nm and 1020 nm channels in
MICROTOPS. F. M. Mims modified a MICROTOPS II in this
manner in 1999 and will report on the results in a forthcoming
paper. Results of an ongoing comparison of water vapor re-
trievals from GOES and MICROTOPS II [Limaye et al., 2000]
will also be reported.
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10. Conclusion

MICROTOPS 1I is a low-cost, handheld instrument that
provides quick and accurate measurements of total ozone,
water vapor, and aerosol optical thickness. The instrument,
which can be operated manually or under computer control,
stores in nonvolatile memory up to 800 measurement scans.
The filter degradation problems that have adversely affected
previous filter ozonometers have been largely overcome by the
use of ion-deposited interference filters. Tests indicate that the
instrument gives reproducible results over a wide range of
altitudes and under various weather and climatic conditions.
Comparisons by F. M. Mims of well-calibrated MICROTOPS
Il instruments with Dobson and Brewer instruments at Mauna
Loa Observatory and elsewhere yield agreement on the order
of <1% when the air mass is <2.5. A 2 year comparison of
MICROTOPS 11 3128 with Dobson 104 and Brewer 110
yielded agreement to within 2% when the air mass was <3.5
[Kohler, 1999].

Both ozone and Sun photometer versions of MICROTOPS
IT are now in use at many locations around the world [see, e.g.,
Kohler, 1999; Meywerk and Ramanathan, 1999; Satheesh and
Ramanathan, 2000]. While the instrument is not designed to
replace a Dobson or Brewer, it is considerably smaller, much
less expensive, and generally as accurate as a Dobson or
Brewer within its usable air mass range. Therefore we suggest
that MICROTOPS II has the potential for becoming a useful
tool for measuring column ozone, column water vapor, and
aerosol optical thickness for climatological purposes and spe-
cial research studies at a wide range of locations. We empha-
size, however, that the instrument is only as good as its cali-
bration. Therefore periodic recalibrations of the instrument on
at least an annual basis should be conducted, either by the
Langley method on very clear days or by comparison with
other instruments with a known calibration history. Between
such calibrations the instrument’s daily performance can *-
checked by comparisons with satellite ozone measurements .,
for example, NASA’s EarthProbe TOMS.
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