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Abstract

Total atmospheric optical depths as derived from quasi-simultaneous
observations by 12 modern sunphotometers of 5 different designs are
intercompared. The relative agreement between instruments depends on
the calibration of the instruments and is given for two different cali-
bration procedures. When the self-calibration procedure by the Langley-
plot technique was used, the instrument agreed only to within * 10%;
however, when the instruments were all calibrated relative to a reference
standard (the consensus of the Langley-plot calibration values) the
agreement was on the order of + 1.5%. The measurements were made at 380
and 500 nm, typical turbidity measurement wavelengths. The impact of
the relative instrument agreement on possible errors in aerosol optical

depth calculations is discussed.
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Introduction

Sunphotometers are used extensively to measure spectral extinction
of direct solar radiation as received at the bottom of the atmosphere.
Total extinction can then be separated into contributions from molecular
scattering, trace gas absorption, and aerosol attenuation. Extinction
measurements made at wavelengths where the aerosol attenuation is the
only unknown contribution, permit quantitative determinations of atmo-
spheric turbidity. Turbidity measurements at two or more wavelengths
are useful for specifying the aerosol attenuation at intervening wave-

lengths.

Concern about the role of aerosol optical properties in the atmosphere
and about their effect on local and global climate has led to widespread
use of sunphotometers (Volz, 1959; Flowers et al., 1969; Flowers et al.,
1974; Peterson et al., 1981; Shaw, 1979; Prospero et al., 1979). The
detectors and electronics of the earlier instruments, although suffici-
ent for the tasks for which they were employed, were subject to precision
and drift problems. Recent advances in detectors and miniature electronics
have been used to develop a new generation of sunphotometers that are
expected to perform, overall, much better than the older models. The
possibility of errors in the calibrations and the observed discrepancy

of results among instruments (Laulainen and Taylor, 1974; Russell and



Shaw, 1975; Volz, 1975) have led us to perform an intercomparison of

several new sunphotometers of differing designs, but having the standard

380 and 500-nm turbidity channels.

The objective of the intercomparison was to evaluate the performance
of the instruments in terms of the relative agreement among the set,
using two distinct calibration procedures. On the average, all the new
instruments measured total atmospheric extinction to within + 10% of
each other at 380 and 500 nm when the instruments were independently
calibrated, and + 1.5% for both channels when calibrated to a reference
standard. The percent differences would be larger if the total extinc-

tion were reduced to aerosol extinction by subtracting the known contribu

tions for ozone absorption and Rayleigh scattering.

This intercomparison was not intended to be a comprehensive compari-
son of all types of existing instruments. In fact, we are aware of
several modern sunphotometers that were not included in this intercompari
son. Our results indicate that such a comprehensive intercomparison
would not only be beneficial, but would be desirable to successfully
combine measurements of different instrument networks, especially when

turbidity values are small.

Instrumentation

The typical sunphotometer has a narrow-band interference filter of

-10 nm, a field-of-view limiting foresection to eliminate diffuse sky

radiation, and a photodetector whose electrical output is proportional



to the incident light intensity. A description of the instruments that
were used in the present intercomparison is given in Table 1. Of the 12
instruments 6 were of the same design, whereas the remaining 6 were of 4
different designs; only 3 of the designs included a 380-nm channel. All
instruments, with the exception of two, were handheld for discrete-point
manual observation. A source of error from handheld observations has
been reduced in this latest generation of sunphotometers because they
typically use peak-reading digital displays with as much as four-digit
accuracy, whereas the old models required reading a dial meter. All
instruments use high-quality silicon detectors and have a field of view
varying from 1.5° to 2.5° between instruments. A brief discussion of
the five different sunphotometer designs and their intended field use

follows.

(1) The NOAA instruments, from GMCC (Geophysical Monitoring for
Climatic Change) and SRCF (Solar Radiation Calibration Facility), are
updated versions of the Volz-type sunphotometers currently being used in
the U.S. turbidity network. The major modifications to the original
instrument included new electronics with digital readout and silicon
detectors. The optics were modified to conform with standards recommended
by the World Meteorological Organization (E. C. Flowers; NOAA Environmen-
tal Research Laboratories, Boulder, Colo.; personal communication,

1982). Instruments of this design are intended to replace the existing

instruments in the U.S. turbidity network.

(2) The instruments provided by G. M. Shah of the Canadian Atmos-

pheric Environment Service were commercially built, and have four wave-

length channels, a temperature-monitoring circuit, and provisions for



continuous, one-channel analog output. The instruments also include
several handy features such as tripod mounting, automatic shutoff, peak-
hold readings, battery check, electronic zero calibration test, and an
optional ability for tenfold electronic amplification. When fully
evaluated and calibrated, these instruments will be used in the Canadian

turbidity network, which is part of the global WMO network.

(3) The Solar Energy Research Institute (SERI) provided a state-of-
the-art, fully automated, four-channel sunphotometer. Two such instru-
ments were used, but they were not operated concurrently, and neither
was available for the entire intercomparison. Instrument features
include active solar tracking, continuous automatic data recording
(sample interval | to 5 min), temperature control and monitoring, and
atmospheric pressure monitoring. Because of the limited number of days
each instrument was available, we did not assign an independent calibration
to these instruments, but instead we used the value provided by the

participant, R. Bird.

(4) The sunphotometer from the University of Miami was provided by
J. M. Prospero. A number of these instruments were used by him in
short-term studies of turbidity in various networks. The instrument has
four wavelength channels, a single silicon detector, temperature monitor-

ing, an attached time piece, and digital peak-hold readout.

(5) The sunphotomer provided by G. E. Shaw of the University of
Alaska is a relatively new instrument that has six wavelength channels
using a single detector. Instruments of this design are intended for
use in an Arctic turbidity network. The features of this sunphotometer

include dual-range amplification, temperature monitoring, automatic



shutoff, an attached clock, and continuous output capability for one
channel at a time. Unfortunately, delays in receiving the instrument
prevented it from being involved in the bulk of the comparisons, so very
few data were available to assign an independent calibration to this

instrument.

Intercomparison Procedures

First, an independent calibration of each instrument was obtained
by the Langley-plot method. Second, all instruments were calibrated
relative to a standard reference, which we classified as a dependent
calibration. In this case, the standard reference was taken to be the
average of all independently calibrated instruments. Of course this
choice of a standard is somewhat arbitrary, but it will be shown later

on that a meaningful evaluation could be performed by this approach.

The parameter used to compare the instruments was the ratio of the
total atmospheric optical depth (base e), as derived from each instrument,
to that of the consensus of all instruments participating in a measure-
ment episode. Unfortunately, not all instruments were available for the
entire intercomparison, which weakens the statistics of the final

results.

Observations

Direct sun measurements were made on 12 days when the relative air-

mass (using the formulation of Kasten [1966]) changed from about 12 to

2. The measurements were used to derive the independent calibrations,



as well as to provide simultaneous observations for intercomparison. At
larger airmasses, insufficient offband blocking by the filters (especially
the 380-nm channel) and errors in solar position determination can

become problematic. At the smaller airmasses, the atmosphere is becoming
more destabilized because of local solar heating, and the time interval
between unit airmass changes is long; thus, the probability of temporal
variations of the optical depth, which is assumed constant during a
Langley calibration, is increased. On a few occasions measurements were

made near midday for intercomparison purposes only.

The observational sessions were held between 19 October and 16
December 1981 on the roof of the seven-story Research Building #3, which
is a part of the University of Colorado campus. Local atmospheric
conditions during several of the sessions were less than ideal for
precise Langley calibrations because of temporal changes in the observed
vertical optical depth. Sporadic changes in optical depth will appear
as deviations from the straight-line fit of the Langley plot, whereas
gradual changes during calibration could yield an apparently smooth
Langley plot, but an erroneous calibration. The short-term steadiness
of the atmosphere during a calibration was determined, after the fact,

by plotting deduced optical depths as a function of time.

Handheld sunphotometer measurements were not taken when any visible
obstruction to the direct solar beam was noted. Hourly meteorological
observations are routinely made at our location, which is also a station

in the NOAA Solar Radiation Network. In addition, the nonspectral

normal incident and global solar flux are recorded continuously on



strip charts; these records were occasionally referred to during observation
sessions to verify stability of atmospheric conditions. At times, low-
lying smoke was present in the Boulder valley. Because of the height of
the observing site and the solar elevation, it is believed that the line

of sight of the instruments avoided most of this local pollution.

During the first few observational sessions, various sampling
schemes were used by the observers; however, timing of all observations
was accurately kept so that each observation time was known to within 30
s. Later, and for the bulk of the intercomparison, a uniform sampling
scheme was established in which each observation consisted of a pair of
readings from each instrument, centered about a coordinated time common
to all instruments. This sampling method assures the integrity of the
timing and comparability of the data. The primary intercomparison clock

was maintained to within 1 s of WWV.

Data Reduction and Analysis Procedures

For each session and for each instrument, Langley plots were made
and inspected for outlying data or abnormal curvature. Obvious errors
were handled by editing the raw data. The outlying 5% of the data were
routinely discarded. Also, because of filter light-leakage problems at
the larger airmasses, it was discerned from the behavior of the Langley
plots that data obtained at airmasses greater than 7.5 were not to be
used for the Langley calibrations. This limit is more critical at 380

nm than at 500 nm. Data obtained between 19 October and 4 November were



best suited to determine the independent calibration. For the dependent

calibration and direct intercomparisons, essentially all data were used.

Independent Calibration

Two approaches were used to obtain independent calibrations by
means of the Langley-plot technique. The first was to identify only the
"best" data sets by applying to the Langley plot rigid criteria concern-
ing the goodness of fit, and by subjectively selecting from the data
itself only the days when the optical depth was very steady. This
approach yielded so few suitable calibration sessions that, to increase
the number, a second approach was used in which only the "worst" data
sets were eliminated and the remaining results for each instrument were
then averaged. Table 2 gives the day-by-day calibrations (natural-log
Langley-plot intercepts from unweighted linear regression fit) for each
instrument. The standard deviation of the daily-determined intercepts

was - 0.01 and ranged from 0.003 to 0.015 over the entire set.

The Langley-plot slopes, which represent an estimate of the average
vertical optical depth during the calibration session, are given in
Table 3. The standard deviation of the individual slopes is -1.0%,
ranging from 0.2% to 2.0%. The linear regression correlation coefficient
in all cases was greater than 0.990. Certain instruments produced
slopes with a consistent bias from those of other instruments, indicating
that the instruments are probably measuring extinction at different
effective wavelengths. For example, at 380 nm, instrument UM32 nearly

always had the highest observed slope among the entire group, indicating



a shorter effective wavelength for that instrument. A discrepancy such
as this will manifest itself in two ways in the subsequent intercompari-
son analysis. First, if we assume that the proper independent calibra-
tion constant has been determined for the wavelength-shifted instrument,
it will consistently give optical depths that are relatively too large
or too small, depending on the direction of the wavelength shift.
Second, when the wavelength-shifted instrument is assigned a dependent
calibration in which the reference standard has a different effective
wavelength, an airmass-dependent relative error will occur. Examples of
these error manifestations are given later as they are encountered in

the process of analysis.

Dependent Calibration

The second calibration procedure, in which the original plan was to
calibrate all instruments relative to a reference instrument, is described
next. Since no well-qualified reference instrument was identifiable,
the reference standard was taken as the consensus optical depth of all
independently calibrated instruments. (It is acknowledged that this
approach could produce bias in the reference standard.) A dependent
calibration for each instrument was derived by calculating a calibration
factor that forces the optical depth from that instrument to agree with
the reference standard, observation by observation. These individual
calibration factors were then averaged over the entire intercomparison
to produce a final dependent calibration. The final dependent and
independent calibration factors for the intercomparison instruments are

given in Table 2.



Intercomparison Results

To intercompare the total extinction as determined by the individual
calibrated sunphotometers, the ratio of total optical depth to the
consensus optical depth was calculated, where the consensus was the
average of all instruments with simultaneous readings. As it turned
out, different sunphotometers constituted the consensus at different
times, a condition which prevents rigorous statistical analysis of the
results. Nonetheless, a large number of comparisons were possible, and
the results are believed to be indicative of the individual character of

each of the sunphotometers.

The comparison ratios for each instrument were averaged by grouping
the entire 12 days of data into airmass intervals of 0.25 units. Plots
of the results for the independent calibrations are given in Figures !
and 2. It should be noted that the instruments that displayed deviant
slopes on the Langley plots (see Table 3) also displayed comparably
different comparison ratios. The upper two curves and lower one curve
in Figure 2 are for three instruments that were unavailable for indepen-
dent calibration simultaneously with the others, and the assigned cali-
brations were considered tentative. Considering that the range of the
remaining instruments does not exceed =5%, the comparison is reasonably

good.

Figures 3 and 4 show the results of using the dependently deter-
mined 380 and 500-nm calibration constants to calculate the comparison
ratio as a function of airmass, as before. In this comparison it is
seen that there is a strong airmass dependency for some of the plots

corresponding to the outlying plots in Figure 1. This strongly suggests
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that these instruments are measuring at different wavelengths, and the
calibration cannot be forced to agree with the reference standard to

better than the precision indicated, +1.5%. Table 4 gives the average
of all comparison ratios for each participating instrument and for both

types of calibrations.

Examples of observation-by-observation total optical depth is
shown in Figures 5, 6, 7 and 8. Figures 5 and 6 show optical depths
derived from the dependent calibrations at 380 and 500 nm on a day with
noticeable temporal variation in optical depth. The majority of the
instruments agree to within 0.010 and 0.007 optical depth units (base e)
for 380 and 500 nm, respectively; outlying instruments are suspect
because of wavelength-shift problems discussed previously. Additionally,
it is seen that observation-to-observation changes in optical depth as
small as 0.003 are often detected by the bulk of the instruments.
Figures 7 and 8 show optical depths for a very steady period, until the
last few observations, and illustrate the difference between the dependent
and independent calibrations of a number of instruments at 500 nm. Out
of the 10 instruments, 9 agree to within 0.005 optical depth units when
the dependent calibration is used (Fig. 7) as opposed to 0.015 for the

independent calibration (Fig. 8).

An estimate of the precision of aerosol optical depth measurement
was taken as two standard deviations about the average total optical
depth measured by all instruments at a given time. This precision is
for the entire group of instruments, not individual instruments, and is

distinguished from accuracy because the average of all the instruments may

11



contain an unknown bias. The calculated precision, averaged over the
entire intercomparison, was 0.005 and 0.014 optical depth units at 500
nm and 0.012 and 0.025 at 380 nm for the dependent and independent

calibrations, respectively. The precision of individual instruments,
measurement repeatability, was not specifically determined but appears

to be close to the limit imposed by the number of digits displayed by

the instrument.

The Appendix lists aerosol optical depth at 380 and 500 nm determined
for several intercomparison days, using both the dependent and indepen-
dent calibration procedures. The Rayleigh optical depths used were
0.4468 and 0.1456, before pressure correction, at 380 and 500 nm, respec-
tively (Pendorf [1957] adjusted according to Young [1981]). The ozone
optical depth at 500 nm was fixed at 0.0104. Examination of the results
gives some insight into their consistency with generally accepted spectral
characteristics of aged atmospheric aerosols. The optical depth of
aerosols is generally expected to decrease with increasing wavelength,
the amount of the decrease being approximately proportional to the
inverse of wavelength. The results for days 1029 and 1103 (29 October
and 3 November) show roughly the inverse wavelength relationship.

However, on days 1102 and 1104 there is no such apparent relationship.
The reason for this difference may be found in comparing the relative
magnitudes of the indicated aerosol optical depths on these days. On
days 1029 and 1103 the optical depth was much higher than on days 1102
and 1104. For the cleaner days, the measurements were at the limit of
the precision and accuracy of the instruments. In fact, on the cleanest

day, viz. 1104, several of the 380-nm measurements became negative, a

12



physical impossibility indicating that the consensus calibration level
(dependent calibration) may be too low. It follows that one or more of
the independent calibrations is also too low, which is not surprising

after examining the results in Figure 1.

The discrepant results discussed above could also be caused by
using an incorrect value for Rayleigh scattering. Aerosol optical depth
determination at low values, =0.01, is extremely sensitive to the
Rayleigh correction; i.e., a 1% error in the Rayleigh term will result
in =50%, or 0.0045 optical depth units, error in aerosol optical depth
at 380 nm. Several recent publications (see Young [1981] for summary)
have raised the possibility of uncertanties of several percent in Rayleigh
optical depths. It must be accepted that accurate measurements of low
aerosol optical depths are severely limited by both instrumentation pre-
cision and accuracy of the Rayleigh determination. Note that accurate
determination of atmospheric pressure to within a few millibars is also

required for accurate Rayleigh optical depth determination.

The sensitivity of the entire sunphotometer calibration process can
be demonstrated by raising the 380-nm calibration level by only 0.5%.
This would sufficiently increase the 380-nm optical depth to eliminate
the negative values and bring most of the values in line with the inverse
wavelength model on the cleaner days, yet without substantially changing
the results on the other days. We therefore conclude that (1) the 380 nm

consensus of this intercomparison is at least 0.5% low, (2) the Rayleigh

values are too large, or (3) some combination of (1) and (2).



Summary and Conclusions

We have seen that the varied instruments used in this intercompari-
son are capable of measuring total spectral optical depth with a precision
approaching +1.0% if all instruments are calibrated relative to a consen-
sus standard. Failure of the instruments to achieve this level of
precision when independently calibrated may well be explained by the
known shortcomings of varying atmospheric conditions during calibration
or by improperly specified filters. The adverse atmospheric conditions,
however, are typical of conditions often encountered when attempting
a Langley-type calibration of sunphotometers. Indeed, locations and

times suitable for precise Langley calibrations are rare.

Use of a high-quality standard reference sunphotometer, having
thermal stability and high-quality filters, amplifiers and detectors,
would greatly aid and improve routine calibration and performance of
evaluations of sunphotometers. As demonstrated in the present intercom-
parison, instruments displaying characteristics incompatible with (wave-
length shifted or unstable) the reference can be identified from the
results of the dependent calibration procedure. Performance evaluation
and maintenance of accurate calibration-standard instruments requires
repeated access to adequate facilities at a location where ideal atmospheri
conditions allow independent Langley calibrations to be made regularly.
A program of routine recalibration of the standard instrument is neces-
sary to reveal possible long-term drifts in the calibration. Drifts in

calibration are mostly due to changes in filter, detector, and



amplifier characteristics. We recommend that at least one thoroughly
tested and accurately calibrated standard reference sunphotometer be

made available in future intercomparisons of sunphotometers.
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Final

19 Oct. 19 Oct.
a.m. p.m.

um32 3.533 3.622
J207 7.889 7.899
SH98 6.521 6.554
SH97 5.797 5.862
J208 7.787 7.841
J201 7.793 7.852
J204 7.603 7.673
J206 7.838 7.875
J203 7.840 7.862

UM32 5.197 5.284
J207 7.463 7.479
SH98 6.206 6.236
SH97 6.245 6.310
J208 7.393 7.410
J201 7.568 7.592
J204 7.286 7.310
J206 7.517 7.532
J203 7.397 7.410
SNO7*** -~

SERI*™* —

SER2*** — -

oFilter change

Langley Intercepts (Natural

20 Oct. 20 Oct.

a.m.

3.625
7.877
6.540
5.881
7.832
7.840
7.658
7.852
7.826

5.233
7.476
6.232
6.306
7.413
7.600
7.321
7.534
7.428

e After 20 October only

***Independent calibration

p.m.

3.638
7.968
6.423*
5.887
7.910
7.845
7.690
7.900
7.883

5.300
7.516
6.257
6.330
7.459
7.600
7.319
7.554
7.431

determined outside intercomparison

TABLE 2

and

p.m.
380 nm

3.551

7.828
5.800*

7.764

7.768
7.752

500 nm

5.250

7.438

6.122

7.362

7.483
7.356

19

2 Nov.
p.m.

3.579
7.908
5.910

7.824
7.819
7.659
7.848
7.846

5.285
7.482
6.183

7.401

7.588
7.306
7.532
7.408

Log)

Independent and Dependent Calibrations

29 Oct.

3 Nov.
a.m.

3.548
7.826
5.857

7.772

5.257
7.454
6.160

4 Nov.

a.m.

3.552
7.833
5.838

7.800

7.784
7.827
7.816

5.262
7.454
6.167

7.395
7.674
7.404
7.496
7.408

Indepnt. Depndt.
Cal. Cal.
3.581 3.494
7.881 7.875
5.860** 5.796
5.830 5.773
7.816 7.813
7.830 7.862
7.657 7.736
7.844  7.841
7.832 7.870
5.259 5.217
7.470 7.482
6.195 6.179
6.283  6.287
7.401 7.412
7.590 7.595
7.308  7.303
7.521 7.529
7.405 7.403
-0.2431 -0.2037
0.346 0.288
0.346 0.249



Table 3
Langley Slope (Total Optical Depth)

19 Oct. 19 Oct. 20 Oct 20 Oct. 29 Oct. 2 Nov. 3 Nov. 4 Nov.
a.m. p-m. a.m. p.-m. a.m. p.m. a.m. a.m.
380 nm
Um 32 0.393 0.407 0.422 0.417 0.469 0.431 0.410 0.390
J207 0.381 0.394 0.389 0.408 0.443 o 0.389 0.373
SH98 0.361 0.376 0.374 0.411 0.455 0.449 0.393 0.372
SH97 0.394 0.408 0.417 0.422 _ _ _ _
0208 0.376 0.403 0.394 0.415 0.438 0.420 0.381 0.362
J201 0.363 0.380 0.380 0.380 0.414 _ .
J204 0.350 0.373 0.371 0.378 _ 0.403 _ _
J206 0.377 0.395 0.394 0.404 0.436 0.424 . 0.361
J203 0.367 0.378 0.379 0.386 0.422 0.410 _ 0 .348
500 nm
UM32 0.138 0.152 0.155 0.158 0.182 0 .168 0.150 0 .138
J207 0.136 0.150 0.147 . 0.159 0.177 0.168 0.143 0 .131
SH98 0.146 0.157 0.159 0.163 0.177 0.174 0.146 0 .137
SH97 0.144 0.154 0.155 0.161 . . . -
J208 0.136 0.151 0.148 0.161 0.175 0 .165 . 0.132
J201 0.134 0.149 0.151 0.152 _ 0 .167 . o
J204 0.136 0.150 0.152 0.154 _ 0 .169 . o
J206 0.137 0.147 0.149 0.155 0.174 0.167 _ 0.131
J203 0.140 0.150 0.152 0.156 0.177. 0 .168 . 0.136
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Table 4
Photometer Intercomparison:
Instrument Response Ratioed to Consensus and

Averaged For Entire Intercomparison

Independent Calibrations Dependent Calibrations
330 nm

Ratio S.D. n Ratio S.D. n
UM32 1.050 0.015 269 0.985 0.031 269
J207 1.003 0.008 238 1.003 0.006 238
SH98 1.013 0.022 127 1.016 0.019 127
SH97 1.060 0.011 121 0.998 0.025 121
J208 1.000 0.008 258 1.005 0.007 258
J201 0.980 0.014 173 1.005 0.017 173
J204 0.954 0.010 173 1.014 0.029 173
J206 0.962 0.009 264 1.002 0.006 264
J203 0.998 0.007 261 0.994 0.013 261

500 nm

uUmM32 1.051 0.019 312 1.002 0.014 312
J207 0.965 0.015 285 1.000 0.015 285
SH98 1.004 0.038 298 0.988 0.043 298
SH97 0.979 0.018 119- 1.010 0.017 119
J208 0.968 0.016 305 1.000 0.017 305
J201 0.989 0.013 174 1.004 0.012 174
J204 1.003 0.013 174 1.004 0.012 265
J206 0.975 0.017 265 1.002 0.015 265
J203 0.989 0.015 260 1.003 0.016 260
SNO7 0.943 0.015 56 1.003 0.008 56
SERI 1.088 0.063 119 0.979 0.067 119
SER2 1.098 0.038 66 0.992 0.050 66
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