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A new concept for a real-time shortwave solar radiometer is presented, based on the premise that high resolution
measurements of the shortwave solar spectrum are needed only in wavelength regions where the atmospheric physics
are changing rapidly with respectto I. The design features holographic optical elements (HOEs) for nonuniform sampling
of the spectrum, customized photocells, and temperature-compensated monolithic wide dynamic range amplifiers.
Preliminary results show full spectrum reconstruction accuracies to < 3% with a 10:1 reduction in the number of photocells

required.

Shortwave solar radiometry in the wavelength region from
0.3 to 1 um is important for characterizing atmospheric
aerosols, trace gases, and cloud radiative phenomena.’
Although scanning monochromator, shortwave radiometers
working in this region of the solar spectrum are commer-
cially available, limitations in speed of response affect their
usefulness under rapidly time-varying atmospheric condi-
tions.2An alternate implementation is a shortwave radiom-
eter with a dispersive element and a charge-coupled
device (CCD) array,® where the processing of the short-
wave solar spectrum is performed in parallel by each
channel of the array. There are also problems with this
approach: although with available CCD array sizes (256/
512/1024) high spectral resolution can be attained, prob-
lems with calibration, temperature stability, cross-talk, and
quantum efficiency reduce the overall performance speci-
fications of the instrument (considering the 107 dynamic
range of the shortwave solar spectrum).4 A new approach
taken by Michalsky and Harrison (S.U.N.Y. Albany) uses
a small number of discrete photodetectors (five to seven)
with carefully chosen, narrow-band, interference filters.
The center frequencies of the filters are customized for
measurements of selected aerosol, water, ozone, and CO,
absorption lines. This technique works well for certain
experiments; however, the ability to reconstruct higher
resolution spectra from the small data set is limited.5

This letter presents a new concept for a shortwave solar
radiometer that addresses many of the problem areas
encountered in the development of CCD array radio-

meters and preserves the necessary information to recon-
struct spectral content with approximately the same
resolution as a CCD array. This concept is based on the
premise that high resolution measurements of the short-
wave solar spectrum are needed only in the wavelength
regions where the atmospheric physics are changing
rapidly with A. This premise reduces the number of re-
quired waveband channels significantly over the CCD
element implementation, thereby enhancing the overall
instrument accuracy, yet retaining the ability to reconstruct
full spectral curves from the resulting sparse data set. Full
spectral reconstruction is possible through the use of
contiguous sample bands in conjunction with a spectral
model.

Our choice of wavebands is data-driven,® based on equal-
ization of the variance of the “information” in each waveband
in the spectrum caused by a wide range of atmospheric
conditions. If the variance of the “information” in a wave-
length band, A, , <A <A,, is small and the mean spectral
irradiance, I(A) is known, one does not need to subdivide
thatband into finer intervals. Therefore, the solar spectrum
is sampled with finer resolution in areas where the atmos-
pheric physics change substantially and with coarser
resolution in regions where there are smaller changes.

Treating I(A) incident on a photocell as a random variable,
we define the variance of “information,” o,, in waveband k
in terms of the normalized autocovariance,
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where the autocovariance, C,(y,a), can be stated in terms
of the statistical expectation operator £ {}:

C/lva)= E{I(y) - Iy Ke) - Ka)l}

We use the normalized autocovariance rather than a
simple autocovariance to eliminate any “weighting” of a
particular waveband due to the absolute magnitude of the
mean irradiance in that region. The criterion for selecting
the radiometer wavebands is then equating the square of
the variance in each waveband over the whole spectral
range; thus,

o = =o:= =0’ =¢° (2

Ideally, one would like an arbitrarily large data set of high-
resolution solar extinction measurements taken over a
variety of atmospheric conditions as the input for the

statistical analysis. For convenience, in place of this data
set, we used the SPCTRL2 code developed by the Solar
Energy Research Institute (SERI) and varied 1) day of the
year, 2) solar zenith angle, 3) ground reflectivity, 4) surface
pressure, 5) the aerosol optical path depth, 6) precipitable
water vapor, and 7) site latitude and longitude. The result-
ing data set was processed statistically and the subse-
quent waveband selections are shown superimposed on a
typical solar radiation spectrum in Figure 1. The number of
wavebands was initially chosen to be 38 (the size of a
commercially-available photodetector array) but will ulti-
mately be determined from tradeoffs between reconstruc-
tion accuracy and cost. The waveband selection in Fig-
ure 1is seen to be heavily weighted toward sampling in the
near-UV. This is a region of the spectrum where Rayleigh
scattering, ozone absorption, and the solar spectrum are
all changing rapidly with A.. Therefore some confidence is
gained that the data-driven statistical criteria developed in
equations (1) and (2) accurately reflect the underlying
atmospheric physics. The real test of the citeria, however,
is how well higher resolution spectra can be reconstructed
from sparse data collected via the nonuniform samples.

Implementing a prescribed nonuniform dispersion of inci-
dent solar radiation onto an array of photocells is not trivial.
The most promising idea for controllable nonuniform

Q.
i Al
e,
S ki
'\
: il
Egn Wf”m
B
8 3+ ﬁ \‘ s
S *//v NN
N
o
e 5 - o
Wavelength

Figure 1. Nonuniform Sampling of Solar Radiation.
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dispersion of incident light, derived from discussions with
APA Optics Inc., is acombination of a conventional disper-
sive optic (i.e., prism) and HOE “amacronic optics.” This
concept is illustrated in Figure 2 as part of the overall
instrument design. The dispersive optic divides the inci-
dent light into its spectral components and directs the light
toward the amacronic optic and photocell array. The
amacronicopticis an array of lenslets that can be made off-
axis or of varying size to provide the nonuniformly distrib-
uted wavebands without varying the photocell size or
position. Each lenslet focuses a selected portion of the
quasi-collimated light (spectrum) from the dispersive ele-
ment onto its corresponding photocell. The amacronic
lenslet array can be fabricated by reactive ion etching of
fused silica and thus should not experience significant
environmental degradation or aging.

One of the benefits in reducing the number of required
wavebands in a shortwave solar radiometer is that the
photocells and associated electronics can be individually
customized. Off-the-shelf Si photodiode arrays are sensi-
tive from ~200 to ~1150 nm, but have at least three major
problems: 1) high cross-talk, resulting from monolithic
separation of the photodiode elements (we measured a
cross-talk of ~25% at 488 nm from a standard commer-
cially-available photodiode array); 2) low quantum
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Figure 2. Radiometer Instrument Configuration.
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efficiency (QE) and QE degradation in the near UV
(200-370 nm), resulting from surface recombination of
electron-hole pairs generated near the surface; 3) broad-
band antireflection (AR) coatings, that reduce the total
amount of reflected light, but reflect a significant fraction of
the incident light, particularly in the UV and IR. Cross-talk
can be eliminated by physically separating the individual
photodiode elements. The UV QE can be increased and
stabilized by using standard surface passivation tech-
niques®used in the fabrication of high efficiency solar cells.
The reflectivity can be reduced to nearly zero by varying
the thickness of the Ta,O, AR coatings on the individual
photodiode elements. This last step increases the
photogenerated current, but more importantly, reduces
scattered light in the entire optical device.

Important considerations in the design of an amplifier to
monitor photocell current for this application are wide
dynamic range, high accuracy, temperature stability, and
suitability for monolithic integration. We have designed a
wide-range logarithmic electrometer to operate from-15 to
65°C with input currents ranging from 1 pA to 10 pA
(seven decades), ideal for monolithic integration and
multichanne! applications. We use a new temperature
compensation method® which employs dual logarithmic
electrometer circuits; one to measure the photocell current
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and the second to track temperature effects. A ratio of the
electrometer outputs then yields a result independent of
temperature. Laboratory measurements with a prototype
demonstrated that accuracies to <1% were achievable
over the upper five decades of signal range (-15 to 71°C).
Accuracies to <1% were achieved over the full
seven decades when the input device leakage current is
reduced by cooling. Conventional temperature compen-
sation methods using positive temperature coefficient
resistors produce at best a 25% error over the same
temperature and dynamic range.®

To test the overall instrument concept we made high-
resolution (2 nm) measurements of diffuse solar radiation
(0.325 to 1.1 um) with a LiCor Model LI-1800/22 radio-
meter under clear and overcast skies. We then integrated
these measurements over the wavebands shown in Fig-
ure 1 thereby simulating nonuniform sampling. We pro-
cessed the simulated sparse data sets to produce an
estimate of the original full-resolution measurements. This
reconstruction process involved two steps: 1) extracting a
general fit of the sparse data, using an available solar
radiation model, and 2) fine tuning the general fit by using
equations resulting from the boundary conditions of con-
tiguous spectral samples. We used SPCTRL2 for the
general fit of the sparse data and a perturbation method for
an underdetermined system of equations for the fine
tuning. We obtained mean rms errors <2.8% for the clear
sky case and <4.9% for overcast skies, reconstructing
387 spectral data points from 38 sparse samples (a 10:1
expansion). Two large sources of error in the reconstruc-
tion were the absence of detail in the 740-nm O, and H,O
absorption band region and the 940-nm H,0O band of the
SPCTRL2 code and the lack of sensitivity of the LiCor
instrument below 400 nm. Excluding these error sources
for the clear sky case with nonuniform sampling reduced
the mean error to 1.9%. All else being equal, these results
provide an indication of the types of accuracies one would
expect comparing an ideal high-resolution CCD-based
radiometer with an information-based sparse sampling
radiometer. Future work will concentrate on using more
detailed models such as LOWTRAN? in the spectral
reconstruction.
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