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Radiometer

1 Introduction

This memo reviews the calibration methods for the Fast-Rotating Shadowband Radiometer (FRSR). The FRSR
was developed to replace the Multi-Filter Rotating Shadowband Radiometer (MFRSR) for measurements of aerosol
optical depth (AOD) on moving platforms such as ships at sea [Reynolds et al., 2001]. The FRSR does not require
an operator or motion stabilization and is a candidate for widespread deployment to routinely produce AOD data. In
addition, because it uses an absolute calibration, it measures the diffuse and global irradiance in all bands.

Figure 1: Three simple but elegant portable radiometers devised to measure IN for the purpose of estimating
atmospheric extinction coefficient k. The MFRSR measures the diffuse and direct beam irradiance with a precision
shadowband. The FRSR, part of the Portable Radiation Package (PRP) applies the same shadowband principle in
a novel way so it can be used on ships at sea. The FRSR uses the same multichannel MFR head as the MFRSR.
The Microtops is a handheld device for spot measurements which can be used to confirm calibration drift in the MFR
head.

Optical depth measurements by the “absolute calibration" method require several precise calibrations for each of the
seven channels—bandpass, angular response, and standard lamp—combined with current satellite-derived top of
the atmosphere (TOA) irradiance spectra. All of these calibrations [Miller et al., 2004] are critical to the accuracy of
the measurement and must be repeated at regular (annual) intervals. An alternate, much simpler, ad hoc calibration
method is possible with the Langley extrapolation [Shaw , 1983], described below. Langley calibrations are free and
can be updated every time a clear sky condition occurs. An automated Langley calibration technique is used on the
land-based MFRSR [Augustine et al., 2003]. This method eliminates the need of the standard lamp calibration. At

http://www.arm.gov/instruments/mfrsr
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sea, however, clear-sky sunsets or sunrises are rare, and so the FRSR has had to depend on absolute, standard
lamp calibrations.

An independent alternative way to measure AOD from a moving platform is by using a hand-held sun photometer
called Microtops [Miller et al., 2004] and [Ichoku et al., 2002]. Microtops is a 5-channel, narrow-field-of-view, hand-
held sunphotometer with accuracy comparable to much larger and more expensive instruments. During a 15-sec
measurement period a trained operator must hold the instrument exactly toward the solar disk. Each measurement
is archived with date, time, location, solar angle, altitude pressure, and temperature. Only spot measurements are
possible because of the requirement of a trained operator. Each Microtops is calibrated by Langley observations at
the Mauna Loa Observatory on Hawaii Island. Calibrations are maintained by coordinating with the NASA Marine
Aerosol Network (MAN) that is part of Aeronet. The AOD calculation is provided by solar light in several online
publications [SolarLight , 1996].

A Microtops was provided by the MAN program to the Japan Agency for Marine-Earth Science and Technology
(JAMSTEC) research vessel R/V Mirai, one of the largest research vessels in the world. The Mirai will be partic-
ipating in the CINDY study in the tropical Indian Ocean. The five channels for this instrument were centered at
380,440,675,870, and 936 nm.

The Mirai has operated a BNL PRP (with FRSR) system for the past ten years and has cared for it meticulously, in-
cluding annual service and calibrations. Calibrations for the MFR head are generously provided by the Atmospheric
Radiation Measurement (ARM) program. The FRSR had seven channels, 1–7, corresponding to one open Si de-
tector and six 10 nm bandpass channels at 416,497,614,671,870, and 940 nm. Channels 5–7 agree well with the
Microtops channels 3–5.

On the evening of Aug 12, while the ship was docked in its home port Mutsu (41.47559, 141.60619) Aomori Province,
Japan, there occured a near perfect clear-sky sunset. A Langley extrapolation to TOA irradiance was computed and
compared to the standard solar spectrum we use for AOD computations. The next morning was similarly clear and
we were able to take a set of Microtops measurements to verify the AODs computed from the Langley calibration
from the previous day.

Figure 2: Clear sky conditions during system checkout.
The three hour period from 04 to 07 h approx. was a time
of unobstructed view of the solar disk and excellent air
quality.

Figure 3: The normal incident irradiance, IN , for chan-
nels 5 (675 nm) and 6 (840 nm). The curves are well be-
haved to very large zenith angles. For example, the zenith
angle at 8 h was around 85◦.

http://www.esrl.noaa.gov/gmd/obop/mlo/
http://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html
http://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html
http://www.solarlight.com/products/sunphoto.html
http://www.solarlight.com/products/sunphoto.html
http://www.jamstec.go.jp/e/
http://www.jamstec.go.jp/e/about/equipment/ships/mirai.html
http://www.jamstec.go.jp/iorgc/cindy/index.html
http://www.rmrco.com/prod/prp/index.html
http://www.arm.gov/
http://www.arm.gov/
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2 Theory

Light from the sun is seen as an almost a parallel beam of photons. At the top of the atmosphere (TOA) the energy
through a plane surface normal to the beam is given by IT . The distance from the Earth to the Sun is not constant
and therefore IT depends on the separation distance, D. On the average, the Sun-Earth distance is 149,597,870.7
km which is defined as D = 1 astromonical units (A.U.). The reference solar spectrum, I0(λ) is defined to be the
solar irradiance when D = 1. The TOA irradiance for any value of D is given by IT = I0/D

2.

Figure 4: The incoming solar spectrum. A graph of irradiance ( W m−2) versus the wavelength, λ, in nanometers.
The TOA line, I0(λ), is the irradiance at the top of the atmosphere when the solar distance D = 1 AU [Colina
et al., 1996]. At any other time the TOA irradiance is given by IT = I0/D

2. The SFC line, I(λ), is the solar
spectrum at ground level. The atmospheric transmisivity is the ratio of I(λ)/IT (λ) and the total optical extinction is
k = (ln IT / ln I) /M where M is the atmospheric mass. The shaded bars show the FRSR passbands for channels
2–7. Channel 1 is a broadband Silicon cell, and its response is shown by the dashed line curve with peak value of
one at approximately 900 nm.

A sun photometer measures the directional solar irradiance in discrete wavelength bands along a vector pointing
from the instrument detector to the solar disk. The atmosphere both absorbs and scatters light along this vector, and
these effects are treated together through the mass extinction cross section kλ Liou [1980]. Because the different
scattering and absorbing processes may be assumed to be independent of each other, the total extinction coefficient
is a simple sum from all the contributors:

kλ = kA + kR + kO + kN , (1)

where the terms on the right represent the mass extinction cross sections for aerosol scattering, Rayleigh scattering,
ozone ( O3) absorption, and nitrogen dioxide (NO2) absorption.

A parallel beam of radiation, denoted by its irradiance, Iλ, will be reduced in the direction of its propagation by an
amount given by

dIλ = −kλ ρ Iλ ds (2)

where kλ is defined by (1), ρ is the air density, and ds is the differential path length. If kλ is constant, the classical
Beer-Bouguer-Lambert law results:

Iλ(s2) = Iλ(s1)e
−kλu, (3)

where u =
∫
ρ ds is called the optical thickness or optical path and integration proceeds along the path the ray takes

from s1 to s2.

In the atmosphere kλ and ρ are not homogeneous and so the full integration of (2) is required. A reasonable
approximation is that the atmosphere is horizontally stratified, and this allows integration of (2) along the vertical
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axis, z, in a coordinate system on the Earth’s surface. Then ds = sec θ dz, and

Iλ(h) = IλT exp

(
−
∫ ∞
h

kλ ρ sec θ dz

)
, (4)

where Iλ(h) is the irradiance at the observer at height h above sea level, and IλT is the irradiance at the top of the
atmosphere (TOA). Integration follows the ray in its refracted path through the atmosphere and, for completeness,
must include the curvature of the Earth.

In the case that kλ is constant through the air column, as in Rayleigh scattering, it can be moved outside the integral.
In the cases when it is non-uniform in the column, as for aerosol, O3, and NO2, an effective extinction coefficient can
be defined. The resulting effective total extinction coefficient is given by k̃λ = k̃A + kR + k̃O + k̃N and is defined by∫ ∞

h

kλ ρ sec θ dz = k̃λ

∫ ∞
h

ρ sec θ dz = kλ

[∫
ρ sec θ dz∫
ρ dz

]
(5)

The terms with tildes are effective mean values that produce the same extinction if uniformly distributed through the
atmosphere. The bracketed fraction is defined as the air mass, m(θ) and is a function of the zenith angle, θ. When
the solar beam is normal to the geoid, m = 1, and the normal atmospheric optical depth1 (AOD) is defined as

kλ =

∫ ∞
h

kλ ρ dz = k̃λ

∫ ∞
h

ρ dz (6)

The resulting formulation for the irradiance becomes

Iλ(h) = IλT e
−(kA+kR+kO+kN )m(θ) (7)

which is a working analog to the classical Beer-Bouguer-Lambert equation, (3). Without knowing the vertical and
horizontal distribution of the different contributing attenuators, (7) serves as definition of the optical thicknesses which
must be derived by observation of the extinction of the solar beam through the atmosphere.

Figure 5: Observation of the direct solar beam.
Above the atmosphere (TOA) the irradiance onto a
plane normal to the beam is given by IT . At the sur-
face the beam irradiance on a normal plane is IN .
Taking the log of 7 yields ln IT = ln IN − km where
m, the air mass, is described below.

The instantaneous solar irradiance at the top of the atmosphere, IT , is the solar constant modulated by the Earth-
Sun distance, IλT = Iλ0/D

2, where Iλ0 is the mean solar irradiance at the top of the atmosphere and D is the ratio
of the Earth-sun distance to its mean value [Paltridge and Platt , 1976]:

D = 1− ε cos (a [J − 4]) (8)

where ε = 0.01673 is the eccentricity of orbit, and J is the day of the year (sometimes referred to as the Julian day).
The D2 correction results in an annual modulation of Iλ0 of approximately 6%. This is comparable to an uncertainty
of about 5% in the measured solar spectrum [Colina et al., 1996]

The air mass, M(θ), is a function of the path of the ray through the atmosphere. When refraction and the Earth cur-
vature are ignored, the simple equation M = sec θT , where θT is the solar zenith angle at the top of the atmosphere,

1The aerosol optical thickness (AOT) and the aerosol optical depth (AOD) are used interchangeably in most discussions.
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can be used. This approximation is accurate to within 1% when θT = 70◦. Kasten and Young [1989] include both
curvature and refraction into a formulation of air mass and use the ISO standard atmosphere for density and index
of refraction. They use an index of refraction profile at 700 nm for all wavelengths and then fit the computations to
an empirical curve,

M(θr) ≈
1

cos θr + a (b− θr)
−c (9)

where θr is the solar zenith angle at the observer, in radians, a = 0.50572, b = 96.07995, and c = 1.364. A pointing
sun photometer locates the solar beam and thus automatically measures θr but a shadowband instrument must
compute it. The ephemeris algorithm by Michalsky [1988] and Spencer [1989] is used to determine θr and θT given
the time and geographic position of the observer, and including refraction and curvature.

In (7), the last three normal optical thickness terms can be determined by a combination of measurements and
theory. Raleigh scattering is well understood and kR can be computed by theoretical formulation. Tables of Rayleigh
scattering coefficient, using the relationships from Penndorf [1957], were computed for each channel wavelength
and for the atmospheric pressure at the time of the measurement with an empirical equation:

kR =

(
p

p0

) [
a1λ

4 + a2λ
2 + a3 + a4λ

−2]−1 (10)

where (a1, a2, a3, a4) = (117.2594, −1.3215, 0.00032073, −0.000076842), p is the atmospheric pressure in hPa at
the time of the measurement, p0 = 1013.25 hPa, and λ is the wavelength in µm.

The ozone optical thickness can be computed from measurements of the ozone distribution or inferred from known
ozone climatology. The ozone corrections used in this paper are quite small and were provided by the NASA
(Menghua Wang 1999, personal communication).

3 The Fast-Rotating Shadowband Radiometer (FRSR)

The design and operation of the FRSR is provided by Reynolds et al. [2001] and a carefully developed error analysis
was given by Miller et al. [2004].

Figure 6: The Fast-Rotating Shadowband Radiometer
(FRSR) has a standard MFRSR head and a shadowband
that rotates around the sensor continuusly with a period of
about six seconds. A shadow crosses over the head and
produces a dip in the output response.

Figure 3 demonstrates the head response during a sweep of the shadowband over the upper hemisphere. The
output voltages from the seven channels of the head are analysed to determine the two global values, G1 and G2,
the two edge values, E1 and E2, and the shadow value, S. During clear sky to thin cloud conditions, k < 5, the dip
is very well defined and the five sweep values are robust.

Aside from the dip quantities the instrument tilt (pitch and roll), its approximate azimuth, the location latitude and
longitude, and the UTC time to within a few seconds are needed to compute the normal irradiance for each of the
six bands.
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Figure 7: An example of an instantaneous bin-averaged
sweep (open circles) and a two-minute average of sweeps
centered on the same time (crosses are the means and
the standard deviations are vertical lines). The global,
edge, and shadow values are marked.

The angle, elevation and azimuth, that the beam intercects the FRSR head determines a correction factor that
must be applied to the estimated normal irradiance (Fig. 8). The final value, INi where i = [2 . . . 7] the irradiance
integrated over the band pass of the detector (Fig. 9).

4 Calibration Methods

There are two methods to calibrate any radiometer by using the extinction equation 7 as diagramed in Fig. 2. These
are (1)the absolute method and (2)the Langley method.

Two Before calibration the angular response is required (Fig. 8). This defines the output for any azimuth or elevation
as a ratio to a direct normal beam angle.

Figure 8: The correction term, K (θz, α), where θz is the
zenith angle and α is the azimuth direction. Note (θz, α)
are referenced to the MFR head coordinate system which
must be computed from the measured heading, pitch and
roll of the platform. K for each channel is plotted against
atmospheric mass. The correction is measured by rotat-
ing the sensor in orthogonal directions, E-W and N- S. The
two curves track closely, but diverge somewhat (0.5%) at
angles greater than 60◦(M > 2). Langley analysis usu-
ally stops at M ≤ 6 (θz ≤ 80◦) because of uncertainties
at higher angles.

Figure 9: Pass bands W (λ) for each channel of the
head. Nominally the bands are 10 nm wide but there are
shape variations. Each band is calibrated on a regular,
annual, basis. The values of I0 for each channel are com-
puted by convolving the TOA spectral curve with the pass
band shape.
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4.1 Absolute Method

The absolute calibration requires a good knowledge of the band pass response of each channel (Fig. 9). The
bandpass response is given by Wi(λ) where i is the one of the seven detector channels.

A high precision standard lamp is shined directly onto the head, θz = 0. The spectrum of the lamp is well known,
IL(λ) and the calibration energy into a specific channel is

Ical =

∫
W (λ) IL(λ) dλ∫
W (λ) dλ

(11)

The output voltage, v is measured and the head lamp calibration for each channel is simply I = a0+a1 vh. The PRP
incorporates a separate preamplifier for each channel followed by an eight-channel, 12-bit analog-to-digital converter
(ADC). These are calibrated electronically with a precision voltage reference. The head calibration is then combined
with the measured electronic gain to produce an end-to-end absolute calibration for the FRSR (Fig. 10).

I = A0 +A1 vc

where vc is the count from the ADC.

Figure 10: FRSR calibration. The MFR head is given an absolute calibration by using a standard lamp. The absolute calibration,
Ical versus output voltage, vh, is combined with an electronic calibration of the FRSR amplifiers and analog-to-digital converters
to arrive at an end-to-end calibration. I = A0 +A1 vc where vc is the ADC count measurement.

For each sweep, the response is analysed to derive the following sweep quantities: vG, vE , and vS . These are the
global, edge, and shadow values. The global value is the voltage when the band is at each horizon and not blocking
the sky. The edge value is the response when the shadow is to one side or the other of the diffuser and the shadow
value is the output when the solar disk is obscured. Measurements made when the shadow is on either side of the
diffuser are used to estimate the fraction of sky irradiance blocked by the shadowband. Then the uncorrected direct
beam irradiance projected on a flat surface is

vB = vE − vS .
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The solar zenith angle, computed by an ephemeris from the latitude, longitude and time, is θz. A tilt sensor measures
the mean pitch and roll of the platform and the heading is derived from GPS or an inertial navigation system. Using
matrix coordinate transformations with the ephemeris we compute the solar zenith and azimuth angles relative to
the FRSR head, θr and αr. Then K, the beam angle corrections (Fig. 8) is estimated interpolated.

vN = vN/K cos θz

We can apply the linear calibration equation (Fig. 10) to derive the actual irradiance

IN = A0 +A1 vN

The next step in the absolute method is to derive a value for the TOA irradiance. We use the solar spectrum from
Thuillier et al. [2003] convolved with the band pass for each FRSR channel.

I0 =

∫
W (λ) I0(λ) dλ∫
W (λ) dλ

(12)

where I0 is the TOA solar spectrum, and W is the pass band response. The instantaneous TOA irradiance to be
used in 3 is then I0/D2.

The absolute method of calibration is difficult and requires several precise measurements. The band pass functions
must be accurately done. The precision lamp accuracy is not easy to maintain and it must be recalibrated regularly.
Finally, the TOA irradiance, I0 must be known to high precision and it changes over time with solar fluctuations.

4.2 The Langley Calibration Method

Most of the difficulties with the absolute calibration methods are bypassed with the Langley method (ref. Fig. 11).

Figure 11: An example of a Langley plot. The log of the
received irradiance, either the sensor output voltage or the
absolute measured irradiance, is plotted against the at-
mospheric mass, M . In clear sky conditions, the resulting
curve is a straight line, ln v = −kM + ln vT , where v is
the sensor voltage which is proportional to irradiance. The
fitted straight line is extrapolated to M = 0 to determine
the TOA value vT . The slope of the line is the integrated
extinction coefficient, k. For AOT calculations an absolute
calibration is not necessary as long the output voltage is
linearly proportional to I. The sensor calibration constant,
v0 = vT ∗D2.

A good Langley plot requires first and foremost a perfectly clear and cloud free sunset or sun rise. The time 1-2 hours
before sunset or after sunrise must be clear and the aerosol loading must be constant. Under these conditions line
in Fig. 11 will be straight and will extrapolate to a TOA value at M = 0. The Langley constant, v0, for each channel.

This method eliminates the need for band pass integration, a standard lamp, or any of the other difficulties in the
absolute method. However, it is next to impossible to find cloud free conditions at sea, especially at zenith angles
greater than 70◦(M ≈ 2.6). It seems there are always clouds on the horizon.
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5 Experiment Period Aug 12-13 2011

The PRP (SN 07) on the R/V Mirai was evaluated while the ship was in port in Mutsu during the period of Aug
8–13. A fortunate event, a near perfect clear day occured on 2011-8-12. As shown by the PSP measure (Fig. 2) the
evening was almost flawlessly clear. This allowed a Langley calibration. The next morning was also very clear and
a set of Microtops readings were made.

Figure 12: The PRP on the R/V Mirai. The PRP is lo-
cated on the foremast with excellent exposure. Exposure
is excellent.

5.1 Langley Assessment of I0

Fig. 3 shows the measured IN5 and IN6 during the sunset Langley period. The Langley was plotted to M ≤ 10
since this represented zenith angles fom 27-84◦. As Fig. 13 shows we are able to extrapolate to a TOA irradiance
value and compare it to the I0 discussed in equation 12.

Figure 13: The actual Langley plot for FRSR channel 5,
675 nm, blue and the fitted straight line, red. The TOA
value from this example was I0 = 1.401 W m−2. The
value of D at this time is 1.013. The resulting ITOA =
I0D

2 = 1.438 which compares well to the Thullier value,
1.507 W m−2.

Each of the six narrow-band channels were given a Langley calibration treatment and the corresponding value of I0
was computed. The differences are presented in Table 1. In all cases the Langley estimate of I0 was greater than
the absolute derived value. There are many reasons for the calibration error. Until we can derive more than just this
one Langley value, it will be hard to decide which of the two calibration values to use.
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Table 1: Table of the top of the atmosphere (TOA) irradiance for the different bands
in the MFR head. The Langley TOA values, IT are computed from the extrapolated,
M = 0 value adjusted by the sun-earth distance, IT = I0D

2.
CHAN λ (nm) THULLIER LANGLEY % difference

2 416 1.737 1.755 1
3 497 1.794 2.009 11
4 614 1.586 1.711 8
5 671 1.401 1.546 10
6 870 0.818 0.975 17
7 940 0.307 0.841 107

Channel 7, 940 nm, had significant differences. This near IR wavelength is used to estimte the water column and
has been shown to be unreliable for AOD measurements [Ichoku et al., 2002]. We include it here for completeness
and will be watching it in the future.

5.2 Comparison with Microtops

A Microtops measurement group consists of ten individual samples. The complete set takes about 3-5 minutes. On
the clear morning of Aug 13 Microtops groups were taken every thirty minutes until clouds moved in after 0340.

Figure 14: Four MicroTop readings during
8/13 before clouds interrupted the comparison.
Shown are k measurements from the Micro-
tops for the four separate measurements group.
Each group has ten measurements. Also shown
are the AOD measurements from the FRSR
channels 5 and 6. At 0320 a thin cirrus cloud
moved across the solar disk then clear sky con-
ditions returned.

When the Langley values for IT are used the resulting AOD estimates agree exceptionally well with with the Micro-
tops.

6 Conclusions

The analysis here provides some basis for continued improvement of the FRSR calibration through at-sea Langley
estimates of IT . Future work will be developed to implement automatic Langley calibrations such as those used on the
MFRSR. We expect that the number of useable Langley values for over ocean conditions will be minimal, but even a
few Langley days such as the one shown here, are enough to track calibration changes and improve the AOT estimates.
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Table 2: Comparison of Microtops AOD measurements with FRSR AOD estimates for
channels 5,6, and 7, which have comparable center wave lengths.

TIME MTOPS THULLIER LANGLEY

Chan 5, 671 nm
0212 0.24 0.27 0.23
0236 0.25 0.27 0.23
0306 0.26 0.31 0.27
0338 0.25 0.27 0.23
Chan 6, 870 nm
0212 0.15 0.26 0.14
0236 0.16 0.25 0.14
0306 0.18 0.29 0.18
0338 0.15 0.25 0.14
Chan 7, 940 nm
0212 0.14 1.24 0.39
0236 0.14 1.27 0.41
0306 0.15 1.31 0.46
0338 0.14 1.25 0.41

We recommend that a Microtops be used to spot check the PRP on a regular basis. The technical staff are certainly busy
many other tasks, and taking time to operate Microtops may not be a high priority. However, visiting scientists can be
quickly trained to take readings and they would have the scientific motivation to make regular clear sky measurements.
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