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Abstract—Sun photometric measurements are an important
method of measuring the column amount and optical properties of
atmospheric aerosols and are frequently used to better understand
the impact of aerosols on the Earth’s radiative budget. This paper
assesses two calibration techniques used for multifilter rotating
shadowband radiometers (MFRSRs) and presents the results obtained at Long Island, NY, during the July 2011 Aerosol Life
Cycle Intensive Operational Period (IOP) campaign. The instrument calibration constants are validated internally against each
other and against an independent quantitative technique based
on the solar irradiance at the top of the atmosphere, convolved
with the MFRSR filter response. In addition, the aerosol optical
parameters obtained from the MFRSR are assessed against the
same parameters retrieved with a recently calibrated CIMEL
sun/sky radiometer collocated with the MFRSR instrument. These
comparisons indicate generally good agreement between the two
instruments for both calibration techniques. The advantages and
disadvantages of the two techniques are presented. Additionally,
an analysis of the optical and physical properties of aerosols from
the MFRSR and their chemical compositions obtained by an in situ
high-resolution time-of-flight aerosol mass spectrometer, together
with back trajectories, indicate that the principal source of high
concentrations of fine aerosols observed during July 18–24 was
forest fires in western Canada.
Index Terms—Aerosol optical depth (AOD), aerosol size modes,
CIMEL, multifilter rotating shadowband radiometers (MFRSRs),
solar calibration, sun photometer.

I. I NTRODUCTION

S

UN photometric measurements are very important in the
retrieval of several properties of atmospheric aerosols. Understanding the properties and transport of aerosols is important
because of their effects on climate and climate change. This
is essential for modeling atmospheric radiative transfer and,
consequently, making accurate estimates of aerosol influences
on the Earth’s radiation budget [1], [2]. Additionally, fine
Manuscript received March 21, 2013; revised September 22, 2013; accepted
October 30, 2013. Date of publication January 21, 2014; date of current version
May 1, 2014.
D. V. Vladutescu, A. Aguirre, M. Razani, and R. A. Blake are with the
Department of Electrical and Telecommunications Engineering Technology,
New York City College of Technology of the City University of New York,
New York, NY 11201 USA (e-mail: vvladutescu@citytech.cuny.edu).
B. L. Madhavan is with the Department of Physics, Leibniz Institute
for Tropospheric Research, 04318 Leipzig, Germany (e-mail: blmadhavan@
gmail.com).
B. M. Gross, F. Moshary, and S. A. Ahmed are with the Department of
Electrical Engineering, City College of the City University of New York, NY
10031 USA (e-mail: gross@ccny.cuny.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TGRS.2013.2293633

aerosols affect human health when they are transported into
the bloodstream through inhalation [3]. It is therefore essential
to be able to characterize episodes with high concentration of
fine particulate matter [4], [5]. Several ground-based instruments are widely used for this purpose, particularly the multifilter rotating shadowband radiometers (MFRSRs) [6]–[9],
the CIMEL sun/sky radiometer [10]–[14], and the Microtops
II sun photometer [14]. The MFRSR measures the total and
diffuse components of the downwelling solar irradiance at six
different narrow wavelengths and a broadband and is extensively used in the Department of Energy Atmospheric Radiation
Measurement Program [15], [16], the National Oceanic and
Atmospheric Administration Surface Radiation Network [17],
and the U.S. Department of Agriculture ultraviolet (UV) monitoring network [18], [19]. Worldwide, the MFRSR is also used
by the Australian Bureau of Meteorology Solar and Terrestrial
Network [20] and the Baseline Surface Radiation Network, a
project of the World Climate Research Programme and the
Global Energy and Water Experiment [21]. The CIMEL sun
photometer is widely deployed by the National Atmospheric
and Space Administration (NASA) Aerosol Robotic Network
(AERONET) [22] to determine atmospheric transmission and
scattering properties and to assess satellite measurements [4].
The Microtops II sun photometers have also been used extensively worldwide. All of these instruments are used to retrieve aerosol optical depth (AOD) and ozone and water vapor
concentrations; some are also frequently used to measure the
columnar size distribution of aerosols [23], [24]. Because of the
broad environmental monitoring applications of the MFRSR
(spectral AOD, particle size distribution, and single scattering
albedo [25]), its optimization and calibration are the main
subjects of this paper.
The underlying physics of the MFRSR instrument is that the
fraction of light that is absorbed and scattered by atmospheric
gases, water vapor, and aerosols is related to the concentrations
of the atmospheric constituents. If the total attenuation (i.e.,
transmission) of the optical path is determined at multiple
wavelengths, critical quantitative information about both gas
concentrations and aerosol modes can be inferred. To quantify
the level of attenuation, we use the universal convention of
total optical depth (TOD) τT , which is related to the measured
transmission in a narrow-band channel by Beer’s law (i.e.,
T = exp(−τT )).
Therefore, for the MFRSR to be useful, accurate TOD
measurements at different wavelengths are needed. We should
point out that TOD is the sum of the Rayleigh optical depth
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(from atmospheric gases, almost entirely nitrogen, oxygen, and
argon), the ozone optical depth, the mixed gas optical depth
(e.g., carbon dioxide and oxides of nitrogen), the water vapor
optical depth, and the AOD τA . The AOD is obtained by
subtracting from the TOD all other optical depth components
due to scattering and absorption [see (5)]. Finally, an analysis
of the spectral dependence of AOD yields information on the
sizes of aerosol particles.
Accurate measurements with the MFRSR and other sun
photometers are essential for determining the aforementioned
optical properties of aerosols, the implicit aerosol-induced radiative forcing, and the change in absorbed solar irradiance
reckoned either at the surface or the top of the atmosphere [26]–
[29]. In this regard, the calibration is central to the accuracy of
the measurements and needs to be assessed thoroughly. This
paper compares three different calibration techniques used for
the MFRSR and the aerosol optical parameters retrieved with
this instrument.
A key aerosol property is the wavelength dependence of
the aerosol extinction, which is related to the size distribution
and composition of the aerosol. This wavelength dependence is
generally characterized by the Ångström exponent γ, defined
such that the AOD is proportional to λγ , where λ is the
wavelength.
The AOD and other retrieved aerosol optical properties are
evaluated by comparison with the CIMEL sun/sky radiometer.
Such comparison is justified not only by the inherent accuracy
of the CIMEL retrievals [12], [13] but also by the fact that the
Brookhaven National Laboratory (BNL) AERONET CIMEL
instrument used in this study was intercalibrated against an
AERONET reference instrument (itself calibrated at Mauna
Loa Observatory) before and after its deployment in the field. In
general, AOD uncertainty in CIMEL is at most 0.02 in the UV
bands with lower AOD uncertainty (< 0.01) at longer visible
wavelengths [12].
Section II presents the main characteristics of the MFRSR.
Section III discusses the instrument calibration methods and
the techniques for the retrieval of aerosol optical properties.
Section IV provides the results, and Section V presents the
conclusions.
II. M EASUREMENTS AND I NSTRUMENT D ESCRIPTIONS
A. Measurement of Atmospheric Optical Parameters
Atmospheric aerosols are suspensions of small solid and/or
liquid particles in air. The scattering and absorption of aerosols
contribute to the extinction of the direct solar irradiance passing
through the atmosphere. The amount of scattered or absorbed
intensity depends on the following: First, the intensity of the
radiation at that point along the ray path; second, the loc al concentration of gases or particles responsible for absorption and
scattering; and third, the absorption and scattering coefficients
of the substances. The aerosols present in the atmosphere exhibit a wide variety of sizes, shapes, and chemical compositions
depending on the sources. Variation in these properties leads to
variation in the refractive index of aerosols and in the wavelength dependence of light scattering and absorption by aerosols. Consequently, the variability of these properties affords
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the possibility of remote sensing of other aerosol properties in
addition to optical depth, which is manifested only by a reduction of the intensity of the direct beam. Scattering enhances
diffuse radiation, whereas absorption does not. Therefore, the
measurement of diffuse and direct radiation is useful to the remote sensing of the physical and optical properties of aerosols.
The procedures in the retrieval of these optical properties,
particularly AOD and the Ångström exponent, from the measurements are presented here.
First, the top of atmosphere (TOA) irradiance for each wavelength channel is determined through the Langley regression.
This is obtained by using the Beer–Lambert law
I = I0 e−τT m

(1)

where I0 is the intensity of the direct solar beam for a given
filter channel, which would be measured by the instrument
in the absence of an atmosphere (denoted as extraterrestrial
intensity); I is the actual measured solar irradiance at the
surface; m is the air mass (the path length of a direct beam
through the atmosphere relative to a vertical path, which, for
the relevant range of m values used, between 2 and 5, is closely
approximated by the secant of the solar zenith angle); and τT is
the TOD, which includes the scattering and absorption by gases
and aerosols. Equation (1)
τT = − ln(I/I0 )/m

(2)

indicates that the determination of τT requires knowledge of the
extraterrestrial intensity, in addition to the measured intensity.
For a given wavelength channel in a specific sun photometer,
the voltage corresponding to the extraterrestrial intensity can be
determined with calibrated standard lamps [29] or, alternatively,
can be obtained directly from the dependence of τT on air mass
(Langley method). Thus, if the voltage output of the detector is
proportional to the intensity of radiation on the detector
ln V = ln V0 − mτT

(3)

a plot of ln V versus m for any channel will have a slope of
−τT at that wavelength and an intercept of ln V0 corresponding
to that channel, provided that the optical depth is assumed to be
constant over the period of measurement and the direct beam is
not obscured by clouds.
The calibration constant I0 is used to determine the TOD τT
as a function of time. From this value, the AOD for each wavelength is determined. The principal contributions to TOD, in
addition to the wavelength-dependent AOD within the MFRSR
narrow-band channels, are the spectral absorption of NO2 at
415, 496, and 615 nm and of O3 at 496, 613, and 672 nm, as
well as the Rayleigh scattering
τT = τaer + τRay + τO3 + τNO2 + τH2 O .

(4)

The AOD is therefore
τaer = τT − τRay − τO3 − τNO2 − τH2 O

(5)

which requires knowledge of the contributions of other substances to the TOD.
The optical depth of O3 and NO2 are obtained from satellite
measurements of total column concentrations. The column
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Fig. 1. Sun photometers used in atmospheric aerosol characterization:
(a) MFRSR and (b) CIMEL sun/sky radiometer.

concentrations are multiplied by the absorption coefficients at
several wavelengths to obtain the wavelength-dependent contributions of the two gases to the AOD. Because there is no water
vapor contribution in the studied channels, water vapor optical
depth is not retrieved.
B. Sun Photometers
Sun photometry has been used to measure atmospheric properties since 1666, when Newton conducted the first investigations on the Sun’s spectrum [30]. In modern remote sensing,
sun photometers are used to detect solar radiation, as mentioned
in the introduction.
1) MFRSR: The MFRSR [see Fig. 1(a)] measures the total
and diffuse solar hemispheric downwelling irradiance in seven
wavelength bands: a broadband (300–2700 nm) and six narrow
bands nominally centered at 415, 496, 613, 672, 868, and
938 nm. The first five narrow-band channels are used for aerosol
applications, whereas the broad-band thermopile pyranometer
[31] is useful for solar resource monitoring applications. The
938-nm channel is water vapor sensitive and used for water
vapor column retrievals, which is not needed in our analysis.
The irradiances in several narrow-band channels (and the
broad-band channel) are affected by aerosols; therefore, an
analysis of the information in different bands yields the wavelength dependence of the aerosol extinction. The ratio of the
AOD from different channels (e.g., 496 to 868 nm) yields
information pertinent to the size distribution of aerosols. This
information can be further used to determine the single scattering albedo [32]. Measurements at 496, 672, and 868 nm
are used for AOD comparisons because of the lack of sensors
at other wavelengths in the CIMEL sun photometer. The data
system provided with the MFRSR reports the signal in counts,
which are linearly related to the voltage at each individual
detector (the voltage level per data count is particular for each
channel). Here, we present the signals in units of counts.
The main components of the MFRSR are the rotating shadowband and the sensor head, with the latter intermittently
shaded by the shadowband. As shown in Fig. 2, the shadowband
is a strip of metal formed into a circular arc and mounted along
a celestial meridian. The entrance aperture (diffuser) of the instrument is located in a horizontal plane at the center of the arc.
The shadowband blocks a strip of sky with a 3.3◦ umbral angle,
enough to block the sun. The accuracy of the shadowband
position, 0.4◦ , is achieved with the help of a microprocessorcontrolled stepper motor. This microprocessor provides the

Fig. 2. MFRSR solar irradiance measurement: (a) Global and (b) diffuse, in
which the direct beam of the sun is occulted by the shadowband.

overall control of the instrument. At each measurement interval,
the instrument computes the solar position by using an approximation of the solar ephemeris. The first measurement is made
with the band rotated to its nadir position to obtain the global or
total downwelling vertical irradiance. The band is then rotated
to make three more measurements. The second measurement
(the diffuse-horizontal irradiance) is made with the sun completely blocked; the other two are made with the band rotated
9◦ to either sides of the sun. These side measurements allow
correcting for the excess sky that is blocked by the shadowband
during the sun-blocked measurement [9].
The data acquisition software subtracts the corrected diffuse
component of the downwelling irradiance from the global
irradiance to obtain the downwelling irradiance of the direct
(solar) beam. It then divides this direct component of the downwelling horizontal irradiance by the cosine of the solar zenith
angle (obtained from the ephemeris calculation) to compute the
direct-normal solar irradiance, i.e., the irradiance incident on a
plane normal to the vector to the sun. This entire sequence takes
20 s, and thus sampling can be as fast as three times per minute.
2) CIMEL Sun/Sky Radiometer: Fig. 1(b) shows the CIMEL
sun/sky radiometer [12], [23], [33] used in the assessment of the
MFRSR output. This instrument, located at BNL as part of the
NASA AERONET [12], [34], is collocated with the MFRSR,
providing simultaneous measurements. This microprocessorcontrolled stepper motor-positioned robot has a two-component
optical head containing a sun collimator without a lens and a
sky collimator with lenses and a filter wheel. Sun tracking is
controlled with a four-quadrant detector.
The sun tracking capability of the CIMEL sun/sky radiometer
within the NASA AERONET was developed to be highly robust
and calibrated, as it is the primary validation tool for evaluating all satellite remote-sensing aerosol retrievals (e.g., the
Moderate Resolution Imaging Spectroradiometer, Multi-angle
Imaging Spectroradiometer, and U.S. Geostationary Satellite).
As a universal validation tool, the suite of products (AOD,
Ångström exponent, fine and coarse aerosol size distribution,
etc.) is publicly available and can be downloaded [35].
As mentioned in the previous section, the BNL AERONET
CIMEL instrument was recently intercalibrated against
AERONET reference instruments located at the NASA Goddard Space Flight Center (GSFC) in Greenbelt, Maryland
(which had themselves recently been calibrated at Mauna Loa
Observatory in Hawaii, with an elevation of 3400 m), both
before and after deployment in this study [4], [8], [12].
Based on the attenuation of direct solar radiation, the CIMEL
instrument determines the column-integrated extinction,
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allowing the determination of the TOD. The magnitude of this
parameter indicates the level of aerosol loading; the spectral
dependence of the AOD yields information on intensive aerosol
properties, such as particle size and composition. In addition
to the measurement of the direct solar irradiance, the CIMEL
instrument collects the sky radiance at several angular azimuth
distances from the solar plane (also known as the principal
plane), at the elevation of the sun, and at several angles above
and below the solar elevation in the principal plane of the sun
(principal plane). The direct solar irradiance measured every
15 min at 340, 380, 440, 500, 670, 870, 936, and 1020 nm
allows for AOD retrievals at these wavelengths. Sky radiance
is measured once an hour at low gas-absorbing wavelengths
of 440, 670, 870, and 1020 nm. The inversion of the sky
radiances, together with the spectral dependence of the AOD,
allows for the derivation of aerosol microphysical properties,
such as size distribution and the complex refractive index.
These two parameters are then used in the calculation of the
single scattering albedo, based on an iterative process given by
Dubovik and King [10] and Dubovik et al. [11]. The channels
overlapping with the MFRSR and used for comparison are 500,
670, and 870 nm.
III. M ETHODS
A. Calibration Methods
Two techniques for determining the AOD from the MFRSR
are examined and compared here. The first method, referred to
here as the manual technique, is the traditional approach applied
to the MFRSR to determine the solar calibration constant [36],
[37]. It consists of inspecting data that have been screened
for clouds, evidenced as intermittent negative departures from
a graph of ln V versus air mass, followed by the processing
of the screened data, an approach that involves investigator
intervention and inevitable subjectivity.
The second method is an automated technique described by
Alexandrov et al. [38], [39] and denoted here as the NASAGoddard Institute for Space Studies (GISS) technique. The first
stage of this method involves the calibration of the 868-nm
channel with either the Langley technique or the direct/diffuse
ratio. More details on the direct/diffuse method are given in
Section III-A2. The remaining channels are fit for the multichannel retrieval of aerosol properties, to smooth out instrument
errors that might appear on individual channels. This technique
is objective in terms of selecting data points for analysis,
consumes less time, exhibits high computational efficiency, and
is capable of detecting and taking advantage of short intervals
of clear sky under broken cloud cover conditions.
Both the automatic and manual techniques retrieve the solar
calibration constant for each channel. This calibration constant
is then used in the determination of the AOD at any given time
by using Beer’s law, as shown in (1)–(4). In addition to these
techniques, we investigate a direct calibration method based on
the measured TOA spectral solar irradiance and absolute sensor
sensitivity. Section IV provides a detailed assessment of these
techniques.
1) Instrument Calibration With the Manual Technique: The
manual technique involving the selection of clear portions of
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the day to determine the instrument calibration constant is illustrated in Fig. 3 using the data for July 15, 2011. Fig. 3(a) shows
the total sky imager (TSI) [40] snapshot at around 8 A . M ., with
the band blocking direct sunlight and the sky almost entirely
cloud free. Fig. 3(b) shows the direct-normal irradiance over the
course of the day. The strong decreases in the afternoon (20:00
coordinated universal time (UTC), corresponding to 15:00 local
standard time) are due to the obscuration of the direct beam by
clouds. Fig. 3(b) indicates the irradiance in data counts over
the course of the day. In this figure, the superimposed data for
morning and afternoon are plotted according to (3); the presence of afternoon clouds is again evident. This plot illustrates
the solar irradiance versus air mass on a logarithmic scale.
Because of the presence of clouds in the afternoon, the morning
measurements were selected for fitting; a least squares fit to the
data yields the y-intercept. The fit and actual data, along with
the time period over which the residual analysis was performed
(2 < m < 5), are shown in Fig. 3(b). The y-intercept of the
fitted curve to these data points represents the irradiance extrapolated to the top of the atmosphere (zero air mass), as shown
in Fig. 3 for July 15, 2011.
The residuals were carefully analyzed to confirm the best fit
to the data (the highest residual allowed on the 868-nm channel
was 0.01). The coherence in the residuals shown as an example
in Fig. 4 manifests the nonconstancy of aerosol.
It is well known that the standard Langley regression-based
calibration, even for multiple clear-sky cases, can have significant fluctuations. Therefore, obtaining as many “calibration”
cases as possible within a given time period is always important
to reduce the uncertainty from a running average.
These retrievals are not difficult on days when the total cloud
cover is negligible and diffuse radiation will not corrupt the direct line of sight (LOS) measurements. However, on days when
the cloud cover is more significant, and even when the direct
solar beam is not blocked, diffuse radiation will contaminate
the retrievals, as shown in Fig. 3(c) and (d). In addition, we find
that morning observations (before 11 A . M .) are preferable over
afternoon hours because of low convection, low AOD, and less
variable relative humidity. Fig. 5, which is a lidar image taken
in July at the City College of New York [CCNY, 110 km from
the planetary boundary layer (BNL)], shows the intermittent
effects of convection and the general expansion of the PBL
containing most of the aerosols throughout the day, due to the
temperature increase and entrainment of plume layers, which
lead to enhanced haze layers and thin-cloud formation. It should
be pointed out that this diurnal behavior is very common in
summer conditions in the northeastern United States, as shown
in the extensive lidar imagery at the CCNY [41]. These considerations explain a general increased uncertainty associated
with the intercept (calibration constant) obtained during the
afternoon compared to the morning.
The uncertainty in the AOD δ(τT ) retrieved from the measurement of ln(V /V0 ) derives from the uncertainty in the
intercept ln V0 given in
1/2

/m.
(6)
δ(τT ) = (δ ln V0 )2 + (δ ln V )2
This formula is a good approximation as long as the air
masses are reasonably small and the detectors are linear [29],
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Fig. 3. (a and c) TSI and MFRSR illustrating clear-sky conditions on July 15, 2011 and cloudy conditions on July 20, 2011. (b) and (d) illustrate the signal in the
413-nm channel retrieved by the MFRSR on July 15 and 20, 2011, respectively. The top graphs illustrate the irradiance versus time; the bottom graphs indicate
the same parameter logarithmically versus air mass. The local standard time is the UTC time—5 h.

Fig. 5. Atmospheric vertical profile of aerosol backscatter obtained with the
multiwavelength Raman lidar at 1064 nm at the City College of the City
University of New York, 110 km west of the BNL, on July 7, 2011.
Fig. 4. Residuals between the data and the linear fits to the data (manual
technique) for the morning of July 15 for channels centered at 496, 672, and
868 nm.

[36]. Thus, an uncertainty of 0.01 in the intercept contributes
an uncertainty of ∼0.01 to the optical depth (and, in turn, to the
AOD) determined at air mass m = 1 and decreasing at a higher
air mass [36]. The error associated with the intercept for each
day is calculated based on the covariance matrix of the linear
square fit to the data [42]. The values are represented by error
bars in Fig. 6.

The retrieved instrument calibration constant is the average
of the intercept values at which the ratio of the 496-nm to
868-nm intercepts fall in the interquartile range (IQR). The difference between this average value and the smoothed intercepts
obtained with the Lowess filter [17], [43] is between 0 and
0.005. The obtained intercepts are then used to calculate the
AOD based on (1)–(4). The screening technique is based on the
first coarser filter given by Michalsky et al. [17].
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Fig. 7. Block diagram of retrieval of AOD and Ångström exponent by
MFRSR with the manual technique.

Fig. 6. Daily values of ln V0 obtained with the manual technique. The error
bars represent the uncertainties (1 − σ) in the intercept given by the covariance
matrix of the linear least squares fit [42]. These intercepts are mostly retrieved
during mornings; a few are selected from afternoon measurements because of
the presence of morning clouds. The stars represent manually retrieved intercepts, the circles represent the automated retrieved intercepts, the dashed lines
are the intercepts retrieved with the absolute irradiance calibration, together
with the Gueymard solar irradiance spectrum (see Section III-A3), and the
straight lines denote the average manual intercepts falling in the IQR. Note
that the relative difference between the smoothed manual intercepts obtained
with a locally weighted scatter plot smooth (Lowess) filter [17], [43] and the
average of the values in the IQR is between 0 and 0.005. All other percentage
errors are shown in Fig. 12.

The Langley technique used O3 and NO2 values obtained
from Ozone Monitoring Instrument (OMI) satellite measurements. Small errors could be added into the AOD calculations
by uncertainties in O3 , NO2 , and pressure. An error of 10
Dobson units (DU) would result in an AOD error of 0.002 at
610 nm, with lower uncertainty values at the other wavelengths.
Because ozone is fairly stable over the summer and fall months,
the O3 column concentration used in the manual technique is
constant and equal to 325 DU (one DU is equivalent to a column
concentration of 2.69 × 1016 molecules per square centimeter) over the entire month of July. The uncertainty associated
with the ozone measurement is approximately 1%–1.5%. The
accuracy of the ozone cross section used in the calculation of
τO3 increases the uncertainty to not more than 2%–3% [44]. In
our case, the maximum difference in the actual DU and the DU
used was 25 DU, leading to an uncertainty due to the O3 optical
depth of 0.005. The NO2 retrieval and measurement uncertainty
are also not more than 3%, resulting in an AOD error of 0.001 in
the 413-nm band, where NO2 has the strongest impact. A 10-hPa
difference between the actual pressure and pressure used leads
to an uncertainty of only 0.004 at the most sensitive wavelength
of 415 nm [45]–[49]. However, these errors are not significant
in our retrievals and result in very good separation of different
aerosol size modes, as will be presented in Section IV-B.
Once the instrument is calibrated, the AOD can be retrieved.
The block diagram in Fig. 7 presents the steps involved in
the retrieval of the AOD and the Ångström exponent from the
MFRSR with the use of the manual technique.
2) Instrument Calibration Constant Obtained With the GISS
Technique: Unlike the traditional Langley method, the NASA-

Fig. 8. Solar irradiance plot in the 870-nm MFRSR channel as a function of
local time.

GISS technique [6], [38], [39] uses a combination of diffuse
and direct flux measurements for calibration. Once the calibration is completed in the 870-nm channel, all other processes,
including calibrations and obtaining the multispectral optical
depth, rely on direct beam measurements alone. To exclude the
uncertainties in the MFRSR angular response and shadowband
corrections at large zenith angles, data with air mass ranging
from 2 to 5 are considered during morning and afternoon
periods.
Unlike the direct beam calibration approach in the Langley
regression, the NASA-GISS technique uses a combination of
direct and diffuse radiation, and the calibration will be affected
even if there are no clouds in the direct path. Therefore, multiple
levels of screening are necessary. First, the standard Langley
cloud filter is used to detect and remove cases in which clouds
are in direct LOS. Then, a more sophisticated filter sensitive
to hemispherical cloud cover is applied. To illustrate, we selected July 20, 2011, a day with high AOD variability [see
Section III-A1 and Fig. 3(c) and (d)], which presents greater
difficulty in selecting clear-sky portions of the day and, consequently, in finding the calibration constant with the manual
technique.
Fig. 8 shows the time series of observations of the uncalibrated solar irradiance components in the 870-nm channel.
For the preliminary cloud screening, the direct-normal irradiances (I) measured in the 870-nm channel during the day are
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TABLE I
S TANDARD VALUES OF THE H EAD PARAMETERS IN THE A LGORITHM

converted to the uncalibrated optical thickness (τ ) by
 
I
τ = − ln
μ − τR
I0

(7)

where I0 is the nominal TOA irradiance at 870 nm (see Table I).
Here, the nominal TOA irradiance values are obtained from the
high-resolution solar flux table [50], μ is the cosine of the solar
zenith angle, and τR is the Rayleigh scattering contribution. The
contribution to the Rayleigh scattering is accurately [51], [52]
obtained by
τR (λ) = 0.008569λ−4 (1 + 0.0113λ−2 + 0.00013λ−4 )

TABLE II
G ENERAL C RITERIA A DOPTED FOR I DENTIFYING VARIOUS
L OW-Q UALITY F LAGS BASED ON S OLAR
I RRADIANCE M EASUREMENTS

TABLE III
C ALIBRATION C OEFFICIENTS O BTAINED F ROM THE R EGRESSION
A NALYSIS ( AS S HOWN IN F IG. 10). I NTERNAL C ALIBRATION
C OEFFICIENTS 1 A RE BASED ON D IRECT-N ORMAL I RRADIANCE .
I NTERNAL CALIBRATION C OEFFICIENTS 2 A RE BASED ON THE
R EGRESSION B ETWEEN THE D IFFERENCE IN AODS C OMPUTED BY
D IRECT-N ORMAL I RRADIANCE AND D IRECT /D IFFUSE R ATIO )

P
P0
(8)

where λ is the wavelength in micrometers, P is the atmospheric
pressure in millibars (mb), and P0 = 1012.25 mb is the standard pressure [51]. The MFRSR data are cloud screened, and
the Rayleigh optical depth is subtracted before further analysis.
As previously mentioned, a sophisticated and conservative
cloud screening algorithm adopted in [38] and [39] is used to
apply the direct/diffuse calibration method. According to these
references, which provide a detailed discussion, the approach
has the following main advantages.
1) The method is very sensitive to broken clouds.
2) The method can differentiate between aerosol layers and
even fairly homogeneous clouds, such as thin cirrus and
marine boundary layers.
3) The method can misidentify very short clear-sky patches
between clouds as cloudy, but this is actually beneficial
because these clear-sky patches are statistically insignificant and should not be used in the overall analysis.
When properly applied, the approach can identify, as a first
step, clear and cloudy skies. This cloud screening approach
has no significant dependence on the original calibration of the
data, except in the case of a strong negative calibration error, in
which a significant portion of clear-sky data can be wrongly
designated as cloudy. This problem is avoided by roughly
precalibrating the data through the robust Langley regression
before cloud screening and by repeating the cloud screening
after the analysis and calibration of the initially selected clearsky data set. In addition, portions of data with rapid oscillations due to instrument misalignment (including data obtained
when the sun is partially blocked during measurement) are
screened out.

Finally, a postprocessing approach [6], [39] implemented by
the NASA-GISS processing software based on simple irradiance, data time periods, and solar zenith angle thresholds can
be used for further separation into various flags (see Tables II
and III), such as overcast, missing data, and corrupt data (large
zenith angles). This is followed by even further separation into
clear and thin clouds (optical depth can be determined from
direct radiation).
Additional constraints are used to isolate potential thin-cloud
cases. This includes cases with an insignificant number of
overcast data points being marked as thin clouds. Applying the
aforementioned criterion, Fig. 9 shows the resultant classified
and screened data.
After cloud clearing and filtering, the final retrievals are
done. First, an AOD is estimated from the direct/diffuse ratio
(i.e., the calibration-independent ratio of direct-normal and
diffuse-horizontal MFRSR measurements) method; this AOD is
then subtracted from the directly measured AOD (i.e., from the
direct-normal irradiance). The inversion of the AOD from the
direct/diffuse ratio requires an assumption of model parameters,
such as aerosol size, Single Scattering Albedo, and surface
albedo. For the aerosol size distribution model, a bimodal
gamma distribution [51] with a fixed effective variance, νeﬀ =
0.2, for both modes is considered. Whereas the effective radius
for the coarse mode is fixed (= 1.5 μm), the fine mode effective
radius varies between 0.03 and 0.5 μm. This is justified because
the coarse mode AOD in the visible spectral range has little
sensitivity to the coarse mode particle size. Both the fine and
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Here, the y-intercept provides the calibration coefficient c,
which Alexandrov et al. [6], [38] described as instantaneous
or internal. The internal coefficients are smoothened over a
large period of measurements (∼4 months) to obtain “external”
coefficients, which are then used to correct the uncalibrated
optical thicknesses.
To describe this technique, assume that we know the 870-nm
AOD time series (τa ) and an uncalibrated estimate of the AOD
in some other wavelength channel (λ), given by
τ = qτa + cμ.

Fig. 9. Direct-normal irradiances in the 870-nm MFRSR channel with (black
circles) clear, (red dots) thin-cloud, (blue boxes) overcast, and (pink crosses)
corrupt data portions as a function of local time.

Fig. 10. Regression plots (870 nm) of the ratio of the AOD (direct-normal
irradiance) to the cosine of Solar Zenith Angle (SZA) versus air mass, the
ratio of the AOD difference [= AOD(direct-normal-irradiance)−AOD(direct/
diffuse ratio)] to the cosine of SZA versus air mass, and alternately.

coarse mode spectral AODs (normalized to the 870-nm wavelength) are computed by using the Mie theory corresponding to
different particle sizes. The effect of particle nonsphericity is
ignored because the difference in the extinction cross section
between nonspherical and spherical particles is roughly ±1%
[53]. Uncertainties in these assumptions are thereby translated into uncertainties in the derived calibration coefficients.
Thus, to reduce the variability from multiple channels in this
approach, the 870-nm channel is initially calibrated by the
direct/diffuse method; the AOD can then be translated to other
channels by using the relative temporal stability of the aerosol
spectral extinction (which is dependent on the aerosol size
distribution and refractive index) [6], [38], [54].
Initially, the uncalibrated optical thickness estimates are obtained for the 870-nm channel measurements, as described in
more detail hereinafter. Fig. 10 show the traditional Langley
plot and a similar regression in which the AOD is replaced
by the difference between the AODs obtained from, respectively, the direct-normal irradiance and the direct/diffuse ratio.

(9)

Here, q = Qext (λ)/Qext (870 nm) is the extinction efficiency
factor normalized to 870 nm, μ is the inverse of the air mass,
and c is the calibration coefficient. Dividing the above equation
by μ, the equation is written as τ/μ = q(τa /μ) + c. By applying linear regression between τ/μ and τa /μ, we can obtain c
and the mean q, provided that q is not highly variable. The
advantage of the calibration translation method compared to
independent channel calibration is in retaining coherence in
the resulting spectral AOD. Whereas the possible calibration
errors in the 870-nm channel are translated to other channels
with this algorithm, the spectral dependence of the AOD, which
is important for characterizing the aerosol size distribution, is
preserved. To reduce the variability in calibration to a certain
extent, the long-term smoothing of instantaneous calibration
time series by a robust smoothing technique given in [36] is
essential after the initial screening of the time series of Langley
calibrations. Linear interpolation is used on days without longer
periods of clear sky.
The climatological values compiled from recent SCanning
Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) measurements are used instead of attempting to retrieve NO2 column amounts. NO2 climatology
can be obtained from the gridded monthly mean tropospheric
NO2 SCIAMACHY product [45] combined with the stratospheric zonal means compiled from Global Ozone Monitoring Instrument total NO2 climatology over oceans [46]. The
SCIAMACHY tropospheric NO2 product from http://www.
iup.uni-bremen.de/doas/scia_no2_data_tropos.htm is used to
produce a NO2 climatology file for the measurement location. These climatological estimates of the total NO2 column
amounts do not need to be very precise because satellite measurements show almost no values exceeding 0.5 DU, which
corresponds to about 0.008 at a 415-nm optical depth and even
smaller values in other MFRSR channels.
If a site-specific NO2 climatology is not created, the default
value of 0.2 DU should be used when running the retrievals; this
value is adequate for most locations. Similarly, the daily OMImeasured ozone values obtained with the Total Ozone Mapping Spectrometer-like algorithm (Aura OMI Total Ozone Data
Product data product) are used instead of deriving the ozone
column amounts from MFRSR data [44], [47]. The automated
technique extracts these daily and monthly total ozone column data sets from http://toms.gsfc.nasa.gov/ftpdata_v8.html
or ftp://toms.gsfc.nasa.gov/pub/omi/data/ozone/. If the TOMS
value for O3 is not available, the O3 default value of 300 DU
is taken.

5888

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 52, NO. 9, SEPTEMBER 2014

TABLE IV
S TANDARD VALUES OF THE BAND -D EPENDENT PARAMETERS
(O3 AND NO2 ) IN THE A LGORITHM

For July 20, 2011, the derived NO2 and O3 column amounts
(DU) are 0.9837 and 310, respectively. The total gas spectral
optical depths are simply the product of the spectral gas absorption coefficients (DU−1 ) (see Table IV) and the gas columnar
amount (DU).
3) Instrument Calibration Constant Obtained With the TOA
Solar Irradiance: In the previous sections, we described the
two fairly different calibrations for the aerosol optical retrieval
methods considered in this paper. To obtain a better understanding of the accuracy of the calibration techniques, we consider
the fact that our instrument is new and, thus, the manufacturer
parameters are still accurate. In this way, a direct solar irradiance calibration can be obtained by convolving the TOA solar
irradiance in [55] with the spectral response of the individual
filter–detector channels. The TOA spectral irradiance presented
by Gueymard represents a synthesis of measurements by spectrometers deployed on aircraft- and spaceborne platforms and
at high-elevation surface stations. The expected intercept of the
Langley plot for a given channel n of the MFRSR V0,n based
on the [55] spectral irradiance and the filter response is calculated as

Sn Fn (λ)∗ G(λ)dλ −2

(10)
ρ
V0,n =
Fn (λ)dλ
where
Fn (λ)
G(λ)

normalized response for filter n at wavelength λ;
spectral solar irradiance at wavelength λ at the mean
Earth–Sun distance, in W · m−2 · nm−1 ;
λ
wavelength, in nanometers;
sensitivity of channel n, in counts · nm/(W · m−2 );
Sn
product of the sensor gain in V · nm/(W · m−2 ) and
Sn
the sensor gain in counts per volt for each individual
detector;
ρ
Earth–Sun distance (dimensionless) normalized to
its mean value, taken as 1.016 for the month of July.
These parameters are illustrated in Fig. 11 for the 496 nm band.
The calibration takes into account both the sensitivity of the
detector and the spectral width of the filter, in nanometers. The
factor ρ−2 accounts for the dependence of the solar irradiance
incident on the planet as a function of the actual Earth–Sun
distance.
Being based on the instrument filter specifications given by
the manufacturer, this technique is applicable only to off-theshelf instruments, such as the one used in this study. In addition,

Fig. 11. (a) F(λ), the normalized filter response as a function of wavelength.
(b) G(λ), the spectral solar irradiance at wavelength λ at the mean Earth–Sun
distance, in W · m−2 · nm−1 (also known as the extraterrestrial constant).
(c) Product of Fn (λ), G(λ), Sn , and ρ−2 .
TABLE V
C OMPARISON OF D IFFERENT C ALIBRATION C OEFFICIENTS
IN THE 870-nm (BASELINE ) C HANNEL

because of detector system degradation, the technique is subject
to error when used with instruments that have been in the field
for extended periods of time. Table V shows the results of
the comparison for the base 868-nm channel, where the initial
calibrations are done. We note very good agreement between
the methods, with errors of less than 2% in general.
IV. R ESULTS
A. Comparison of Optical Parameters Retrieved With the
MFRSR and CIMEL Sun/Sky Radiometers
To explore some potential differences, the AOD values retrieved with the manual and automated techniques are compared with those determined from the CIMEL data provided
by AERONET. Fig. 12 illustrates the AOD at 496, 672, and
868 nm for July 20, 2011.
First, we note good agreement between the different MFRSR
analysis approaches, including a much higher density of data
points than would be obtained from the CIMEL. On the other
hand, the direct cloud clearing approach used in the Langley
analysis can lead to significant fluctuations that degrade the
overall statistical performance.
To observe the comparisons over an extended time period,
the time series of the AOD and Ångström exponent determined
from the MFRSR using both calibration techniques and from
the CIMEL are compared, as shown in Fig. 13. Note that the

VLADUTESCU et al.: ASSESSMENT OF LANGLEY AND NASA-GISS CALIBRATION TECHNIQUES

5889

Fig. 12. AOD for July 20, 2011 retrieved with the manual technique based
on the Langley method, the automated NASA-GISS method developed by
Alexandrov et al. [6], [38], [39], and the CIMEL sun/sky radiometer.

Fig. 14. (a and b) Difference in AOD between the two calibration techniques
and the CIMEL averaged for 1 h in the 500-nm channel. (c) Total, diffuse, and
direct irradiance for a clear-sky day (July 5) and a cloudy day (July 6).
Fig. 13. AOD retrieved from the MFRSR with the manual Langley technique
and automated NASA-GISS technique and from the CIMEL sun/sky radiometer
for wavelengths of (a) 496 nm and (b) 868 nm over the duration of the July 2011
Intensive Operational Period (IOP) BNL campaign. The abscissa is given as
UTC time. (c) Ångström exponent determined from the MFRSR (868/496-nm)
and CIMEL (870/500-nm) measurements.

CIMEL rejects several instances of high AOD that are included
within the MFRSR data set. This is due to the more stringent
cloud screening technique applied by AERONET compared to
our screening method, which is based on the first coarser filter
given by Michalsky et al. [17], as mentioned in Section III-A2.
This filter passes all the data points (AOD values) for which
consecutive AOD differences in a 10-min window are less
than 0.02 and the overall AOD range for the window is less
than 0.03.
Fig. 14 shows the differences between the AOD measured
by the CIMEL and by the MFRSR instruments with the use
of the two calibration techniques; the values are indicative of

the uncertainty levels that may be expected. There are clear
cases of abrupt errors (see panels b and c) associated with the
Langley analysis under cloudy conditions. For clear-sky cases,
however, the GISS method can result in positive bias, which
may be due to the complex way that an assumed reconstruction
of the aerosol is used in the GISS algorithm.
A second reason why errors can appear in the Langley
method might reside in the fact that it uses a constant ln V0 for
the entire month of July [36], whereas the ln V0 values retrieved
with the NASA-GISS technique vary slightly over the days of
the month. This variable lnV0 might take into account both
calibration and instrumental errors (i.e., the cleanness of the
diffuser after rain, etc.) [29], [30].
Next, we plot the correlation between the CIMEL and
MFRSR data retrievals for the AOD at three wavelengths: 496,
672, and 868 nm, as shown in Fig. 15.
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Fig. 16.

Correlation between the CIMEL and MFRSR Ångström exponents.

TABLE VI
S TATISTICS FOR AOD AT 500 NM AND Å NGSTRÖM PARAMETERS
R ETRIEVED W ITH THE T WO C ALIBRATION T ECHNIQUES
VERSUS T HE CIMEL S UN /S KY R ADIOMETER

Fig. 15. Comparison between AOD retrieved by the MFRSR with the Langley
and GISS calibration techniques and that retrieved by the CIMEL sun/sky
radiometer: (a) 868 nm, (b) 672 nm, and (c) 496 nm.

The general performance over all wavelengths is quite good;
however, we note the same issues in the processing, including
cloudy cases in which outliers occur for the Langley technique
and a positive bias in the AOD at 500 nm occurs for the GISS
method. This bias seems to be smaller at longer wavelengths.
A similar behavior is noticeable in the Ångström exponent
plotted in Fig. 16. Table VI displays the relevant regression
statistics for both the AOD at 500 nm and the Ångström
exponent.

As mentioned in Section II-B2, an extensive analysis of
the CIMEL instruments suggests uncertainties of between 0.01
and 0.02 in the retrieved AOD (wavelength dependent) due
to calibration uncertainty regarding the field instruments [56],
[57]. Our RMSE results are within a reasonable range, particularly taking into account MFRSR instrument errors. These are
compared to other potential error sources, which are relatively
small, including errors due to pressure, O3 , and N2 0. A 10-hPa
difference between the actual pressure and the pressure used
leads to an uncertainty of only 0.004 at the most sensitive
wavelength of 415 nm. A maximum ozone error of 25 DU
leads to an O3 optical depth error of 0.005, whereas NO2
uncertainties lead to a maximum error in AOD of 0.001 in the
413-nm band, where NO2 has the strongest impact [48], [49]
(see the discussions on errors in Section III-A).
The main observation appears to be that the statistical performance of the AOD is fairly similar. However, we point out
that the RMSE statistics seem to be balanced between cases in
which the Langley analysis performs poorly (i.e., cloudy cases)
and clear-sky cases in which positive bias is observed in the
NASA-GISS processing.
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Aside from the individual-channel AODs, the aerosol
Ångström exponents play an important role in identifying
different aerosol species. For example, smoke plumes usually
have Ångström exponents > 1.5, whereas dust plumes with
large particle sizes (diameter > 3 μm) often exhibit Ångström
exponents < 1. However, because of aerosol complexity, these
criteria are best used in a qualitative manner with uncertainties
of ±0.25 in the Ångström exponent, which is acceptable for
such qualitative applications.
B. Aerosol Transport and Source Attribution
The sustained event between July 18 and 24 captured our
attention and prompted us to look into the possible exogenous
sources of these aerosols by using a combination of methods,
including backward trajectories, satellite images, and measurement of chemical composition by an aerosol mass spectrometer
(AMS) [54].
To understand the causes of the high-AOD events in a first
stage, we examined back trajectories using the Hybrid Single
Particle Lagrangian Integrated Trajectory Model procedure [55]
which lead to the intense forest fires occurring in the western
Canadian territories.
The source of the trajectory, the low altitude at which these
air parcels arrived at the Long Island site, and the lack of precipitation along the trajectory path all support the conclusion that
the observed fine particles originated from the Canadian forest
fires. Additionally, the attribution of the aerosols to forest fire
emissions was examined through a fine–coarse mode separation
method [6], [54] and AMS measurements done at the BNL
during the IOP campaign [58]. During this period, two high
organic aerosol loading events occurred in association with elevated concentrations of three biomass burning tracer ions in the
high-resolution time-of-flight AMS spectra: potassium, acetic
+
acid −C2 H4 O+
2 (m/z 60), and propanoate −C3 H5 O2 (m/z 73).
Particle phase potassium is a well-known tracer for aged
biomass burning emissions in the atmosphere [60]–[62],
+
whereas the signals of C2 H4 O+
2 and C3 H5 O2 in the AMS spectra have been found to be tightly correlated with levoglucosan
in aerosols; levoglucosan is a major pyrolysis product of wood
tissue during burning [63], [64].
In addition to this extended episode of biomass burning detection, a second event on August 2 was examined and described
in [65], in a separate study of black carbon analysis with the use
of a single particle soot photometer (SP2) and AMS. The detection of multiple events occurring with the same characteristics
during the same period supports our overall observations.
V. C ONCLUSION
This paper assesses the performance of two different calibration techniques for retrieving aerosol optical properties
from an MFRSR, in comparison to a collocated AERONET
CIMEL radiometer standard. To evaluate the different methods,
statistical comparisons are made between the MFRSR retrievals
and the CIMEL instrument. The CIMEL instrument serves as
our reference for comparison because it has very high retrieval
accuracy and was recently calibrated. The first approach is a
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standard Langley regression calibration, which requires human
intervention to optimize quality. The main limitations for the
Langley regression are that significant human supervision is
needed to isolate the best clear-sky cases needed for the Langley
calibration and the AOD variability must be minimized for the
regression to be accurate. These requirements limit the number
of points available to obtain a good multiday average, thereby
reducing the statistical output.
To address the aforementioned issues, an automated calibration technique developed by NASA-GISS is used to process
MFRSR data to determine multiwavelength aerosol properties.
In this technique, the calibration-independent direct-to-diffuse
ratio is used to enhance the stability of the regression and
decrease the noise in the retrieved calibration coefficients. In
addition, because the method is applicable to cases in which
the AOD can vary with time, it works even in cases wherein the
Langley regression is inaccurate. Thus, more observational data
are included in the determination of the calibration coefficients.
However, because the NASA-GISS algorithm uses both direct and diffuse channels, a more sophisticated and conservative
cloud clearing algorithm is used to detect clouds even outside
the direct LOS. Therefore, many of the Langley AOD retrievals,
which are significantly contaminated by thin subvisible clouds,
are not considered in the NASA-GISS processing.
On the other hand, the most notable aspect about the NASAGISS MFRSR processing algorithm is that the calibration and
retrieval procedures are not separated, unlike the traditional
retrievals, which require the prior determination of the calibration constants (through a calibration procedure), which are then
applied to the data. However, although this approach results
in increased retrieval statistics, we believe that, because the
calibration and the AOD retrievals are done coherently, positive
bias emerges in the AOD retrievals. This AOD bias increases
with decreasing wavelength due to the increased aerosol optical effects and is also transmitted to the Ångström exponent
retrievals. In summary, despite their different advantages and
disadvantages, the two instrument calibration techniques assessed in this study result in excellent correlations between
the MFRSR and CIMEL AOD, and the quantification of the
Ångström exponent is sufficient to adequately confirm the
aerosol type, such as in the frequent smoke observations made
during the campaign.
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