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Abstract

A retrieval algorithm for processing MFRSR data from clear and partially cloudy days is
described and validated. This method, while complementary to the Langley approach, uses
consistency between the direct normal and diffuse horizontal measurements combined with a
regression technique to simultaneously retrieve daily time series of column mean aerosol particle
size, aerosol optical depth, NOy and ozone amounts along with the instrument’s calibration
constants. Comparison with the traditional Langley calibration method demonstrates two
advantages of our approach: greater calibration stability and a decreased sensitivity of retrievals
to calibration errors.



1. Introduction

Aerosols, through their direct and indirect radia-
tive forcing, are thought to be the largest source of
uncertainty in defining the anthropogenic contribu-
tion to global radiative forcing of climate during the
past century, and of the projected forcing of future
climate change (Charlson et al. 1992; Hansen et al.
1995, 1997, 2000). Sulfate aerosols, in particular, with
their negative forcing, are the most likely explana-
tion of the discrepancy between modeled changes in
global surface temperature and the observed tempera-
ture record (Kiehl and Rodhe 1995; Meehl et al. 1996;
Tegen et al. 1996).

While global coverage is only possible with satel-
lites, satellite aerosol retrievals are complicated by
sun-satellite geometry effects, the need to separate
the light reflected from the surface from that scattered
by the aerosols, and the dependence of scattered light
on particle shape. Due to the difficulty of separating
surface and aerosol effects, most currently available
satellite aerosol retrievals are for ocean only, where
the relatively dark surface contributes little to the
observed intensity. Measurements by current state-
of-the-art sensors, such as MODIS and MISR, will
improve the reliability of retrievals over ocean and
extend detection to land areas. However, this does
not reduce the importance of ground-based (and es-
pecially network) measurements, which are required
to validate the satellite retrievals and provide a more
complete picture of the nature of the aerosol.

Toward this end we have focused on the devel-
opment of retrieval algorithms (Alexandrov et al.
1999b) for the Multi-Filter Rotating Shadowband Ra-
diometer (MFRSR). The key advantages of this in-
strument are its automated operation and relatively
low cost allowing the construction of networks. This
together with their growing international use makes
the MFRSR a potentially important tool for climate
research. The algorithm presented in this paper em-
phasizes the network applications of this instrument,
rather than focus on data derived from campaigns or
intensive operation periods (IOPs) where additional
correlative measurements are available. As such, the
algorithm is structured so that no external measure-
ments are required for the retrievals (since they may
not be available at all network sites), and the in-
strument’s calibration is determined directly from the
data, eliminating instrument downtime for calibra-
tion. This leads to a more homogeneous data record
and potentially reduces the expense of network oper-

ations.

The MFRSR makes precise simultaneous measure-
ments of the direct solar beam extinction and hori-
zontal diffuse flux, at six wavelengths (nominally 415,
500, 615, 670, 870, and 940 nm) at one minute inter-
vals throughout the day (Wesely 1982) (cf., Harrison
et al. (1994) for a description of the operational de-
tails, and Schmid et al. (1999) for comparison with
other instruments). Besides water vapor at 940 nm,
the other gaseous absorbers within the MFRSR chan-
nels are NO, (at 415, 500, and 615 nm) and Oz (at
500, 615, and 670 nm). Aerosols and Rayleigh scatter-
ing contribute atmospheric extinction in all MFRSR
channels.
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Figure 1.: Typical optical depths of atmospheric
constituents in the MFRSR spectral region: Rayleigh
(at 1013.25 mb pressure); aerosols with 7. = 0.2 and
0.5 (vegr = 0.2, Gamma distribution) and 7, = 0.1
at 550 nm; NOy (2 DU column amount); and ozone
(300 DU column amount). Water vapor and O2-O,
absorption are not shown because they do not af-
fect measurements in MFRSR spectral channels. The
instrument spectral response functions (in arbitrary
units) are depicted for the first five channels (415-870
nm).

Since there is no way to couple the 940nm channel
measurements with the 415 - 870 nm measurements,
we leave all discussion of water vapor to a later paper
and focus on the first five MFRSR channels. Typical
spectral optical depths for NOs (Merienne et al. 1995,
Schneider et al. 1987) and Oz (Shettle 1997, private



communication) are shown in Fig. 1 along with the
spectral extinction provided by Rayleigh scattering
and aerosols. Aerosol spectral extinction is calculated
(for given refractive index and particle size) using Mie
theory. The effects of particle non-sphericity are ne-
glected because the difference in the extinction cross
section between nonspherical and spherical particles
is roughly 1% (Mishchenko et al. 1997).

Thus, provided that the spectral optical depths are
accurately measured, the filter response functions and
calibrations are accurately known, the unique spectral
signature of each atmospheric constituent permits the
retrieval of daily time series of aerosol optical depth
and effective radius, as well as NOs and O3 column
amounts by a variety of techniques (e.g., brute force
least-squares fitting (Lacis et al. 1996)).

Factors influencing the calibration of a sunpho-
tometer include: stability of the filter spectral re-
sponse function, filter transmission, and knowledge
of the extraterrestrial solar spectrum (cf., Schmid et
al. (1998)). Extensive laboratory recalibrations have
shown that the spectral response of the filters are sta-
ble but that their transmission changes with time,
hence the need for calibration. Since there are cal-
ibration issues with standard lamps (cf., Michalsky
et al. 1996), it is preferable to determine the instru-
ment calibration from the measurements. Tradition-
ally, this is done via Langley regression at high alti-
tude sites (cf., Holben et al. 1998; Schmid et al. 1997,
1998), however, since filter transmission can change at
any time (i.e., between high altitude calibrations) it is
preferable to develop alternative techniques. One ap-
proach developed by Harrison and Michalsky (1994)
is to average the calibration coefficients determined
from Langley analysis over 20-40 clear days within
a roughly 3 month window to determine an accu-
rate calibration. Potential time-dependent changes
in filter transmission require that the calibration be
checked for every period of operation. Comparison of
aerosol optical depths retrieved from solar radiome-
ters (Schmid et al. 1999) confirmed the accuracy
of this type of calibration approach for the MFRSR
through comparison with instruments calibrated at
Mauna Loa.

Once the calibration is known, it is possible to
retrieve aerosol properties and column gas amounts
from the spectral dependence of the measured ex-
tinction. Techniques have been developed to retrieve
aerosol optical depths (e.g., King and Byrne 1976)
and an estimation of aerosol particle size based on the
spectral dependence of aerosol extinction (King et al.

1978; Lacis et al. 1996). Direct and diffuse ratios
have been used to determine aerosol single scattering
albedo as well as surface albedo (Herman et al. 1975,
King 1979). Alternatively, aerosol optical depth can
be determined from the direct to diffuse ratio under
certain assumptions of aerosol absorption and surface
albedo (O’Neill et al. 1989), however, the sensitivity
of these retrievals to modeling assumptions needs to
be studied in order to estimate the accuracy of the re-
trieval product. The advantage of the latter approach
is that no calibration is required.

In our approach, we use the direct to diffuse ra-
tios as an independent source of information (since
both quantities are measured with the same detector)
with which to correct the direct beam optical depth.
Alternative calibration techniques using diffuse radia-
tion have been developed by Tanaka et al. (1996) and
used by Nakajima et al. (1996) for the case where the
angular dependence of the solar intensity is measured.

In this paper we present an algorithm that pro-
vides retrieval of aerosol properties and NOs and O3
column amounts together with the simultaneous de-
termination of the instrument calibration constants.
The algorithm consists of two basic steps: (1) consis-
tency between the direct normal and diffuse horizon-
tal measurements in the fifth (870 nm) channel and
(2) a regression technique to retrieve daily time series
of column mean aerosol particle size, aerosol optical
depth in all channels, NOy and ozone column amounts
together with calibration of the first four channels.

In the following sections we present our algorithm
(Section 2) and compare the results of our retrievals
with other measurements (Section 3). Finally, we dis-
cuss the current status of our retrieval algorithm as
well as current applications. Additional analysis re-
sults are presented in our companion paper (Alexan-
drov et al. 2001).

2. Method

The first step in our algorithm consists of using
the consistency between the direct normal and dif-
fuse horizontal measurements in the fifth channel (870
nm) to determine the aerosol optical depth and cal-
ibration constant for this channel. This channel is
optimal for this purpose since the extinction source is
primarily aerosol with little contribution from gaseous
absorbers. Since the direct and diffuse irradiances
are measured with the same detector the difference
between the optical depth derived from the uncali-
brated direct beam measurement and that inverted
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(a) Langley plot for the 870 nm channel data obtained on October 1, 1996 in NYC; (b) inconclusive

Langley plot for the same channel and site (September 2, 1996).

from the calibration-independent ratio of the direct
and diffuse intensities is considered the calibration ef-
fect. The effect of the so-called “clear-sky direct to
diffuse discrepancy”, an overestimation of the diffuse
irradiance by radiative transfer models that use as
inputs the optical parameters obtained from the di-
rect beam measurements (cf., Halthore et al. 1998;
Halthore and Schwartz 2000) on this procedure re-
quires some modifications as described below.

The second step consists of using a regression tech-
nique to retrieve daily time series of column mean
aerosol particle size, aerosol optical depth in all chan-
nels, NOz, and ozone column amounts together with
the calibration constants for the first four channels.
The primary advantages of this approach are the spec-
tral consistency of the calibration procedure and the
coupling of the calibration and retrieval processes.

2.1. Basic notions

The direct solar beam irradiance measured by the
MFRSR at each time step in i*" spectral channel can
be represented in the form:

I = CiI% exp (—%) : (1)

where p is the inverse of the airmass (essentially equal
to the cosine of the solar zenith angle), 7; is the atmo-
spheric column extinction optical depth correspond-
ing to the i" channel and I are the TOA solar inten-
sities. This means that we take the lamp calibrated

intensities and determine correction factors C; to the
calibration used. The original (lamp) calibration is
used only for a rough conversion of counts into Wm 2.

The optical depths 7; can be expressed from (1) as

7 =—1In (I—:)) -l — Cipt. (2)
i
Here we introduce the notation
C; = — In C, (3)

In the following we use the term “calibration coeffi-
cients” for the coefficients c;.

We will also use the notation 7; for the uncalibrated
optical depths:

- I;
7, =—In (I—f]) Cp=T A+ cip. (4)
i

In this notation a Langley plot is the plot of 7;/u vs.
airmass (1/u). Example of such plots are shown in
Fig. 2. By assuming stability of 7 during the morning
and afternoon periods with airmasses higher than 2,
and approximating the curves in Fig. 2 with straight
lines for these periods, estimates of the calibration
coeflicient ¢; can be obtained as the intercepts of the
corresponding lines. However, when aerosol optical
depth changes (Fig. 2b) the Langley technique cannot
be used to determine the calibration.

The contribution of the Rayleigh scattering is ac-



curately known. We use:

P
Tr(\) = 0.008569A*4(1+0.0113A*2+0.00013x4)FO,

()
where A is the wavelength in ym, P is atmospheric
pressure in mb, Py = 1013.25 mb is the standard pres-
sure (Hansen and Travis 1974) to remove the Rayleigh
contribution from each channel before we begin. This
formula has been shown to produce good agreement
with exact calculations (Teillet 1990) and be consis-
tent with the results of Bodhaine et al. (1999) for the
spectral range of interest. Thus, in the following 7;
refers to optical depths with the Rayleigh contribu-
tion subtracted.

Finally, it is necessary to select the data or data in-
terval that is appropriate for analysis. While we have
developed several automated cloud screening proce-
dures, based on the spectral behavior and temporal
variability of cloud extinction, we have manually se-
lected the clear intervals on partially cloudy days for
this analysis using an interactive program that allows
us to edit the data interval to ensure that we are not
including thin cirrus.

Once we have selected the data interval for analy-
sis we proceed with the retrieval algorithm which con-
sists of the following steps: (1) determination of the
calibration coefficient and aerosol optical depth in the
fifth channel (870 nm), (2) analytical solution of a sys-
tem of linear (in aerosol optical depth and gas column
amounts) equations to retrieve the aerosol size distri-
bution parameters and the aerosol optical depths for
all five channels, (3) retrieval of the NO2 and ozone
column amounts (together with the calibration coef-
ficients in the first two channels), and (4) determi-
nation of the calibration coefficients in the first five
channels.

2.2. Calibration using direct to diffuse ratios
and determination of 870 nm channel optical
depth

Direct to diffuse ratios present a source of informa-
tion that is independent of instrumental calibration,
provided that both the direct and diffuse intensities
are measured with the same detector. The follow-
ing factors contribute to the diffuse radiation under
cloud free conditions: aerosol optical depth, parti-
cle size, and single scattering albedo as well as sur-
face albedo and Rayleigh scattering. In the case of
absorbing aerosol, its vertical profile is important as
well. Variations of real part of the aerosol refractive
index within a typical natural range (1.3-1.6) do not

play a significant role (King and Herman 1979). In
our algorithm we restrict our use of the diffuse flux
measurements to the 870 nm channel since this is the
only channel not notably affected by ozone and/or
NO- absorption, hence the diffuse intensity does not
depend on the unknown vertical distribution of these
gases.
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Figure 3.: Optical depths at 870 nm (June 7,
1996, NYC). Solid curve depicts uncalibrated optical
depth from direct beam. Calibration independent but
smoothened optical depth from direct to diffuse ratio,
inverted under assumption of the ground albedo being
within 10 to 50% is shown by the shaded area. The
optical depth correcponding to the ground albedo of
30% is plotted as a dashed curve inside this area. The
latter optical depth with calibration (proportional to
1) and the appropriate offset added to match the op-
tical depth from the direct beam is represented by the
dotted curve.

In a vertically inhomogeneous atmosphere the op-
tical depth derived from the direct beam and diffuse
horizontal measurements are not identical since the
optical depth determined from the diffuse measure-
ment using a plane parallel multiple scattering model
is an average over all angles. Hence, in comparison
with the direct beam optical depth the diffuse optical
depth is smoother and changes slower as a function of
time than the optical depth derived from the direct
beam.

Diffuse flux measurements provide information on
both aerosol absorption and the instrument’s calibra-



tion. Differences in the solar zenith angle dependence
of these two effects suggests that they should be sep-
arable provided that the aerosol composition is sta-
ble over the day and sufficient clear periods exist in
the data sets. However, determination of the aerosol
single scattering albedo from comparisons between di-
rect and diffuse measurements is problematic (at least
for low-altitude sites), because of a clear-sky direct to
diffuse discrepancy issue. This discrepancy is an over-
estimation of diffuse irradiance by radiative transfer
models that use as inputs the optical parameters ob-
tained from the direct beam measurements (Kato et
al. 1997; Halthore et al. 1998; Halthore and Schwartz
2000). Our modeling of the diffuse beam (assuming
conservative scattering) shows that the optical depths
inverted from direct to diffuse ratios cannot match
the uncalibrated direct beam optical depths solely
through the addition of a calibration term. Some ad-
ditional opacity, with an average optical depth of 0.02,
seems to be missing from the diffuse measurements.
This discrepancy can be resolved by assuming an un-
physical aerosol single scattering albedo of about 0.5.
This complicates the retrieval of a physically plausible
aerosol single scattering albedo, since real aerosol ab-
sorption cannot be separated from the “anomalous”
one. In the present work we do not attempt to solve
the direct to diffuse discrepancy, instead we use the
observed stability of the missing opacity (it appears
to be nearly constant not only during the day but
also for periods of several months) to improve the
direct-diffuse calibration procedure. The stability of
the missing opacity allows us to apply Langley-like
regressions to the difference between direct beam and
direct-diffuse ratio optical depths to obtain the in-
strument’s calibration constant. The validity of this
approach has been tested on an exceptionally clear
dataset from Davis, California. As it will be described
in Section 3.1, our calibrations agree with these from
reliable Langley regressions, while our regression tech-
nique showed to be more conclusive than the ordinary
Langley approach for the most of the days studied.

To model the diffuse flux, we perform multiple
scattering calculations using the doubling and adding
method (Hansen and Travis 1974) with a Henyey-
Greenstein phase function. The spectral dependence
of aerosol extinction is calculated using Mie theory
assuming non-absorbing aerosol (n, = 1.4,n; = 0).
King et al. (1978) have shown that aerosol spectral
extinction does not significantly vary with aerosol ab-
sorption for n; < 0.03. We investigated the sensi-
tivity to phase function by comparing the Henyey-

Greenstein results with those obtained using a full
Mie phase function, confirming the fact that retrieval
results are not sensitive to the particular functional
shape of the phase function. Finally, we run the
direct-diffuse calibration procedure in two iterations.
As a first guess, we assume an asymmetry parame-
ter of 0.75 then determine the actual particle size by
the method described below, and then rerun the cal-
ibration routine with the new asymmetry parameter
thereby iteratively correcting the calibration coeffi-
cient determined in the first step. The effect of aerosol
absorption is to alter the direct/diffuse ratio result-
ing in overestimation of the calibration coefficient and
underestimation of aerosol optical depth.

The retrievals are substantially simplified by using
the analytical relationship between the direct to dif-
fuse ratio ® = Iyir/laiy and the surface albedo (King
and Herman 1979):

1 (1 (2/3,)
A:E<1+¢cose>’ (©)

where A is the surface albedo, @ is the direct to dif-
fuse ratio corresponding to this albedo, and ® to zero
surface reflectivity, respectively, and where R = R(1)
is the reflection function integrated over all scattering
angles, 6 is the solar zenith angle. It is important to
note that Iy, and Ig;; are measured using the same
spectral filter and detector, thus the calibration con-
stant is cancelled in the ratio ®.

Figure 3 shows that this calibration procedure
works even for days with highly variable optical depth.
For many of these days the retrieval of other param-
eters is impossible, but the optical depth in the 870
nm channel can be estimated. Although the surface
albedo is an unknown quantity, the retrieved aerosol
optical depth depends only weakly on its assumed
value: a reasonable assumption of 0 < A < 50% re-
sults in the uncertainty of £0.01 (shown by shaded
area in Fig. 3) in the optical depth inverted from
(6). Analytical estimates of the errors caused by the
uncertainty in surface albedo were also performed by
O’Neill et al. (1989). The method is certainly not ap-
plicable in the presence of strong side reflections from
clouds and/or bright objects affecting the diffuse ir-
radiance measurements. However, periods with these
conditions can be easily detected from the data and
removed from the analysis.



02

0.2+

Fs

-0.6—

0.8l .

L L P R B
0.20 0.25 0.30 0.35
X=OPTICAL DEPTH/p at 870 nm

M I
0.15

Fy

0.90[

0.80

0.70

0.60

L L P U R BRI
0.20 0.25 0.30 0.35 0.40
X=OPTICAL DEPTH/p at 870 nm

P B
0.15

Figure 4.: (a) Aerosol extinction regression plot: Fs vs z, diamond depicts the calibration point (cs, As); (b) same

as in (a), but for Fj.

2.3. Regression method for determination of
aerosol extinction

The conventional Langley technique does not yield
accurate results when aerosol optical depth is chang-
ing systematically during the day. However, as shown
below, in such cases aerosol spectral extinction prop-
erties (determined by composition and particle size
distribution) appear to be more stable. Here we de-
scribe a new regression technique that is similar to the
Langley approach but relies on the spectral stability
of aerosol extinction instead of optical depth stabil-
ity. Philosophically similar methods were introduced
by Forgan (1994) and Soufflet et al. (1992) in order
to reduce uncertainties in calibration. However the
present method is somewhat different both conceptu-
ally and in its practical applications.

The a priori reason for assuming stability in aerosol
extinction rather than optical depth is that most of
the optical depth variability stems from transport.
An aerosol “cloud” consisting of particles having the
same origin, composition, and size distribution may
have a complicated horizontal distribution, which in-
duces high optical depth variability when this “cloud”
passes over a sun photometer. Support for the greater
stability of aerosol extinction is found the regression
plots shown in Fig. 4(a) and (b) that appear to be
much closer to a straight line (i.e., the same for the
whole day), than the Langley plot for the same day
(previously shown in Fig. 2(b)). Note that these plots
are linear when the spectral shape of aerosol extinc-

tion does not change, while the optical depth may
arbitrarily vary.

In the problem at hand (after the Rayleigh terms
are remopved), the measured quantities and the quan-
tities to be determined satisfy the following system of
five equations:

I = @74+ Pf12ZNn0, +C1 (7)
Ta = @Tq+ P22N0, +12T0, + C2pt (8)
T3 = (3Ta + 3TN0, + V3%T05 t 34 9)
s = quTa+ PaxNo, + Yatos +cap (10)
Ts = Tq+ Cs5u. (11)

Here 7; is the measured optical depth in the it® chan-
nel (4); ¢ = Q,/Q5,, is the Mie scattering extinc-
tion ratio normalized to the 5-th (870 nm) channel (by
definition g5 = 1); 8; and ~; are the effective spectral
absorption coefficients for NO- and Ogs, respectively,
weighted by the solar flux and filter response function
of each respective MFRSR channel (the coefficients
Bs, 71 and -y5 are effectively equal to zero); xno, and
0o, are respective column amounts of NO» and ozone;
T, is the aerosol optical depth in MFRSR channel 5
(at 870 nm), and ¢; are the calibration coefficients (3).

In modeling gaseous absorption we use the room
temperature absorption cross-sections for NOy mea-
sured by Merienne et al. (1995) for wavelengths be-
low 500 nm and by Schueider et al. (1987) for wave-
lengths above 500 nm. The absorption cross sections
for ozone (a reference temperature of 220 K is used)



were obtained from Shettle (1997 private communi-
cation), they are based on the measurements of An-
derson and Mauersberger (1992) and Burkholder and
Talukdar (1994). The absorption cross-sections for
NO- and ozone have recently been reviewed and com-
pared with those obtained using the GOME FM spec-
trometer. Burrows et al. (1998) find that the aver-
age difference between the Merienne et al. (1995)
cross sections and the GOME results is smaller than
2%. The cross-sections measured by Schneider et al.
(1987) are on average 1-4% smaller than those mea-
sured by the GOME spectrometer. Given the uncer-
tainty in our NOs retrievals introduced by ambigui-
ties in the aerosol size distribution (described below),
this level of accuracy is more than sufficient for our re-
trievals. In the 540-640 nm spectral range, our ozone
coefficients are 2-3% higher than those determined
using the GOME FM spectrometer (Burrows et al.
1999).

In the above set of equations the explicit depen-
dence on zno,, and then on zo, can be eliminated.
Then by substituting 7, = 75 — c5u, and dividing the
expressions by u, the following two equations can be
obtained:

Fg = B3($ — 05) + A3 (12)
Fy = Ba(x —c5)+ As, (13)

where we use the following notations:

Ts
Tz = m (14)
Fo = p(fi—baT — gie(Fo — b)) (15)
B; = ¢—bagi — 9i2(g2 — baaqn) (16)
Ai = c¢i—bjcr — gio(ca — barcr), (17)

and ¢ = 3,4. In the above, b;; = f;/8;, and
9ij = 7i/7; are the spectrally weighted NO2 and Og
absorption coefficient ratios, respectively. Note that
the left-hand side F; of the equations (12) and (13)
contain only measured parameters as expressed by
(15) and can therefore be calculated directly from the
observed data at each measurement time step (i.e.,
without any modeling assumptions). Meanwhile, the
right-hand sides are linear functions of the argument
x = 75 /p over any time interval where the aerosol ex-
tinction parameters ¢; do not change (note also that
so far no assumptions have been made with respect
to the aerosol size distribution).

It is seen from the system of equations (12) and
(13) that F; = A; when extrapolated to the point
x = c¢5 for any value of B; (here and below, i = 3,4).

Accordingly, the A; represent combinations of calibra-
tion coeflicients, and are expected to remain constant
during the day. The B; being combinations of aerosol
extinction ratios, may change in response to changes
that may take place in aerosol spectral extinction due
to variations in aerosol size or composition. Repre-
sentative plots of F; vs. x for a typical clear day are
shown in Figures 4(a) and (b). It follows from the
above that all points on the plot Fj(x) correspond-
ing to the same aerosol size distribution belong to a
straight line with slope B; passing through the “cal-
ibration point” with the coordinates (cs, A;). This
point, strictly speaking, must be located to the left of
the plotted data, since otherwise the aerosol optical
depth at 870 nm would have to be negative. Since we
actually do not know which points belong to the same
size mode, the calibration point cannot be found as
the intersection of all such lines. Nevertheless, the
general shape of the resulting plots Fs(z) and Fy(z)
is such that knowing the z-coordinate, ¢5, of the cal-
ibration point (see the previous section), the values
of its y-coordinate, A;, can be determined from the
condition of the minimal mean deviation of the cor-
responding functions B;(z) = (Fi(z) — A;)/(xz — ¢5)
from their mean values. This minimum is usually well
pronounced, i.e., the curves in Fig. 4 “point” to the
calibration point.

After the calibration point is determined, the time
series of the coefficients Bs and By (16) can be ob-
tained. Note that B; being the slopes of the curves in
Figs. 4(a) and (b) can be estimated, without know-
ing ¢; by means of a Langley-like regression. This
means that the retrievals of the aerosol spectral ex-
tinction properties cannot be significantly affected by
calibration uncertainties in the aerosol optical depth
determination of the previous step of the retrieval al-
gorithm.

2.4. Retrieval of aerosol size and optical
depth in all channels

In our case, the coefficients Bs and B, being the
combinations of the (unknown) aerosol extinction ra-
tios ¢; are the only available source of information
about the aerosol size distribution. This means that
one can generally determine no more than two param-
eters of the aerosol size distribution from this data.
Thus the direct inversion of the aerosol size distribu-
tion from the spectral data (King et al. 1978; Shaw
1979b, 1979¢; Schmid et al. 1997; Dubovik and King,
2000) is not appropriate for our purposes. We note
however that our algorithm does not rely on external
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(a) The level curves for Bs and By that nearly coincide; (b) time series of retrieved effective radii for

NYC Sept. 2, 1996; (c) time series of (d) plotted vs time series of (b); (d) time series of retrieved effective variances.

data sources, while in the cited papers the gas column
amounts are either determined from other measure-
ments or estimated from climatology.

It is formally possible to use the coefficients B3 and
B, to determine the effective radius reg and effective
variance veg (cf., Hansen and Travis 1974) of an as-
sumed aerosol size distribution. However, in practical
applications, such retrievals are ambiguous because
the measured optical depths cannot be uniquely ex-
plained with a combination of aerosol, ozone and NO4
contributions within the measurement accuracy of the
MFRSR. This results in an interplay between aerosol
size distribution parameters and NOs column amount
such that one can simultaneously change the NO4 col-
umn amount and the aerosol size distribution in such
a way that the total optical depths in all channels

remain unchanged. Fortunately, despite this ambigu-
ity, both aerosols and atmospheric gases still can be
characterized, but an accurate determination of the
retrieval error bars is necessary for the retrieval prod-
ucts to be useful.

The formal procedure for determining the param-
eters of the assumed aerosol size distribution can be
described as follows. First, Mie theory is used (spec-
ifying aerosol complex refractive index) to calculate
the extinction ratios ¢; for each pair of size distri-
bution parameters. Then, the formulas (16) are ap-
plied to create look-up tables for B; and B, as func-
tions of reg and veg. For each observed data point,
these tables are used to construct level curves in the
(refr, Vesr )-plane corresponding to the values of B3 and
B, measured at this point. If these curves inter-
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- from Fj; (b) time series of aerosol optical depth in all 5 channels for the same day, the solid curve corresponds to
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sect, the coordinates of their intersection point are
the reg and wveg of the assumed aerosol size distri-
bution at the time of the measurement. However,
for real data no intersection or multiple intersections
may occur. Typically, the level curves for Bs and B,
intersect only for a small fraction of measurements
made during the day. The retrieved effective radii and
variances exhibit high point-to-point variability, how-
ever when plotted on the (reg, veg)-plane they group
tightly along the lines described above (Fig. 5 (b-d)).
This suggests a random character of the level curve
intersections and their sensitivity to small errors in
the measurements and calibrations which requires a
modification to the retrieval approach.

We characterize the curve in Fig. 5 (a) by the func-
tion 7o (vesr). This function can always be restored
given the value of r.g corresponding to the point of
the curve where veg = 0 (actually, we take variance
0.01 to average out the Mie size parameter oscilla-
tions). We refer to this r.x as to “mono-distribution
radius” since it is calculated under the assumption
that all aerosol particles are effectively the same size.
To quantify the dependence of our retrievals on the
position of the (reg, ves)-point on the curve, we per-
form all retrievals for five such points corresponding
to vegg = 0.01,0.1,0.2,0.3, and 0.4. We use the differ-
ence between the retrievals for different veg to define
the error bars due to uncertainties in the size distri-
bution. These errors are typically negligible for ozone
column amounts and long-wavelength aerosol optical
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depths. They are larger for NOs column amounts
and short-wavelength aerosol optical depths due to
the trade-offs between small particle and NO, extinc-
tion.

The time series of mono-distribution radius can be
obtained either from Bz or By as functions of time
(Fig. 6(a)). The values obtained from By generally
coincide with the ones derived from Bj, but are usu-
ally noisier, thus we use them primarily as a consis-
tency check.

Once the aerosol size has been determined the
aerosol optical depth, at any wavelength, can be cal-
culated from the Mie spectral extinction and the pre-
viously determined aerosol optical thickness in the
870 nm channel. Figure 6(b) shows the aerosol optical
depth at 550 nm. In this particular case, it changes
during the day violating the conditions for Langley
analysis.

2.5. Retrieval of nitrogen dioxide column
amounts

The aerosol optical depths calculated in the pre-
vious step are then subtracted from the observed to-
tal optical depths in all six channels. The remain-
ing optical depth in the first channel (415 nm) is due
to NO absorption, while in the second channel (500
nm) both NO, and ozone absorption is present. Cal-
ibration uncertainties affect both channels, but NO,
absorption is separated from calibration effects in the
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(a) Regression plot for NO, optical depth in 415 nm channel (September 2, 1996, NYC), diamond

corresponds to the value of the calibration coefficient ¢; (here aerosol vegr = 0 is assumed); (b) time series of NO,
column amount (DU) for the same day, solid line corresponds to the assumed aerosol ves = 0.1, shaded region
shows the uncertainty due to possible variation of veg from 0 to 0.4.

415 nm channel by means of a Langley-like regression
(Fig. 7(a)). The calibration coefficient ¢; is deter-
mined by this procedure together with the NOsy col-
umn amount (Fig. 7(b)). We use Dobson units (1DU
= 107 3%atm — cm = 2.687 x 10*molec/cm?) to de-
scribe the NOy column amount as well as the ozone
column amount.

Figures 7(a) and (b) show that urban (NYC) nitro-
gen dioxide does not exhibit strong diurnal changes
that are seen in stratospheric NOs. Thus, the re-
gression analysis is applicable, but unfortunately, this
approach is not very accurate because of the strong
interplay between the NO, column amount and the
aerosol spectral extinction described above and the
high variability of NO, in the urban New York envi-
ronment. An uncertainty in the retrieved NOs col-
umn amount of (30 — 50%) is caused by our inabil-
ity to uniquely constrained the variance wveg of the
aerosol size distribution evident in Fig. 7(b). On
physical grounds, larger effective variances are likely
to be more realistic than veg = 0. Also, neglect of
aerosol absorption in the presence of absorbing aerosol
also leads to some overestimation of the NOs column
amount, while not significantly affecting the accuracy
of other retrievals.
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2.6. Retrieval of ozone column amounts

The standard approach to retrieve atmospheric
ozone column amounts is to use the UV spectral re-
gion (Dobson and Brewer spectrometers). Neverthe-
less, the visible (Chappuis) absorption band has also
been widely used to retrieve ozone column amounts
(King and Byrne 1976; Shaw 1979a; Flittuer et al.
1993; Michalsky et al. 1995). With aerosol removed,
in our retrieval method the (uncalibrated) NO; ab-
sorption contributions are first analytically removed
from the 500 nm channel measured optical depth.
Then a Langley-like regression technique (Fig. 8(a))
is applied to obtain both the ozone column amount
as function of time (Fig. 8(b)) and the calibration
coefficient ¢,. Here we emphasize that the retrieval
of the ozone column amount has its own calibration
procedure, making ozone retrievals almost indepen-
dent of the retrievals of aerosol parameters and NO,.
If aerosol particle size does not dramatically change
during the day (a condition met for most sites) then
the contribution from errors in aerosol optical depth
due to calibration errors has the form const-y which
is corrected during the ozone calibration procedure.
(The same is also true for errors in NO, calibration,
even without any conditions on aerosol particle size).

This procedure appears to be robust since the
retrieved ozone column amount shows little change
through the day. The small changes that are seen
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Figure 8.: (a) Regression plot for O3z optical depth in 500 nm channel (September 2, 1996, NYC), diamond
corresponds to the value of the calibration coefficients combination ¢a — bojc¢; (here aerosol veg = 0 is assumed);
(b) time series of O3 column amount (DU) for the same day, solid line corresponds to assumed aerosol veg = 0.1,
the shaded area represents (small) uncertainty due to possible variation of veg from 0 to 0.4.

are mostly due to variations in surface ozone (Kerr
and McElroy 1995). Despite large high frequency
variations due to instantaneous instrumental noise
shown in Fig. 8(b) (the data have not been aver-
aged), the mean ozone column amount is a well de-
termined quantity and column ozone can be retrieved
with much better accuracy than NOs. Moreover, by
having filter channels on both the long- and short-
wavelength sides of the ozone absorption, it is possi-
ble to more effectively separate the ozone and aerosol
contributions, unlike the situation for NOs.

2.7. Calibration histories and calibration
averaging

The method described in this paper provides for
the simultaneous determination of the instrument’s
calibration together with the retrieval of physical
quantities. In addition to the calibration coefficients
determined in the previous steps, values of ¢3 and ¢4
can be obtained from Aj, A4, ¢1, and ¢y, or directly
by subtracting the retrieved optical depths from the
measured ones. This information allows us to monitor
any changes in the instrument’s calibration.

The calibration history of the GISS MFRSR dur-
ing the period from September 1, 1995 to November
27, 1996 is shown in Fig. 9(a) (smoothed trends in
Fig. 9(b)). The results show a loss of filter trans-
mittance, approximately by a factor of 3 (assuming
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detector/electronics stability), for 615 nm and 670
nm channels during the first 200 days of operation,
followed by a gradual stabilization. (This poor fil-
ter performance led to the replacement of these fil-
ters with ion assisted deposition filters in subsequent
MFRSRs). The transmission loss in the 415 nm and
500 nm channels was roughly 20% and 40%, respec-
tively, while the 870 nm channel remained essentially
stable. Subsequent laboratory re-calibration of the in-
strument by the manufacturer (Yankee Environmen-
tal Systems, Inc.) confirmed these observed trends
in filter transmittance. Since filter transmission can
change rapidly (over the course of days), determining
the calibration from the data on a daily basis allows
us to catch these changes as they occur and correct
them without compromising retrieval accuracy.

While our retrieval algorithm is designed to rely as
little as possible on the values of the calibration co-
efficients, long-term smoothing allows us to improve
the retrieval accuracy by reducing calibration noise
that arises by including those days with short clear
periods. Long-term smoothing of the calibration is
reasonable since the instrument’s calibration is not
expected to vary significantly on a day-to-day ba-
sis. Some temperature-related fluctuations in filter
transmission may occur, especially if the instrument
head is not properly temperature stabilized. How-
ever, based on our comparisons with other measure-
ments (e.g., CIMEL, TOMS, Brewer spectrometer)
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Figure 9.: Calibration history of the GISS MFRSR for the period from September 1995 to November 1996: (a)
time dependence of calibration coefficients in five channels; (b) polynomial fits to the data from (a).

we have found that most of day-to-day variations in
the instantaneous MFRSR calibrations derived from
the data are correlated with differences in the retrieval
products. This suggests that the variability in the in-
stantaneous calibration coefficients is attributable to
uncertainties in the calibration technique, rather than
actual instrumental effects, in particular, effects due
to changes in the diffuse horizontal measurement due
to clouds outside the MFRSR field of view on par-
tially cloudy days.

To control for these situations, the data are repro-
cessed using smooth approximations of the calibra-
tion time series. Fig. 9(b) shows such approximations
(made by 5 degree polynomial fits) of the calibration
coefficients from Fig. 9(a). The method used to av-
erage the calibration coefficients must preserve the
spectral dependence of the measured optical depths.
Otherwise, the averaging will affect the retrievals that
rely on spectral differences in optical depths (such as
particle size and ozone).

To achieve spectral consistency, we perform cali-
bration averaging and data reprocessing using a pro-
cedure that follows the steps of the instantaneous re-
trieval algorithm. This averaging /reprocessing proce-
dure requires that we repeat the retrievals four times
for all days during the selected data period. On the
first step, we smooth the 870 nm calibration coeffi-
cient ¢5 over the time period. Then we rerun the re-
trievals with the smoothed c5 to obtain the adjusted
values of As. These values are then also smoothed
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over the selected time period, and the retrievals are
repeated providing corrections to the value of ¢; that
is determined from the calibration of the NOs column
amount. Next, we reprocess the data (with smoothed
values of ¢z, Az, and ¢;) to produce adjusted ozone
calibration coefficients which are then smoothed be-
fore the final reprocessing is performed.

We note that the results of reprocessing, with
smoothed calibration coefficients depend on the spe-
cific method of smoothing. This dependence is most
pronounced for the ozone retrievals. Since, we prefer
a technique that is less sensitive to the algorithmic
details, we apply a weighted average of the instan-
taneous and smoothed ozone calibration coefficients
where the weighting factors are determined from the
quality of the instantaneous regression plot.

3. Comparison With Other Methods
and Measurements

3.1. Comparison with instantaneous Langley
regressions

We compared our retrieved calibration coefficients
and optical depths with those determined by Langley
regressions using a particularly clear dataset obtained
from the USDA UVB Radiation Program (Bigelow
et al. 1998) for Davis, California (January - July,
1996). Only completely cloud free days are used in
this comparison (Alexandrov et al. 1999a). Com-
parison between the calibration coefficients for the
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870 nm channel derived using our direct/diffuse tech-
nique and those determined from Langley regression
are shown in Fig. 10(a). Both approaches yield simi-
lar calibration coefficients and follow the same general
trend, but, the instantaneous calibration coefficients
determined using our direct/diffuse technique show
less variability (due in part to a better agreement be-
tween the morning and afternoon regressions) and are
therefore more stable. The results of comparisons for
the other channels are similar, with the exception of
the first channel (415 nm) where the advantages of
the direct/diffuse approach are less pronounced due
to variations in the NO5 column amount.
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Figure 11.: Comparison between the Langley regres-
sion plots and the regression plots of the differences
between optical depths derived from direct beam mea-
surements and from direct to diffuse ratios for Davis,
California, June 2, 1996. Intersection of the dashed
lines with the vertical axis corresponds to the value of
the calibration coefficient ¢; (obtained in the morning
or afternoon).

The overall difference between the instantaneous
daily mean optical depths obtained by the two meth-
ods is relatively small as shown in Fig. 10 (b). Differ-
ences are typically less than 0.01 and do not exceed
0.04 during this period. Since optical depth differ-
ences of 0.04 are larger than would be expected from
well calibrated data, we performed additional com-
parisons. Fig. 11 compares the Langley regression
to our method for a day (June 2, 1996) with good
agreement. As can be seen, when both methods are
applicable they yield the same result. However, on
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Figure 12.: Same as in Fig. 11 but for (a) May 9
and (b) June 8, 1996.

two other days, shown in Fig. 12, we see that our
method produce stable regressions while the Langley
method yields morning and afternoon differences that
would most likely exclude the data for May 9 shown
in Fig. 12(a) from further analysis, while Langley
analysis of the data for June 8 shown in Fig. 12(b)
converges to yield a calibration coefficient not that
different from our result. Thus, our regression algo-
rithm provides an objective test of the accuracy of the
Langley regression and allows us to retrieve aerosol
and gas column amounts from data that would have
otherwise have to be excluded.
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Figure 13.: Comparison between optical depth retrievals from MFRSR data according to the described algorithm
and these from co-located Cimel sunphotometer (AERONET level 2.0 data). The data was obtained at DOE ARM
Program CART site Central Facility during the period from January to June 1999 (58 clear days).
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3.2. Comparison with AERONET optical
depth retrievals

We also compared our calibrations and optical
depth retrievals with the optical depths derived from
measurements by the AERONET (AErosol RObotic
NETwork (Holben et al. 1998)) CIMEL sun/sky ra-
diometer co-located with MFRSR at the ARM CART
site Central Facility. Level 2.0 AERONET data are
used. These measurements have been cloud screened
and quality controlled according to Smirnov et al.
(2000). We sampled the MFRSR data to match
the measurement times of the CIMEL measurements
(they are less frequent in time) and selected for this
comparison data collected during the period from
January to June 1999. During this time period there
were 58 clear or partially clear days with data avail-
able from both instruments (total 1342 data points).
This period contains a variety of atmospheric condi-
tions with aerosol optical depths ranging from 0.03
to 0.4 (at 500 nm wavelength). The MFRSR calibra-
tions and retrievals are performed according to the
algorithm described in this paper, including smooth-
ing of the calibration coefficients.

The 500, 670 and 870 nm channels are common
to both the CIMEL and MFRSR. For comparison
with the 440 nm CIMEL channel, we interpolated be-
tween our retrieved optical depths at 415 and 500 nm
to obtain an MFRSR-derived estimate of the optical
depths at 440 nm.

The AERONET retrieval algorithms neglect the
contribution of NOs absorption to the retrieved op-
tical depths. Therefore, in this comparison, we have
added the NO, optical depths to our aerosol optical
depths, i.e., the comparison is between the total op-
tical depths measured by the two instruments with
ozone contribution subtracted. Differences between
the climatological ozone column amounts (used by
AERONET) and the values retrieved using our al-
gorithm, appear to have a negligible effect on this
comparison.

Figure 13 presents scatter plots comparing MFRSR
and CIMEL optical depths at 440, 500, 670, and
870 nm wavelengths. Mean differences between our
MFRSR. retrievals and the AERONET ones do not
exceed 0.005 for 440, 500, and 870 nm channels
with standard deviation of 0.01 or less for all chan-
nels. This agreement is similar to that obtained by
Halthore et al. (1997) who compared MFRSR- and
CIMEL-derived optical depths at the same site for
April 1994 (where the agreement was within +0.01)
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and April 1996 (where the agreement was within
£0.02). Similarly, Schmid et al. (1999) found that
CIMEL-MFRSR differences do not exceed 0.01 for all
wavelengths on September 29 and October 2, 1997
using co-located measurements at the SGP Central
Facility. The MFRSR calibration in both of these
studies is based on the robust estimate made using
the 20 nearest successful Langley plots. While the
CIMEL calibration is based on periodic high altitude
Langley recalibrations.

We find that small systematic differences exist
for the 670 nm channel. Here the MFRSR optical
depths are biased compared with those derived from
the CIMEL by 0.01. This bias, while not exceed-
ing the commonly accepted calibration accuracy, re-
flects a difference in spectral slopes between 670 and
870 nm optical depths measured by these two instru-
ments. The aerosol optical depths are expected to
monotonically decrease with increasing wavelength in
this spectral region (note that NO» absorption does
not influence this behavior: it is abscent at 870 nm
and is only about 10~* per DU at 670 nm). This
behavior is observed in all MFRSR retrievals and
in the most of the CIMEL results. However, the
CIMEL-determined slope between the two channels
is systematically smaller. The difference is more pro-
nounced during winter when the aerosol particles are
larger and therefore generally exhibit smaller spec-
tral slopes. On some days, the CIMEL-determined
slope becomes negative, which while possible, in these
particular cases seems to be inconsistent with spec-
tral behavior of optical depths at other wavelengths.
For these days, the CIMEL-derived aerosol optical
depth at 670 nm is smaller than that at 870 nm
and sometimes even smaller than that determined at
1020 nm. Further, we note that the original (level
1.0) AERONET data for these days are spectrally
monotonic, while exhibiting certain calibration arti-
facts. Calibration changes made in level 2.0 process-
ing might be responsible for these differences. While
our algorithm precludes a behavior that is inconsis-
tent with Mie theory, the residuals in our retrieval of
the 670 nm optical depths are typically of order 10~*
and do not exceed 103 for the data set considered.
Thus, our residuals cannot explain the observed bias.

3.3. Validation of nitrogen dioxide retrievals:
comparison with Brewer spectrometer data

Our MFRSR-retrieved ozone and NOs column
amounts are compared with those derived from Brewer
spectrophotometer measurements. The Brewer data



are taken from EPA UV Monitoring Program
(http://www.epa.gov/uvnet/) site at Big Bend Na-
tional Park, Texas. This site is located at 29.305°
latitude and 103.177° longitude, and the site eleva-
tion is 1052 m above sea level. The nearest MFRSR
site belongs to the USDA UVB Radiation Program
and is about 35 km South-West (29.133° latitude
and 103.517° longitude) and at a lower altitude (670
m). Because the two instruments are not exactly co-
located, precise agreement is not expected since pol-
luted air masses of the same origin may reach the
two sites at different times and due to transport pro-
cesses may have different concentrations. Since, ozone
is mostly stratospheric, its measurements are not af-
fected significantly by local atmospheric transport,
and better agreement between the instruments should
be observed.
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Figure 14.: Comparison between daily mean NO,
column amounts retrieved from MFRSR data accord-
ing to the described algorithm (shaded boxes) and
these from the EPA UV-net Brewer spectrometer (di-
amonds) located at 35 km NE from the MFRSR site.
The data was obtained at Big Bend National Park,
Texas during the period from February to May 1999
(74 MFRSR daily values, 22 Brewer daily values).

The period from February to May 1999 with good
quality data available from both instruments was se-
lected for this comparison. Brewer retrievals are made
from direct sun measurements. Figure 14 shows the
Brewer- (diamonds with error bars) and MFRSR-
retrieved (shaded rectangles) NO» column amounts
for this period. The mean difference between the
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minimal and maximal limits of the MFRSR NO; re-
trievals is 3 DU. Most of the Brewer points have un-
certainties of about £0.5 DU. As can be seen, most
of the retrieved NOs column amounts agree within
these uncertainties.

The NO> column amounts derived from both the
MFRSR and Brewer data are generally considered to
be too high for a national park, however, it is likely
that they can be attributed to air quality problems
at this particular location. According to the National
Parks Service (http://www.nps.gov/bibe/aqvis.htm),
the air quality in the Big Bend National Park expe-
rienced noticeable changes during the 1970s. The air
monitoring program, begun in 1978, has allowed park
managers to interpret the transport and transforma-
tion of pollutants that contribute to air quality prob-
lems within their park. Among the major sources that
contribute to Big Bends pollution are North Central
Mexico including the urban and industrial region of
Monterrey and Monclova, East-Central Texas and the
Gulf Coast, including the urban and industrial areas
of Houston and Galveston, Mexico City and its sur-
rounding urban area. There are no high ground con-
centrations of NOy measured within the Park since
pollutants that are transported to the Park from re-
mote sources are likely to be concentrated at a higher
altitude.

3.4. Validation of ozone retrievals:
comparison with Brewer and TOMS data

Figure 15 presents the comparison between the
MFRSR-derived ozone column amounts and those de-
rived from Brewer (20 data points) and TOMS (70
data points) measurements as well as a comparison
between the Brewer- and TOMS-derived ozone col-
umn amounts (21 data points, the TOMS values are
referenced to the MFRSR site). The MFRSR ozone
retrievals appear to be practically unbiased when
compared with the TOMS values (the mean difference
is -0.35 DU, i.e. about 0.1% of a typical ozone col-
umn amount). The standard deviation is 18 DU and
may represent both uncertainties of the measurements
and difference in averaging/sampling between satel-
lite and ground-based measurements. The Brewer re-
trievals (provide fewer data points for comparison)
show some 7-10 DU bias (overestimation) compared
to both MFRSR and TOMS with the standard devia-
tion of the same order (14-20 DU) as for the MFRSR
- TOMS comparison.

Previously comparisons with EPA Brewer-derived
ozone column values and those obtained from shad-
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aerosol veg = 0.2 is assumed).

owband radiometer measurements (in UV) were per-
formed by Slusser et al. (1999) who found that
the UVRSR-retrieved ozone column amounts overes-
timate those derived from the Brewer measurements
by 1% (3 DU relative the typical value of 300 DU)
on average with standard deviation of 2% (6 DU).
This accuracy is better than we obtain with the vis-
ible MFRSR, which is to be expected based on the
strength of the ozone absorption in the UV. Com-
parisons between TOMS ozone retrievals and those
obtained from direct sun measurements at 29 Brewer
stations worldwide were reported by Fioletov et al.
(1999). They found results that vary with location
with biases ranging from 0.1 to 6.6% (corresponding
to 0.3 - 20 DU) and standard deviations ranging from
0.9 to 5.2% (3 - 15 DU). Kerr and McElroy (1995) re-
port 4.6% (13.7 DU) bias with TOMS for their direct
sun measurements at Table Mountain Observatory.
In our case the differences are of the same order: 10
DU bias and 14.4 DU standard deviation.

Figures 16-18 present the comparison of MFRSR-
derived ozone column amounts with TOMS measure-
ments for three additional sites: Albany, New York
(ASRC), New York City (GISS), and DOE ARM
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CART site central facility (Southern Great Plains,
Oklahoma). For the latter site, we use the same
data previously used in our comparison with the
AERONET optical depth measurements described
above. All three plots show data from periods con-
taining 40-60 clear days. As described above, the cal-
ibration smoothing procedure has been applied to all
of these datasets. Calibration smoothing results in
a reduction of the standard deviation of the differ-
ences by up to 30% when compared with the instan-
taneous retrievals. The accuracy of MFRSR ozone re-
trievals depends on both the atmospheric conditions
at the instrument location and probably on some in-
strumental characteristics. We have found that some
MFRSRs tend to systematically underestimate the
column ozone amounts (compared to TOMS). Among
these three datasets, the Albany instrument shows
the largest bias (29 DU) when compared with TOMS
measurements. The other two instruments exhibit
smaller biases that are comparable to those observed
in Brewer and Dobson spectrometer comparison (Fi-
oletov et al. 1999), while the standard deviations in
MFRSR comparisons with TOMS are generally larger
than those for the spectrometric measurements.
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Figure 17.: The same as in Fig. 16, but for New York City (GISS), May — October, 1997.

4. Discussion

We have described a retrieval algorithm for pro-
cessing MFRSR data that allows derivation of time
series of aerosol optical depth and effective particle
size, as well as of ozone and NOs column amounts.
This algorithm also provides calibration coefficients
for the instrument, so that laboratory pre- and post-
calibration is unnecessary. This method is designed
in such a way that calibration errors in the determi-
nation of one parameter (e.g. aerosol optical depth)
do not significantly affect the accuracy of other re-
trievals (e.g. of aerosol particle size or gases column
amounts) and the determination of the calibration is
coupled with the retrieval.

As a calibration method, our approach is appli-
cable to wider range of atmospheric conditions than
the traditional Langley technique. This allows us to
include more data in the analysis than would be pos-
sible if we had to rely solely on the Langley approach.
The initial calibration of 870 nm channel is performed
by comparison of direct beam optical depth with that
retrieved from direct to diffuse ratio. By adopting
this approach, we are able to maximize the number
of days (or time periods) that we can include in our
analysis. Moreover, as shown, this method does not
require exceptional stability of the atmosphere.
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While we have not yet fully utilized the informa-
tion content of the MFRSR measurements since we
are only using the diffuse measurements at 870 nm, we
have developed an algorithm that self-consistently re-
trieves both aerosol properties and gas column amounts
from the measurements. We have shown that our
method provides results that are comparable to those
obtained using the traditional Langley technique but
exhibit greater stability.

Comparison of our MFRSR-derived ozone column
amounts with TOMS ozone retrievals shows that the
bias and standard deviation is similar to that reported
for Brewer-TOMS comparisons, although there are in-
dications that the accuracy of the ozone retrieval from
UV measurements is higher than that from these visi-
ble measurements. Moreover, we have found that the
accuracy of our ozone retrievals depends on specific
characteristics of the individual MFRSRs suggesting
that it should be possible to increase the accuracy
of these retrievals through a better understanding of
these instrumental differences.

At present, it is difficult to validate the accuracy
of our NO, retrievals due to the paucity of correla-
tive measurements. Nonetheless, comparison between
nearby MFRSR and Brewer spectrometer measure-
ments show generally good agreement given the rel-
atively large uncertainty in our NOy retrieval due to
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Figure 18.: The same as in Fig. 16, but for Southern Great Plains, Oklahoma (DOE ARM CART site), January

— June, 1999.

our inability to constrain the aerosol size distribution.
Shaw (1976) suggested that neglect of NOy absorp-
tion can lead to significant errors in aerosol optical
depth. The magnitude of the errors was quantified by
Shroeder and Davies (1987) who analyzed concurrent
measurements of spectral direct beam solar radiation
and column NO, at a suburban site in Hamilton, On-
tario. Using a differential absorption spectrometer
to measure NOy column amounts, they found values
ranging from near 0.04 to 12 DU with a median of 1.7
DU, that is within the range of other published values
(Noxon 1978, Pujadas et al. 2000). Moreover, they
found that inclusion of NOs absorption significantly
reduced the aerosol optical depths, decreased the re-
trieved aerosol number density and mass. Finally,
at high NO- amounts, they found that the inclusion
of NO, absorption narrowed the size distribution de-
rived from median optical depths and changed it from
bimodal to unimodal.

Leue et al. (2001) report GOME level-2 tropo-
spheric NO; residuals exceeding 2.0 x 10'% molec/cm?
in the metropolitan New York area. While our val-
ues are considerably larger than these tropospheric
residuals, it is likely that the current GOME Level-2
values underestimate tropospheric NOy because of an
overestimate of the ground albedo in the blue spectral
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range and the deviation of the real atmosphere from
the monthly and seasonal air mass factors used in the
processing (Leue et al. 2001). Moreover, the effects of
sub-pixel clouds and spatial averaging of high and low
NO; tropospheric amounts within the GOME field
of view would further reduce the GOME values rela-
tive to ground-based retrievals (Thomas et al. 1998).
Nonetheless, the GOME measurements show strongly
enhanced NO, columns over industrialized areas as
well as regions of intense biomass burning with tro-
pospheric NO, values varying by at least an order of
magnitude between unpolluted oceanic and polluted
urban areas. Thus, our results combined with GOME
measurements, reveal that the tropospheric amount of
NQOs is highly variable in both space and time.

Since we would like to improve the accuracy of
our NOs retrieval and simultaneously better constrain
the aerosol size distribution, we will be exploring
ways to more fully exploit the information content
of the MFRSR measurements through a more com-
plete analysis of the diffuse flux measurements. More-
over, it is likely that these measurements augmented
with measurements at higher spectral resolution over
a broader spectral interval such as those made with
the Rotating Shadowband Spectroradiometer (RSS
(Harrison et al. 1999)) will provide a more complete



description of aerosol properties and a more accurate
NO; column amount.

This algorithm is being used to analyze data from
a variety of different MFRSRs under a variety of at-
mospheric and surface conditions to more fully test
the performance of the algorithm. These results are
presented in our companion paper (Alexandrov et al.
2001) along with a discussion of the seasonal and ge-
ographic variation in aerosol and the use of MFRSR
data in constructing aerosol climatologies.
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