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consistent with mean radii between 50 and 60 nm. These results are similar to those discussed by
Hervig et al. [2008] in this issue from the Solar Occultation for Ice Experiment (SOFIE) which

also flies on the AIM satellite.

1.0 Introduction

Polar Mesospheric Clouds (PMCs) are a high-latitude, summertime phenomenon that has
generated significant interest in recent decades. PMCs were first observed in 1885 [Leslie, 1885]
and there is evidence that their brightness and frequency of occurrence have been increasing
since at least 1979 [Shettle et al., 2002; DeLand et al., 2003; 2007]. Hemispheric differences in
their spatial and temporal morphology have been found [see Bailey et al., 2007 and references
there in]. Evidence for control of their morphology by solar forcing [DeLand et al., 2007],
geomagnetic forcings [von Savigny et al., 2007], lower atmosphere meteorology [Berger and
Leubken, 2006], and winter hemisphere stratospheric dynamics [Karlsson et al., 2007] have also
been shown. It has been suggested (and debated) that increases in their occurrence frequency and
brightness are linked to global change [Thomas 2003, see also von Zahn, 2003 and Thomas et
al., 2003]. A complete understanding of the variability of PMCs and any potential link to climate
change is hindered by an incomplete understanding of the microphysics of these clouds [Rapp

and Thomas, 2006].

The scattering phase function of PMC ice is an important quantity for understanding PMC
microphysics. The phase functions are directly related to the size distribution, index of refraction,
and shape of the ice particles [Rapp et al., 2007]. Although only a limited number of space
based-observations of PMC scattering phase functions exist [Gumbel et al., 2001], bidirectional
observations of PMCs by the Student Nitric Oxide Explorer [SNOE, Bailey et al., 2005] and the
Solar Mesosphere Explorer [SME, Thomas, 1984] have inferred some information about the
PMC phase function and utilized it to infer particle sizes [Thomas and McKay, 1985; Rusch et

al., 2008]. In this work we describe the first satellite observations of PMC ice phase functions.
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The Cloud Imaging and Particle Size (CIPS) instrument on the Aeronomy of the Ice in the
Mesosphere (AIM) satellite was designed to image PMCs from space and to determine their ice
scattering phase function at high spatial resolution (~5 km) over the summer polar cap. This is
accomplished by observing PMCs below the spacecraft at multiple angles and determining the
angular dependence of the cloud brightness against the background Rayleigh scattered sunlight
background. AIM was launched on April 25, 2007 and routine observations by CIPS began on
May 24, 2007. At this time, AIM has observed one full Northern (2007) and most of the Southern
(2007 / 2008) PMC season. Since the purpose of this paper is primarily to describe a technique
for obtaining phase functions, we will focus on only a few orbits. In a future work we will
describe the morphology of PMC phase functions and compare the obtained phase functions in
the northern and southern hemispheres. For now, we describe the algorithm for isolating the

PMC brightness from the Rayleigh background and for obtaining the phase functions.

2.0 Observations

The goals of the CIPS instrument are described in this issue by Rusch et al. [2008]. The details of
the instrument design and its implantation on AIM are also described in this issue by McClintock
et al. [2008]. See also Russell et al. [2008] for the objective of the AIM mission and the other
instruments. Here only a brief description and list of the relevant CIPS details are presented.
CIPS consists of an array of four cameras operating with a 15 nm passband centered at 265 nm.
Each camera has an overlapping FOV and a spatial resolution (at the nadir) of 1 x 2 km. The
FOV of the camera system is 80° x 120° centered at the sub-satellite point, with the 120° axis
along the orbit track. Because of slant viewing, the spatial resolution increases to 6.4 km near
the edge of the FOV of the forward and aft cameras. The combination of images from the four
cameras is referred to as a scene. CIPS records scenes of atmospheric and cloud radiance in the

summer hemisphere from the terminator to ~40° latitude over the sunlit portion of the orbit.

Each camera has a focal ratio of 1.12, a focal length of 28 mm, and a 25 mm lens diameter and
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includes an interference filter and a Charge Coupled Device (CCD) detector system. The
throughput of the optical elements and their sizes are designed for a £1% measurement precision
of the background sunlit Earth. The CCD detectors are coupled with image intensifiers and have
2048 x 2048 useful pixels that are electronically binned in 4 x 8 combinations for an effective
340 (cross track) x 170 (along track) pixel images. The instantaneous field-of-view of an
effective picture element is 1 x 2 km projected at the cloud height of 83 km. On average, 26
images are produced per orbit in the summer polar region with special ‘first light” images just

beyond the terminator.

Imaging is achieved with this body-fixed camera assembly using an exposure time of 1 second.
Scenes are obtained at a cadence of one per 43 seconds. This fact combined with the large field
encompassed by a scene results in between four and seven exposures of the same spatial element
for each satellite overpass. Each of these observations of the same spatial elements is made at a
different scattering and observation angle. The scattering angle, ©®, is the angle between the
unscattered photon path and the new path after the scattering. The observation angle, ¢, is the
angle between the zenith and the CIPS line of site (from the ice perspective). In this paper, we
refer to the variation of the observed albedo as a function of scattering angle (or observation
angle) as a scattering profile. Note that all symbols used in this paper are defined in the

Appendix.

The range of scattering angles over which an individual location is observed varies along the
orbit. At high solar zenith angles, close to the terminator, a nadir observation is near ® = 90°.
Thus observations sunward of nadir yield forward scattered observations (® < 90° and
observations anti-sunward produce backward scattered observations (® > 90°). As the satellite
moves along the orbit to the subsolar point, nadir observations are at ® = 180° and observations
on either side of nadir are such that 90° < ® < 180°. No forward scattered observations can be

made by CIPS at the subsolar point.
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Figure 1 shows the range of scattering angles per scattering profile as a function of solar zenith
angle. The points on this Figure are from Orbit 424 on May 24 but would be similar for any day
of CIPS operation. An observation is identified by a single grey point on this figure (every 4™
observation is plotted). For select locations, the scattering profile is shown using asterisk
connected by solid lines. At high solar zenith angles, approximately half of the observations are
at ® <90° and half are at ® > 90°. At progressively lower solar zenith angles, a larger fraction of

the observations are made at ® > 90°.

3.0 Sources of Observed Radiance

The radiance observed by CIPS is due to two sources. The first is scattered solar radiance due to
ice crystals in PMCs. PMCs are present throughout the summer polar region. The second, ever
present, source is singly-scattered solar radiance due to Rayleigh scattering by atmospheric
molecules. Even for the brightest PMCs, Rayleigh scattering is the dominant source of radiance.
In this section we describe analytic representations of both sources. These analytic expressions

will serve as the basis for the retrievals discussed in the following section.

Throughout this work and in general for all CIPS products, radiances are expressed in albedo, the
ratio of atmospheric radiance to solar irradiance. The calculation of albedo from CIPS
observations is discussed in both Rusch et al. [2008] and McClintock et al. [2008]. The units of

albedo are sr’'. We use the symbol G to refer to albedo units of 10 sr.

We write the observed albedo due to PMC ice, Ajce, as

A, P
Aice — PMC ~ ice ( 1)
cos(¢p)

We define the albedo of a PMC, Apnmc, as the albedo which would be observed at ® = 90°. Apmc
contains information about the ice column density, particle size and shape, and index of

refraction. Pj.. is the ice scattering phase function. With the definitions used here, this phase
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function is normalized to unity at ® = 90°. The cos(¢) factor corrects for slant path geometry

when viewing the cloud off nadir.

The non-cloud brightness is due to Rayleigh scattering of sun light from N, and O, molecules. At
265 nm, the observed brightness is due to a single scattering and is strongly controlled by ozone
absorption along the path. This wavelength was chosen for CIPS because it is near this
wavelength that ozone absorption peaks and thus provides the greatest contrast between
atmospheric and PMC brightness. Calculations of the limb brightness for similar wavelengths are
discussed by Merkel at al. [2001] for limb geometries and McPeters [1980] for nadir geometries.
At most solar zenith angles, the peak contribution to the observed nadir viewing 265 nm
Rayleigh brightness is from 50 to 55 km. Near 90° solar zenith angle, this altitude rapidly

increases to 65 km.

In order to describe the atmospheric albedo due to Rayleigh scattering analytically, we generalize
the result of McPeters [1980]. They provided an analytic result for single scattering, neglecting
attenuation along the path by Raleigh scattering, and assuming that the ratio of the ozone scale
height to the atmospheric scale height, o, was constant. We generalize their result to allow for

off-nadir viewing as

PRay (O (o +1)BN(z,)

o 1Y
y,,(Jrj a’C(z,)°
Hy  Hy

2)

where Pr,y(0®) is the known Rayleigh phase function, I'" is the Gamma function, 3 is the cross
section for Rayleigh scattering, a is the cross section for pure absorption by ozone, N is the
column density of atmospheric molecules above a reference altitude, zy, and C is the column
density of ozone molecules above that reference altitude. A full derivation of Equation 2 is

provided in the appendix. The factors py and pz are path-length factors that account for the slant
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path through atmospheric layers. For vertical paths their value is unity. As CIPS views off nadir
such that the ¢ increases from zero, py varies as cos(¢). Similarly as the solar zenith angle, O,
increases, the path-length factor initially varies as cos(6). For 0 larger than 80°, a cosine
approximation is inadequate and a Chapman function correction [Chapman, 1931] must be
applied. See Fitzmaurice [1964] for an implementation of the Chapman function. We specify the
solar zenith angle for each scattering profile as that solar zenith angle appropriate to the altitude

of peak Rayleigh contribution, typically near 55 km.

Although the reference altitude, z,, appears in Equation 2, the equation does not depend directly
on altitude. The column densities must however be consistently referenced to a particular altitude
which we label z,. In our applications, we specify an air column density, N, of 2.4 x 10** cm™
which occurs near 50 km [Hedin et al., 1986]. This means that any ozone column density
obtained from CIPS observations and the algorithms presented here (unless otherwise corrected)
is the number of molecules in a vertical column above the altitude at which the vertical column

density of air molecules is 2.4 x 10** cm™. We adopt an ozone absorption cross section at 265 nm

0f 9.261x10™"® cm” and a Rayleigh scattering cross section of 9.708x107® cm”[Bates, 1984].

4.0 Cloud-Free Radiance

Equation 2 possesses very useful properties. We arrange Equation 2 to place the geometry factors

on one side and the geometry dependant factors on the other. Defining Y and X as

Yzlog(i+ij 3)
Hy  Hz

and

ARay vV
X :log(Pi(ﬂ(O)J' 4)

It is easily shown that
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Y =—-0X + constant. (5)

Thus from an observed scattering profile, the slope of the line formed by Y versus X yields the
negative of o. With o obtained, one can use Equation 2 to solve for C. We refer to this as an
“analytic retrieval” for C and o. It is a rapid and powerful method for analyzing a scattering

profile that is thought not to contain radiance from PMCs.

We demonstrate the validity of Equations 2 through 5 by examining observations on a CIPS orbit
that shows no evidence of PMCs. Orbit 424 from May 24, 2007 is such an orbit. There is no
structure or behavior in the CIPS images for that day that suggests the presence of any PMC
radiance. We use this orbit then as a baseline cloud-free orbit. Figure 2 shows scattering profiles
and Y versus X plots for typical observations near 60°, 70°, 80°, and 90° solar zenith angle. In all
cases Y shows a good linear relationship with X. The values of C and o that are obtained from
the intercept and slope of this line are used in Equation 2 to provide a model scattering profile
that is compared with the observations. The agreement is excellent. For solar zenith angles < 90°
we have found that model scattering profiles calculated from inferred C and o reproduce
observed cloud-free scattering profiles to within 2% (and typically less than 1%) for any viewing
or scattering angle. This value is at about the level of the random noise of the CIPS observations
and so we conclude that Equations 2 through 5 describe the cloud-free observations very well
and are adequate for use in CIPS data analysis as descriptions of the Rayleigh component to an

observed CIPS scattering profile.

An indicator of cloud presence may be defined by looking for deviations from the linear
relationship of Equation 5. Because ice radiance is heavily forward scattered [Bailey et al., 2007;
Rusch et al., 2008], the departure from Equation 5 will be most evident at small scattering
angles. There are many possible definitions for a cloud indicator that take advantage of this fact.
We have found the following to provide the best results. For each scattering profile, we calculate

a slope for Y versus X from observations with scattering angles less than 90° and also from
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observations with scattering angles greater than 90°. We then divide each group of observations
by the appropriate linear fit. For perfect observations all of the resulting values would be unity.
We take the mean of the forward scattered results and divide by the mean of the backward
scattered results. For cloud-free observations, this value should be very near unity. Where clouds
are present, the forward scattered values will be most affected and the resulting ratio will be less

than one. We refer to this ratio as RATALL.

Figure 3 shows the distribution of values of RATALL for all scattering profiles in Orbit 424
between solar zenith angles of 60° and 90°. The distribution is symmetric about unity with a
standard deviation of 0.015. This distribution is exactly as would be expected for cloud free
observations with random noise corresponding to the CIPS sensitivity. Figure 3 also shows the
same distributions for two other orbits, 684 on June 10, 2007 and 1113 on July 9, 2007, where
clouds are expected to be present. These orbits were selected because Orbit 684 is representative
of an orbit containing many patches of clouds of average (according to CIPS) brightness while
Orbit 1113 is one of the orbits with the most and brightest clouds that have been observed by
CIPS. The presence of PMCs are easily seen in this distribution by the populations of RATALL
values lower than 1.0 and outside the lower side of the orbit 424 distribution. Two standard
deviations below the mean of 1.0 for Orbit 424 is the value 0.995. We assume any scattering
profile with a RATALL value less than 0.995 should be flagged as likely to contain a PMC

signature.

5.0 Retrieval Method

The most crucial step in obtaining PMC properties from CIPS data is separating the ice and
Rayleigh scattering contributions. In this section we describe a process for performing that
separation. From the above discussion, we have a general description for all CIPS observed

scattering profiles

Acps = Apyy +A4is - (6)

Ray ice

9
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There are four unknowns in Equation 6: C, o, Apyc, and Pi.. The ice phase function, Pj, is
dependent upon the mean particle size and shape, the shape of the distribution of particles sizes,
and the width of that distribution. In order to minimize the number of unknowns in our analysis,
we assume the particles are oblate spheroids with an axial ratio of 2 [Eremenko et al., 2005;
Hervig et al., 2008] and have a Gaussian distribution with a width of 14 nm [Rapp and Thomas,
2006]. This reduces the description of P to a single free parameter, the mean particle size or
mode radius, R,,. We then use numerical representations of P;.. for these assumptions and R from
0 to 300 nm created from the T-matrix model of Mishchenko and Travis [1998]. We emphasize
that the stated assumptions are used only to separate the Rayleigh and ice components of the
observed radiance and to obtain the ice phase function. Any subsequent interpretation of the

retrieved phase function does not require these assumptions. This point will be clarified later.

For all locations that meet the RATALL < 0.995 criteria and when CIPS obtains at least 7
observations including at least two points with scattering angles less than 90°, the following
process is performed. A non-linear least-squares fit is performed to solve Equation 6 for the
unknowns C, o, Apmc, and Ry,. While 7 unique observations are nominally sufficient to
determine 4 unknowns, we have found that providing constraints on C and o greatly improves
the results. There are numerous methods for obtaining suitable constraints. For example one
could find the distributions of C and ¢ from cloud free observations (RATALL > 0.995) using the
analytic retrieval and constrain the retrieved C and ¢ to be within 2 standard deviations of the
mean cloud-free C and 6. We have found however that approximate values for C and o can be
obtained from each scattering profile directly even in the presence of a PMC. Because the ice
scattering phase functions are so strongly peaked, PMCs generally contribute very little radiance
for scattering angles >120°. Through simulations, we have found that performing an analytic
retrieval on scattering profiles including only observations at scattering angles greater than 120°

yields C and o results that are never different from the true C and ¢ by more than 12% (3

10
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standard deviations) even for bright clouds. This result changes only negligibly depending on the
assumption of the particle distribution. For the clouds that are brighter than 50 G, this assumption
has little effect because the errors induced in the Rayleigh component of the scattering profile are
small compared to the ice component. The non-linear least-squares fit is performed using the
MPFIT routine in the IDL language that is publically available in the SOLARSOFT data analysis
package [Freeland and Bently, 2000]. This routine is an implementation of the Levenberg-
Marquardt method [Levenberg, 1944; Marquardt, 1963] commonly used in the solar radiance

community [e.g. Rodgers et al. 2006].

Once the four parameters are obtained, the Rayleigh component of the scattering profile is
calculated from Equation 2 and removed to yield Aj... As mentioned previously, we refer to Apyic
as the albedo observed at ® = 90° and the phase function is then unity at that angle. There is
nothing in the above procedure that enforces this result, although the retrieved values at 90° are
typically within the range 0.8 to 1.2. We determine the scaling factor to Appmc which normalizes

the Pj.. to 1.0 at 90 scattering angle and adjust Apyc and Pj. accordingly.

Figure 4 illustrates the process described above. Sample retrievals are shown for scattering
profiles containing both a 10G and a 50G PMC from Orbit 1113. The observed albedos are
shown as symbols while the retrieved Rayleigh and PMC components of the scattering profile
are shown as dashed and dotted lines. The sum of these components is shown as a solid line and
overlays the observations very well. Figure 4 shows how the PMC has little affect on the

observations for ® > 120° as mentioned above.

6.0 Results

The procedure outlined in Section 5 is applied to Orbits 684 and 1113. Before we examine the
retrieved phase functions, we plot in Figure 5 the retrieved cloud albedos as a function of solar
zenith angle. The albedos are in the range of 0 to 50 G. This range of brightness is greater than

that of PMC albedos reported by a long time series of SBUV experiments [Deland et al., 2003;
11
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2007]; however, their resolution is 150 x 150 km at cloud height, compared with that of CIPS (5
x 5 km). The comparison of PMC albedoes , binned to the coarser resolution of SBUV/2 on

NOAA-17 shows an overall agreement to within +10% [Benze et al, this issue, 2008]

Before we can discuss the retrieved phase functions, it is important to assess the reasonableness
of the separation of the PMC and Rayleigh components of the observed albedos. In order to do
this, we examine calculated values of the nadir viewing Rayleigh albedo. We compare values of
this quantity obtained from analytic retrievals of C and o in locations where there are no PMC to
a similar calculation with C and o obtained from the non-linear least-squares fit at locations
where a PMC is present. The presence or non-presence of a PMC is indicated by RATALL as
described above. The comparison is made for locations in bins of 1° of solar zenith angle. We use
the nadir viewing Rayleigh brightness because it allows us to compare results from scattering
profiles obtained at different locations and different observation angles. If at one solar zenith
angle, we get similar results for the Rayleigh albedo obtained from different techniques and with
and without the presence of a PMC, then the technique is valid. The only assumption is that
ozone does not vary appreciably between locations at the same solar zenith angle (or essentially
latitude). If this assumption is not valid, then we will obtain a poor comparison between the two

sets of results. The nadir viewing Rayleigh albedo is calculated with Equation 2 by setting ¢ = 0°

(uy = 1).

This comparison is shown in two ways in Figure 5. Figure 5a is for Orbit 684 and Figure 5b is
for Orbit 1113. The calculated nadir viewing Rayleigh albedos are shown as dark dots for
locations with no PMC present and light dots for locations where a PMC is present. The overlap
of the two populations as a function of solar zenith angle shows that the agreement is very good.
To get a better understanding of the differences, at each solar zenith angle we calculate the mean
nadir albedo for each population and take the ratio. This ratio is plotted in Figure 5 as a function
of solar zenith angle using as asterisks. A solid line shows a constant value of 1.0 which would

12
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indicate perfect agreement. The surrounding dotted lines are +2.5% of 1.0. Figures 5a and 5b
show that the mean differences between the retrieved albedos for the two populations are within
2.5% for most solar zenith angles. The differences exceed this value only for very high solar
zenith angles where the Rayleigh albedo is weak. To give a feel for the reasonableness of
agreement within 2.5%, we note that a 10 G PMC superimposed upon a 100 G Rayleigh
background will have about a 25% random uncertainty in its albedo. The exact uncertainty varies
with solar zenith angle but this is a good average. As shown in Figure 5a and especially in Figure

5b, there are many clouds with albedos brighter than 10G and so have smaller uncertainties.

Figure 6 plots all the phase functions obtained between 60° and 90° solar zenith angle for PMC
with Appc within 1 G of 10, 20, 30, and 40 G. The panels also list the mean value of Ry, 53 + 15
nm, 59 = 10 nm, 56 = 18 nm, and 55 + 7 nm respectively obtained for each of the these sets of
PMCs. Figure 6 also plots the theoretical curves for the T-matrix phase functions for the
assumptions listed in Section 5 for the mean value of R;, as well as Ry, plus and minus one
standard deviation. The shape of the retrieved phase functions is generally very similar to the T-
matrix functions. While numerical representations of the phase functions are required by the
algorithms, there is nothing in the process that forces the results to look similar to the

representative functions.

Figure 6 shows that there is much more variability in the phase functions, and therefore the
particle sizes, for the dimmer clouds. As the cloud albedo increases, the phase functions become
more consistent. Some of the variability in the 10 G phase functions is due to the larger
uncertainties due to the lower brightness, but as stated above the average uncertainty for
individual albedo observations of this brightness is about 25% and so a significant portion of the
noise must also be geophysical. It should be remembered that while the observed brightness of a
PMC is typically dominated by the size of the particles and the observing geometry, all geometry
factors including those depending on particle size are removed in our retrieved Appc and so this

13
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value is primarily dependent upon ice number density. Figure 6 suggests that when ice densities
are at their lowest, perhaps either early or late in the their lifetime, PMC show the largest
variability in particle sizes, but when PMC are at their peak in ice densities, the particle sizes

tend to stabilize.

It should be emphasized that these values of particle mode radius, Ry, are valid for the
assumptions of the particle distribution listed in Section 5. The phase functions could be
interpreted with other assumptions and different values of Ry, would be obtained. We could have
also used a different set of assumptions in the retrieval stage, this again would yield a different
value of R but there would be little impact on the phase functions themselves. For example, we
performed the retrieval using phase functions for spherical particles with the same Gaussian
distribution width used for the oblate particles. The retrieved R;, values were different, but the
retrieved phase functions were not different at any scattering angle to better than 2%. The
conclusion is that CIPS can do an excellent job of retrieving the phase function of the observed
PMC ice, but the interpretation of those phase functions to yield particle sizes is dependent upon

assumptions made.

7.0 Summary and Conclusions

We have developed an algorithm that uses the CIPS data to retrieve values of PMC albedo and
phase functions. The CIPS absolute albedo measurements have been shown to be consistent with
those measured by the well calibrated SBUV instruments [Benze et al. 2008, this issue]. The
results for particle phase functions and albedo, under the assumptions discussed in Sections 5
and 6, are very reasonable and compare favorably with models [Rapp and Thomas, 2006] and
other measurements [Gumbel et al., 2001]. The spatial resolution of the CIPS instrument, 5 km,
allows for the detection and derivation of the properties, of thousands of clouds each orbit
[McClintock et al. 2008, this issue]. The results for a complete season will provide an

unprecedented look at PMC properties including albedo, phase functions, and ice content as a
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function of time and location.

The other AIM remote sensing instrument, SOFIE [Gordley et al., 2008] views the same region
of space as CIPS once each orbit. SOFIE results [Hervig et al. 2008, this issue] provide particle
properties at this location. Future studies using the combination of SOFIE and CIPS data will
take advantage of this unique observational scenario for cross validation and further definition of

cloud properties for microphysical studies.
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Appendix: Derivation of the C — Sigma Algorithm

Our goal is to provide an analytic description of the Rayleigh brightness with a minimum of free
parameters. An overview of the physics of the problem and a relevant figure can be found in
Merkel et al. [2001]. At 265 nm, there is only one scattering of sunlight from atmospheric
molecules. Photons are removed along the path through absorption by O3;. We neglect attenuation

by Rayleigh scattering which is known to yield only a 1% effect [McPeters, 1980].

For one infinitesimal altitude level, z, the contribution to the observed intensity is

dl—d nau (2) PPy (O)F CX}{_(L"'LJ(T/? +7 )} (Al
Hy Hv o K-

18, and 7, are the vertical optical depths due to Rayleigh scattering and pure absorption by ozone,

7,(2)=p j n,, (2)dz = N(2)8
: (A2)
7,(2)= ocj'no3 (2)dz = X(2)x

N(z) and X(z) are the air and ozone column densities respectively.

The observed intensity and therefore the Earth albedo is obtained by the following integral,

T Fry () p{— (L + ij(r ST )} . (A3)

0 V /’IV /’lz

Letting C be the ozone column density at reference altitude zy, the altitude dependent column

v,
X:C(ﬁj
NoJ (a4)
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density of ozone, X, can be written as
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where Nj is the air column density above z,

° 1
N(z)=N, exp[— j dz' }
z Halr (Z) (AS)

where H,; is the altitude-dependent scale height of air. We define ¢ as the ratio of the ozone

to air scale height,

air ( A6)

We assume that ¢ is constant with altitude. This does not require that either scale height in

Equation A6 is constant, only the ration of the two scale heights.

Equation A4 is rewritten in terms of optical depth to show

fod o‘z-ﬁ

T =Ta0 -
s (A7)

o

Ignoring attenuation by Rayleigh scattering as mentioned above, we then rewrite Equation A3 as

A=P,,©)] djexp{— (L " ij(ra )} . (A8)
0 v v M

Letting k represent the term in parenthesis,

_ PRay (®) R

A dr,e ™ | (A9)
Hy '([ g

which can be rewritten and solved with a Laplace transform,

d
Idra g g - k_[ dr,t,(z, Ye
dr, (A10)

which is valid as long as tp(t,)=0 which is true in this case (all optical depths are zero at the top
20
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of the atmosphere). Thus Equation A9 is rewritten as

P, (®)% T ke

a o a

Hy % Ty

(Al1)

Through some manipulation and use of the gamma function Equation A11 becomes

_ PRay (©) Ts,

Hy T,

Gjar(a +1) . (Al2)

Using the definition of k, Equation A12 yields

_ PRay (O)'(c+1)BN(z,) (A13)

" 1Y
Uy, ( + j a’C(z,)°
Hy  Hy

which is Equation 2.
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Figure Captions

Figure 1. Scattering and solar zenith angles for each observation of orbit 424 on May 24,
2007 (dofts). The 7 observations for 13 individual locations are shown as asterisks
connected by solid lines. The 7 observations of albedo form the scattering profile for
those locations. Latitudes are shown at the top of the figure.

Figure 2. Representative scattering profiles at 4 solar zenith angles from orbit 424 on May
24, 2007 (top row). Circles are for observations at scattering angles less than 90° while
squares are observations at scattering angles greater than 90°. The inferred values of C
and o for each scattering profile are listed. In the bottom row, derived values of Y are
plotted against the geometry factors X for each of the above scattering profiles. Fitted
lines are also shown.

Figure 3. Distribution of RATALL values for Orbits 424, 684, and 1113.

Figure 4. Sample refrievals for scattering profiles containing a 10G (left panel) and a
50G (right panel) PMC from Orbit 1113. Points are observed albedo. Circles are for
observations at scattering angles less than ?0° and squares are observations at
scattering angles greater than 20°. Dotted lines with pluses are the retfrieved cloud
albedo. Dashed lines with pluses are retrieved Rayleigh albedo. The sum of the
refrieved cloud and Rayleigh albedos are shown as solid lines.

Figure 5a. Ratio of the nadir viewing Rayleigh albedo as calculated from the retrieved
Rayleigh parameters for observations with a PMC present to the same value for
observations where no PMC is present. The mean value of this ratio for observations with
solar zenith angles within 1° of select solar zenith angles are shown as asterisks. Vertical
lines reflect the mean plus and minus one standard deviation. The solid horizontal line
shows a constant value of 1.0. The dotted lines are 2.5% above and below 1.0. Dark
dots show the retrieved Rayleigh albedo (scaled as shown) for observations where no
PMC is detected. Light dots show the retrieved albedo (scaled as shown) inferred from
observations where a PMC is detected. Pluses show the retrieved cloud albedos. All
values are for orbit 684.

Figure 5b. Same as Figure 5a but for Orbit 1113.

Figure 6. Retrieved phase functions for Orbit 1113 for PMC with albedos within 1G of 10,
20, 30, and 40G. Solid lines are theoretical phase functions for the shown mean radius.
(See text for assumptions regarding theoretical phase functions). Dotted and dashed
lines are theoretical phase functions for the shown mean radius minus and plus the
shown standard deviation respectively.
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