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Abstract

A technique characterizing the distribution of cirrus cloud top occurrences from the
Optical Spectrograph and Infrared Imaging System (OSIRIS) limb scattering radiance
profiles is presented. The technique involves computing scattering residual profiles by
comparing normalized measured radiance and modelled molecular radiance profiles5

where enhancements in the measured radiance indicate the presence of clouds. Prob-
ability density functions of scattering residuals show the distribution is not a continuum
measurement; there is a distinction between the cloudy and cloud-free conditions. Ob-
servations show high cloud top occurrences in the upper troposphere and lower strato-
sphere region above Indonesia and Central America. Results obtained using this tech-10

nique with OSIRIS measurements are compared to those obtained by Sassen et al.
(2008) with CALIPSO nadir measurements and to those obtained by Wang et al. (1996)
with SAGE II solar occultation measurements.

1 Introduction

Clouds have pivotal influence on the Earth’s hydrological cycle and climate system be-15

cause they are intricately involved in the dynamical, chemical, and radiative processes
within the upper troposphere and lower stratosphere (UTLS) (Chahine, 1992; Liou,
1992; Hobbs, 1993). Cirrus clouds occur at high altitude around the tropopause level
and, despite their thin appearance and low optical thickness, they have an important
contribution to the radiative balance of the atmosphere (Liou, 1986, 2002). The pro-20

cesses in this region of the atmosphere have become increasingly important for a clear
understanding of feedback mechanisms in the climate system.

Detecting and discriminating clouds can be non-trivial. Cloud visibility depends on
several factors like the viewing geometry of the measuring instrument, the relative
brightness between the targeted cloud and its background, and the scattering phase25

function, which characterizes scattering directionality (Sassen et al., 1989). The optical
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thickness, τ, which is a function of wavelength, is a critical component affecting visi-
bility. Sassen and Cho (1992) categorize cirrus clouds into three groups according to
their optical thickness: subvisual clouds with τ < 0.03, threshold visible with τ ≈ 0.03,
and thin cirrus with τ > 0.03.

Here we present a technique for mapping the occurrence frequency and distribution5

of high altitude cirrus clouds with satellite measurements of limb scattered sunlight.
When viewed from the Earth’s surface with a ground-based zenith lidar system or re-
motely using nadir sounding, subvisual clouds appear invisible because of their ex-
tremely low optical thickness and relative contrast to their background (Sassen et al.,
1989). An advantage of the limb scattering remote sensing technique is that subvisual10

clouds are readily measurable. We use measurements from the Optical Spectrograph
and Infra-Red Imaging System (OSIRIS), a Canadian satellite instrument that mea-
sures atmospheric limb profiles of scattered solar radiation.

A detailed description of the cloud detection technique is presented and results ob-
tained using the technique are compared to those by Sassen et al. (2008) who used15

Cloud-Aerosol Lidar Pathfinder Satellite Observations (CALIPSO) nadir measurements
and to those by Wang et al. (1996) who used Stratospheric Aerosol and Gas Experi-
ment (SAGE) II solar occultation measurements of cirrus clouds.

2 Measurements and modelling

OSIRIS (Llewellyn et al., 2004), a Canadian instrument onboard the Swedish Odin20

satellite (Murtagh et al., 2002), was designed to measure vertical profiles of atmo-
spheric limb radiance of scattered sunlight from the upper troposphere to the lower
mesosphere.

Odin was launched 20 February 2001 into a sun-synchronous orbit with a period of
96 min. The orbital inclination of 98◦ from the equator provides near-global coverage25

as the corresponding sampled latitude range for nominal on-track instrument pointing
is from 82◦ S to 82◦ N. The satellite track is near-terminator implying a dawn/dusk orbit.
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The entire atmosphere at the tangent point is illuminated when the solar zenith angle
is less than 90◦. As such, the winter hemisphere is largely in darkness at the local time.
Over the course of a year, the solar zenith angle varies between 60◦ and 120◦ and the
solar scattering angle varies between 60◦ and 120◦ (Murtagh et al., 2002).

OSIRIS is composed of two optical modules: the optical spectrograph (OS), which5

is of main interest in this work, and the infrared imager. The OS consists of an optical
grating and a CCD detector and measures atmospheric limb radiance between 280
and 810 nm with spectral resolution of approximately 1 nm. The OS has a single line of
sight and vertical profiles from roughly 7 to 110 km in altitude are obtained by nodding
the entire spacecraft; this facilitates obtaining observations over a range of tangent10

altitudes (Murtagh et al., 2002). The OS has a 1 km vertical and approximately 40 km
horizontal field of view at the tangent point. Successive measurements are separated
by roughly 2 km tangent altitude. It takes nearly 1.5 min to complete a full vertical scan;
thus there are about 60 scans per orbit. Refer to Llewellyn et al. (2004) for a complete
description of the instrument.15

SASKTRAN (Bourassa et al., 2008) is a spherical geometry radiative transfer model
designed to simulate limb-scattered solar radiation. It solves the equation of radiative
transfer through the method of successive orders for rays travelling within the spher-
ical geometry in order to accurately and efficiently account for the multiple scattering
contribution to the limb radiance. The method of successive orders is used to obtain a20

solution describing light that has undergone multiple scattering by computing scattering
solutions recursively. When modelling the scattering of light by aerosols, SASKTRAN
accounts for an altitude dependent cross section and phase function. Absorption by
numerous temperature dependent species is also considered in the model. SASK-
TRAN is used for operational retrievals of ozone, nitrogen dioxide, and aerosols from25

the OSIRIS measurements. In this work, SASKTRAN is used to model the radiance
from the molecular background in an aerosol- and cloud-free atmosphere within a limb
geometry.
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2.1 Single scattering in an optically thin atmosphere

The radiative transfer equation considering only a single scattering event of a solar
photon in the atmosphere is,

I1(r0,Ω̂) = I1(s1,Ω̂)e−τ(s1,0) +

0∫
s1

κ(s)J1(s,Ω̂)e−τ(s,0)ds, (1)

where r0 is the satellite position and s1 is the position of the single scattering event5

along s, the axis running along the line of sight. The single scattering source term,
J1(s,Ω̂), is,

J1(s,Ω̂) =
κscat(s)

κ(s)
F0(Ω̂0)e−τ(sun,s)P̄ (s,Ω̂,Ω̂0), (2)

where κscat(s) is the scattering extinction, F0(Ω̂0) is the solar irradiance, τ(sun,s) is the
optical depth from the Sun to the scattering point, and P̄ (s,Ω̂,Ω̂0) is the effective phase10

function for scattering from the solar direction, Ω̂0, into the propagation direction, Ω̂,
and has units per steradian.

In Eq. (1), the exponential e−τ(s1,0) in the first term describes the attenuation of light
from the end of the line of sight to the observation point where s = 0 and the exponential
e−τ(s,0) in the integral describes the attenuation of light along s to the reference point15

at s = 0. The consideration of the single scattering case implies the solar direction is
not aligned with the propagation direction; that is the solar radiation must be scattered
into the propagation direction and must not initially be aligned with the line of sight.
Therefore, the first term in Eq. (1), which describes radiation emanating from the end
of the line of sight, is zero. Similarly, the satellite does not view the Earth’s surface,20

meaning the line of sight does not intersect the Earth’s surface, so the solar direction
is not aligned with the propagation direction.
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This integral is largely dominated by the tangent point contribution, so for an optically
thin atmosphere, that is when τ � 1, the radiance is,

I1(r0,Ω̂) ≈ κ(sT)J1(sT,Ω̂)∆sT,

≈ κscat(sT)F0(Ω̂0)P̄ (s,Ω̂,Ω̂0)∆sT, (3)
5

where ∆sT is the tangent point path length and P̄ (s,Ω̂,Ω̂0) is the scattering phase
function which describes the probability of scattering in a direction. When a number
of particles and molecules contribute to the scattering of light, the radiance is a sum
over each scattering contributor. In the case of an atmosphere containing background
molecular nitrogen and oxygen as well as particles such as aerosols and clouds, the10

radiance for an optically thin atmosphere, which is proportional to the number density
of the scattering contributors, is,

I1(r0,Ω̂) ≈
[
nscatm

(sT)σscatm
(sT)Pm(s,Ω̂,Ω̂0)+nscatp

(sT)σscatp
(sT)Pp(s,Ω̂,Ω̂0)

]
F0(Ω̂0)∆sT, (4)

where the subscripts m and p denote molecular background and particle scattering,
respectively.15

3 Cloud detection technique

3.1 Scattering residual and probability density functions

In the limb geometry, the Earth’s atmosphere is optically thin down to upper tropo-
spheric tangent altitudes for wavelengths longer than around 700 nm. For this analysis,
OSIRIS measurements at 800 nm were used; this is essentially the longest wavelength20

measured by OSIRIS that is not contaminated by polarization anomalies caused by
the grating. As seen in Eq. (4), the measured radiance, Imeasured, can be split into two
components: that due to the molecular background, Imolecular, and due to clouds and
aerosols, Iparticles.

6496

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 6491–6516, 2013

Cloud discrimination
in probability density

functions

E. N. Normand et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The SASKTRAN model was used to approximate the molecular background radiance
within an atmosphere free of aerosols and clouds. By comparing of the measured
radiance profiles from OSIRIS to the modelled ones obtained using SASKTRAN, the
radiance contribution from clouds and aerosols can be quantified.

The measured radiance and modelled molecular radiance profiles were directly com-5

pared after employing a tangent altitude normalization. The reference tangent altitude
was chosen nearest 35 km because it is typically cloud- and aerosol-free at this altitude
and because OSIRIS measurements above this altitude start to become contaminated
by larger noise due to exponentially falling signal levels. Only scans taken during the
descending track of Odin’s orbit were considered, which for a short time period and10

narrow latitude band, the scattering angle is roughly constant.
In a cloud- and aerosol-free atmosphere, the normalized measured radiance,

Ĩmeasured, and the normalized molecular radiance, Ĩmodelled, profiles should essentially
agree within the accuracy of the optically thin approximation. The limb radiance is ap-
proximately exponential in altitude for an optically thin atmosphere. The discrepancy15

between the curves within 12 and 35 km tangent altitudes, shown in the left plot of
Fig. 1a, is enhanced scattering due to stratospheric aerosol. Further discrepancies in
the measurements indicate the presence of additional aerosol or cloud scattering. We
define the difference between the logarithm of the measured and modelled molecu-
lar radiance as a scattering residual , R, that can be used to characterize scattering20

enhancements,

R = ln

(
Ĩmeasured

Ĩmodelled

)
. (5)

In a cloud-free atmosphere, the residual values in the right hand plot of Fig. 1a hover
around zero except in the region where there is a contribution from stratospheric
aerosol. Figure 1b shows a positive enhancement between 13.7 and 16.1 km tangent25

altitudes suggesting the presence of clouds.
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Scattering residual profiles were generated and used to create histograms of scat-
tering residuals. In the absence of clouds the residual values linger around zero, so
collectively they form a histogram peak near zero and represent the cloud-free condi-
tion. In the event of a cloud, scattering is enhanced so the residual values are much
greater and form a second histogram peak. The histogram was normalized by the total5

number of measurements to obtain a probability density function (PDF). The tangent
altitude regions of interest, which are defined by the local tropopause of the scan, were
defined to be 1 km thick and a residual PDF was made for each region. For a given
latitudinal band, these PDFs form a two dimensional probability density surface shown
in Fig. 2. The left maximum range represents the cloud-free condition and the smaller10

right maximum range represents the cloudy condition. An interesting and useful prop-
erty of these PDFs is that the distribution in the residual PDF is not a continuum mea-
surement. The separation of the peaks, which is a significant result, provides a clear
indication of the ability to distinguish the two conditions.

3.2 Cloud-free threshold as a function of altitude15

Statistically, integrating a PDF between two limits yields the probability of occurrence
of such event within the range of interest. The object here is to separate the cloudy and
cloud-free conditions by defining a threshold line that lies between the two distributions.
Then, to obtain the probability of locating a cloud within the defined tangent altitude
region and latitudinal band, the PDF is integrated from the threshold position over the20

cloudy condition.
Figure 2 shows the cloud-free threshold curve as a function of altitude overtop the

probability density surface for scans in the Northern Hemisphere tropical latitudinal
band from May to August 2007 at 800 nm. The distributions corresponding to the cloud-
free and cloudy conditions gradually shift to slightly higher residual values as altitude25

increases due to increasing stratospheric aerosol concentration with altitude. Thus, the
threshold distinguishing the two conditions is a curved line as a function of altitude.
Although they maintain the same general shape, the maxima cloud-free and cloudy

6498

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 6491–6516, 2013

Cloud discrimination
in probability density

functions

E. N. Normand et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

distributions are also different for each latitudinal band due to shifting satellite viewing
geometry and any atmospheric variation with latitude. Therefore, each two dimensional
probability density surface requires a unique cloud-free threshold curve. A technique
was developed to determine the threshold based on the PDFs.

For each altitude region of interest, the maximum of the cloud-free peak was found5

and the distance from zero along the residual axis, δi , was noted, where i denotes the
i -th altitude region of interest. The PDF was then normalized by the maximum value
of the cloud-free peak and shifted as to align the maximum with zero. This process
is shown in Fig. 3a. Once the PDFs from each altitude region were shifted, the PDFs
were normalized and averaged to obtain the averaged PDF, which are shown in Fig. 3b.10

The average cloud-free distribution can be closely approximated by a Gaussian dis-
tribution. However, the presence of some residual scattering on the positive side of
the peak cause a skew in the distribution. Therefore, the left hand side of the averaged
cloud-free maximum peak was mirrored to obtain a Gaussian-type mirrored shape. The
mirrored shape was then fit to a Gaussian.15

The variance of the fitted Gaussian, σ2, was computed such that,

σ =
|xo −µ|
√

2ln2
, (6)

where xo and µ are the half-width half-maximum position and the mean of the fitted
Gaussian, respectively. The position 2σ was found to be a reliable demarkation of the
threshold position between the cloud-free and cloudy conditions. As latitude increases,20

the distinction between the cloud-free and cloudy distributions becomes blurred espe-
cially near lower tangent altitudes. To determine the cloud-free threshold curve as a
function of altitude, the 2σ position to the right of the cloud-free peak maximum was
determined on the PDFs for each altitude region of interest. That is, the PDFs from
each altitude region of interest from Fig. 3 were unshifted by δi , the distance the origi-25

nal PDF was shifted to zero along the residual axis, and the position 2σ to the right of
the maximum of the cloud-free peak was marked as the threshold point.
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3.3 Change in solar scattering angle with time

The solar scattering angle varies over the course of a year due to orbital configurations.
Figure 4 shows the monthly average solar scattering angle from June 2006 to June
2007. Roughly, the solar scattering angle follows an approximate cosinusoidal pattern
covering a full period over a year, and generally this is the case. However, during the5

months of October and November 2006, Odin was tilted off the orbital plane so as
to acquire measurements poleward of 82◦ S. As the solar scattering angle changes
with time, the amplitude of the radiance signal measured by OSIRIS also varies with
time and causes the cloud-free and cloudy distributions on the PDFs to shift along the
residual axis.10

When data spanning a large time period are used to form a single PDF, the distribu-
tions are blurred as if there are several time-dependent PDFs overlaid on top of each
other. Because the amplitude of the measured signal changes over time due to chang-
ing solar scattering angles, it is necessary to separate the data into time-dependent
sections as to produce PDFs with little blurring. In this work, data were separated into15

monthly bins where a two-dimensional PDF, such as that shown in Fig. 2, was made
and a unique threshold line was computed for each latitude range and for each month
considered.

3.4 Cloud-top correction

The OSIRIS scans were organized on a monthly basis into bins according to their lati-20

tude and longitude coordinates where the latitudinal and longitudinal bins were 7.5◦ and
20◦ wide, respectively. A probability density surface of scattering residuals was created
from radiance profiles. A cloud-free threshold curve was determined for each month
and latitude band. By integrating from this line over the cloudy maximum range, the
probability of locating a cloud for a given altitude range within a latitude-longitude bin25

on a monthly basis was determined. As neither the vertical thickness nor the horizontal
extent of the clouds were taken into account, these probabilities are biased. In order
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to avoid a counting bias, clouds should only be detected once at the highest detected
tangent altitude.

To correct this bias, each scan was checked for residual values that fell in the tan-
gent altitude region of interest beyond the cloud-free threshold curve. The cloud-free
threshold curve is a function of altitude; the dashed green line in Fig. 2 separates the5

cloud-free and cloudy conditions. Thus, the threshold curve was overlaid on the resid-
ual profile. The first and highest cloud occurrence beyond the threshold curve was
noted and all other residual values below this altitude were disregarded. Therefore,
rather than simply detecting the presence of a cloud at a given altitude, the results
show the detection of cloud tops; that is the highest measurement that shows the pres-10

ence of cloud.

4 Comparison to CALIPSO

In an effort to validate and test the cloud detection technique, results using OSIRIS
data are compared to those obtained by Sassen et al. (2008) who utilized CALIPSO
measurements.15

CALIPSO is a joint satellite mission between NASA Langley Research Center and
CNES to investigate the impact clouds and aerosols have on the radiative balance of
the atmosphere. CALIPSO was launched April 2006 into a circular sun-synchronous
polar orbit at about 705 km altitude. Like Odin, CALIPSO has an orbital inclination of
98◦ from the equator which provides global coverage from 82◦ S to 82◦ N. The satellite20

retraces its track to within ±10 km every 16 days (Winker et al., 2004, 2007).
Among the three nadir-viewing instruments onboard CALIPSO, Cloud-Aerosol Lidar

with Orthogonal Polarization (CALIOP) is a polarization-sensitive lidar and takes mea-
surements of the total attenuated backscatter at 532 and 1064 nm. The lidar profiles
contain information on the vertical distribution of clouds and aerosols, the ice/water25

phase composition of the clouds through the ratio of the signals from two orthogonal
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polarization channels, and the size distribution of aerosol particles through the wave-
length dependence of the backscatter signal (Winker and Pelon, 2003).

Sassen et al. (2008) studied the global distribution of cirrus clouds from CALIPSO
measurements from 15 June 2006 to 15 June 2007. A cirrus cloud identification algo-
rithm was developed to assure only cirrus clouds detected by CALIPSO were used in5

the analysis. Additional constraints were applied to the data to void detections of polar
stratospheric clouds (PSCs) and ice clouds occurring at unusually low altitudes. Lastly,
in order to distinguish cloud layers, clouds must be separated by a minimum of 1.0 km
in height (Sassen et al., 2008).

Figure 1 of Sassen et al. (2008) shows the global distribution of the average cirrus10

cloud occurrence frequency as detected by the CALIPSO identification algorithm in
terms of 5.0◦ longitude and 5.0◦ latitude grid boxes. Figure 2 of Sassen et al. (2008)
displays the equivalent distribution as altitude versus latitude in 0.2 km height intervals
and 2.5◦ latitude bins. For comparison, the analogous average cloud top occurrence
frequency of clouds detected by OSIRIS using the cloud detection technique are shown15

in Fig. 5a, b, respectively, with 20◦ longitude and 7.5◦ latitude grid boxes and 2 km height
intervals. The comparisons reveal good agreement especially considering the different
viewing geometries of the instruments.

The areas where there is maximum cirrus cloud coverage occur predominantly in the
tropical belt at relatively high altitudes. In Fig. 5a, the cirrus cloud occurrence frequency20

is slightly higher than 60 % over Indonesia and the western part of the Pacific Ocean,
and smaller maxima with ∼55 % occurrence frequency occur over Central and South
America and western-central Africa. These are known regions of intense convective
activity: the monsoons in Indonesia, the south-east Asian rainforest, the rainforests in
Central America and in the Amazon region, and the Congo Basin rainforest in Africa25

(Wang et al., 1996; Dessler and Sherwood, 2004; Fu et al., 2007; Sassen et al., 2009).
The minima bands along ±30◦ latitude correspond to the dry downwelling on the edge
of the Hadley cells.
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From Fig. 5b, the latitudinal distribution shows maximum cirrus cloud occurrence
within the tropical belt between ±15◦ latitude at 14 km altitude, which is coincident
with the mean location of the Intertropical Convergence Zone (ITCZ) and the level of
maximum convective outflow. There is also about 23 % cloud occurrence in the lower
stratosphere within the tropics. These ultra thin stratospheric clouds are observed by5

OSIRIS but are not detected by CALIPSO likely due to differing instrument sensitivities
and viewing geometries. Cirrus cloud occurrence generally decreases as the poles are
approached except at the South Pole where the presence of PSCs dominate. PSCs
occur well within the stratosphere near 14 km at high southern latitudes and were re-
moved from the CALIPSO detections.10

5 Comparison to SAGE II

The cloud detection technique with OSIRIS limb scattering measurements is further
compared to those obtained by Wang et al. (1996) who used SAGE II occultation mea-
surements as the viewing geometries of these two instruments are similar.

The SAGE II instrument was aboard the Earth Radiation Budget Satellite and its mis-15

sion was to measure the vertical profiles of ozone, nitrogen dioxide, water vapour, and
the aerosol extinction coefficient. The satellite flew in a sun-synchronous orbit with a
90 min period and a 57◦ inclination to allow a latitudinal coverage of approximately 135◦

per month. The latitude extremes varied seasonally, however there was no sampling
poleward of 55◦ during boreal and austral winters (Wang et al., 1996).20

SAGE II was a seven-channel radiometer with channels centered at 0.385, 0.448,
0.453, 0.525, 0.600, 0.940, and 1.02 µm. The instrument used the solar occultation
technique capturing 15 sunrise events in one day. These were approximately equally
separated in longitude and exhibited a slight shift in latitude between consecutive mea-
surements. The instrument’s field of view was 0.5 km vertically and 2.5 km horizontally25

at the tangent point (Wang et al., 1996).
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Wang et al. (1996) assembled a climatology of cloud occurrence frequency based
on six years of SAGE II observations between 1985 and 1990. Subvisual and opaque
clouds were distinguished by the measurement upper limit extinction coefficient for
aerosols. Using the cirrus cloud classification from Sassen and Cho (1992), clouds
with extinction coefficients larger than the measurement limit were marked as opaque5

clouds because the transmitted signal fell beyond the instrument’s sensitivity and the
cloud profile was restricted to that altitude (Wang et al., 1996). Furthermore, clouds
were distinguished from aerosols through the ratio for the extinction coefficients at two
wavelengths, namely at 0.52 and 1.02 µm. Such a ratio contains information on the
particle size.10

Fueglistaler et al. (2009) compare the mean cirrus cloud occurrence frequencies for
opaque and cirrus clouds derived from CALIPSO and SAGE II instruments in Fig. 9a, b
of Fueglistaler et al. (2009), respectively. Although both instruments demonstrate thin-
ner cirrus clouds occur within the Tropical Tropopause Layer and opaque clouds occur
at lower altitudes, the curves illustrating the occurrence frequencies do not agree well.15

The τ < 0.03 thin line in Fig. 9b of Fueglistaler et al. (2009) should be contained within
the τ < 0.1 thin line in Fig. 9a of Fueglistaler et al. (2009). According to Fueglistaler
et al. (2009), the differences between the CALIPSO and SAGE II occurrence frequen-
cies are partly due to the dissimilar viewing geometries of the instruments and to the
different optical depth thresholds. Figure 6 demonstrates the cloud top occurrence fre-20

quency from OSIRIS measurements between June 2006 and June 2007. Upon visual
inspection, the shapes of the tropical latitudinal curves agree nicely with the SAGE II
thin cirrus curve. This result is encouraging especially because the two instruments
have similar viewing geometries. OSIRIS detected roughly 10 % more cirrus clouds
than SAGE II possibly because of a higher limb viewing sensitivity. This result leads to25

a confirmation of the theory presented in Fueglistaler et al. (2009).
Plate 1a of Wang et al. (1996) shows the global distribution of cirrus cloud occur-

rence frequency between 1985 to 1990 as measured by SAGE II. This figure can be
compared to Fig. 1 of Sassen et al. (2008) and Fig. 5a. Note, however, that the data
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used in these figure do not cover the same time period, so differences are to be ex-
pected. The comparison between figures must be carried out with care as the figures
using CALIPSO and SAGE II data are produced on an absolute altitude scale while the
OSIRIS analysis utilizes an altitude scale relative to the local tropopause. The OSIRIS
analysis was carried out in this way to compensate how the tropopause height falls5

in altitude as the poles are approached. Similarly, the six-year average zonal mean
occurrence frequency distribution of SAGE II subvisual clouds is shown in Fig. 2a of
Wang et al. (1996) and can be compared to Fig. 2 of Sassen et al. (2008) and Fig. 5b.
In agreement between these figures and Fig. 6, the maximum cirrus cloud occurrence
is between 14 and 15 km altitude within the tropical latitudinal band. While there are10

differences between CALIPSO, SAGE II, and OSIRIS measurements, the general po-
sitions and magnitudes of the maxima and minima cloud occurrence frequencies occur
in relatively close agreement.

To assure adequate sampling, Wang et al. (1996) average six years of SAGE II oc-
cultation data together. Since OSIRIS captures enough sampling to form yearly figures,15

an average figure representing multiple years of data is not necessary and an analysis
can be made on a yearly basis. In accompaniment to Fig. 5a which represents the
year 2006–2007, Fig. 7 shows the yearly average cloud top occurrence frequency of
clouds detected by OSIRIS in a three-kilometer layer below the local tropopause for the
years 2005–2006, 2007–2008, and 2008–2009, where each year begins in June. Here20

again, there are clear maxima cloud occurrences over Indonesia, the Congo rainforest
in Africa, and over Central American rain forests and the Amazon and the downwelling
edge of the Hadley cells are neatly identified by the minima bands along ±30◦ latitude.

6 Conclusions

OSIRIS employs the limb scattering technique and measures the radiance of the atmo-25

sphere to infer information on the distribution of ozone, nitrogen dioxide, and aerosols
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within the stratosphere. Although clouds are not measured directly, OSIRIS measure-
ments are used in the development of a high altitude cloud detection technique.

The efficiency and reliability of the cloud detection technique depends on the resid-
ual profile’s ability to characterize the occurrence of clouds. The scattering residual
is computed as the logarithmic difference between the measured radiance profile at5

800 nm where the atmosphere is optically thin down to tropospheric altitudes and the
modelled molecular radiance profile. PDFs are produced from the scattering residual
profiles for separate latitudinal bands on a monthly basis. Because the solar scattering
angle changes over the course of a year, the variation in the amplitude of the mea-
sured radiance signal causes a shift in the PDF distribution along the residual axis.10

Thus, producing separate time resolved PDFs prevents blurring distributions.
The PDFs reveal the scattering residual distribution is not a continuum measure-

ment. The ability to distinguish the cloudy and cloud-free conditions is key to the suc-
cess of the technique. A Gaussian curve is used to model the cloud-free distribution.
Threshold residual lines are drawn as a function of altitude two standard deviations to15

the right of the cloud-free range along the residual axis and delimit the occurrence of
clouds. By overlaying these threshold lines onto the residual profiles, the presence of
a cloud within the altitude region of interest can be determined.

A useful application of the cloud detection technique is to produce probability maps
showing the distributions of cloud top occurrence frequencies. Cloud top maxima were20

found over Central America and over Indonesia as these correspond to highly convec-
tive regions and minima bands were located along ±30◦ latitude on the edge of the
Hadley cells.

Fueglistaler et al. (2009) showed profiles of the mean cloud occurrence frequency
versus altitude in the tropics as measured by CALIPSO and SAGE II and theorized25

the inconsistency between the profiles is a result of the different viewing geometries
and optical depth thresholds of the instruments. For comparison, the cloud detection
technique was used to plot the cloud top occurrence frequency versus altitude profiles
derived from OSIRIS measurements for tropical and mid-latitude regions. The shape

6506

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/6491/2013/amtd-6-6491-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 6491–6516, 2013

Cloud discrimination
in probability density

functions

E. N. Normand et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of the tropical profiles compared relatively well with the analogous cirrus cloud profile
from SAGE II, which is an encouraging result because SAGE II and OSIRIS have
similar viewing geometries.

The applications and use of the cloud detection technique have not been exhausted
in this work. Since complex radiative transfer is required to accurately model scattering5

through optically thick layers of atmosphere or clouds, the cloud detection technique
can be used to identify the presence of clouds as well as the cloud top altitude within
the scans. Furthermore, the cloud detection technique can be employed to study the
evolution of cloud top occurrence frequencies and distributions, and detecting PSCs at
high southern latitudes during austral spring.10
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(a) Cloud-free condition

0 20 40 60
5

10

15

20

25

30

35

Normalized Radiance

Ta
ng

en
t A

lti
tu

de
 (k

m
)

May 07 − Aug 07, 800 nm, Latitude −2.1734

0 0.5 1 1.5
5

10

15

20

25

30

35

Residual

Ta
ng

en
t A

lti
tu

de
 (k

m
)

Residual Profile

 

 
Measured Radiance
Molecular Radiance
Residual
Local Tropopause
Region of Interest

Student Version of MATLAB

(b) Cloudy condition

Fig. 1. Normalized radiance, density, and residual profiles as a function of tangent altitude at 800 nm for (a)

cloud-free and (b) cloudy conditions.

14

Fig. 1. Normalized radiance, density, and residual profiles as a function of tangent altitude at
800 nm for (a) cloud-free and (b) cloudy conditions.
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Fig. 2. Two-dimensional residual probability density function with the cloud-free threshold curve for scans

within the northern hemisphere tropical latitudinal band from May to August 2007 at 800 nm. The vertical axis

is shown with respect to the local tropopause.
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Fig. 2. Two-dimensional residual probability density function with the cloud-free threshold curve
for scans within the Northern Hemisphere tropical latitudinal band from May to August 2007 at
800 nm. The vertical axis is shown with respect to the local tropopause.
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Fig. 3. (a) Probability density function for scans within 2 to 1 km below the tropopause within the northern

hemisphere tropical latitudinal band from May to August 2007 at 800 nm. (b) Normalized and shifted probabil-

ity density functions for various altitude regions of interest and averaged probability density function for scans

within the northern hemisphere tropical latitudinal band from May to August 2007 at 800 nm.
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Fig. 3. (a) Probability density function for scans within 2 to 1 km below the tropopause within
the Northern Hemisphere tropical latitudinal band from May to August 2007 at 800 nm. (b) Nor-
malized and shifted probability density functions for various altitude regions of interest and av-
eraged probability density function for scans within the Northern Hemisphere tropical latitudinal
band from May to August 2007 at 800 nm.
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Fig. 4. Solar scattering angle as a function of time from June 2006 to June 2007.
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(a) Average cloud top occurrence by OSIRIS

Zonal Average Cloud Top Fraction as a Function of Altitude: Jun 06 − Jun 07
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(b) Zonal average cloud top occurrence by OSIRIS

Fig. 5. (a) Average cloud top occurrence frequency of clouds detected by OSIRIS algorithm in a three-kilometer

thick layer below the local tropopause between June 2006 and June 2007. (b) Zonal average cloud top occur-

rence frequency of clouds detected by OSIRIS algorithm between June 2006 and June 2007.
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Fig. 4. Solar scattering angle as a function of time from June 2006 to June 2007.
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Fig. 4. Solar scattering angle as a function of time from June 2006 to June 2007.
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(a) Average cloud top occurrence by OSIRIS

Zonal Average Cloud Top Fraction as a Function of Altitude: Jun 06 − Jun 07
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(b) Zonal average cloud top occurrence by OSIRIS

Fig. 5. (a) Average cloud top occurrence frequency of clouds detected by OSIRIS algorithm in a three-kilometer

thick layer below the local tropopause between June 2006 and June 2007. (b) Zonal average cloud top occur-

rence frequency of clouds detected by OSIRIS algorithm between June 2006 and June 2007.
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Fig. 5. (a) Average cloud top occurrence frequency of clouds detected by OSIRIS algorithm in
a three-kilometer thick layer below the local tropopause between June 2006 and June 2007.
(b) Zonal average cloud top occurrence frequency of clouds detected by OSIRIS algorithm
between June 2006 and June 2007.
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Fig. 6. Mean cloud occurrence frequency versus altitude as measured by OSIRIS from June 2006 to June 2007.

Tropical and mid-latitudinal bands were defined as 0≤ θ < 25 and 25≤ θ < 55 in their respective hemispheres.
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Fig. 6. Mean cloud occurrence frequency versus altitude as measured by OSIRIS from June
2006 to June 2007. Tropical and mid-latitudinal bands were defined as 0 ≤ θ < 25 and 25 ≤ θ <
55 in their respective hemispheres.
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(c)

Fig. 7. Yearly average cloud top occurrence frequency of clouds detected by OSIRIS algorithm in a three-

kilometer thick layer below the local tropopause.
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Fig. 7. Yearly average cloud top occurrence frequency of clouds detected by OSIRIS algorithm
in a three-kilometer thick layer below the local tropopause.
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