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The High Resolution Dynamics Limb Sounder (HIRDIc®)ud detection and
cloud top determination algorithm is described apglied to 2005 - 2007 HIRDLS
radiance profiles. Statistical averages of HIRCAf8 correlative cloud data are highly
correlated. 1998 — 2005 Halogen Occultation ExpeninfHALOE) and HIRDLS time
averaged cloud top pressures have a correlatiofficeat of 0.87 and 0.93 in the tropics
and mid-latitudes, respectively. Time series oftdraperature T < 195 K hemispherical
area, on the 450 K potential temperature surfaoe tlae total number of Polar
Stratospheric Clouds observed by the HIRDLS expaninm January and February 2005
have a correlation coefficient of 0.92. HALOE antRBLS normalized distributions of
cloud counts, expressed as a function of outga@ingwave radiation (OLR), have a
correlation coefficient of 0.99. Tropical averaggd998 — 2005 HALOE and HIRDLS
cloud occurrence frequencies at 82 and 100 hPwitlte 25% of each other, and the
morphology of latitude-longitude contour maps loiucl frequency are similar. Co-
located Stratospheric Aerosol and Gas ExperimefAGE 1) and HIRDLS cloud top
pressure values in 2005 have a correlation coefftodf 0.85 when the distance between
observations is less than 100 km and the timereifiee is less than six hours.
Correlations between co-located SAGE IIl and HIRDI&ud top pressures improve as

space and time differences decrease.
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1. Introduction

Polar Stratospheric Clouds (PSCs), cirrus, aratestpheric aerosol are of interest
due to their physical effects in the atmosphere&C$2&d cold sulfate particles are
responsible for the heterogeneous chemistry thatests inactive chlorine into active
chlorine in the polar stratospheM/$rld Meteorological Organizatiqri999]. The
manner in which “ozone hole” losses evolve in thenimg decades is dependent upon the
evolution of inactive chlorine concentrations, &igpheric temperatures, dynamics, and
cold sulfate and PSC surface area. Monitoring e$é¢hfield variables will be necessary to
understand how the lower stratosphere evolves dguhe forthcoming decades. Cirrus
near the tropopause plays an important role irptbeesses that dehydrate the upper
troposphere and lower stratosphere (UT/L¥nsen et al 2001,Jensen and Pfister
2004], and influence the radiative balance of tiél$ [Jensen, Kinne, and Too2004].
The growth of cirrus particles sequesters watepvagand the sedimentation of ice in
rising air parcels slowly diminishes the water @t leading to a dry stratosphere. It is
of interest to understand these coupled dynamieaiaphysical processes, and to assess
if these processes change with time this centueytdypossible changes in convective
activity and tropospheric temperature. Finally, sh@tospheric sulfate layer undergoes
dramatic changes in mass loading following majdcanic episodes. The temperature
changes associated with these major mass loadawgsderved as important tests of
climate modelsHansen et a).2002,Santer et aJ.2003].

Clouds and aerosols are also of interest duesiio ithpact upon remotely sensed
radiation fields. While molecular spectra can bedily calculated as a function of

concentration, pressure, and temperature, aerpsotra are not as well characterized.
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Many possible particle size distributions and cosifans determine the wavelength
dependencies of cloud and aerosol infrared extncpectra. The addition of clouds and
aerosol along a line of sight greatly increasestlmaber of unknown variables that
influence the wavelength dependent radiation ftéld remote sensing experiment.
Clouds and aerosols have been studied for margddsdoy satellites. PSCs were
first observed from space by the Stratospheric s@rMeasurement (SAM Il) solar
occultation experimentMcCormick et al. 1982]. Subsequent solar occultation
experiments, including the Stratospheric Aerosal @as Experiment (SAGE)
[McCormick and Veigal992], Polar Ozone and Aerosol Measurement (POAM)
[Bevilacqua et al 2002], and HALOERussell et al] 1993] experiments, have measured
stratospheric aerosol and PSCs from 1978 throu@b.2Bmission limb sensors, such as
the Cryogenic Limb Array Etalon Spectrometer (CLAESoche et a) 1993] and
Improved Stratospheric and Mesospheric SounderNISATaylor et al, 1993],
measured PSCs in the early 1990s, while the Miohdisterferometefor Passive
Atmospheric Sounding (MIPAS) is currently colle¢fiRSC measurementSgang et aj
2005]. Measurements of cirrus near the tropopaasaenced with SAGEWang et al
1996], and continued through 2005 with SAGE Kept et al, 2007] and HALOE
observations. Thin cirrus is commonly referred $0'subvisible” cirrus, since the human
eye, looking upwards, cannot detect these opti¢hilyclouds. Cirrus extinctions near
the tropopause were measured by CLAE®Igenthaler et a] 1999] from 1991-1993.
With the recent launch of the Cloud-Aerosol Lidaddnfrared Pathfinder Satellite
Observation (CALIPSO) satellite lidar in 2006, P28l tropopause cirrus are being

measured from pole to pole at 532 nm and 1064 nm.
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HIRDLS [Gille etal., 2007] joins the roster of space experiments whauh
measure clouds in the stratosphere and upper fpbpos. HIRDLS is a limb viewing
emission experiment with 21 spectral channelsenitfrared, spanning the wavelength
range from 6.2 to 17.2m, and was designed to measure temperature-prgzsidiles,
the mixing ratios of many gas species (i.g, BNOgz, H2O, NOp, N2O, CHy, CFC-11,
CFC-12, CION@®, N2Os), and cloud/aerosol extinction profiles. HIRDLS@hs

approximately 5500 profiles per day since a measarg sequence is carried out every
10 seconds, and covers the same latitude rangeG8r8 to 80° N each day.

During the launch phase, however, Kapton insulatiside HIRDLS ruptured,
and covers roughly 80% of the scan mirror assengilyce the insulation radiates in the
infrared, and is mechanically forced to oscillayete scan mirror, the radiance field
sensed by the 21 individual HIRDLS detectors is plicated. The insulation radiance
dominates the total sensed signal. Much efforeiadpdirected to account for this
contamination, to accurately extract the atmosjgh®gnal from the total radiation field,
and to improve the retrievals of the impaired expent.

PSCs, tropopause cirrus, and deep convective slbade large impacts upon

atmospheric radiance profiles, especially in thRBILS 12.1nmm channel. The radiance

R (w nt2 sterl) sensed by the HIRDLS emission experiment is gmaby the

equation

R= Bexp(-)d (1)

where the total optical depthis the sum of gagyag cloud ¢joug and aerosol optical

aerosodepths, and B is the Planck function. Gas opagitiie 12.1 um infrared
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“window channel” is very low, and the limb viewiggometry of the HIRDLS

experiment leads to largg|gyqVvalues along a ray path. A tangent ray path hray a

segment ds of length ~ 300 km near the tangemaay, so cloud extinctiob (in knrd

units) along a limb viewing path produces an opuegpth equal td ds. PSC and

subvisible cirrus extinctions in the infrared vérgtween 16# to 102 knv1, yielding
limb optical depths between 0.03 and 3. These lapgieal depths are larger than gas
optical depths and enhance 18rh atmospheric limb view radiances. Previous
measurements of I8n PSC emission by ISAMS and CLAESaylor et al, 1993,
Massie et al 1994] and of subvisible cirrus by CLAEBI¢rgenthaler et al 1999]
confirm this simple physics.

Our paper is organized in the following mannerSkttion 2 we discuss how
several cloud types are detected and identifiddlRDLS radiance profiles. Section 3
discusses how the operational retrieval is conédup solve for temperature-pressure,
gas mixing ratio, and cloud/aerosol extinction pest Section 4 compares HALOE,
SAGE lII, and HIRDLS cloud top pressure measuresiddtRDLS PSC profile
counting statistics and preliminary extinction maasnents are discussed in Section 5.
HIRDLS tropical cloud-detection characteristics afmld frequency of occurrence
latitude-longitude maps are compared to HALOE dat&ection 6. A common structural
thread in this paper is to a) illustrate that HIRDtata can be used to detect (count)
clouds in the stratosphere and troposphere, ta@nptify how well HIRDLS cloud
counting capability compares to other correlatiagagd and c) to discuss the preliminary
extinctions retrieved by the HIRDLS experimentSlection 7 we summarize our

findings.
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2. Cloud Detection

Calibrated radiances in HIRDLS Channel 6 (the T&nlchannel) are examined
for the presence of clouds that perturb the radigomofile. Cloud-detection processing on
a given day is carried out using all radiance pesfonly for the observation day of
interest. The processing examines radiance prdfilgisare binned in latitude, since the
shape of a radiance profile is influenced by timeperature profile. Latitude bins (e.g.
90°S-60°S,60°S —30°S, 30°S —30° N, 3GBAY N, 60° N - 90° N) are selected to
correspond to the latitude ranges of the polar;latitudes, and tropical regions. While
the processing can be set up for a larger numblatiafde bins, this decreases in an
adverse manner the number of clear sky radianddgean each latitude bin. In general
terms (specifics are discussed below), the procgsietermines the average clear sky
radiance profile for each latitude bin in an iteratmanner. For the first iteration, all
profiles are averaged, and standard deviations frenaverage are calculated. For the
2" iteration, each profile is compared to the avenamdile (by techniques described in
the following paragraph). If the profile is deentedbe influenced by clouds, then this
profile is removed from the averaging process, iargnoted that this profile is cloud
contaminated (and thus will not be used again fmel¢he next iteration’s average
curve). The removal process is iterated five tin@sce the final clear sky average
radiance curve is determined, average curves decalated for the other 20 HIRDLS
spectral channels by averaging all profiles forekihihe Channel 6 radiance profile did
not have cloud contamination.

Examples of cloud radiance perturbations areti&ied by the in-house v2.04.06

radiance profiles displayed in Figure 1. The clEear average curve is given by the
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dashed line in all of the panels. As altitude iases, the noise characteristics of the
radiance profile become evident (e.g. the jog dhamace at 24 km in panel 1a of the
tropical clear sky radiance profile is most likelgt a cloud feature). Clouds, however,
perturb the radiance profile in dramatic fashiorP8C is seen in panel 1b with a
radiance peak near 24 km altitude. Peak strucsua¢so evident in the tropical cirrus
layer in panel 1c. For moderate cloud optical thess, it is seen in these types of
radiance profiles that the radiance profile returask to the clear sky average below the
radiance peak. Finally, an opaque cloud examppeesented in panel 1d, in which the
radiance varies little below 15 km altitude.

The altitudes in Figure 1 are AURA spacecraftkaolalues decreased by 2 km.
The angular error of the HIRDLS line of sight wigspect to the AURA platform is
120", as measured during on-ground spacecraftnatieg. Since the distance from the
AURA platform to the limb path tangent point is 20@dm, an angular error of 120"
corresponds to 1.7 km. By comparing HIRDLS altitideressure P, and temperature T
profiles to Microwave Limb Sounder (MLS) Z, P, Tofifes for several days throughout
the year, it was apparent that the HIRDLS profilese higher than the MLS profiles by
2 km. This 2 km offset does not influence the esta of HIRDLS data, since the
retrieval state vector is expressed in terms of\aenly spaced altitude grid.

Using a tropical cirrus layer observation as aanegle, Figures 2 illustrates the
specifics of the first step in the cloud-detectwacess. Given a clear sky average curve

Rclearin Channel 6 for a specific latitude band, clouelsence is determined in a series

of tests on each individual radiance profile. Flwnctions are calculated, defined by the

expressions
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diffrad(i) = Ropgi) - Relea) (2)

perdiff(i) = 100 ( Rpd) - Releall) ) / Releafi) (3)
ratioper(i) = (dRpd1)/dz) / (dR:jeafi)/dz) (4)
adjrad(i) = Rpdi) / Ropdi+1) (5)

The four functions are calculated for an individ@lannel 6 radiance profilegydi) as

a function of altitude index i from 1 to 30, copesding to 1 km altitude steps between 1
and 30 km. The altitude range of 1 to 30 km is endsecause PSC sighting probabilities
become less than 0.01 at altitudes greater th&m2@oole and Pitts1994] and it is

clear from altitude versus log-radiance graphswdiiidual profiles that HIRDLS
calibrated radiances exhibit noise above 20 kntualé.

Figure 2 displays a single radiance profile anddlear sky radiance profile in
panel 2a, the four functions in panels 2b — 2e,thachumerical values of empirically
determined function thresholds that are associatddeach of the four functions. The
first determination of the cloud top correspond#i® highest altitude level (marked by

the arrows in Figure 2) for which the perdiff, cgger, or adjrad functions exceed the

thresholds, and for which diffrad is greater thiae threshold of 0.018 wrsterl

While ratioper exceeds the threshold value of 2 8bskm altitude, diffrad is less than the
diffrad threshold in panel 2b, so the algorithm slaet specify a cloud top at 25 km. The
thresholds were selected by a trial and error @®sech that false positives in cloud
detection are avoided, yet numerous graphs otidéiversus log-radiance displayed
cloud tops at the altitudes determined by the #lgor If the thresholds are decreased,
then cases arise that produce false clouds (demeetric noise triggers the presence of a

false cloud). At this stage of the processing,dbed type is unknown.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Since there are variations in individual tempemforofiles within a given
latitude band, it is expected that the clear skiyaiace profile may be offset from the
observed radiance profile. To account for thes@tians, a cloud top adjustment process
is used and illustrated in Figure 3. In this parfac case, the previous portions of the

algorithm determined a cloud height|dygat 11 km (see panel 3a). The observed

radiance profile is shifted along the radiance is &xch that the shifted radiance profile

R(i)hewlies over the clear sky curve Rfjg4r for altitudes between 13 and 15 km (i.e. a
3 km range commencing 2 km above thgydg cloud top altitude). The adjustment
process tests if the ratio R{g\/ R(i)clear is greater than the empirical threshold of 1.3,

and if the radiance difference R{Bar - R(Dnhewis greater than the empirical value of

0.009 w m?2 sterl at altitudes above g For this particular case, the ratio and

radiance differences were sufficiently large enot@tarrant a change in cloud top
altitude. Panel 3c illustrates that the cloud ®mbved upwards from 11 to 12 km
altitude.

Individual tests are carried out on each radiamodéle to determine the cloud
type. A cirrus layer is identified if the verticklll-width half-max of the radiance
perturbation is less than 4 km. Previous spaceébidar observations of cirrus
demonstrated that thin cirrus near the tropopaasebe on the order of 0.5 km thick
[Winker and Treptel998]. The small vertical widths of the HIRDLSli@nce profile
perturbations of “cirrus layer” clouds and the wavrwidth of retrieved extinction
profiles (see panel 2f), are consistent with trevijmus lidar measurements and ongoing
measurements by the CALIPSO satellite lidar expenimA probability distribution

function (not shown) of CALIPSO cloud widths, basgubn our analysis of tropical

10
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CALIPSO Clay (cloud layer) file data between 13 agdkm altitude in August 2006,
indicates that 84% and 1.5% of cirrus layers thatadove clear sky regions have vertical
widths less than 1.5 km and greater than 3 kmeasgely.

An opaque cloud in the tropics and mid-latitudedatermined if the radiance
profile varies slightly over a 6 km range of altiei(see panel 1d). If the radiance profile
does not adhere to the specific profile charadiesi®f the cirrus layer and opaque cloud,
then the cloud is deemed to be of unknown typesiehi}y, it is expected that cloud
structure will vary from that of isolated cirrusylrs of small vertical width to deep
convective structure throughout the tropopauseu€ilayers are produced by the uplift
of humid layers that are far away from deep conwectand by convective blow-off from
deep convection. As deep convection dissipates;lthel structure will be less opaque,
and of intermediate thickness between the two exdee These clouds are labeled by the
cloud-detection algorithm as of unknown type. lalso possible to have multi-layer
cloud structure of un-related clouds traveling iifiedent directions at different altitudes.
These cloud structures will also be labeled asn&hawn type.

PSC radiative structure, similar to that presemgaanel 1b, are searched for
only at latitudes greater than 50° N or less tHahS A straight line is fitted between the
radiances of a single profile at 17 and 29 km, thedratios of observed radiance to the
straight line values are calculated between thitbedes. PSCs are flagged at altitudes at
which the ratios exceed a fixed ratio threshold .&fthat was empirically derived in
sensitivity tests. The threshold was chosen tocafadse cloud detections.

The radiance signature in panel 1b is of a PS@foch the radiance perturbation

is large and “extensive” in its altitude range. Thaud-detection algorithm also detects

11
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PSCs that have a lesser radiance perturbation rled®extensive range in altitude, and
labels these PSCs as of unknown type. Since thel-aetection routines are applied
prior to the temperature-profile retrieval, theaiatumber of PSCs is equal to the number
of extensive and unknown cloud types that are eeskeaibove the polar tropopause,
which is determinable after the temperature pra§ilestrieved.

The cloud-detection routine assigns a value ofdlltaltitudes at which the
radiance profile does not deviate significantlynfrthe clear sky average. Cloud types of
1 = unknown cloud type, 2 = cirrus layer, 3 = esiea PSC, and 4 = opaque cloud are
assigned according to the tests described aboe@&chtl km step in altitude. The integers
are stored in HIRDLS “12.1MicronCloudAerosolFlagtays contained in archived data
files available from the NASA GFSC Earth Sciend8&§) Data and Information
Services Center (DISC). In addition, there is atiesletermine if the radiance profile is
obviously bad, e.g. that the radiance values agatne or display excessive back and
forth swings in radiance. These cases usuallyeer enly at altitudes above 20 km.

The cloud identifications above are motivated yshapes of radiance profiles.
Opaque clouds in the tropics and mid-latitudes, extdnsive PSCs at latitudes poleward
of 50° S and 50° N, are both “opaque” in termsheflarge optical depths associated with
the clouds. Also, it should be noted that themsoisa strict one to one correspondence
between cloud locations along the vertical presgurckat the tangent ray point and our
cloud flags. Clouds can exist along the HIRDLS linw ray path at a variety of
altitudes along the ray path, and the radiancesgeaified tangent height altitude is

influenced by cloud optical depths at higher adtés.

12
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While the cloud-detection routines specificallyddh cloud type as a PSC in the
polar latitudes, radiance perturbations at non+palitudes are also detected. Non-polar
volcanic and forest fire smoke clouds in the trqgieese and stratosphere will be detected
by the HIRDLS experiment and assigned by the cldei@dction routines with the
“unknown cloud” label.

The cloud-detection routines, in conclusion, speitie altitude at which a cloud
top is determined, and assign a cloud type intageach 1km altitude level between 30
km and the ground. Once the retrieval of the pnessemperature profile is completed, a
cloud type integer is assigned to each of the stahpressure levels of the HIRDLS

retrieval for each radiance profile, and a cloug poessure is determined.

3. Retrieval Methodology

The HIRDLS retrieval algorithm is described in deita Khosravi et al [2007].
The algorithm is based on optimal estimation theogyng the maximum a posteriori
solution methodRodgers2000]. The objective of this approach is to obtartical
profiles of atmospheric constituents for which gigorithm’s radiative transfer model
generates radiances that are consistent with megsadiances. The solution is
constrained by prior knowledge of the atmospheartesand the measurement
uncertainties.

Pressure-temperature and gas mixing ratios, andl@dod aerosol extinction
profiles are retrieved using two different configtions of the retrieval code. This is
necessary at this point in time since the radiaad&rations of the 21 HIRDLS spectral

channels are not of uniform accuracy, due to tHedities of the Kapton obscuration,

13
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and the exact variations of the percentage of Kaptiscuration for the HIRDLS
channels are being refined. The Kapton radiande ifiepacts the HIRDLS channels that

sense the stronger G@nd G atmospheric emissions less so (in a relative mauinan

the HIRDLS channels that sense the relatively weakassions of the other gases.

Visual examination of log-radiance versus altitgdaphs for the 21 HIRDLS
channels reveals that a majority (i.e. 17 out gfé¥fthe HIRDLS channels are perturbed
by tropospheric clouds and PSCs. Retrievals of &zatpre-pressure and gas mixing ratio
profiles assume that the Channel 6 cloud top presspplies equally well to all other
channels.

The operational retrieval is currently configuredrétrieve the pressure-
temperature (PT) profile in an iterative manneradixed set of pressure levels between
400 and 0.1 hP&Hille et al.,2007,Khosravi et al, 2007]. HIRDLS channels 2-5 at 14.9,

15.5, 16.0, and 16.5 pm, which are dominated nge of relative C®opacity, are
used in the PT retrieval. Climatology gas (e.g.a0d HO) mixing ratio profiles and a

sulfate aerosol extinction profile (discussed bglave fixed in the PT retrieval. Input to
the retrieval includes radiance profiles for tharfohannels, expressed at 1 km altitude
steps on an evenly spaced altitude grid. The 2 ftisetomentioned in the previous
section does not influence the retrieval, sinceréigeval state vector is expressed in
terms of an evenly spaced altitude grid. Retrigwedile-specific PT values are
interpolated to the standard AURA pressure grithefarchived data files.

If a cloud is detected by the cloud-detection irms, then the iterative matrix
solution increasingly weights the retrieval beldwe tloud top by priori values.

Negative temperature and gas mixing ratio precsitag cases in which tkeepriori

14
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error contributes more than 50% to the total erraticating largea priori contributions
to the retrieval. It is recommended that usersusettemperature values, gas mixing
ratios, and cloud/aerosol extinction values thataamsigned negative precisions.

HIRDLS channels were specifically selected to fogpen the retrieval of gas
species (i.e. @ HNOg, HpO, NOp, N2O, CHy, CFC-11, CFC-12, CIONg and NOs).
Edwards et al[1994] describes the selection of the HIRDLS igaance channels. The
retrieved pressure-temperature profile, climatolggg mixing ratios, and a single aerosol
sulfate extinction profile (discussed below) asedl in the gas retrievals. The retrieved
mixing ratios are interpolated from the profile-sffie pressure grid to the standard
pressure grid of the archived data files. Negag@e mixing ratio precisions flag cases in
which thea priori error contributes more than 50% to the total error

The retrieval of cloud and aerosol extinction reggiknowledge of the
temperature-pressure profile and the mixing rabibgas species. The relative
contributions of gas and background sulfate aermstiie HIRDLS limb radiances at 25
km altitude can be viewed by examination of thedrBl resolution spectra ddwards
et al [1994]. Line-by-line spectral calculations weed to determine the wavelength
ranges of the HIRDLS channel filters. Five channedsitered at 17.4, 12.1, 10.8, 8.3,
and 7.1 um (Channels 1, 6, 9, 13, and 19, resmdgtiwere specifically chosen because
the ratio of aerosol/cloud optical depth to gasaapdepth is relatively high at these
wavelengths. In particular, the 12rin window channel (Channel 6) is widely known to
have the lowest gas optical depths in the infraaed, is the most sensitive HIRDLS

channel for the detection of cloud extinction. £¢spectral lines dominant the gas

opacities in the 12.tom channel.
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The current operational processing solves forsmsfdoud extinction and
temperature profiles by configuring the retrievade in the following manner, which is
run separately from the retrieval of temperaturif@s and gas mixing ratios that is
described above. The retrieval ignores the clopdieight, and retrieves the temperature
profile throughout the full range. This temperatprefile is then used to retrieve
cloud/aerosol extinctions throughout the full aktie range. Extinction profiles are

independently retrieved for Channels 1, 6, 9, 18, 0. Gas species (e.g3,MNOg3,
and HO) are specified based upon the latitude and tifngear dependent MOZART

(Modeling of OZone And Related chemical Tracerspatology, since inclusion of
retrieved gas mixing profiles directly into the etbaerosol extinction retrievals awaits
further improvements in the accuracy of the HIRDBSiance profiles. MOZART is a 3-
D chemical transport modeKinnison et al, 2007] that is used for tteepriori gas

mixing ratio fields and the initial guess in theRHILS retrieval. A single mid-latitude
SAGE (Stratospheric Aerosol and Gas Experimengsmrextinction profile is used to
specify the cloud/aerosalpriori. A Mie calculation was used to transform the SAGE
extinction at 0.52%m to the wavelengths of the five HIRDLS cloud/aetahannels. If
the retrieval has difficulty converging, then tlegrieval assigns an extinction value equal
to -999 at all pressure levels.

Precisions are reported along with the extinctialues for the five HIRDLS
cloud/aerosol channels. The precision at a retdgwressure level is the measured
extinction times the square root of the diagonairent of the solution error covariance
matrix. The covariance matrix is evaluated during tetrieval iterations by the Optimal

Estimation algorithmRodgers2000], and incorporates radiometric channel noise,

16
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smoothing error, forward model error, and forwarddal parameter erroLambert et
al., 1999]. Negative precisions flag cases in whiahetipriori error contributes more
than 50% to the total error.

Stratospheric sulfate aerosol extinctions areipieary since the gas and sulfate
aerosol opacities are of similar magnitude, andctireent retrieval uses climatology gas
opacities. Aerosol retrieval accuracy will improwéen the radiances of the HIRDLS

experiment become more precise and coupled relsi@fgpressure-temperaturegO

H»20O, and Channel 6 extinction become appropriate.

4. Measurements of Cloud Top Pressure

Cloud top pressures are determined once the peesmperature profile is
retrieved. The altitude integer index is determibgdhe cloud-detection algorithm
described in Section 2, and the pressure of theddiop is the pressure associated with
the profile-specific pressure-temperature retrigval the cloud top pressure is not
interpolated unto the standard HIRDLS archived sues grid). We compare HIRDLS
cloud top pressures to those derived from vers®HALOE and SAGE Il data files in
this section of the paper.

HALOE [Russell et a] 1993] made measurements from the Upper Atmospher
Research Satellite (UARS) from September 1991 ginddovember 2005. Validation of
the aerosol extinction data at 3.46, 3.40, 2.45%8mm is discussed biervig € al.,
[1996]. SAGE Ill made solar occultation measureradigtween 45° N and 80 ° N, and
35° S and 60° S between March 2002 and Decembér E@@nction measurements

[Thomason, Poole, and Rand&bDO07] are reported at 385, 449, 521, 600, 675, 868,
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1020, and 1545 nm. The multi-wavelength technicgexlio determine cloud top
pressures is discussed Kgnt et al [2007]. The ratios of 525 nm to 1020 nm and 1020
nm to 1550 nm extinction are expected to approadly as particle size becomes large.
If observed values of these two ratios, graphed aatio-ratio graph, fall within a
specific trapezoid that overlies the unity ratiduea(see Figure 5 dfent et al [2007]),
then a cloud is identified by the SAGE Il algorith

Cloud top pressures are not reported in the aechWALOE data files. We
determine the presence of clouds for each HALOEMagion by examining the
numerical value of the spectral variange?) of the HALOE extinction spectruntprvig

and McHugh 1999]. Values oy less than 0.1 approximately correspond to thegmes

of clouds. HALOE 3.46m extinction greater than 4.0 x fknr1 consistently havg
values less than 0. Mjssie et al 2002]. The physical basis for this relationsisigue to
the fact that the wavelength dependence of extincpectra flatten-out as particle size
increases. Sulfate particles have radii on theraytl®.1mm, andy values greater than
0.1. Cirrus radii are larger than ~n¥n, and result in extinction spectra that are much
flatter than the extinction spectra of sulfate joéat.

Using this multi-wavelength technique, HALOE extion data from 1998 —
2005 were processed to calculate HALOE cloud t@sgures. HALOE data from 1998
to 2005 were analyzed since there are few (~55) GBIcloud observations in 2005.
Values ofy were calculated at all of the HALOE pressure Iset each HALOE
extinction profile. Working down from the top altde of the profile, the cloud top
pressure was determined wherbecame less than 0.1. HALOE cloud top pressures we

binned into two sets of latitude ranges, i.e. thpits (20° S — 20° N) and mid-latitudes
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(55° S —35° S, 35° N — 55° N). For each of thedusets of HALOE cloud top pressures
(see Figures 4c and 4d), normalized distributiorvesi in Figures 4a and 4b were
calculated for nine log-pressure bins between 40400 hPa by normalizing each of the
curves in Figures 4c and 4d to unity. HIRDLS claeog pressures were binned in the
same manner.

Figures 4a and 4b compare the normalized HIRDLEHALOE distributions.
The normalized distributions are very similar fbe two latitude ranges, both in the
shapes of the curves and in the range of pressurewdhich the shapes are similar.
Differences in the number of observations are duéé fact that HIRDLS makes a
measurement every 10 seconds, while the HALOE tattuh experiment measured 32
profiles per day. The correlation coefficients lod¢ thormalized distributions of the cloud
top pressures in Figures 4a and 4b for the tragaicsmid-latitudes are 0.87 and 0.93,
respectively.

It is apparent that the HALOE cloud top pressurerages are at slightly lower
pressures than those of HIRDLS. A difference in IkrRigure 4 at pressures near 100
hPa, which is the granularity of the HIRDLS radiameofile grid, corresponds to a
pressure difference between 85 and 100 hPa, andtise order of the difference in
pressure of the HALOE and HIRDLS cloud top curve&igure 4 at 70 hPa in the
tropics and 150 hPa in the mid-latitudes. The nedspthese differences are not known
at present, but may be due to the sensitive capabilthe multi-wavelength HALOE
technique, relative to the HIRDLS technique, tcedevery tenuous clouds. The HIRDLS

single wavelength technique is constrained by s#vkreshold limits (see Figures 2 and

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

3). The HALOE technique looks at the spectral vargaof multi-wavelength extinction,
which is not dependent upon the magnitude of the&bon.

Comparisons of HIRDLS and SAGE IlI cloud top preesun 2005 are presented
in Figure 5. Due to the geographical sampling cttarastics of the SAGE Ill and
HIRDLS experiments, the comparisons are derivethfdata at southern mid-latitudes
and latitudes north of 70° N. Panel 5a presentaties plot of HIRDLS and SAGE Il
cloud top pressures when the distance betweenbgervations was less than 100 km,
and the time difference was less than 6 hours.cbnelation of the data points is 0.85.
The light solid line is the 1 to 1 line, while tkelid line is the fit to the two data sets.
There is a systematic offset between the two daa with HIRDLS data points being at
lower pressures by ~ 20 % (see panel 5b). A 20%spre difference corresponds to a
vertical distance of 1.3 km for a representativespure scale height of 7 km.

Table 1 presents the correlation coefficients ef$IAGE 11l and HIRDLS cloud
top pressures expressed as a function of sepatataistance and time, from 0-100, O-
200, 0-300, 0-400 km, and for time separations-6f 0-12, 0-18, and 0-24 hours. The
number of data points for the samplings varied f&8t for the 0-400 km and 0-24 hour
comparison, to 32 for the 0-100 km and 0-6 hourmanson. The correlations vary
between 0.45 and 0.85, depending upon the timespacke difference. The table’s values
indicate that the correlation improves significgntithe time and space differences
decrease. This is expected, since clouds are rangitory. The data in Table 1 indicate
that low correlation coefficients between two cladata sets may be due primarily to the

transitory nature of cloud structures, and not ssagly due to instrument deficiencies.
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5. Observations ofPolar Stratospheric Clouds

In this section we comment on the PSC countingssts of the HIRDLS
experiment, demonstrate that the counting stasistie physically realistic, and present
preliminary PSC and sulfate extinction for a sind#s/'s observations.

Figure 6a displays time series of the number of$&li3erved by HIRDLS each
day in January and February 2005 for potential emapires between 440 and 460 K.
HIRDLS began observations on January 23 2005 ifte @f the first data point in figure
6a), and did not observe PSCs in March of 2005e& leurves are presented in Figure 6a.
The lowermost curve is the number of PSCs idewtifig the cloud-detection algorithm
to be similar to the radiance signature of Figurile. the “extensive” PSCs). The
middle curve presents the number of “unknown” cktltht were flagged by the cloud-
detection routine, and which were located at pmsgtinorthward of 55° N, for which post
PT retrieval HIRDLS temperature values were leasth00 K and potential temperatures
were between 440 and 460 K. HIRDLS temperaturéiserpresence of clouds, when
compared to Microwave Limb Sounder (MLS) temperasyhave a 2 - 4 K warm bias
(since cloud/aerosol opacity is not solved forha PT retrieval). In the absence of
clouds, the HIRDLS and MLS temperatures agree wal)/[Gille et al 2007]. The 200
K threshold was selected to allow for this warmpenature bias in order to approximate
a temperature threshold of 195 K, the temperatueshold for which microphysical
models initiate nitric acid trinydrate (NAT) fornmah [World Meteorological
Organization 1999]. The total number of PSCs observed perigigiven by the sum of
the unknown and extensive PSC curves. Overl00 P&tep per day were observed by

the HIRDLS experiment from late January through-february.
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Figure 6b presents the time series of the hemiggdidraction (in percent) of the
polar region which had temperatures less than 185 khe 450 K potential temperature
surface. The number of observed PSCs per day isesess the fractional area increases
in Figures 6a and 6b. In late March both the PS@htand fractional area decreases
substantially as cold polar temperatures disappéa.correlation coefficient of the “All
PSCs” and fractional area data points (not show/0)92 for a sample size of 27 points.

Due to the viewing geometry of HIRDLS that is impdsipon the experiment by
the Kapton obstruction, observation latitudes rainge 67° S to 80° N. If there were no
blockage, then the observation latitude range wbalftom 90° S to 90° N. PSCs are
detected in the southern polar vortex only whenpiblar vortex extends northward of
67° S. HIRDLS did observe, however, an averagear@l 48 PSC profiles per day in
July of 2006 and 2005, respectively.

Figure 7 presents scatter plots of HIRDLS 12.1 xtinetion versus MLS
temperature on a single day, January 27 2005,,at&¥68, and 100 hPa. Distances
between the HIRDLS and MLS observation points @ss than 150 km. MLS
temperatures were used to prepare the graphs dhe — 4 K warm bias in the
HIRDLS data as temperatures decrease below 200d( wlouds are present. As
temperatures decrease below 195 K, NAT particlestamary solution droplets
[Tabazadeh, Turco and Jacobsd®94,Carslaw, Luo and Pete,995] form, particle
size, area and volume densities, and PSC extirctmmnease. Examples of observations
of increases in extinction as temperatures decraas#lustrated in CLAES extinction
[Massie et g11994], Improved Limb Atmospheric SpectrometerA8) [Saitoh et al.

2002], and POAM Il Benson et al.2006] data. Panels a) - d) of Figure 7 display
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significant increases in extinction below 195 Kl éflthe data points correspond to

HIRDLS cloud extinction precisions better than 50%sual inspection of the graphs

suggest that HIRDLS 12.1 pm extinctions above 2% knrl at temperatures below
195 K for pressures between 31 and 100 hPa aeblelindicators of the presence of
PSCs.

We attempted to match HIRDLS extinction measuremesith Polar Ozone and
Aerosol Measurement (POAM l11), HALOE, and SAGE éhtinction measurements in
2005, but found too few spatial and time coincicde=nd his difficulty in obtaining
sufficient matches in extinction observations frdiffierent satellites was encountered,
and discussed, byhomason et a[2007], who validated SAGE 11l aerosol extinction
using time, longitude, altitude, and Ertel potdnt@ticity to increase coincidences.
Thomason et a[2007] choose to eliminate most PSCs from thetia @@mparisons since

PSCs are spatially inhomogeneous.

6. Clouds in the UT/LS

In this section we discuss the tropical cloud ¢mgncharacteristics of the
HIRDLS experiment, compare HIRDLS and correlatie¢adcloud-product averages, and
discuss preliminary cirrus extinction values.

Figure 8 presents the locations of tropical opadjoeds and cirrus layers on
February 21 2005, the location of low values ofgoirig longwave radiation (OLR), and
HIRDLS tangent point tracks. High cloud tops haeepyow temperatures and thus emit
less longwave radiation than less cloudy regiotisn&e Diagnostic Center (CDC)

interpolated daily mean OLR data (shttp://www.cdaa gov/cdc/data.interp_OLR.html)
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is highlighted in Figure 8 when OLR is less tha® 9 nt2, an approximate threshold

for deep convection. If an opaque cloud is assediaith OLR less than 190 WA

then a cloud is associated with deep convectiois iShespecially evident in the region
bounded by latitude from 30° S to the equator gnidibgitude from -180° to -120° W.
Other opaque clouds are not associated with demygecton, with the clouds over Africa
being a good example. Cirrus layers are scatttwredighout the tropics. As noted by
Pfister et al.[2001] andMassie et al[2002], cirrus layers are associated with deep
convection approximately half of the time. Cirrugmates from the blow-off from deep
convection, and is also formed in an independemtm@aby the uplift of humid layers
[Jensen et al 2001]. Parcel trajectory calculations reveat gwbvisible cirrus is not
associated with deep convection ~50% of the timex aviive day time scaléassie et
al., 2002].

Figure 9a displays the number of cirrus layerg&namvn, and opaque clouds
observed in eight days in May 2006 in the tropéssa function of co-located CDC OLR
data. Most of the clouds in Figure 9a are of thenomvn cloud type. Figure 9b displays
the curves of Figure 9a, normalized to unity. Grfayers are associated, in a relative
sense, more with higher OLR values (i.e. cleargrcglnditions) than the opaque and
unknown clouds. Figure 9c presents normalizeditdigions of HIRDLS and HALOE
cloud observations versus OLR. The HIRDLS curveeisved from the sum of the

curves in Figure 9a, and the HALOE curve is derifredh the 100 hPa panel of Figure 5

of Massie etl. [2002]. Distributions are set to unity at 270 w2niThe HIRDLS and

HALOE distribution curves are very similar, and dmpize the similar statistics of cloud
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counting of the two experiments. The correlatioeftioient of the two curves in Figure
9c is 0.99 with a sample size of 15.

Another cloud counting capability of the HIRDLSpeximent is demonstrated by
calculating and comparing the normalized distritsi of laminar cirrus horizontal scales
as measured by the CALIPSO and HIRDLS experim&na&IPSO Clay files contain
the number of cloud layers and their altitudes @l@ALIPSO’s nadir viewing orbital
track, while the HIRDLS data files contain cloudgs as a function of altitude for each
radiance profile. HIRDLS cirrus layer data for 228ys in 2005 and 2006, latitudes
between 30° S and 30° N, and altitudes betweemd 2@ km were analyzed. CALIPSO
Clay data for August 2006 was analyzed for a sinfglatude and altitude range, with the
proviso that the difference between cloud top dadabottom is less than 3 km. The
numbers of contiguous horizontal cloud layers werented for horizontal bins of 0-100,
100-200, 200-300, 300-400, and 400-500 km. ThobhghQALIPSO experiment has a
finer horizontal resolution than 100 km, the 100 $ize bin was selected to match the
100.2 km spacing between consecutive HIRDLS measmts near the equator.
Normalized distributions were calculated from bdé#ta sets and are presented in Figure
10. The normalized distributions are very similaith a correlation of 0.99 and sample
size of five.

HIRDLS and HALOE cloud occurrence frequencieszaBd 100 hPa are
compared in Figures 11 and 12. HALOE data from 1993005 were analyzed since
there are few (~55) HALOE cloud observations in208s discussed above in Section 4,
a cloud is deemed to be observed by the HALOE axeett if the extinction spectrugn

value was less than 0.1. HIRDLS “12.1MicronCloud#siFlag” array data were used
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to indicate the presence of clouds. The two figymesent cloud occurrence frequencies
for cases when a) unknown and cirrus layers (cftags 1 and 2) and b) unknown, cirrus
layers, and opaque clouds (cloud flags 1, 2, aratelpresent. Both experiments place
maximum frequency of occurrence over the maritimetinent, Africa, and South
America. These patterns are similar to SAGE llIrdistions of cloud frequencyyang et
al., 1996]. The HIRDLS distributions near longitud&91 W and 50° E are a little wider
than the HALOE distributions. The cloud frequenaes larger for the HIRDLS
observations in which opaque clouds are includgtiercalculation, as expected. The
HIRDLS frequencies are calculated using radianctug®ations, while the HALOE
frequencies are based upon extinctions. HALOE dogsetrieve extinction if the
transmission became less than 0.03, and this ¢ondipplies to some of the opaque
clouds in the tropics. Table 2 presents comparisdiise cloud occurrence frequencies,
averaged over the latitude range from 20° S td\ROPhe ratios of the averaged cloud
frequencies are within 30 % of each other at 82 @ hPa when the HIRDLS unknown
and cirrus layer clouds are used to form the ratio.

Additional graphs (not shown) were prepared forgame spatial and temporal

averaging as that of Figures 11 and 12 that corsgdAd OE and HIRDLS extinctions.
Cloud extinctions between 1.0 x-Ptand 1.0 x 1 knr1 for both experiments were

used to calculate the extinction fields. The 110 knrl upper limit was picked to
avoid optical depths that are too large. Whilet#d_OE 3.46 pum and HIRDLS 12.1 um
wavelengths differ, these observation wavelengtiosilsl have approximately equivalent
extinction values, since Mie calculations indicti&t the extinction values at 3.46 and

12.1nmm differ by less than 13 % for ice cloud radii larghan 5ym. HALOE extinctions
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were used in the calculations if the extinctioncspeny values were less than 0.1, and
HIRDLS extinctions were used if the HIRDLS “12.1vboCloudAerosolFlag” values
were non-zero. Table 3 presents average extingatues for latitudes between 20° S and
20° N, and between 90° E and 180° E, the rangengftude over which the most
prominent cloud occurrence is located. While therages differ by a factor of two of
each other, there is less variation in the rangexohction of the HIRDLS extinction

field along a line of longitude (discussed belo%ince the cloud frequencies in Figures
11 and 12 are similar, with similar latitudinal whd and frequencies, we expect that the

extinction fields also should be similar, if theRIDLS extinction values are accurate, and
if the two experiments are able to retrieve exiontover the 1.0 x 1@ and 1.0 x 162

km1 extinction range equally well.

The differences in the extinction fields are likelue to differences in the retrieval
characteristics of the two experiments and todiffies in the current absolute
calibration of the HIRDLS 12 um radiance profil@sopical HIRDLS and HALOE
aerosol and cloud extinction retrieval frequenaes presented in Figure 13. The
HALOE “0-25%” curve indicates, as a function of ggare, the fraction of the time (in
percent) for which the HALOE experiment succesgftgports extinction, for extinctions
with precisions between 0 and 25%. Similar statemapply for the other curves. Both
experiments report the lowest frequencies of regtiat the low and high pressure limits
of the graph. Sulfate aerosol extinction fallsinfmagnitude as pressure decreases, and
limb path aerosol optical depths behave simildrérge cloud optical depths and
increasing gas optical depths at pressures greéwterl00 hPa limit retrievals in the

lower troposphere. HALOE retrieves extinction 95¢%he@ time with a precision better
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than 50% for pressure near 100 hPa, while the HIRBkperiment retrieves extinction
70% of the time at 100 hPa. A graph (not showrthefnormalized probability

distribution functions of HALOE and HIRDLS retriedv@xtinction at 100 hPa indicates

that HALOE retrieves extinction greater tharrd@nr1 more frequently than the
HIRDLS experiment. Examination of the graph of gudinal variation of averaged

extinction at 100 hPa, for longitudes between 80P E80° E (see Figure 14), suggests

that the HIRDLS experiment does not retrieve extimcgreater than 18 knrl equally
well as the HALOE experiment. Though there is sratt the HALOE curve, due to a
smaller sample size than the HIRDLS experimentptrabolic shape of the HALOE
curve differs from the flattened HIRDLS curves. Th&#erences in the HALOE and
HIRDLS extinction fields are considered to be sabsally different. The HIRDLS

extinction values are therefore considered to leémmary.

7. Conclusions
HIRDLS radiance profiles clearly show the preseoicBSCs, cirrus layers (i.e.
subvisible cirrus), and opaque clouds (see Figur&adiance perturbations, i.e. 100

(Robdi) - Releafl) ) / Releafl) values, in the 12.1 um band (HIRDLS channed@)

typically several hundred percent in magnitudeH8ICs, cirrus layers (see panel 2c), and

opaque clouds. HIRDLS makes a full observatiorusage in 10 secs, measuring ~ 5500

profiles per day, and thus can quickly accumulagammngful cloud statistics. As
illustrated in Figures 6 and 8, HIRDLS makes mabgavvations of PSCs and cirrus

layers each day.
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The distributions of time averaged cloud statsst&s determined by the cloud-
detection algorithm, compare very well to distribus derived from correlative data.
HALOE and HIRDLS time averaged cloud top pressim@ge a correlation coefficient of
0.87 and 0.93 in the tropics and mid-latitudespeesvely (Figure 4). SAGE Il and
HIRDLS cloud top pressure values in 2005 have eetaiion coefficient of 0.85 when
the distance between observations is less thakrbOind the time difference is less than
six hours (Figure 5). Time series of the T < 196dtnispherical area, on the 450 K
potential temperature surface, and the total nurabB'SCs observed by the HIRDLS
experiment in January and February 2005 have @ledion coefficient of 0.92 (Figure
6). CALIPSO and HIRDLS histograms of the horizomsizdles of laminar cirrus in the
tropics have a correlation coefficient of 0.99,ugb for a small sample size of five data
points (Figure 10). Finally, HALOE and HIRDLS norimad distributions of cloud
counts, expressed as a function of OLR, have a&ledion coefficient of 0.99 (Figure 9).

As discussed byhomason et a[2007], the transitory nature of clouds, and the
space and time separations of different satellibis) makes for a difficult comparison of
cloud data from two different satellite platforni$he transitory nature of clouds indeed
prompted the placement of the CALIPSO and CLOUDS#A® orbital alignments that
differ by ten seconds in time. The sensitivity loé tabsolute values of cloud statistic
correlation coefficients, due to the space and tiifferences of two different satellite
experiments, is illustrated by the data presemebhble 1.The correlation coefficient of
SAGE IIl and HIRDLS cloud top pressures is 0.45584 data points separated by 0-400
km and time differences less than 24 hours. Theetadgion coefficient becomes 0.85 for

32 data points separated by 0-400 km and timerdiffees less than 6 hours. The
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coefficients in Table 1 suggest that the HIRDLSudldop pressures would correlate to
SAGE Il values with a correlation coefficient kmtthan 0.85 if the space and time
differences were decreased further.

Tropical averages of cloud frequencies in the up@gposphere compare well to
those of the HALOE experiment at 82 and 100 hPaL®IA frequencies were
determined by an analysis of multi-spectral HALO&rections, while the HIRDLS
frequencies were determined by the HIRDLS cloucd#in algorithm. Zonal averages
of cloud frequencies at 82 and 100 hPa are witb# &f each other (Table 2), and the
latitude-longitude contour maps are similar (Figuid and 12).

Tropical averages of extinction from 1998-2005 HME and 2005-2007
HIRDLS extinction measurements differ by a factbtveo (Table 3). Figure 13 indicates
that the HIRDLS and HALOE experiments retrieve mottion 70% and 95% of the time,
respectively, at 100 hPa. Normalized distributiohgraphs of cloud extinction counts

versus extinction indicate that the HIRDLS expeningoes not retrieve extinctions

larger than 168 knr1 as well as the HALOE experiment. HALOE and HIRDzéhall
averages of tropical extinction over the maritinoatinent at 100 hPa (Figure 14) differ
substantially, in that the HALOE extinction curgeparabolic in shape, while the
HIRDLS curve appears truncated (flat) over the émguaThe HIRDLS extinction values

are therefore considered to be preliminary in aacyr
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Figure captions.

Figure 1. Four representative channel 6 (12.1 gagiiance (single squares) and clear sky
average profiles (dotted curves) on January 27 28p8lear sky (15.57° N, 216.20° E),
b) PSC (68.31° N, 343.41° E), c) tropical cirrugela(4.32° N, 220.00° E), and d) opaque

tropical cloud (16.79° S, 223.72° E) cases.

Figure 2 lllustration of the cloud-detection algbm for a single radiance profile on May
18 2006 at 13.6° S and 314.78° E. Panel a) dispt@ysadiance profile and the clear sky
curve. Panels b), c), d), and e) present diffraddiff, ratioper, and adjrad curves and
their respective thresholds. Arrows mark the cloyd altitude. Panel f) displays the
retrieved channel 6 (12.1 um) extinction profileotdl that the vertical width of the cirrus

layer is approximately 1 km.

Figure 3. lllustration of the cloud top adjustmemcess. Radiances are for a single
profile on May 18 2006 at 6.91° N and 221.11° EDaginal radiance profile, “New rad”
profile, and the clear sky profile. b) The diffecenin radiance of the “New rad” and clear
sky profiles, and the radiance difference thresho)d he ratio of “New rad” to clear sky
profiles, and ratio threshold. For this particutase, the cloud top is shifted upwards

from 11 to 12 km altitude.

Figure 4. Panels a) and b) compare the normalistdluitions of HIRDLS and HALOE

cloud top heights for the tropics (20° S — 20° hJ anid-latitudes (55° S —35° S, 35° N —
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55° N). HIRDLS observations are from 2005, while HHALOE observations are from

1998 — 2005. Panels c) and d) display the numbebsérvations for the pressure ranges.

Figure 5. a) SAGE and HIRDLS cloud top pressuremansons in 2005 for southern
mid-latitudes and latitudes north of 70° N. The sebs of cloud top pressures have a
correlation coefficient of 0.85 when the distanegveen observations is less than 100
km and the time difference is less than 6 hour®dsrent differences in the HIRDLS and

SAGE cloud top pressures.

Figure 6. a). Number of PSCs observed per dalyarid0 — 460 K potential temperature
range when the HIRDLS retrieved temperature istless 200 K. The “extensive PSC”
and unknown cloud (“cloud flag=1") curves are adtedbtain the “All PSCs” curve.
HIRDLS observations started on January 23, 20@&tiivnal month time of 1.7).

b) The hemispherical fraction on the 450 K poténéeperature surface, for which

temperatures are less than 195 K, derived from GE@8&ta.

Figure 7. HIRDLS 12 pm extinction versus MLS tengtare at 31, 46, 68, and 100 hPa
on January 27, 2005 at latitudes between 55° ahtll 9Distances between the HIRDLS

and MLS observations are less than 150 km.

Figure 8. Locations of HIRDLS opaque clouds (O) aindus layers (X) and tangent

tracks on February 21, 2005. Opaque clouds thaasseciated with Climate Diagnostics

Center OLR less than 190 wfrare associated with deep convection. In contcastis
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layers are associated with a wider range of OLR itfesy or may not be associated with

deep convection.

Figure 9. a) Number of cirrus layers, opaque cloadsl unknown cloud types, observed
by HIRDLS in eight days in May 2006 between 3018 80° N in the upper

troposphere. b) The curves from panel a, normalinachity. c) Normalized

distributions, set to unity at 270 w1 of HIRDLS and HALOE cloud observations
versus OLR. The HIRDLS curve is derived from thensaf the curves in panel a. The
HALOE curve is from Figure 5 d¥lassie etl. [2002] for data from 1995 — 2000 and at

100 hPa.

Figure10. Normalized distributions of the contigadwrizontal lengths of laminar cirrus,
determined from CALIPSO data in August 2005 and BAL8 data from 240 days during

2005 - 2007, for altitudes between 12 and 16 krd,latitudes between 30° S and 30° N.

Figure 11. The top panel presents HALOE cloud fesmies at 82 hPa from 1998 —
2005. The middle panel presents HIRDLS cloud fregies at 82 hPa of cirrus layers
and unknown cloud types. The bottom panel pred¢iROLS cloud frequencies for

cirrus layers, unknown clouds, and opaque clouds.

Figure 12. The top panel presents HALOE cloud fezmies at 100 hPa from 1998 —

2005. The middle panel presents HIRDLS cloud fregies at 100 hPa of cirrus layers
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and unknown cloud types. The bottom panel predéiROLS cloud frequencies for

cirrus layers, unknown clouds, and opaque clouds.

Figure 13. Retrieval frequencies of HIRDLS 181 and HALOE 3.46mm extinction.
The HIRDLS (solid line) and HALOE (dashed line) wes are for cases in which the
retrieval precision is in the ranges 0 - 25, 0 -&td O - 100% during 2005-2006 for

latitudes between 30° S and 30° N.

Figure 14. Comparison of HALOE and HIRDLS cloudieations at 100 hPa for
longitudes between 80° E and 180° E. HALOE dat@m 1998-2005, while the
HIRDLS data is from 2005-2007. X’s correspond tous layer, unknown, and opaque
cloud HIRDLs extinction data, while the's correspond to cirrus layer and unknown

cloud extinctions.
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Table 1 The sensitivity of HIRDLS and SAGE llI cloud tppessure correlations to

observation distance and time separations.

Distance, Km Time, hours

0-6 0-12 0-18 0-24
0-100 0.85 0.85 0.59 0.55
100-200 0.77 0.75 0.57 0.54
200-300 0.72 0.68 0.51 0.49
300-400 0.64 0.62 0.45 0.45
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Table 2 HALOE and HIRDLS tropical cloud frequency averader 20° S to 20° N.

Pressure, hPa HALOE HIRDLS HIRDLS RATIO

Type=1, 2 Type=1, 2, 4

82 0.24 0.23 0.31 0.99
100 0.30 0.37 0.48 1.21
121 0.30 0.45 0.59 1.50

Cloud types 1, 2, 4 are unknown cloud types, lamaiveus, and opaque clouds
Ratios are calculated by dividing the HIRDLS Type& hverages by the HALOE

averages
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Table 3.HALOE and HIRDLS tropical cloud extinction averages20° S to 20° N.

Pressure (hPa) HALOE HIRDLS HIRDLS RATIO

Type=1, 2 Type=1, 2, 4

82 0.96 0.67 0.69 0.70
100 2.23 0.99 1.09 0.44
121 3.02 1.47 1.63 0.49

Extinction values are in units of ®knr1.
Cloud types 1, 2, 4 are unknown cloud types, lamaiveus, and opaque clouds

Ratios are calculated by dividing the HIRDLS Typ& hverages by HALOE averages
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Figure 1. Four representative channel 6 (12.1 gagiiance (single squares) and clear sky
average profiles (dotted curves) on January 27 28p8lear sky (15.57° N, 216.20° E),

b) PSC (68.31° N, 343.41° E), c) tropical cirrugela(4.32° N, 220.00° E), and d) opaque
tropical cloud (16.79° S, 223.72° E) cases.
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Figure 2. lllustration of the cloud-detection altjom for a single radiance profile on
May 18 2006 at 13.6° S and 314.78° E. Panel ajagsphe radiance profile and the clear

sky curve. Panels b), c), d), and e) present diffpeerdiff, ratioper, and adjrad curves and

their respective thresholds. Arrows mark the cloyd altitude. Panel f) displays the

retrieved channel 6 (12.1 um) extinction profiletdlthat the vertical width of the cirrus

layer is approximately 1 km.
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Figure 6 a). Number of PSCs observed per dayarittd — 460 K potential temperature
range when the HIRDLS retrieved temperature istless 200 K. The “extensive PSC”
and unknown cloud (“cloud flag=1") curves are adtedbtain the “All PSCs” curve.
HIRDLS observations started on January 23, 20@&tiivnal month time of 1.7).

b) The hemispherical fraction on the 450 K poténéenperature surface, for which

temperatures are less than 195 K, derived from GE@8&ta.
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Figure 8. Locations of HIRDLS opaque clouds (O) aindis layers (X) and tangent

tracks on February 21, 2005. Opaque clouds thaasseciated with Climate Diagnostics

Center OLR less than 190 w#mare associated with deep convection. In contcastis
layers are associated with a wider range of OLR ey or may not be associated with

deep convection.
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Figure 9. a) Number of cirrus layers, opaque cloadsl unknown cloud types, observed
by HIRDLS in eight days in May 2006 between 3018 80 ° N in the upper
troposphere. b) The curves from panel a, normalinachity. c) Normalized

distributions, set to unity at 270 w1 of HIRDLS and HALOE cloud observations
versus OLR. The HIRDLS curve is derived from thensaf the curves in panel a. The
HALOE curve is from Figure 5 d¥lassie etl. [2002] for data from 1995 — 2000 and at
100 hPa.
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Figure 11.The top panel presents HALOE cloud fregies at 82 hPa from 1998 — 2005.
The middle panel presents HIRDLS cloud frequenaie®2 hPa of cirrus layers and
unknown cloud types. The bottom panel presents HIRBloud frequencies for cirrus

layers, unknown clouds, and opaque clouds.
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Figure 12.The top panel presents HALOE cloud fregies at 100 hPa from 1998 —
2005. The middle panel presents HIRDLS cloud fregies at 100 hPa of cirrus layers
and unknown cloud types. The bottom panel predéiROLS cloud frequencies for

cirrus layers, unknown clouds, and opaque clouds.
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Figure 13. Retrieval frequencies of HIRDLS 181h and HALOE 3.46mm extinction.
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latitudes between 30° S and 30° N.
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