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Abstract. Satellite infrared emission instruments require ef- stratosphere. In the UT, a threshold of 5.0 applies at 12 km
ficient systems that can separate and flag observations whicéind above but decreases rapidly at lower altitudes. The new
are affected by clouds and aerosols. This paper investigatethresholds are shown to allow much more sensitive detection
the identification of cloud and aerosols from infrared, limb of particle distributions in the UTLS, with extinction detec-
sounding spectra that were recorded by the Michelson Intion limits above 13km often better than 1tkm~1, with
terferometer for Passive Atmospheric Sounding (MIPAS), avalues approaching 18 km~1 in some cases.
high spectral resolution Fourier transform spectrometer on Comparisons of the new MIPAS results with cloud data
the European Space Agency’s (ESA) ENVISAT (Now inop- from HIRDLS and CALIOP, outside of the poles, establish
erative since April 2012 due to loss of contact). Specifically,a good agreement in distributions (cloud and aerosol top
the performance of an existing cloud and aerosol particle deheights and occurrence frequencies) with an offset between
tection method is simulated with a radiative transfer modelMIPAS and the other instruments of 0.5 km to 1 km between
in order to establish, for the first time, confident detection12 km and 20 km, consistent with vertical oversampling of
limits for particle presence in the atmosphere from MIPAS extended cloud layers within the MIPAS field of view. We
data. The newly established thresholds improve confidenceonclude that infrared limb sounders provide a very consis-
in the ability to detect particle injection events, plume trans-tent picture of particles in the UTLS, allowing detection lim-
port in the upper troposphere and lower stratosphere (UTLS)ts which are consistent with the lidar observations. Inves-
and better characterise cloud distributions utilising MIPAS tigations of MIPAS data for the Mount Kasatochi volcanic
spectra. The method also provides a fast front-end detectioeruption on the Aleutian Islands and the Black Saturday fires
system for the MIPClouds processor; a processor designeth Australia are used to exemplify how useful MIPAS limb
for the retrieval of macro- and microphysical cloud proper- sounding data were for monitoring aerosol injections into
ties from the MIPAS data. the UTLS. It is shown that the new thresholds allowed such
Itis shown that across much of the stratosphere, the threshevents to be much more effectively derived from MIPAS with
old for the standard cloud index in band A is 5.0 although detection limits for these case studies of 10°km~! at a
threshold values of over 6.0 occur in restricted regimes. Powavelength of 12 pum.
lar regions show a surprising degree of uncertainty at alti-
tudes above 20 km, potentially due to changing stratospheric
trace gas concentrations in polar vortex conditions and poor
signal-to-noise due to cold atmospheric temperatures. Thd Introduction
optimised thresholds of this study can be used for much of
the time, but time/composition-dependent thresholds are rectigh altitude clouds play a fundamental role in the Earth sys-

ommended for MIPAS data for the strongly perturbed polartém through their influence on climate and the Earth’s energy
balance (Forster et al., 2007). Such cloud formations and
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2538 H. Sembhi et al.: MIPAS detection of cloud and aerosol particle occurrence

types are characterised by different ice crystal sizes, shapdwrightness temperature measurements from the High Resolu-
and particle densities and are influenced by local tempertion Infrared Sounder (HIRS) and the Advanced Very High
ature and humidity conditions. The combination of colder Resolution Radiometer (AVHRR). Although passive nadir
temperatures and lower humidities in the tropical UTLS re-sounders are well-equipped to measure clouds globally due
gion gives rise to layers of thin cirrus, composed mainly of to their high horizontal resolution, their limited vertical res-
ice crystals, that have radiative implications for the tropical olution cannot resolve cloud top heights with high accuracy
tropopause layer (TTL) (Jensen et al., 1996a). The presenc@\Veisz et al., 2007). Active nadir sounders offer much higher
and formation of thin tropical cirrus clouds may be impor- vertical resolution. The Cloud-Aerosol Lldar with Orthogo-
tant to understand the processes affecting stratospheric dehypal Polarization (CALIOP) lidar on board NASA's Cloud-
dration (Jensen et al., 1996b) as well as being indicative ofAerosol Lidar and Infrared Pathfinder Satellite Observation
regions of deep convection (Liu et al., 2007). In the polar re-(CALIPSO) offers vertical resolution better than 180 m and
gions, understanding the composition and occurrence of th¢herefore provides the most detailed spaceborne measure-
polar stratospheric clouds (PSCs) is important for their rolements of clouds currently available (Winker et al., 2007).
in ozone (@) depletion at the poles (Manney et al., 2011). The limb sounding technique offers some distinct at-
Atmospheric aerosols are ubiquitous in nature and origi-tributes for the investigation of clouds in the UTLS due to
nate from natural and anthropogenic processes such as burfa) the fine vertical resolution achieved (up to 1km) and
ing of savannah and crops, volcanic eruptions and indus{b) high sensitivity to low aerosol particle amounts due to
trial burning (Stephens, 1994). Aerosols can be lofted intothe long integrating path of the limb.
the UTLS in several ways. Pyro-convection, a combination Atmospheric radiances from a range of limb sounding in-
of extreme convection and forest fires that manifests withinstruments have been used to study cloud signatures. These in-
pyro-cumulonimbus (pyroCb) clouds (Fromm et al., 2006), clude the Stratospheric Aerosol and Gas Experiment (SAGE)
has the potential to uplift aerosols directly into the strato-instrument series (Kent et al., 1993), the Optical Spec-
sphere. Another mechanism that can potentially cause stratdrograph and InfraRed Imaging System (OSIRIS) on the
spheric injection into the UTLS is through isentropic trans- Swedish ODIN satellite (Bourassa et al., 2005) and the SCan-
port caused by solar radiation absorption of aerosols (de Laating Imaging Absorption spectrometer for Atmospheric Car-
etal., 2012). Explosive volcanic eruptions can also inject pol-tograpHY (SCIAMACHY) instrument on ENVISAT (Eich-
luted material — including ash, sulphur dioxide (SQcar- mann et al., 2009) with observations made in the ultravio-
bon dioxide (CQ) and water vapour (bD) — directly into  let to shortwave infrared (UV-SWIR) or the near infrared
the UTLS with resulting plumes being transported across theNIR) spectral range. Alternatively, the HALogen Occulta-
globe (Prata et al., 2007; Clarisse et al., 2008). If injectedtion Experiment (HALOE) on the Upper Atmosphere Re-
into the stratosphere, $@an become oxidised and hydrated, search Satellite (UARS) utilised the mid-infrared range of
leading to the formation of sulphuric acid {80Oy) droplets  the spectrum (Hervig and McHugh, 1999). The current At-
within a few weeks of the eruptions (Prata et al., 2010). mospheric Chemistry Experiment (ACE-FTS), a wide range
Understanding the global and localised distribution of spectrometer, observes clouds in the mid- to thermal infrared
such a variety of cloud formations and aerosols is particularlyspectral range but with a limited measurement network due
important for modelling climate radiative forcing (Randall to its operation in solar occultation mode.
et al., 2007), for investigating cloud-chemistry interactions The sub-millimetre wavelength region should also be men-
such as chlorine activation in the polar stratosphere (Manneyioned as it has been used to sense clouds deeper into the tro-
et al., 2011), and determining the radiative implications thatposphere and of higher cloud opacity as shown by the NASA
high cirrus clouds or aerosol enhancements can have oMicrowave Limb Sounder (MLS) missions (Wu and Jiang,
the radiative balance in the UTLS (Robock, 2000; Corti et 2004).
al., 2005). Detection of cloud and enhanced aerosol is also Limb instruments that sense in the thermal emission part
an essential component for all satellite remote sensing inof the electromagnetic spectrum provide measurements in
struments; accurate and robust cloud detection methods ndtoth day and night conditions, with the possibility of obtain-
only determine the quality of satellite retrievals (for example, ing, from some instruments, highly resolved cloud spectra,
greenhouse gas concentrations, land and sea surface temp&oem which particle radius, volume distributions and cloud
atures) but are also valuable as a pre-processor for retrievadomposition can be determined. Such infrared sensors have
of cloud properties. included narrowband spectrometers such as the Cyrogenic
Cloud detection techniques are generally well-established.imb Array Etalon Spectrometer (CLAES); wide range spec-
for nadir spaceborne instruments in which the detection istrometers such as the CRyogenic Infrared Spectrometers and
loosely based on brightness temperature differences (BTDJYelescopes for the Atmosphere (CRISTA), which observed
or reflectance ratios, for thermal and visible sounders, re-atmospheric emission spectra in the 4 um to 12 pm range;
spectively (Frey et al., 2008). Strabala et al. (1994) demon-and wideband limb radiometers such as the High Resolution
strated how the BTD of 8 ym and 11 pm, and of 11 ym andDynamics Limb Sounder (HIRDLS) (6.12 um to 17.76 pm)
12 um, can distinguish between cirrus and water clouds usinghat was flown on the EOS AURA platform within the
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NASA “A Train”. Mergenthaler et al. (1999) and Spang et nominal sampling of 1.5km in the UTLS with operations
al. (2002) demonstrated that the signatures of ice and watestarting at a 35% duty cycle, upgrading to 100 % duty cy-
clouds can be captured by highly-resolved spectra coveringle from December 2007.
the 12 um spectral region as demonstrated with the CLAES The instrument provided good coverage of the Poles, up
and CRISTA instruments, respectively. Analysis of HIRDLS to 89.3 north and south, with measurements made at local
data has confirmed that infrared emission is highly suited forsolar times of 10:30 and 22:30 day and night. This, com-
the study of cloud heights, especially in the tropics (Massiebined with its various scan patterns (Fischer et al., 2008),
et al., 2010). A full review of cloud measurements from in- allowed different regions of the atmosphere (thermosphere,
frared, limb sounding instruments can be found in Hurley etand mesosphere for example) to be sensed whilst providing
al. (2011). good coverage of the UTLS, albeit with some gaps when up-

An instrument that offered both detailed coverage of theper atmosphere modes were enabled. It is in the UTLS that
UTLS and high spectral resolution is MIPAS, which obtained the distribution and evolution of cloud structures can be in-
atmospheric emission spectra, near-continuously, since itgestigated, with MIPAS spectra potentially providing infor-
launch on the ENVISAT platform on 1 March 2002. It mation about the macro- and microphysical properties such
achieved close to 10yr of operation, allowing the time evo-as cloud top height, occurrence frequencies, ice water con-
lution of UTLS clouds to be monitored in a way that had not tent and patrticle size.
been possible with previous infrared limb sensors.

The objective of this paper is to establish new and system-
atic detection thresholds for the effects of clouds and aerosolg  Contemporaneous satellite instruments
so as to better describe the UTLS distributions of clouds
and aerosols. The structure of this paper is as follows. AnTwo instruments are used in this study to verify MIPAS de-
introduction to the MIPAS instrument and comparative in- tection of clouds and aerosols: HIRDLS and CALIOP. These
strumentation is followed by a brief summary of the currentinstruments are selected because they provide the highest
operational MIPAS cloud detection scheme. The methodol-vertical resolutions for clouds and aerosols in the UTLS of all
ogy to enhance the ability to detect optically thick and thin the relevant satellite instruments whilst also observing at the
clouds and atmospheric aerosols using MIPAS is describedame time as the MIPAS instrument. The HIRDLS data (in
and finally some results and case studies are shown in Sect.gn earlier version) and CALIOP data have previously been
to demonstrate the performance of the detection method. compared in a study by Massie et al. (2010) and were shown

to display similar cloud occurrence frequencies.

2 The MIPAS instrument 3.1 HIRDLS

MIPAS was a thermal infrared Fourier transform spectrom-The HIRDLS instrument operated between 22 January 2005
eter that measured day and night atmospheric limb emisand 17 March 2008, offering an overlap period (approxi-
sion spectra in the 685cm to 2410cm! spectral range  mately 26.5 months) with the MIPAS instrument. Following
over 5 broadbands (band A: 685-970Cm AB: 1020- its launch on the EOS Aura spacecraft, the HIRDLS instru-
1170cnt!, B: 1215-1500cm?!, C: 1570-1750cm! and ment showed anomalously high radiance measurements dis-
D: 1820-2410cm?). Spectra were routinely calibrated by covered to be a result of a large blockage in the HIRDLS
an onboard blackbody for the determination of the gain func-FOV. The instrument was reconfigured and correction algo-
tion, while deep space measurements were used to charagthms dealing with the blockage anomalies were applied to
terise its offset function. From launch to March 2004, MIPAS produce measurements with a vertical resolution of 1.5km
observed the atmosphere in “Full Resolution” (FR) mode byand along-track profile spacing of approximately 100 km.
sensing the atmosphere from 68 km to 6 km with a 3 km ver-Due to the blockage, the HIRDLS scan pattern was restricted
tical resolution (through a trapezoidal field of view (FOV) to a single azimuth angle of 4Tfrom the anti-flight direction
with 4 km base and 2.8 km top) and 0.025¢hfunapodised)  with the measurements located betweehl8and 63 S.
spectral resolution. The Noise Equivalent Spectral Radiance HIRDLS cloud data are produced from channel 6, the
(NESR) for this measurement mode remained well below12.1 um radiance channel, in two forms; one is a cloud
the pre-flight requirement of 50 nW/(ésrcnm ) inband A flag and the other consists of 12pum extinction profiles.
as reported in Kleinert et al. (2007). After this the instru- The “12MicronCloudFlag” is produced by analysis of en-
ment configuration was modified to overcome accumulatinghancements along each calibrated HIRDLS radiance profile.
anomalies associated with moving retro-reflectors within theDifferent regions and intensities of enhancements represent
interferometer (Fischer et al., 2008). The “Optimised Res-particular cloud types and flags are assigned asclear
olution” (OR) mode came into effect from 9 January 2005 sky, 1=unknown cloud type, Z cirrus layer, 3= extensive

to 8 April 2012 with the spectral resolution changed to PSCs and 4 opaque clouds. Polar stratospheric clouds
0.0625 cnt! (unapodised), a reduction in the NESR, and aand tropical sub-visible cirrus cloud extinctions range from
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approximately 104 to 10-2km~1. The unknown cloud la-
bel accounts for radiance perturbations at non-polar loca
tions that may be influenced by volcanic or forest fire smoke
clouds in the UTLS (Massie et al., 2007, 2010; Gille et al.,
2011). ;
Extinction profiles are retrieved using an optimal estima-z
tion technique, starting with the retrieval of a temperature: I
profile which is fed into the retrieval of cloud and aerosol g ‘ “‘NML””,]‘
extinction over the full altitude range for each HIRDLS ra- ‘ | ‘ ‘ “
diance profile. Trace gas estimates come from a Modelling i ‘\“
of OZone And Related chemical Tracers (MOZART) clima- | ‘ .
tology and the a priori estimate of cloud/aerosol extinction ™ ™ avenumbers fom-1) e e
comes from a SAGE mid-latitude extinction profile.

MIPAS Orbit: 37927 Alt: 16 km
T T

4000, T

srem’]

nW/cm’

. . . ._Fig. 1. MIPAS L1b spectra collected from orbit 37927 at 16 km
Gille et al. (2011) recommend several selection criteria, S o spectral region of 750 ¢ to 870 cnT L. The colours

for the best quality HIRDLS cloud data. These include ex- indicate cloud-free spectra (black), thin cloud spectra (red) and op-

traction of all extinction profiles with correszpon(jilng flags ically thick cloud spectra (blue). Thick cloud spectra become heav-
between 1 and 4, extinctions betweerx 10-“km™ and jjy offset due to the change in baseline radiance combined with a

9x 10~>km™1, extinction precisions that should be between |oss of spectral features. Such radiances changes are more apparent
0% and 100 %, and no usage of data outside of the pressuie the region close to 832 crit relative to those observed between
range of 215 hPa and 20 hPa. 788cm 1 and 796 cm! (indicated by the vertical green lines).

3.2 CALIOP
strongly offset due to the additional broadband emission
CALIOP lidar, along with HIRDLS, forms part of the NASA  from clouds. Optically thick clouds exhibit strong baseline
‘A-TRAIN" suite of instruments for which the equato- offsets in MIPAS spectra accompanied by either reduced
rial crossing time is 1:30 and 13.30. CALIOP is a nadir spectral features or scattering lines under certain regimes
dual-wavelength and dual-polarization space lidar, using thgHopfner et al., 2002). The largest radiance differences due
532 nm and 1064 nm regions to observe the backscatter sige cloud occurs in the 820 cm to 950 cnt! within band A,
nals of the Earth’s atmosphere from the near-surface tms well as some effects in bands B and D, at 1225%cm
30km. It has a variable vertical resolution of 30 m from the to 1245cn! and 1970cm?! to 1985cnT?, respectively.
ground to 8.2km, 60 m from 8.2 km to 20.2km in the UTLS, These cloudy spectra contain a wealth of information from
and 180m from 20.2km to 30.1km (Winker et al., 2006). which cloud information can be derived, as summarised in
Backscatter profiles collected by CALIOP can resolve theSpang et al. (2012), including composition of PSCs (Spang
vertical structure and properties of clouds and aerosols wittand Remedios, 2003) and cloud top height (Hurley et al.,
a high vertical resolution, providing extremely valuable in- 2011).
formation on the variation and vertical extent of clouds and  The cloud index (CI) is a simple and robust cloud detec-
aerosols (Winker et al., 2010). A range of scientific prod- tion ratio (Spang et al., 2004) that takes into account these
ucts are available from CALIOP, including profile and layer characteristic radiance changes. It is calculated using small
backscatter for clouds and aerosols, cloud and aerosol lay&pecially-selected spectral regions, or microwindow pairs,
top heights as well extinction and optical depth profiles. that consist of a “control region” dominated by well-mixed
Level 2 cloud and aerosol profiles from CALIOP are re- CO, and a “cloud/aerosol” dominated spectral region with
ported on a 60 m vertical grid with 5km horizontal resolu- weak trace gases emissions, for example in band A, frgqm O
tion (Vaughan et al., 2004). Data from nighttime overpassesnitric acid (HNQ;) and chlorofluorocarbon 11 (CFC-11). A
are generally “cleaner” than daytime as the noise levels argyumber of such pairs have been defined (Raspollini et al.,
larger during daytime due to increased background solar ra2006) for the purpose of identifying spectra in which clouds
diation. and aerosols might contaminate trace gas retrievals, produc-
ing erroneous data. The cloud spectral regions and detection
thresholds for MIPAS bands A, B and D are shown in Ta-
4 MIPAS cloud detection ble 1. These CI thresholds were used for cloud-clearing in
the operational trace gas retrievals for MIPAS. However, a
MIPAS spectra respond to clouds that are in its line of number of studies have used higher thresholds to be more
sight in a very distinctive manner. Figure 1 shows MIPAS conservative. For example, Milz et al. (2005) and Moore et
cloud-free, thin cirrus and optically thick cloud spectra takenal. (2012) increased the CI for band A (CI-A) threshold to a
from orbit 37927 at 16 km within the 750 cthto 870 cntt fixed value of 4.0 to exclude optically thinner cloud contam-
wavenumber range in band A. The spectral radiances areation prior to MIPAS trace gas retrievals.
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Table 1. Spectral regions of operational CI thresholds for cloud- 5 A simulation method for improved detection

clearing of MIPAS trace gas retrievals (Raspollini et al., 2006). thresholds
MIPAS Mw1 MW2 Threshold To find suitable thresholds for MIPAS cloud and aerosol
band (cnd) (cm™1 detection, a simulation approach was employed in which
CLA 788.20-796.25  832.3-834.4 18 MIPAS spectral microwindows were modelled using a ra-
CI-B 1246.3-1249.1 1232.2-1234.4 1.2 diative transfer model. This required knowledge of global
CI-D 1929.0-1935.0 1973.0-1983.0 1.8 and seasonally varying atmospheric trace gases, upper tro-

pospheric HO variability and MIPAS characteristics. Fur-
thermore, such a method allows appropriate thresholds to be

The CI-A data themselves contain key information on thedetermined independently from real MIPAS spectral data.

characteristics of the atmosphere and band A provides the _The §|mulat|0n§ were performed as fOHOV‘_’S: a set of Cl
best combination of clear atmospheric windows for detec-Ticrowindow radiances were simulated using the Refer-

tion and signal-to-noise for cloud/aerosol particle effects. A€Nce Forward Model (RFM), a line-by-line radiative trans-
number of studies have used this region for the retrieval of€" model developed at the University of Oxford specifically

cloud properties, as shown byolifner et al. (2002, 2006), for the simulation MIPAS spectra (Dudhia, 2005). From each
and Hurley et al. (2011). For a more comprehensive revie air of Cl microwindows, an index was calculated that effec-
of cloud identification methods and their use in cloud param-tively acts like a *gas index”. As cloud and enhanced aerosol

eter retrievals from MIPAS, the reader is referred to Spang etVere excluded in the simulations, the calculated indices rep-

al. (2012). In this study, we focus on CI-A as the cloud index resent the sensitivity of Cl with respect to trace gas vari-
associated with this band. ability in the atmosphere; the approach of finding the “gas

Observed frequency distributions of CI-A tend to follow IMit" also has the advantage of not requiring the modelling
a distinctive bi-modal behaviour where cloud/aerosol satu-°f clouds and aerosols in the radiative transfer model. Using
rated radiances peak close to CI-A values of approximatel))nd'?es from an ensemble of simulations, optimised gloud de-
1.5. Closer to 6.0, the CI-A values characterise what might€ction thresholds were generated for a range of latitude and
be expected from cloud-free measurements, an observatioftitude regions as described in the following sections.
supported by radiative transfer simulations for trace gas only i . o
atmospheres. Spang et al. (2004) noted that CI-A values arg-1  Simulation characteristics
less than 2.0 for thick opaque cloudy spectra and usually , )
greater than 5.0 for cloud-free: values between 2.0 and 5.(/€"Sion 4.28 of the RFM was used for the simulation of
are associated with optically thinner cirrus clouds or aerosol MIPAS-like radiances in which calculations are based on the

Recently, Fopfner et al. (2009) used a fixed threshold of 4.5 transmittance for each gas that contributes to the spectral re-
to detect,PSCs. gion of interest. Spectral calculations are performed on a fine

The CI detection method works well within the UTLS re- Mesh grid of 0.0005 cmt resolution and interpolated inter-

gion where it can capture the signatures of cirrus and pScgally onto a user-defined wavenumber range and resolution.
but it does have some limitations. Spang et al. (2002) and"Ci9t line shapes and atmospherig@icontinuum are repre-
Greenhough et al. (2005) found that upper troposphest@ H sented within the simulations and local thermodynamic equi-

can give rise to CI-A values similar to those of clouds and'IPrium (LTE) of the atmosphere is assumed.
that it can be difficult to distinguish between the two at Table 2 summarises the input and simulation setup used

lower altitudes (below 9km). At higher altitudes (close to for c@lculations for the CI-A spectral microwindows. A real-
30km) the Cl method starts to become less valid as the ralStic representation of background trace gases is of key im-
diances decrease and the influence of instrument noise b&ortance and these came from the Reference Atmospheres

comes more apparent. The sensitivity of this Cl behaviour©” MIPAS: Standard Atmospheres (RAMstan) climatologi-

to clouds and aerosol can be maximised by improving thecal database that contains temperature, pressure and concen-

thresholds of detection. Such thresholds should successfullffation profiles of up to 36 atmospheric constituents (Reme-
trap out the variable atmospheric trace gas signatures frori0S et al., 2007). Profiles can be chosen either (a) from ver-
the cloud and aerosol signatures in the radiances, essential§jon 3-1 of the Standard Atmospheres database that describe
acting as a “barrier” between particles and trace gases. In thif1€an concentrations over 5 latitude bands’ (030" N/S,

study we derive suitable thresholds, and for the first time for60” 10 30 N/S, 30 to 30" N/S) with estimates of extreme

MIPAS, we systematically focus the studies on the detectiorconditions (given by maximum and minimum profiles) or (b)

of cloud/aerosols rather than simply flagging cloudy spectra™®™m Version 4 of the Initial Guess 2 (IG2) climatology that

for trace-gas retrieval purposes. contain profiles varying latitudinally over six bands that are
9(° to 65° N/S, 65 to 20° N/S and 20 to 0° N/S and sea-
sonally for January, April, July and October. As it has been

shown that upper tropospheric,@ can produce Cl values
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Table 2. Details of MIPAS cloud microwindow simulations.

Simulations With the Oxford Reference Forward Model

Microwindows MW1=788.20-796.25 cmt
MW2 = 832.3-834.4 cml

Instrument characteristics Apodised instrument line shape (ILS) and MIPAS FOV convolutions at each spectral and tangent
height calculation

Trace gas climatology Leicester RAMstan IG2 climatological database for temperature (K), pressure (hPa) and
concentration profiles of C§) Oz, N2O, CO, CH,, Oy, NO, NGOy, HNO3, CIO, Ny, F11, F12, F22,
CCly, NoOg and CIONG
Latitude bands: 90to 65° N/S, 65 to 20° N/S and 20 to 0° N/S
Seasons: January, April, July, October

Background aerosol Latitudinally averaged extinction profiles retrieved from MIPAS spectra using the Optimal
Estimation Retrieval Algorithm or OPERA (Moore et al., 2008). The profiles are extended up to
30 km by merging with a scaled “background” extinction profile from HALOE.

Water vapour Profiles are calculated from saturation vapour mixing ratio profiles using temperature and pressure

representation from the RAMSTAN climatology. Data used are from the minimum and mean Standard
Atmospheres, the mean 1G2 temperature and pressure profiles per latitude band and the maximum
H>0O from the European Centre for Medium-Range Weather Forecasting (ECMWF). All saturation
vapour pressures are calculated using the Goff-Graatch formolaél/ 2011). HO continuum is
represented by the “MTCKD_1.1" continuum model.

Altitude grid 1km resolution from 6 to 30 km
Spectral and cross section “mipas hitranpf3.3.bin” modified HITRAN database containing updateéig; HNOg3 line
information.

similar to those of clouds (Spang et al., 2004), it is impor- profiles were calculated for each 1G2 latitude band. Using
tant that the variation of yD is well represented at lower this information, the most effective way to determine the bar-
altitudes. rier between trace gas and cloud influence would be to de-
H>O profiles used in the simulations consisted of concen-rive a threshold based on th@nimumindex at each altitude
tration profiles calculated theoretically by considering the from each ensemble of simulated index profiles. However, a
saturation mixing ratio that describes the maximup®that  further component to be accounted for in the calculation of
a parcel of air can hold at a chosen pressure and temperdhe thresholds was the impact of random instrument noise
ture. Profiles of saturation mixing ratio were calculated from through the MIPAS microwindows. For MIPAS, instrument
the saturation vapour pressuredfviel, 2011), with respectto noise was quantified by the NESR that varies in magnitude
liquid water and ice, for global RAMstan standard and 1G2 for each MIPAS band. Kleinert et al. (2007) reported that
pressure and temperature profiles. To verify the range of théhe NESR ranged from 50 nW/(¢wercnt?) in band A to
calculated HO concentrations, comparisons were made to3 nW/(cn? srcntt) in band D. Hence, the propagation of
ensembles of ECMWF D profiles for each latitude band noise into each microwindow can be calculated as an uncer-
from which the minimum, maximum and meaa®concen- tainty on the index. For each microwindow in question, the
trations were also extracted; theoreticglGHprofiles from  noise propagation was calculated by:
the RAMstan maximum standard atmosphere for each lati-
tude band were found to be much larger than the maximuny,,,. = LSR
concentrations in the ECMWF ensembles and therefore re- VNPT Snwi
moved from the analysis. As a result, the finaiHprofiles  \yhare; represents the microwindown is the uncertainty
used within each latitude band encompassed a combinatiog,e to noise calculated in the microwindow, NESR is the
of p_roflles calculated fron_1 mean and minimum RAMstan noise estimated in terms of radiance (N\W/gncnt1)) for
proflles as well as the maximum ECMWF concentration Pro-the band, and NPTS, is the number of spectral points in
files. the microwindow under analysis.
The uncertainty due to noise in both microwindows simu-
5.2 Calculation of improved thresholds lated (MW1= microwindow 1 and MW2= microwindow 2)
was used to determine the contribution of noise on each in-
The simulations provided an ensemble of theoretical radi-dex profile (Eq. 2) from which the absolute uncertainty on Cl
ances for the CI microwindows from which “gas only” index (oci) was estimated (Eq. 3).

1)
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Finally, the optimal threshold (Thrgst) for each latitude [

band — accounting for natural trace gas variation, upper tro-
pospheric HO and instrument noise — was calculated as

ThrespT = Ind€Xmin — 3oc, 4)

Atlitude [KM]
N
o
T

where Indexin is the minimum index value for each altitude
in each set of ensemble calculations performed. [l 80-65N

For the best representation of the NESR in the opti-
mised thresholds, distributions of NESR (extracted from 15[
MIPAS L1b spectra) in MW1 and MW?2 for both FR I

and OR modes were analysed. Generally, the NESR ir [ Zo-éé%

the OR mode was found to be lower than that ob- [ ggggg

served in the FR mode~20 nW/(cnf srcntl) compared 1ol ) = o
to ~35 nW/(cn? srcnm 1)), and therefore a conservative esti- 1 10
mate for the NESR of 30 nW/(chsr cnm 1) was assumed in CI-A Threshold

each microwindow. Typical values ot (corresponding to _ _

this NESR) were observed to be close to 0.5 at 15km, 1.0 afig. 2. CI-A threshold profiles for MIPAS from 10km to 30km.
20km and up to 2.0 at 25 km. Worst case values@fwere Threshold profiles are represented on a latitude grid 6£8(,

0.3 at 12km, 1.0 at 15km, 2.0 at 20 km and greater than oP0°~65, 65°-40°,40°-2C" and 20 to 07 for Northern and South-
equal to 3.0 at altitudes above 25 km in polar winter ern Hemispheres. Profiles are colour-coded for each latitude band

. . . . (see legend); dotted lines show Arctic (red) and Antarctic (black)
The threshold profiles were then adjusted slightly to INCO™hresholds calculated for polar vortex conditions (with enhanced

porate finer latitude banding over the mid-latitude and PO-C|0, reduced stratospheric temperature, HN®d ). The blue
lar transition using a linear interpolation method. This meansyertical dotted line indicates a fixed threshold of 1.8.

that the optimal threshold profiles represent the most con-
servative “clear sky” index value globally. Using these pro-
files, the presence of cloud or aerosol can be calculated by as-

sessing a given CI-A value against the closest correspondin re.shollds remain in the range O,f 5.01t0 7.0, representing the
threshold value (in terms of latitude and altitude): if the CI-A particle influenced/clear sky barrier captured by the trace gas

value is smaller than the threshold value, then this measure¥@riability considered. In the tropics above 25 km, the thresh-

ment is flagged as cloud-free; otherwise the measurement {!ds remain relatively constant between 5.0 and 7.0, indicat-
considered as cloud/aerosol influenced. ing that neither trace gas variability nor the instrument noise

has much impact on the thresholds in this region (expected
52.1 Threshold characteristics for CI-A since the signal-to-noise will vary approximately with tem-

perature, which does not vary by large amounts in the trop-
The optimal thresholds calculated from the above recipe tdcs). Variations between individual RFM simulations were
capture theseasonalaltitudeandlatitudedependency of Cl-  found to be less than 0.5 in the index profiles (with noise)
A are shown in Fig. 2. In the upper troposphere from 10 kmin the stratosphere in the tropics and of the order of 1.0to 1.5
to 12 km, all threshold profiles vary from approximately 2.0 in the mid-latitudes.
to 5.0, indicative of the region where the variability of® In contrast, the polar thresholds (90=80and 90-80S
will have the largest impact on the CI-A thresholds. For suchprofiles) above 25km tend to reach values of 2.0 or less.
regions, knowledge of the 4D profiles most relevant to the It is here where the instrument NESR can be comparable
situation considered will always yield improved cloud de- to (or lower than) the polar atmospheric radiances, and this
tection. Since the optimised threshold is effectively an an-threshold behaviour is influenced mainly by the large temper-
nual average, the threshold values in the troposphere will bature gradients observed in the polar stratosphere throughout
determined by the highest)® concentrations in the simu- the seasons. During polar winter when the temperatures are
lation profiles corresponding to summer conditions. There-at a minimum, MIPAS radiances reduce accordingly, mean-
fore, if the true atmosphere is drier and this is known, thinnering that the instrument noise starts to become dominant and
clouds will be detectable. Above the tropopause to 25 km, thecause the thresholds to reduce. However, this is not the only
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effect, and in the next section, polar stratosphere threshold
are considered explicitly.

5.2.2 Polar stratosphere thresholds

Altitude [km]

Additional threshold profiles were calculated for the Arctic

30
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Altitude [km]
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30T

281
261
241
221

and Antarctic specifically for polar vortex conditions where
the simulations included enhanced chlorine monoxide (CIO)
with reduced stratospheric temperature, HNfDd G con-
centrations. It should be noted that no variablgHprofiles
were included in these calculations since the stratosphere is
relatively dry. To ensure the chosen temperatures, @O Fig. 3. Variation of Arctic and Antarctic index andc, profiles in

and HNG concentrations were representative of north andJanuary and July. Solid lines represent the calculated index profile
south polar vortex conditions, Fig. 3 of Manney et al. (2011) and the dotted Ii_nes represent the rang_an The Iarge_variation in
was consulted. For the Arctic, an enhanced layer of cloocl reflects the impact of the change in stratospheric temperatures
reaching concentrations up to 1.6 ppbv between 15km an(t]hroughout the poles for both seasons,

25km was introduced with reduced stratospheric tempera-

tures to 195K, HN@ concentrgtions at 4 ppbv ands @s showing the variation of extinction as a function of altitude
low as 1 ppMV. For the Antarct|_c, the CIO layer was Set 10 4nd CI-A for the latitude band 6% to 20° N in January. CI-
concentrations up to 1ppbv, with HN@oncentrations at A values between 2.0 and 4.0 generally correspond to extinc-
2ppbv, @ at 0.5 ppmv and temperature as low as 190K. Theyo g o1 15 pm between610-3km~! and 1x 10~3km~1
calculated index profiles are displayed in Fig. 2 (dotted I'nes)respectively and values from 4.0 to 6.0 correspond to ex-
and show that, within the polar vortex conditions, the resul—tinction ranées from & 10-3km-1 to 1x 10-4km-1. re-

tant thresholds can reduce severely, particularly above 20 kngpectively. For CI-A values falling below 2.0, the ex:[inction

and are heavily influenced by reduction i @hd HNG and detectable is close tox1 10-2km~1. This range of extinc-

the steep temp_erature gradlent introduced by the vorte_x. T‘ﬁon values that are detectable in the 12 um spectral region
demonstrate this large impact of polar temperature variabil

o . _ <““"indicates that optically thick cirrus clouds as well as thick
ity in further detail, Fig. 3 shows non-vortex index profiles

X i >_aerosol layers (such as those from volcanoes or wildfire burn-
calculated using January and July IG2 profiles for the ArCtICing events) should be discernible with the optimised thresh-
and Antarctic from 15km to 30 km. The solid lines repre-

Id profiles derived here. Above 13 km, particles can be de-
sent the index profiles for January and July and the dotte(f P P

i . ected up to CI-A values of 5.0, and in the stratosphere it
Imes_represent the range of the correspondxagfor_both_ is possible to detect particles in some regions with CI-A
Hemlsph_eres. As e_xpec.ted, there are large fluctuationg;in _up to 6.0 or higher, giving detection limits above 13 km of
from the index profile drlven.by the steep temperature gradi-; " 104km1 and down to 1x 10-5km~1 in parts of the
ents. In essence, these profiles show a large degree of uncesrt'ratosphere.

tainty with changes in the thresholds dictated by the varying

stratospheric temperatures with season. Therefore, although

the use of the annual average polar thresholds will certainlys Cloud detection results

discriminate many PSCs, and particularly thick PSCs, cau-

tion should be exercised in situations of strong stratosphericiven that the detection system described in the previous
polar ozone depletion. For these cases, individual analysesection takes into account the seasonal and latitude depen-
are recommended according to the specific atmospheric cordency of the radiance changes in the cloud microwindows,
ditions prevailing in the study period. it should effectively capture short- and long-term cloud be-
haviour as well as specific events likely to perturb the partic-
ulate concentrations of the atmosphere. All detection results
shown in the following sections will be demonstrated by the
To understand the extinction detection range encompassed lgloud and Aerosol Top Height (CATH) where the cloud or
the thresholds, a set of CI-A microwindow simulations were aerosol layer height is inferred directly from the reprocessed
performed using profiles from the 1G2 database with repre-Level 1b emission spectrum measurements as obtained from
sentative background aerosol extinction profiles for each IGZhe ESA operational IPF5.0 (version 5.0) processor. MIPAS
latitude band for all seasons and on a 1 km vertical grid. Atangent height measurements provided with each L1B spec-
“cloud” was added to each simulation by perturbing the ex-tral radiance profile are based on calculated engineering al-
tinction profile from 1x 1072km~1 to 1x 10°km~! be- titudes. Prior to March 2004 when MIPAS was in its FR
tween the altitudes of 6 km and 30 km in 1 km steps. Figure 4mode, an elevation pointing error was discovered between
provides an example of the CI-A and extinction relationship, the North and South Poles (Kiefer et al., 2007), but this has

18} i g .
sif o5 Januaryj
16fLJuY sifes 16 L2y

2 4 6 8 10 12 14 2 4 6 8 10 12 14
Threshold 65_90N Threshold 65_90S

5.2.3 Threshold detection limits
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30T measurements taken from the CALIOP lidar, and the sec-
i ond is the detection of Mount Kasatochi volcanic eruptions
28 of August 2008 in Sect. 6.3.
26| 6.1 Inter-comparison of MIPAS CATH and OF with
—_ I kK HIRDLS and CALIOP
£ 24 S,
o i The periods of data chosen for a statistical comparison of
S 22} 7 MIPAS and HIRDLS are June-July-August (JJA) 2007 and
5 I December-January-February (DJF) 2007/2008. During this
20} E period, all MIPAS measurements were in OR mode and there
i : were no major volcanic eruptions meaning background cloud
18[ fields and the seasonal variation of clouds can be analysed.
[ HIRDLS cloud data are selected for these periods by fulfill-
16} ing the data selection criteria, as described in Sect. 3.1, from

which the HIRDLS CATH is extracted by searching for the
CI-A topmost altitude at which the cloud and aerosol flags are non-
zero in each HIRDLS profiles measurement. To ensure con-
Fig. 4. Variation of equivalent 12 um extinction, for 68l to 20° N sistency in the inter-comparisons (as MIPAS and HIRDLS
in January, as a function of altitude and CI-A. Different colours cover a different range of heights in each profile measure-
correspond to the extinction limits between<10~2km~1 and ment), the CATH (and OF) comparisons are performed only
1% 10 %km~1, in the altitude range where MIPAS and HIRDLS data exist.
In this case, the inter-comparisons are performed only be-
tween 12 km and 20 km, for both day and night conditions,
been corrected to 0.5km accuracy in Version 5.0. All dataover latitudes between 30l and 50 S.
shown in this paper were obtained in the OR mode that did Figure 5 shows maps of mean CATH for JJA 2007 and DJF
not suffer from this particular bias. It has been found that the2008 from MIPAS and HIRDLS between 58 and 50 S
engineering altitudes in the OR L1b dataset show a 0.3kmand 12 km to 20 km gridded onto a regular latitude and
low bias compared to retrieved MIPAS altitudes (M. Kiefer, 10° longitude grid. In JJA, both MIPAS and HIRDLS detect
personal communication, 2011). regions of high clouds up to 17.5km over the West Pacific
The CATH is calculated by assessment of each cloud in-Ocean, equatorial Africa and the North American and Asian
dex profile (derived directly from MIPAS Level 1b spectral Monsoon regions. In the mid-latitudes, both instruments de-
profiles) against the corresponding latitudinal and altitudetect cloud bands between 12km and 14 km and are in rela-
thresholds. The tangent altitude at which the threshold ceasdsvely good agreement through the tropical/mid-latitude tran-
to be larger than the CI-A value is declared as the CATH andsition regions. In DJF, the shift in the cloud pattern following
this is the tangent altitude at which cloud or aerosol parti-the movement of the inter-tropical convergence zone (ITCZ)
cles are detected within the MIPAS FOV. It should be notedis evident in both MIPAS and HIRDLS, with the highest
that due to the 3km MIPAS FOV, the assignment of cloud clouds located within the 20N and 20 S band over the
top altitude can be conservatively in error tf.5km; the  West Pacific Ocean, equatorial America, Africa and Indone-
errors are in principle asymmetric with MIPAS expected to sia. The MIPAS detection locates clouds at 18 km over the
show CATH which are higher than reality. Simulations by east Pacific Ocean in comparison to HIRDLS, which shows
Hopfner et al. (2009) show biases of 0.5 to 1.0 km introducedclouds closer to 17 km. The most striking features to notice
for cloud layers which fill the tangent layer. We also computein both seasons are the strong agreement in the distribution
the occurrence frequency (OF) for CATH defined as the ratioof clouds in the tropics and sub-tropics with regions of more
of cloud and aerosol top heights to total points found within persistent cloud systems, such as the Asian Monsoon in JJA
a defined altitude range. and the Pacific cold trap region in DJF, well identified in both
In the following sections the CATH datasets are used to in-datasets.
vestigate specific atmospheric events to assess the efficiency To compare the occurrence of cloud and aerosol particles
and success of the detection method. Section 6.1 shows thia both instruments over the period of interest, the mean OF
results of a statistical comparison of MIPAS with HIRDLS over a 12 km to 20 km column, gridded ontod&titude and
and CALIOP cloud information for selected periods in 2007 10° longitude grid, is analysed. Figure 6 shows the mean OF
and 2008. The detection thresholds are then applied to twdor MIPAS and HIRDLS for JJA 2007 and DJF 2008 between
localised events which illustrate the significance of the new50° N and 50 S. Bands of mean OF between 5% and 10 %
detection thresholds: one is the Australian “Black Saturday”flowing through the mid-latitudes are evident in both datasets
bushfires of February 2009 (Sect. 6.2) with comparison toin both seasons analysed. In the tropics, the mean OF is close

www.atmos-meas-tech.net/5/2537/2012/ Atmos. Meas. Tech., 5, 282553 2012



2546 H. Sembhi et al.: MIPAS detection of cloud and aerosol particle occurrence

MIPAS V5 JJA 2007 HIRDLS V6 JJA 2007
160120 80 40 0 40 80 120 160 160120 80 40 0 40 80 120 180

0 0z Or 09 08
0 0z Or 09 08

-80 60 -40 -20 0 20 40 60 80
-80 -60 -40 -20 0 20 40 60 80

08- 09- 0p- Q2
08- 09- Ov- Oe-

-160 -120 -80 -40 [i] 4? BOI 120 160 | I[) 40 BOl 120 160
12 13 14 1 1) 7 {8 19 20 ar 15 %8 19 20
Paean C)!(\STH [km] I‘aean CATH [km]
MIPAS V5 DJF 2008 HIRDLS V6 DJF 2008
-160 -120 -B0 -40 0 40 80 120 160 -160 -120 -80 -40 0 40 80 120 160

0 0z OF 089 OB

-80 60 -40 -20 0 20 40 60 80
0 0c Or 09 08

-80 60 -40 -20 0 20 40 60 80

08- 09- 0¥ Og-
.
08- 09- 0¥ 0Og-

160 120 -80 -40 O 4? BOI | I[) 40 80| 120 160
T _ " % |

1
12 13 1Iélean C)!(\iTH [k 18 raean CAGTH [km] 1

Fig. 5. MIPAS and HIRDLS mean CATH for JJA 2007 and DJF 2007/2008 in the range of 12 km to 20 km betweagrab@ 50 S on a
5° latitude and 10 longitude grid. Top left: MIPAS JJA 2007, top right: HIRDLS JJA 2007; bottom left: MIPAS DJF 2008 and bottom right
HIRDLS DJF 2008.

to 45 % in both seasons. However, the greatest OF values ddltitude (reported in km) at which this occurs is simply the
up to 60% coincide with the regions of highest clouds lo- cloud/aerosol height as measured by CALIOP.
calised over the North American and Asian Monsoon regions Figure 7 shows normalised distributions of gridded mean
in JJA, and over the tropical landmasses and tropical Pacifi€ATH for JJA 2007 and DJF 2008 binned into 0.5 km grid
Ocean in DJF. Overall, the occurrence patterns are in excelboxes between 12 km and 20 km for MIPAS, HIRDLS and
lent agreement although MIPAS cloud distributions tend toCALIOP. In both seasons the shapes of the distributions
show a more widespread pattern with HIRDLS demonstrat-are similar for all instruments, showing two peaks indicat-
ing a more compact distribution. This is in line with the fact ing their sensitivity to upper tropospheric clouds as well as
that the HIRDLS instrument measured profiles on a densepptically thinner cirrus clouds close to the tropopause. The
network (approximately 110 km spacing in the N-S direc- overall distribution of CALIOP CATH has a similar shape
tion) compared to that of MIPAS which were spaced closerto both MIPAS and HIRDLS; however, the distributions are
to 440 km. The higher vertical resolution of HIRDLS also re- more consistent with the HIRDLS CATH data, with MIPAS
sults in smaller horizontal extents of the tangent layers com-showing an offset up to +1 km against CALIOP. A consis-
pared to MIPAS, which is also likely an effect. tent feature in both seasons is that MIPAS cloud altitudes ap-
To further quantify the differences between the meanpear to be, on average, approximately 0.75km higher than
CATH from MIPAS and HIRDLS and to verify the range of both HIRDLS and CALIOP. This bias shows consistency
CATH observed in MIPAS, comparisons of the JJA 2007 andwith the theoretical bias of 0.5-1 km calculated bygfher
DJF 2008 CATH are made to those inferred from CALIOP et al. (2009) for scenarios when a cloud is detected as soon
measurements. In this analysis, CATH are extracted fromas it appears and fills a tangent layer the MIPAS FOV.
CALIOP level 2 cloud/aerosol layer 5km (version 3.01) Recently Version 6 HIRDLS cloud top data have been
data products where the CALIOP CATH selection of featurecompared to 8yr (1997-2005) of HALOE data in the
(cloud or aerosol) height is based on determining the highesHIRDLS data quality document (Gille et al., 2011). The
cloud or aerosol layer boundary in each measurement. ThélALOE cloud top heights are higher by up to 1 km compared
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Fig. 6. MIPAS and HIRDLS mean OF for JJA 2007 and DJF 2007/2008 in the range of 12 km to 20 km (binned on a 1 km vertical grid)
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MIPAS DJF 2008 and bottom right HIRDLS DJF 2008.
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6.2 Black Saturday bushfires as observed by MIPAS
and CALIOP

The Black Saturday bushfires were an unprecedented occur-
rence in which approximately 4500 Knof land burned un-
controllably in Victoria, Australia from the 7 February to
the 14 March 2009 (CSIRO, 2011). Recently, Pumphrey et
al. (2011) investigated enhancements of CO and other com-
bustion by-products, including hydrogen cyanide (HCN) and
ethanenitrile (CHCN), within the plumes using MLS ver-

sion 2.2 retrieved profiles for February and March 2009.

longitude grid compared to corresponding gridded mean CALIOP They observed CO enhancements to the north of New

CATH.

Zealand at 100 hPa, and anomalously high concentrations
reaching up to 46 hPa (close to 20 km) several days after the
fires began, with CO concentrations reaching levels 3 times

to HIRDLS data in the tropics and mid-latitudes, a bias simi- higher than background concentrations. Trajectory analyses
lar to the MIPAS-HIRDLS Comparisons. Overall, it therefore showed that these po“uted air masses Originated over Vic-
seems that limb sounders give a very consistent picture Ofpria and traversed across southeast Australia after becom-
cloud distributions thrOUghOUt the trOpiCS and mid-latitUdESing trapped in an anti_cydonic System to the north of New
with a strong agreement to CALIOP. Zealand.
Work done by Siddaway and Petelina (2011) showed
the transport of smoke plumes by detection of limb
solar-scattered radiance enhancements from the OSIRIS
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Fig. 8. Map of MIPAS CATH between 15km and 20km for Fig. 9. Map of MIPAS CI-A between 15 km and 20 km for 7 Febru-

7 February to 16 February 2009 over Australia and New Zealandary to 16 February 2009 over Australia and New Zealand. The blue
The blue triangle indicates the position of Victoria (located &88  triangle indicates the position of Victoria (located af 38 143 E)

143 E) where the Black Saturday bushfires originated. where the Black Saturday bushfires originated.

instrument. The authors showed that the main plume travthe plume detection compared to 1.8 but would still in fact
elled eastwards to the north of New Zealand from themiss much of the wider plume reaching the UTLS. Thus,
11 February, reaching altitudes between 16 km and 18 kmin the case of detecting wildfire influence in the UTLS, the
The location of the smoke plume matched the enhanced polimproved detection thresholds offer a unique sensitivity that
lutants measured by MLS, with the primary smoke plume cannot be achieved with the fixed threshold process.
near-stationary over northeast of New Zealand. In the fol- To provide some inter-comparison for the range of CATH
lowing weeks, the plume was traceable across the Southercaptured by MIPAS during the bushfires, MIPAS and
Hemisphere for at least 6 weeks with some advection up taCALIOP CATH nighttime data are compared for 7 Febru-
21km. ary to 16 February 2009 between°’®and 50 S. Figure 10
Figure 8 shows a map of CATH in the 15 km to 20 km layer shows the captured CATH between 15km and 20km. It
for the Black Saturday bushfires, with the corresponding Cl-should be noted that the MIPAS measurements are obtained
A values shown in Fig. 9. A region of elevated CATH, from approximately 3h before the CALIOP measurements and
18 km to 20 km, can be observed betweefi 2and 35S thus some differences are expected. The general pattern of
and 170 E and 170W, with the first indication of CATH  CATH distributions show that clouds occur over Northern
reaching 18 km on 9 February. Analysis of potential tem- Australia within the tropical belt at altitudes close to 18 km
peratures extracted from the National Centers for Environ-as seen by CALIOP and MIPAS. The Pacific Ocean region to
mental Prediction (NCEP) reanalysis fields (Kalnay et al.,the east of Australia generally shows lower clouds (close to
1996) using the Hybrid Single Particle Lagrangian Integrated15 km/16 km) or virtually no tropopause clouds in both MI-
Trajectory Model (Draxler and Rolph, 2012) indicates that PAS and CALIOP. The key features observed in both datasets
these elevated CATH occur at potential temperatures greateare the position of the plume located close to °18thgi-
than 380K and are therefore stratospheric. Figure 9 showsude and elevated CATH reaching as high as 20 km in both
a region of lowered CI-A values at latitudes south of 38  CALIOP and MIPAS.
MIPAS observations in other years show that CI-A values The MIPAS detection has captured the spatial extent and
are typically greater than 8.0 in this region. Analysis of the scale of the plume outflow well and the improved detec-
CI-A values corresponding to the MIPAS CATH within the tion thresholds show a reasonable sensitivity to the cloud
bushfire plumes shows that many of the CI-A values lieand aerosol material resulting from the bushfire plumes. No
in the 4.0 to 6.0 range. In terms of extinctions, this corre- CALIOP data were available for the remainder of February.
sponds to aerosol material of approximately Z0~4km~—1 However, analysis of MIPAS CATH for this period captures
to 1x 10-°km™1, respectively. Given this range of CI-A val- the gradual movement of plume northwest towards Australia
ues, the optimised threshold profiles perform well and cap-from 16 February, eventually moving westwards across Aus-
ture the additional aerosol injection efficiently. Using the op- tralia and over the Indian Ocean by 28 February 2009. These
erational CI-A threshold of 1.8 would in fact completely fail positions of the bushfire aerosol plume measured in MIPAS
to detect the MIPAS measurements in the bushfire outflonduring February are in very good agreement with smoke
region as it is designed primarily to detect optically thick cir- plume detected with the OSIRIS instrument (Siddaway and
rus clouds. Using a fixed threshold of 4.0 would improve on Petelina, 2011).
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Fig. 10.Comparison of MIPAS and CALIOP CATH (nighttime data cated by the blue triangle.

for both datasets) from 7 February to 16 February 2009 over Aus-

tralia and New Zealand. The blue triangle indicates the position of

Victoria (located at 38S, 143 E) where the Black Saturday bush-

fires originated. 40° N from 7 August to 31 August 2008. Evidence of ele-

vated CATH are observed directly over the source region at

52N, 175 W, with Kasatochi influence initially observed
6.3 MIPAS detection of Mount Kasatochi Aerosols up to 20 km. CATH between 17 km and 19 km are observed

extending over North America, passing across the North At-
From 7 to 8 August 2008, the Mount Kasatochi volcano, lantic at latitudes close to 48. This range of heights for the
situated on the Alaskan Aleutian Islands at BR 175 W, Kasatochi plumes observed in MIPAS are similar to those in
began erupting with 3 major explosive events releasingthe ACE-FTS and OSIRIS measurements. Examination of
pyroclast, ash and SOreaching altitudes up to 18km CALIOP lidar images for 10 August 2008 similarly show
(Waythomas et al., 2010). Prata et al. (2010) exploited SO layers of volcanic material between 16 km and 19 km over
features in Atmospheric Infrared Sounder (AIRS) spectralthe Kasatochi region that gradually move across North Amer-
measurements to study the partial columns obSléased ica by 20 August 2008. Such transport across the Northern
on the 1363cm! and 2500cm?! spectral regions. Us- Hemisphere on the consecutive days analysed shows very
ing these retrievals in conjunction with ash detection from strong agreement with SQash and aerosol detection from
the 800 cm1-1200 cnt? spectral range, it was found that the Infrared Atmospheric Sounding Interferometer (IASI),
Kasatochi ash and UTLS S@ppeared to disperse from the AIRS and the Ozone Monitoring Experiment (OMI), as re-
volcano simultaneously, travelling together towards Northported in the studies of Karagulian et al. (2010) and Kris-
America for the first few days after the eruption. Overall, tiansen et al. (2010).
they estimated an SOnass loading of approximately 1.7 Tg  To quantify the efficiency of the optimised thresholds for
was released into the atmosphere from Kasatochi alonethe detection of volcanic plume material, the Kasatochi Cl-
The evolution and transport of the Kasatochi plume strato-A values for 7 August to 31 August 2008 in the 15km to
spheric layer has been well documented with measurement80 km range are shown in Fig. 12. The CI-A values largely
from limb and nadir sounders. Bourassa et al. (2010) usedary between 4.0 and 6.0 within the main transport region of
750 nm extinction retrievals from OSIRIS measurements toKasatochi across North America; this CI-A range is fully en-
investigate the stratospheric aerosol formation following thecompassed with the optimised thresholds and therefore the
Kasatochi eruptions. Using zonally-averaged aerosols explume influenced MIPAS measurements are captured suffi-
tinctions from March 2008 (pre-eruption) to May 2009, they ciently well. In comparison to the fixed threshold method,
observed the development of a stable stratospheric aerosal CI-A threshold value of 2.0 or 4.0 would not succeed in
layer from 15km to 21km from 4 weeks after the erup- identifying such material accurately and therefore result in a
tion over the mid- and high latitudes, with the stratosphericrather sporadic detection of volcanic intrusions from MIPAS.
aerosol layer persisting until March 2009. Sioris et al. (2010) To observe the evolution of the aerosol layer from MI-
similarly observed stratospheric aerosol enhancements ove?AS, Fig. 13 shows the frequency distributions of MIPAS
the same timescales using NIR extinction retrievals fromCATH for selected months from February 2008 to Febru-
the ACE-FTS instrument in which the aerosol enhancementary 2009; this selection contains a pre-eruption phase and
were observed up to 19 km in the Northern Hemisphere.  up to 7 months after the eruptions. The difference between

The addition of Kasatochi volcanic material into the UTLS February 2008 and August 2008 is marked by a distinctive

produced large radiance enhancements and strong volcanghift in the peak CATH of approximately 3 km between the
signatures in MIPAS spectra. Figure 11 shows Northerntwo months, with a general enhancement in the 11 km to
Hemispheric MIPAS CATH observed between°®0 and 18 km range in August 2008; highest values of CATH in
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Fig. 12. Map of MIPAS CI-A corresponding to CATH in the
range of 15km to 20 km between 6N and 40 N from 7 August
(first Kasatochi eruption) to 31 August 2008. Location of Mount
Kasatochi at 52N, 175’ W is indicated by the blue triangle. oL
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February 2008 were typically 14 km. By September 2008, the
CATH data shows a distinctively broader pattern spread ovefi9- 13.Frequency distribution of all MIPAS CATH from 60N to
the 12 km to 19 km range initiated by the increase in aerosoP% stt‘);(t)gz S(gler'crgedKr222:2§h(‘)fe'r:ebtrgi2)/ fg?ﬁe(prgéfzzzz‘i‘%{
- ugu uri | upt - |
as repqrted by Bourassa.et al. (2010) and Sioris ?t a.l. (2.010)2rugption period of gOctober 2008, ‘I)December 2088 and Febru-
In particular, the growth in the 15km to 19 km distribution ary 2009
during September 2008 and October 2008 is likely to be due '
to the growth of stratospheric aerosol over a few weeks, as
reported by Sioris et al. (2010). By October 2008, the distri-
bution becomes peaked at 15km, a difference of 5km comit is also suitable for the MIPAS operational processor. In
pared to February 2008. As December 2008 is reached, thaddition, the results of the study indicatensiderablevalue
change in the CATH distribution suggests a return to the norwould be obtained by implementing retrievals of aerosol ex-
mal situation is beginning with the distribution peak shifting tinction into MIPAS processors.
to 13km. By February 2009, the distribution appears to have The variability of the calculated threshold profiles over the
become clearer and becomes closer to that observed in thglobe are indicative of the radiance changes in the 12 um
pre-eruption phase, indicating that the Kasatochi aerosol inspectral region due to the influence of both atmospheric trace
fluence no longer exists in the Northern Hemisphere regiongas variations and instrumental noise effects. In tropical and
In this case the CATH indicator with the improved thresh- mid-latitude conditions, the optimised thresholds are quite
olds has proved an excellent demonstration of the MIPASreflective of conditions over the year so that, although con-
capability to detect weak aerosol intrusions into the strato-servative, seasonal variations are small. CI-A thresholds al-
sphere, comparable with the measurements of systems su¢bw detection of particles up to values of 5.0 above 13km
as OSIRIS. with some regions allowing detection up to values of 7.0. At
10km, i.e. in the troposphere, detection is more limited in the
tropics due to high BO concentrations, but particle detection
7 Conclusions in the polar troposphere is much more sensitive (thresholds
of 4.0 or higher).
In this study, improved threshold profiles for the detection of The polar stratospheric thresholds show a larger degree
clouds from the MIPAS instrument were derived specifically of uncertainty over the changing seasons, meaning the po-
to maximise the identification of cloud and aerosol particleslar regions would be better treated with a different approach
throughout the UTLS. Within this region, the method allows in which time and atmospheric composition dependency are
for statistical evaluation of cloud top occurrence frequenciesconsidered. Certainly, caution should be exercised in inter-
monitoring of CATH, detection of individual particle injec- preting detection of PSCs when atmospheric chemical com-
tion events, and tracking of plumes and dispersing aerosoposition is strongly perturbed and temperatures are low.
layers. Consequently, a second purpose fulfilled by this The application of the tropical and mid-latitude thresholds
scheme is to separate cloud- and aerosol-influenced spectta a statistical cloud comparison showed that large-scale fea-
from clear-sky spectra in an independent, efficient and comiures and general cloud distributions (as represented by cloud
putationally fast manner, allowing cloud and aerosols prop-occurrence frequencies) observed by MIPAS and HIRDLS
erties to be probed in more detailed and computer-intensivare in excellent agreement with MIPAS tending to show
retrieval schemes. This is a primary use of the method in themarginally broader distributions. Over the 12km to 20 km
MIPclouds processor (Spang et al., 2012) and for this reasomange, MIPAS CATH are up to 0.5-1 km higher than those
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detected by HIRDLS and CALIOP, and the likely cause of Draxler, R. R. and Rolph, G. D.: HYSPLIT (HYbrid Single-Particle

this bias is due to the effect of vertical oversampling within
the MIPAS FOV.

The detection of the Black Saturday and Mount Kasatochi
plumes have demonstrated that the improved thresholds can

Lagrangian Integrated Trajectory) Model access via NOAA
ARL READY Website fttp://ready.arl.noaa.gov/HYSPLIT.
php, NOAA Air Resources Laboratory, Silver Spring, MD,
2012.

L . . Dudhia, A.: The Oxford Reference Forward Model, available
be used to track fire injections and volcanic plumes into the at: hitp://www.atm.ox.ac.uk/RFM(last access: January 2012),

lower stratospheric and across the globe on timescales rang- 2005.

ing from days to months. The r?‘”ge of CI-A values Tc_)und Eichmann, K-U., von Savigny, C., Reichl, P., Robert, C., Steinwag-
to correspond to these events indicate that the addition of ner 3 Bovensmann, H., and Burrows, J. P.. SCODA: SCIA-
such particles into the UTLS with extinctions values close to  MACHY Cloud detection algorithm from limb radiance mea-
1x 10~°km~1 or lower are well encapsulated within the op-  surements, ATBD version 2.0, 2009.

timised thresholds where the traditional fixed CI-A method Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clar-
would fail. This system proves to be an invaluable tool for mann, T., Delbouille, L., Dudhia, A., Ehhalt, D., Endemann, M.,
the detection of pollution events where clouds and aerosols Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J.,
can have an important role in the chemical processes in Lopez-Puertas, M., Mosner, P., Nett, H., Oelhaf, H., Perron, G.,
the UTLS, affect the radiative properties of the stratosphere Rémedios, J., Ridolfi, M., Stiller, G., and Zander, R.: MIPAS: an
(Kravitz and Robock, 2011) or compromise transport safety instrument for atmospheric and climate research, Atmos. Chem.

(for example, volcanic ash emission affecting aircraft en- Phys., 8, 2151-2188l0i:10.5194/acp-8-2151-20p8008.
. Pie, 9 Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
gines; Prata et al., 2008).

hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz M., and Van Dorland,
R.: Changes in Atmospheric Constituents and in Radiative Forc-
ing, in: Climate Change 2007: The Physical Science Basis. Con-
tribution of Working Group | to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av-
eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA,
2007.

Frey, R. A., Ackerman, S. A, Liu, Y., Strabala, K. 1., Zhang, H.,
Key, J. R., and Wang, X.: Cloud Detection with MODIS Part
1: Improvements in the MODIS cloud mask for Collection 5, J.
Atmos. Ocean. Tech., 25, 1057-1072, 2008.

Fromm, M., Tupper, A., Rosenfeld, D., Servranckx, R., and McRae,
R.: Violent pyro-convective storm devastates Australia’s capital
ogy of the subvisual cirrus clouds as seen by OSIRIS on Odin, and pollutes the stratosphere, Geophys. Res. Lett., 33, L05815,
Adv. Space Res., 36, 807-812, 2005. doi:10.1029/2005GL025162006.
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