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Abstract

Altitude resolved aerosol detection in the upper troposphere and lower stratosphere
(UTLS) is a challenging task for remote sensing instruments. Here, we introduce a new
method for detecting aerosol in the UTLS based on infrared limb emission measure-
ments. The method applies an improved aerosol-cloud-index that indicates infrared
limb spectra affected by aerosol and ice clouds. For the discrimination between aerosol
and ice clouds we developed a new method based on brightness temperature differ-
ence correlations. The discrimination thresholds for the new method were derived from
radiative transfer simulations (including scattering) and Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS)/Envisat measurements obtained in 2011. The
method not only reliably separates aerosol from ice clouds, but also provides charac-
teristic yet overlapping correlation patterns for volcanic ash and sulfate aerosol. We
demonstrate the value of the new approach for volcanic ash and sulfate aerosol orig-
inating from the Grimsvétn (Iceland), Puyehue-Corddn Caulle (Chile) and Nabro (Er-
itrea) eruptions by comparing with Atmospheric Infrared Sounder (AIRS) volcanic ash
and SO, measurements.

1 Introduction

Aerosol is omnipresent and highly variable in the atmosphere. The tropospheric aerosol
can have a large impact on every day life. It occurs, for example, in the form of anthro-
pogenic pollution aerosol e.g. reducing the visibility (Zhang et al., 2015), mineral dust
fertilising the Amazon forest (Koren et al., 2006), or volcanic ash posing a danger to
aircraft (Casadevall, 1994). Aerosol particles also serve as ice nuclei and hence influ-
ence cloud formation and precipitation (Fridlind et al., 2004; Yu et al., 2010; Yuan et al.,
2011). Stratospheric aerosol, which is mainly sulfate aerosol, is significantly influenced
by volcanic eruptions (Vernier et al., 2011). It has an impact on the radiation budget of
the Earth and hence can influence climate (Santer et al., 2014; Ridley et al., 2014).
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Aerosol measurements in the upper troposphere and stratosphere are available from
a variety of sources. In particular, satellite measurements provide global climatologies
and time series of stratospheric aerosol (Bauman et al., 2003; Vernier et al., 2011).
However, most satellite instruments measuring in the ultraviolet and visible (UV/VIS)
range have limitations regarding measurements at nighttime (including polar night) and,
due to the challenging discrimination between aerosol and ice clouds, many aerosol
products are only available above 15 km (Ridley et al., 2014). In contrast, infrared (IR)
instruments provide a global coverage at day- and nighttime during all seasons and
several methods are available for nadir instruments to discriminate between ice clouds
and various aerosol types (Karagulian et al., 2010; Clarisse et al., 2010, 2013).

Limb measurements in the IR are highly sensitive towards aerosol and additionally
provide information on the vertical distribution. It has been shown that the stratospheric
sulfate aerosol after the Mt. Pinatubo eruption introduces a characteristic spectral sig-
nature into IR limb spectra for the Improved Stratospheric And Mesospheric Sounder
(ISAMS) (Grainger et al., 1993; Lambert et al., 1993), the Cryogenic Limb Array Etalon
Spectrometer (CLAES) (Massie et al., 1996; Lambert et al., 1997), and the balloon-
borne Michelson Interferometer for Passive Atmospheric Sounding (MIPAS-B) (Echle
et al., 1998). Further, Echle et al. (1998) derived optical and microphysical parame-
ters of stratospheric aerosol from MIPAS-B measurements. However, since these stud-
ies are restricted to the stratosphere they do not consider ice clouds or other aerosol
types. Studies using high resolution IR spectra of the space-borne IR limb instruments
Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) (Of-
fermann et al., 1999; Riese et al., 1999) and Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) (Fischer et al., 2008) present methods to distinguish
between the three types of polar stratospheric clouds (PSCs) (ice, supercooled ternary
solutions, and nitric acid trihydrate) (Spang and Remedios, 2003; Spang et al., 2004,
2005, 2012; Hbpfner et al., 2009). Yet, these methods are restricted to the stratosphere.

For the detection and classification of aerosol in the troposphere with IR limb mea-
surements methods are rare. For the detection of clouds and aerosol in the troposphere
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and stratosphere Spang et al. (2001) introduced the cloud index (Cl) for CRISTA. Later,
the Cl was adapted to MIPAS (Spang et al., 2004) and to the air-borne CRISTA-New
Frontiers (CRISTA-NF) (Spang et al., 2008) and the MIPAS ClI thresholds were opti-
mised depending on latitude and altitude (Sembhi et al., 2012). A first attempt to clas-
sify between tropospheric ice and liquid clouds in MIPAS spectra is made by Spang
et al. (2012). Regarding the discrimination between ice clouds and aerosol and the
classification of aerosol, Griessbach et al. (2012, 2014) presented a method to detect
volcanic ash in the troposphere and stratosphere with MIPAS. Also for MIPAS Grainger
et al. (2013) presented methods to identify volcanic plumes containing sulfur dioxide,
sulfate aerosol and volcanic ash.

Hitherto, for IR limb measurements there are no general aerosol detection algo-
rithms. However, IR nadir classification techniques demonstrate the capability of IR
measurements to provide a discrimination between ice clouds and aerosol. Discrim-
inating between aerosol and ice clouds in limb measurements would also offer the
opportunity to study the aerosol in the upper troposphere as well as the stratosphere.
In the past, the impact of volcanic aerosol on radiative forcing in the lower stratosphere
at high and mid latitudes has been underestimated, chiefly due to the lack of measure-
ments in this region (Ridley et al., 2014).

Here, we present a method to detect aerosol in the troposphere and stratosphere
and to discriminate it from ice clouds with infrared limb emission measurements. The
paper describes the method and shows examples for altitude resolved aerosol detec-
tion. First, we present the instruments and our radiative transfer model (Sect. 2). Then
we introduce a method that allows the detection of aerosol and clouds in the tropo-
sphere as well as in the stratosphere (Sect. 3.1). Starting with the new aerosol and
cloud detections we develop a method to distinguish between ice clouds and aerosol
(Sect. 3.2). We apply the new method to MIPAS measurements in 2011 and present the
results for three volcanic eruptions, the Grimsvétn (Iceland), Puyehue-Corddn Caulle
(Chile) and the Nabro (Eritrea) eruption, and compare them with Atmospheric Infrared

4382

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | J4aded uoissnosiq

AMTD
8, 4379-4412, 2015

Aerosol detection
with infrared limb
emission
measurements

S. Griessbach et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I



20

Sounder (AIRS) SO, and volcanic ash measurements (Sect. 4). Finally, we present our
conclusions (Sect. 5).

2 Instruments and forward model
2.1 MIPAS

The infrared limb sounder MIPAS measures high-resolution spectra in the thermal in-
frared between 685 and 2410cm™" (Fischer et al., 2008). In our study we use the
measurements of band A (685-970 cm_1) and band B (1215—1500cm‘1). MIPAS is
mounted on ESA’s Envisat and measured atmospheric profiles between 6 to 68 km
altitude from July 2002 to March 2004 and 7 to 72km altitude from January 2005 to
April 2012 in its nominal mode. Since MIPAS measures in the thermal infrared from
a nearly polar orbit it covered the whole Earth at day- and nighttime. Due to a mal-
function in 2004 MIPAS’ original nominal operation mode, which comprised a spectral
sampling of 0.025 cm™' and a vertical sampling of 3km, had to be changed. In 2005 the
spectral sampling was reduced to 0.0625 cm™ ' and the vertical sampling below 20 km
was increased to 1.5 km. Also the measurement geometry was modified so that MIPAS
samples down to 7 km in the polar regions and down to 10 km in the tropics (Fischer
et al., 2008). For developing a method to detect aerosol and to demonstrate its viability
we use MIPAS level 1b calibrated radiances that are available at ESA (2015).

2.2 AIRS

For the comparison with the MIPAS aerosol measurements we use the AIRS level
1b radiances that are available at http://airs.jpl.nasa.gov/ . The infrared nadir sounder
AIRS (Aumann et al., 2003) is mounted on NASA’s Aqua satellite launched in
May 2002. The AIRS hyperspectral infrared spectra between 3.7-15.4um (649—
2674 cm’1) are obtained from measurements in the nadir and sub-limb observation
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geometry. Each scan consists of 90 footprints in the across-track direction and cov-
ers a distance of 1765 km on the ground. The footprint size is 13.5km x 13.5km for
nadir and 41km x 21.4km for the outermost sub-limb views. AIRS measures 14.5 or-
bits comprising about 2.9 million spectra per day. This provides an excellent horizontal
resolution with global coverage twice a day except for small gaps at mid and low lati-
tudes.

2.3 JURASSIC

For radiative transfer simulations of the MIPAS measurements we use the Juelich Rapid
Spectral Simulation Code (JURASSIC) (Hoffmann et al., 2008). It applies the emissiv-
ity growth approximation (Gordley and Russell, 1981) for fast simulations in the mid-
infrared spectral region. JURASSIC has been used for radiative transfer simulations
and trace gas retrievals for various infrared limb instruments (Hoffmann et al., 2008,
2009; Weigel et al., 2010; Ungermann et al., 2010) and for nadir sounder such as
AIRS (Hoffmann and Alexander, 2009; Grimsdell et al., 2010).

JURASSIC has been extended with a scattering module that allows for radiative
transfer simulations including single and multiple scattering on aerosol and cloud parti-
cles (GrieBbach, 2012; Griessbach et al., 2013). In this study, we use Mie-calculations
to calculate the optical properties extinction coefficient, scattering coefficient, and
phase function. For the simulations presented here, we use a setup described in detail
by Griessbach et al. (2014) with slight modifications. Here, the spectral sampling is
0.0625cm™" and the vertical sampling is 0.5 km. The setup of the cloud and aerosol
layers and the atmosphere remains unchanged.
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3 Aerosol detection and classification
3.1 Improved aerosol and cloud detection

The Cl is the standard method to detect clouds and aerosol with MIPAS (Spang et al.,
2001). It is defined as the ratio between the mean radiances around the 792 cm™' band
with strong CO, emissions and the atmospheric window region around 833 cm™:

1((788.25,796.25cm ™))
,((832.31,834.37cm-1])

] ~I

Cl = : (1)

~

with /, , the mean radiance of each window. Cl values below 1.8—6 indicate cloudy air
and Cl values above 6 indicate clear air (Spang et al., 2004, 2012; Sembhi et al., 2012).
The CI detection threshold depends on altitude and season, mainly because of variable
water vapour content (Spang et al., 2004; Sembhi et al., 2012). Aiming at altitude and
season independent aerosol detection we looked for additional windows in MIPAS band
A. Figure 1 shows radiances between about 7 and 25 km altitude for a clear air profile.
Bright colours indicate high radiances due to trace gas emissions and dark colours
indicate atmospheric window regions with low radiances. These atmospheric windows
are especially suited for aerosol detection, because trace gases have little impact here.
The broad window around 830cm™" with low radiances at all altitudes is already used
for the Cl. Between about 940 and 970cm™" there are many narrow windows with
small radiances between CO, lines. The broadest of these windows is located between
960 and 961 cm™'. Therefore, we average over these 17 spectral points measured by
MIPAS in this window and define the aerosol index (Al)

_ 14(788.25,796.25cm ™))
1,(1960.00,961.00cm-1])

Al

(@)

with 71’2 the mean radiance of each window.
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The Al is sensitive to aerosol and clouds, but in contrast to the Cl it provides a better
contrast to clear air due to less impact of the water vapour continuum around 960 cm™".
A comparison between the Cl and the Al is shown in Fig. 2a and b for one orbit mea-
sured on 18 August 2011, where most of the Northern Hemisphere was covered by
a sulfate aerosol layer from the Nabro eruption in June 2011 (Bourassa et al., 2012;
Fromm et al., 2014). The Cl decreases with decreasing altitude, also for clear air condi-
tions as in profiles 1—4 and 54—61. In regions with Cl < 2 there are certainly ice clouds
(Spang et al., 2004). For regions with 2 < Cl < 6 it depends on the altitude, latitude and
season if these Cl values indicate aerosol or clouds. Hence, it is not apparent at first
glance that the ClI values between 4-5 on top of the tropospheric clouds in the Northern
Hemisphere indicate the presence of Nabro aerosol. For the Al we see that in clear air
regions the Al remains above 7. The tropospheric clouds have Al values below about
4 and on top of the tropospheric clouds there is a detached layer with Al values of 5-7.
Below the stratospheric aerosol layer we can identify clear air regions, which was not
possible using the Cl. From visual inspection of all MIPAS orbits in 2011 we found that
an Al of 7 is an appropriate threshold to distinguish between clear air and enhanced
aerosol in the UTLS.

Although the Al provides a better contrast between clear air and aerosol and clouds
in the UTLS, it has limitations at altitudes above about 25 km. In the middle strato-
sphere between about 30-45 km altitude the Al values can fall below 7. We observed
a strong seasonal cycle for Al values below 7 in the middle stratosphere. In the sum-
mer hemisphere and at daytime (between 10 to 12 local time) the Al values fall below 7
whereas in the winter hemisphere and at nighttime (between 22 to 0 local time) the Al
values are often above 7. This pattern extends down to about 25 km. This diurnal cycle
and the differences between the summer and the winter hemisphere are most likely
caused by non-local thermodynamic equilibrium (non-LTE) effects of the CO, laser
bands between 950 and 970cm ™" (Fig. 1). To provide a reliable aerosol and cloud de-
tection in the troposphere and stratosphere we combine the advantages of the Al in the

4386

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq | J4aded uoissnosiq

AMTD
8, 4379-4412, 2015

Aerosol detection
with infrared limb
emission
measurements

S. Griessbach et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I



20

25

troposphere and the Cl in the stratosphere and define the aerosol cloud index (ACI):
ACI = max(Cl, Al). (3)

The ACI profiles (Fig. 2c) generally are the Al (Fig. 2b) at altitudes below 22 km and
switch to the CI (Fig. 2a) at altitudes above 22 km.

To further confirm the ACI threshold value of 7 that we derived from the MIPAS mea-
surements we investigated the behaviour of simulated ACI profiles for clear air con-
ditions in four atmosphere types (Northern Hemisphere polar winter, polar summer,
mid-latitude, equatorial atmosphere, Remedios et al., 2007). We found that in all atmo-
spheres, except for the polar winter, the ACI values get smaller than 7 below 8.5km
in the equatorial atmosphere and below 5.5 km in the mid-latitude and polar summer
atmosphere. This finding generally does not affect the measurements between 2005
and 2012, because of the modified measurement geometry that was designed to follow
the tropopause and therefore reaches down to 6 km at the poles and 10 km in the trop-
ics. In the measurements before 2005, where MIPAS measured down to 5 km, we did
not observe ACI values below 7 at low altitudes regularly. We rather found a significant
number of detections with ACI values larger than 10 in all climate zones. Sensitiv-
ity tests revealed that the simulations below approximately 10 km are highly affected by
the water vapour continuum. In JURASSIC the Mlawer—Tobin—Clough—Kneizys—Davies
1.10 scheme (MT_CKD) (Clough et al., 2005), which is considered to represent real
conditions with insufficient accuracy (Griessbach et al., 2013), is used for the water
vapour continuum. This is most likely the explanation for the differences between the
simulations and observations below 10km. Hence, we conclude from the empirical
analysis of the MIPAS measurements alone that an ACI value below 7 is an indicator
for enhanced aerosol at altitudes above 5 km, but considering the simulation results we
recommend to be careful with analyses at altitudes between 5—-10 km, especially in the
tropics.
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3.2 Aerosol and ice classification
3.2.1 Window selection

For the discrimination between aerosol and ice clouds we choose appropriate win-
dows, in which the optical properties of ice and aerosol differ most strongly. The optical
properties, i.e. extinction coefficient (6,) and single scattering albedo, are determined
by the microphysical properties of the particles, i.e. complex refractive index, particle
size, and particle shape. The real and imaginary parts of the complex refractive indices
of ice (Warren and Brandt, 2008), sulfate aerosol (Hummel et al., 1988), and two types
of volcanic ash (Volz, 1973, volcanic ash), (Pollack et al., 1973, basalt) are shown in
Fig. 3a and b. As described in Sect. 3.1 we identified three window regions at:

- 830.6-831.1cm™’

- 960.0-961.0cm™’
— 1224.1-1224.7cm™".

in which the contributions of atmospheric trace gases are at a minimum to avoid in-
terferences of the aerosol signal with strong gas lines. These windows we refer to as
the 830, 960, and 1224cm™ windows hereafter. In Fig. 3 they are indicated by grey
bars. These windows are chosen to exploit the differences in the spectral gradients of
aerosol (sulfate aerosol and volcanic ash) and ice clouds. For the first two windows,
which are very close to the windows used for the volcanic ash detection reported by
Griessbach et al. (2014), the spectral gradient of the imaginary part of the ice refrac-
tive indices is opposite to the one for sulfate aerosol and volcanic ash. The specitral
gradient of the imaginary part from the first and second window to the third window is
opposite for ice and sulfate aerosol. For the real part, the gradients of ice and volcanic
ash are opposite for the first and second window and the spectral gradient from the first
and second window to the third for ice is opposite for sulfate aerosol and ash.
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These differences in the complex refractive index spectra between ice clouds and
aerosol (volcanic ash and sulfate aerosol) propagate to the optical properties shown
in Fig. 3c and d. To calculate the extinction coefficient and single scattering albedo
we used the same log-normal size distributions as Griessbach et al. (2014) for sulfate
aerosol, volcanic ash, sub-visible cirrus (small ice particles) and tropical cirrus (large
ice particles). The extinction coefficient spectra were normalised to 1 at 960 cm™'. For
sulfate aerosol and ash they exhibit the same spectral gradients as the imaginary part
of the refractive index. However, in addition to the refractive indices, the particles sizes
have an impact on the optical properties. For large ice particles the extinction coefficient
spectrum is flat and for small ice particles it exhibits a pronounced minimum around
960cm™". The single scattering albedo shows that the scattering contribution to the
extinction ranges from 30 to 80 % for small ice particles and is around 55 % for large
ice particles. The scattering contribution of the sulfate aerosol is generally below 10 %
and for volcanic ash it ranges from 15 to 80 %.

3.2.2 Measurements

Having identified three window regions with small radiance contributions by atmo-
spheric trace gases and with significant differences in the optical properties for ice
and aerosol, we expected that these differences could also be found in the radiance
spectra measured by MIPAS. To relate the three windows to each other, we calculated
brightness temperature differences (BTDs) from the radiances. The clearest correla-
tion patterns were found for the BTDs between the 830 and 1224 cm™" windows and
the 960 and 1224cm™" windows. In Fig. 4 the BTDs are shown for four selected days
(about 14 orbits) and regions where we expected to find four prototype scenarios: ice
clouds only in Fig. 4a, Nabro sulfate aerosol in Fig. 4b, Puyehue Cordén-Caulle vol-
canic ash in Fig. 4c, and non-ice polar stratospheric clouds in Fig. 4d. The four scenar-
ios differ. For ice clouds the spectra with an ACI below 7 form a relatively narrow group
with BTDs between 0 and —40 K on both axes. For the sulfate aerosol, which has ACls
between 5 and 7 in Fig. 2, we now see a second cluster between —30 and -50K on
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the abscissa and —20 to —40 K on the ordinate. The volcanic ash forms an arc-shaped
structure in the BTD diagram and for the non-ice PSCs there is a second cluster, which
has smaller absolute BTDs than ice on the ordinate.

We analysed the 2011 MIPAS data on a day-by-day basis and used monthly and
annual count statistics to estimate the threshold functions for a discrimination between
ice clouds and aerosol. For ACI values below 4 the upper edge of the ice cluster is very
sharp and we found the following threshold function:

For ACI values above 4 the BTD scatter plot can become quite diffuse for 2011, be-
cause there were three volcanic eruptions (Grimsvétn, Puyehue Corddn-Caulle, Nabro)
that injected a substantial amount of aerosol into the atmosphere. We also analysed
the measurements from 2003, a year with very few volcanic emissions during the MI-
PAS measurement period. For BTDs below —30.4 K we obtained the following threshold
function:

BTDggo_1224 = 1.33 x BTDgzg_1204 + 20K. (5)

To identify aerosol in the MIPAS data we used the condition that the BTDs must exceed
at least one of the two threshold functions (in Fig. 4 the black solid lines must be
exceeded). The result of this classification method is shown in Fig. 2d for a single
MIPAS orbit. After colour coding all ACI values below 7 that indicate the presence of
ice particles in grey, the Nabro sulfate aerosol layer clearly stands out (as well as a few
non-ice PSCs in the South Pole region).

3.2.3 Simulations

To support the choice of the threshold functions and to further understand the char-

acteristic patterns in the BTD correlation plots, we performed radiative transfer simu-

lations for clear air, ice, volcanic ash and sulfate aerosol under various atmospheric
4390
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conditions. For the simulations we used JURASSIC with its internal Mie module and
assumed spherical particles. We placed 1 km thick clouds at 7, 10, 14 and 18 km alti-
tude and assumed various realistic combinations of particle sizes, concentrations and
extinctions given at 948.5 cm™! (see Tables 3-5 in Griessbach et al., 2014). We used
the same setup as in Griessbach et al. (2014), where all details are given, but with an
improved vertical sampling of 0.5 km (instead of 1 km). In Fig. 5 the simulation results
are shown for all realistic ice cloud, aerosol and clear air scenarios for tangent altitudes
ranging from 6 to 19.5km, which covers the range from above to below the clouds.
Except for the clear air simulations only the scenarios that have an ACI < 7 are shown.

The narrow ice pattern below the threshold functions that we found in the measure-
ments is mostly reproduced by the ice cloud simulations in Fig. 5a. Especially for ACI
values below 2 simulations and measurements agree well. However, for higher ACI
values there are plenty of scenarios that fall in a range that was not covered by the
measurements (about 0 to —40K on the abscissa and —20 to —50K on the ordinate).
These scenarios have in common that their median radius is 6 um or smaller and the
extinction coefficient is smaller than or equal to 1 x 10~2km~'. We considered such
small ice particles to be likely for ice PSCs (Deshler et al., 1994) and possibly subvisi-
ble cirrus clouds (SVCs) (Iwasaki et al., 2007; de Reus et al., 2009; Frey et al., 2011).
However, in the tropics and at mid-latitudes we could not find MIPAS measurements
that fall into this range. Hence, according to the MIPAS measurements 1 km thick ice
clouds with particle sizes smaller than 6 um seem very unlikely in the tropics and at
mid-latitudes. Only in the polar regions, which are excluded in Fig. 4a—c, we found MI-
PAS measurements that show the same BTDs as the ice cloud simulations for median
radii down to 3 um.

There are a few simulated scenarios in the tropical atmosphere for the 18 km ice
cloud that slightly exceed the upper threshold function. These particular scenarios have
median radii of 6 um or less and their extinction coefficients are between 5 x 1072 and
1km™". Inthe tropics median radii of 6 um or less can only be found in SVCs. However,
SVCs do not have such high particle concentrations and extinctions (Iwasaki et al.,
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2007; de Reus et al., 2009; Frey et al., 2011). Hence, in the inset of Fig. 5a the simula-
tion results are shown only for ice particle size distributions with median radii larger than
6 um. The pattern of these ice cloud simulations is now in very good agreement with
the measurements shown in Fig. 4 and also confirms that all, but 7 out of 3333, scenar-
ios fall below the threshold functions. These 7 scenarios occur only for the ice cloud at
18 km altitude in the tropics and they all have a BTD larger than —25 K on the abscissa.
We checked the MIPAS measurements between 20(30)° N and 20(30)° S and found
that in 48(62) out of 58 945(78 563) cloudy profiles in 2011 the upper threshold was
exceeded (both 0.08 %). In 2003, a year with less volcanic aerosol, only 15(18) out of
56 375(74 767) (0.02—-0.03 %) cloudy profiles exceeded the upper threshold. Although,
we do not consider 0.02—0.08 % to be a strong evidence in the measurements that
tropical high altitude clouds consisting of small ice particles could exceed the aerosol
classification threshold, we would like to point out that there is at least the theoretical
possibility.

The sulfate aerosol simulations shown in Fig. 5b form a group just above the lower
threshold function. This group matches very well the sulfate aerosol observations after
the Nabro eruption in Fig. 4b. There are also a few scenarios for which the simulated
BTD does not exceed the aerosol detection threshold. These scenarios occur all at tan-
gent altitudes below 8 km. Thus, we conclude that with the method introduced sulfate
aerosol can be discriminated from ice clouds above 8 km. In contrast to the simulations
we found numerous aerosol detections below 8 km altitude in the MIPAS measure-
ments. This is most likely due to the fact that the aerosol layers in reality have a larger
vertical extent than the 1 km assumed in the simulations. This effect is discussed in
detail in a separate study (Griessbach et al., 2015). The simulations also showed
that 1 km thick sulfate aerosol layers with an extinction coefficient of 1 x 10™*km™'
at 947cm™’ (10.5um) have ACls larger than 7 and hence are not detectable with this
method. For extinction coefficients of 5x10~*km~" and higher the ACI fell below 7 and
the sulfate aerosol is detectable.
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The simulations shown in Fig. 5¢ using basalt refractive indices (Pollack et al., 1973)
represent the volcanic ash measurements shown in Fig. 4c after the Puyehue-Cordon
Caulle eruption better than simulations using the volcanic ash refractive indices re-
ported by Volz (1973). Thus, the volcanic ash simulations are very sensitive to the
refractive index data. Figure 4c shows that with the introduced method not all volcanic
ash, but a substantial fraction can be discriminated from ice clouds. The smaller the
particle size, the more scenarios exceed the aerosol detection threshold. Griessbach
et al. (2014) reported a maximum median radius of 1.5um for MIPAS volcanic ash
(Volz, 1973) detections. Here, for volcanic ash and basalt we found some scenarios
with a median radius of 5 um that exceed the aerosol detection threshold. Although the
aerosol detection method introduced is more sensitive to larger volcanic ash median
radii, further criteria are required for the discrimination between e.g. sulfate aerosol
and volcanic ash in order to unambiguously identify volcanic ash. From the simulations
presented here, we derived that basalt and volcanic ash particles with median radii
between 0.3 and 5 um and extinction coefficients between 1 x 107> and 5x 10~ km™"
can be discriminated from ice clouds at altitudes down to 6 km.

The clear air simulations in Fig. 5d for the four atmospheres (polar winter, polar sum-
mer, mid-latitudes, equatorial) at altitudes between 6 to 19.5km illustrate that the ACI
criterion is required as a pre-filter for the detection of aerosol. While all of the clear air
scenarios at altitudes below 14 km altitude already fall below the threshold functions,
some scenarios above 14 km lie above the thresholds. These can easily be filtered by
using the ACI criterion. The clear air simulations also show that for the polar summer,
mid-latitude and equatorial atmospheres the ACI falls below 7 at altitudes below 7.5, 7.5
and 9.5 km, respectively. However, this simulated behaviour is not completely in agree-
ment with the MIPAS measurements in 2003, where measurements were made down
to 6 km at all latitudes and no systematic decrease of the ACI value with decreasing al-
titude was observed. Sensitivity tests showed that the ACI simulations below 7.5 km at
high and mid-latitudes and 9.5 km in the tropics are affected by the water vapour con-
tinuum. Further studies would be required to determine if the decrease of the ACI is
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a simulation artefact, either due to the assumed atmospheric state or due to the limited
accuracy of the MT_CKD water vapour scheme used in JURASSIC (Sect. 3.1), orifitis
a real phenomenon depending on atmospheric water vapour concentrations. However,
since the clear air simulations with low ACI values fall well below the aerosol detection
threshold, this issue has no further implications for MIPAS aerosol detections.

4 Examples for application and verification

We applied our new aerosol detection method to the MIPAS measurements in 2011.
We detected aerosol mainly after volcanic eruptions. In Fig. 6 three examples for
aerosol detections after the Grimsvétn, Puyehue-Corddn Caulle, and Nabro eruption
are presented. To verify our results we compared the MIPAS measurements with the
AIRS SO, index and the AIRS ash index (both Hoffmann et al., 2014). High SO, index
values indicate high SO, concentrations and high ash index values indicate high ash
concentrations.

An U-shaped highly confined SO, filament was measured by AIRS on 27 May 2011,
six days after the initial eruption of the Grimsvétn volcano (Fig. 6a). The black dashed
curves indicate the MIPAS tracks measured between 00:00 and 12:00 UTC. Symbols
along the MIPAS track indicate aerosol detections. The symbols are coloured in shades
of blue and green representing the aerosol observation top altitude. In addition to our
new aerosol detection method, we looked for volcanic ash using the volcanic ash de-
tection method reported by Griessbach et al. (2014). As we could not detect volcanic
ash in all four profiles, the aerosol particles are most likely sulfate aerosol. The SO,
measured by AIRS is the precursor gas to sulfate aerosol measured by MIPAS. Since
both species can be detected, the SO, oxidised only partially during the six days af-
ter the eruption and both measurements agree perfectly. While the AIRS data provide
a high horizontal resolution picture of the volcanic plume the MIPAS data add altitude
information.
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In Fig. 6b the Nabro SO, plume is shown on 17 June 2014, three days after the initial
eruption. The MIPAS tracks were measured between 00:00 and 12:00 UTC. The Nabro
emissions were entrained in the Asian monsoon circulation and first were transported
northwards and later on eastwards. Where MIPAS tracks cross the SO, plume mea-
sured by AIRS, MIPAS detects aerosol. The MIPAS ash index detected ash in 2 out of
20 aerosol profiles at altitudes below 10 km (over the Arabian peninsula and the Iranian
plateau). From this finding we conclude that the Nabro plume mainly consists of sulfate
aerosol, especially at higher altitudes. There are also some aerosol detections over
the North Sea and northern Russia at altitudes below 12 km that do not coincide with
enhanced SO,. Tracing these aerosol detections back with the MIPAS measurements
we found that these aerosol particles originated from the Grimsvétn eruption about one
month earlier. The SO, from this eruption completely oxidised to sulfate aerosol and
hence, is no longer seen in the AIRS SO, measurements anymore.

The AIRS SO, index in Fig. 6¢ and the ash index in Fig. 6d were measured on 9
June 2011, three days after the initial eruption of the Puyehue-Cordén Caulle. The
corresponding MIPAS tracks were measured between 12:00 and 24:00 UTC. Aerosol
detections above 18 km are coloured in black and are related to non-ice PSCs that
are present in each Antarctic winter. Due to a strong jet stream the volcanic emissions
were transported eastwards very quickly. The SO, plume in Fig. 6¢ stretches from the
southern tip of Africa to the Indian Ocean just south west of Australia. Very close to
this plume front there are six MIPAS profiles in a row indicating aerosol. These MIPAS
detections are slightly westward of the plume front measured by AIRS, which is due to
a temporal shift (up to 12 h) between the AIRS and MIPAS measurements. Along the
filament extending south of Africa there are further matching MIPAS aerosol detections.
However, MIPAS also detects aerosol over South Africa and along the way back to
South America, where no enhanced SO; is visible in the AIRS data. Again, we looked
for volcanic ash in the MIPAS data and found ash in 10 out of 16 aerosol profiles. That
the Puyehue-Corddn Caulle plume was rich in ash, is also confirmed by the AIRS ash
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index shown in Fig. 6d. The comparison of the MIPAS aerosol detections with the AIRS
ash detections shows a good agreement.

For the three examples of fresh volcanic plumes in the polar, mid-latitude, and trop-
ical atmosphere we found that the aerosol detection method introduced for infrared
limb emission measurements performs well and also agrees well with AIRS volcanic
emission measurements. However, in contrast to AIRS volcanic emission measure-
ments the MIPAS measurements can trace volcanic ash and sulfur for much longer
time scales (e.g. from June 2011 until 2012 in case of the Nabro eruption). The ex-
amples also demonstrate that infrared limb emission measurements provide valuable
altitude information. In a recent visualisation study Gunther et al. (2015) reconstructed
3-D volcanic emission plumes of the Nabro and Puyehue-Corddn Caulle by combining
MIPAS aerosol and AIRS volcanic emission measurements with forward and backward
trajectories started at the location of MIPAS aerosol detections.

5 Summary and conclusions

We introduced a two step method to detect aerosol in the troposphere and stratosphere
with infrared limb emission measurements. In the first step we identified a window re-
gion in the MIPAS spectra that is sensitive toward aerosol and clouds. In addition to the
widely used cloud index Cl that is very sensitive to clouds we defined the aerosol index
Al that is more sensitive to aerosol by using the identified window at 960 cm™'. The
Al has the advantage of being less altitude dependent in the troposphere in contrast
to the Cl. We combined the advantages of the Al in the troposphere and the Cl in the
stratosphere in a new index, the ACI, which is the maximum of the Cl and the Al. The
ACl is more sensitive towards aerosol and provides a better contrast to clear air over
the whole UTLS than the CI. Instead of varying threshold values ranging from 2 to 6
depending on altitude, region and season for the Cl, we found that an ACI< 7 is an
appropriate global threshold value for the detection of enhanced aerosol and clouds.
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In the second step we developed a method to discriminate between ice clouds and
aerosol for infrared limb emission spectra with an ACI below 7. We used measured MI-
PAS spectra and simulations of optical properties for ice and volcanic aerosol employ-
ing typical size distributions (volcanic ash and sulfate aerosol) to identify appropriate
windows for the discrimination. Three windows at 830, 960, and 1224 cm™! that sample
the contrasting behaviour of ice and aerosol are combined by brightness temperature
difference correlations. We investigated the BTD correlations for the MIPAS measure-
ments and selected scenarios where we expected to find ice clouds only, significant
amounts of volcanic ash, volcanic sulfate aerosol, or non-ice PSCs. From these mea-
surements we derived two threshold functions that discriminate between ice clouds
and aerosol.

To corroborate and further characterise the threshold functions we analysed radia-
tive transfer simulations of 1km thick ice clouds and aerosol layers. The simulations
confirmed that ice clouds fall below the thresholds and aerosol can exceed the thresh-
olds. Only for the rare case of optically thick (8, = 5 x 10~2km™" and larger) ice clouds
at 18 km altitude in the tropics could the threshold function be exceeded (7 out of
3333 scenarios). However, we consider these scenarios to be very unlikely and found
this confirmed by the measurements. In 2003(2011) only 0.02 %(0.08 %) of all trop-
ical profiles (18 out of 74767 and 62 out of 78563) with an ACI smaller than 7 ex-
ceeded the threshold function in the potentially ambiguous BTD range (larger than
—25K for the BTD between the 830 and 1224 cm™ windows). The simulations further
showed that all realistic sulfate aerosol scenarios with (3,(948 cm_1) >1x10"*km™
above 8 km tangent altitude can be discriminated from ice clouds. For ash clouds the
simulations showed that several scenarios can be distinguished from ice clouds. De-
tectable ash cloud scenarios had extinction coefficients (at 948 cm‘1) between 1x 10~
and 5x 10~ km~', median radii between 0.3 and 5 um and reached down to 6 km tan-
gent altitude.

A comparison of MIPAS measurements with horizontally high resolution AIRS
SO, and ash index measurements for three strong volcanic eruptions in 2011 that
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were either characterised by large SO, (Grimsvétn, Nabro) or volcanic ash amounts
(Puyehue-Corddn Caulle) demonstrated the viability of our aerosol detection method.
This comparison and a very recent study (Gunther et al., 2015) also point to the addi-
tional benefit of MIPAS altitude resolved volcanic aerosol detection. The infrared limb
measurements can be used to quickly assign an altitude to the volcanic plume filaments
measured by nadir instruments with high horizonal resolution.

We consider our new aerosol detection method to be adaptable to other hyper-
spectral infrared limb instruments such as CRISTA, CRISTA-NF, MIPAS balloon
(MIPAS-B) (Oelhaf et al., 1994), MIPAS-STRatospheric aircraft (MIPAS-STR) (Woi-
wode et al., 2012), and Gimballed Limb Observer for Radiance Imaging of the At-
mosphere (GLORIA) (FriedI-Vallon et al., 2014; Riese et al., 2014). Although MIPAS
is no longer operating there are 10years of MIPAS measurements available and the
new aerosol detection method in conjunction with the volcanic ash detection method
(Griessbach et al., 2014) opens up new perspectives for the analysis of enhanced
aerosol in the UTLS and volcanic eruptions based on infrared limb emission measure-
ments.
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Figure 4. MIPAS brightness temperature difference correlations for selected scenarios: (a) ice
clouds (0-60°S), (b) Nabro sulfate aerosol (0-90°N) and ice clouds, (¢) Puyehue-Cordén
Caulle volcanic ash (0—60° S) and ice clouds, and (d) PSCs (0—90° N) and ice clouds. All fig-
ures comprise measurements of a single day, which are about 14 orbits. The black lines are
the classification thresholds derived from the observations, where the solid part of each line
denotes the relevant part for the discrimination between aerosol and ice.
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Figure 5. Simulated brightness temperature difference correlations for: (a) ice clouds, (b) sul-
fate aerosol, (c) volcanic ash (here basalt from Pollack et al., 1973, is shown), and (d) clear air.
The ice cloud simulations are shown for median radii ranging from 0.3 to 96 pm. In the small
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simulations the atmosphere type is indicated by the following symbols: polar winter — crosses,
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the classification thresholds derived from the observations, where the solid part of each line
denotes the relevant part for the discrimination between aerosol and ice.
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Figure 6. AIRS volcanic emission contours and MIPAS aerosol detections (coloured cir-
cles). (a) AIRS SO, index for Grimsvotn (27 May 2011 a.m.), (b) AIRS SO, index for Nabro
(17 June 2011 a.m.), (¢) AIRS SO, index for Puyehue-Corddn Caulle (9 June 2011 p.m.),
(d) AIRS ash index for Puyehue-Corddn Caulle (9 June 2011 p.m.). Non-ice PSCs in the Antarc-
tic at altitudes above 18 km are coloured in black. The red triangles indicate the location of the
respective volcanoes. Please note the different altitude scales.
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