Reply to Reviewer 1

We thank the reviewer for reviewing our manuscript and providing comments, ques-
tions, food for thoughts, and corrections. We went though all points and provide an-
swers to each of them. Where necessary, we also modified the manuscript. Please see
below for the details.

General Comments:

1) Assuming any detected cloud is assigned the nominal tangent height at the centre of
the MIPAS FOV, I think it is fairly clear why thick cloud at the bottom of the FOV will
result in an overestimate of about half the FOV width, ie 1.5km, which is confirmed by
the points at the top right of Fig 1b. It is also clear why progressively thinner cloud
will result in a gradually decreasing estimate of cloud top height until the cloud is so
thin that no cloud is detected.

Yes, we agree, this is what we showed and quantified in our study. We showed, which
extinctions can be considered optically thick for IR limb emission measurements lead-
ing to overestimations of cloud top height, which extinctions can be considered op-
tically thin leading to systematic underestimations, and which cloud extinctions are
too thin to be detectable. We also quantified the top altitude uncertainty ranges as a
function of cloud extinction.

The chosen diagnostic, cloud volume in FOV, is difficult to interpret. If I understand its
definition, then halving the horizontal width of the MIPAS FOV would halve the volume
but still produce the same plot, suggesting an arbitrary scaling.

Maybe there is a misunderstanding here that we have to clarify. Actually it is not
FOV-volume at tangent point, but FOV-volume in the cloud integrated along the LOS.
In Section 3.2 (P9 L267 in the revised manuscript) we rephrased to:

“... For each detected aerosol/cloud top height Fig. 2a shows the cloud-filled field-of-
view volume integrated along the line-of-sight as a function of aerosol/cloud extinction
coefficient. ...

In the following we changed “field-of-view volume* to “integrated cloudy field-of-
view volume”.

Concerning the horizontal extent of the cloud, we cannot draw any conclusions from
our setup. In the simulations we made the assumption of an infinite homogeneous cloud
layer that fills the entire horizontal MIPAS FOV. So yes, when changing the horizontal
FOV, the volume would change too. But, to our knowledge the MIPAS horizontal FOV
is assumed to have a fixed value of 30 km. If the cloud layer was not infinite (larger than
30km) in the horizontal and would only fill part of the horizontal FOV, the integrated-
cloudy-FOV-volume would become smaller. However, in our simulation setup we did
not consider horizontal cloud inhomogeneities on the scale of 30 km. The only way to
change the integrated cloudy FOV volume here, is through changing the vertical extent.

Noting that the detection sensitivity depends on both the extinction coefficient and
cloud-covered field-of-view fraction (P20 L625), a better diagnostic might be some-
thing like average aerosol absorption integrated over the MIPAS FOV, where absorp-
tion is defined as 1 - exp(-X) where X is the cloud extinction integrated along the line-
of-sight of any FOV sub-element. This would have a value between 0 for cloud free



and 1 for thick cloud filling the FOV. It also seems to be more naturally related to the
threshold that actually triggers cloud detection. This would provide a more meaningful
y-axis for Fig la and, I would expect, a more linear plot if used as the x-axis for Fig 1b.
This would probably also explain the equivalence of the lkm v 6km layers discussed on
P17 L530.

We have actually investigated this issue in a similar way as suggested. We started
with a 2D setup and integrated the vertically oriented area filled with cloud for each
tangent point (Fig[Th). In the following we used only the tangent heights of the detected
cloud top heights. To extend the area to a (3D) volume, we assumed the 3D FOV as
a rectangular tube and multiplied the area by 30 km. Fig 2a in the revised manuscript
and Fig. [Tp in the reply show the integrated FOV-volume along the LOS at the detected
cloud top as a function of cloud extinction. Analogously to the 1D-parameter AOD
(path length in cloud x extinction) we then calculated the 3D aerosol optical volume
(AOV) (integrated-cloudy-FOV-volume-along-the LOS x extinction?). In contrast to
the expectation that the AOV at cloud detection should be close to a constant value,
the AOV at the detected cloud top shows an exponential dependency on extinction
(Fig. [Ic). Using AOV instead of extinction in Fig. [Id gives a very similar picture to
Fig. 2b in the revised manuscript. Following your suggestion, we calculated the aerosol
absorption as 1 —exp(—AOQOV) (Fig. ). Fig. [If shows that the altitude difference as
a function of absorption (1—exp(—AOV)) is very similar to the results presented as
a function of extinction. Since the extinction is the dominant factor and allows for
a better comparison with the full suite of other instruments, we prefer presenting the
results as a function of extinction.

2) Given that the Nabro aerosol seems to lack a well-defined upper altitude, any com-
parison of height between two instruments will clearly be a sensitive function of the
chosen thresholds. However while different thresholds are tried for the lidar instru-
ments, the MIPAS value is fixed at ACI=7. It would be interesting to see if higher ACI
values yielded more information. For example, a plot of CALIOP values v ACI not only
at the levels at which ACI reaches a value <=7 but also for the MIPAS tangent heights
one or two levels above to see if there is any correlation.

Actually the Nabro aerosol has a well-defined upper altitude as can be seen in the lidar
measurements. It is the instruments measuring this aerosol layer that introduce some
uncertainty. For MIPAS the uncertainty is introduced by the large FOV and coarse
vertical sampling. For CALIOP the uncertainty is introduced by averaging the profiles
over 1° latitude along track and sampling the data on a 0.2km grid in the vertical.
This averaging, however, has to be done to achieve a better signal-to-noise ratio, so
that the CALIOP sensitivity becomes comparable to the MIPAS detection sensitivity
using an ACI threshold of 7. So, for CALIOP, we tried different thresholds to avoid
misinterpreting noise as an aerosol signal.

For MIPAS an ACI of 7 was chosen, because it has a comparable detection sensitivity
to the most sensitive altitude variable CI thresholds derived by |Sembhi et al.| (2012)
(Griessbach et al.L|2016). This study does not aim at improving the detection sensitivity
of aerosol and cloud detection methods, but rather on assessing the altitude information
that existing methods provide.

Now, to the interesting part: MIPAS ACI profiles (Fig. [2) show that also higher ACI
values may contain information on aerosol (e.g. ACI<8). The MIPAS—CALIOP top
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Figure 1: Relations between FOV along the line-of sight filled with cloud, extinction,
and detected cloud top altitude. a) FOV area integrated along the line-of sight filled
with cloud as a function of tangent altitude. b) FOV volume integrated along the line-
of sight at detected cloud top as a function of extinction. c) Aerosol optical volume
(AOV) volume at detected cloud top as a function of extinction. d) Cloud top differ-
ence (detected — simulated) as a function of AOV. e) (1-exp(-AOV)) as a function of
extinction. f) Cloud top difference as a function of (1-exp(-AOV)).
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Figure 2: Sensitivity of higher ACI values towards aerosol. a) A selected MIPAS orbit
showing the aged Nabro aerosol layer having ACI values higher than 7. b) Cloud top
height difference between MIPAS and CALIOP for the Nabro aerosol using MIPAS
ACI thresholds of 7, 8, and 9. The data points for ACI 8 and 9 are shifted on the x-axis
for better visibility.

altitude difference for the ACI thresholds of 7, 8, and 9 is shown in Fig. |Zb A higher
ACT threshold leads to higher MIPAS top altitudes. For an ACI threshold of 8 the
spread of the data remains constant and within a realistic range (overestimation still
can be explained by the width of the FOV), but for an ACI threshold of 9 the spread of
the differences nearly doubled and there are many overestimating cases that cannot be
explained by the FOV. Increasing the ACI threshold also means increasing the detection
sensitivity. Based on previous studies (Griessbach et al.} 2014}, 2016)) we did not expect
MIPAS to be sensitive to extinctions below 10~*km~!. To extend the lower sensitivity
range new simulations are subject to ongoing (for PSCs) and future work. Further,
to identify the ACI thresholds that clearly separate between clear air variability and
aerosol/clouds a new study similar to [Sembhi et al.| (2012)) would be helpful, yet is
beyond the scope of this study.

3) Is the MIPAS instrument noise included in the sensitivity study? Also what is the
impact of any residual radiometric offset after the calibration? Presumably this would
have some effect on detection sensitivity if it produced a non-zero offset. Perhaps the
Kleinert report has something on this?

Indeed, our manuscript does not include a discussion on the impact of the instrument
errors on the cloud detection. In response, we added a subsection and a new Fig. 3 on
this topic to Section 3 in the revised manuscript.

“3.3 Error estimation”

“The idealised simulations above do not contain any instrument errors. To assess the
potential impact of MIPAS instrument errors on the cloud detection with the ACI,
we compared the increase in radiance due to aerosol/clouds with the average noise
equivalent spectral radiance (NESR) of 2 x 107 W m~2 sr~! cm for the optimised
resolution mode, the total scaling accuracy of 2.4 %, and the total offset accuracy of
9.5x 1073 W m~2 sr~! cm for band A (Kleinert et al., [2018). Although by absolute
value the NESR appears to be the largest error it is reduced by /i, because we aver-
aged over n =17, 34, and 129 spectral points in the three ACI windows respectively.
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Figure 3: Increase in radiance (cloud — clear air simulation) due to different clouds
(solid coloured lines) compared to NESR (black solid line), offset accuracy (black
dashed line), and scaling accuracy (dotted coloured lines; very close envelopes around
solid coloured lines) for sulphate aerosol in a) the CI window around 792 cm~ ! (CID),
b) the CI window around 833 cm™! (CI2), ¢) the AI window around 960 cm ™!, and d)
for ice, e) and ash. The colours indicate the background atmosphere type: red - tropics,
yellow - mid-latitudes, light blue - polar summer, dark blue - polar winter. Each line
represents one particle size distribution. The black symbols indicate the detected cloud
top altitude using ACI=7.

The exemplary selected profiles for the three windows in Fig. [3]show that the increase
in radiance at cloud top altitude is well above the NESR and the offset error, while
the scaling accuracy results in a very tight envelope around the increase in radiance.
From this consideration we deduced that using an ACI value above 7 ensures that no
instrument effects are accidentally interpreted as a cloud. Moreover, Fig. 3] shows that
the particle size distribution causes a significant spread of the increase in radiance (for
ice clouds, sulphate aerosol ,and ash with B, =1 x 1072 km~! the spread at cloud top is
6.9x1073,7.5x 1074, and 1.1 x 1073 W m~2 sr~! cm, respectively), and hence can
be considered an important source of variability.”

Minor Comments

PI1 LI5: “In the fresh to two months ...”. I would suggest rephrasing as “For plumes
up to two months old ...”
Done.

P2 L50: I am surprised that there is no mention of ACE/SCISAT among the solar
occulation instruments. However, perhaps they just focus on deriving molecular con-
centrations.

We did not aim for a complete list of solar occultation instruments. However, con-
sidering your comment, we came to the conclusion to add ACE/SCISAT, because it is
still operational and aerosol properties can be retrieved from all three instruments of



SCISAT: MAESTRO (McElroy et al., 2007), ACE-FTS (Doeringer et al.| [2012), and
the NIR imager (Vanhellemont et al., 2008)).

We added the two most used SCISAT instruments: ... e.g. Stratospheric Aerosol and
Gas Experiments II, Halogen Occultation Experiment, Polar Ozone and Aerosol Mea-
surement (SAGE, HALOE, POAM, respectively, Randall et al., 2001), Atmospheric
Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS), ACE imager (Do-
eringer et al., 2012} |Vanhellemont et al.| | 2008| ,respectively),...”

P4 L96: ’index cloud detection’ - should this be ’cloud index detection’?

We changed it to “... MIPAS aerosol and cloud index methods ...”

P4 L119: Mention Envisat’s sun-synchronous orbit so that the concent of a fixed mean
local solar time makes sense.

We added the sun-synchronous orbit:

“As Envisat flew in a sun-synchronous orbit MIPAS measured at day- and nighttime
with a mean local solar time of around 22:00 for the ascending node and 10:00 for the
descending node.”

P5 L125-135: Presumably the pairs of number in brackets refer to the wavenumber
range rather than a pair of spectral points, so I'd suggest using "=’ (latex) rather than
a comma. It would be helpful to have a diagram showing the spectra signatures being
detected using these windows. Also, these all lie within the band A, so how is band B
used?

We now use a “~” (en-dash) to indicate the wavenumber range. Band B is used for the
discrimination between aerosol and clouds. We added the details on the window ranges
used for the aerosol ice discrimination:

“In the second step the discrimination between aerosol and ice clouds is performed us-
ing threshold functions for brightness temperature difference correlations between the
following windows: 830.6—831.1cm™!,960.0-961.0cm ™!, and 1224.1 —1224.7cm™' >
and the ash filtering:

“In order to ensure that the MIPAS aerosol measurements used in our study only com-
prise sulphate aerosol, first the aerosol and cloud detection was performed, the ice
clouds were filtered out as described above, and finally the volcanic ash detection
method using two additional windows at 825.6—826.3cm™! and 950.1-950.9 cm™!
(Griessbach et al.| [2014]), which was also found to be sensitive to mineral dust and wild
fire aerosol, was applied to filter out other non-sulphate UTLS aerosol types.”

The different spectral signatures of the extinction coefficients covering band A and B
are already shown in Fig. 3 in |Griessbach et al.| (2016). To give an impression of the
impact on the radiance spectra we added a new Figure 1 to the revised manuscript
(here, Fig[) and the following description:

“The characteristic spectral signatures of clear air, an ice cloud, and a sulfate aerosol
layer are illustrated in Fig 1 with selected measured MIPAS spectra, showing the broad-
band signatures in band A and B with a 1 cm™! smoothed spectrum (Fig. 1a) and the
relevant window regions with the original high spectral resolution (Fig. 1b).”

P5 L136: ’that has flown ... since’ rather than ’that flies ... since’. Done.

P5 L149: Either ’between ... and ...’ or ’from ... to ... Changed to ’between ... and ...".
P6 L166: ’on average’ rather than ’in average’ Done.

P7 L189: Suggest 'where, potentially, cirrus clouds ... Done.

P7 L205: If using ’the’ for dates, then 'the 4th and the 25th’ Removed “the”.
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Figure 4: Representative measured MIPAS spectra for clear air, ice cloud, and aerosol
measured on 14 June 2011 between 17— 18 km altitude. a) MIPAS band A and B
spectra smoothed to 1cm™! spectral resolution. b) High resolution MIPAS spectra
only in the window regions used for aerosol/cloud detection and discrimination. The
grey background indicates the window regions.

P8 L224: Either 'These ... are ... or 'This ... is ... Changed to “These ... are ...”.

P9 L268: Comparing Fig 1b and Table 2 it looks as if Fig 1b shows the differences
after transferring to the coarser MIPAS sampling, whereas the text seems to imply Fig
1b is before the transfer.

The coloured symbols in Fig. 2b show the differences for each scenario on the fine grid
as given in the middle column of Table 2. Transferring each scenario to the coarser
MIPAS sampling and assuming the worst case resulted in the grey symbols in Fig. 2b,
which is the lower value of the range given in the right column of Tab. 2. To make this
clearer, we now write:

“The fine grid simulation results show that the cloud top height mainly depends on
the extinction coefficient, some effect can be seen for the background atmosphere, and
nearly no effect can be seen for the different particle types (Fig. 2b, coloured symbols).”
and

“The lowermost top height (Fig. 2b, grey symbols) ...”

P14 1445: ’discrepancy’ Done.
P18 L562: ’contradictory’ Done.

s

Table 2: hard to distinguish between
sign. In LaTleX use either "=’ or '—.

We use IATEX. For the minus sign (—) we used: “$-$” and for the range () we used
the en-dash “--”, which, to our knowledge, is in line with the conventions. Should
discrepancies on this point remain we would like to leave this to the Copernicus copy

editing (conventions).

-’ indicating a range of values and a negative

Fig 7: Not clear what CALIOP aerosol maximum extinction means. If this is the maxi-
mum value of extinction in the CALIOP profile (equivalent to that found by the subse-
quent gradient method) then that may be lower in altitude than the part of the profile
which MIPAS is detecting. So perhaps something else is meant by "maximum’?



Fig. 7 (Fig. 9 in the revised manuscript) was made using an extinction coefficient
threshold of 3x 1073 km™! to derive the aerosol layer top altitude, which is also stated
in the text (P13 L3835 in the revised manuscript) in the paragraph before Fig. 9 is dis-
cussed. To find out if the top altitude difference between MIPAS and CALIOP depends
on the aerosol layer optical thickness, Fig. 9a indeed shows the difference (still using
3x1073 km™! to derive top altitude), but as a function of the maximum extinction co-
efficient of that aerosol layer. Actually, the average extinction or the AOD would have
been a better measure, but since the CALIOP aerosol profiles terminate between 12 —
14 km we decided to do this analysis with the maximum extinction value of each layer.
For clarification we added to the figure caption:

“Cloud top height differences between MIPAS and CALIOP Nabro aerosol measure-
ments (using a CALIOP extinction threshold of 3x10~3km™") as a function of a)
CALIOP aerosol layer maximum extinction, ...”

and

“c) shows the diagnostic relation between CALIOP maximum extinction and MIPAS
minimum ACL.”

Fig 8 caption: on the right hand plots, what are the grey boxes and beta numbers?
We added: “The grey boxes indicate the cloud layers detected by the lidar and B, gives
the average layer extinction.”

Fig 9 caption: ’Only for the twilight measurements is there ...

Done.

Fig 13: given the standard representation is to scale aerosol extinctions to 550 or
532nm, I think it would be useful to add a second x-axis along the top with this scaling
as well.

We agree and added a second x-axis.
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Reply to Reviewer 2

We thank the reviewer for reviewing our manuscript and providing comments, ques-
tions, food for thoughts, and corrections. We went through all points and provide
answers to each of them. Where necessary, we also modified the manuscript. Please
see below for the details.

Specific comments:

MIPAS-simulations: To be able to estimate how much the instrumental performance
itself contributes to the cloud/aerosol top height estimation, it would be interesting to
estimate/discuss the errors introduced by the random and systematic uncertainties of
MIPAS, e.g. spectral noise, radiometric accuracy, and others as described by Kleinert
etal., 2018.

Indeed, our manuscript did not include a discussion on the impact of the instrument
errors on the cloud detection. As we have not presented our considerations in the
submitted version, we added a subsection 3.3 and a new Fig. 3 on this topic to Section
3 in the revised manuscript.

“3.3 Error estimation”

“The idealised simulations above do not contain any instrument errors. To assess the
potential impact of MIPAS instrument errors on the cloud detection with the ACI,
we compared the increase in radiance due to aerosol/clouds with the average noise
equivalent spectral radiance (NESR) of 2 x 107*W m~2 sr~! cm for the optimised
resolution mode, the total scaling accuracy of 2.4 %, and the total offset accuracy of
9.5x 1079 W m 2 sr~! cm for band A (Kleinert et all, [2018). Although by absolute
value the NESR appears to be the largest error it is reduced by /n, because we aver-
aged over n =17, 34, and 129 spectral points in the three ACI windows respectively.
The exemplary selected profiles for the three windows in Fig.[l| show that the increase
in radiance at cloud top altitude is well above the NESR and the offset error, while
the scaling accuracy results in a very tight envelope around the increase in radiance.
From this consideration we deduced that using an ACI value above 7 ensures that no
instrument effects are accidentally interpreted as a cloud. Moreover, Fig. [T|shows that
the particle size distribution causes a significant spread of the increase in radiance (for
ice clouds, sulphate aerosol ,and ash with 8, =1 x 1073 km~! the spread at cloud top is
6.9x1073,75x107% and 1.1 x 103 W m 2 sr! cm, respectively), and hence can
be considered an important source of variability.”

Could you discuss whether it would make sense with respect to detection sensitivity,
to use the radiances at the maximum of the sulfate peak around 1100 cm-1 instead of
those around 800 cm-1 for the aerosol detection since the absorption seems to be an
order of magnitude higher?

The main reason for not selecting a window in band AB (1020-1170 cm 1) is that
we did not find a useful window there. Comparing the radiance contour plot of a non-
cloudy profile for band A (Fig.[2p) with band AB (Fig.[2b), the window regions around
832cm~! and 960 cm ™! clearly stand out with low radiances (dark colours) even at
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Figure 1: Increase in radiance (cloud — clear air simulation) due to different clouds
(solid coloured lines) compared to NESR (black solid line), offset accuracy (black
dashed line), and scaling accuracy (dotted coloured lines; very close envelopes around
solid coloured lines) for sulphate aerosol in a) the CI window around 792 cm~ ! (CID),
b) the CI window around 833 cm™! (CI2), c) the AI window around 960 cm™!, and d)
for ice, e) and ash. The colours indicate the background atmosphere type: red - tropics,
yellow - mid-latitudes, light blue - polar summer, dark blue - polar winter. Each line
represents one particle size distribution. The black symbols indicate the detected cloud
top altitude using ACI=7.

the lowest altitudes. In contrast, in band AB there is no obvious window region. In
the entire band AB O3 has a strong impact, which actually impairs relatively weak
aerosol signals at altitudes below the ozone layer. Further, there are contributions by
other species, such as CO,, CFC-11, CFC-12, HCFC-22, N, O, that also interfere with
UTLS aerosol signals.
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Figure 2: Radiances of a clear air profile in a) band A and b) band B.

Regarding the comparison with CALIOP: could the variability of the CALIOP aerosol
top height within the match-criteria be used to estimate the plume’s homogeneity at its
upper level and be correlated with the MIPAS cloud-top in order to distinguish between
cloud-inhomogeneity and optical thickness as the reason for the underestimation by
MIPAS?



In our study the CALIOP data are already averaged over 1°, corresponding to 111 km,
to achieve a sufficient detection sensitivity for the comparison with MIPAS. Hence, a
lot of variability in the CALIOP data is already smoothed out. Fig. [3p shows that the
standard deviation decreases over time, which can be expected for an aging aerosol
plume. The top altitude difference shows only a slight dependency on the standard
deviation of the CALIOP aerosol top height (Fig. [3b) and thus cannot be used to dis-
tinguish between cloud-inhomogeneity and optical thickness as the reason for the un-
derestimation by MIPAS.
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Figure 3: Standard deviation o of the CALIOP aerosol layer top height within the
MIPAS match radius a) Evolution of ¢ with time b) top altitude difference between
MIPAS and CALIOP aerosol detections as a function of ©.

Throughout the paper it is argued with extinction. However, would a quantity like
optical depth covered by the field-of-view not be better suited?

Yes, we thought so too and investigated if a 3D equivalent to AOD (path length in cloud
X extinction), the aerosol optical volume (AOV = integrated FOV along the line of sight
in cloud x extinction®) would be a better parameter. We started with a 2D setup and
integrated the vertically oriented area filled with cloud for each tangent point (Fig ).
In the following we used only the tangent heights of the detected cloud top heights. To
extend the area to a (3D) volume, we assumed the 3D FOV as a rectangular tube and
multiplied the area by 30 km. Fig 2a in the revised manuscript and Fig.[dp in the reply
show the integrated FOV-volume along the LOS at the detected cloud top as a function
of cloud extinction. Analogously to AOD we then calculated the AOV. In contrast to
the expectation that the AOV at cloud detection should be around a constant value,
the AOV at the detected cloud top shows an exponential dependency on extinction
(Fig. fc). Using AOV instead of extinction in Fig. [dd gives a very similar picture to
Fig. 1b in the manuscript. Since the extinction is the dominant factor and allows for
a better comparison with the full suite of other instruments, we prefer presenting the
results as a function of extinction.

L534-542: It should be made clear that these considerations are valid for the typical
size distribution of sulfate aerosols. Could you also consider/discuss cases for other
particle sizes (e.g. smaller particles) where scattering in the UV/VIS is decreased but
the absorption signal in the mid-IR is not/less affected?

To make it clearer that these considerations are only valid for sulfate aerosol, we added
a scaling curve for stratospheric background aerosol at 20 km (Deshler et al., 2003
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Figure 4: Extinction and field of view diagnostics. a) FOV area filled with cloud as
a function of tangent altitude for the simulation scenarios. The grey region indicate
the vertical cloud extent. The coloured lines (atmosphere) give the area in cloud for
each tangent altitude. b) FOV volume integrated along the line of sight in cloud. Same
as Fig. 1a in the manuscript. ¢) Aerosol optical volume (AOV) at detected cloud top
altitude as a function of extinction. d) Cloud top altitude difference as a function of
AOV.

(reff =0.13 um)), which is very similar to the “Nabro” scaling curve, to Fig. 4 in the
revised manuscript and we added to the text:

“... we used the scaling factors for background aerosol and volcanically enhanced sul-
phate aerosol with particle sizes larger than 0.1 um from Fig. 2 and Table 3 to compare
the sensitivity range of MIPAS ...”

and to the figure caption:

“... and background aerosol at 20km (black solid line [Deshler et al.| 2003, April
1999).

For smaller particles the scaling factor from mid-IR to UV/VIS would be lower. How-
ever, we did not consider smaller particle sizes than the Deshler measurements indicate
for the background state. In|Griessbach et al| (2014} Tab. 5) we found that for particle
size distributions with effective radii smaller than 100 nm unrealistically high number
concentrations are required in order to achieve extinctions that are detectable by MI-
PAS. Also, for SAGE II[Thomason et al.| (2008) found a “lack of sensitivity to particles
with radii less than 100 nm”. Since the satellite measurements compared here do not
have sufficient sensitivity to these smaller particles, which no doubt exist in the UTLS
(e.g.[Clarke and Kapustin},[2002)), we refrained from adding this discussion to the paper.

Table 1: SCIAMACHY and OMPS NPP may be added. The first one since it could be



directly compared to MIPAS in future work and the second to cover the present time
and the future.

Thanks for the suggestion. We initially started a more comprehensive Tab. 1 includ-
ing way more instruments. But as this study is not meant as a satellite aerosol remote
sensing review, we decided to include only one representative instrument for each mea-
surement principle. The aerosol measurements of SCITAMACHY and OMPS/LP both
rely on the solar scattering technique as OSIRIS, which is still measuring. Studies on
OMPS/LP by e.g. Jaross et al.[ (2014); |[Flynn et al.| (2007) point out the similarities
to OSIRIS and SCIAMACHY. Please find below the values we compiled for SCIA-
MACHY and OMPS/LP. As you will notice, for SCTAMACHY and OOMPS/LP we
could not find out all values for the parameters we are listing in Tab. 1 in the manuscript.
We finally selected OSIRIS, because we could not find conclusive values (on the sen-
sitivity range in particular) for SCTAMACHY and OMPS/LP in literature.



Table 1: Overview of relevant instrument characteristics for global aerosol measurements that also rely on the solar scattering technique as OSIRIS,
which we selected as a representative in the manuscript.

instrument channel sensitivity ~ vertical coverage profiles comments & references
range sampling per day
OMPS/LP 675 nm! min: 1 km 2 82°N-82°S ! ~ 70002 daytime extinction profiles
max: YChen et al.|(2018); extinction range in figures: 1 x 107> —
1x10~2km™!

ZRault and Loughman|(2013)

SCIAMACHY 750nm?3  min: 33km?> ~82°N-82°S* 320- daytime extinction profiles
max: winter 430 343.6.7(Rieger et al.| 2018| Bovensmann et al.| [1999|
hemisphere”: 6,7 Weigel et al.|[2016] Kaiser et al.| 2004] [Cardaci! 2010)
50-60°S; upper aerosol limits (cloud filtering)
60-70°N extinction range in figures: 1 x 107> —1 x 1072km™!

(Taha et al..7201 1)




Technical comments:

L50: ‘occulation’ — > ‘occultation’ Done.

L69: why is ‘However’ used here? Removed.

L125: ‘color’ vs. Figure I caption: ‘colours’, please harmonize Done.
L269: ‘maximal’ — > ‘maximum’ Done.

L306: ‘compareable’ — > ‘comparable’ Done.

LA416: delete ‘)’ Done.

LA417: ‘analysed’ but also ‘analyzed’ is used Done.

LA445: ‘dicrepancy’ — > ‘discrepancy’ Done.

LA450: ‘exinction’ — > ‘extinction’ Done.

L562: ‘contradicory’ — > ‘contradictory’ Done.

L659: ‘underestmated’ — > ‘underestimated’ Done.

L679: ‘soon be available’: is the dataset already available?

It is now online (since 6 November 2019).

Tablel, last column: ‘1.5 km™4 sr™-1" — > ‘1.5"-4 km™-1 sr™-1’ Fixed.
Fig. 5, caption: ‘inidcated’ — > ‘indicated’ Done.

Fig. 9: could you also show a further panel with the absolute plume altitudes to better
Jjudge the difference compared to the absolute value. Fig. 9: a legend, e.g. in one of
the panels indicating the different instruments would be better than only having the
information in the caption.

We added a panel to Fig. 9 (Fig. 11 in the revised manuscript) showing the absolute
plume tops measured by MIPAS and the plume altitude (from top to bottom) measured
by the lidar and twilight measurements. To this panel we also added the instrument
names/ground station names in the corresponding colours. In addition we changed
the figure caption to: “Properties of the Nabro sulphate aerosol as a function of time
derived from MIPAS (light green), CALIOP (grey), Leipzig lidar (light blue), Jiilich
lidar (dark blue), Esrange lidar (black), and twilight measurements (dark green). ... a)
Nabro aerosol layer height measured by all instruments. For MIPAS only the top height
is shown. In case of multiple matches for MIPAS the minimum, maximum, and mean
top heights derived are shown. ...“, and also refer to the new panel a from the text,
where appropriate: “In the comparison of the top heights (Fig. 9a) we see a decrease
with time and when moving from low (CALIOP and twilight) to high latitudes (ground
based lidars). Compared to the Leipzig lidar measurements ...“.

Fig. 13, caption: ‘gray’ — > ‘grey’ Done.
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Abstract. Infrared limb emission instruments have a long history in measuring clouds and aerosol. In particular the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS) instrument aboard ESA’s Envisat provides 10 years of altitude
resolved global measurements. Previous studies found systematic over- and underestimations of cloud top heights for cirrus
and polar stratospheric clouds. To assess the cloud top height information and to eharacterize-characterise its uncertainty for
the MIPAS instrument we performed simulations for ice clouds, volcanic ash, and sutfate-sulphate aerosol. From the simulation
results we found that in addition to the known effects of the field-of-view that can lead to a cloud top height overestimation,
and broken cloud conditions that can lead to underestimation, also the cloud extinction plays an important role. While for
optically thick clouds the possible cloud top height overestimation for MIPAS reaches up to 1.6 km due to the field-of-view, for
optically thin clouds and aerosol the systematic underestimation reaches 5.1 km. For the detection sensitivity and the degree
of underestimation of the MIPAS measurements also the cloud layer thickness plays a role. 1km thick clouds are detectable
down to extinctions of 5 x 10~* km™~! and 6 km thick clouds are detectable down to extinctions of 1 x 10~*km™!, where the
largest underestimations of the cloud top height occur for the optically thinnest clouds with a vertical extent of 6 km. The
relation between extinction coefficient, cloud top height estimate, and layer thickness is confirmed by a comparison of MIPAS
cloud top heights of the volcanic sulfate-sulphate aerosol from the Nabro eruption in 2011 with space- and ground-based lidar
measurements and twilight measurements between June 2011 and February 2012. In-the-fresh-For plumes up to two months
oldptume, where the extinction was between 1 x 107 and 7 x 10~*km™" and the layer thickness mostly below 4 km, we
found for MIPAS an average underestimation of 1.1km. In the aged plume with extinctions down to 5 x 107> km~! and layer
thicknesses of up to 9.5 km the underestimation was higher reaching up to 7.2 km. The dependency of the cloud top height
over- or underestimation on the extinction coefficient can explain seemingly contradictory results of previous studies. In spite

of the relatively large uncertainty range of the cloud top height, the comparison of the detection sensitivity towards sulfate
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sulphate aerosol between MIPAS and a suite of widely used UV/VIS limb and IR nadir satellite aerosol measurements shows

that MIPAS provides complementary information in terms of detection sensitivity.

1 Introduction

Stratospheric aerosol is known for its impact on radiation and climate (e.g. Crutzen, 2006; Tilmes et al., 2009; Solomon
et al., 2011; Santer et al., 2014), atmospheric dynamics (e.g. Wegmann et al., 2014; Diallo et al., 2017) and chemistry (e.g
Tilmes et al., 2008; Wegner et al., 2012; Solomon et al., 2016). Aerosol in the upper troposphere is also of relevance to the
Earth’s radiation budget (Ridley et al., 2014). The study by Ridley et al. (2014) shows that aerosol in the upper troposphere
and lower stratosphere (UTLS) can contribute significantly to the Earth’s radiation budget and that the altitude information
is important to estimate the radiative impact. Moreover, the available global long-term observations of stratospheric aerosol
have a measurement gap in the UTLS at mid- and high latitudes (Ridley et al., 2014). This measurement gap has two reasons.
First, global long-term measurements are provided by UV/VIS limb instruments (e.g. solar occultation and solar scattering
measurements) that do not measure during night and hence, miss the entire polar night. Second, as the discrimination between
aerosol and thin ice is rather complicated in the UTLS region (Kent et al., 2003) many stratospheric aerosol products terminate
at around 15 km and therefore miss part of the lower stratosphere (Ridley et al., 2014). Further, at mid- and high latitudes many
air traffic corridors are located in the UTLS and in case of volcanic eruptions volcanic material can pose a severe danger to air
traffic (Casadevall, 1994; Guffanti et al., 2010). Hence, continuous global altitude resolved aerosol measurements are desirable.

In particular, volcanic eruptions have a significant impact on the stratospheric aerosol load (Kremser et al., 2016). In the
tropics even moderate eruptions with a Volcanic Explosivity Index (VEI) of 4 and smaller that only reach the tropopause
region contribute to the stratospheric aerosol layer (Vernier et al., 2011). Aside from direct injections the-alternative transport
pathways of aerosol into the tropical stratosphere are still discussed (Bourassa et al., 2012b; Vernier et al., 2013; Fromm et al.,
2013; Fairlie et al., 2014; Fromm et al., 2014). Recently it was shown that also extra-tropical volcanic eruptions can contribute
to the tropical stratospheric aerosol layer (Schmidt et al., 2010; Diallo et al., 2017; Wu et al., 2017; Guinther et al., 2018) and
the corresponding transport pathways were uncovered (Wu et al., 2017). However, in order to distinguish between eruptions
with plumes restricted to the troposphere and eruptions with stratosphere reaching plumes, and to study the transport pathways
in the UTLS, region global measurements with reliable information on the injection heights and aerosol altitudes are required.

Global altitude resolved measurements of stratospheric and upper tropospheric aerosol are provided by space-based limb
measurements and active lidar measurements, e.g. Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP, Vernier et al.,
2011). The limb measurements comprise the solar occultation, e.g. Stratospheric Aerosol and Gas Experiments II, Halo-

gen Occultation Experiment, Polar Ozone and Aerosol Measurement (SAGE, HALOE, POAM, respectively, Randall et al.,

2001), the-steHar-ocentationAtmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS), ACE imager

Doeringer et al., 2012; Vanhellemont et al., 2008, ,respectively), the stellar occultation, e.g. Global Ozone Monitoring by Oc-
cultation of Stars (GOMOS, Robert et al., 2016), the solar scattering, e.g. Optical Spectrograph and InfraRed Imager System

(OSIRIS, Bourassa et al., 2012a), and the infrared limb emission, e.g. Cryogenic Limb Array Etalon Spectrometer (CLAES,
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Bauman et al., 2003) and Envisat Michelson Interferometer for Passive Atmospheric Sounding (MIPAS, Griessbach et al.,
2016; Giinther et al., 2018), measurement techniques.

Table 1 summarizes-summarises the relevant measurement characteristics of selected instruments representing common
measurement techniques. In spite of the near-global coverage most instruments have significant temporal and spatial measure-
ment gaps that make their data more suited to study long term changes and to develop climatologies than following individual
aerosol plumes and identifying distinct sources. E-g—For example, GOMOS provides dedicated aerosol measurements during
nighttime, but misses the daytime hemisphere including the polar summer region. CALIOP provides day- and nighttime aerosol
measurements, yet the nighttime measurements have a significantly higher sensitivity towards aerosol than the daytime mea-
surements. In contrast, OSIRIS measures only at daytime and SAGE-II measured during sunrise and sunset. Figures showing
the differences in the latitudinal coverage and the sampling frequencies of typical solar and stellar occultation, solar scattering,
and infrared limb emission measurements can be found in Sofieva et al. (2013, Fig. 2) and Robert et al. (2016, Fig. 2).

Infrared nadir measurements provide an excellent global coverage at day- and nighttime, but have a significantly lower
sensitivity towards aerosol than limb measurements due to their measurement geometry. It has been shown that enhanced
volcanic sulfate-sulphate aerosol can also be detected with infrared nadir measurements (Ackerman, 1997; Clarisse et al.,
2013). However, in general, the altitude retrieval competes with the concentration and radius retrieval (Clarisse et al., 2010)
and e.g. dust aerosol altitudes retrieved from Atmospheric Infrared Sounder (AIRS) measurements indicate the altitude where
half the aerosol optical depth (AOD) of the entire layer is reached (Peyridieu et al., 2010).

Lidar measurements (ground based, air-borne, or space based) are considered to provide the best altitude information.
Hewever,—studies—Studies comparing e.g. SAGE II with lidar measurements smoothed the vertically higher resolved lidar
data to SAGE 1I vertical resolution (e.g. Antufia et al., 2002) and extinction profiles of, e.g. GOMOS and OSIRIS, have been
validated against SAGE II and SAGE III (e.g. Robert et al., 2016; Bourassa et al., 2012a, respectively). Studies assessing
or validating the aerosol and cloud altitude information from limb remote sensing measurements are rare. Only Kent et al.
(1997) investigated the accuracy and potential error sources of SAGE II cloud heights. Using two flights of airborne lidar cloud
measurements they simulated the signal SAGE II would receive for these clouds. For the 41 simulated scenarios Kent et al.
(1997) found an overestimation of the cloud top height in a single case and an underestimation by 1 to Skm in 17 cases (39 %).
The underestimation was attributed to patchy clouds, where the cloud was located along the ray path, but not at the tangent
point. For CALIOP a very good agreement of cloud and aerosol altitudes was found compared with in situ balloon and lidar
measurements, and ground based lidar measurements (Vernier et al., 2009; Mioche et al., 2010; Kim et al., 2011). Compared
with ground based lidar measurements Kim et al. (2008) found that the CALIOP cloud top and base heights generally agree
within 0.1 km.

Due to MIPAS large field-of-view smoothing the signal over an altitude range of about 3 km, several studies investigated
the viability of MIPAS cloud top heights. For polar stratospheric clouds (PSCs) Hopfner et al. (2009) found that MIPAS
systematically underestimates the cloud top height by about 0.3 (at 15 km) and up to 2.6 km (at 27 km) compared to CALIOP.
The eomparison-underestimation of cloud top height shows a clear altitude dependence and-where the large underestimation at

high altitudes was attributed to broken cloud conditions. Castelli et al. (2011) investigated the effect of broken cloud conditions
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on MIPAS cloud top heights and confirmed the underestimation effect for 1D cloud detection methods, but showed that a 2D
retrieval can lead to significant improvements if the cloud was sampled by consecutive MIPAS profile scans. For cirrus clouds
Spang et al. (2012) quantified MIPAS’ underestimation up to 2.5 km compared to SAGE II. In contrast, MIPAS was found
to overestimate cirrus cloud top heights by usually less than 2 km compared to Geoscience Laser Altimeter System (GLAS)
measurements during the Space Shuttle Mission (Spang et al., 2012). Also Sembhi et al. (2012) reported an overestimation of
about 1 km compared to CALIOP and of about 0.75 km compared to HIRDLS in a comparison of 3-monthly means of aerosol
and cloud top heights. This overestimation was attributed to MIPAS’ field-of-view, where optically dense clouds below the
tangent point, but within the field-of-view, affect the measured radiances. Based on simulations of idealized-idealised clouds
Hurley et al. (2009) proposed an operational retrieval framework that is supposed to retrieve cloud top heights with an error
below 0.5 km.

As the MIPAS measurements have the potential to fill gaps in the measurements of UTLS aerosol and clouds, the goal of
this study is to asses the cloud top altitudes derived from the MIPAS index-—cloud-aerosol and cloud index detection methods
(Spang et al., 2004; Sembhi et al., 2012; Griessbach et al., 2016), to reconcile the contradictory results of previous MIPAS
cloud top height studies, and to add a comparison for sulfate-sulphate aerosol, which has not been investigated explicitly
before. This study is based on MIPAS radiance simulations for aerosol and ice clouds and a comparison between MIPAS and
CALIPSO, ground based lidar, and twilight measurements of the Nabro volcanic sulfate-sulphate aerosol between June 2011
and January 2012. The instruments and aerosol data products for MIPAS, CALIOP, the ground based lidars, and the twilight
measurements are introduced in Sect.2. In Sect. 3 the simulated aerosol and cloud scenarios are described and the derived top
heights are analyzed-analysed and assessed. The dedicated comparison of the top heights for the Nabro sutfate-sulphate aerosol
is presented in Sect. 4. A discussion of the simulation results and the comparison of the cloud top heights for the volcanic

sulfate-sulphate aerosol follows in Sect. 5. The conclusions are given in Sect. 6.

2 Instruments and data sets
2.1 MIPAS

MIPAS was an infrared limb sounder that was mounted on ESA’s Envisat and operated from June 2002 to April 2012. It mea-
sured up to 1344 vertical profiles per day (14.4 orbits with 96 profiles) at day- and nighttime covering the latitudes between
89.4°N —87.3°S. The high-resolution emission spectra in the thermal infrared (685—2410cm~!) comprise altitudes between
6 to 68 km from July 2002 to March 2004 and 7 to 72km from January 2005 to April 2012 in MIPAS’ nominal mode (Fis-
cher et al., 2008). The nominal mode was changed due to a malfunction of the instrument in 2004. From 2002 to 2004 the
vertical sampling was 3 km and in 2005 the vertical sampling was decreased to 1.5 km below 21 km altitude. In addition, the
formerly homogeneous measurement geometry was changed, so that the lower measurement heights approximately follow the
tropopause, i.e. in the tropics MIPAS sampled down to 10km and in the polar regions down to 7 km. The MIPAS engineer-
ing tangent altitudes, which are corrected for refraction, have a negative offset of about 300 to 500 m compared to retrieved

altitudes in the UTLS height range (Kleinert et al., 2018). The vertical widths of the field-of-view of MIPAS is about 3 km.



For retrieval of MIPAS measurements, the field-of-view is often assumed to be trapezoidal with edge lengths of 2.8 and 4 km
(Ridolfi et al., 2000; Hurley et al., 2009). The horizontal field-of-view, which is perpendicular to the line-of-sight, is 30 km
(Fischer et al., 2008). As Envisat flew in a sun-synchronous orbit, MIPAS measured at day- and nighttime with a mean local

125 solar time of around 22:00 for the ascending node and 10:00 for the descending node.
To derive aerosol we used the MIPAS band A (685-970cm™!) and band B (1215—-1500cm™") level 1b dataset processed
with the instrument processing facility (IPF) processor version 7.11 that provides calibrated and geolocated radiances. A
method to detect aerosol in the UTLS and filter out ice clouds has been introduced by Griessbach et al. (2016). This aerosol
detection methods relies on two steps. First, for improved aerosol and cloud detection the aerosol cloud index (ACI) with
130 values smaller than 7 is used. The ACI is the maximum of the cloud index and the aerosol index that are the eolor-colour
ratios between the CO, band at 788.25;-—796.25 cm™! and two atmospheric window regions at 832.31;-—834.37 cm~! and
960.00;--961.00 cm™!, respectively. In the second step the discrimination between aerosol and ice clouds is performed using
threshold functions for brightness temperature difference correlations between the following windows: 860.6—831.1cm ™!,
960.0-961.0cm !, and 1224.1-1224.7 cm ™. Each spectrum of a profile is evaluated with this two step method and is iden-
135 tified as either clear air, aerosol, or ice cloud with the corresponding tangent height as altitude information. In order to ensure
that the MIPAS aerosol measurements used in our study only comprise sttfate-sulphate aerosol, first the aerosol and cloud

detection was performed, the ice clouds were filtered out as described above, and finally the volcanic ash detection method

using two additional windows at 825.6—826.3 cm ! and 950.1-950.9 cm (Griessbach et al., 2014), which was also found to

be sensitive to mineral dust and wild fire aerosol, was applied to filter out other ren-sulfate-non-sulphate UTLS aerosol types.
measured MIPAS spectra, showing the broadband signatures in band A and B with a 1 cm ! smoothed spectrum (Fig. 1a) and

2.2 Space-based lidar CALIOP

CALIOP is an active lidar instrument on-board the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO)

145  that flies-has flown in the A-Train constellation since 2006 (Winker et al., 2009). The satellite is in a sun-synchronous polar
orbit with the local equator-crossing time of the ascending node at about 13:30 and of the descending node at about 1:30
that allows for measurements at day- and nighttime between 82 °N and 82 °S (Winker et al., 2009). CALIOP is a near-nadir
viewing two wavelength pelarization-sensitive-polarisation-sensitive lidar (Winker et al., 2009). The best signal-to-noise ratio
is provided by the nighttime measurements at 532 nm (Vernier et al., 2009).

150 Focusing on aerosol measurements in this study, a dedicated aerosol product providing the highest sensitivity is used: After
applying a cloud mask that is based on the ratio between the perpendicular and total backscatter signal at 532 nm, CALIOP
nighttime profiles were averaged horizontally over 1° latitude and vertically over 200 m (Vernier et al., 2009). Each day reflec-
tions of 1.7 million laser shots are acquired (Winker et al., 2009). Assuming 111 km averaging, 40,009 km circumference of
the Earth from pole to pole, and 14.55 orbits per day this results in about 2800 independent nighttime profiles. The eptimized

155 optimised aerosol measurements cover the winter hemisphere up to 82° and the summer hemisphere up to 50° and have a
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further gap due to the South Atlantic Anomaly (Vernier et al., 2009). For the comparison of the measurements of the Nabro
aerosol in boreal summer we used data between 0 and 50 °N and 12—-20km. The Nabro aerosol was visible in individual
CALIOP profiles between 15 June to-and 11 August 2011. To convert the backscatter signal to extinction coefficient we used
a constant lidar ratio (aerosol extinction to backscatter ratio) of 50 sr as Sawamura et al. (2012) mostly used this ratio and

reported one measured lidar ratio of 48 sr at 532 nm for the Nabro sulfate-sulphate aerosol.
2.3 Ground-based lidars
2.3.1 Leipzig, Germany

In Leipzig (51.34° N 12.37° E), regular lidar measurements are performed with the Multiwavelength Atmospheric Raman
lidar for Temperature, Humidity, and Aerosol profiling (MARTHA) (Mattis et al., 2002) in the framework of the European
Aerosol Research Lidar Network (EARLINET, Pappalardo et al., 2014) three times each week, i.e., Monday afternoon, and
Monday and Thursday after sunset, when weather conditions allowed (i.e., absence of precipitation and low clouds). The light
source is a Nd: YAG laser that generates laser pulses at 355, 532, and 1064 nm wavelength with a repetition rate of 30 Hz. The
backscattered radiation is collected by a 0.8 m Cassegrain telescope. The aerosol backscatter coefficient can be determined at
355, 532, and 1064 nm and the aerosol extinction coefficient at 355 and 532 nm is derived by means of the Raman-lidar method
(Ansmann et al., 1992) (not available for all layers). The system detects the component of light eress-pelarized-cross-polarised
to the plane of pelarization-polarisation of the outgoing beam at 532 nm. MARTHA observations have been used previously for
the statistical eharacterizationcharacterisation of free-tropospheric aerosol layers (Mattis et al., 2008), volcanic aerosol layers
(Mattis et al., 2010) and for the eharacterization-characterisation of polar stratospheric clouds (Jumelet et al., 2008).

The aerosol signal was derived from backscatter signals under cloud free conditions only, by averaging the data between
27 minutes and 6 hours (in-on average 2:09h). From the averaged signal the layer top and bottom altitude were derived
from the gradient of the averaged signal profile following Mattis et al. (2008). After the cloud boundary determination the
optical depth was calculated at 532 nm wavelength from the Raman-derived aerosol backscatter coefficient for layers observed
during nighttime (Ansmann et al., 1992). For each nighttime layer we also computed the average extinction at 532 nm. The
conversion from backscatter coefficient to extinction coefficient requires the assumption of a backscatter-to-extinction (lidar)
ratio. Although for Leipzig measurements of stratospheric aerosol usually a lidar ratio of 30 sr is used, which was derived from
measurements within the first 2 years after the eruption of the Pinatubo volcano (Mattis et al., 2008), here we used a lidar ratio
of 50 sr to make the average layer extinctions comparable to CALIOP. The choice of a higher lidar ratio is further supported by
Sawamura et al. (2012), who derived a lidar ratio of 48 sr from measurements of Nabro aerosol, and Prata et al. (2017), who
derived lidar ratios around 6015 sr in the first two weeks after the sutfur-sulphur rich eruptions of Kasatochi and Sarychev.
The error in the layer boundary heights and particle backscatter coefficients is approximately 300 m and 20 %, respectively,
due to the low signal-to-noise ratio and small signal gradient produced by the sulfate-sulphate layers of the Nabro volcano. The
Nabro aerosol was measured over Leipzig between 5 July 2011 and 10 February 2012 on 47 days (59 lidar profiles). These
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profiles were checked for other aerosol sources, such as Grimsvotn sulfate-sulphate aerosol (Tesche et al., 2011) and wild fires,

that were removed from the data for the altitude comparison.
2.3.2 Jiilich, Germany

A ground based cloud lidar was operated by the research center Jiilich located in the western part of Germany (50.92°N,
6.36°E, 91 m a.s.l.). The lidar system is a commercial lidar instrument (Leosphere, ALS 450) that operates at a wavelength
of 355 nm with a pulse energy of 16 mJ, a pulse duration of 4 ns, and a frequency of 20 Hz (Rolf et al., 2012). The parallel
and perpendicular petarized-polarised backscattered light is measured by two detectors to determine the depolarization—that
provides-information-on-the-sphericity-of theseattering-particlesdepolarisation. The receiver telescope has a diameter of 15cm
with a full-angle field-of-view of around 1.5 mrad. The covered altitude range is from 0.5 to 19 km with a vertical resolution of
around 30 m depending on atmospheric conditions.

The lidar is usually operated in-times—wherepetentiatty—at times where, potentially, cirrus clouds are present. Thus, the
operation is irregular in time and only complete cloud free sequences where selected for this study. The Nabro aerosol was
measured over Jiilich between 15 July and 12 December 2011 on 7 days (11 lidar profiles). The backscatter profiles used in this
study were vertically smoothed with a window length of 360 m to increase the signal to noise ratio above 12 km. Sawamura
et al. (2012) reported lidar ratios of 45 and 5541 sr at 355 nm for the Nabro aerosol. As in both cases the lidar ratio at 355 nm
was 7 sr larger than at 532 nm for the same sample, we used a lidar ratio of 55 sr. The aerosol layer top and bottom altitudes
were derived based on a comparison of the signal to the signal to noise ratio. Additionally, it was checked that the thermal

tropopause derived from ERA-interim reanalyses is below the Nabro aerosol layer.
2.3.3 Esrange, Sweden

The Department of Meteorology of the Stockholm University operates a lidar at Esrange (67.89°N, 21.10°E) near the Swedish
city of Kiruna (Blum and Fricke, 2005; Achtert et al., 2013). The Esrange lidar uses a pulsed Nd: YAG solid-state laser as light
source. A detection range gate of 1 us results in a vertical resolution of 150 m. The backscattered light at 532 nm is detected

in two orthogonal planes of

seatterer—are—of-non-spherical-shape—polarisation. The molecular fraction of the received signal was determined from the

vibrational Raman signal.

Measurements with the Esrange lidar were conducted on campaign base. The lidar was in operation between the-4 and the
25 January 2012, measuring on 6, 9, 13, 14, 19, 20, and 25 January. Within this study the parallel and perpendicular backscatter
ratios, the particle backscatter coefficient, and the linear particle depelarization-depolarisation ratio were used. The extinction
coefficients presented here have been obtained using the Esrange lidar’s rotational Raman channels (Achtert et al., 2013), that
do not require any lidar ratio. Measurements with these channels have also been used to derive the temperature profile from

which the tropopause height has been inferred.
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2.4 Twilight measurements

Spectral photometric measurements of the twilight sky brightness are performed in Tbilisi, Georgia (41.72° N, 44.78° E), on
a regular basis every clear day at solar zenith angle range 90° —96° (Mateshvili et al., 2005). From 2009 a CCD camera with
a grating spectrograph is used to record a time series of spectral images between 685 -—800nm. The images are averaged
over the wavelength interval 777.5 to 782.5 nm and the corresponding acquisition time moments are converted to solar zenith
angles. The thus obtained dependencies of the monochromatic brightness of the twilight sky on the solar zenith angles are
used to retrieve aerosol extinction vertical profiles. The aerosol extinction profiles at 780 nm and the corresponding errors were
retrieved in the UTLS (Mateshvili et al., 2013).

The post-Nabro aerosol profiles were acquired 11 times between 14 July and 03 August 2011 from the observational site
Thilisi. In this study we used the derived extinction profiles at 780 nm (12820.5cm™!) and the corresponding errors that
are given on a 1 km grid. The actual vertical resolution of the retrieved aerosol extinction profiles were estimated from the
half-widths of the maximums of the averaging kernels at the respective altitudes up to 1.5—2 km for the Nabro aerosol layer
(Mateshvili et al., 2013).

These twilight data is-are the only ground-based data set that has an overlap with the CALIOP measurements. As it relies on
an entirely different technique than the lidar measurements it further allows for checking the consistency between the various

aerosol layer top height definitions.

3 Radiative transfer simulations of aerosol and cloud layers
3.1 Simulation setup

The radiative transfer model used for the MIPAS simulations is the Jiilich Rapid Spectral Simulation Code (JURASSIC)
(Hoffmann et al., 2008). The fast radiative transfer and retrieval model was used to calculate spectrally averaged radiances
on MIPAS’ spectral grid based on pre-calculated emissivity look-up tables and the emissivity growth approximation (EGA)
(Weinreb and Neuendorffer, 1973; Gordley and Russell, 1981). JURASSIC was extended to account for single scattering on
aerosol and cloud particles where the optical properties were calculated using Mie theory (Griessbach et al., 2013).

For the simulation of IR limb emission spectra in the presence of clouds and aerosol we followed the setup described in
Griessbach et al. (2014) with some modifications. We placed three 1 km thick homogeneous sutfate-sulphate aerosol, ice cloud,
and volcanic ash layers at 9—10, 13 -14, 17— 18 km, and one 6 km thick sulfate-sulphate aerosol layer at 10— 16 km altitude for
the four representative atmospheric states of a polar winter, polar summer, mid-latitude, and equatorial atmosphere (Remedios
et al., 2007). Although MIPAS samples the UTLS at 1.5 km in the vertical, the pencil beam simulations were performed on a
0.5 km grid and interpolated to a 0.1 km grid after applying MIPAS’ trapezoidal field-of-view, in order to account for the fact
that real clouds are located at any vertical distance to the sampling altitudes. The simulations cover the tangent height range
between 8.5 and 20 km.
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For the particle shape we assumed spherical particles, which is realistic for the liquid sulfate-sulphate aerosol and an ap-
proximation for ice and volcanic ash. The IR refractive indices were taken from Hummel et al. (1988) for sulfate-sulphate
aerosol (75 % sutfurie-sulphuric acid solution), Warren and Brandt (2008) for ice, and Pollack et al. (1973) for basalt as a
representative for volcanic ash. Each particle type has its individual realistic particle size and extinction coefficient ranges as
reported by in-situ measurements (see Griessbach et al., 2014, for a discussion of the ranges). For sulfate-sulphate aerosol
we considered mode radii between 0.01 and 1.5 um of a lognormal size distribution with a width of 1.6 (which corresponds
to effective radii between 0.02 and 2.6 um) and selected the particle number concentration such that it resulted in extinction
coefficients between 1 x 107* and 1 x 10~2km~! in half an order of magnitude steps at 950 cm™!. For ice clouds the mode
radius range was 0.3 to 96 um and the extinction coefficient range 1 x 1073 to 1km™"', and for volcanic ash the mode radii

ranged from 0.1 to 5 um and the extinction coefficients included 1 x 1073 to 5 x 10~ km~!.
3.2 Results: MIPAS detection sensitivity and top height uncertainties

To detect aerosol and clouds with MIPAS we used the aerosol-cloud-index (ACI) and considered the cloud top as the first
tangent altitude where the ACI falls below 7 (Griessbach et al., 2016). In the following the term “cloud top height” refers to
the top altitude of ice cloud, ash, and sulfate-sulphate aerosol layers. A comparable sensitivity to the cloud index (CI) method
(Spang et al., 2005) using altitude and latitude dependent thresholds by Sembhi et al. (2012) was reported in Griessbach
et al. (2016) for this method. We found that the 1km thick aerosol layers are detectable down to an extinction coefficient of
5x 10~*km~!, which is in agreement with previous results by Griessbach et al. (2016). In addition, we found that the 6 km
thick aerosol layer is in some (but not all) cases detectable down to the extinction coefficient of 1 x 10~*km~"!. This is because
the vertically larger layer fills a larger volume of the field-of-view. FigureFor each detected aerosol/cloud top height Fig. 2a
shows that-the-the cloud-filled field-of-view volume thatis-filled-with-aerosel/cloud-atthe-detected-layer-top-heightis-integrated
along the line-of-sight as a function of aerosol/cloud extinction coefficient. Further, Fig. 2a indicates that the integrated cloudy
field-of-view volume at the detected cloud top does not depend on the particle type. This justifies our approach of combining
ice cloud, ash and sulfate-sulphate aerosol simulations for the eharaeterization—characterisation of the cloud top uncertainty.
The variability is rather a function of the tangent altitude.

The dependency of the detection sensitivity on the extinction coefficient and the integrated cloudy field-of-view volume
filed-with-aerosolfeloud-also has implications for the detected cloud top height. The fine grid simulation results show that the
cloud top height mainly depends on the extinction coefficient, some effect can be seen for the background atmosphere, and
nearly no effect can be seen for the different particle types (Fig. 2b, coloured symbols). Transferring the fine grid simulation
results to the coarser MIPAS vertical sampling, the resulting maximal-maximum altitude ranges around the “real” cloud top
height are given in Table 2. The potential uppermost detected top height on the MIPAS sampling grid is the same as on the fine
grid. The lowermost top height (Fig. 2b, grey symbols) results from the following consideration: If the cloud top is detected
at 18 km on the 100 m simulation grid and the MIPAS tangent heights are at 18.1 and 16.6 km (1.5 km vertical sampling), the
measured MIPAS cloud top height would be 16.6 km. While the top height of thick clouds can be overestimated by up to 1.6 km

due to the field-of-view, the cloud top of clouds with an extinction of 1 x 1073 km~! and smaller can be underestimated by up
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to 5.1 km (for the 6 km thick layer) due to the field-of-view and extinction effect (Table 2). Depending on the position of the
cloud relative to the tangent height the detected top height may fall anywhere in-between the ranges given in Table 2.

In practice, when anatyzing-analysing MIPAS measurements the extinction coefficient of any cloud or aerosol layer is un-
known unless an extinction retrieval is available. Hence, one cannot judge if the cloud top height is over- or underestimated.
The simulated ACI at the cloud top is always close to 7, however, analyzing-analysing the entire profile provides more informa-
tion. The cloud layers with an extinction of 1 x 107> km~! or smaller result in profiles with a pronounced local ACI minimum
(e.g. see the measured MIPAS profile in Fig. 5), whereas for thicker clouds the ACI profiles run into saturation with ACI values
around 2 (Fig. 2¢). From Fig. 2d, showing the relation between the minimum ACI of a profile and the height difference, we
deduce that for saturated ACI profiles the derived cloud top height overestimates the real cloud top height in most cases. For
profiles with a local ACI minimum the cloud top height can be over- or underestimated and the minimum ACI can be used as
a rough indicator for the likelihood of over- or underestimation (Fig. 2d). For minimum ACIs smaller than 3 there is a strong
tendency towards overestimation and the possible underestimation is less than —1.5 km. For minimum ACI values larger than
5.5 there is a strong tendency towards underestimation and the overestimation is less than 0.6 km. In general, the smaller the
minimum ACI the more likely is an overestimation and the larger the minimum ACI the more likely is an underestimation of

the cloud top height.

3.3 Error estimation

The idealised simulations above do not contain any instrument errors. To assess the potential impact of MIPAS instrument
errors on the cloud detection using the ACI, we compared the increase in radiance due to aerosol/clouds with the average noise
equivalent spectral radiance (NESR) of 2 x 10" * W m_? sr_! cm for the optimised resolution mode, the total scaling accuracy.
of 2.4 %, and the total offset accuracy of 9.5 x 10> W m_2 sr_! cm for band A (Kleinert et al., 2018). Although by absolute
value the NESR appears to be the largest error it is reduced by /n, because we averaged over n =17, 34, and 129 spectral points
in the three ACT windows respectively. The exemplary selected profiles for the three windows in Fig. 3 show that the increase
in radiance at cloud top altitude is well above both the NESR and the offset error, while the scaling accuracy results in a very.
tight envelope around the increase in radiance. From this consideration we deduced that using an ACI value above 7 ensures
that no instrument effects are accidentally interpreted as a cloud. Moreover, Fig. 3 shows that the particle size distribution
causes a significant spread of the increase in radiance (for ice clouds, sulphate aerosol, and ash with B, =1 x 1073 km ! the
spread at cloud top is 6.9 x 1073, 7.5 x 10~*

important source of variability.

and 1.1 x 1073 W m~2 sr! cm, respectively), and hence can be considered an
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4 Comparison of measured Nabro sulfate-sulphate aerosol cloud top heights
4.1 Nabro eruption

For the comparison with other measurements we focus on the eruption of the Eritrean Nabro volcano that started on 12 June
2011 around 20:32 UTC (Goitom et al., 2015). With an SO, emission of about 4.5 MT within fifteen days (Theys et al., 2013)
this eruption released the largest amount of SO, during the MIPAS measurement period between 2002 to 2012. This eruption is
known to have injected little to no ash particles (Theys et al., 2013). The injection reached the UTLS region (Sawamura et al.,
2012), where exaetaccurate knowledge of the altitude is crucial for scientific conclusions (Bourassa et al., 2012b; Vernier et al.,
2013; Fromm et al., 2014).

4.2 Method

The Nabro sulfate-sulphate aerosol in the UTLS was measured by inherently different measurement techniques that have
individual sensitivities with respect to the aerosol layer extinction coefficient, top height, and thickness. Hence, we compared
the various definitions of aerosol layer top height and the corresponding aerosol detection sensitivities of the instruments used
in this study individually. For the MIPAS measurements we used ACI<7, the ice, and ash cloud filter methods (Sect. 2.1) to
identify the cloud top height of the Nabro aerosol layers. From the simulation study we already derived that aerosol layers
with extinctions down to 1 x 10~#km™" are detectable and that the detection height and the corresponding uncertainty range
strongly depend on the layer extinction (Sect. 3.2).

To make the MIPAS measurements with its detection limit eompareable-comparable to the lidar and twilight measurements
we estimated the scaling factors between the wavelengths of the lidar, and twilight measurements and the wavelength the
MIPAS simulation results are valid for (10.5um) (Fig. 4). As the extinction coefficient of stlfate-sulphate aerosol has a strong
dependency on the wavelength (wavenumber) and particle size, we used five measured sulfate-sulphate aerosol size distributions
(PSD) after the Mt Pinatubo (Deshler et al., 1992b, a, 1993, 4 PSDs) and Nabro (Bourassa et al., 2012b, 1 PSD) eruptions
and calculated the corresponding extinction coefficient spectra from 0.2 to 16 um using Mie calculations and the refractive
indices of Hummel et al. (1988) for 75% sutfarie-sulphuric acid solution. Further, we fitted 3 representative mono-modal
log-normal PSDs to the minimum (¢ = 0.07 = rege = 0.12um), maximum (4 = 0.23 = rer = 0.4um), and middle extinction
(4 = 0.14 = refr = 0.24um) spectra assuming a distribution width of 1.6 (Fig. 4). The spectra are normalized-normalised to
948.5cm™! (dashed line) as this is the wavenumber used to set the extinction coefficients for our MIPAS simulations. The
scaling factors from 948.5cm™! (10.5 um) to the wavelengths used for the lidar, twilight measurements, and selected satellite
instruments introduced in Sect. 1 are given in Table 3 as a range (minimum to maximum) for the measured PSDs and fitted
PSDs individually.

The individual cloud top height definitions of the CALIOP and ground based measurements used for the comparison are

presented in the following Sections 4.3 —4.7 individually as well as the chosen match criteria and the results.

11
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4.3 CALIOP measurements

Most global comparisons between MIPAS and CALIOP were performed on a statistical basis using temporal and regional
mean cloud top height values, because ice clouds are highly variable in space and time. Especially in the tropics the match
times (about 3:30 h difference in local equator crossing time) and match distances between MIPAS and CALIPSO are rather
large in terms of cloud extent scales and formation time scales (e.g. Hurley et al., 2011; Sembhi et al., 2012; Spang et al., 2012,
2015). For PSCs, which persist on longer time scales and have a larger horizontal extent than convective clouds, Hopfner et al.
(2009) compared individual profiles of MIPAS and CALIOP measurements. Volcanic sulfate-sulphate aerosol we consider
also sufficiently temporally persistent to allow for a comparison of individual profiles (Kent et al., 1997), but still keep in
mind that very fresh plumes can be very toeatizedlocalised. We set the temporal match time for the comparison of MIPAS and
CALIOP aerosol detections to 6 h, as Hopfner et al. (2009). As a match radius we selected 500 km, which is the along track
distance between two MIPAS measurements. Given the fact that the longitudinal distance between two subsequent MIPAS
(and CALIOP) orbits increases from about 500 km at 80° N to 1800 km at 50° N, and to 2800 km at the equator the choice of
500 km allows for a sufficient number of matches for statistics between 50° N and the equator. The choice of a 500 km match
radius for an aerosol measurement comparison is further supported by the match criteria discussed by Antuiia et al. (2002) for
SAGE II ranging from £1 -5 degree in latitude (about 111 —555km) and 1 —-25 degree in longitude (about 111 —-2775km at
the equator and 72 — 1800 km at 50° N ) and their finding that for aged plumes the results did not depend on the match criteria.
As CALIOP has a much higher along track sampling rate than MIPAS (Fig. 7) we calculated the mean extinction profile of
all CALIOP profiles within the match radius. In total we found 1190 MIPAS aerosol profiles with a matching CALIOP profile
within the first 8 weeks after the Nabro eruption (12 June to 11 August 2011).

For comparing the cloud top heights the definition of the cloud top is crucial. While for MIPAS the aerosol detections are
defined by the ACI threshold and the cloud top height is the highest tangent altitude where the ACI falls below 7, which is
sensitive to extinctions down to 1 x 10~*km™! (at 10.5 um), for the CALIOP extinction profiles we first used a detection

sensitivity threshold and second used the extinction gradient to derive the cloud top height.
4.3.1 Results for extinction threshold method

CALIOPs nominal extinction threshold (at 532nm) is 5 x 1073 km~! at 18 km and 1 x 10~>km ! at 12 km altitude for night-
time measurements averaged over 80 km horizontally and 60 m vertically and assuming a lidar ratio of 50 sr—! (Winker et al.,
2009). For the aerosol product used in this study the CALIOP data were averaged over 111 km horizontally and 200 m verti-
cally. Hence, the detection limit should be even lower. Fig. 5 shows single CALIOP profiles and the corresponding averaged
profile for a match with MIPAS. A match may contain between 1 and 9 single CALIOP profiles depending on where the
CALIPSO track crosses the match radius. For averaging, only profiles were used where the maximum extinction exceeds
the detection sensitivity, i.e. clear air profiles were excluded from averaging. Around 15km a clear aerosol signal is visible,

whereas at altitudes above about 17 km and below about 14 km the signals get rather noisy. For the averaged profile the noisy
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signal is below 2x 1073 km~" and for the single profiles it is below 3x 1073 km~!. This is a further indication that the detection
limit of the dedicated CALIOP aerosol product is lower.

In order to find the CALIOP detection threshold that provides a comparable sensitivity towards sulfate-sulphate aerosol
to MIPAS, we first scaled the MIPAS detection limit of 1 x 10~*km~! to the CALIOP wavelength (532 nm) yielding about
2.5-4.5x1073km™~"' (at 18 km) depending on the particle size distribution (see Table 3). This is lower than the detection limit
for the standard CALIOP aerosol product of 5x 1073 km™! at 18 km (Winker et al., 2009). However, the detection limit of
the aerosol product used in this study was expected to be somewhat lower than the limit for the standard product due to more
averaging. To verify that the aerosol product used here has a lower detection limit, we counted the number of matches with
CALIOP when moving the altitude variable detection limit (Figure 5, dashed line) to lower and larger values. The results
are given in Fig. 6 with the extinction coefficient of the altitude variable detection limit at 18 km on the x-axis. In total there
are 1190 MIPAS aerosol profiles with a CALIOP match. For extinction thresholds between 1—7x10"%km™"! the number of
matches is constant at 1153. Tt decreases by 1 at 8x10~*km~!, by 10 at 2x 103 km~" and by 70 at 4x 10~ km (Fig. 6). From
this decrease we deduce that the detection sensitivities of MIPAS and the dedicated CALIOP aerosol product are comparable
for extinction thresholds ranging from about 2—4x10~3km™! (at 532 nm). In the following the results for the altitude variable
extinction threshold that is 3x 1073 km™! at 18 km are shown. That this choice is appropriate can be seen in Fig. 7 showing
the top heights of MIPAS and CALIOP Nabro aerosol measurements and giving an impression of the data coverage of both
measurements within 24 h.

The result of the comparison of the individual MIPAS and CALIOP aerosol profiles is shown in Fig. 8. MIPAS underes-
timated the cloud top height of the Nabro sutfate-sulphate aerosol by 1.08 km in median and 1.15km in mean. In 95 % of
all matches the cloud top height was underestimated and in 5 % it was overestimated. Individual differences reached up to
+1.1km and —5.9 km. In only three cases the overestimation was more than 1 km and in only two cases the underestimation
was more than 5 km. This result is in line with the altitude uncertainty range given by the simulation results in Sect. 3, where
the overestimation reached up to 1.6 km and the underestimation was up to 5.1 km. In 2.4 % of the matches the underestimation
was more than 3 km. The analyses of the correlations between extinction coefficient and altitude difference (Fig. 9a), extinction
coefficient and minimum ACI (Fig. 9b), and minimum ACI and altitude difference (Fig. 9c) show that the comparison results
mainly fall within the ranges predicted by the simulations (compare with Fig. 2b, d, and c respectively). Outliers we attributed
to potentially bad matches and in case of the smallest simulated extinction to the rather small set of simulated scenarios. The
correlations also show that the Nabro aerosol was thin and not optically thick to MIPAS with ACI values larger than 2.5
(Fig. 9¢) and extinctions between 3x 1073 —5x10"2km™! in the VIS range being equivalent to 1x10™*=1.7x 103 km™~! in
the IR (10.5 um).

The sensitivity of the analysis to our selected extinction threshold was tested by performing the same analysis with extinction
coefficient scaling factors of 20, 40, and 50. With a larger extinction threshold for CALIOP the number of matches decreased
and the average underestimation for MIPAS also decreased by about 200 m with each step, as the cloud top height is at a
lower point in the aerosol layer. However, for all threshold values the top height was underestimated in 87 —97 % of all cases

(Table 4).
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4.3.2 Results for the gradient method

A common method to derive aerosol and cloud layer top and bottom altitudes from ground based lidar data is the gradient
method (Mattis et al., 2008). Different from Mattis et al. (2008), we calculated the extinction gradient between two successive
data points in each CALIOP profile and assigned the gradient to the altitude in-between (Fig. 5 middle). The maximum of
the gradient was used as the indicator for the cloud top height. The advantage of this method is that it is independent of any
extinction threshold. The disadvantages, however, are that this method provides also results for noisy clear air profiles and that
it misses thinner layers above a thick aerosol layer, because it provides only the overall maximum. To filter out clear air profiles
we ran the analyses using extinction thresholds between 1x10~* and 5x 1073 km ™! as a pre-filter.

Compared to the CALIOP cloud top heights derived by using extinction coefficient thresholds the gradient methods provides
lower top heights in 60.4 % of all matches for a threshold of 2x 1072 km~! and 13.6 % for 5x 1072 km~! and higher top heights
in 1.5 % of all matches for a threshold of 2x 1073 km~! and 23.0 % for 5x 1073 km~!. The maximum agreement between both
methods we found for 5x 1073 km™! where 63.4 % of all cloud top heights agreed within 100 m. From visual inspection of the
profiles we found that the gradient method provides lower cloud top heights than the extinction threshold method, because it
misses thin aerosol layers above thicker layers and for smaller extinction thresholds the cloud top height moves up. For larger
extinction thresholds thinner layers are also filtered out and hence, both methods show a better agreement.

As the cloud top height derived by the gradient method does not depend strongly on the extinction threshold chosen as a
pre-filter, the median and mean differences between MIPAS and CALIOP cloud top height are relatively constant ranging from
—0.8 to —0.9 km for extinction coefficient thresholds below 6x 1073 km~! (Table 4). This result is comparable with the result
using an extinction coefficient threshold of 4x 1073 km™!, yet the underestimating fraction is 7 percentage points smaller for
the gradient method, although still high with 84 % (Table 4). Since we found that the gradient method, as we implemented it,
misses thinner aerosol layers above thick layers, we used the results from the extinction threshold method with a threshold of

3x1073 km™~! in the further course of this study.
4.4 Leipzig lidar measurements

For the comparison of the ground-based lidar measurements with the MIPAS profiles we used a match radius of 500 km, as
for CALIOP, but a larger match time of the lidar measurement period £24 h as in several studies comparing SAGE II and
ground based lidar aerosol measurements (e.g. Antuiia et al., 2002; Kulkarni and Ramachandran, 2015). In total we found
MIPAS aerosol measurements matching to 32 lidar profiles that were measured on 26 different days between 18 July 2011 and
02 February 2012 (e.g. Fig. 10a, b). For 16 nighttime lidar profiles extinction coefficients were available. We excluded one
match on 13 January 2012 from the comparison, because MIPAS observed PSCs at altitudes above 20 km within the match
radius. (Although PSCs over central Europe are rare they have been reported over Leipzig before (Jumelet et al., 2009) and
other measurements confirmed this finding, e.g. CALIOP browse images on 14 January 2012, ~12:45 UTC. +In several cases
there was more than one MIPAS profile within the match criteria. In these cases the top heights were analysed for each MIPAS

profile and the minimum, maximum, and mean top heights are given in Table 5 including the lidar aerosol layer top and bottom
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altitudes, and the nighttime extinction coefficient. All matches where an aerosol layer was visible in the MIPAS ACI profiles,
but the ACI did not reach the detection threshold, were excluded from the top height comparison (e.g. Fig. 10c, where the

profiles in clear air are noisy and then fall together in the aerosol layer region).

In the comparison of the top heights we—(Fig. 11a) we see a decrease with time and when moving from low (CALIOP
and twilight) to high latitudes (ground based lidars). Compared to the Leipzig lidar measurements we found that MIPAS

underestimates the aerosol layer top height in all matches (Fig. 11ab). The underestimation ranges from 0.9km to 7.2km
and is 3.4km in mean and 3.1 km in median. From the simulations we derived that these underestimations can be expected
for extinction coefficients smaller than 1x1073km~! at 10.5 um, which is smaller than about 3 x 10 2km~! at 532 nm. The
average layer extinction coefficients for the nighttime measurements range from 1.6x107> to 4.1x107>km~! assuming a
lidar ratio of 50, as for the CALIOP measurements (Fig. 11bc). These extinction coefficients are below or close to the lowest
aerosol detection limit that we derived from the simulations for MIPAS. Our simulations indicate that aerosol layers with low
extinctions are only detectable if they are thicker than 1 km and that a significant top height underestimation can be expected.
The accumulated vertical extent of the aerosol layers above 7 km, which is approximately the lowest MIPAS tangent altitude
within the match radius around Leipzig, ranges from 1.9 to 9.6 km (Fig. 11ed). The comparison of the aerosol layer top heights
between MIPAS and the Leipzig lidar is consistent with the findings from the simulations. Between July to November 2011
we observe a decrease in extinction coefficient, an increase in layer thickness, and consequently an increase in top height
difference.

The gradient method following Mattis et al. (2008) was used to derive the layer top height, because the Leipzig lidar has
a higher sensitivity towards aerosol than CALIOP and consequently the extinction threshold method would miss layers with
low extinctions. The sensitivity on the method used to derive the top height we investigated with the three selected nighttime
profiles in Fig. 10, since extinction coefficients were only available for the nighttime measurements. Using the extinction
coefficient threshold of 3x 1073 km™! the top heights became 0.7 km lower in the first case, 3.1 km lower in the second case,
and 6.0 km lower in the third case (Table 6). Consequently, this leads to smaller top height differences compared to MIPAS,
—0.4 to —0.7 km in the first case and —1.2 to —3.8 km in the second case. The third case would have been excluded from the
comparison, because the top layer is below the extinction threshold and the bottom layer top height is below the lowest MIPAS
tangent altitude of about 7 km around Leipzig. Using the extinction threshold method would bring the altitude difference, mean
extinction, and layer thickness closer to the bulk of the CALIOP measurements in Fig. 11.

The finding that the gradient method derives higher top heights for ground based lidar than the extinction threshold method is
in contrast to the finding for CALIOP, where the gradient method derived lower top heights. One contribution to this dierepaney
discrepancy is that for CALIOP we only considered the maximum gradient of the entire profile, which is only correct under the
assumption of a single layer, and hence, in some cases missed a thinner layer with a smaller gradient above, whereas for each
Leipzig lidar profile a more sophisticated and visual analysis was performed that provided multiple layer structures. Another
contribution to this discrepancy is the difference in the sensitivity of the ground-based and space-based lidar profiles. While
for the CALIOP profiles the average layer exinetion-extinction was always larger than 3x 1073 km™" to be clearly detectable,
the average layer exinetion-extinction of the Leipzig lidar profiles was mostly below 3x 1073 km~!.

15



480

485

490

495

500

505

510

In several cases there was more than one MIPAS profile within the match range (Fig. 10). Although the MIPAS cloud top
height often is not the first tangent altitude within the aerosol layer (Fig. 10) we observe that the profiles are noisy above the
aerosol layer, but get aligned with the first tangent altitude within the aerosol layer. Even if there is no MIPAS aerosol detection,

we observe a clear aerosol signal in the MIPAS ACI profiles that are aligned within the aerosol layer (Fig. 10c).
4.5 Jiilich lidar measurements

The Jiilich cloud lidar in Germany was operated on several days in July, August and December 2011. The match criteria were
the same as for the Leipzig lidar: a match radius of 500 km and a match time of start of the measurement — 24 h to end of the
measurement -+ 24 h. To achieve a good signal to noise ratio the lidar profiles were averaged over measurement periods of 3 to 4
hours. In total 10 lidar profiles were available and we found matches with MIPAS aerosol measurements for 7 lidar profiles that
were measured on 6 different days (e.g. two examples in Fig. 12). The lidar cloud top and bottom altitudes, average extinction
and the MIPAS minimum, maximum, and mean cloud top heights are given in Table 7 for each match. As already shown for
the aged aerosol measured over Leipzig (Fig. 10c), we observe that the MIPAS ACI profiles are directed below the aerosol top,
but the ACI threshold (7) is only crossed at altitudes close to the aerosol layer bottom altitude (Fig. 12b).

The comparison of the cloud top heights shows that the MIPAS top heights are always below the lidar top heights, by —0.9
to —5.4km, but always within the aerosol layer (Fig. 11a). Between August to December 2011 there is an increase in the top
height difference, which is in agreement with the results for the Leipzig station —(Fig. 11b). The average extinction coefficients
at 355 nm are given in Table 7. To make the extinctions comparable to the CALIOP and the Leipzig lidar measurements, we
derived a scaling factor of 0.46 from the data in Fig. 4 for the particle size distribution measured after the Nabro eruption to
scale the 355 nm extinction coefficient to 532 nm. Figure 11b-c shows that the scaled extinction coefficients between 2.4 x 1073
and 7.4x 1073 km~! are within the range of the CALIOP and Leipzig measurements. The aerosol layer thickness measured in
Jilich in August is significantly larger than in the CALIOP measurements (Fig. 11ed). This can be attributed to the fact that
the CALIOP aerosol data is only available south of 50 ° and down to 12 km. The profiles often terminate already around 15 km
due to ice clouds, whereas the Jiilich profiles cover the extra-tropical stratosphere and the troposphere down to the ground.

A sensitivity test using an extinction coefficient threshold to identify the aerosol layer top height did not work, because the

extinction profiles were very noisy in the stratosphere and often reach the threshold at the uppermost tangent altitude.
4.6 Esrange lidar measurements

The Esrange lidar in north Sweden was operated on 8 days between the 6th and the 25th of January 2012 in order to measure
PSCs. We applied the same match criteria as for the Leipzig and Jiilich lidars: a match radius of 500 km and a match time of
start of the measurement — 24 h to end of the measurement 4 24 h. PSCs have a strong impact on MIPAS measurements and
the signal of the aerosol layer is disturbed by the PSC signal (as seen in Fig. 13a). Hence, we excluded all matching MIPAS
profiles that were affected by PSCs. Finally we found 3 lidar profiles (13, 19, 23) with matching unperturbed MIPAS profiles
(e.g. Fig. 13).
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For the Esrange lidar only the parallel and perpendicular backscatter ratios were available. To determine the sulfate-sulphate
aerosol layer we considered all measurements where the parallel backscatter signal was larger than 1.003. In a second step we
filtered out PSCs above 17 km and ice clouds where the perpendicular backscatter signal is larger than the parallel backscatter
signal due to solid particles (e.g. Fig. 13a). We also applied the gradient method (Sect. 4.4)) to the parallel backscatter profiles.
In those cases where a clear variation in the gradient was present the cloud top heights of both methods agree. However, due
to the low particle concentrations in aerosol layers the gradient method did not provide results in all cases (Mattis et al., 2008).
For the three matches the lidar top and bottom altitudes, average extinction and the MIPAS minimum, maximum, and mean
top heights are given in Table 8.

In the first match on 13 January 2012 (Fig. 13a) the lidar profile also shows solid PSC particles in the stratosphere and 3
out of 7 MIPAS profiles within the match radius also detected these PSCs. However, 4 profiles were not affected by the PSCs.
For all matches, the aerosol layer top height detected by MIPAS is 1.5—-2.8 km below the top height derived from the lidar
measurement (lidar measurement altitude error 150 m). The aerosol layer thickness reaches from about 3 to 7.5 km, which
is within the wide range found by the Leipzig lidar (Fig. 11ed). Fig. 13b shows a match between PSC free lidar and MIPAS
profiles on 20 January 2012. Although the MIPAS ACI profiles do not cross the detection threshold the aerosol layer signal
is clearly visible (noisy profiles above the aerosol layer and aligned profiles with a local ACI minimum within the layer). For
two days it was possible to derive an average extinction coefficient from the 532 nm lidar data that is shown in Fig. 11bc as a

representative for the Esrange data.
4.7 Thilisi twilight measurements

The match criteria for the comparison of the twilight profiles with MIPAS profiles were the same as for the lidar measurements:
500 km match radius and a match time of 18 UTC£24 h (an approximate time of evening twilights in summer). All MIPAS
profiles within the match range were compared individually to the twilight profiles. In addition, we applied the same match
criteria to CALIOP measurements and added the averaged lidar profile to the comparison (Fig. 14a,c). For the 11 twilight
profiles measured between 14 July and 03 August 2011 we found matches with MIPAS aerosol measurements for 10 profiles
and for CALIOP aerosol measurements we found matches for 8 profiles (Table 9).

For each twilight profile the top and bottom altitudes of the Nabro aerosol layer was estimated at extinction maximum half
width. The top and bottom altitude uncertainty ranges are given by the intersection of the extinction at maximum half width
with the £ extinction error profiles (Fig. 14b). While for all twilight profiles aerosol layer top and bottom heights could be
derived, the full set of uncertainty ranges could be derived only for four profiles. The twilight top and bottom heights, the
corresponding uncertainty ranges, the average layer extinction coefficient, the CALIOP top and bottom heights, the average
CALIORP layer extinction coefficient, and the MIPAS cloud top heights are given in Table 9.

The differences between the twilight and MIPAS cloud top heights range from —5.2 to +-0.3 km (Fig. 11ab, and Table 9). In
all cases but one the MIPAS cloud top height is below the twilight cloud top height. Although for this particular measurement
no error estimate is available for the twilight measurement, assuming an error of +1.2 km from the other profiles the MIPAS

and twilight top heights agree within the error range. Compared to CALIOP, the MIPAS top heights are always lower or
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equal. Comparing the twilight to the CALIOP top heights, the twilight top heights are in the range of +3.4 and —1.1km
around the CALIOP top heights. In two cases this is above the twilight uncertainty. Although the twilight measurements have
a significantly coarser vertical resolution than the lidar measurements, the cloud top height differences to MIPAS are in the
same range as for the lidar measurements (Fig. 11ab). Also, the layer thickness derived from the twilight measurements is
comparable to the layer thickness derived from the lidars (Fig. 11ed). To compare the average layer extinction coefficient we
scaled the twilight 780 nm extinction to the 532 nm lidar extinction using a scaling factor of 2.38 derived from Fig. 4 for the
particle size distribution measured after the Nabro eruption. Except for 22 July 2011, where the signal was very weak and the
extinction coefficient was very low (out of plot range), the average twilight extinction agrees well with the lidar extinctions

(Fig. 11bc).

5 Discussion
5.1 Detection sensitivity

While Griessbach et al. (2016) showed that MIPAS measurements are sensitive to 1km thick sulfate-sulphate aerosol lay-
ers with extinction coefficients down to 5x10~*km™! the simulations in Sect. 3 showed that for 6km thick layers the de-
tection sensitivity reaches down to 1x10~*km~!. In the comparison with lidar and twilight measurements of the Nabro
stHate-sulphate aerosol, MIPAS measurements were sensitive towards extinction coefficients of about 2x 103 km~! at 532 nm
(Sect. 4, Fig. 11¢), which corresponds to about 6x 1075 km~! at 10.5 um (see Fig. 4). These extinctions are slightly higher
than the lower aerosol and cloud detection limit of about 2x 107> km™" (1x 107> km~! at 12 um scaled to 10.5 um) found by
Sembhi et al. (2012) for MIPAS.

Since the extinction coefficients for sutate-sulphate aerosol significantly differ between wavelengths in the VIS and IR
range and the detection sensitivities of the instruments introduced in Sect. 1 are given at their native wavelengths (Table 1),
we used the scaling factors for background aerosol and volcanically enhanced sulphate aerosol with particle sizes larger than
0.1 ym from Fig. 4 and Table 3 to compare the sensitivity range of MIPAS measurements towards sulfate-sulphate aerosol
with established instruments for aerosol detection. The sensitivity ranges given in Table 1, reaching from the lowest detectable
extinction to the largest detectable extinction coefficient before becoming optically thick, were scaled to 10.5 um (950 cm™!)
and are shown in Fig. 15. In brief, the solar occultation and scattering techniques provide the highest sensitivity towards sulfate
sulphate aerosol, but become optically thick at extinctions that are already reached by moderate volcanic eruptions (Fromm
et al., 2014). The sensitivities of infrared limb emission measurements and active lidar are comparable and fill the gap in

detection sensitivity between solar occultation/scattering and infrared nadir measurements.
5.2 Top height

The simulation results showed that for MIPAS the measured cloud top heights strongly depend on the layer extinction coeffi-

cient. For extinction coefficients of 1x 1073 km~! (at 10.5 um) and smaller there is a strong tendency towards underestimation
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of the cloud top height, whereas for larger extinctions there is a strong tendency towards overestimation (Fig. 2). The extinc-
tion coefficients of the Nabro aerosol used for the comparison in this study range from 1.6x1073 to 4x10~2km~! at 532 nm
(Fig. 11bc), which corresponds to about 5.3 x 1073 and 1.3x1073km™" at 10.5 um. For this range of extinction coefficients
the simulations (Sect. 3) predict a possible overestimation of up to about 1km and possible underestimations of up to 5.1 km
(Fig. 2). The cloud top height differences deduced from the comparison of MIPAS to the lidar and twilight measurements
between June and October 2011 (Fig. 11ab) are in agreement with the results from the simulations, with an average underes-
timation of about 1 km by MIPAS, an overestimation in about 5 % of the cases of mostly below 1 km, and an underestimation
of less than 5 km in most cases. From October 2011 on the altitude differences start to exceed —5 km. In most of these cases
the extinction coefficient is smaller than the lowest simulated extinction coefficient in Fig. 2, but the measured layer thickness
is larger than 6 km, which was the thickest layer assumed in the simulations. Hence, the comparisons of MIPAS measurements
with lidar measurements indicate that the simulation results may be extrapolated towards thicker aerosol layers and smaller
extinctions and consequently will lead to even larger top height underestimations. However, although the aerosol layers de-
tected in the observations and discussed here can be considered sufficiently extended and homogeneous, we cannot rule out
that some of the larger underestimations can also be attributed to broken cloud conditions. Considering the negative offset of
about 0.3 to 0.5 km in average of the MIPAS engineering tangent heights (Kleinert et al., 2018) there would be still an average
underestimation of 0.7 to 0.5 km. Further, the majority of the compared profiles would still fall within the ranges predicted by
the simulations.

Previous comparisons of MIPAS cloud top heights led to eentradicory-contradictory results. For cirrus clouds and aerosol
Sembhi et al. (2012) found an overestimation of the cloud top height of up to 1km in comparison to HIRDLS and CALIOP
and Spang et al. (2012) found an overestimation of occasionally more than 2 km for MIPAS in comparison to the GLAS lidar.
Spang et al. (2012) also found an underestimation of up to 2.5 km for sub-visible cirrus (SVC) cloud top heights in comparison
to SAGE II top heights. Further, Hopfner et al. (2009) reported an underestimation of up to 2.5 km in comparison to CALIOP
for PSC top heights. These seemingly contradictory results can be reconciled when considering the characteristic extinction
coefficients of the compared cloud data sets.

To make our results for the ACI detection method comparable to previous studies that used the CI for cloud detection,
we performed the entire analysis also for the CI using slightly modified altitude and latitude variable thresholds fellewing
Sembhi-et-al(2042)(Griessbach-et-al5-2648)(Griessbach et al., 2018) following Sembhi et al. (2012). The CI shows a slightly
higher sensitivity towards ice and a slightly lower sensitivity towards aerosol, but most importantly here, it systematically
estimates the cloud top height 0.1 km higher than the ACI.

PSCs are optically relatively thin with 532 nm extinctions between about 1x 10~ and 2x10~2km~! (Pitts et al., 2018),
so that only CALIPSO nighttime measurements are used to analyze-analyse PSCs (Pitts et al., 2009). Hopfner et al. (2009)
discussed several effects, e.g. horizontal shifts of the PSC relative to the tangent point, the horizontal cloud extent, and diffuse
boundaries as possible causes for the underestimation. Yet none of these reasons could explain the variations with altitude
(Hopfner et al., 2009). They speculated that rather patchier PSC structures at higher altitudes are causing the higher underesti-

mations than an altitude dependent sensitivity towards PSCs. However, based on our results a low PSC extinction coefficient
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alone can be sufficient to explain underestimations of the cloud top height of up to 2.5km in the UTLS and even more at
altitudes above about 21 km, where the MIPAS vertical sampling is increased to 3 km.

For the comparison of tropospheric clouds between 50° N and 50° S and 12 to 20 km altitude Sembhi et al. (2012) calculated
3 monthly averages for 5° latitude and 10° longitude grid boxes using the altitude and latitude dependent CI thresholds that
are also sensitive to PSCs and aerosol. However, to exclude volcanic aerosol Sembhi et al. (2012) selected two 3 monthly
intervals relatively free of volcanic aerosol, JJA 2007 and DJF 2007/2008. This means that this data set mainly contains
optically thick clouds in mid-IR and a smaller fraction of optically thin clouds around the tropopause. From our simulations
cloud top height differences between —0.2 and 1.6 km can be expected for optically thick clouds with extinction coefficients
larger than 5x10~2 km~!. This is in agreement with the differences to CALIOP and HIRDLS found by Sembhi et al. (2012).
The differences in the 3 monthly averaged grid boxes reached up to 1 km compared to CALIOP and on average the cloud top
heights were 0.75 km higher for MIPAS than for CALIOP and HIRDLS.

In another comparison of tropospheric clouds between 50° N and 50° S Spang et al. (2012) investigated matches between
MIPAS and GLAS lidar profiles between September and November 2003, when the MIPAS vertical sampling was 3 km. The
results, given as mean differences in 3 km altitude bins, show that MIPAS systematically overestimated the cloud top height
by mostly less than 2km (Spang et al., 2012, Fig. 18). Based on our results, we expected an overestimation for tropospheric
clouds of up to 1.6 km. In the same study also PSCs were included at latitudes poleward of 50°. For PSCs overestimations of
the cloud top height of more than 5 km were found compared to GLAS. Such a high overestimation is in clear contradiction
to the tendency towards underestimation found by Hopfner et al. (2009) for PSCs with respect to CALIOP and also cannot
be explained by field-of-view effects. Spang et al. (2012) suggested a smaller sensitivity of GLAS measurements towards
optically thin PSCs and inhomogeneities in the PSC fields as causes for the larger differences. Using less sensitive cloud
detection methods for MIPAS the overestimation compared to GLAS was reduced (Spang et al., 2012). Hence, we consider
GLAS measurements not sufficiently sensitive toward optically thin clouds to be useful for a comparison with MIPAS cloud
measurements.

For the particular case of sub-visible cirrus Spang et al. (2012) compared different cloud detection algorithms for MIPAS to
SAGE II sub-visible cirrus detections. The comparison of zonal 3-monthly means measured in 2003 showed that outside the
polar vortex most methods systematically underestimated the cloud top height by up to 2.5 km compared to SAGE II (Spang
et al., 2012, Fig. 12). Inside the polar vortex the MIPAS data include PSCs, whereas the SAGE II sub-visible cirrus data set does
not. Only the MIPAS cloud top height based on altitude and latitude variable thresholds by Sembhi et al. (2012) overestimated
the SAGE II cloud top heights in many cases. This overestimation, however, was attributed to an underestimation of the cloud
occurrence at lower altitudes that lead to a higher average cloud top height for this method (Spang et al., 2012). Both, the
over-, and the underestimations were considered to be within the range of the vertical sampling that was 3 km in 2003. Yet,
considering the extinction coefficients that are between 3x10~* and 3x10~2km~! for SAGE II sub-visible cirrus, we argue
that a systematic underestimation of cloud top height by MIPAS can also be caused by the rather small extinction coefficients
of sub-visible cirrus. In contrast to sutfate-sulphate aerosol the SAGE II 1020 nm extinction coefficients for ice can be scaled to

the mid-IR using a scaling factor of approximately 1. As Fig. 2 shows, top height underestimations of up to 2.4 km are possible
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for a vertical sampling of 1.5 km, which increases to about 3.9 km at 3 km vertical sampling while only overestimations of up
to 1.6 km are possible. Spang et al. (2012) compared the cloud top heights of individual profiles and presented the results in
3 km altitude bins. They found an overestimation of up to 1 km in the topmost altitude bin, and underestimations of up to 1, 3,
and 5 km in the following altitude bins below. Based on our simulations all these values are well within the range that can be

expected for the extinction coefficients of sub-visible cirrus.

6 Conclusions

In this study we eharaeterized-characterised the aerosol and cloud top height information from Envisat MIPAS measurements.
In the first step radiative transfer simulations that account for scattering on ice, volcanic ash, and sulfate-sulphate aerosol
particles were performed and evaluated. In the simulated scenarios MIPAS measurements were shown to be sensitive to sulfate
sulphate aerosol down to an extinction coefficient of 1x 10~*km~"! at 10.5 um. The sensitivity was positively correlated with
the vertical thickness of the cloud layer. A larger vertical extent of the cloud leads to a smaller lower detection threshold due
to a larger fraction covered with cloud within MIPAS’ vertical field-of-view. The dependency of the detection sensitivity on
the extinction coefficient and cloud covered field-of-view fraction affected the derived cloud top height. For optically thick
clouds (B, > 5 x 1073 km_l) , such as cirrus clouds that lead to a constant ACI profile at all altitudes below the cloud, the
cloud top height can be overestimated by up to 1.6 km due to MIPAS’ broad field-of-view. In contrast, optically thin clouds
(Be < 1x 1073 km™1), such as sulfate-sulphate aerosol, PSCs, and sub-visible cirrus that cause a pronounced minimum in the
ACI profile with minimum values of about 5.5 or larger, the cloud top height can be underestimated by up to 5.1 km, which
is a combination of the field-of-view effect and the low extinction. For minimum ACI values between 3 and 5.5 ever—and
underestimation-both over- and underestimation of the aerosol/cloud top height are possible. Further, MIPAS’ coarse vertical
sampling of 1.5 km contributes to the large derived top height uncertainty ranges.

In the second step MIPAS measurements of volcanic sutfate-sulphate aerosol from the Nabro eruption were compared with
lidar and twilight measurements. MIPAS detected the Nabro aerosol between the eruption in June 2011 until the end of its
lifetime in April 2012. Nabro aerosol measurements were available from June to August from CALIOP single profiles, in July
and August 2011 from twilight measurements, and between July 2011 to February 2012 from ground based lidar measurements.
The lidar and twilight data show that while the average Nabro aerosol extinction coefficient (¢-at 532nm) in June and July
was larger than 3 x 1073 km™! and the layer thickness was mostly below 4 km, the average extinction coefficient decreased
with time and the layer thickness increased to 9.5 km (Fig, 11).

Making the inherently different measurements of the aerosol layer top height comparable required an assessment of the
sensitivities of the various top height estimation methods. Therefore Mie scattering simulations for measured volcanic sulfate
sulphate aerosol particle size distributions were used to scale the MIPAS IR detection threshold (B, snsesn = 1 X 10~* km™!) to
the lidar and twilight wavelengths. For sulfate-sulphate aerosol the extinction coefficient in the visible is more than one order of
magnitude (a factor of about 30) larger than in the mid-IR at 10.5 um. Hence, an altitude variable extinction threshold (Winker

et al., 2009) that has an extinction coefficient of 3 x 1073 km~! at 18 km was used as a threshold for the cloud top height
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derived from CALIOP. This threshold was confirmed by a sensitivity test analyzing-analysing the number of matches between
CALIOP and MIPAS aerosol detections for varying thresholds. For up to 2 months of Nabro aerosol measured by CALIOP,
the commonly used gradient method (Mattis et al., 2008) for aerosol layer top estimation from lidar measurements resulted in
55.1 % in the same (40.2 km) top height as the extinction coefficient threshold of 3 x 10~ km™!, while in 7.7 % the top height
was higher and in 37.2 % it was lower. In contrast, for the aged volcanic aerosol plume measured by the ground based lidars
the average plume extinction was below 3 x 1073 km~! and here the gradient method led to significantly higher top heights or
even allowed for the detection of thinner layers that would have been missed using the extinction threshold.

As the extinction coefficient of the Nabro plume was low in general, MIPAS underestimated the aerosol layer top height.
Compared to the CALIOP measurements that due to its lower sensitivity limit detected the plume mostly in the first two
months after the eruption, the MIPAS measurements underestimated the aerosol layer top height in 84 —95 % of all matches by
0.9 km in-on average. For the ground based lidar measurements of the aged and dispersed plume with extinction coefficients
below 3 x 1073 km~! (@-at 532 nm, which corresponds to 1 x 10~% km~! at 10.5um), the MIPAS measurements always
underestimated the aerosol layer top height by at least 0.9 and up to 7.2 km. Compared to the twilight measurements that have
an overlap with the CALIOP measurements the MIPAS measurements underestmated-underestimated the cloud top height by
up to 5.2km in all but one case, where an overestimation of 0.3 km was found. The results of this comparison are consistent
with each other and in good agreement with the simulations predicting the underestimation of the cloud top height for low
extinctions. Moreover, the comparison indicates that MIPAS can be sensitive to even lower extinctions (< 1 x 107 km~! at
10.5pm) if the vertical thickness of the cloud layer is larger than the 6 km considered in the simulations, here.

Our results show that in addition to the known causes for cloud top height uncertainties in IR limb emission measurements,
namely the overestimation due to a large field-of-view and the underestimation due to broken cloud conditions, also the ex-
tinction coefficient of the aerosol/cloud layer has an impact on the derived cloud top height. Previous studies showing MIPAS
over- and/or underestimating cloud top heights were found to be not eontradictorilycontradictory, but rather complementary to
each other as they investigated different cloud types covering a large range of characteristic extinction coefficients. The over-
and underestimations of cloud top height in the-previous studies can be explained by the effect of the cloud extinction coeffi-
cient and the vertical field-of-view. Since for MIPAS measurements reliable algorithms are available to discriminate between
ice clouds and aerosol and to filter out optically thick profilesare-avaitable-, the altitude uncertainty ranges can be narrowed
down for each group. Although MIPAS’ vertical sampling is relatively coarse and the altitude uncertainty is large compared to
e.g. CALIPSO and SAGE II, MIPAS’ vertically resolved aerosol and cloud measurements provide additional information by
covering the entire Earth from pole to pole at day- and nighttime and even fill gaps in the sensitivity towards aerosol and cloud

particles covering a wide range of extinctions.

Code and data availability. JURASSIC is freely available under https://jugit.fz-juelich.de/slcs/jurassic-scatter. Refractive indices used for
the simulations are available from the HITRAN compilation at http://hitran.org. The MIPAS level 1b IPF version 7.11 data can be accessed
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Table 1. Overview of relevant instrument characteristics for global aerosol measurements. The minimum detection sensitivity is given for
the listed wavelength. The maximum sensitivity indicates the point when the measurements run into saturation, i.e. the top of thicker clouds

is always detectable. In the comments column also the references are given.

instrument  channel sensitivity range vertical coverage profiles comments & references
sampling per day
CALIOP 532 nm min: 0.2km 82°N-82°S ~ 3500 nighttime backscatter ratio for 80 km
3x1073- averaged profiles at 15km is about
1.1 x 1072 km™! 1.5x10"*km=%"" sr~!; lidar ratio
range 20-70sr~! (Winker et al.,
2009); lidar ratio for sutate-sulphate
rich volcanic aerosol is 60—70sr™!
(Prata et al., 2017)
min: 82°N -82°S ~3500 daytime backscatter ratio at 15 km is
5% 1073 - about 2.5 x 1073 km~!sr!; lidar ra-
1.8 x 10~ 2km™! tio range 20—70sr~! (Winker et al.,
2009)
min: 50°N -82°S ~2800 nighttime dedicated aerosol product;
1x103km™! 82°N-50°S 1° averaged profiles (Vernier et al.,
2009); lidar ratio 50
GOMOS 550 nm min: 0.2- 87.5°N-80°S 110 nighttime extinction (Vanhellemont
Ix1074- 1.7km et al.,, 2010; Sofieva et al., 2013;
1x1073km™! Robert et al., 2016; Vanhellemont
max: et al., 2016); sensitivity depends on
2% 107 2km™! altitude (numbers derived from Fig.
2 in Vanhellemont et al. (2016)); the
target of the aerosol retrieval is 4 km
vertical resolution (Bertaux et al.,
2010; Kyrola et al., 2010); lowest
tangent altitude 8—18km high lati-
tudes and tropics respectively (Tam-
minen et al., 2010)
IR nadir 11 um min: - 90°N-90°S - day- and nighttime AOD needs to
909cm~Y)  0.01km™! exceed 0.01 to make aerosol de-

tectable with tri-spectral approach

(Ackerman, 1997)
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Table 1. Continued.

instrument  channel sensitivity range vertical coverage profiles comments & references
sampling per day
MIPAS 12 um min: 1.5km 89.3°N-87.5°S up to day- and nighttime profiles (Fischer
®33ecm™")  1x107km™! daily 1344 et al., 2008; Hopfner et al., 2009);

lower detection limit only, derived
from clear air simulations (including
“background” aerosol) given in Sem-

bhi et al. (2012)

10.5 um min: simulated  extinction  coefficient
(950 cmfl) 1x10*km™! range for sulfate—sulphate aerosol
max: covered 1 x 1074 -1 x 1072 kmfl;
1x 10~ km™! ice cloud and volcanic ash get op-

tically thick for 1 x 10~ km~! and
higher (Griessbach et al., 2016)

OSIRIS 750 nm min: 2km 82°N-82°S 100-400 daytime extinction profiles (Rieger
4%x10%km~"- 40°N/30°S et al., 2015); lower limit given
4% 1073 km™! during as absolute noise for 30km
max: polar night 4 x 10°m~!) and 10km
2% 103 km™! (4 x 1079km™!) (Rieger et al.,

2014), upper limit given in Sofieva
et al. (2013) and Fromm et al. (2014)

SAGE-II 1020 nm min: 1km 80°N-80°S 30 twilight extinction profiles (Wang
5% 107 %km™! within a month et al., 1995; Thomason et al., 1997,
max: Antuiia et al., 2002; Thomason et al.,
2% 10 2km™! 2008) with highest sensitivity down

to Skm; measurements at other
wavelength 525, 386, 452nm have
lower sensitivity and reach down to 5,
16 and 12km respectively (Thoma-
son and Vernier, 2013)
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Table 2. Range of cloud top height uncertainty as a function of the extinction coefficient derived from the simulations. The cloud top is the
altitude where ACI< 7. The results are given on the 0.1 km fine grid of the simulations and transferred to the 1.5 km vertical sampling of

MIPAS. Please, see text for details.

extinction coefficient top height uncertainty on
inkm™! fine gridinkm  MIPAS grid in km
1x10~* —37--10 —5.1--1.0
5% 107 —09-08 -2.3-0.8
1x1073 —1.0- 1.1 —24-1.1
5% 1073 0.7 - 1.4 —03-1.4
1x1072 1.0-15 —0.5-1.5
5x1072 12-16 —0.2-1.6
1x10°! 1.0-15 —0.5-1.5
5%x10°! 12-1.6 —0.2-1.6
1 13-16 —0.1-1.6
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Table 3. Scaling factors for the extinction coefficient of sutfate-sulphate aerosol from 948.5 cm~! (10.5 um, MIPAS) to the wavelengths used

by selected satellite instruments, the ground-based lidar and twilight measurements, and for the MIPAS CI.

wavelength scaling factor ~ scaling factor  instrument
measured PSDs fitted PSDs
355nm 31.3-594 31.5-69.5 Jiilich lidar
532nm 24.7-37.9 30.4-45.0 CALIOP, Leipzig, ESRANGE lidar
550 nm 223-434 24.5-36.5 GOMOS
750 nm 13.2-283 12.7-30.8 OSIRIS
780 nm 14.9-32.0 15.6-31.2 Thilisi twilight measurements
1020 nm 5.3-18.1 55-21.7 SAGE I
12 um 0.56-0.59 0.56 MIPAS 833 cm™~! CI window

and IR nadir wavelengths
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Table 4. Difference between MIPAS and CALIOP cloud top height of the Nabro sulfate-sulphate aerosol for the extinction coefficient
threshold method and the gradient method for a possible set of scaling factors determining the altitude variable extinction detection threshold,

where the threshold value is given at 18 km.

CALIOP MIPAS—CALIOP: extinction coefficient method MIPAS—CALIOP: gradient method
scaling  threshold #of median A mean A underestimating median A  mean A  underestimating
factor inkm~!  matches in km in km fraction in km in km fraction
20 2x1073 1143 —-14 -15 97 % —-0.9 -0.9 84 %
30 3%1073 1121 —1.1 -1.2 95 % —0.8 -0.9 84 %
40 4x1073 1083 -0.9 -0.9 91 % —-0.8 -0.9 84 %
50 5%1073 995 —0.7 —-0.8 87 % —-0.8 —0.8 85 %
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Table 5. Nabro sulfate-sulphate aerosol measured by the Leipzig lidar and MIPAS. For the lidar data aerosol layer top, bottom, and mean
extinction (for nighttimne-nighttime profiles) are given. For MIPAS, the number of matching profiles, the mean cloud top height, and the

corresponding minimum and maximum top heights are given.

Profile Date | Lidar MIPAS top height
top (km) bottom (km)  extinction (km™ 1y | # profiles mean (km) min (km) max (km)
1| 18.07.2011 11.0 9.1 42x1073 1 9.1 9.1 9.1
2 | 1.08.2011 16.3 13.6 2.1x1073 1 12.2 122 12.2
3| 3.08.2011 16.3 13.6 - 2 14.6 13.8 15.4
4| 3.08.2011 16.5 143 - 2 14.6 13.8 15.4
5 | 18.08.2011 18.0 15.5 3.6x1073 1 153 15.3 15.3
6 | 22.08.2011 18.0 14.7 3.7x1073 2 16.8 16.6 16.9
6 10.0 7.1 2.6x1073
7 | 29.08.2011 16.5 11.9 - 3 13.8 122 152
8 | 30.08.2011 16.6 11.0 - 3 13.8 122 152
9 | 1.09.2011 16.2 12.1 3.4x1073 3 14.3 13.6 152
9 9.6 8.5 1.9%x1073
9 7.1 39 2.0x1073
10 | 5.09.2011 17.5 12.1 - 5 14.7 13.5 15.4
11| 12.09.2011 18.3 14.0 2.1x1073 1 15.1 15.1 15.1
12 | 12.09.2011 18.1 14.3 - 1 15.1 15.1 15.1
13 | 14.09.2011 17.6 12.9 - 1 15.0 15.0 15.0
14 | 15.09.2011 17.0 142 2.0x1073 1 13.8 13.8 13.8
14 13.8 12.1 2.5x1073
15 | 15.09.2011 16.9 14.4 - 1 13.8 13.8 13.8
17 | 19.09.2011 183 115 - 4 14.4 13.5 15.2
18 | 26.09.2011 17.8 12.4 - 2 15.3 152 15.4
19 | 26.09.2011 18.1 12.8 - 2 15.3 152 15.4
20 | 29.09.2011 18.4 153 2.0x1073 1 153 153 153
20 14.9 13.6 1.7x1073
20 13.4 12.6 1.6x1073
21 | 30.09.2011 18.1 134 - 1 153 153 153
21 13.4 12.6 -
22 | 1.10.2011 18.7 13.1 22x1073 1 15.3 153 15.3
23 | 23.10.2011 18.1 13.1 - 4 13.1 11.4 14.0
23 13.0 1.7 -
23 1.7 10.3 -
24 | 24.10.2011 18.2 15.0 1.9x1073 7 13.1 11.4 14.0
24 14.7 10.1 3.0x1073
25 | 1.11.2011 17.3 14.0 2.0x1073 1 13.6 13.6 13.6
25 13.9 9.9 2.0x1073
26 | 14.11.2011 17.8 123 29x1073 1 14.1 14.1 14.1
26 12.0 10.3 2.9%1073
26 10.0 8.3 2.6x1073
27 | 14.11.2011 17.6 113 - 1 14.1 14.1 14.1
27 10.9 9.5 -
28 | 5122011 16.2 12.3 2.5x1073 3 10.1 9.0 10.7
28 11.8 8.2 4.1x1073
28 7.1 6.0 3.6x1073
29 | 10.12.2011 17.2 13.8 - 1 10.5 10.5 10.5
29 12.3 8.4 -
30 | 12.12.2011 16.3 12.4 24x1073 4 12.2 10.5 14.0
31 | 15.12.2011 16.0 8.0 - 4 10.5 9.4 10.9
33 | 2.02.2012 13.1 8.4 - 3 8.9 7.9 9.7
33 8.3 72 -
33 5.5 4.4 -
34 | 2022012 11.8 8.5 3.2x1073 3 8.9 7.9 9.7
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Table 6. Cloud top heights of the Nabro sutfate-sulphate aerosol measured by the Leipzig lidar using the gradient method and the extinction
threshold method.

top height definition  gradient method  extinction threshold 3x 103 km™!

date

22.08.2011 18.0km 17.3km
24.10.2011 18.2km 15.1km
10.02.2011 12.9km 6.9km
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Table 7. Nabro sulate-sulphate aerosol measured by the Jiilich lidar and MIPAS. For the lidar data aerosol layer top, bottom, and mean
extinction at 355 nm are given. For MIPAS, the number of matching profiles, the mean cloud top height, and the corresponding minimum

and maximum top heights are given.

Profile Date | Lidar MIPAS top height
top (km) bottom (km) extinction (km~') | #profiles mean (km) min(km) max (km)

1 | 01.08.2011 16.9 10.1 5.2x1073 2 14.7 13.8 15.6
2 | 17.08.2011 17.1 11.6 1.3%x1072 4 14.9 13.6 15.5
3 | 17.08.2011 17.9 11.3 1.6x1072 1 153

4 | 18.08.2011 17.3 11.0 9.5%1073 4 13.9 12.4 15.3
5 | 23.08.2011 18.0 10.7 1.1x1072 2 16.9 16.8 17.1
6 | 24.08.2011 18.2 11.4 5.9%1073 2 16.9 16.8 17.1
7 | 12.12.2011 16.3 9.5 9.4x1073 2 11.5 10.9 12.1
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Table 8. Nabro sutfate-sulphate aerosol measured by the Esrange lidar and MIPAS. For the lidar data aerosol layer top, and bottom are given.

For MIPAS, the number of matching profiles, the mean cloud top height, and the corresponding minimum and maximum top heights are

given.
Profile Date | Lidar MIPAS top height
top (km) bottom (km) extinction (km™1) | # profiles mean (km) min(km) max (km)
1 | 13.01.2012 14.06 10.16 6.1x1073 4 11.6 11.2 12.6
2 | 19.01.2012 15.56 8.06 - 1 12.8
3 | 23.01.2012 11.36 8.21 1.05x1072 1 9.8
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Figure 1. Representative MIPAS spectra for clear air, ice cloud, and aerosol measured on 14 June 2011 between 17— 18 km altitude. a

MIPAS band A and B spectra smoothed to 1 cm~! spectral resolution. b) High resolution MIPAS spectra only in the window regions used

for aerosol/cloud detection and discrimination. The grey background indicates the window regions.

42



Cloud volume in FOV at detected cloud top MIPAS cloud top altitude uncertainty

l.e+05F™ 2
. g E “t ] IR :
i S g 8 ¢ R
g 2 a) s [ gf U7 b) |
c —~ ot
= f S of s
3 [V
© le+04f ° E 2 :
£ F o ] a -2r .
(O] o] = I
E E E 8 [#] o o % : g
S ] on g n B o S 4k ¢ polar winter
ice o o o o o o | ® polar summer
8 1.e+03F ash oo a o 5 [ 8
o F sulfate 3 E i tropics
L 1 1 1 1 1 ] -c -6 1 1 1 1 1
0.0001 0.0010 0.0100 0.1000 1.0000 0.0001 0.0010 0.0100 0.1000 1.0000
extinction in km™* extinction in km™*

minimum ACI of cloudy profiles MIPAS top altitude uncertainty (ACI)

8 : e 2
| ] X
[ § i c)] =
_ 6r g & T S 0 g
e | g8 polar winter o | ; ]
L B polar summer | 7} L _
£ g i <
2 ar g g ¥ tropics ] o -2r @ ]
£ | HERE ] s | o |
E oL 8 E ° o - 8 [ polar winter ® ]
I ‘ E i g ’ ] @ | polar summer ® ]
L L _ 3] L f ? _
I | E | tropics |
0 1 1 1 1 1 -O -6 1 1 1
0.0001 0.0010 0.0100 0.1000 1.0000 0 2 4 6 8
extinction in km* minimum ACI

Figure 2. Charaeterization-Characterisation of the cloud top height derived from simulations. a) Volume of the field-of-view filled with cloud
at the detected cloud top height as a function of extinction. The colours indicate the particle type: orange - sutfate-sulphate aerosol, blue - ice,
and black - volcanic ash. b) top height difference (detected — real top height) as a function of extinction. ¢) Minimum ACI value within a
cloudy profile as a function of extinction coefficient. d) top height difference as a function of minimum ACI value within a cloudy profile.
In all panels the symbols indicate the particle type: circles - sukate-sulphate aerosol, diamonds - ice, squares - volcanic ash. In panels b), c),
and d) the colours indicate the background atmosphere type: red - tropics, orange - midtatitudesmid-latitudes, light blue - polar summer, and
dark blue - polar winter. In panels b) and d) the eolored-coloured symbols show the top height uncertainties of all scenarios for the simulated
100 m vertical sampling grid. For the MIPAS vertical sampling of 1.5 km the eetered-coloured symbols indicate the upper limit and the grey
symbols indicate the lower limit of the top height uncertainty range. Depending on the position of the cloud relative to the tangent altitude

the detected top height may fall anywhere inbetweenin between. See text and Table 2 for details.
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Figure 3. Increase in radiance (cloud — clear air simulation) due to different clouds (solid coloured lines) compared to NESR (black solid
line). offset accuracy (black dashed line). and scaling accuracy (dotted coloured lines; very close envelopes around solid coloured lines) for
sulphate aerosol in a) the CI window around 792 em ! (CI1), b) the CI window around 833 cm ! (CI2), ¢) the Al window around 960cm ",
and d) for ice, e) and ash. The colours indicate the background atmosphere type: red - tropics, yellow - mid-latitudes, light blue - polar
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Figure 4. Extinction coefficient spectra normatized—normalised to 1 at 948.5 em~! for modelled sulfate—sulphate _aerosol parti-
cle size distributions (eetered—coloured lines) and measured size distributions after Pinatubo (black dashed lines Deshler et al.,

1992a, b, 1993, Arctic)and—, Nabro (grey dashed line Bourassa et al., 2012b, July, Wyoming), and background aerosol at 20km
black solid line Deshler et al., 2003, April 1999). The corresponding scaling factors are given in Table 3.
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Figure 5. Nabro sulfate-sulphate aerosol layer measured by CALIOP and MIPAS. Left: The red line is the averaged lidar profile of the
individual lidar profiles within the match range (black lines). The grey dashed line indicates the altitude variable extinction coefficient
threshold of 3x 1073 km~! at 18 km used to estimate the top height of the aerosol layer (Winker et al., 2009). Middle: The gradient of the
averaged lidar profile, where the cross at the maximum gradient indicates the top height according to the gradient method described by Mattis
et al. (2008). Right: MIPAS ACI profile. The dots mark the tangent altitudes, where grey dots indicate clear air, red dots aerosol, and blue
dots ice clouds. The black solid line marks the ACI detection threshold of 7.
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Figure 6. Number of matches for MIPAS and CALIOP aerosol detections as a function of the altitude variable extinction threshold for

CALIOP given at 18 km.
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Figure 7. Sulate-Sulphate aerosol detected by MIPAS (circles) and CALIOP (squares) a) 10 days and b) 48 days after the Nabro eruption.
The MIPAS orbit tracks, indicated by grey dashes reach up to 90° N and the CALIOP orbit tracks of available aerosol data are inideated
indicated by black dots. The colours indicate the layer top height. For CALIOP aerosol detections an altitude variable extinction threshold

that is 3x 1073 km™~! at 18 km was used.
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Figure 8. Distribution of cloud top height differences (MIPAS—CALIOP) for aerosol measurements of the Nabro sutfate-sulphate aerosol

in June, July, and August 2011. The cloud top height from CALIOP was derived using an altitude variable extinction threshold that is
3x 1073 km~! at 18 km. The black dashed line indicates the median, the dotted lines are the 25 and 75 percentiles, and the solid line marks

the zero difference.
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Figure 9. Cloud top height differences between MIPAS and CALIOP Nabro aerosol measurements (using a CALIOP extinction threshold of
m as a function of a) CALIOP prefite-aerosol layer maximum extinction, and b) MIPAS minimum ACI. ¢) shows the diagnostic
relation between CALIOP maximum extinction and MIPAS minimum ACIL. The black dashed lines indicate the ranges expected from the

simulations (see Fig. 2). 50
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Figure 10. Nabro aerosol measured by the Leipzig lidar and MIPAS on a) 22 August 2011, b) 24 October 2011, and c¢) 10 February 2012.
Left: The maps show the lidar station, lidar measurement time, match radius, MIPAS orbits, MIPAS profile measurement time, and MIPAS
cloud top height (eetorcolour coded). Middle: Leipzig lidar extinction profile (black line) and the relative extinction gradient (grey line). The
extinction coefficient threshold of 3x 1073 km~! at 18 km is indicated by the grey dashed line. Right: MIPAS ACI profiles within the match
range. The grey dots denote clear air, red dots denote sutfate-sulphate aerosol, and blue dots denote ice and optically thick clouds. The black

dotted line is the ACI threshold of 7. The grey boxes indicate the cloud layers detected by the lidar and ives the average layer extinction.
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Figure 11. Properties of the Nabro sulate-sulphate aerosol as a function of time derived from MIPAS (light green), CALIOP (grey), Leipzig
lidar (light blue), Jiilich lidar (dark blue), Esrange lidar (black), and twilight measurements (dark green). The CALIOP measurements cover
the latitude range between 0 and S0°N and all ground based lidar stations are north of 50°N. Only for the twilight measurements there-is

there a spatial and temporal overlap with CALIOP. a) Nabro aerosol layer height measured by all instruments. For MIPAS only the top height

is shown. In case of multiple matches for MIPAS the minimum, maximum, and mean top heights derived are shown. b) Difference between
the cloud top heights measured by MIPAS and CALIOP, the ground-based lidars, and the twilight measurements (MIPAS—lidar/twilight)

during the 8 months after the Nabro eruption. If more than one MIPAS profile was within the match range, the circles indicate the average
and the bars the range of the individual profiles. bc) Nabro aerosol layer extinction coefficient at 532 nm derived from the lidar and twilight
measurements between June 2011 to February 2012. For the Jiilich lidar and the twilight measurements the data was scaled to 532 nm. €d)

Nabro aerosol layer thickness derived from the lidar and twilight measurements from June 2011 to February 2012.
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Figure 12. Nabro aerosol measured by the Jiilich lidar and MIPAS on a) 24 August 2011 and b) 12 December 2011. Left: The maps show the

lidar station, lidar measurement time, match radius, MIPAS orbits, MIPAS profile measurement time, and MIPAS cloud top heights (eelor

colour coded). Right: Jiilich lidar extinction profile at 355 nm (black line) between aerosol top and bottom altitude (grey box) and MIPAS

ACT profiles. In the MIPAS ACI profiles the grey dots denote clear air, red dots sutate-sulphate aerosol, and blue dots denote ice and optically

thick clouds. The black dotted line is the ACI threshold of 7.
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Figure 13. Nabro aerosol measurements over Esrange on a) 13.01.2012 and b) 20.01.2012. Left: Map with lidar station, lidar measurement
time, match radius, MIPAS orbits, MIPAS profile measurement time, and MIPAS cloud top heights (eetor-colour coded). Right: MIPAS ACI
profiles and lidar backscatter ratio profiles. The grey areas denote the aerosol layer measured by the lidar, the black solid line is the parallel
backscatter ratio and the black dashed line is the perpendicular backscatter ratio. In the MIPAS ACI profiles the grey dots denote clear air,
red dots sutfate-sulphate aerosol, and blue dots denote ice and optically thick clouds. The black dotted line is the ACI threshold of 7.
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Figure 14. Measurements of Nabro aerosol over Tbilisi on 29 July 2011. a) Map with the twilight station, match radius, MIPAS and CALIPSO

orbits, their measurement times, and the MIPAS (circles) and CALIOP (crosses) cloud top heights (eetor-colour coded). b) Twilight extinction

profile at 780 nm (red solid line) and uncertainty (red dotted lines). The black circles indicate the aerosol layer top and bottom altitude and

the black crosses indicate the altitude uncertainty range. c) CALIOP extinction (black solid line) and MIPAS ACI profiles (black lines with

eotored-coloured circles). For the CALIOP profile the black dashed line indicates the extinction threshold and the grey box is the aerosol

layer derived from CALIOP. For the MIPAS profiles grey dots denote clear air, red dots sukfate-sulphate aerosol, and blue dots denote ice

and optically thick clouds. The black dotted line is the ACI threshold 7. The red box denotes the aerosol layer detected by the twilight

measurement.
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Figure 15. Detection sensitivity to sukate-sulphate aerosol extinctions for different satellite based instruments. The blue bars indicate a con-
servative estimate of detectable extinctions given in Table 1 and scaled to 950 cm™~!. The gray-grey bars indicate detectable but optically thick
extinctions. The blue stripes indicate the uncertainties due to the scaling factor for SAGE II and IR nadir. For MIPAS, CALIOP, GOMOS,
and OSIRIS the blue stripes are a combination of uncertainties due to the scaling factor and less conservative detection thresholds (lower
minimum extinctions) given in literature. For CALIOP only the nighttime extinctions are considered. Further details on the instruments’

measurement capabilities and the corresponding references are given in Table 1.
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