Response to anonymous Referee #1

Interactive comment on “Comparing Airborne and Satellite
Retrievals of Optical and Microphysical Properties of Cirrus and Deep
Convective Clouds using a Radiance Ratio Technique”

by Trismono C. Krisna et al.

We thank the reviewer for the time and efforts reading our manuscript and
providing valuable comments and suggestions. We have made revisions according
to your comments and suggestions, as described below. The reviewer comments
are written in roman and while the author responses are in italic. The diff file
indicating changes in the manuscript is enclosed in the end of this document.

General comments :

This is a review of the paper “Comparing Airborne and Satellite Retrievals of
Optical and Microphysical Properties of Cirrus and Deep Convective Clouds using
a Radiance Ratio Technique” submitted to ACPD by Krisna et al. The paper
describes a study on remote sensing of ice cloud optical thickness and ice particle
size. It aims to compare airborne and satellite remote sensing measurements with
each other and with in situ measurements. Much attention is given to the
sensitivity of the particle size retrievals to the vertical variation of ice sizes.

While the paper contains some interesting parts, | am struggling to see the general
motivation of the study. The introduction mentions the validation of satellite
remote sensing measurements and retrievals. These are indeed very important,
but the main case study selected in this paper seems to be one of the worst
situations for this, namely a thin cirrus over a liquid cloud. Operational retrievals
using MODIS or other instruments (including SMART) will indeed not be able to
account for the liquid clouds and will be biased. Accounting for a liquid cloud using
additional information as is attempted in the paper is expected to add
considerable uncertainty to the cirrus retrievals, making the comparison between
in situ and remote sensing measurements not very informative. Any reader would
wonder why this particular case is selected.

In addition, the use of MODIS measurements in this study is questionable.
Measurements in the 2130nm band are used to ‘reconstruct’ the 1640nm band
measurements using a scaling method that was certainly not design for cloud
properties retrievals. The other MODIS band used is the 1240 nm band, but this is
scaled in a somewhat ad hoc manner by a factor 0.86, which is rather large,
because the data does not agree with the SMART measurements. Regardless
where this factor originates from, | find it rather bold to assume without discussion



that the MODIS values need to be corrected instead of the SMART measurements.
Also, the influence of this scaling on the retrieved effective radius should also have
been discussed. Finally, the operational MODIS retrievals of effective radius at
2130 nm are included, but these are known to be affected by the lower liquid
cloud, so | do not see the relevance of including these.

Parts of the study on the vertical weighting function are interesting. Also, the
comparisons between remotely sensed ice effective radius and the in situ
measurements are remarkably good despite the lower liquid clouds and all the
other caveats discussed above. This means that either the lower lying liquid cloud
properties happen to be chosen well in this case or the properties of the liquid
cloud (in particular droplet size) do not affect the effective radius retrievals of the
upper layer that much. The latter explanation may be interesting and should then
be further investigated in the paper.

In its current form, the paper is not suited for publication, mainly because of the
reasons listed above. | aimed to suggest changes to the paper to make it suitable
for publication, but ended up with a long list. If all of these issues are addressed
the paper might be suitable for publication by ACP. Below my major comments on
this paper are listed followed by some detailed minor comments.

Response of general comments :

The reviewer is correct, the limited and not well suited cases investigated in the
study are not sufficient to draw general conclusions from the comparison of
airborne and satellite cloud retrieval. The limited number of cases results from the
careful selection of measurements which allows to evaluate the direct
measurement (radiance) and retrieved cloud products. The direct comparison of
radiance requires almost perfectly collocated measurement of satellite and aircraft
which is given only for few flights of the two investigated campaigns. In addition,
inappropriate cloud situations had to be rejected. Specified descriptions about
complexities in the case selection will be addressed in the detailed reviewer
comments below. In order to avoid the impression, that the comparison is valid for
general cirrus and deep convective clouds, we strengthen throughout the revised
manuscript, that only a case study is presented. The title is changed to:

“Comparing airborne and satellite retrievals of cloud optical thickness and
particle effective radius using a spectral radiance ratio technique: Two case
studies for multilayer cirrus and deep convective clouds”

The reviewer is right, that the treatment of the MODIS measurements is
questionable and not well justified in the manuscript. The motivation is to use
identical wavelength for both SMART and MODIS retrievals. Unfortunately, the
SMART measurements in the near-infrared only cover two MODIS bands centered
at \lambda = 1240 nm and 1640 nm. At \lambda = 2130 nm the uncertainty of



SMART is large. Therefore, it could not be included in the study. It is known that
MODIS band 6 (\lambda = 1640 nm) has problems with the detector. Using
remaining detectors of MODIS band 6 is not possible due to the very limited
number of pixel in our cloud cases. Therefore we used the approach by Wang et al.
(2006), which indeed was developed for snow surfaces to ‘retrieve’ MODIS band 6.
We think that this approach is justified also for measurements above ice clouds
because the optical properties ice clouds are very similar to a snow surface (similar
refractive index). To some degree this is confirmed by the agreement between
restored MODIS band 6 and SMART as shown the manuscript (Fig. 4c, 5c, and 6b).
In the revised manuscript we added the motivation and the method of MODIS band
6 retrieval more clearly.

It is true that the correction of the 1240 nm MODIS band can not only be justified
by the disagreement with the SMART measurements since SMART might be wrong
as well. But we found other indications, that MODIS radiance at 1240 nm is biased
in this case. Using the original MODIS radiance band 5 (1240 nm), the cloud
retrieval fails because the measurements fall far from the range provided by the
forward simulations. Therefore, we used the SMART data as reference in order to
apply the correction scheme based on Lyapustin et al. (2014). In the revised
manuscript we extended the discussion on this critical issue. The radiances are now
included in the radiance lookup tables (Fig. 8) indicating clearly that they do not
match the forward simulations.

The properties of the liquid water cloud below the cirrus is estimated carefully by
varying the properties of both cloud layers and searching the best fit in the spectral,
particularly in the water vapor absorption bands and O2 A-band. The detailed
technique to estimate the liquid cloud properties will be answered through the
major comment (point 8) below. Additionally, we added Sec. 5.2 to discuss the
possible uncertainties on the retrieved cirrus properties which can raise from the
assumption of liquid properties.



Major comments:

1) The introduction rightfully states that validation of remote sensing retrievals of
cloud properties is important and that accounting for the vertical variation of ice
sizes is also important. However, the introduction fails to motivate the present
study using the selected cases. The authors should argue convincingly why the two
discussed cases are selected. The presence of the liquid cloud under the cirrus
should be mentioned in the introduction and it should be argued why this and the
DCC case are interesting cases for the evaluation of satellite remote sensing
results.

Response:

The reviewer is correct, the motivation to use both specific cases for a general
validation of remote sensing failed in the original manuscript. Due to the multi-
layer structure these cases only allow to investigate how satellite retrieval deal
with such complex situations. How strong the retrieved properties are influenced
by the lower clouds, how the vertical weighting functions differ in multilayer
clouds. We therefore shifted the focus of the manuscript into this direction. The
title was changed to:

“Comparing airborne and satellite retrievals of cloud optical thickness and
particle effective radius using a spectral radiance ratio technique: Two case
studies for multilayer cirrus and deep convective clouds”

In the introduction we added a discussion on the current approach of satellite
retrieval to deal with multi-layer clouds. The two general cases: a cirrus above a
liquid cloud and deep convective clouds where a liquid/mixed cloud is topped by
an anvil (cirrus cloud) are introduced. Climatology of the occurrence of multi-layer
clouds are presented.

“Standard retrieval methods such as MODIS operational retrievals commonly
assume a priori, that there is one homogenenous cloud layer with a specific
thermodynamic phase, either liquid water or ice (Platnick et al., 2017).
However, studies by Hahn et al. (1984) and Warren et al. ( 1985) analyzing
ground-based observations reported, that the coexistence of multilayer clouds
(e.g., cirrus above liquid water clouds) are found in about 50% of the data, and
therefore do not fulfill the assumptions of the retrieval algorithm. Chang and
Li (2005) and Sourdeval et al. (2015) have demonstrated, that omitting the low
liquid water cloud in the retrieval algorithm will introduce significant
uncertainties in the retrieved cirrus properties.”

In this context, the two cases are well suited to investigate what information
satellite retrieval provide for multi-layer clouds.



2) Many of the references discussed in the introduction (page 3, lines 7-31) are
about liquid clouds, while this study focusses on ice clouds. The influence of
vertical variation on remote sensing of drop and ice sizes are very different. Please
focus the discussion on ice clouds and remove references that focus on liquid
clouds.

Response:

We have removed unnecessary references about liquid clouds. However, we keep
King et al. (2013) and Painemal and Zuidema (2011) as the reference for the
comparison of in situ and retrieved reff since not many papers did such
comparisons. In the recent form, studies by Zhang et al. (2010) and Wang et al.
(2009) are cited for the study of cirrus vertical structure.

“For cirrus cloud, Zhang et al. (2010) and Wang et al. (2009) demonstrated
that the discrepancy between passive remote sensing and in situ
measurements is influenced by the simplification in the retrieval algorithm
which assumes in-cloud vertical homogeneity.”

3) MODIS data is introduced in section 3.2. | assume the latest collection 6 data
(level 1 and 2) is used? If so, please state that in the paper. If not, then please use
collection 6 for the study.

Response:

All MODIS data, MODIS level 1B calibrated radiance and cloud products, used in
this study are collection 6.

“Satellite data used in this study stem from the Level 1B Moderate Resolution
Imaging Spectroradiometer (MODIS) - Aqua collection 6.”

“The MODIS cloud product collection 6, namely MYD0O6 L2, provides three
different reff ............ 7

4) Although the wavelength range of SMART is said to extend to 2200, the 2130
MODIS bands is not considered to be in its range. (This is stated rather late in the
paper and should be brought forward.) The 1.64 MODIS band is selected instead,
but this band has many unreliable detectors. Therefor a scaling function is used to
scale 2.13 micron measurements to mimic 1.64 micron measurements. This
scaling function was developed to apply a snow detection algorithm, and was
never intended to be applied to cloud measurements and microphysical retrievals.
One could argue that the method may work for ice clouds, because of the
similarity of snow and ice surfaces, but this is not shown anywhere. | suggest to
use the remaining detectors of the 1.64 band to verify the applicability of this



method. Alternatively, would the remaining 1.64 micron detectors not be enough
for you study?

Response:

The spectral range covered by SMART is between 300 - 2200 nm. However, the
sensitivity of the spectrometers decrease for small and large wavelengths
depending on the magnitude of radiation. For measurements used in this study,
only the wavelengths range between 400 - 1800 nm provides measurements with
reasonable uncertainty. In this way, a direct comparison of the 2130 nm MODIS
band is not possible.

Using the remaining MODIS band 6 detectors in this study would be not sufficient
because only 3 pixels are left and the spatial coverage of the investigated cloud be
too coarse. The motivation and technique to retrieve MODIS band 6 is presented
in the revised manuscript.

“According to Wang et al. (2006), the MODIS radiance band 6 (IM,B6) can be
retrieved using band 7 IM,B7 (\lambda = 2130 nm). This technique was
originally developed and tested on the basis of snow surface, assuming that
the spectral characteristics of the snow reflectivity between MODIS band 6 and
7 does not change significantly for different snow types. Assuming that ice
clouds and snow have similar optical properties, the same approach can be
applied. Similar to Wang et al. (2006), a parameterization of IM,B6 is
developed on the basis of radiative transfer simulations of upward radiance
performed for cirrus with different \tau and reff. A polynomial fit is applied to
quantify the relation between IM,B6 and IM,B7 which result the
parameterization:

IM,B6 =-81.033 IM,B7? + 3.257 IM,B7 + 0.002 ”

“The validity of the parameterization is tested using the remaining detectors of
MODIS band 6 for observations above cirrus (not shown here). The linear
regression between original and retrieved IM,B6 showed differences below 5%
(slope of 0.95 and zero bias) with a correlation coefficient of 0.94.”

To develop the parameterization as shown by the Equation above, the simulations
are run for different values of \tau (2-7) and reff (10-45 um). Fig. a below is the
scatter plot between radiance band 6 (1640 nm) and band 7 (2130 nm). The dashed
line is the linear regression line. The parameterization is developed by making use
of the relation between the two bands. Fig. b is the scatter plot of radiance band 6
original vs. ‘retrieved’ using the equation above. Here, the retrieval of MODIS band
6 shows a good performance with a slope of 1, no bias, and R*= 1.



Finally, as suggested by the reviewer we compared the radiance from the
remaining detectors of MODIS band 6 with the retrieved values to test the validity
of MODIS band 6 retrieval in real measurements, as shown in Fig. c. Here we
compared the remaining detectors of MODIS band 6 and the retrieved values for
measurements above clouds. Again, the result confirms the performance and
validity of MODIS band 6 retrieval for cloud measurements.
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5) The data filter described in section 4.2 is based on the cirrus case, while it is
stated that the DCC case is more variable in time. Would a separate data filter for
the DCC case be not more appropriate? Please include the DCC points in figure 2,
or add two additional panels to this figure for the DCC case. Is a better agreement
for the DCC case obtained if a stricter time difference is used? Please revise the

paper to address these points.

Response:

In the revised manuscript, we applied the data filter separately as shown in Fig. 2.
Indeed, for an equally given threshold, the scatter is larger for the DCC case which
is caused by the fast cloud evolution. Therefore, the time difference for the DCC
case was reduced to 300 s.



“For the DCC (Fig. 2b), the scatter is significantly larger compared to the cirrus
for the given threshold of [\Delta t| < 300 s and even worse for the threshold
of [\Delta t| > 300 s with \ R*2 = 0.79 and -0.09, respectively. In this case, the
horizontal wind speed is smaller with an average of 9 ms”-1, but the fast cloud
evolution is the major issue. Luo et al. (2014) and Schumacher et al., (2015)
reported, that tropical DCCs located at altitude between 6 - 8 km typically have
an updraft velocity about 2 - 4 ms”-1. According to this analysis, the
comparisons are restricted to [\Delta t| < 500 s for the cirrus case, while for
the DCC case the threshold is tightened to [\Delta t| <300 s.”
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6) The SMART and MODIS radiances are directly compared in section 4.3. The
measurements at 1.24 micron are different by a factor 0.86, which is rather large.
As stated earlier, this scaling should be discussed more and not directly be
assumed to be owing to MODIS calibration errors without a proper reference. | do
not know of any record about the 1240 band being biased by such an amount,
although the 1240 nm band is used for several products. SMART is on an aircraft
with atmosphere above it, causing possible biases in the derived reflectances. This
is actually the reason why the radiance ratio method is used. So, | would think
SMART is more uncertain than MODIS. Also, these biases may be very different
between the two cases. In addition, please discuss (and investigate) the influence
of this scaling on the resulting effective radius retrievals.

Response:

It is correct, that without independent standard, we cannot judge, if MODIS or
SMART do measure right or wrong. However, the atmospheric influence on SMART
is rather low because the HALO aircraft did fly at altitudes of 12.3 km during the
cirrus and 8.3 km during the DCC observations. Only little atmospheric scattering
is expected at these altitudes especially at the large wavelength of 1240 nm. The
major justification why we corrected MODIS and used SMART as the reference
shows up in the cloud retrieval. In the revised manuscript, we added all measured



radiances into the LUTs in Fig. 8. Here it is obvious, that the MODIS data does not
fall into the solution space of the forward simulations. While the range of radiance
1,645 still matches the simulations, the ratio R_1240 = 1,1240/ 1,645 nm does not.
We also could not find any comment about such a bias in literature and also cannot
exclude that the forward simulations are biased (effect of ice crystal shape or
scattering library). To allow meaningful retrievals with MODIS data, we finally
decided to correct the MODIS band 5 (1240 nm). For both cloud cases, we found
that the bias is nearly consistent about 12% for the cirrus and 10% for the DCC.
Increasing retrieval failure in the cirrus case is related to the larger solar zenith
angle, which makes the reff LUTs way denser.

L O L B

0.32|\|||||||||Or||\|‘|:m°¢,°u$|\||\||| 0.49

[s] o %
om o
&3 $ %

DCC

Cirrus

Lo b b

029k = E
A E N029E
9,'-.: C g-_; E
027 = E

F + SwART 3 019 4 swart SN E

[ © MODIS corrected | L © MODIS corrected “e ]

C  © MODIS uncorected 50 ] E © MODIS uncorrected B

oosbe v by B 00g B b B b

0.14 0.17 0.21 0.24 0.05 0.15 0.25 0.35 0.45

1 1 T

sr!) foas ¢ T

-2 - -2 - -
IMS(Wm nm Wm<nm™ sr)

A detailed discussion on the scalling is added to the revised manuscript:

“The measurements of SMART (black crosses) and MODIS (blue circles) are
included for both scenes in Fig. 8. For the C1 which is based on |_1240, the
MODIS data does not match the lookup table solution space. The results in
Section 3.3 show clearly, that |_M,1240 are higher than |_S,1240 by about 15%.
Using the original |_M,1240 for the cirrus case, all the retrievals of reff are fail
because the measurements lie far outside the lookup table solution space (see
Fig. 8a), while for the DCC case the retrieval failure is smaller (see Fig. 8c).
Enhancing retrieval failure in the cirrus case is due to the larger \theta_0. At a
larger \theta_0, the upward radiance becomes more insensitive to the changes
of reff and consequently the lookup tables are denser. To gain meaningful
retrieved cloud properties, a correction of |_M,1240 is applied. Following
Lyapustin et al. (2014), a correction factor g is calculated by the slope of linear
regression between |_M,1240 and |_S,1240, which results in g = 0.88 for the
cirrus case and g = 0.90 for the DCC case. The corrected |_M,1240 (red circles)
are added in Fig. 8 and now match the lookup table solution space. Therefore,
all following radiance ratio retrievals for the two cloud cases use these
corrected |_M,1240.”

7) The general habit mixture of Baum et al. is used for the retrievals. Please add
the level of surface roughness that is applied (is it severely rough?). Also, discuss
the sensitivity of the ice size and optical thickness retrievals to the choice of optical



model. Refer to, e.g., Holz et al. (2016, https://doi.org/10.5194/acp-16-5075-
2016) and/or Van Diedenhoven et al. (2014; J. Geophys. Res. Atmos., 119, 11,809—
11,825, doi:10.1002/2014JD022385.)

Response:

For the retrievals of the cirrus case, we use GHM based on severely roughened
aggregates composed of nine habits (Baum et al., 2014), while the ice crystal habit
of plate with high surface roughness (Yang et al., 2013) is applied for the retrievals
of the DCC case. The assumption of ice crystal habit considers the measurements
by in situ probes. The In the revised manuscript, we added a discussion on the
impact of using GHM instead of aggregated columns which is based on the
suggested literature.

“These particle habits differ from the MODIS collection 6 retrievals which use
severely-roughened compact aggregates of solid columns (so-called
aggregated columns) by Yang et al. (2013). A sensitivity study infers that the
retrievals assuming GHM and plate generally will result in a larger \tau and
smaller reff (not shown here), which is in agreement with findings by van
Diedenhoven et al. (2014) and Holz et al. (2016).”

8) To account for the liquid layer, in section 5.1 it is stated that “the properties of
liguid water cloud are estimated by comparing simulated and measured spectral
radiance averaged over the selected time series, where the reff of liquid water
cloud agrees with values of in situ climatological data reported in e.g., Miles et al.
(2000).” Firstly, please give some more information on the technique to obtain the
optical thickness using the measured spectral radiances. Should you not have
knowledge on the ice cloud optical thickness for that? Also, either here or in
section 5.5, please discuss the influence of the estimated optical depth and
effective radius of the ice cloud layer on the ice cloud retrievals. | am sure the
cloud properties would be variable over the investigated flight leg. How are the
ice cloud size retrievals affected when instead the liquid cloud is assumed to
consist of, e.g., 5 or 15 micron drops? What is the uncertainty on the optical
thickness estimate and how does that affect the ice cloud retrievals? The influence
of these assumptions on the weighting functions are discussed in section 5.5, but
please also show the influence on the retrieved ice cloud properties.

Response:

As stated by the reviewer, the characterization of the liquid cloud layer is crucial
for the retrieval of the cirrus properties and the manuscript did not present this
issue properly. Disentangling the contribution of both cloud layers to the total
measured radiance is challenging. We used simulations for different combinations
of liquid water and cirrus cloud properties and compared the simulated radiance
with SMART measurements of the entire spectral range covered by SMART (see
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figures below). The absorption bands of water vapor (940 and 1135 nm) and the
02 A-band (761 nm) provide some information on the multi-layer structure.
Depending on the \tau of the high (cirrus) and low (liquid) cloud layer, absorption
features by atmospheric trace gases are stronger or weaker imprinted in the
spectral radiance.

Fig. a-c indicate, that the best fit in the spectral, especially in the absorption bands
of water vapor and 02 A-band, was found for \tau_li = 8 and reff_li = 10 um
combined with \tau_ci = 3 and reff_ci = 15 um. The reff of the liquid cloud is less
relevant when the \tau of the cirrus is sufficiently high. In this way, the spectral
range used to derive the reff of the cirrus dominated by scattering/absorption in
the cirrus layer only. In Fig. d, we show the impact of the combination between
\tau_ci and \tau_li, which can also give some insights by observing changes in the
spectral. For this purpose, we hold \tau_ci + \tau_li = constant with fixed reff ci =
15 um and reff_li = 10 um. Here, again we found the best fit in the spectral is given
by \tau_ci = 3 and \tau_li = 8. Underestimation / overestimation of \tau_li will
produce gaps, particularly in water vapor absorption bands and O2-A band.
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In the revised manuscript, we considered the variability of the liquid cloud
properties along the flight paths. To describe this problem more clearly, we added
a sensitivity study in Sec. 5.2 with respect to the assumed properties of the liquid
cloud which provides an estimation of the retrieval uncertainties due to
uncertainties in the assumption of the liquid cloud properties.

“For the cirrus case, the properties of the low liquid water cloud is assumed to
be constant along the flight leg. This assumption might not hold in reality and
affect the retrieved cirrus properties. Therefore, the sensitivity of the cirrus
retrieval on the assumed properties of the liquid water cloud is quantified using
radiative transfer simulations. Spectral radiance are simulated for different
combinations of liquid water cloud and cirrus properties. The liquid water cloud
is varied for \tau_li = 6 - 10 and reff_li = 6 - 14 um, while the cirrus is changed
for\tau_ci=2-8and reff_ci=10-40 um. These simulated radiances are used
as synthetic measurements and analyzed with the retrieval algorithm using C2
(I_645 and \Re_1640), which assumes a liquid water cloud with \tau_li = 8 and
reff_li = 10 um. The comparison of synthetically retrieved and original \tau_ci
and r_eff,ci is shown in Fig. 9. The annotation of "overestimation" (below one-
to-one line) and "underestimation" (above one-to-one line) corresponds to
when the retrieval is run with an overestimation and underestimation of the
properties of liquid water cloud. The retrieved \tau_ci are analyzed in Fig. 9a
for different \tau_li, while r_eff,ci and r_eff,li are fixed to 20 um and 10 um,
respectively. Similarly, the retrieved r_eff,ci are analyzed in Fig. 9b for different
r_eff,li but for a fixed combination of \tau_ci = 3 and \tau_li = 8. In general, the
simulations show that an overestimation of \tau_li leads to an underestimation
of \tau_ci because in this case, the liquid water cloud contribute stronger to
the reflected radiation than in reality. Therefore, a smaller \tau_ci is required
to match the measurement, and vice versa. For the range of \tau_ci analyzed
here, the retrieved \tau_ci is found be over- or underestimated by 1.3 when in
reality \tau_li is 6 or 10, while the retrieval assumes \tau_li = 8. These biases
of S\tau_ci show, that \tau_li needs to be estimated accurately because a
wrong assumption of tau_li almost directly propagates in uncertainties of
\tau_ci.

A similar behavior is found for the retrieval of reff ci, where an overestimation
of reff_lileads to an underestimation of reff _ci, and vice versa. Assuming larger
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liquid droplets than in reality implies that these droplets contribute stronger to
the measured absorption at \lambda = 1640 nm, and therefore the ice crystals
only contribute less (smaller reff ci). Fig. 9b illustrates, that the impact of
reff_li is strongest when small liquid droplets (reff_li <= 8 um) are present. For
larger liquid droplets (reff li > 10 um), the impact is smaller. The maximum
uncertainties of reff _ci found for the range of reff _ci and reff_li considered here
are about 8 um for the underestimation of um which show a tendency of higher
uncertainties for higher reff_ci. The retrieval of reff _ci is less affected by reff _li,
when the cirrus layer is sufficiently thick (\tau_ci > 5) since the cirrus layer will
dominate the reflected radiation in the absorption bands.”

9) In section 5.3, a rather interesting investigation on the weighting functions is
shown. At the end, it is stated that the assumption of a homogeneous layer in the
retrievals leads to a systematic deviation. This is reiterated in the conclusions and
section 6. However, this deviation is found to be smaller that 1 micron for the
investigated cases. That can be considered quite small. Please stress this in section
5.3 and in the conclusions, as it strikes me as a good validation for the use of
homogeneous layers.

Response:

If a bias of 1 micron is small or not might depend on the related question. We
agree, compared to other retrieval uncertainties this is not the major issue and the
vertically homogeneous assumption might be sufficient. In the revised manuscript,
we modified the conclusion on the biases introduced by cloud vertical
inhomogeneity to:

“The assumption of vertically homogeneous cloud in the retrieval algorithm
has only a small impact on the retrieval results.”

10) The comparison with in situ measurements is interesting and an important
part of the paper. However, it is unclear how effective radius is derived from the
in situ measurements. Effective radius is proportional to the volume (or mass) over
the projected area of the ice crystals. The CCP probes do not measure
mass/volume per particle (there exists no probe that does that). | believe crystal
area could be derived from the probe. Is there a separate IWC measurement? Is
there an area-mass relationship used? Please explain how effective radius is
derived and what the uncertainty might be.

Response:

We added more details on the data analysis of the CCP addressing the open
questions identified by the reviewer:
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“The reff from CCP data is derived from the geometrical properties and number
of detected particles. Many definitions of reff exist as summarized in
McFarquhar and Heymsfield (1998). In general, reff as a measure for the cloud
radiative properties is defined as the ratio of the third to the second moment
of a size distribution, implying spheres of equivalent cross-sectional area for
any cloud particle shape (Frey et al., 2011; Heymsfield and McFarquhar, 1996).
The accuracy of the cloud particle sizing is conservatively estimated to be about
10% for spherical particles (Molleker et al., 2014). The sizing uncertainty
increases as a function of particles shape complexity (i.e., when dendrites or
particles with elevated aspect ratio were predominating).”

Indeed the projection area is the basis for the diameter extraction with OAPs, no
matter if from crystals, bullets, dentrites or droplets. IWC is not measured by CCP,
but there is a separate instrument namely WARAN (Kaufmann et al., 2014, Voigt
et al., 2014). The IWC data from WARAN were used to obtain the profile of
extinction, which will be discussed in more specifically in point 11 below.

11) In addition to the previous point, it is not clear how the weighting function is
applied to the in situ measurements. The weighting function is in terms of optical
depth from cloud top, while the in situ measurements are derived at various
physical depths within the cloud. How is physical depth converted to optical
depth? Is there an extinction measurement made? Please explain in the paper.

Response:

In the previous manuscript, the explanation is missing. Therefore, we add the
discussion of “How is physical depth converted to optical depth?” in the revised
manuscript.

We did not measure the extinction directly. Following the method by Wang et al.
(2009) and Fu and Liou (1993), we combined in situ IWC measured by the WARAN
with in situ reff from the CCP to calculate the extinction. Then, the profile of \tau(z)
is obtained by the vertical integration of the extinction from cloud top to the cloud
level z.

“Note that the wm in this study is calculated in terms of \tau from cloud top
toward cloud base. Therefore, the conversion of geometrical altitude and
optical thickness \tau(z) has to be specified and considered in the analysis. For
this purpose, IWC(z) measured by WARAN and reff(z) derived from CCP are
converted into a profile of the extinction coefficient \beta(z) following the
scheme introduced by Fu and Liou (1993) and Wang et al. (2009):

fe(2) = IWC(z) - {ﬂ s Hb(;)] :
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where a = -6.656x103, b = 3.686. \beta(z) is in the unit of m™, IWC(z) in g m™3,
and reff(z) in um. Further, the extinction profile is used to calculate \tau(z) by
integrating \beta(z) from cloud top to the altitude level z:

”

12) | find it rather pointless and confusing to include the operational MODIS 2130
nm results in the analysis of section 6. It is clear that the lower liquid cloud is
causing a bias in the ice effective radius retrievals. It is interesting though that the
3.7 retrievals are not much affected by the liquid layer. Please remove the 2130
nm results here.

Response:

Reff,2130 from the MODIS cloud product has been removed. We now summarize
the MODIS cloud products in Table 4 of the revised manuscript. Therefore, the
difference between the original MODIS cloud products which does not distinct
between liquid cloud and cirrus and the results of radiance ratio retrieval
considering the liquid water cloud below cirrus is still mentioned. More specified
descriptions are available in the point 13 below.

13) In section 6, it is stated that “there is only a small correlation between the
variation of in situ and retrieved effective radius which is in agreement with
analyses reported by King et al. (2013).”l do not agree really. When the 2130 point
is removed (which should be done), the correlation seems pretty good, especially
considering the difference between 3.7 and the rest of the point, as well as all the
uncertainties discussed above. What is the correlation coefficient? Also, the
ranges shown on the in situ measurements are rather large, and all retrievals fall
within them, which could be considered a good comparison. Please discuss this in
more detail. Also, the King et al. reference is about liquid clouds, which have much
greater extinction, minimizing the information on vertical structure in the various
bands. This reference is not relevant for ice clouds. Please remove this reference
here.

Response:
It is correct, that including the original MODIS cloud product was not a good idea

as this data does not account for the liquid cloud below the cirrus and thus is
strongly biased (especially at 2130 nm).
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In the revised manuscript, we removed the original MODIS cloud product and
additionally performed retrievals using MODIS band 7 (2130 nm) and band 20
(3700 nm) using radio retrieval and also considering the liquid water cloud below
the cirrus. Now the data is consistent with the retrieval using the shorter
wavelength bands.

By doing this, significantly improved the correlation of the retrievals results with
the in situ weighting-estimate reff,w*. A normalized mean absolute deviation of
\zeta= 8.3% and 1.5% for retrieval using 2130 nm and 3700 nm was obtained. By
removing original MODIS cloud product in this analysis, overall, the \zeta between
in situ reff,w* and retrieved reff lies between 1.5 - 10.3% which falls within the
standard deviation (variability of horizontal reff) and considerably as a good
agreement. The resulting correlation coefficient R? is 0.82 which shows a robust
agreement. We changed the discussion in the manuscript accordingly.

“Additionally, the reff retrieved by using additional SMART measurements at
\lambda = 1500 nm, 1550 nm, and 1700 nm, and also MODIS radiances
centered at \lambda = 2130 nm and 3700 nm (band 20) are applied in this
comparison. The retrieval and the calculation of wm for \lambda = 3700 nm
are performed by considering both solar and thermal radiation.....”

“The deviations of in situ reff,w” and SMART reff range between 3.2% (\lambda
= 1500 nm) and 10.3% (\lambda = 1550 nm). Between reff,w"and MODIS reff,
the \zeta results in a value between 1.5% for \lambda = 3700 nm and 9.1% for
\lambda = 1640 nm. Overall, the values of \zeta are in the range between 1.5
- 10.3% and agree within the horizontal standard deviation, as shown in Fig.
15b.”

“The reff derived from the MODIS cloud product are obviously affected by the
low liquid water cloud, which is not included in the algorithm of MODIS
operational retrieval. Therefore, a \zeta of 47.5% and 19.3% are obtained for
reff,1,2130 and reff,L,3700, respectively. The absorption by ice crystals at
\lambda = 3700 nm is very strong. Consequently, the first top layers will
dominate the absorption and significantly reduce the effect of the underlying
liquid water cloud. Fig. 15c shows a scatter plot of in situ reff,w” and reff
retrieved from SMART (black triangles) and MODIS (red dots), while the dashed
line represents the one-to-one line. There is a robust agreement between in situ
reff,w” and retrieved reff with a correlation coefficient R? of 0.82.”

We have removed King et al. (2013).

14) Section 6 ends with the statement that “a vertically homogeneous assumption
in the retrieval forward simulation is not appropriate”, which is also not backed
up by the simulations shown, which show a <1 micron biases caused by the
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homogeneous layer. Please change or remove this sentence and refer to the
simulations instead.

Response:
We have removed this sentence and changed the conclusion to:

“The variability of particle size distributions, the uncertainties of deriving reff
from the in situ measurements, the presence of liquid water cloud below cirrus,
and the uncertainties caused by unconstrained choice of ice crystal shapes for
the retrievals, are considered as the main contributor which can reveal the
discrepancies between in situ and retrieved reff. The assumption of vertically
homogeneous cloud in the retrieval algorithm has only a small impact on the
retrieval results.”

15) The conclusions section is pretty long and detailed. | suggest to summarize the
general conclusions without going into too many details. Also, rewrite the

conclusions according to all the changes made related to the above points.

Response:

We have reduced and revised the conclusion according to the suggestion by the
reviewer and changes which have been made during the revision process.
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Minor comments:

Somewhere in the paper, give a definition of effective radius of cloud ice.
The reff definition has been given in Section 2.1
“In general, reff as a measure for the cloud radiative properties is defined
as the ratio of the third to the second moment of a size distribution implying
spheres of equivalent cross-sectional area for any cloud particle shape
(Heymsfield and McFarquhar, 1996; Frey et al., 2011).”

Page 3, line 32: Please define the SMART acronym on first use in the text.
The acronym has been given in P.4 L.3
“Measurements of spectral solar radiation using the Spectral Modular
Airborne Radiation Measurement System (SMART) installed on board of

HALO during the Mid-Latitude Cirrus (ML-CIRRUS)....... ”

Section 5: how high was HALO flying and how high were the clouds. Was is clear
above the HALO aircraft?

The description about HALO and cloud altitudes are given in Sec. 3.2

“The first case, a cirrus cloud located above low liquid water clouds
(stratocumulus) is selected from ML-15 between 13:56:20 - 13:57:35 UTC
as shown in Fig. 3a. The cloud top altitude zt of cirrus was about 12 km
while HALO flew at about 12.3 km altitude. The second case, a DCC topped
by an anvil cirrus is selected from AC-18 between 17:56:00 - 17:57:30 UTC
as presented in Fig. 3b. The zt of the selected DCC was about 8 km while
HALO flew at 8.3 km altitude. Flight descriptions and atmospheric
conditions during cloud measurements are summarized in Table 1.”

Page 5, line 13: Irradiance is misspelled.
It has been changed from “irradiace” to irradiance.

Page 9, line 22: | believe you mean 1640 instead of 2130 here.
Yes, exactly. However, the original sentences here have been removed
because the correction of MODIS band 5 (1240 nm) is now discussed in Sec.

4.1 (also refer to the major comment point 6)

Page 13, line 12: Please give a definition of Ip for completeness.
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The definition of Ip have been given in Sec. 4.1.

“In this study, Ip is defined from the spectral slope of SMART radiance
measurements at \lambda =1550 nm and 1700 nm, where the value is
typically larger than zero for ice clouds.”

Page 18, line 3: | believe you mean “offers” instead of “affords”.
“Affords” has been changed to offers.

“The spectral wm also shows that spectral measurements in the near-
infrared wavelengths offers more information on the particle sizes located
in different cloud altitudes.”

Page 18, Line 13: Do not start a new sentence at “while”. (Same on page 29)
The uses of ‘while’ when start a new sentence have been removed .

Page 19, line 8: The Platnick et al. (2017) paper is also a good reference for the
influence of surface albedo.

Considering the comment from the second reviewer, we merged and
tightened the discussion of surface albedo into Section 4.1.

“For the cirrus case, the spectral surface albedo \rho of ocean implemented
in the forward simulations was measured by SMART. For the DCC case,
which is above Amazonian rainforest, no corresponding SMART albedo
measurements at low altitude covering exactly the same flight path are
available. In this area, the heterogeneity of the surface albedo is very high
because where forested and deforested areas are located close to each
other. This implies, that a representative assumption of homogeneous
surface for the whole flight legs is not appropriate. Therefore, in the DCC
case \rho derived from the MODIS BRDF/Albedo product (Strahler et al.,
1999) is used to include the horizontal variability of the surface albedo of
tropical rainforest.”

Page 21, figure 14: Can the oscillations for the 1240 ice + liquid case be explained?

We assume, that the oscillation results from numerical uncertainties of
optically thin layer. At \lambda = 1240 nm, the upward radiance is
dominated by the reflection of the low liquid cloud. Adding thin increments
of the cirrus layer does not change the upward radiance significantly.
Therefore, numerical uncertainties are visible when calculating the derivate
for the weighting function.
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The plot below is the result when we split the cloud into 20 layers instead
of 30 layers. As the result, the optical thickness of each layer is thicker. For
cloud A with 20 layers, the optical thickness of each layer is 0.15. In this
way, there is no oscillation anymore. Splitting the cloud into 30 layers will
result in an optical thickness of 0.10 for each layer. Using this setup, the
oscillation occurs as shown in the previous manuscript. To avoid this issue,
in the revised manuscript we changed the setup from 30 to 20 layers.
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Page 22, line 22: Refer to the Zhang et al (2010) paper when talking about the
differences in ice absorption at 1.6 and 2.13 micron.

The suggested reference has been implemented in Sec. 4.6.

“Due to the similar ice crystal absorption at \lambda = 1640 nm and 2130
nm, both wavelengths have almost identical wm (Wang et al., 2009; Zhang
et al.,, 2010)”

Page 25, line 4: What does the Delta symbol represent?

The delta symbol represents the uncertainty. The definition is given in the
revised manuscript P.24 L.9.

“The results also show, that the uncertainty \delta reff,ci,C1 > \delta
reff,ci,C2.”

Page 25, line 8 and further. Note the good agreement between SMART and MODIS
for the DCC case and give the mean differences, etc. in the same way as the cirrus
case was discussed.

The agreement between SMART and MODIS and the description have been
given the revised manuscript Sec. 4.6 P.24 1.13 and further:
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“Time series of DCC optical thickness and effective radius retrieved using
C1, \tau_dcc,C1 and reff dcc,C1, are shown in Fig. 14a and 14b,
respectively. A \zeta_\tau,dcc,C1 of 1.1% and a \zeta_reff,dcc,C1 of 6.5% is
obtained between SMART and MODIS retrievals. Compared to the cirrus
case, the larger horizontal variability indicates a strong evolution of
microphysical properties in the deeper layer of DCC. Fig. 14c and Fig. 14d
show time series of DCC optical thickness and effective radius retrieved
using C2, \tau_dcc,C2 and reff_dcc,C2. A \zeta_\tau,dcc,C2 of 3.5% and a
\zeta_reff,dcc,C2 of 4.1% are obtained in this case. In addition of the fast
cloud evolution, larger 3-D radiative effects are likely influencing the
observations, which can enhance the deviations of retrieved cloud
properties.”

Page 28, line 10: In the list of possible uncertainties also note the uncertainties of
deriving effective radius from the in situ measurements and the uncertainties
caused by unconstrained choice of ice optical model for the retrievals.

Thank you. Those really improve the conclusion addressing the
discrepancies between in situ and retrieved reff. In the conclusion of the
revised manuscript, we wrote:

“The variability of particle size distributions, the uncertainties of deriving
reff from the in situ measurements, the presence of liquid water cloud
below cirrus, and the uncertainties caused by unconstrained choice of ice
crystal shapes for the retrievals are identified as the major contributor
which can reveal the discrepancies between in situ and retrieved reff. The
assumption of vertically homogeneous cloud in the retrieval algorithm has
only a small impact on the retrieval results.”
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Response to anonymous Referee #2

Interactive comment on “Comparing Airborne and Satellite
Retrievals of Optical and Microphysical Properties of Cirrus and Deep
Convective Clouds using a Radiance Ratio Technique”

by Trismono C. Krisna et al.

We thank the reviewer for the time and efforts reading our manuscript and
providing valuable comments and suggestions. We have made revisions according
to your comments and suggestions, as described below. The reviewer comments
are written in roman and while the author responses are in italic. The diff file
indicating changes in the manuscript is enclosed in the end of this document.

General comments:

The authors utilize an airborne radiometer to evaluate MODIS ice cloud retrievals
and determine the impact of photons vertical penetration in remotely-sensed
cloud effective radius. In addition, in-situ aircraft observations appear to partially
validate their hypothesis on the value of different wavelengths for assessing the
cloud microphysical vertical structure. The manuscript is interesting and the idea
that different near-infrared wavelengths provide information about the cloud
vertical structure is interesting. However, the sampling is very small and the in-
situ observations matched with MODIS and the radiometer SMART are limited to
a few points, so any solid statistical inference or validation of the authors’
algorithm (and assumptions) are difficult. Moreover, | do not think it is well-
justified the pre-processing of MODIS reflectances as the derivation of a new
MODIS 1640 nm using only the 2130 nm reflectance is unphysical. The authors cite
a number of papers for justifying the MODIS corrections, but this is a
misinterpretation of the literature results. | am struggling with my
recommendations because even though the authors show some interesting
results, the analysis is not rigorous, and the comparison between MODIS science
team retrievals and their own MODIS cloud retrievals is flawed.

Response of general comments:

The reviewer is rightfully spotted that one scientific question is using multi near-
infrared wavelengths to investigate the cloud vertical structure based on the
theory of vertical photon transport. We agree, that the limited and not well suited
cases investigated in the study are not sufficient to draw general conclusions about
the MODIS performance using airborne measurements. The limited number of
cases results from the careful selection of measurements which allows to evaluate
the radiance measurements and retrieved cloud products. Such comparisons



require almost perfectly collocated measurement between airborne and satellite,
which is given by only few flights during the two investigated campaigns (ML-
CIRRUS and ACRIDICON-CHUVA). In addition, inappropriate cloud situations had to
be rejected. In order to avoid the impression, that the comparison is valid for cirrus
and deep convective clouds in general, we strengthen throughout the revised
manuscript, that only a case study is presented. The title is changed to:

“Comparing airborne and satellite retrievals of cloud optical thickness and
particle effective radius using a spectral radiance ratio technique: Two case
studies for multilayer cirrus and deep convective clouds”

Itis right, that the treatment of the MODIS measurements is questionable and not
well justified in the previous manuscript. The motivation is to use identical
wavelength for both SMART and MODIS retrievals. Unfortunately, the SMART
measurements in the near-infrared do only cover the MODIS bands centered at
\lambda = 1240 nm and 1640 nm. At 2130 nm the uncertainty of SMART is large.
Therefore, it could not be included in the study. It is known that MODIS band 6
(\lambda = 1640 nm) has problems with the detector. Using remaining detectors
of MODIS band 6 is not possible due to the very limited number of pixel in our cloud
cases. Therefore we used the approach by Wang et al. (2006), which indeed was
developed for snow surfaces to ‘retrieve’ MODIS band 6. We think that this
approach is justified also for measurements above ice clouds because, the optical
properties of ice clouds are very similar to a snow surface (similar refractive index).
To some degree this is confirmed by the agreement between restored MODIS band
6 and SMART as shown the revised manuscript (Fig. 4c, 5c, and 6b). In the revised
manuscript we also added the motivation and the method of MODIS band 6 more
clearly.

Specific comments:

1) The derivation of MODIS band 6 using band 7 is unphysical and the justification
based on the results in Wang et al (2006) is misleading as Wang et al. shows that
the correction is useful for estimating NDVI, which is a completely different
problem. The 2130 nm and 1640 nm have distinctive photon vertical penetration
(e.g. your figure 11) so the conversion is unphysical. | do not think the paper can
be accepted until they authors use the standard MODIS channels without any
correction. | agree that the 1640 nm MODIS channel has issues, so | would suggest
the direct use of the 2130 nm channel instead.

Response:



The reviewer is correct that the original approach by Wang et al. (2006) to retrieve
MODIS band 6 from band 7 was applied on the basis of NDSI (normalized difference
snow index), while in this study we intended to apply comparisons of radiance and
retrieval results using the collocation wavelengths between SMART and MODIS.
The spectral range covered by SMART is indeed between 300 - 2200 nm. However,
the sensitivity decreases for small and large wavelengths depending on the
magnitude of radiation. Only the wavelengths range between 400 - 1800 nm
provides measurements with reasonable uncertainty. Therefore, a direct
comparison with the 2130 nm MODIS band is not possible.
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Wang et al. (2006) demonstrated that that snow have similar reflectance
characteristics in both wavelengths. Due to similarities on the optical properties of
snow and ice clouds, we think that both would also have similar absorptions. Fig.
11 in the manuscript only shows wm up to 2000 nm. To provide more relevant
information, we calculated wm at \lambda centered at 1640 nm and 2130 nm as
shown in the plots above. (a) is for \tau_ci = 3, while (b) is for (\tau_ci = 15). Our
findings illustrate that both wavelengths have almost identical wm for ice clouds,
in accordance with findings by Wang et al. (2009) and Zhang et al. (2010). For the
two idealized clouds presented in our study, the reff retrieved using 1640 nm and
2130 nm only differs about 0.2-0.4 um.

Following Wang et al. (2006), we performed a study to investigate and further to
parameterize the correlation between band 6 and 7 for measurements of ice
clouds. The motivation and technique to retrieve MODIS band 6 is presented in the
revised manuscript:

“According to Wang et al. (2006), the MODIS radiance band 6 (IM,B6) can be
retrieved using band 7 IM,B7 (\lambda = 2130 nm). This technique was
originally developed and tested on the basis of snow surface, assuming that
the spectral characteristics of the snow reflectivity between MODIS band 6 and
7 does not change significantly for different snow types. Assuming that ice
clouds and snow have similar optical properties, the same approach can be
applied. Similar to Wang et al. (2006), a parameterization of IM,B6 is



developed on the basis of radiative transfer simulations of upward radiance
performed for cirrus with different \tau and reff. A polynomial fit is applied to
quantify the relation between IM,B6 and IM,B7 which result the
parameterization:

IM,B6 =-81.033 IM,B7% + 3.257 IM,B7 + 0.002 ”

“The validity of the parameterization is tested using the remaining detectors of
MODIS band 6 for observations above cirrus (not shown here). The linear
regression between original and retrieved IM,B6 showed differences below 5%
(slope of 0.95 and zero bias) with a correlation coefficient of 0.94.”

To develop the parameterization as shown by the Equation above, the simulations
are run for different values of \tau (2-7) and reff (10-45 um). Fig. a below is the
scatter plot between radiance band 6 (1640 nm) and band 7 (2130 nm). The dashed
line is the linear regression line. The equation is developed by making use of the
relation between the two bands. Fig. b is the scatter plot of radiance band 6
original vs. ‘retrieved’ using the Equation above. Here we see that, the retrieval of
MODIS band 6 shows a good performance with a slope of 1, no bias, and R?= 1.

Finally, as suggested by the first reviewer we compared the radiance from the
remaining detectors of MODIS band 6 with the retrieved values to test the validity
of this band retrieval technique in real measurements (Fig. ¢ below). Here we
compared the remaining detectors of MODIS band 6 and the retrieved values for
measurements above clouds. The result confirms the performance and validity of
the ‘retrieved’ MODIS band 6 for cloud measurements.

We do not omit the reviewer suggestion to use 2130 nm in the retrieval. Therefore
in Sec. 5 we also run MODIS retrievals using 2130 nm for the comparison with the
in situ data. The results is presented in Fig. 14 and Table 4.

“Additionally, the reff retrieved using additional SMART measurements at
\lambda = 1500 nm, 1550 nm, and 1700 nm, and also MODIS radiances
centered at \lambda = 2130 nm and 3700 nm (band 20) are applied in this
comparison.”

Here we also found the similarities between the result of \lambda = 1640 nm and
2130 nm showed by the mean value of reff which only differs by 0.3 um (Table 4).
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2) The authors correct the MODIS 1240 nm channels using as a justification
Lyapustin et al (2014) but, again, the use of this reference is misleading. This paper
only corrects MODIS in order to remove a spurious trend. Moreover, the new
collection 6 radiances should have incorporated the modifications described in
Lyapustin et al. Overall, the use of SMART for correcting MODIS is unjustified. It is
much more rigorous to list the differences between SMART and MODIS and then
compare the retrievals, keeping in mind the instruments differences.

Response:

It is correct, that without independent standard, we cannot judge, if MODIS or
SMART do measure right or wrong. The major justification why we corrected
MODIS and used SMART as reference shows up in the cloud retrieval. In the revised
manuscript, we added all measured radiances into the LUTs in Fig. 8. Here it is
obvious, that the MODIS data does not fall into the parameter space of the forward
simulations. While the range of radiance 1,645 still matches the simulations, the
ratio R_1240 = 1,1240/1,645 nm does not. We also could not find any comment
about such a bias in literature and also cannot exclude that the forward
simulations are biased (effect of ice crystal shape or scattering library), while in
this study we already use MODIS collection 6. In order to allow a reasonable
retrieval with MODIS data, we finally decided to scale the MODIS band 5 (1240
nm). For both cloud cases, the bias is nearly consistent about 10%. Increasing



retrieval failure in the cirrus case is related to the larger solar zenith angle, which
makes the reff LUTs more denser. Therefore small changes in the measurements
can lead to a significant bias.
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A detailed discussion on the scaling is added to the revised manuscript:

“The measurements of SMART (black crosses) and MODIS (blue circles) are
included for both scenes in Fig. 8. For the C1 which is based on |_1240, the
MODIS data does not match the lookup table solution space. The results in
Section 3.3 show clearly, that |_M,1240 are higher than I_S,1240 by about 15%.
Using the original |_M,1240 for the cirrus case, all the retrievals of reff are fail
because the measurements lie far outside the lookup table solution space (see
Fig. 8a), while for the DCC case the retrieval failure is smaller (see Fig. 8c).
Enhancing retrieval failure in the cirrus case is due to the larger \theta_0. At a
larger \theta_0, the upward radiance becomes more insensitive to the changes
of reff and consequently the lookup tables are denser. To gain meaningful
retrieved cloud properties, a correction of |_M,1240 is applied. Following
Lyapustin et al. (2014), a correction factor g is calculated by the slope of linear
regression between |_M,1240 and |_S5,1240, which results in g = 0.88 for the
cirrus case and g = 0.90 for the DCC case. The corrected |_M,1240 (red circles)
are added in Fig. 8 and now match the lookup table solution space. Therefore,
all following radiance ratio retrievals for the two cloud cases use these
corrected |_M,1240.”

3) A central assumption is the liquid optical depth and effective radius of the layer
below the cirrus clouds. The authors choose constant values for each case but
these uncertain values can substantially bias the retrievals, and moreover there is
no way to know if the constant values are correct or not. So, any comparison with
MODIS standard retrievals will have the huge uncertainty due to the liquid optical
depth utilized for creating the lookup tables (the use of climatological values is
suspicious). This is very problematic because it is unclear whether the new
retrievals are better than MODIS. Overall, to prove the point that accurate ice
retrievals depend on the ability of accounting for the cloud layer below the cirrus



clouds, you only need synthetic observations, which is why | do not see the point
of comparing satellite and airborne remote sensing retrievals.

Response:

As stated by the reviewer, the characterization of the liquid cloud layer is crucial
for the retrieval of the cirrus properties and the manuscript did not present this
issue properly. Disentangling the contribution of both cloud layers to the total
measured radiance is challenging. We used simulations for different combinations
of liquid water and cirrus cloud properties and compared the simulated radiance
with SMART measurements of the entire spectral range covered by SMART (see
figure below). The absorption bands of water vapor (940 and 1135 nm) and the O2
A-band (761 nm) provide some information on the multi-layer structure.
Depending on the \tau of the high (cirrus) and low (liquid) cloud layer, absorption
features by atmospheric trace gases are stronger or weaker imprinted in the
spectral radiance.

Fig. a-c below indicate, that the best fit in the spectral, especially in the absorption
bands of water vapor and 02 A-band, was found for \tau_li = 8 and reff li=10 um
combined with \tau_ci = 3 and reff_ci = 15 um. The reff of the liquid cloud is of less
importance. If the \tau of the cirrus is sufficiently high, the spectral range used to
derive the reff of the cirrus dominated by scattering in the cirrus layer only. In Fig.
d, we show the impact of the combination between \tau_ci and \tau_li, which can
also give some insights by observing changes in the spectral. For this purpose, we
hold \tau_ci + \tau_li = constant with fixed reff ci = 15 um and reff li = 10 um.
Here, again we found the best fit in the spectral is given by \tau_ci = 3 and \tau_li
= 8. Underestimation / overestimation of \tau_li will produce gaps, particularly in
water vapor absorption bands and O2-A band.
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In the revised manuscript, we also considered the variability of the liquid cloud
properties along the flight path. To illustrate this problem more clearly, we added
a sensitivity study in Sec. 4.2 with respect to the assumed properties of the liquid
cloud which provides an estimation of the retrieval uncertainties due to
uncertainties in the assumption of the liquid cloud properties.

“For the cirrus case, the properties of the low liquid water cloud is assumed to
be constant along the flight leg. This assumption might not hold in reality and
affect the retrieved cirrus properties. Therefore, the sensitivity of the cirrus
retrieval on the assumed properties of the liquid water cloud is quantified using
radiative transfer simulations. Spectral radiance are simulated for different
combinations of liquid water cloud and cirrus properties. The liquid water cloud
is varied for \tau_li = 6 - 10 and reff_li = 6 - 14 um, while the cirrus is changed
for\tau_ci=2-8and reff_ci=10-40 um. These simulated radiances are used
as synthetic measurements and analyzed with the retrieval algorithm using C2
(I_645 and \Re_1640), which assumes a liquid water cloud with \tau_li = 8 and
reff_li = 10 um. The comparison of synthetically retrieved and original \tau_ci



and r_eff,ci is shown in Fig. 9. The annotation of "overestimation" (below one-
to-one line) and "underestimation" (above one-to-one line) corresponds to
when the retrieval is run with an overestimation and underestimation of the
properties of liquid water cloud. The retrieved \tau_ci are analyzed in Fig. 9a
for different \tau_li, while r_eff,ci and r_eff,li are fixed to 20 um and 10 um,
respectively. Similarly, the retrieved r_eff,ci are analyzed in Fig. 9b for different
r_eff,li but for a fixed combination of \tau_ci = 3 and \tau_li = 8. In general, the
simulations show that an overestimation of \tau_li leads to an underestimation
of \tau_ci because in this case, the liquid water cloud contribute stronger to
the reflected radiation than in reality. Therefore, a smaller \tau_ci is required
to match the measurement, and vice versa. For the range of \tau_ci analyzed
here, the retrieved \tau_ci is found be over- or underestimated by 1.3 when in
reality \tau_li is 6 or 10, while the retrieval assumes \tau_li = 8. These biases
of S\tau_ci show, that \tau_li needs to be estimated accurately because a
wrong assumption of tau_li almost directly propagates in uncertainties of
\tau_ci.

A similar behavior is found for the retrieval of reff_ci, where an overestimation
of reff_li leads to an underestimation of reff _ci, and vice versa. Assuming larger
liquid droplets than in reality implies that these droplets contribute stronger to
the measured absorption at \lambda = 1640 nm, and therefore the ice crystals
only contribute less (smaller reff ci). Fig. 9b illustrates, that the impact of
reff_li is strongest when small liquid droplets (reff_li <= 8 um) are present. For
larger liquid droplets (reff_li > 10 um), the impact is smaller. The maximum
uncertainties of reff _ci found for the range of reff_ci and reff_li considered here
are about 8 um for the underestimation of um which show a tendency of higher
uncertainties for higher reff _ci. The retrieval of reff _ci is less affected by reff _li,
when the cirrus layer is sufficiently thick (\tau_ci > 5) since the cirrus layer will
dominate the reflected radiation in the absorption bands.”

4) I find it surprising that the authors did not retrieve effective radius using MODIS
3.78 um channel. If you want to demonstrate that the liquid cloud layer can bias
the retrievals, then you have to calculate the effective radius for all the available
MODIS channels. In my opinion, the main conclusion of the paper is that
accounting for liquid clouds is far more important than accounting for the vertical
inhomogeneity.

Response:

It is correct, that to demonstrate the bias due of low liquid cloud, we should use
MODIS radiance and run the radiance ratio retrieval considering the low liquid
cloud. Therefore in the revised manuscript, we introduced retrievals using MODIS
band 7 and band 20 (3700 nm). By doing this, the correlation between the retrieval
results with the in situ weighting-estimate reff,w* is significantly improved, which



also can be used to estimate the impact of low liquid cloud. A normalized mean
absolute deviation of \zeta= 8.3% and 1.5% for retrieval using 2130 nm and 3700
nm was obtained, where using the reff derived from the MODIS cloud product the
\zeta is up to 47.5%. By removing MODIS cloud product in this analysis, overall, the
\zeta between in situ reff,w* and retrieved reff ranges between 1.5 - 10.3% which
falls within the standard deviation (variability of horizontal reff) and considerably
as a good agreement. The resulting correlation coefficient R? is 0.82 which shows
a robust agreement. We changed the discussion in the manuscript accordingly.

“Additionally, the reff retrieved by using additional SMART measurements at
\lambda = 1500 nm, 1550 nm, and 1700 nm, and also MODIS radiances
centered at \lambda = 2130 nm and 3700 nm (band 20) are applied in this
comparison. The retrieval and the calculation of wm for \lambda = 3700 nm
are performed by considering both solar and thermal radiation.....”

“The deviations of in situ reff,w” and SMART reff range between 3.2% (\lambda
= 1500 nm) and 10.3% (\lambda = 1550 nm). Between reff,w"and MODIS reff,
the \zeta results in a value between 1.5% for \lambda = 3700 nm and 9.1% for
\lambda = 1640 nm. Overall, the values of \zeta are in the range between 1.5
- 10.3% and agree within the horizontal standard deviation, as shown in Fig.
15b.”

“The reff derived from the MODIS cloud product are obviously affected by the
low liquid water cloud, which is not included in the algorithm of MODIS
operational retrieval. Therefore, a \zeta of 47.5% and 19.3% are obtained for
reff,1,2130 and reff,L,3700, respectively. The absorption by ice crystals at
\lambda = 3700 nm is very strong. Consequently, the first top layers will
dominate the absorption and significantly reduce the effect of the underlying
liquid water cloud. Fig. 15c shows a scatter plot of in situ reff,w" and reff
retrieved from SMART (black triangles) and MODIS (red dots), while the dashed
line represents the one-to-one line. There is a robust agreement between in situ
reff,w” and retrieved reff with a correlation coefficient R? of 0.82.”

5) In my opinion, the main conclusion of the paper is that accounting for liquid
clouds is far more important than accounting for the vertical inhomogeneity.

Response:

A bias of 1 micron is small or not might depend on the related question. We agree,
compared to other retrieval uncertainties this is not the major issue and the
vertically homogeneous assumption might be sufficient. Also with considering the
first reviewer comment, we modified the conclusion in the revised manuscript as
follows:
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“The variability of particle size distributions, the uncertainties of deriving reff
from the in situ measurements, the presence of liquid water cloud below cirrus,
and the uncertainties caused by unconstrained choice of ice crystal shapes for
the retrievals, are considered as the main contributor which can reveal the
discrepancies between in situ and retrieved reff. The assumption of vertically
homogeneous cloud in the retrieval algorithm has only a small impact on the
retrieval results.”

6) | believe collection 6 utilizes a new habit for the lookup table calculations. This
new habit appears to produce different results compared to the ice crystal habit
of collection 5.

Response:

For the retrievals of the cirrus case, we use GHM based on severely roughened
aggregates composed of nine habits (Baum et al., 2014), while the ice crystal habit
of plate with high surface roughness (Yang et al., 2013) is applied for the retrievals
of the DCC case. The assumption of ice crystal habit considers the measurements
by in situ probes. The In the revised manuscript, we added a discussion on the
impact of using GHM instead of aggregated columns which is based on the
suggested literature.

“These particle habits differ from the MODIS collection 6 retrievals which use
severely-roughened compact aggregates of solid columns (so-called
aggregated columns) by Yang et al. (2013). A sensitivity study infers that the
retrievals assuming GHM and plate generally will result in a larger \tau and
smaller reff (not shown here), which is in agreement with findings by van
Diedenhoven et al. (2014) and Holz et al. (2016).”

7) 1 do not see the value of section 5.4. If you deem it necessary, please include
the section as a part of the appendix.

We merged and tightened the discussion of the surface albedo in Section 4.1.

“For the cirrus case, the spectral surface albedo \rho of ocean implemented
in the forward simulations was measured by SMART. For the DCC case,
which is above Amazonian rainforest, no corresponding SMART albedo
measurements at low altitude covering exactly the same flight path are
available. In this area, the heterogeneity of the surface albedo is very high
because where forested and deforested areas are located close to each
other. This implies, that a representative assumption of homogeneous
surface for the whole flight legs is not appropriate. Therefore, in the DCC
case \rho derived from the MODIS BRDF/Albedo product (Strahler et al.,
1999) is used to include the horizontal variability of the surface albedo of
tropical rainforest.”
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Abstract. Solar radiation reflected by cirrus and deep convective clouds (DCCs) was measured by the Spectral Modular Air-
borne Radiation Measurement System (SMART) installed on the German HALO (High Altitude and Long Range Research
Aircraft) during the ML-CIRRUS and the ACRIDICON-CHU VA campaigns. 11-On particular flights, HALO performed elesely
collocated-measurements-measurements closely collocated with overpasses of the Moderate Resolution Imaging Spectrora-

diometer (MODIS) on board of the Aqua satellite. A cirrus cloud located above liquid water clouds and a DCC topped b
an anvil cirrus are analyzed in this paper. Based on the nadir upward-radianeespectral upward radiance measured above the

clouds, the optical thickness 7 and bulk-the particle effective radius req of the cirrus and DCC are retrieved using a radiance
ratio algorithm, which considers the cloud thermodynamic phase, the eloud-vertical- profilemulti-tayer-vertical profile of cloud
microphysical properties, the presence of multilayer clouds, and the heterogeneity of the surface albedo. For the cirrus case,

the comparison of Waﬁdrmmwmretrleved on the basis of SMART and MODIS ﬂpwafd—mdiaﬂee&glvg@ygg@gggs\

to 1.2% for 7 and 2.1 % for r.q.

-deviations of up to 3.5% for 7 and 6.5 %
for r.g are obtained. The larger deviations in ease-ef BEEC-the DCC case are mainly attributed to the fast cloud evolution and

yields a normalized mean absolute deviation

For the DCC case,

eff,dcc

significant three-dimensional radiative effects. Measurements of spectral upward radiance at near-infrared wavelengths with
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different-abserption-by-cloud-particles-are employed to investigate the vertical profile of eirrus-effeetiveradiusrqg in the cirrus.
The retrieved values of eirrus-effective-radius-arefurther1.¢ are compared with corresponding in situ measurements using

a vertical weighting method. Compared to the MODIS ebservatton;speetral-observations, measurements of SMART provide
an-inereased-amount-of-more information on the vertical distribution of particle sizes at-close to the cloud top, and-therefore
allew-to-reconstruet-which allow reconstructing the profile of effective-radiusr.g at cloud top. The retrieved-effeetiveradius
differs-to-in-situ-measurements-with-comparison between retrieved and in situ values yields a normalized mean absolute de-

viation between4 9% depending on the wavelength chosen-in the retrieval aleorithm. While. the MOD oud-produ

s ) &

potential-errorcontribatorswhich ranges between 1.5 — 10.3 % and a robust correlation coefficient of 0.82.

1 Introduction

Clouds constitute an important component of the global climate system. Covering about 75% of the Earth, their high albedo

essentiatty-strongly affects to the Earth’s energy budget (Wylie et al., 2005; Kim and Ramanathan, 2008; Stubenrauch et al.,

2013). In particular, eirrs ouds-are-not-adequatelyrepresentedn-eeneral-eirettation-models—They-pose-tarse-challense

the-tropies-and-30-%-over BEurope—Cirrus-clouds-optically thin cirrus is expected to contribute to a warming of the atmosphere
below the cloud, while thick cirrus may cool it (e.g., Liou, 1986; Wendisch et al., 2005, 2007; Voigt et al., 2017). Cirrus reflect

solar radiation and reduce the loss of radative radiative energy to space due to absorption of terrestrial radiation and re-emission

at a lower temperature (greenhouse effect).

They pose large
challenges in predicting future climate changes (Heymsfield et al., 2017) because they are not adequately represented in general
circulation models in spite of the fact that their regional coverage can be as high as about 50% in the tropics and 30 % over

Europe.
On the other hand, deep convective clouds (DCCs) alter the radiative energy distribution in the atmosphere by reflection of

solar and absorption or emission of terrestrial radiation, as well as by changes of liquid and ice water and hydrometeor profiles
(Jensen and Del Genio, 2003; Sherwood et al., 2004; Sohn et al., 2015). Their life cycle is determined by complex micro-
physical processes including different cloud particle growth/shrinking mechanisms, changes of the thermodynamic phase, and
the development of precipitation. DCCs are typieally-optically thick and often associated with heavy precipitationand-severe
weather-events—In-addition; DECs-arerelated-to-, strong turbulence, considerable vertical motion, lightning, hail formation and
icing (Mecikalski et al., 2007; Lane and Sharman, 2014).

Two important eloeud-parameters—which-quantify—cloud-radiative-properties—properties which determine the cloud radiative

impact are the cloud optical thickness 7 and particle effective radius rog (King et al., 2013). Changes-in—7and-rsrecanlead
to—a—They will decide if a cloud has cooling or warming effect (Slingo, 1990; Shupe and Intrieri, 2004). Passive-remote
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sensing-usingreflected-Several passive remote sensing techniques have been developed to retrieve 7 and using spectral
upward (cloud-reflected) solar or emitted

thermal-infrared radiance measured by airborne and satellite sensors, where the most common technique relies on the bi-spectral
methods (e.g. 1990; King et al., 1997; Stephens and Kummerow, 2007; Platnick et al., 2017). A radiance

ratio method was introduced by Werner et al. (2013), who showed that the use of radiance ratios is capable to reduce the
retrieval uncertainties. The cloud properties are retrieved by inversion of radiative transfer model simulations, which is often

realized by pre—calculated lookup tables(Nakajima-and-IKing;+990; Platnick-et-al 2047,

Airborne remote sensing of cirrus and DCCs properties gives a snapshot of the cloud field only, whereas satellite remote

Nakajima and Kin

sensing (e.g., MODIS) may provide statistical data on a global scale and record long time series to determine temporal changes
of cloud properties (Rosenfeld and Lensky, 1998; Lindsey et al., 2006; Berendes et al., 2008).

Fhe-performanceof posi-taunchvalidationactivities is-erueiak-to-verify Post-launch validation activities of satellite measurements

are crucial to verifying the quality of satellite measurement-systemsproducts. It is essential to address all components of
the measurement system, i.e., sensors, algorithms, along with the originally measured radiances and derived data products,

and continue validation activities throughout the satellite tife-lifetime (Larar et al., 2010). Radiance measurements above
highly reflecting surfaces such as salt lake, desert, snow/ice (Wan, 2014) and clouds (Mu et al., 2017) are usually evalu-
ated in order to monitor the long term stability of the satellite sensors. An estimated uncertainty of about 1 — 5% in case of
MODIS reflective solar bands (RSBs) was reported by Xiong et al. (2003). This measurement uneertainty-error propagates
into the retrieval resultstiingand-Vaughan 2642y —Additionallyunecertaintiesin-theretrieval-. Additional uncertainties may
arise from errors-in-the-assumed-inappropriate assumptions of the surface albedo and three-dimensional(3-D)-radiative-effeets:
Ad-the ice crystal habit in case of ice or mixed-phase clouds. According to Rolland and Liou (2001), Fricke et al. (2014),
and Ehrlich et al. (2017), an inaccurate assumption of the surface albedo can lead to an-—uneertainty-uncertainties of up to
83 % for T and 62 % for rog i - Fri i i howe

Eichler et al. (2009) demonstrated, that uncertainties of up to 70 % for 7 and 20% for reg are obtained when an inappropriate
ice crystal habit is assumed in cirrus retrievals. Further, the influence of three-dimensional (3-D) radiative effects that can
enhance the retrieval uneertainty-and-uncertainties has been demonstrated by King et al. (2013), and therefore should be con-
sidered when Meme&ﬂg%wmmmewmﬁm@m%(mrmwwm

from different instruments.

others, Platnick 2000) and van Diedenhoven et al. (2016) emphasized the fact that r.g retrieved from reflected solar radiation

measurements depends on the vertical penetration of reflected photons into the cloud. At a wavelength with higher absorption
by cloud particles, the probability of photons being scattered back out of the cloud without being absorbed decreases. Therefore,
retrievals of rqg using different near-infrared wavelengths with different absorption by cloud particles in-theretrieval-algorithm
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in-cloud vertical homogeneity, where the result is a single bulk value of effeetiveradius—r.g representlng the entire cloud

layerw

chosen-in-theretrieval. Thus, Meﬁ%wﬁe&ﬁﬁ%&eﬁeeﬂeﬂdﬂmeme%d%yﬂﬁﬁeehmqﬂ&mdoes not
represent an-effectiveradius-a particle size at a single layer enly;-and-therefore-doesnotrepresent-the-real-profile-of-effeetive
raditisin-the-etond—tnreality,-as measured by in situ instruments;-the-etetd-observations, where the particle effective radius is
sampled at a specific cloud altitude #and-it-considerably-varies-as-afunction-of-altitudersr g (2). These different definitions
make-difficulties-to-compare-approaches need to be kept in mind when comparing remote sensing and in situ observations-and

canlead-tolarge-diserepaneiesmeasurements, otherwise a systematic discrepancy might be misinterpreted. A direct comparison
at a single-eloudtayer-certain cloud altitude is problematic because it is unclear to-for what level the femef&%eﬁ%mgretrleved

Teff corresponds to the in situ =

Studies for liquid water clouds by Painemal
and Zuidema (2011) and Klng et al. (2013), who compared the effective-radius g retrieved from MODIS observations with

the av
value of 7.¢ measured by cloud probes near the cloud top, revealed absolute deviations of up to 20 %. King et al. (2013)
found-argued that there is no apparent link between the variation of the effectiveradius—r.g retrieved using different near-
infrared wavelengths of MODIS and the vertical structure of effectiveradits—reg measured by in situ methods. Painemal and
Zuidema (2011) identified four potential-error-sourees-reasons, such as the variability of droplet size distributions, forming of
precipitation, %WWWWWW and viewing geometry dependent

biases, as potential contributors to the deviation.

diserepaney-between-passive-remote-sensing-For cirrus clouds, Wang et al. (2009) and Zhang et al. (2010) demonstrated that
the differences between retrievals and in situ measurements is-due-to-are also influenced by the simplification in the retrieval

algorithm which assumes in-cloud vertical homogeneity.

Standard satellite retrieval methods such as that applied by MODIS commonly assume a priori, that there is one single
homogeneous cloud layer with a specific thermodynamic phase, either liquid water or ice (Platnick et al., 2017). However.
studies by Hahn et al. (1984) and Warren et al. (1985) analyzing ground-based observations reported, that the coexistence of

multilayer clouds (e.g., cirrus above liquid water clouds) is found in about 50 % of the data. Chang and Li (2005) and Sourdeval et al. (2015)

have demonstrated, that omitting the low liquid water cloud in the retrieval algorithm will introduce significant uncertainties in
the retrieved cirrus properties.

In order to assess the aspects discussed above, collocated airborne and satellite remote sensing measurements accompanied by
in situ observations are necessary. The similar observation geometry of airborne and satellite radiation sensors allows a direct
comparison of upward radiance data and a stringent validation of methodologies and retrieval algorithms. The validity of the
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retrieval results can be explored by comparison with collocated in situ measurements. This has been realized in this paper for

two different cloud cases, a cirrus above low liquid water clouds and a DCC topped by an anvil cirrus.
Measurements of spectral solar radiation using SMART-the Spectral Modular Airborne Radiation Measurement System

SMART) installed on board of HALO during the Mid-Latitude Cirrus (ML-CIRRUS) and the Aerosol, Cloud, Precipitation,
and Radiation Interaction and Dynamic of Convective Clouds System - Cloud Processes of the Main Precipitation Systems in

Brazil: A Contribution to Cloud Resolving Modelling and to the Global Precipitation Measurement (ACRIDICON-CHUVA)

eampaign-campaigns are analyzed. For the purpose of airborne-satellite validation, designated flights above clouds were carried
with overpasses of the A—Train satellites (Savtchenko et al., 2008). HALO with its long endurance of up to 8 hours and high
ceiling of up to 15 km altitude is optimally suited to fly above cirrus and DCCsWendiseh-et-al- 2046 Voigtetals 204 H1n

high-altitude, High cirrus and DCCs are an appropriate target to perform airborne-satellite comparison because in high altitudes,
measurements of upward radiance (cloud-reflected) are only marginally affected by atmospheric interferences due to scattering

and absorption by gas molecules and aerosol particles. F

Two-airborne-eampaignsThe two airborne campaigns, involved instrumentations, and satellite observations are introduced in
Section 2?-feHewed-by-instrumentation—in-Seetion—272. In Section 3, the comparison techniques, data filters, and results of
upward radiance comparison are presented. The radiance ratio algorithm ;-and uncertainty estimation, impact of underlying
Wm@jorwmd simulation of vertically inhomogeneous cloud, vertical weighting function,

otrd;-and results of 7 and 7.g comparison are discussed

in Section 4. In Section 5, the methods and results of the comparison between in situ and retrieved effective radius are presented.

Finally, the conclusions are given in Section 6.

2 Airborne-eampaignsObservations

2.1 Airborne campaigns

Data from two airborne campaigns with HALO are used in this study. Between 21 March 2014 and 15 April 2014, the ML-
CIRRUS campaign performed 16 research flights over Europe and the Atlantic ocean to study nucleation, life-cycle, and
climate impact of natural cirrus and aireraftinduced-aircraft-induced contrail cirrus (Voigt et al., 2017; Schumann et al., 2017).
Between 1 September 2014 and 4 October 2014, the ACRIDICON-CHU VA campaign performed 14 research flights combined
with satellite and ground-based observations over the Brazilian Amazon rainforest to quantify aerosol-cloud-precipitation

interactions and their-the thermodynamic, dynamic, and radiative effects of tropical deep convective clouds (DCCs) over the

Amazon rainforest (Wendisch et al., 2016).
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One common objective of ML-CIRRUS and ACRIDICON-CHUVA was the-validation—ef-to_ compare airborne and satel-
lite measurements and products. Gle%eb#Therefore closely collocated measurements with W the A-Train during

ssatellites were
performed. One flight from the ML-CIRRUS flight number 15 (ML-15, 13 April 2014) and another one from the ACRIDICON-
CHUVA flight number 18 (AC-18, 28 September 2014) fulfi i i

were selected
for detailed analyses. The flight trajectory-path of ML-15 is shown in Fig. 1a. During the MODIS overpass at 13:55:00 UTC,
HALO flew west of Portugal over the North Atlantic. In this area, a wide field of cirrus was located above a-low liquid water
eloud-clouds (stratocumulus). Fig. 1b shows the flight trajectory of AC-18-HALO-was-flying-, when HALO flew in the north-

west of Brazil over Amazonian rainforest during MODIS overpass at 17:55:00 UTC, where a DCC topped by an anvil cirrus

was observed.

3 Instrumentation
2.1 Airborne instrumentation

A comprehensive overview of commonly applied airborne instrumentation is given by (Wendisch and Brenguier, 2013). During
the ML-CIRRUS and ACRIDICON-CHU VA campaign, a comprehensivesetofin-sit-and-remote-sensing-set of remote sensing
and in situ instruments were operated on board of HALO (Wendisch et al., 2016; Voigt et al., 2017). SMART measured

n "

spectral upward radiance [, ST > as well as spectral upward F;r  and downward irradiace-irradiance . Fj - The index refers
to measurements of-by SMART, while \ indicates spectral quantities in units of nm~!. The irradiance data can be used to
determine the spectral surface albedo (Wendisch et al., 2001; Wendisch and Mayer, 2003; Wendisch et al., 2004). An active

stabilization system keeps the optical inlets in a horizontal position during aircraft movements of up to = 6° from the horizontal

plane (Wendisch et al., 2001). The spectral resolution defined by the full width at half maximum (FWHM) is 2 - 3 nm for the

VNIR spectrometer and 8 - 10 nm for the SWIR spectrometer (Werner et al., 2013).
SMART has two types-of-separate-separate types of spectrometers, which measure in the solar spectrum. The Visible to Near

Infrared (VNIR) spectrometer ranges-covers wavelengths from 300 - 1000 nm and the Shortwave-Infrared (SWIR) spectrometer

ranges-covers from 1000 - 2200 nm. Cembination-The combination of both spectrometers eovercovers approximately 97 % of

the entire solar spectrum Bierwirth-(2008)—~(Bierwirth, 2008). However, due to the decreasing sensitivity of the spectrometers
at small and large wavelengths, the reasonable wavelength range was restricted to 400 - 1800 nm.

nmfor-the- SWIR-spectrometer(Werner-et-al;-2043)—For-the-purpese-of-In this study, we-foeus-on-the-upward-radiance-only the
radiance data are analyzed. The radiance optical inlet has a field of view (FOV) of 2° looking at nadir (Wolf et al., 2017). The

nadir radiance measured by SMART is comparable to measurements of MODIS reflective solar bands (RSBs) in the band num-
ber 1 - 19, and 26 ranging between 410 - 2130 um (Xiong and Barnes, 2006). Primarily,-SMART is calibrated radiometrically
before, during, and after each campaign using certified calibration standards traceable to NIST (National Institute of Standards

and Technology) and by secondary calibration using a travelling standard. The measurement uncertainty of J 5 1s comprised



20

25

30

35

15°0'W 12°0'W 9°0'W 6°0'W 30w 87°30'W 65°0'W 62°30'W 60°0'W
- T e .

z X z
(a) (b) 2 OV 8 z
& &
0 & 12 [}
T 3 3 3
S B &
£ Y] 1Y £ o
il‘ 3 © <}
2 =z z L
£ 9 o =
o v w0 Q
g ¥ M-
» »
g g o °
® = = o & &
O o =) ]
o I
N N
< <
e e
= s . < y <
15°0'W 12°0'W 9°0'W 6°0'W 30w 67°30'W 65°0'W 62°30'W 60°0'W
—_— . . _
0 125 2s0kiometers Geographic Longitude 0 100 200 Kiometers Geographic Longitude

Figure 1. (a) is the HALO flight path of ML-15 on 13 April 2014 while (b) is for AC-18 on 28 September 2014 overlaid with MODIS true

color image. The yellow cross indicates the flight section that is selected for the analysis.

of-determined by the accuracy of the spectral calibration, spectrometer noise and dark current, radiometric-calibration,—and
transfer-ecalibration-as well as radiometric and transfer calibrations (Eichler et al., 2009; Briickner et al., 2014; Wolf et al.,
2017). The main uncertainty results from the Signal-to-Noise-Ratio (SNR) and the calibration standard, while spectral and
transfer calibration errors are almeost-negligible (Wolf et al., 2017). The resulting total uncertainty is about 4 % for the VNIR
and 10% for the SWIR.

The Cloud Combination Probe (CCP) incorporates two separate instruments, the Cloud Droplet Probe (CDP) and the greyscale
Cloud Imaging Probe (CIPgs) (Weigel et al., 2016). Fhis-way-the-The CCP overall covers a size-diameter range from 2 pym to
960 um, including large aerosol particles, liquid cloud droplets and small frozen hydrometeors (Klingebiel et al., 2015). The
CDP part detects the forward-seattered-forward-scattered laser light when cloud particles cross the CDP laser beam (Lance
et al., 2010). Thus, the CDP provides an improved replacement for the Forward Scattering Spectrometer Probe (FSSP) (Dye
and Baumgardner, 1984; Baumgardner et al., 1985). Molleker et al. (2014) eharacterized-the-CDP-in-detail; revealing-that-the

instrument-showed, that the CCP exhibits a nominal limit for cloud particle diameters from 3 um up to 50 um. The CIPgs
records two-dimensional shadow images of cloud particles in a size range from 15 pm up to 960 um with an optical resolution
of 15 pm (Klingebiel et al., 2015; Weigel et al., 2016).

Speetalized-Special algorithms are used to process and analyze the captured images in order to estimate particle number

concentrations, particle size distributions, and to differentiate particle shapes (Korolev, 2007). The-

The CCP measurements are employed to derive the 7eg for the comparison with the retrieval products from SMART and
MODIS. The 1 from the CCP is derived from the geometrical properties and number of detected particles. Many definitions of
Lo eXist as summarized in McFarquhar and Heymsfield (1998). In general, 7o as a measure for the cloud radiative properties
is defined as the ratio of the third to the second moment of a cloud particle size distribution, implying spheres of equivalent
cross-sectional area for any cloud particle shape (McFarquhar and Heymsfield, 1996; Frey et al., 2011). The accuracy of the
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cloud particle sizing is conservatively estimated to be about 10 % for spherical particles and-correctly-assumedrefractive indices
(Molleker et al., 2014). The sizing uncertainty increases as a function of particles size-shape complexity (i.e., when dendrites

or particles with elevated aspect ratio were predominating). The size bin limits of the CCP cloud particle data are adapted to
reduce ambiguities due to the Mie curve, particularly for cloud particles with small sizes less than 5 ym. The instrument sample
volume is calculated as a product of the probe air speed (measurement condition) and the instrument specific effective detection
area. All concentration data are corrected concerning the air compression upstream of the underwing cloud probe at the high
flight speeds inherent-with-airborne-measurements-on-board-of HAEO-(Weigel et al., 2016). The robust performance of the
specific CCP instrument used in this study was demonstrated by Frey(26+H)-Frey et al. (2011) for tropical convective outflow,
by Molleker et al. (2014) for polar stratospheric clouds(PS€), Klingebiel et al. (2015) for low level mixed-phase clouds in the
Arctic, as well as by (Braga-et-al52047)-Braga et al. (2017) and Cecchini et al. (2017) for tropical convective clouds.

Water vapor was measured by the Water Vapor Analyzer (WARAN), which is a tunable diode laser hygrometer based on
the absorption of a laser beam by gaseous water molecules at A = 1370 nm (Voigt et al., 2014; Kaufmann et al,, 2014). The
WARAN is installed on the forward-facing HALO trace gas inlet (HALO-TGI). The instrument measures total water, i.e., gas
phase plus enhanced ice water content (IWC), in the range between 50 - 40,000 ppm with an accuracy of about 50 ppm or
5% of reading. Detailed descriptions about the measurement strategy and uncertainties in the data processing are discussed in
Afchine et al. (2017). IWC is derived from the difference between the amount of total enhanced water (H;Oys) and the amount

of gas phase water (H50O,,.) (Kaufmann et al., 2016). Due to the enhancement factor (Voigt et al., 2006) at the HALO-TGI
2000 ppm (1 — 2000 x 1072 mg m—>

which is about 20 - 35, the minimum detectable IWC is in the range between 1 - . In

this study, the IWC is used to obtain the profile of cloud optical thickness 7(z).

2.2 Satellite observations

Satellite data used in this sudy-study stem from the Level 1B Moderate Resolution Imaging Spectroradiometer (MODIS) - Aqua
calibrated-products- MYDO2HM-collection 6. Detailed instrument specifications and features of MODIS have been described
by Platnick et al. (2003), Xiong and Barnes (2006), and others. The data contain calibrated and geolocated radiances and re-
flectances for 36 discrete spectral bands distributed between 0.41 um and 14.2 pm, including 20 RSBs-reflective solar bands
(RSBs) and 16 thermal emissive bands (TEBs) (Platnick et al., 2003; Xiong and Barnes, 2006), with a nadir horizontal resolu-
tions of about 1 km. The radiances are generated from MODIS Level 1A scans of raw radiance and in the process converted
to geophysical units. The solar reflectance values are based on a solar diffuser panel for reflectance calibration up through the
RSBs and an accompanying diffuser stability monitor for assessing the stability of the diffuser of up to 1 um (Platnick et al.,
2003). The spectral response is determined by an interference filter overlying a detector array imaging a 10-km along track
scene for each scan (40, 20, and 10 elements arrays for the 250 m, 500 m, and 1 km bands, respectively yPlatnick-et-al52003).

Onboard instruments used for in-orbit radiometric calibration were discussed by Xiong et al. (2003) and Sun et al. (2007).



5

10

15

20

25

30

3 Comparison of upward radiance
3.1 Spectral and spatial resolution adjustment

SMART and MODIS have different different-spectral resolutions. MODIS measures in broad spectral bands, while SMART
measures a-contintous—speetrtim—in much narrower spectral with FWHM between 2 - 10 nm. Fherefore;to-compare-both
meastrements-To allow the comparison, the spectral upward radiance of-measured by SMART I ST , must be convoluted with
the MODIS relative spectral response R(A). The convoluted radiance of SMART I, g » is calculated by:

A2
. Jj) LR dA

)\2 A
O R(A) dA

In this study, upward radiances centered at the MODIS band 1 (A = 645 nm), band 5 (A = 1240 nm), and band 6 (A = 1640 nm)
will be primarily used to retrieve 7 and 7q¢. HoweveritIt is known that 15 of the 20 detectors in the MODIS-Aqua band 6 are
either nonfunctional or noisy. Aceerding-to-Wang-et-al(2006)However, according to Wang et al. (2006), the MODIS radiance
band 6 Iy e can be restored-using-the MODISradianeeretrieved using band 7 Iy g7 (A = 2130 nm)by:-. This technique was
originally developed and tested on the basis of snow surfaces assuming that the spectral characteristics of the snow reflectivity.

between MODIS band 6 and 7 do not change significantly for different snow types. Assuming that ice clouds and snow have
lied. Similar to Wang et al. (2006 i

I;/\ - (1)

similar optical properties, the same approach can be a a parameterization of I

developed on the basis of radiative transfer simulations of upward radiance performed for cirrus with different 7 and r.g. A
olynomial fit is applied to quantify the relation between I . and Iy g7 which result the parameterization:

Ivipe = 1.6032—81.033 - Ing pr” — 1.9458 - Ing 7”4+ 1.79483.257 - Iy g7 + 0.012396,0.002 )

The validity of the parameterization is tested using the remaining detectors of MODIS band 6 for observations above cirrus
not shown here). The linear regression between original and retrieved Iy gg showed differences below 5% (slope of 0.95 and
zero bias) with a correlation coefficient of 0.94.

MODIS data used in this study are delivered at a horizontal resolution of 1 km at nadir, whereas the spatial resolution of
SMART varies depending on the flight altitude and temporal resolution. At a flight altitude of 10 km, SMART has a swath
of approximately 349 m at the Earth surface. During the two campaigns, the temporal resolution of SMART was between 0.2
- 0.5 s, depending on the measurement conditions. Therefores-this-This has to be considered in the data analysis. In order to
decrease biases resulting from comparisons of individual measurements, SMART measurements-data are averaged over 1 s

resolution using a binning method.
3.2 Data filter

Only clouds with a top altitude higher than 8 km are selected for this study. The higher proximity to TOA reduces the influ-
ence of scattering and abserbtion-absorption by atmospheric molecules and aerosol particles above cloud. Consequently, no

correction of-for the influence of the atmospheric layer above HALO is needed. To assure a similar viewing zenith angle of



SMART and MODIS, only nadir observations in the center of MODIS swath were selected for the comparison. Werner et al.
(2013) discussed that off-nadir measurements of less than 5° may lead to a bias in the retrieved T and 7og of up to 1% and
5%, respectively. To minimize this bias, SMART measurements with roll and pitch angles larger than 3° are discarded and
only straight flight legs with altitude changes of less than 50 m are analyzed. Cloud-edges-are-assoetated-with-sharp-changes-in

10

Table 1. Flight descriptions and atmospheric conditions during cloud measurements. Horizontal wind speed HW-S-v and solar zenith angle

0o are averaged during the selected time series.

Flight Date Cloud Type Appearance 2t Time - UTC v 0o

(km) (HH:MM:SS) ms™hH ()

ML-15  04/13/2014  Cirrus above liquid cloud Homogeneous 12 13:56:20 - 13:57:35 21 37

AC-18  09/28/2014 Anvil topped DCC Inhomogeneous 8 17:56:00 - 17:57:30 9 26

MODBISHlies-The nadir point of MODIS moves much faster than the aircraft. Therefore, it is impossible that SMART and
MODIS always measure exactly above each other along the joint flight track. To analyze the effects caused by time shifts
between SMART and MODIS measurements, data from the ML-CIRRUS and ACRIDICON-CHUVA are divided into groups
within and without a threshold |At| of 500 s time-delay—for the cirrus and 300 s for the DCC. Scatter plots of SMART and
MODIS radiance at A = 645 nm are shown in Fig. 2a yields-that-the-comparison-between-for the cirrus and Fig. 2b for the

5 DCC. For the cirrus (Fig. 2a), I o5 and I, g5 forA+H-<-500-s-shews-are in a better agreement —while-for |At| >< 500
s reveals-a-seatter-as-showninFig—2b-with-the-respeetive-with a correlation coefficient R? = 0.96, while for |At| <> 500 s
and-deviations are larger with R? = 0.58for{A+>-500-s. The large scatter for |A¢| >-> 500 s is mainly attributed to the fast
horizontal wind speed during cirrus measurements which was 21 ms~! on average. In-additionAdditionally, the wind direction

is also a key factor causing a significant cloud drift within-for the larger time delay. In-ecase-of- DECFor the DCC (Fig. 2b), the

10 scatter is significantly larger compared to the cirrus for the given threshold of |A¢| <300 s and even worse for the threshold of
|At] > 300 s with R? = 0.79 and -0.09, respectively. In this case, the horizontal wind speed was-is smaller with an average of

9 ms~!—Hewever., but the fast cloud evolution is the major issuefor DECTherefore-altcomparisons-, Luo et al. (2014) and

Schumacher et al. (2015) reported, that tropical DCCs located at altitude between 6 - 8 km typically have an updraft velocit

10



about 2 - 4 ms~!. According to this analysis, the comparison are restricted to |At| << 500 s —for the cirrus case, while for the
15 DCC case the threshold is tightened to |At| <300 s.
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Figure 2. Scatter plots of upward radiance at A = 645 nm measured by SMART (/. &) and MODIS (I T ., ) within a threshold of 500 s for

the cirrus (a) and 300 s the DCC (b). Blue circles and red triangles represents data within and without the predetermined threshold.
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Figure 3. MODIS radiance band 1 (A = 645 nm) for the cirrus case (a) and the DCC case (b) superimposed with the selected flight legs of
HALO during cloud measurements (red line). The flight direction is from point A to B.

After the filtering, enly-two suitable cases are left which fulfill al-the-most requirements of the analysis. The first case, a cirrus
cloud located above low liquid water clouds (stratocumulus) is selected from ML-15 between 13:56:20 - 13:57:35 UTC as
shown in Fig. 3a. The cloud top altitude z; of the cirrus was about 12 km while HALO flew at about +2:2-12.3 km altitude. The
second case, a DCC topped by an anvil cirrus is selected from AC-18 between 17:56:00 - 17:57:30 UTC as presented in Fig.

11
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3b. The eloeud-top-altitade-z; of the selected DCC was about 8 km while HALO flew at 8.3 km altitude. Flight descriptions and
atmospheric conditions during cloud measurements are summarized in Table 1. Each-ease-is-comprised-of-a-The selected time

periods extend to 75 s for the cirrus and 90 s for the DCC case. For HALO flight-path-at-constant-attitudesflying at constant
altitude, those correspond to a-herizontal-distanee-horizontal distances of about 15 km and 18 km, respectively. For the MODIS
pixels are discarded in the data analysis.

3.3 Result of upward radiance comparison

T . . . 3
the 1M,1240 is-corrected-by-the folowingequation:

T _ T
IM,124o,cor =9 ]IVI,12407

{&fhe—feﬂeﬁéﬂgr{hwﬂv&iay&fefefﬁeﬂWMU ward radiances measured by SMART and MODIS are compared for
the two selected cloud cases. Fig. 4 shows time series of upward radiance measured by SMART I, ; 5 and MODIS Ig, 5 centered

at A = 645 nm (a), 1240 nm (b), and 2436-1640 nm (c) for the cirrus case, while Fig. 5 is-shows the same for the DCC case.

Additionally;the-Those three wavelengths will be primarily utilized to retrieve the cloud properties in this study. The scatter
plots of the respective measurements are shown in Fig. 6. The resultsshow;-that-theradiance-measurements-of- SMART-and

to-the—fast-cloud-evolution—time series in Fig. 4 and Fig. 5 illustrate, that the cirrus is more homogeneous along the flight

legs compared to the DCC. For the DCC, the cloud anvil is observed between 17:56:00 - 17:56:20 UTC. Later, 1, T . increases

sharply corresponding to the DCC core and decreases again towards the cloud edge. Fig. 6 shows obviously, that the scatters
are larger for the DCC case which are mainly caused by the cloud evolution. For the cirrus case, the scatters are significantl
smaller because high cirrus typically change less rapidly.
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the cirrus case. Shaded areas are measurement uncertainties. Gaps on the time series indicate when the shutter of SMART closed for dark

current measurements.
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and MODIS I 11/1 \ ~tatb){e)are-for the cirrus ease;while-(dred triangles) s{e)«Frare-for-and the DCC (blue dotes) case. The black-dashed

line represents the one-to-one line.

Fig. 7 shows the comparison of mean spectral upward radiance measured by SMART and MODIS for the cirrus (a) and

DCC case (b). The solid line represents spectral radiance measured by SMART 1, T , while 1. I\ is the convoluted radiance of

SMART using Eq. 1, and I, , is the radiance measured by MODIS. The values of mean =+ standard deviation 7 at each spectral
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by dashed lines while grey band correspond to the interval of MODIS relative spectral response R()) for the respective wavelengths.

Table 2. Comparison of SMART I, g  and MODIS ]{4, , for the cirrus (ci) and DCC tdee)-case. 7 is the mean =+ standard deviation with a
subscript of "S" for SMART and "M" for MODIS. ( is the normalized mean absolute deviation between SMART and MODIS measurements.

A (nm) 7S ci 1M, ci Cei (%0) Asaec1]3,DOC AN dee IM,DCC. CaeeCnag (%)
421 0.231 £0.014 0.234 £0.011 0.81 0.295 £ 0.122 0.251 4+ 0.013 8.06
469 0.266 £ 0.018 0.265 £ 0.014 0.20 0.335 £0.149 0.351 4+ 0.050 2.34
555 0.229 £+ 0.018 0.224 +£0.013 1.19 0.290 £+ 0.135 0.303 4 0.047 2.12
645 0.193 £ 0.016 0.193 £ 0.012 0.04 0.241 £0.117 0.263 4+ 0.042 4.25
858 0.125 £ 0.011 0.128 £ 0.008 1.29 0.162 £ 0.069 0.167 4+ 0.018 1.47
905 0.096 £ 0.008 0.104 £ 0.007 4.36 0.124 £ 0.059 0.129 4+ 0.016 1.96
936 0.048 £ 0.005 0.056 £ 0.005 7.49 0.069 £ 0.043 0.080 4+ 0.018 7.95
940 0.062 £ 0.006 0.071 £ 0.005 7.18 0.084 £+ 0.047 0.099 4+ 0.018 8.26
1240 0.052 £ 0.004 08:65+0.061 + 6:663-0.004 6:42-7.68 0.057 £ 0.029 0.065 4 0.009 6.72
1375 0.005 £ 0.001 0.005 £ 0.001 3.24 0.004 + 0.004 0.004 £ 0.003 6.17
1640 0.024 £+ 0.002 0.025 £+ 0.001 1.36 0.016 £ 0.010 0.018 4+ 0.001 5.61
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wavelength are summarized in Table 2. To quantify the agreement, the normalized mean absolute deviation ( is calculated by:

Xri—T
T

1 n
C:ﬁ;

; 3)

where n is the number of observed values, x; are the individual values, and Z is the mean value of the radiances measured b
SMART and MODIS along the selected time series. For the cirrus case, (gq5 is found to be 0.04 %, while (1249 and (yg40 are

0-42%-7.68 % and 1.36 %, respectively. For the DCC case, (45 yields a value of 4.25 %, while (1240 and (1640 are 6.72% and
5.61 %, respectively. AH-The good agreement between SMART [, 1 and MODIS I, ... again justifies the application of

the retrieval of MODIS band 6 using the parameterization given in Eq. 2. Overall, all the values of ¢ are-in Table 2 lie within the
measurement uncertainties. fn-ease-of eirrtis; better-agreements-between-The radiance measurements of SMART and MODIS

st-agree better for

the cirrus case than for the DCC case. The larger deviations in case of DCC are not only influenced by the cloud evolution,
but also due to larger 3-D radiative effectsaretarger. Zhang et al. (2011) and King et al. (2013) analyzed-estimate the influence

of 3-D radiative effects using the cloud heterogeneity index sy, which is calculated by-as the ratio of the standard deviation

and the mean value of MODIS reflectaneeradiance band 2. Theresulting-values-of-og,, range-about= 0.1 is obtained for the

cirrus case and-0-4-for-while the DCC case —The-higher-values-in-case-of DCC-indicates-shows higher inhomogeneities with
oeuh = 0.4. These values suggests, that 3-D radiative effects are obviously larger and-for the DCC case, and therefore have to

be considered in-the-analysis-of-when interpreting the retrieval results.
4 ComparisonRetrieval of cloud optical thickness 7 and particle effective radius 7.g
4.1 Radiance ratio retrieval and uncertainty estimation

A radiance ratio technique adapted from Werner et al. (2013)
and-Ehrlieh-et-al(26147)-is applied to retrieve 7 and rg of the cirrus and the DCC based on the nadir upward radiance mea-
sured by SMART and MODIS. The-measurement-uncertainties-of SMART-meostly-originate from-the radiometric-calibration

NR-In case radiance ratios are applied, the uncertainties are
reduced because the uncertainties of the radiation source identically influence all measured radiances, and therefore do not
contribute to the uncertainty of the ratio. In the radiance ratio algorithm, the upward radiance at the MODIS bands centered at
Ag = 645 nm (band 1), A\; = 1240 nm (band 5), and Ay = 1640 nm (band 6) are employed to calculate the following radiance
ratios, R1240 = Ij{l /II0 and RNyg40 = I;\rz /IIO.

In the retrieval algorithm, a decision tree is applied to deeide-select the retrieval mode. The retrieval can be performed either in
the liquid water or ice mode. To decide which mode is used, a cloud phase index I}, is determined by the spectral slope method
spectral slope of SMART radiance measurements at A = 1550 nm and 1700 nm, where the value is typically larger than zero
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for ice clouds. A threshold of 0.2 is used to discriminate between ice and liquid water clouds. For the cirrus case, time series of
1, calculated with-the-SMART-ebservation-{rom the SMART observations yield values larger than 0.4 indicating ice clouds.
This revealsindicates, that for the cirrus case the underlying liquid water clouds did not significantly influence I;,. Additionally,
the high values of I, show that I, is mostly sensitive to the thermodynamic phase of the top cloud layer (cirrus), while the
underlying liquid water clouds below the cirrus have a limited influence on the radiances within the wavelength range analyzed
for the I,. For the DCC case, I, varies between 0.2 - 0.4 along the time series with a mean value of 0.25. Based on the high

1, values, the retrievals in both analyzed cloud cases are performed in-the-ice-modeHowever-in-the-eirris-easetoretrieve 7
' ing e ions-—by assuming

To-caleulate-the Jookup-table; Forward simulations of upward radiance have been performed by 1-D radiative transfer simula-
tions are-performed-using the radiative transfer package LibRadtran 2.0 (Mayer, 2005; Emde et al., 2016), the discrete ordinate

radiative transfer solver (DISORT) version 2 (Stamnes et al., 2000), and assuwmming-assuming vertically homogeneous clouds.
The atmospheric profiles of gases and constituents are adapted from the standard profile (Anderson et al., 1986) "mid-latitude”
for ML-CIRRUS and "tropical" for ACRIDICON-CHUVA, and are adjusted to radio soundings close to the measurement area.

Extraterrestrial spectral irradiance is taken from Gueymard (2004). The standard aerosol particle profile for "spring/summer

condition" of "maritime aerosol type" is applied (Shettle, 1989). Broptet-eptical-propertiesFor the cirrus case, the spectral
surface albedo p of ocean implemented in the forward simulations was measured by SMART. For the DCC case, which is
above Amazonian rainforest, no corresponding SMART albedo measurements at low altitude covering exactly the same flight
path are available. In this area, the heterogeneity of the surface albedo is very high because forested and deforested areas are
located close to each other. This implies, that a representative assumption of a homogeneous surface for the whole flight legs
is not appropriate. Therefore, p derived from the MODIS BRDF/Albedo product (Strahler et al., 1999) is used to include the
horizontal variability of the surface albedo of tropical rainforest.

In the forward simulations, the optical properties of liquid water droplet are derived from Mie calculation (Wiscombe, 1980);

whileiee-properties-of-. The assumption of ice crystal habit considers ice crystal shapes measured by the in situ probes durin,

the two campaigns (Voigt et al., 2017; Jarvinen et al., 2016). For the cirrus, representative ice crystal properties of a general

PX3

habit mixture WMWWGHM) by Baum-et-al(2007)-are-appliedeorresponding-to

aigns—Baum et al. (2014) is applied, while for the DCC ice
properties of plate with a high surface roughness (Yang et al., 2013) are assumed. These particle habits differ from the MODIS
collection 6 retrievals which use severely-roughened compact aggregates of solid columns (so-called aggregated columns) by
Yang et al. (2013). A sensitivity study infers that the retrievals assuming GHM and plate generally will result in a larger 7 and

smaller r.g¢ (not shown here), which is in agreement with findings by van Diedenhoven et al. (2014) and Holz et al. (2016).

3
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The radiance is simulated for both, the actual flight altitude of HALO for the SMART measurements and the top of atmosphere
(TOA) for MODIS observations. Due to the high flight altitude no significant differences are observed.

“Fhe-Due to the multilayer cloud situation in the cirrus case, a liquid water cloud layer is considered in the forward simulations.
The properties of the liquid water cloud are estimated by comparing the entire spectral signature of the radiance measured by
SMART and the simulations assuming different combinations of cloud properties. For the average of the selected time series,
a simulation (not shown here) with a liquid water cloud located between 1.5 and 2 km, 7 =8, and 7¢g = 10 um shows the best
agreements with the measurements in the water vapor absorption bands (e.g., A = 940 nm and 1135 nm) and the O A-band (A

=760 nm), which are sensitive to such multilayer cloud conditions (Rozanov and Kokhanovsky, 2004; Wind et al., 2010). The
radiance lookup tables for the BEC-cirrus case are shown in Fig. 8a and 8b, whereas Fig. 8c and 8d display-the-lookup-tables

for-the-eirrus-are for the DCC case. The upward radiance at a non-absorbing wavelength Ig45 is combined with %1240 (E4—
combination 1 - C1) and with R;649 (€2—combination 2 - C2). Ig45 is most sensitive to 7, while ratios 1249 and R1g49 are
most sensitive to r.g. For the BEC-cirrus case, the lookup tables cover T between 6-1 - 46-5 with steps of 1 fer+between6—

22-and-steps-of 2for-7between24—40-while-and r.¢ ranges-between 5 - 60 pum with steps of 3 um. For the eirrus-DCC case,
the lookup tables cover 7 between +-6 - 540 with steps of 1 and-for 7 between 6 - 22 and steps of 2 for 7 between 24 - 40

5 - 56 um located-between—t-5-and steps of 4 um for r.g between 60 - 2-km-are-apphied-in-the-radiative-transfer-simulations:

The measurements of SMART (black crosses) and MODIS (blue circles) are included for both scenes in Fig. 8. For the Cl1

which is based on I, , the MODIS data does not match the lookup table solution space. The results in Section 3.3 show

clearly, that I are higher than /. T’ by about 15 %. Using the original I, for the cirrus caseareshifted-to-higher
4 o tha mnderlvine L ) R T s " . . . )

a ota a H afraatatio d WaV R Et—wn s agomatea oy

setfixed-at-the-top-of atmosphere {FOAJ)-, all the retrievals of req fail because the measurements lie far outside the lookup
table solution space (see Fig. 8a), while for the DCC case the retrieval failure is smaller (see Fig. 8¢). Enhancing retrieval
failure in the cirrus case is due to the larger 0. At a larger 6, the upward radiance becomes more insensitive to the changes
of e and consequently the lookup tables are denser. To gain meaningful retrieved cloud properties, a correction of I ;540 i
applied. Following Lyapustin et al. (2014), a correction factor g is calculated by the slope of linear regression between Iy 54
added in Fig. 8, which now match the lookup table solution space. Therefore, all following radiance ratio retrievals for the two

cloud cases use these corrected I 154-
In the radiance ratio method, estimated-measurement uncertainties of 4 % for I, g 45 and 6 % for R1249 and R;g40 are considered.

Retrieval-The retrieval uncertainties are estimated by considering the measurement uncertainties expressed by its double stan-
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Figure 8. Radiance lookup tables for the cirrus case (ab) and DCC case (¢.d). (a) and (c) are using C1 (§,5 and R1240), while (b) and (d)
are using C2 (Ig;5 and Ryea0). For the cirrus case, the simulations are performed with 6o = 37° and assuming GHM (Baum et al., 2014),
while for the DCC case 0o = 26° and the ice habit of plate (Yang et al., 2013) are applied. Radiance measurements of SMART and MODIS
are illustrated by symbols.

dard deviation 20. The retrieval is performed by varying each measurements separately by adding and subtracting 20 which
resulted in four solutions. The median of the four solutions is used as the retrieval result of 7 and r.g, while the standard de-
viation is used to represent the retrieval uneertaintyuncertainties, A7 for 7 and Areg for 7. Note that the retrieval-retrievals

of reg using C1 will result in alarger-uneertainty-compared-to-larger uncertainties than by using C2 due to smaller absorption
by cloud particles at A = 1240 nm. CensequentlyAs a result, the lookup tables of reg for C1 are more narrow. At a given 6 %

measurement uncertainty of , the retrieval can result in uncertainties up 50 %.
4.2 Impact of underlying liquid layer clouds on the cirrus retrieval

For the cirrus casethe-uneertainties-of-the-, the properties of the low liquid water cloud are assumed to be constant along the
flight legs. This assumption might not hold in reality and affect the retrieved cirrus propertiesare-higher-due-to-the-additional

uneertainties—. Therefore, the sensitivity of the cirrus retrieval on the assumed properties of the low liquid water cloud is
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quantified using radiative transfer simulations. Spectral upward radiances are simulated for different combinations of liquid
water cloud and cirrus properties. The liquid water cloud is varied for 7jjq = 6 - 10 and reg 1iq = 6 - 14 um, while the cirrus
is changed for 75 = 2 - 8 and reg i = 10 - 40 pm. These simulated upward radiances are used as synthetic measurements
and analyzed with the retrieval algorithm using C2 (/g5 and R1640), which assumes a liquid water cloud with 73 = 8 and
Teft lig = 10 um. The comparison of synthetically retrieved and original 7. and 7, ¢ is shown in Fig. 9. The annotation of

"overestimation" (below one-to-one line) and "underestimation" (above one-to-one line) corresponds to when the retrieval is

run with an overestimation and underestimation of the properties of the-underlying tiquid-water-elouds-liquid water cloud.
The retrieved 7; are analyzed in Fig. 9a for different 7iiq, While 7egr,e; and 7 1ig are fixed to 20 pm and 10 pm, respectively.
Similarly, the retrieved 7s,; are analyzed in Fig. 9b for different 75,1 but for a fixed combination of 7. = 3 and 7, = 8. In
general, the simulations show that an overestimation of 74 leads to an underestimation of 7; because in this case, the liquid
water cloud contributes more strongly to the reflected radiation than in reality. Therefore, a smaller 7; is required to match the
measurement, and vice versa. For the range of 7.; analyzed here, the retrieved 7; is found be over- or underestimated by 1.3
when in reality 7, is 6 or 10, while the retrieval assumes 7jiq = 8. These biases of 7; show, that 74 needs to be estimated
accurately because a wrong assumption of 7;; almost directly propagates in the uncertainties of 7.

A similar behavior is found for the retrieval of 7¢g ;. Where an overestimation of reg iq leads to an underestimation of 7eg i
and vice versa. Assuming larger liquid droplets than in reality implies that these droplets contribute more strongly to_the
measured absorption at A = 1640 nm, and therefore the ice crystals only contribute less (smaller reg o). Fig. 9b illustrates, that
the impact of 7eg1iq 13 strongest when small liquid droplets (7eg 14 < 8 m) are present. For larger liquid droplets (eg iq > 10
um), the impact is reduced. The maximum uncertainties of 7 c; found for the range of reg,¢i and reg1iq considered here are
about 8 pm for the underestimation of 7 i, Which show a tendency of higher uncertainties for higher 7 ;. The retrieval of

when the cirrus layer is sufficiently thick (7.; > 5) since then the cirrus layer will dominate the

; is less affected by r

reflected radiation in the absorption bands.

4.3 Forward simulation of vertically inhomogeneous clouds

It is known from measurements, that the cloud particle sizes can significantly vary with altitudes. For nen—preeipitating

nonprecipitating ice clouds, ice-erystal-sizes-typicatty-deerease-the ice crystal size typically decreases as a function of alti-
tude (vanDiedenhoven-etal;2016; Heymsfieldetal5-2017)(Heymsfield et al., 2017, e.g.,). However, to simplify the retrieval

algorithm vertically homogeneous clouds are commonly assumed in the forward radiative transfer simulations. To quantify
the effects of such simplifications, simulations with vertically inhomogeneous ice clouds are performed. Analytical profiles of

effective radius as a function of geometrical height are developed aceording-to-aformulae-using a modified parameterization
that was originally proposed by Platnick (2000):

2\ 1/k
Teft (2,h) = ao— (awl —aps - h> ; 4
where the altitude z ranges from 0 at the cloud base to h at the cloud top. Censtant-ag=+-rand-ar="rog—" 71— 'é‘fﬂ T = -:‘H T "fff.b The
arameters ag = reg g + 7. =7k and ay =71, — k. are determined from prescribed boundary condition of the
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Figure 9. Comparison of synthetically retrieved 7. (a) and reg i (b). Calculations in (a) are performed by changing 7;4 while the original

value is 8 and refr,¢; = 20 um and 7efr 15 = 10 pum are fixed. In (b), 7o Jiq is changed while the original value is 10 um and 7¢; = 3 and 73,4 =
8 are fixed.

cloud top effective radius 7. + and the cloud base effective radius r.g 1. To represent a typical vertical structure of ice clouds,

k =3 is chosen. The profiles of effective radius are coupled with the profiles of ice water content, which eensiderably-typically
decrease as a function of altitude forice-cloundstHeymsfield-et-al-2647)in ice clouds.

Table 3. Total optical thickness 7., effective radius at cloud top reg,¢ and cloud base 7eg,p, ice water content (IWC) from cloud base (CB)
to cloud top (CT), with the boundary of geometrical hight-height z and thickness h. Retrieved effective radius 7off ret is compared to the

weighting-estimate 13 , for two near-infrared wavelengths at A = 1240 nm and 1640 nm.

Specification Validation
Cloud 7c  Tetb Tett kK IWC 2b Z Tog w (MUm) Teff et (M)
(um)  (um) (gm™~3) (km)  (km) 1240 nm 1640 nm 1240 nm 1640 nm
A 3 40 10 3 0.1-0.04 10 12 +8:4-18.3 17.7 17.9 17.3
15 50 20 3 02-0.1 6 8 26.6 24.1 26.1 24.0

Fig. 10a and 10b show the profile of effective radius for a representative cirrus (cloud A) and a DCC composed of ice particles

only (cloud B). Beth-The cloud profiles are divided into 30-20 layers for the implementation in the radiative transfer simulation-

Parameters-, where each layer has a homogeneous thin layer of A7 = 0.15 for cloud A and 0.75 for cloud B. The parameters

used to set up both eterd—clouds A and B are summarized in Table 3. Forward radiative transfer simulations are performed

to calculate spectral upward radiance above the cloud using an adding/superpesition-adding-superposition technique from the
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4.4 Vertical weighting function

The vertical photon transport depends on the absorption characteristics at the considered wavelengths. With increasing absorp-
tion the probability of a photon being scattered back out of the cloud without being absorbed decreases. Thus, utilizing different
near-infrared wavelengths with different absorption characteristics in the retrieval will result r.g from different altitudes in the
cloud (King et al., 2013). To quantify this effect, the vertical weighting function w,, is investigated. The wy, describes the
contribution of each cloud layer to the absorption considering multiple scattering (Platnick, 2000). Therefore, it can be used to
characterize the cloud level where the retrieved g is most representative. For nadir observation, wy, fernadir-ebservationas a
function of optical thickness 7 is expressed by:

dI()\7 T, 1o, reff)
dr

1 1
. 7 o)

e | AT (A, 7,100, T et ) Te | AT (N, 7,10, eff) d
Jo dr 0 dr T

wm()HTaTcu,uOyTeff) = ‘

I is the radiance above the cloud and 7 is the total cloud optical thickness. Platnick (2000) showed that wy, can be used to

estimate the retrieved value of effective radius 3 , (so-called weighting-estimate) from a given profile of reg(7) by:

Tot w (A Tey o, Teft) = /wm()\,T, Tey 00y Teff) Tof (T) AT, (6)
0

wyy, calculated for efcloud A and B are shown in Fig. 10c and 10d, respectively. For cloud A with 7. = 3, it is found that wy,

for A = 1240 nm and 1640 nm are almost homogeneously distributed along the entire profile. Each cloud layer has nearly equal

contribution to the absorption, and therefore to the retrieved rog. Whereas for cloud B with 7. = 15, the upper cloud layers

m profiles s-the-peak-for

cloud A and B show, that for A = 1640 nm the maximum is found closer to the cloud top, while for A = 1240 nm the-peak-ties

RASISAAAANAAARAANRARARANARNAN

contribute most to the absorption.

deeper-in-the-eloudit is located in a deeper layer. This illustrates, that a retrieval of rog using A = 1640 nm results-in-a-will result
in an reg which-that represents particle sizes located in-at a higher altitude compared to A = 1240 nm. For the two idealized
cloud cases (cloud A and B), this would in general lead to refr 1640 < Teff,1240. Additionally, the results from-both-cases-show
clearly that each cloud layer has a contribution to the absorption. Therefore, it should be noted that retrieved-rqg fromretrieved
by this remote sensing technique does not represent an-effectiveradius-a particle size at a single cloud layer only.

Fig. 11a shows the spectral wy, calculated for cloud A (eirrus)y-in-the-wavelength-range-at A between 1000 - 2000 nm, while
Fig. 11b displays-is the single scattering albedo ws-ofiee-particles (GHM)wy of GHM with 7e¢ of 10 um and 15 um. The
tws—wq_strongly depends on 7.t and describes the degree of absorption by cloud particles at each individual wavelengthby
cloud-particles—Thetws. The wy is smaller for larger particles, and therefore the absorption is higher. The spectral wy, at each
individual cloud layer clearly shows a wavelength dependence. Ata-wavelength-wherewsis-small;-and-therefore-the-abserption
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Figure 10. (a) is an analytic effective radius profile of a cirrus (cloud A) while (b) is for a DCC composed of ice particles only (cloud B).

Detailed specifications of the two analytic profiles are summarized in Table 3. (c) is wm, calculated for cloud A while (d) is for cloud B.

closer to the cloud top. In contrast, for a wavelength with «ws-wg ~ 1 (small absorption );-by cloud particles), the wy, in the lower
layers significantly increases while-and the maximum wy, is reduced correspondingly. The spectral w,, also shows that spectral
measurements in the near-infrared wavelengths afferds-offers more information on the particle sizes located in different cloud

altitudes.

It is found, that wy, is a function of the cloud profile itself. Assuming a vertically homogeneous profile in the forward simulation

will result in different w,,, compared to assuming a realistic profile. Censegquently;—this-This may lead to discrepancies in the

retrieved-cloud-properties-between1 g retrieved using both assumptions. With the help of wy,, possible impacts are investigated
by comparing the weighting-estimate 72 |, and the retrieved effeetiveradits et re¢ Using A = 1240 nm and 1640 nm. Radiances

above cloud A and B calculated for the entire cloud layer I S described in Section 4.3, serve as synthetic measurements

for the radiance ratio retrieval. Fwe-Both combinations, C1 (1240 nm) and C2 (1640 nm), are employed. The resulting g .,

and 7. rot are summarized in Table 3. The resultsfrom-both-approaches-show,-that-the-rsr—derived-using A=-16
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deereases-toward-the-cloud-top—The-absolute deviation between 7efr ret,1240 and 73 . 1040 18 6-5-0.4 um for beth-cloud A and
B—While-between-0.5 um for cloud B, Between 7o rot,1640 and 75g , 1640, the absolute deviation is 0.4 um for cloud A and

20 0.1 pm for cloud B. The r.g retrieved by using measurements at A = 1640 nm is consistently smaller than A = 1240 nm, which

agree with a condition where the particle size decreases towards the cloud top.
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Figure 11.
Teg = 10 um (dashed line) and 15 pm (solid line).

(a) Spectral vertical weighting function calculated for cloud A. (b) Single scattering albedo wy of GHM (Baum et al., 2014) with

*

The comparisons between g

and 7eg ret for cloud A and B yield a systematic deviation. It is found, that retrievals using a

*

offw which assumes a realistic

vertically homogeneous assumption result in an-a slight underestimation of 7ef ret compared to 7
cloud profile with decreasing particle size towards the cloud top. For the two realistic profiles (cloud A and B), largepartieles
25 whiech-have-larger particles with higher absorption are located in the lower layers. Consequently, wy, in the lower cloud layers
becomes higher, while w,,, for-in the upper cloud layers is slightly smaller compared to a vertically homogeneous cloud profile
(not shown here). However-the-The impact of vertical profile assumption will decrease for retrievals using wavelengths with

higher absorption by cloud particles such as A\ = 1640 nm.

4.5 Heterogeneity- Impact of underlying liquid water cloud on the surfaee-albedeyertical weighting function
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4.6 Impactofunderlyingliquid-water-eloud

The changes of the vertical weighting function wy, due to the presence of liquid water etoud-clouds below cloud A and B are
investigated. Therefore, the calculations of w,, for cloud A and B presented in Section 4.4 are repeated by adding a liquid
layer-eloud-in-the radiative-transfer simulationswater cloud layer. For cloud A, the liquid water cloud is located between 1.5 -
2 km with 7 = 8 and r.g = 10 pmaecording-to-the-cloud-properties-observed-during-the-eirrus-ease, which represent a cirrus
above a low liquid water cloud. For cloud B, the liquid water cloud is located between 5 —and 6 km with 7 =15 and reg = 15
um, which represents a DCC topped by an anvil ef-iee-particles;-while-cirrus, where the lower core of DCC is assumed to be

hiquid-water-partieles-onlya liquid water cloud. For simplification, the profiles of liquid water cloud are assumed to be vertically
homogeneous. For comparison, wy, are calculated and normalized for the ice cloud only. Fig. 12a and 12b show wy, at A =

1240 nm (black) and 1640 (red) nm calculated for cloud A and cloud B in a condition with (solid line) and without (dashed
line) the presence of the liquid water cloud. Additionally, the single scattering albedo wy-ef+ee-wy of GHM (blue) and liquid
water-droplets (red) particles-with reg of 10 um (dashed line) and 15 um (solid line) is displayed in Fig. 12c.
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Figure 12. (a) is wm at A = 1240 nm and 1640 nm calculated for cloud A, while (b) is for cloud B. Solid line and dashed line describe w,
calculated with and without the presence of underlying liquid water cloud, respectively. (c) is-single-Single scattering albedo wo-wy of iee

{GHM »J-and liquid water particte-droplets with g of 10 yum and 15 um.
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In-generatAccording to Platnick (2000), it is expected that a-the low liquid water cloud changes wy, similar to a bright surfaceas
desertbed-in-Seetion—?2-where-itreflects—solarradiation-stronger-than-a-dark-surface-such-as—water-and-forest—,_where the
maximum weighting at cloud top will be reduced and shifted to a lower altitude due to the enhanced reflection of transmitted
radiation back to the cloud base eventually reaching the sensor above cloud top. Consequently, this will result in a larger

retrieved r.g¢ for clouds with decreasing particle size towards cloud top. The results in Fig. 12a and 12b show, that this indeed
holds for the wy, at A = 1240 nm where scattering by cloud particles dominates. In-beth-elouds-For cloud A and B, the maximum

of wy, is shifted to lower altitudes due to multiple refleetionreflections of radiation between surface-the surface (liquid water
cloud) and cloud base —As-aconsequencesthis-willresultin-an-inerease-of the retrieved-rsp—Howeverfor-(ice cloud). The wy,
at A = 1640 nm wyr—changes differently when adding a liquid water cloud below the ice cloud. The changes of wy, for cloud
A are significantly larger compared to cloud B. This pattera-behavior results from the stronger absorption by the ice particles
at A = 1640 nm. Fhe-For optically thick cloud B with 7. = 15, the ice cloud does not transmit sufficient radiation to have a
strong interaction with the low level cloud --which leads to almest-a similar wy, i i ith-7. =

Hewever;—. In contrast, wy, at cloud top is modified for optically thin cloud A with 7. = 3 -wyis-modified-at-the-cloud-top
due to the underlying liquid water cloud. Here the different particle phase and size of the liquid water cloud layer lead to a
reduction of the upward radiance 1 when an ice cloud layer is added to the simulations. Pue-to-the-smal-hiquid-water partietes
with-highwg-Given that small liquid droplets have a higher @y at A = 1640 nm, the liquid water cloud alone reflects stronger
more strongly than together with the ice cloud which adds large ice crystals characterized by atewertwg-smaller Wy reducing
the total feﬂeemétye%ﬁs—deefease—eﬁm I strongly contributes to the wy, close to the cloud top, while at about 7
= 1 a-the minimum of wy, is observed where / :\r changes only slightly. Below 7 = 1 (lower altitudes), the impact of the liquid
water cloud vanishes and scattering by the ice particles increases I I again corresponding to higher wy, attowards cloud base.
In general, a similar pattern-behavior is imprinted in the wy, of the-opticalty-thick-cloud B but not relevant for the entire wy, due
to the higher 7 of the ice cloud. This also demonstrates, that for optically thick clouds s}ike-such as the DCC case investigated
in this study, a retrieval assuming iee-eloud-onty-only ice cloud can be applied to retrieve r.g of the upper most cloud layer,

even if liquid water clouds are present below the ice layer-ateloud-topcloud layer.

4.6 Optieal-Comparison of optical thickness and effective radius retrieved by SMART and MODIS

Time series of 7 and 7.g retrieved from SMART and MODIS radiance measurements, @s-and from the MODIS cloud product

are compared for the two cloud cases;eirrus-and-DEC. The MODIS cloud product collection 6, namely MYDO06_L2Platnick-et-al;2003;2¢

. provides three different r.g which-are-retrieved-using-different-(so-called 7eg 1,,1640, T 30, and 7. 1. 3700) retrieved
using three near-infrared wavelengths centered at A = 1640 nm, 2130 nm, and 3700 nm {(se-ealled—er 15a0s+er 230, and
#erzrom(Platnick et al., 2017). However, the quatity-of-rsr roa0-ts-information of reg 1, 1640 is very limited due to problems

of the detectorsef MOBIS-Aguaband-6—Thereforeror1s not-considered-in-the-eomparison—The-speetral-radianee-, and

therefore it cannot be used in this comparison. Due to the similar ice crystal absorption at A = 24130-nm-and-3700-nmwhiehis

obaproauct,*err 3o alfaF e 3700, afe 1o OVEIrEa oYy

Heweverthe-1640 nm and 2130 nm, both wavelengths have an almost identical wy, = i St i
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A=1640-nm-(not-shewn-here)(Wang et al., 2009; Zhang et al., 2010). For typical cloud profiles as-analyzed in Section 4.4, the
differences of WWWWNWMQ&MWWNMC less than ©:5-1 um. Therefore,
Pt an-be-employed-to-eompa ‘ and-the radianee re vakTef 1.2130 can be compared
with SMART and MODIS r.g retrieved using C2 (#smr ;15201640 nm). For observations over land, the MODIS algorithm com-
bines the reflectivity at A = 645 nm and 2130 nm (€3—combination 3 Ho-retrieve-and-rer 3o tespeetively- C3). While over
ocean, it combines the reflectivity at A = 858 nm and 2130 nm (€4—combination 4 )-to-retrieve-therespective-cloud-properties-
C4).
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Figure 13. Time series of cirrus 7 (a) and r.g (b) retrieved from SMART (black) and MODIS (red) using combination 1 (C1). The dark

shaded area describes retrieval uncertainties. SMART) and MODIS) represent the mean =+ standard deviation along time series.

¢) and (d) are the respective properties retrieved using combination 2 (C2). Cloud properties derived from the MODIS cloud product

MYDO06_L2) and 7. 130, are shown in blue (only in panel ¢ and d) with the correspondin

)

Time series of cirrus optical thickness and effective radius retrieved using C1, 7¢; c1 and reg ci,c1, are presented in Fig. 13a

- 1
and 13b, respectively. N1210
7 describes the mean & standard deviation of the corresponding cloud properties along the selected time series with a-the

subscript of "S" for SMART and "M" for MODIS. To quantify the agreement of the retrieved cirrus properties based on
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SMART and MODIS, the normalized mean absolute deviation ¢ is calculated. A (. ., of 6:7%1.2% and a (; ;. ., of
2:5%4s-0.7 % are obtained. Fig. 13¢c and 13d show time series of cirrus optical thickness and effective radius retrieved using
C2, 7¢i,c2 and Tef ci,c2, Tespectively. A (., o, of 0.5% and a G ; o, of 2:3%2.1 % are obtained. The analysis shows, that
deviations between SMART and MODIS in the retrieved cloud properties are only slightly enhanced by the non-linearity in
the retrieval algorithm. €loud-Additionally, cloud properties derived from MY¥P06-12-the MODIS cloud product (blue) are

also shown in Fig. 13c and 13d, where 7 with a-the subscript of "L" describes the respective mean & standard deviation along

the selected time series.

Retrieved-cirrus—properties—Cirrus properties retrieved using combinations C1 and C2 are compared to the MODIS cloud
product (combination C4). Along the selected time series, all combinations show that 7.; is homogeneous in-the-observed

area;—which-is-indicated by the small valtes-ef-standard deviation o, ; enly-efupte-—< 1. However, it is found that 7oz
TeiL.ca derived from the MODIS cloud product yields—a-—significant-overestimation-significantly overestimates 7. g (see
Fig. 13c). The absolute deviation between the mean Feor-value T 1,cq and Te; c2 is found up to 4.7 ernearty—(160 %
relative difference). For the MODIS cloud product, the retrieval is performed-with-an-assumption-of-single-layercloud-even
i-multilayer clouds-arereported-(Platnick-et-al-2047)—However-the-always performed with the assumption of a single cloud
layer even if a multilayer condition is detected (Platnick et al., 2017). Omitting the low liquid water cloud undetlying eirrus

retrieval-consequently results in a large-overestimation-on-significant overestimation of the retrieved 7.;because-the-inerease

of refleetivity-is—considered-toresult-from-the—eirrus-alone. Including a low level-liquid water cloud as-in the radiance ratio
retrieval as applied to SMART and MODIS, more realistic 7.; are obtained. Furthermore, it-isfound-that-the-dependeney

bmmm%wﬁﬂﬁéﬁ%%ﬁnﬁﬁ%mww between 7¢i,c1 and 7 o2 ~F+g—8~shews—fha{

a—smaﬂeﬁvalﬂeeﬁf—fﬁkwﬁkfesu}kﬁsmaﬂe%mﬂ%ﬂ;g&fgyygw For a cirrus cloud where the particle size decreases
toward-the-towards cloud top, it is expected that reg,c1 > 7o, c2. Thisfinally-leads-to-higheroptical-thicknessretrieved-by-the
Due to the remaining coupling between 7 and 7,
these differences propagate into the retrieved 7, and lead to 71 > 7¢i 2.

The results from all approaches show that the mean Tegr ci, 01 > Teft,ci,C2 > Teff,ci,c4. By-negleeting It should be noted, that due

to omitting the underlying liquid water cloud which-is-characterized-by-small-liquid-water particles; Tegr i, c4 underestimates the
particte-size-of theeirrisetondactual value. The difference between 7o, o1 and reg o2 results from the different wy, as discussed

non-orthogonal radiance lookup tables)

in Section 4.4,

es-which makes
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Toff,C1 > Teff,c2 for a cirrus with decreasing particle size towards cloud top. Additionally, the results show that the standard

deviation Orett,ci,c1 = OTett,ci,c2 > OTest,ci,ca This

cloudayers;-while-mixture particle sizes-are toeated-in-indicates, that the horizontal variability of ice crystals is higher in lower
cloud layersdue-to-size-serting-and-the-inereased-fall speeds-of farger particles-iniee-eclouds{vanDiedenhoven-et-al5- 2016)-

Smaler, while close to cloud top the ice crystals are distributed more homogeneously along the flight legs. Smaller ice particles
with low sedimentation-veloeity-remain-in-sedimenting velocity remain at the higher altitudes, while larger ice particles with
faster sedimentation-sedimenting velocity drop into the cloud layers below. Fhe-restitts-also-show;that- This sedimentation is

horizontally inhomogeneous due to the variability of the vertical wind velocity and leads to a size sorting and the observed

horizontal variability of the particle sizes. The analysis shows, that the uncertainty Areg ci.c1 > Are i, corWhich-confirms,

This confirms, that retrievals of r.¢ using a wavelength with a smaller absorption by cloud particles will result in a higher

larger uncertainty. Additionally, it is found that increasing 7 and 7.g has a positive correlation with increasing A7 and Areg-

Fhis-, which is due to decreasing sensitivity in the radiance lookup tables for larger 7 and reg-.
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Figure 14. Same as Fig. 13 but for the DCC case.

Time series of DCC optical thickness and effective radius retrieved using C1, Tqcc,c1 and Tefr,dce,c1, are shown in Fig. 14a and

14b, respectively. Fhe resutting A (7o . o, of 5-+%and 1.1 % and a Gy o0 o) Of 175 % are-obtained-6.5 70 are obtained between
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SMART and MODIS retrievals. Compared to the cirrus case, the larger vatue-of € —horizontal variability indicates a
strong microphysieal-properties-evolution-evolution of microphysical properties in the deeper layer of DCC. Fig. 14c and Fig.
14d show time series of DCC optical thickness and effective radius retrieved using C2, Tqcc,c2 and 7ef dec,c2- A (-, oo,z OF
64+%-3.5% and a (4. cp Of 2:6%-are-obtained4.1 % are obtained in this case. In addition ef-to the fast cloud evolution,
larger 3-D radiative effects are likely influencing the observations, which can enhance the deviations of the-retrieved cloud
propertiesbetween-SMART-and-MODIS. The cloud properties derived from M¥B066-12-the MODIS cloud product (blue) are
also presented in Fig. 14c and 14d. Fer-this-easethe MYDO6_E2-In this case (over land), the MODIS cloud product algorithm
uses C3tover-tand)—Thestandard-deviation-values-. The high values of standard deviation o, _ from approach C1, C2, and C3,
which are up to +-4+10.3, indicate that 74 is heterogeneous except in the anvil region. The DCC anvil (noticed-as-eirrus)-is
deteeted-is observed between 17:56:00 - 17:56:20 UTCand-, which is characterized by relatively smaller 7 between 8 - 26-15.
Later, Tqcc increases sharply corresponding to the DCC core and decreases again teward-towards the cloud edge. iseektﬂg—af
each-instrumentitisfound-that The mean value Tefr dcc,c1 > Teff,dec,C2 : ts-theh
the-DEC-also-deereases-toward-the-indicates decreasing particle size towards cloud top. Additienallyitisfeundthatlt is found,

that 7 c.C:3 1s larger than T <.co corresponding to the different assumptions of the ice crystal habit of plate (SMART
and MODIS retrievals) and aggregated columns (MODIS cloud product). Given that v 4ee.c1 > Treer.aco.ce A4 Orege oo o

< Orogr gee, o, —This-condition—yields;, this illustrates that the particle sizes are more homogeneous in the level of Tefr dcc,c2

compared to the level of reg gcc,c1 Gowerelouddayery-and reg 4o, c3thigherclouddayer).

5 Comparison of retrieval results with in situ measurementmeasurements for the cirrus case

The retrieved effeetiveradius-is-compared-to-the-in-situ-effeetiveradius-and in situ 7.¢ are compared for the cirrus case. Here,
the terminology of #sr>7eg(z) is used to describe the in-situ—particle effective radius sampled at a specific vertical layer

z, while the effeeﬂve—fadiuﬁefﬂevedﬂsmg%femefeﬁeﬁsmg%eehmqﬁ&retneved Toff represents a bulk value—The-number
h-property of the entire cloud
M&%@&l Hz temporal resolutlon%g%ekﬂ%%%bimmgmeﬁmdﬁs
- These data are averaged to derive reg(z).

with a vertical resolution of 65 m. Fig. 15a shows, that the CCP detected a cirrus eloud-between 10.7 and 12 km ;-where-with
the mean values (solid line) range-ranging between 3 - 30 um. The shaded-area-illustrates-measurement-grey area illustrates

the estimated uncertainties of the in situ ebservationsdata. The smallest partiele-particles with reg = 3.1 um is-are found at the
cloud base 2}, = 10.7 km and inereases-grow rapidly up to 30.2 ym at z = 10.8 km. Later, r.g decreases reaching a value of 8.4
um at the cloud top 2, = 11.97 km.

To compare in-situ-and-retrieved-effectiveradiusretrieved and in situ r.g, the vertical weighting function wy, has to be con-
sidered. A Wm&)ﬁt a single layer is not-appropriate-because-each-individual
he-inappropriate because both are defined differently.
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optical thickness 7(z) has to be specified and considered in the analysis. For this purpose, IWC(z) measured by WARAN and

where a = —6.656 x 1073, b = 3.686. 3.(z) is in the unit of m~1, IWC(z) in situ-instruments—Furthermore,the profile-of
effeetiveraditis#or15-g m >, and 7.g(2) in um. Further, the extinction profile is used to calculate 7(z) by integrating 3. (z
from cloud top to the altitude level z:

7(2) = /,Be(z) dz, (8)

A A A A A A A A A A A A

Using 7(z), reg(z) can be converted into r.g (7). To calculate the w,,, the cloud is divided into 20 inhomogeneous layers

where each cloud layer is assigned to a 7eg (7). Finally, the r.g(7) is convoluted with the wy, to calculate the in situ weighting-
estimate g | using-given by Eq. 6 to allow a comparison with the retrieved effeetiveradiusren. Similarly, the weighting-
altitude zj, s-which characterizes the altitude of-weighting-estimate-and-retrieved-effeetiveradius-corresponding to the 7ig
and the retrieved 7. can be calculated by:

Tc

0 Testor ) = [ wm(\ 7o) 2(7) dr. ©)
/ 7

where—-is-the-eloud-altitudes—Due to different absorption characteristicsin-the-wavelength, it is expected that 2, varies-will
differ for different near-infrared wavelengthsused-in-theretrieval. The stronger the absorption by cloud particles in the wave-
length, the higher the 2, (closer to cloud top).

The comparison of rcg ,, and the mean value of retrieved 7o is presented in Fig. 15b by symbols. Horizontal error bars
represent the standard deviation of particle sizes. Vertical error bars indicate the estimated uncertainty of the weighting-altitude
of 40 m, which represents the standard deviation of z;, by varying ice crystal habits in the forward simulations. Additionally,
the eg retrieved using SMART radiance measurements at A = 1500 nm, 1550 nm, and 1700 nm, and also MODIS radiances
centered at A = 2130 nm and 3700 nm (band 20) are applied in this comparison. The retrieval and the calculation of wy, for
A = 3700 nm are performed by considering both solar and thermal radiation. Using these additional wavelengths allows to
enhance the vertical resolution of retrieved 7. Fig. 15b shows, that in situ r.g , and retrieved rqq agree within the standard
deviation for all altitudes and reproduce the decrease of particle size towards the cloud top. However, it is obvious that although
retrievals of 7o using multi near-infrared wavelengths result in particle sizes from different cloud altitudes, this passive retrieval
technique only provides information of particle size in the cloud top layers. This is because the retrieved req represents a
vertically weighted value, where cloud the top layers are weighted at most.
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Table 4. The mean =+ standard deviation 7 of cirrus effective radius determined by in situ weighting-estimate (CCP) and retrievals (SMART,
MODIS, and MYDO06_L.2) using near-infrared wavelengths between 1240 nm - 3700 nm. The wavelengths have been sorted in order that the

degree of absorption by cloud particles increases to the right. z;, is the weighting-altitude.

A 1240 nm 1700 nm 1640 nm 2130 nm 1550 nm 1500 nm 3700
Ncep (Um) 19.0+£9.8 18.3+£9.6 18.0+£9.5 17.5+9.4 17.0+£9.3 16.7+£9.3 7.0 +
NsMART (um) 2234227 £8988 197165+ 7467 146156+ 3.9 - 13.94+2737 48157 2721 -
nMobpis (Mm) 233224 £948.6 - 139150 £19 —148+49 - - 72+
NMYDo6 (Mm) - - - 6362+ 1.2 - - 48 +
2y (km) 11.39 11.42 11.44 11.46 11.48 11.49 11.8

15

SMART-allews-to-enhance-the-vertical reselution—of-Table 4 summarizes the mean & standard deviation 7 of in situ 7%

and retrieved Tef -

20 § ? 06-1m aleulatedusing-solarradiation-only-and-doesnot-aceount-thermalem ey
In—general—results{rom—in-situ—weighting-estimates;from SMART and MODISretrievals;—and-MODIS—cloud-products

25

30

it and W&theweightmg-a}amde
35 2z for multinear-infrared wavelengths between 1240 nm - 3700 nm. Additionally, MODIS cloud products, r and
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r 3700 are included in the table for the comparison. To quantify the agreement between in situ weighting-estimate—and
m%ﬁe%ekeﬁeeﬁve—md%&smm the normalized mean absolute deviation ( is calculated. The resulting—<¢

", "t i ot ST, - SMART r.g range between ( between-the
=3.2% (A =1500 nm) and ¢ = 10.3% (A = 1550 nm). Between 7% , and the-mean-vatue-of MODISretrievalsis10-+%
cl c i A1 i - - eeh 0e—4 CH W an §iw Mecan arde t Cl

6M¥DOé—];29—fhe~re%ukmgMODIS Teft, the ¢ t%wﬁrﬁm
9.1 % for rerot : - w2130 A = 1640 nm. Overall, the values of
are in the range between 1.5 — 10.3 % and agree within the horizontal standard deviation, as shown in Fig. 15b.

The r.g derived from the MODIS cloud product W&due%&ﬂaeﬁfe%eﬂe&eﬁare obviously affected by the low liquid
water cloud, where

due-to-strong-abserption-by-cloud-partieles-which is not included in the algorithm of MODIS operational retrieval. Therefore
of 47.5% and 19.3 % is obtained for r and 7. , respectively. The absorption by the ice crystals at A = 3700

is very strong. Consequently, the first top layers will dominate the absorption and significantly reduce the effect of the

underlying liquid water cloud. Flg 15¢ shows a—sea&e%p}e%s\cﬁ;mof in situ weighﬁﬁg-esﬁmafeﬁ'}radﬁ%ﬁeveekeﬁfeeﬁve
and r.g retrieved from SMART (black

by#nge&al—@@%%}—”deewaﬁmThere is a robust agreement between in situ %Mefneveekeﬁfeeﬁveﬁdw&depeﬂd&eﬁme

and retrieved 7. with a correlation coefficient R? of
0.82. The variability of particle size distributionsand-the-, the uncertainties of deriving r.g from the in situ measurements
the presence of liquid water cloud underhyi

ton;-below cirrus,

and the uncertainties caused by the choice of ice crystal shapes for the retrievals are considered as the main contributor to
address the simph .. . . . . . . .

6 Conclusions

Accurate solar radiation measurements are necessary to ebtainaretrieve high-quality cloud products -e-g--eteud-such as optical
thickness 7 and particle effective radius r.gfrom-satelite remote-sensing. Small measurement uncertainties propagate and-may
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Figure 15. () Profile of effective radius req(2) from the in situ measurements (CCP - solid line). The grey area represents the uncertainties
of in situ data. (b) Comparison of the in situ 7y ., and the mean value of reg rerieved by SMART and MODIS for A between 1240 nm
weighting-altitude. (¢) Scatter plots between the in situ rgg , and the mean value of retrieved reg. The dashed line is the one-to-one line.

vthrough the retrieval
rocesses. Additional retrieval uncertainties may arise from, e.g., eloud-top-altitudes;time-delays—should-be-minimized;eloud

s-the assumption of surface albedo, ice
crystal shapes, and cloud vertical profile, as well as multilayer cloud scenes. Such situations make remote sensing of cloud
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roperties complex and challenging. Collocated airborne and satellite measurements incorporated with in situ observation is

one option to assess the uncertainties. Two selected cloud cases, a cirrus above low liquid water clouds and a DCC topped
an anvil cirrus measured during the ML-CIRRUS and ACRIDICON-CHU VA—Feor—<cirrus—measurements—it-is—found-that

Spectral upward radiance measured above the clouds by SMART and MODIS are compared for the cirrus and DCC case.
Comparisons of spectral upward radiance at A =645-nm—1240-nm;-and-1640-nm-between 400 - 1800 nm yield a normalized
mean absolute deviation with-a-maximum-value-of 136 % between 0.2 — 7.7 % for the cirrus case and 6-7%-1.5 — 8.3 % for
the DCC case. The higher-deviationsin-ecase-of DEC-arerefated-deviation is larger for the DCC case due to the fast cloud
evolution, which already-significantly-changed-changes the cloud properties within-the—+min-during the time delay between
SMART and MODIS ‘m—addmeﬂ—lafgef%-l}mdmﬁvefﬁfeefs—afefeimdefe&

observation. A radiance ratio retrieval is apphed to SM%%MWVWE@H&WI@HIGVG T

and 7egasw RY val. Two combinations, C1 (1645
and 1) and C2 ( 645 and No) are applied—Using-used in the retrieval algorithm, where $t; = [ ) and Ro = I,

By applying the ratios, the measurement uncertainties due to the radiometric calibration of the sensor eancel-and-therefore
the-retrieval-uneertainty—is-are reduced. In this way, the uncertainties of radiance ratio retrieval are smaller compared to the
wstial-common bi-spectral method. Using different near-infrared wavelengths with different absorption eharaeteristies-by cloud
particles in the retrieval algorithm provides 7.¢ from different cloud altitudes. A retrieval using Cl1 represents—(1240 nm)
results in an reg from a deepe%lower cloud layer, while using C2 M@WQH from a highercloud-ayer

ity-layer closer to cloud top. To some

partieles-atit should be noted that retrievals using low absorption wavelength ., A = 1240 nm) will result in higher retrieval

uncertainties.
The 1
typieally decreases—toward-the-cloud-top,-vertical weighting function is used to analyze the impact of the vertical profile
NW%<MMMMMMMWW@@WMWWWW<MWMM>WWIMW6HIWMS assuming a

vertically homogeneous cloud
with-eloud-base-effectiveradius—+rer-of-40-compared to realistic cloud profiles. For ice clouds with decreasing r.g towards
cloud top, retrievals assuming vertically homogeneous cloud will result in an underestimation of r.g of up to 1 um;~<loud
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deviation-of 0.5 man

The impact is larger for

are-transmittedin-theretrievals using wavelengths with smaller absorption by cloud particles (e. = 1240 nm), when lower

cloud layers inereasing-the-contribution-of the lowerelouddayerscontribute more strongly to the reflected radiance. The vertical
weighting function has-shewnalso shows, that each individual cloud layer has-a-contribution-te-affects the absorptlon imprinted

in the radiance reflected above cloud top - with a

weighting depending on the cloud profile itself and the chosen wavelength. Therefore, itshotld-be-noted-that-the g retrieved

using-thisremote-sensingtechnique-donetrepresent+sr—by this solar remote sensing does not represent r.g(z) at a single

cloud-layer only. The-Instead, the retrieved 7o describes a single-bulk-valuewhichrepresents-bulk property of the entire cloud
layer.

TFhe-presenee-The occurrence of liquid water eloud-underlying-eirrus-teads—to-significant-diserepaneies—on-below cirrus
significantly leads to an overestimation of the retrieved cirrus pfepefﬁes—{ﬂ—geﬁefal—fhe—hqﬂtéﬂvvateﬁe}midﬂees—stm&&m
when the low cloud layer is

ofretrieved-eirrus—+—Whilethe-impaet-on-the-algorithm. In such conditions, the vertical weighting function of the cirrus will
change and biases the retrieved cirrus reg 1
thin—if the cirrus layer is sufficiently thin (7 < 5). The radiation is transmitted through the cirrus and reflected by the low

liquid water cloud back to the cirrus. Consequently, the eontributton-of-thetower-eloud-tayers—to-the-absoerption—absorption
of radiation, and the vertical weighting funetion-at-eloud-base-in the lower layers is enhanced. For typical cirrus where-the
particlesize-deereases-toward-with decreasing particle size towards the cloud top, the retrieved cirrus r.g becomes larger when
a liquid water cloud is-present-occurs below the cirrus. When the cirrus 7 is sufficiently thick (7 > 5), the impact is reduced.
The accuracy of the properties of the low liquid water cloud also determines the uncertaintics of the retrieved cirrus properties.
Underestimating the liquid water 7 will artificially increase cirrus 7. When the liquid water 7¢g is underestimated, the retrieved
cirrus 7o becomes larger than in reality. The opposite results are expected when the properties of the low liquid water cloud

are overestimated.

The cloud properties retrieved by SMART and MODIS are compared for the two cloud cases. For the cirrus case, the normalized
mean absolute deviation of the retrieved cloud properties from SMART and MODIS using combination C1 and C2 is found
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mﬁeﬂig&ef—ﬂp%eﬂ—?)%@\mw& for 7 and 2:5%-2.1% for reg. Thes&dem&eﬂs—af&eﬂ&'l:mwwmg@

those found in the comparisons
of upward radiance, showing that the errors are only slightly eﬂh&ﬂeeﬁh@{/n\p/llﬁg(i by the non- hnear1ty in the retrieval algorithm.

slightly larger than the

the results from SMART and MODIS retrievals because the MODIS cloud product algorithm assumes only a single cloud layer

for their operational retrievals. For the DCC case, itresults-of-up-to-6-1+%-the deviation is found up to be about 3.5 % for 7 and
+75%6.5 % for regs. In this case, the fast cloud evolution is-the-major-issuer-as-well-as-and larger 3-D radiative effects —The

approachescontribute most to the retrieval uncertainties. For both cloud cases, it is found that the particle size decreases toward
towards the cloud top. Mﬂemfeﬁafﬁe}eﬁes—af&A higher horizontal variability of r.g is observed in the lower cloud layers,

while in the upper layers the particle sizes are more

homogeneous.
For the cirrus case, the €

are compared to in situ measurements. To
allow the comparison of both methods, the vertical weighting function has-te-be-considered—The-vertical-weightingfunetion

and MODIS increases the information on particle size extracted from the spectral measurements of-SMART-and the vertical
resolution of theretrieved reg. Exeep%fh&q’—ﬁ—m—eh&fes&}&ﬁgThe normalized mean absolute deviation between in situ and

0.82. The variability of particle size distributions, the uncertainties of deriving r.g from the in situ measurements, the presence
of liquid water cloud below the-cirrus, and the sim

uncertainties caused by unconstrained
choice of ice crystal shapes for the retrievals are identified as the major contributors which can reveal the discrepancies
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homogeneous cloud in the retrieval algorithm has only a small impact on the retrieval results.
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