General Replies to Comments

Thank you for the valuable reviews and comments on the paper. We have amended the
manuscript with regard to the issues raised following an extensive quality check and thorough re-
evaluation. The abstract has also been updated accordingly. A brief summary of the key changes
is given below.

All reviewers were concerned that the AVHRR data had not been properly collocated. The
collocation method was thoroughly checked and found to be accurate.

However, Reviewer 1 identified an issue when a PATMOS swath ran across a calendar day: the
initial day's record was erroneously being written onto the following day. This only occurs for a
relatively small fraction of the total number of swaths (~5%), but these swaths have now been
excluded from the analysis. The omission of these data did not qualitatively change the results or
conclusions.

Figures 6, 7, 8, and 9 have been updated to reflect the changes made by excluding AVHRR
PATMOS swaths after 22 UTC. Similarly, Tables 5, 6, and 8 have also been revised.

Unfortunately, the original case study chosen was one of these erroneous AVHRR swaths. As
such, we have replaced the original case study from 10th January 2015 with a new one, 19th
October 2015. This change in case study had no impact on the results or conclusions.

Please find the updated key changes, figures, and tables below.

In the general section, reviewers comments are included in italics with the original sentence in
‘italics” and changes in blue. The “Line #” is for the new modified manuscript.

General key amendments to the manuscript.

Listed below are the amendments to the manuscript according to the comments from Reviewer 1
(R1), Reviewer 2 (R2) and Community comments (CC1).

e Lines 64, 766 [R2]: The reference has been replaced with the suggested reference.

‘Minnis et al., 2011 with ‘Minnis et al., 2020’

Minnis, P, Sun-Mack, 5, Young, D)., Heck. P, Garber, D, and Chen. Y.: CERES edition-2 cloud property retrievals using TRMM
WIRS and Terra and Agqua MODIS data-Pant 1 Algonthms. IEEE Transactions on Geoscience and Remote Sensing, 49, 4374—4400,
hitps:#doiorg/10.1 10 TGRS200 1.2 144601, 201 1.

Minnis, P., 3un-Mack, 5., Chen. Y., Chang, F-L., Yost, C. K., Smith, W. L_. Heck, P. W_, Arduini, R. F., Bedka, 5. T., Yi. Y., et al.: CERES
MODIS cloud product retrievals for edition 4—Part I Algorithm changes, IEEE Transactions on Geoscience and Remote Sensing, 59,

27442780, 2020.



e In Line 140 [R1, R2]: ‘NASA " has been replaced with ‘NOAA’

e Line 142 [R1]: R1 noted Tt says here NOAA-19 is used for the L2 comparisons, but in
Table 1 it says the cloud optical properties being compared (COD and CER) are derived
from the 1.6-micron channel. Channel 3ab on the AVHRR can either measure the 1.6 or
3.75, but not at once. NOAA-19 is switched to 3b, meaning it measures the 3.75, so it
shouldn’t be possible to have 1.6-micron properties for CMSAF and PATMOS-x.’

Thank you for pointing this out. The 1.6 um CER retrievals have been replaced with 3.7
pum retrievals in all analyses.

Figure 9 and tables 9 and 10 have been updated along with all mention of the 1.6 pm
channel. This has resulted in changes in MODIS results. These changes are highlighted
and discussed later in this document.

‘The COD shown on each product uses the passive sensors’ 1.6 um channel.’,

Changed to
‘The COD was derived using the 3.7 um channel, as it is common to all passive sensors’
Line (390).
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Table 1. Passive and active sensors Data and variables used for the Analysis.
Changed to
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Table 1. Passive and active sensors Data and variables used for the Analysis.

e Line 154 [R1,CC1]: PATMOS has been replaced with PATMOS-x for clarity throughout
the manuscript.




e Line 161 [R1,CC1]: R1 and CC1 pointed out “For version 6.0 ACHA uses 11 and 13.3
channels, not 11 and 12.”

The sentence ‘The ACHA CTH algorithm in this study uses 11, 12um observations along
with’ was changed to ‘The ACHA CTH algorithm in this study uses the 11 and 13.3 pm
observations along with’

e Line 237 [R1] : R1 pointed out the confusion over the term granule. “I’'m a little confused
using the term ‘granules’ here. THE AVHRR GAC data is reported in ascending and
descending orbits. Is that the meaning of granule here, or is it the global L2b data?”

The sentences, ‘4000 CloudSat-CALIOP granules were collocated with 20,000 MYDO6,

365 AVHRR CMSAF and 365 AVHRR PATMOS-x granules. Each granule contained the
cloud products such as CTH, COD, CER, CPH, latitude, longitude and common time of
collocations.” was changed to

©4000 CloudSat-CALIOP orbits were collocated with 20,000 MYDO06 granules, 365
AVHRR CMSAF and 365 AVHRR PATMOS-x global ascending orbit files. Each
collocated file contained the cloud products such as CTH, COD, CER, CPH, latitude,
longitude and common time of collocations.” for clarity.

e Line 274 [R2] :R2 commented “ It isn 't clear what bin the uncertain pixels were put.

]

Please explain.’

‘Similarly, MYDO06 cloud mask, confidently clear (11), probably clear (10), uncertain
(01) and cloudy (00) were classified into cloudy (0) and clear (1) has been modified to

'Similarly, MYDO06 cloud masks were classified as cloudy (0), both uncertain (01) and
cloudy (00) and as clear (1), both confidently clear (11) and probably clear (10).’

e Line 298-306 [R2]: R2 commented on “Check to see that the values in the text match
those in the table. I think there are some discrepancies ”’. Mismatched values from text
reviewed and corrected accordingly and is highlighted below.

‘Table 2 summarises the comparisons, with mean CTH values in Table 2a and the
statistics for the comparison with CALIOP in Table 2b by season and overall. It can be
observed that the active sensor correlation with the passive sensors for the overall
monthly CTHs is low with values ranging from 0.35 for CALIOP-AVHRR CMSAF (C-A)
and 0.32 for CALIOP-MODIS (CM). The CTH difference between the C-A sensors for
DJF ranges from -1 to 1 km for the study domain, while for C-M it ranges from 0 to 4 km.
The MBE for passive with the active sensor is 0.46 km for C-A and 1.12 km for C-M. The
RMSE for C-A is 2.33 km; for C-M, the value is 2.60 km, and for A-M, it is 1.23 km,
which is consistent with both correlation and MBE trend. Overall, the MBE between the
MODIS-AVHRR CMSAF (A-M) passive sensors is larger for the CLARA-A3 dataset (0.95
km), but the correlation is better (0.67). Overall, there is a positive mean bias error for
the passive sensors AVHRR CMSAF and MODIS CTHs.’

has been modified to



‘Table 2 summarises the comparisons, with mean CTH values in Table 2a and the
statistics for the comparison with CALIOP in Table 2b by season and overall. It can be
observed that the active sensor correlation with the passive sensors for the overall
monthly CTHs is low with values ranging from 0.36 for CALIOP-AVHRR CMSAF (C-
A) and 0.32 for CALIOP-MODIS (CM). The CTH difference between the C-A sensors
for DJF ranges from -1 to 1 km for the study domain, while for C-M it ranges from 0 to 4
km. The MBE for passive with the active sensor is/0.46 km for C-A and 112 km for C-M.
The RMSE for C-A is 2.35 km; for C-M, the value is 2.60 km; and for A-M, it is/0.98 km,
which is consistent with both correlation and MBE trend. Overall, the MBE between the
MODIS-AVHRR CMSAF (A-M) passive sensors is larger for the CLARA-A3 dataset
(0.98 km), but the correlation is better (0.68). Overall, there is a positive mean bias error
for the passive sensors AVHRR CMSAF and MODIS CTHs.’

Line 355 [R2]: removed “this” from the sentence

‘The overall cloud fraction of liquid water clouds (hereafter CFL) and seasonal
distributions are illustrated in this Figure 5.’

has been modified to

“The overall cloud fraction of liquid water clouds (hereafter CFL) and seasonal
distributions are illustrated in Figure 5.

Line 360 [R2]: Redundant sentence ‘In the A-M seven-year monthly comparison, the
overall correlation stands at a higher level (0.71) compared to both passive-active
comparisons.’ has been removed.

Line 390 [R2]: changed ‘uses’to ‘was derived using’

Line 409 [R1]: The Spelling typo ‘retreive’ was corrected to retrieve.

Line 438 [R1]: R1 commented “ CMSAF and PATMOS-x both use AVHRR GAC data so
they shouldn’t have different spatial resolutions for L2 products. The sampling may be
different, but that’s not the same thing.”

Hence, the sentence, The higher resolution of MODIS and AVHRR CMSAF may
contribute to their higher KSS compared to AVHRR PATMOS.’ was amended to

“The higher resolution of MODIS may contribute to the higher KSS compared to
AVHRR PATMOS-x.”

Line 467-469 [R2]: R2 commented “CTH ‘overestimates’ are due to inversions, where
the BT matches the profile temperature at a ‘lower’ height. Do you mean higher height?”

‘An explanation for the overestimation of low CTH is the effect of atmospheric
temperature inversion, where the cloud brightness temperature taken by the passive
sensor from the NWP reanalyses profile might be for a lower height than the actual CTH

(Figure 7afi]).’

Changed to



An explanation for the overestimation of low CTH is the presence of a sharp temperature
inversion that provides two solutions for the same IR temperature from the NWP
reanalyse profile, one above and one below the actual CTH (Figure 7a[iii], Dong et al.,
2008). A new reference was added to the line.

And references added to References section in Line 638

Dong, X., Minnis, P., Xi, B., Sun-Mack, S., and Chen, Y.: Comparison of CERES-
MODIS stratus cloud properties with ground-based measurements at the DOE ARM
Southern Great Plains site, Journal of Geophysical Research: Atmospheres, 113, 2008.

Line 493- 529[R2]: R2 commented “Section lacks discussion regarding difference across
algorithms with respect to CER magnitudes (i.e. why is MODIS ice Re so much higher
than the others), and CER distributions (i.e. why does AC ice look like AC water, unlike
AP and MODIS)”

The discussion has been expanded and changed as part of the change in the MODIS
retrieval channel (3.7 pm to 1.6 pum) as below. When the MODIS retrieval was changed to
3.7 um) the values of CER became similar to other passive sensors, and the spread of the
CER decreased: Line 530-560.

4.2.4 L2 Cloud Effective Radius Comparison

This section compares CER from the passive sensors as a function of CPH and the presence
of single or multilayer clouds. The passive sensors categorise thermodynamic phase into
various classifications according to their retrieval algorithms; for example, MYD has five
phase categories, while AC has eight, including a supercooled water class. The categories
used by each dataset are presented in Table 7. In the results presented, the number of classes
was reduced: classifications of water, fog, and supercooled liquid are grouped as liquid; ice,
cirrus, and overlap are treated as ice. When this generalised CPH classification is used,
more liquid-phase clouds are found in SL cases, while ice dominates in ML cases. A
comparison between the different sensors AC, MYD, and AP is illustrated in Figure 9 for
the year 2015, stratified for SL and ML cases, and summarised in Table 8.

The liquid CER probability density functions (PDFs) are in broad agreement across the
three sensors for all cases. The mean values for liquid clouds are approximately 14 um for
AC, 13 um for MYD, and 17 um for AP. The higher CER values from AP suggest potential
misclassification of liquid clouds as ice clouds as the proportion of ice clouds in AP is over
five times higher than that of liquid clouds. The liquid phase occurs more frequently in SL
clouds than ML clouds across all sensors, with similar mean values for both cases (Table
8).

In contrast, the CER comparisons for ice-phase clouds reveal notable differences across the
sensors. The overall mean for AC is 15.57 pm, while MYD and AP report means of 20.90
um and 20.40 um, respectively. AP also exhibits a distinct bimodal CER distribution with
peaks at approximately 10 um and 30 pm, particularly evident in SL ice-phase retrievals.
ML cases show more similar CER distributions across the sensors. The SL-ML CER



difference is relatively small for AC (= 1um), modest for AP (=2 um), and larger for MYD
(=5 um). Sensitivity to ice crystal habit selection and the corresponding LUT structure also
influences retrievals. MYD uses scattering functions derived from the General Habit
Mixture (GHM) developed by Baum et al. (2005a, b) and Yang et al. (2013), implemented
as band-specific LUTs (Platnick et al., 2016; Amarasinghe et al., 16 2017). The ice habitat
selection includes severely roughened aggregates, hollow columns, bullet rosettes, plates,
and droxtals. AC uses radiative transfer simulations based on narrower droplet size
distributions and an ice crystal model including severely roughened aggregated solid
columns, hollow columns, and bullet rosettes (Yang et al., 2013; Baum et al., 2011). AP
uses LUTs from Baum/Yang scattering models with reduced spectral dimensionality , and
its ice habit selection includes roughened bullet rosettes, aggregates, and hollow columns
(Walther and Heidinger, 2012; Heidinger and Foster, 2021). These distinctions in habit
selection and LUT configuration influence the consistency and comparability of retrieved
cloud microphysical properties across sensors.

Supercooled liquid clouds are consistently retrieved by both AC and AP, particularly in SL
regimes. AC reports a substantial supercooled component in full-year statistics, with a mean
CER of 14.65 pm, due to its extended phase classification (Karlsson et al., 2023a). AP also
distinguishes supercooled liquid from warm liquid, frequently identifying it in SL clouds,
with a slightly higher mean CER of 17.20 pm. MYD lacks a dedicated supercooled category
but includes an “undetermined liquid” retrieval class (ULQ; mean 19.71 um), likely
encompassing supercooled or glaciating clouds not clearly resolved by its phase algorithm
(Platnick et al., 2016). Both AC and AP indicate persistent supercooled liquid presence over
the Southern Ocean, consistent with prior observational studies (Huang et al., 2015; Bodas-
Salcedo et al., 2016).

The differences observed between ML and SL cases suggest that multilayer clouds
influence retrieval outcomes. Yost et al. (2023) had similar findings and demonstrated that
multilayer conditions, especially non-opaque clouds over liquid, are among the leading
sources of phase retrieval uncertainty in passive satellite observations.

Figure 9 replaced from

Figure 9 Cloud Effective Radius (CER) distribution according to the cloud phase for the collocated data for
the year 2015, over the Southern Ocean, for all passive sensor
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Figure 9 Cloud Effective Radius (CER) distribution according to the cloud phase for the collocated data for
the year 2015, over the Southern Ocean, for all passive sensor
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Table 8
From
Cloud Effective Radius
Full year single-layer Multi Layer
Phase Sensors

Mean | Median | Mean | Median | Mean | Median
AC 14.75 13.37 | 14.01 13.45 14.19 | 12.66
Water MYD 15.59 15.00 15.21 15.00 1638 | 16.00
AP 16.72 15.51 16.01 15.68 1626 | 14.79
AC 15.54 14.19 | 14.82 14.80 14.50 | 13.06
Ice MYD 30.90 | 30.00 | 30.68 | 35.00 | 26.54 | 25.00
AP 20.32 19.57 | 19.51 2153 19.23 | 18.08
AC 14.68 13.34 13.98 13.60 1424 | 12.86
Supercooled Liquid MYD nan nan nan nan nan nan
AP 14.62 13.96 | 14.46 13.87 15.11 14.28

Table 8. Mean and Median Cloud Effective Radius (CER) comparison for 2015 over the Southern Ocean, for
water, ice and supercooled liquid phases from Level 2 AVHRR CMSAF (AC), AVHRR PATMOS-x (AP),
MODIS (MYD) and CloudSat-CALIOP (CC).

To



Cloud Effective Radius [zm]
Phase Sensers Full year single-layer Multi Layer
Mean | Median | Mean | Median | Mean | Median

AC 14.75 13.36 1481 13.45 14.16 12.59
Liquid MYD 13.28 13.00 13.38 13.00 13.07 12.00
AP 17.20 15.51 17.35 15.95 16.61 15.03
AC 15.57 1424 16.20 14.84 14.53 13.15
Ice MYD 20.590 21.00 23.36 23.00 18.33 18.00
AP 20.40 1967 | 21.39 | 21.74 19.26 18.09
AC 14.65 13.31 14.91 13.59 14.18 12.78

Supercooled Liquid MYD nan nan nan nan nan nan
AP 14.70 13.97 1454 13.88 15.21 1433

Table 8. Mean and Median Cloud Effective Radius (CER) comparison for 2015 over the Southern Ocean, for
water, ice and supercooled liquid phases from Level 2 AVHRR CMSAF (AC), AVHRR PATMOS-x (AP),
MODIS (MYD) and CloudSat-CALIOP (CC).

Line 569-572 [R2]: Changed > to greater and < to lesser in text as per reviewer comments
‘In comparison to CALIOP CFC, the AVHRR CMSAF CFC was > 20% and the MODIS
CFC was > 10%. On the other hand, over the high latitudes (60°S to 70° S), MODIS CFC
was < 10% compared to CALIOP CFC. We observed that over Antarctica, CALIOP CFC
was > 10% of MODIS CFC and > 20% of AVHRR CMSAF.’ to ¢ In comparison to
CALIOP CFC, the AVHRR CMSAF CFC was 20% greater and the MODIS CFC was
10% greater. On the other hand, over the high latitudes (60°S to 70°), MODIS CFC was
10% less compared to CALIOP CFC. We observed that over Antarctica, CALIOP CFC
was 10% greater than MODIS CFC and 20% greater than AVHRR CMSAF.’

Line 551-580 [R1]:R1 commented 7t says here NOAA-19 is used for the L2
comparisons, but in Table 1 it says the cloud optical properties being compared (COD
and CER) are derived from the 1.6-micron channel. Channel 3ab on the AVHRR can
either measure the 1.6 or 3.75, but not at once. NOAA-19 is switched to 3b, meaning it
measures the 3.75, so it shouldn’t be possible to have 1.6-micron properties for CMSAF
and PATMOS-x.

Thank you for pointing this out; the section was changed due to the 1.6 um CER retrievals
being replaced with 3.7 um CER retrievals in the analyses as below. Figure 10 and table 9
were also replaced.

4.2.5 L2 cloud property comparison as a function of surface type

In this section, we investigate the distribution of cloud properties as a function of sea ice
coverage. The sea ice flag in AVHRR PATMOS-x(AP) retrieval was used to define the
presence of sea ice, based on fractional sea ice coverage from NOAA/NCEP Climate
Forecast System Reanalysis (CFSR) data (Foster et al., 2023). The distributions of the cloud
properties CER, CTH, and COD were analysed as a function of sea ice coverage for
latitudes > 60°S, as shown in Figure 10. The narrow latitude range was selected to reduce



the differences in microphysics caused by different meteorological regimes. The MYD
cloud properties are shown in red, AC in black, and AP in yellow. Cloud properties such as
COD, CER, and CTH are compared for sea ice detected and non-sea ice detected; the mean
and median are summarised in Table 9.

The mean COD for AC was 33.9 and 14.4; for MYD it was 24.1 and 18.6; and for AP it
was 41.7 and 12.7 for sea ice and non-sea ice cases, respectively. The optical depth of the
retrieved pixels increased in the presence of sea ice for all sensors. The results disagree with
the findings of Frey et al. (2018) and Palm et al. (2010), which concluded that clouds were
more frequent, and cloud optical depth tends to be higher over ice free regions. While the
disagreement could arise from differences in latitude range and the limited temporal scope
of our dataset compared to the multi-year analyses Frey et al. (2018) and Palm et al. (2010).
It is hypothesised that the difference is due to two effects both originating in flaws of the
retrieval algorithms: 1 - sea ice (with no associated cloud) is misidentified as cloud; this
could be the cause of the spike in observations with greater than 100 COD over sea ice, and
2 - the albedo of sea ice used in the retrieval algorithms introducing a systematic positive
COD 17 bias. It is difficult to define an accurate sea ice albedo; a systematic
underestimation of the albedo could cause the optical depth of clouds to be overestimated.

In the comparison of CTH and CER between sea ice and non-sea ice cases, the differences
for AP are small (0.1 pm for CER and -0.01 km for CTH). The MYD and AC products also
show small positive differences in CER (=1 pm) over sea ice. For non sea ice cases, the
CTHs are 0.05 km (MYD) and 0.6 km (AC) lower than sea ice cases. Although CER and
CTH exhibit positive differences, these were much smaller than the differences observed
for COD.

The seasonality of the COD, CER, and CTH anomalies over sea ice was also examined. We
observed that the disagreement between retrievals over sea ice and non sea ice is higher in
JJA, where sea ice cases show (not shown here) lower COD and CTH values. COD values
remain below 50 for AC and MYD and below 80 for AP across all seasons, with generally
lower values over sea ice in winter (JJA). CER distributions are relatively consistent across
seasons, ranging from 0-35 um for AP, 5-65 um for MYD, and 545 um for AC. Seasonal
variation is more evident in CTH: low clouds (less than 2 km) dominate for MYD and AP
in JJA and for all three sensors in SON, while DJF and MAM show a greater presence of
mid-level clouds (3—6 km), though low clouds remain prominent for MYD and AP. It can
be concluded that in the case of CTH and CER, the seasonality is not an important factor,
while for COD, the seasonality and presence of sea ice are important factors in the retrieval
of the product.

Figure 10 replaced from

Figure 10 Cloud Optical Depth (COD), Cloud Effective Radius (CER) and Cloud Top Height (CTH) as a
function of sea ice Flag from AVHRR PATMOS-x for all passive sensors, over the Southern Ocean less than
600S. MODIS (MYD) is shown in red, AVHRR CMSAF (AC) is shown in black and AVHRR PATMOS-x
(AP) is shown in yellow.
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Figure 10 Cloud Optical Depth (COD), Cloud Effective Radius (CER) and Cloud Top Height (CTH) as a
function of Sea ice Flag from AVHRR PATMOS-x for all passive sensors, over the Southern Ocean less than

60 degrees S. MODIS (MYD) is shown in red, AVHRR CMSAF (AC) is shown in black and AVHRR
PATMOS-x (AP) is shown in yellow.
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Table 9
From
COoD CER CTH
Sea ice Non Seaice Sea ice Non Seaice Seaice Non Seaice
Sensors | Mean | Median | Mean | median | Mean | Median | Mean | median | Mean | Median | Mean | median
MYD 23.30 13.0 20.46 13.0 20.82 16.0 19.45 15.00 4.15 33 387 275
ACM 25.98 11.46 19.19 10.35 14.25 12.66 13.01 11.32 491 4.17 427 356
AP 28.30 13.31 17.37 | 9.952 16.38 13.89 14.55 11.94 3.85 3.95 3.67 379

Table 9.Mean and Median values of Cloud Optical Depth (COD), Cloud Effective Radius (CER) and Cloud
Top Height (CTH) over sea and over sea ice for Level 2 AVHRR CMSAF, AVHRR PATMOS-x and MODIS

pixels at latitudes (> 60° S).




To

CoD CER [um] CTH [km]

Sea ice Non Seaice Sea ice Non Seaice Sea ice Non Seaice

Sensors | Mean | Median | Mean | median | Mean | Median | Mean | median | Mean | Median | Mean | median

MYD 24.08 13.00 18.55 12.00 15.92 13.00 14.46 12.00 402 3.30 3.93 2.80

ACM 33.89 11.46 14.44 9.17 14.02 12.25 13.01 11.91 5.07 4.52 4.40 3.60

AP 41.71 24.28 12.70 8.37 15.64 13.37 15.54 12.94 374 362 395 385

Table 9. Mean and Median values of Cloud Optical Depth (COD), Cloud Effective Radius (CER) and Cloud
Top Height (CTH) over sea and over sea ice for Level 2 AVHRR CMSAF, AVHRR PATMOS-x and
MODIS pixels at latitudes (> 60° S).

Line 603 [R1]:R1 pointed out ‘The AVHRR PATMOS sensors exhibited the lowest
correlation and the highest bias in both the overall CTH and the multilayer and single-
layer cases.’ The numbers reported in Figure 8 don’t seem to support this conclusion. The
PATMOS-x RMSE and MBE is lower than MYD and CMSAF for the multi-layer cases
and lower than CMSAF for all cases.’

The sentence was amended to exclude the incorrect conclusion. Hence ‘7/e AVHRR
PATMOS sensors exhibited the lowest correlation and the highest bias in both the overall
CTH and the multilayer and single-layer cases.” amended to Line 603 - ‘The AVHRR
PATMOS-x retrievals exhibited the lowest correlation and the highest bias in both the
overall CTH and the multilayer and single-layer cases.’

Line 610 [R2]: R2 commented incomplete sentence. Hence, removed ‘Since reanalysis
and climate models utilise these passive sensor retrievals.’

The case study portion was amended in response to Reviewer 1's notice concerning a flaw
in the AVHRR PATMOS algorithm, which intermittently substitutes observations from
the preceding day. The initial case study was impacted by this issue and subsequently
withdrawn. Furthermore, all case studies with observation hours exceeding 22:00 UTC
were omitted to prevent similar occurrences. This time threshold resulted in a reduction in
only 5% of the collocations analysed in this study. Hence, Figures 6, 7, 8, 9 and 10 and
Tables 5, 6, 8 and 9 have been amended with the changes. The changes did not
significantly affect the overall results, aside from minor variations in decimal values.The
following are the text changes made in the Manuscript.

Line 254: Line was added in Methodology ‘While analysing the case study data, it was
found that AP data intermittently substitutes observations from the preceding day in case
of missing orbits towards the end of the day. Hence, all case studies after 22:00 UTC were
discarded from the whole year's analyses.’

Line 379 : The entire section was changed as below.

4.2.1 Case study



Figure 6 shows the 11 pm brightness temperature swaths for MODIS and CTH swath
for MODIS (MYD), AVHRR PATMOS-x (AP) and AVHRR CMSAF (AC) and in
black the merged CloudSat-CALIOP track for the 19-10-2015 at 08:37 UTC. Although
the general pattern of CTH is similar between the three passive sensors, there are some
significant differences. Although all three sensors see a similar high cloud pattern
around 50°S, AC retrieves the CTH around 11 km, while MYD and AP are around 9
km. AP has a significant region of cloud with CTHs = 5 km at 40°S and 80°E, while for
the same region, AC and MYD have low clouds (= 2 km).

Figure 7 shows a curtain plot for the CC track and the corresponding CTH, COD, CER,
and CPH for each instrument. The top panel shows the CTH for all passive sensors (AC,
AP, MYD, and CC), as well as the vertical profile of COD from the CC dataset (2BFL).
The CTH for CC at a COD limit of 0.5 is also shown (cyan) to illustrate the potential
differences in optical depth sensitivity between the passive and active sensors. The
second panel illustrates the COD for the four sensors, along with the multilayer mask
derived from CC. The COD was derived using the 3.7 um channel as it is common to
all passive sensors. The third panel displays the CER, as well as the sea ice mask used
in the AP retrieval. The bottom panel shows the cloud phase for each instrument; for
CC the phase is the phase detected at the top of the cloud. This example illustrates the
highly variable nature of the cloud field across the Southern Ocean. Our discussion
focuses on three sub-sections: multilayer clouds (Figure 7a[i]); thick upper-level clouds
over thick low-level clouds (Figure 7a[ii]); and optically thick boundary layer clouds
(Figure 7a[iii]).

In the first panel, the CTH ranges from 0 to 12 km and shows substantial differences

between the CTH of passive and active sensors, with both underestimation and
overestimation by passive sensors compared to CC. Figure 7a[i] shows a multilayer
cloud structure with an optically thin high-level cloud over optically thick mid-level
clouds. MODIS and AP detect the highlevel cloud, however since it is optically thin
over an optically thick lower layer cloud, it places the CTH at an effective CTH between
the upper and lower layers. For the AC retrieval, the CTH is similar to the CC height.
In Figure 7a[ii], AC produces higher CTH values than CC, MYD yields lower values,
and AP’s results are closest to those of CC. This difference could be due to the different
numerical weather prediction (NWP) reanalyses used for temperature profiles, which
can vary substantially, particularly at high altitudes and high latitudes, and the difficulty
in identifying the inversion at the tropopause (Wu et al., 2012; Miiller et al., 2018).

The section Figure 7a[iii] around 41.5°S shows a region of boundary layer clouds. AC
does a good job of retrieving the boundary layer cloud, while AP boundary layer CTH
can show large over estimations, and MYD occasionally over and underestimates.
Boundary layer clouds can be difficult to estimate, particularly when temperature
inversions are present, as they can present multiple solutions when using the thermal
characteristics to retrieve CTH (Huang et al., 2012; Wall et al., 2017; Truong et al.,



2020). AP misclassifies the phase between 41.5°S to 40°S which may explain the high
CTH retrieval and highlights some internal dependency in the retrieval approach.

The second panel displays the CC multilayer mask and identifies the areas with
multilayer clouds well. The COD for each retrieval is also compared in the second
panel. The COD of CC (2BFL) exhibits high variability when compared to the COD of
the passive sensors, particularly for ML clouds. CC COD is substantially higher than
that of the other sensors. The COD has large differences among the passive sensors and
active sensors in the presence of a multilayer structure (Figure 7a[i] and [ii]); In single-
layer areas, the COD of MYD, AP and AC are more in agreement with the active sensor
measurements. The results align with the product statement for CC COD (Henderson
and L’Ecuyer, 2023) which states that the COD is similar to MYD for single layer and
varies with multilayer clouds. The third panel (Figure 7c) shows the CER comparison
and the sea ice flag. While the general pattern of the CER from the passive sensors is in
agreement, the values, particularly where ice clouds are detected are quite different, AP
CER are higher than MYD and AC CER retrievals in general.

The cloud phase is shown in the fourth panel (Figure 7d). For CPH, each retrieval
algorithm uses a slightly different phase classification scheme. The CC retrievals
classify the phase as mixed, liquid or ice phase on the basis of cloud top and base
temperatures, radar reflectivity and integrated attenuated backscattering coefficient
across all the cloud layers in the vertical column (Wang, 2019). For the passive sensors
(MYD, AP and AC), the CPH is the phase detected at the top of the cloud. In the case
study, all sensors share ice and liquid as common classes, with an additional clear sky
class for MYD, a supercooled liquid class for AP, and a mixed phase class for CC.
Further classification of the phase can be seen in 4.2.4. The agreement between the
passive sensors overall is good with occasional differences; for example, at 43° S, AC
and MYD classify the cloud phase as liquid while CC and AP classify it as ice, with
cloud optical depth indicating a thin upper layer.

To summarise, we observe significant variations in the retrieved cloud properties in the
presence of multilayer clouds, with passive sensors both overestimating and
underestimating the retrieved CTH compared to active sensors. The dependency on the
optical depth on the topmost cloud layer, the penetrative property, and the sensitivity of
passive sensors are seen in this case study. The case study demonstrates that cloud
property retrievals differ based on cloud type, retrieval algorithm, and sensor sensitivity.
Multilayer clouds often exhibit the greatest discrepancies.

Figure 6 changed from



Figure 6. Swath for brightness temperature retrieved from MODIS (MYD) and merged CloudSat-
CALIOP (CC) for Case study on 10-01-2015 at 22:50 UTC
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Figure 6. Swath for a) brightness temperature retrieved from MODIS (MYD), b) Cloud top height retrieved
from MODIS (MYD), ¢c) AVHRR PATMOS-x and d) AVHRR CMSAF with the track of merged CloudSat-
CALIOP (CC), shown in black, for a case study on 19-10-2015 at 08:37 UTC.
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Figure 7 changed from

Figure 7. Vertical profiles for cloud properties Cloud Top Height (CTH; Top panel), Cloud Optical Depth
(COD; Second Panel), Cloud Effective Radius (CER) ; third panel) and Cloud Phase (CPH; Bottom Panel)
retrieved from collocated data of AVHRR CMSAF (AC), AVHRR PATMOS (AP), MODIS (MYD) and merged
CloudSat-CALIOP (CC) for Case study on 10-01-2015 at 22:50 UTC.
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Figure 7. Vertical profiles for cloud properties Cloud Top Height (CTH; Top panel), Cloud Optical Depth
(COD; Second Panel), Cloud Effective Radius (CER) ; third panel) and Cloud Phase (CPH; Bottom Panel)
retrieved from collocated data of AVHRR CMSAF (AC), AVHRR PATMOS-x (AP), MODIS (MYD) and
merged CloudSat-CALIOP (CC) for Case study on 19-10-2015 at 08:37 UTC.
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Figure 8 replaced from



Figure 8 Collocated Level 2 MODIS (top), AVHRR CMSAF (middle), AVHRR PATMOS-x (bottom) and
CLOUDSAT-CALIOP merged data analysed for Cloud Top Height (CTH), over the Southern Ocean, for
2015 (left) shows the Joint 2D Histogram for CTHs, the 2D histograms for multilayer (vight) and single-
layer (centre) masked collocated data.
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Figure 8 Collocated Level 2 MODIS (top), AVHRR CMSAF (middle), AVHRR PATMOS-x (bottom) and
CLOUDSAT CALIOP merged data analysed for Cloud Top Height (CTH), over the Southern Ocean, for
2015 (left) shows the Joint 2D Histogram for CTHs, the 2D histograms for multilayer (right) and single-layer
(centre) masked collocated data.
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Table 5



From

Sensors True Positive Rate (TPR)/Hit rate | False Positive Rate (FPR) | Kuiper Skill Score (KSS)
CloudSat-CALIOP vs AVHRR CMSAF 0.94 0.22 0.71
CloudSat-CALIOP vs MODIS 0.77 0.07 0.70
CloudSat-CALIOP vs AVHRR PATMOS 0.95 0.51 0.43

Table 5. Cloud mask performance for 2015 over the Southern Ocean comparison for Level 2 AVHRR
CMSAF, AVHRR PATMOS-x and MODIS against active sensor CloudSat-CALIOP (CC)

To

Sensors True Positive Rate (TPR)/Hit rate | False Positive Rate (FPR) | Kuiper Skill Score (KSS)
CloudSat-CALIOP vs AVHRR CMSAF 0.94 0.22 0.71
CloudSat-CALIOP vs MODIS 0.77 0.07 0.70
CloudSat-CALIOP vs AVHRR PATMOS-x 0.95 0.52 0.43

Table 5. Cloud mask performance for 2015 over the Southern Ocean comparison for Level 2 AVHRR
CMSAF, AVHRR PATMOS-x and MODIS against active sensor CloudSat-CALIOP (CC)

Table 6
From
Mean Values of CTHs
CloudSat_CALIOP (km) > 0.5 COD | CloudSat_CALIOP (km) without COD limit | AVHRR CMSAF | MODIS | AVHRR PATMOS (km)
2015 391 5.46 5.12 4.12 422
Single-layer cases 341 3.84 4.00 342 3.63
Multilayer Cases 481 8.40 718 542 532
(a)
Statistics CC vs AVHRR CMSAF CC vs MODIS CC vs AVHRR PATMOS
RMSE {(km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation
2015 285 1.76 =121 0.72 254 1.56 -0.21 0.69 255 167 <032 0.65
SL Cases 1.99 112 -0.59 0.83 201 118 -0.01 0.78 2.18 137 -0.21 072
ML cases 397 294 =237 0.50 3.29 2.3 -0.60 0.52 kAT 221 -0.51 048
(b)
Statistics CC vs AVHRR CMSAF CC vs MODIS CC vs AVHRR PATMOS
RMSE (km) | MAE (km} | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE {(km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation
2015 2.00 1.08 0.33 0.86 290 1.80 133 0.75 .05 203 1.23 0.69
SL cases 1.26 0.65 0.16 093 1.68 1.03 042 0.88 203 131 0.21 0.30
ML Cases 289 1.86 1.22 0.64 4.3 322 299 053 434 134 3.08 044

(c)

Table 6. a) Mean Cloud top height (CTH) values for 2015 over the SO for Level 2 CTHs data MODIS
(MYD), CloudSat-CALIOP (CC), AVHRR CMSAF (AC) and AVHRR PATMOS-x (AP). Statistics of the
comparison of CC CTH with the COD limit > 0.5 is shown in b) and c) is for CC CTH without the COD

limit.

To




Mean Values of CTHs
CloudSat_CALIOP (km) > 0.5 COD | CloudSat_CALIOP (km) without COD limit | AVHRR CMSAF | MODIS | AVHRR PATMOS-x (km)
2015 392 548 5.15 4.12 4.25
Single-layer cases 343 3.86 4.00 342 3.63
Multilayer Cases 4.82 8.41 720 540 5.37
(@)
Statistics CC vs AVHRR CMSAF CC vs MODIS CC vs AVHRR PATMOS-x
RMSE (km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation
2015 287 1.77 -1.23 0.72 253 155 -0.19 0.69 253 1.65 -0.32 0.66
SL Cases 2.00 1.13 -0.59 0.83 2.00 118 0.01 0.78 2.16 135 -0.21 0.72
ML cases 398 294 -2.38 0.50 3.27 221 -0.58 0.52 3.09 219 -0.54 0.49
(b)
Statistics CC vs AVHRR CMSAF CC vs MODIS CC vs AVHRR PATMOS-x
RMSE (km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation | RMSE (km) | MAE (km) | MBE (km) | Correlation
2015 2.00 1.08 0.33 0.86 290 1.81 1.36 0.75 3.01 2.00 123 0.70
SL cases 127 0.65 0.16 0.93 1.67 1.02 0.44 0.88 1.97 1.28 0.22 0.81
ML Cases 288 1.85 121 0.64 431 i 3.01 0.54 4.29 3.30 3.05 0.45

()

Table 6. a) Mean Cloud top height (CTH) values for 2015 over the SO for Level 2 CTHs data MODIS
(MYD), CloudSat-CALIOP (CC), AVHRR CMSAF (AC) and AVHRR PATMOS-x (AP). Statistics of the
comparison of CC CTH with the COD limit > 0.5 is shown in b) and ¢) is for CC CTH without the COD
limit.

e Figure 2 [R1]: R1 commented, ‘It seems strange to me that the collocation coverage for
CMSAF and PATMOS-x are different since they are derived using the same AVHRR
measurements.’

The Figure 2 caption was amended to reflect the collocation similarity as below

‘Figure 2 The distribution of collocated Pixels for all 4 sensors. The collocation of
MODIS and CloudSat-CALIOP (MODIS CC) is shown in red, AVHRR CMSAF and
CloudSat-CALIOP (AVHRRCMSAF CC) is shown in blue and AVHRR PATMOS-x and
CloudSat-CALIOP (AVHRRPATMOS CC) is shown in green.’

To

‘Figure 2 The distribution of collocated pixels for all 4 sensors. The collocation of MODIS and
CloudSat-CALIOP (MODIS CC) is shown in red, AVHRR CMSAF and CloudSat-CALIOP
(AVHRRCMSAF CC) is shown in blue and AVHRR PATMOS-x and CloudSat-CALIOP
(AVHRRPATMOS CC) is shown in green. The colours used in the plot to indicate the same data
selection for each sensor are different but overlapping locations make them appear visually similar.’



Reply to individual comments from CCI.

A nice topic to explore with satellite data. My criticisms are mainly about the PATMOS-x data
and how its included. I think they should be addressed or PATMOS-x should be removed. |
assume that this will to climate studies and wonder if you state that is your end goal for a future
study?

Thank you for the reviewer’s valuable feedback and suggestions. The goal of the future study is
to develop a retrieval algorithm tailored for the Southern Ocean retrievals. We have a manuscript
in draft for this part of the research.

Comment 1: Line 6 - There was a project called PATMOS that was part of the EOS pathfinder
efforts in the 1990s. I think you are referring the PATMOS-x (PATMOS extended) project here
and should make sure to clarify the terminology.

The change has already been done as part of Reviewer 1's comment. ‘PA7MOS” was changed to
‘PATMOS-x’ throughout the manuscript to maintain clarity.

Comment 2: Line 130: Both Cm-SAF and PATMOS-x use AVHRR GAC which does not provide
data at 1.1km as you state.

This was a general statement on AVHRR resolutions, which states the AVHRR resolution limits.

Comment 3: Line 155: PATMOS-x uses an optimal estimation cloud height that uses multiple
channels simultaneously. They way this is written, it sounds like the CO2 channels is needed for
CTH and no CTH is available using 11 and 12 micron.

Reviewer 1 had also suggested the same, and the sentence was amended accordingly.
The sentence

‘The ACHA CTH algorithm in this study uses 11, 12um observations along with the’
was changed to

‘The ACHA CTH algorithm in this study uses 11 and 13.3 um observations along with’

Comment 4: Figures 3-4-5. You mention that PATMOS-x is the worst but you don't show it in
these figures so it is hard to comprehend or compare.

This is a comparison of L3 monthly products; AVHRR PATMOS-x has not been compared for
monthly data in this paper. The L2 data products of PATMOS-x have been compared. The results
of AVHRR PATMOS-x had lower correlation and higher biases compared to other sensors.

Comment 5: Figure 7. PATMOS-x looks out of family and this is hard to believe. Are you certain
that the correct AVHRR pass was used? There are 6 per day I think at this time. Could you
provide more information if people wanted to repeat this analysis.



The PATMOS-x correct pass has been used, but the AVHRR PATMOS-x data has used the
previous day's path to fill in the missing path. This issue was highlighted by Reviewer 1. We have
retracted that case study and introduced a new case study. We have amended the case study
section and the respective figures accordingly. Please refer to Reviewer 1 Comment 10, and for
further information, please refer to Appendix 2.

Comment 6: Line 465: I don't understand why the cloud height would not be higher without the
COD limit if CIRRUS are high and thin clouds. Unsure of the point of this.

The meaning here is that when the actual CTH is used the active sensor sees the thin cirrus clouds
but misses them due to the optical thickness limits introduced (>0.5). These CTH results averages
are more in line with the passive sensor retrievals.

Comment 7: Line 400: You mention that AP's clouds are too low and it has too much ice cloud
compared to water cloud. These are inconsistent with each other since ice clouds are higher than
water clouds.

With the withdrawal of the case study, the overall structure of the section has been revised. Hence
rendering the original comment no longer applicable.

Comment 8: Figure 9: AP looks off here and does not seem in family. Other publications show it
to be in family - the GEWEX Cloud Assessment and I wonder if something is wrong with the AP
analysis. The lack of AP data in the maps like the other data sets would remove this suspicion.

Table 9 - results tabulated here are more inline than shown in Figure 9.

All the sensors were collocated and have the same amount of data points. The value for the
different variables depends upon the individual sensor sensitivity and retrieval. For further
collocation information, please refer to Appendix-1.
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Appendix

1. Collocation

Below is a figure to demonstrate that all four sensors were collocated appropriately.
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Appendix Figure 1: a) Collocation of all sensors, b) Each sensor pixel distribution, and ¢) 3D plot for the collocation
for each individual passive sensor with the active sensor.



2. Case Study Swaths for Clarifications

The figures below display the swaths for the replaced case study 10-01-2015 UTC. Appendix Figure 2
shows swaths from the previous day, while Appendix Figure 3 presents the case study day's swath.

Cloud Top Height for AVHRR PATMOS at 2015-01-09 23:00:00
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Appendix Figure 2: Cloud top height swaths of AVHRR PATMOS-x, AVHRR CMSAF and MODIS for 09-01-
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Appendix Figure 3: Cloud top height swaths of AVHRR PATMOS-x, AVHRR CMSAF and MODIS for 10-01-2015
UTC.

It's clearly visible that AVHRR PATMOS-x uses the previous day swath. Hence the case study was
discarded.



3. New Case Study Swaths for COD and CER

The below figures show the cloud optical depth and cloud effective radius swaths for case study 19-10-

2015 UTC.
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Appendix Figure 4: Cloud optical depth swaths of a) MODIS, b) AVHRR PATMOS-x and c) AVHRR CMSAF for

19-10-2015 UTC.
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Appendix Figure 5:
and for 19-10-2015.
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