
The paper quantifies errors caused by Angular Distribution Models (ADMs) that ignore 
water cloud microphysical variability. The authors used MODIS observations, computed 
broadband radiances, applied two sets of ADMs, and compared TOA fluxes. The optical 
thicknesses of clouds range from 2.8 to 20.1 and shape factors range from 2 to 26. The 
authors used empirical relationship of optical thickness, effective radius, and number 
concentration. The effective radius is inversely proportional to the number concentration 
and the optical thickness is proportional to 1/3 power of the number concentration. The 
authors analyzed flux differences on the principal plane as a function of number 
concentration. They found that the mean flux error due to ignoring particle size 
dependency is 5 Wm-2 but can go up to 25 Wm-2. 

  

The paper address TOA flux errors derived from ADMs. The topic addressed in the 
paper is somewhat unique to the EarthCARE mission. I only have minor comments on 
this version. 

 We want to thank reviewer#1 for the review and the valuable comments. 

Equation 7: Need a reference of the two-stream albedo. In addition, asymmetry 
parameter is not used/discussed in the rest of the paper very much. How is the 
asymmetry parameter related with variables used in Eq. 12?  The asymmetry parameter 
for water cloud droplets does not vary very much (0.86). How much does the asymmetry 
parameter vary in this study? 

We added the reference to the two-stream albedo (l 86f). Furthermore, we 
explained in more detail the parameterized asymmetry parameter used in this 
paper (line91 ff). The asymmetry parameter is adapted per angular bin to best 
match the observations during the training of the semi-physical model. By doing 
so this “new” adapted asymmetry parameter varies not only with effective radius 
but also with observation angle, thereby representing various 3D effects that are 
not captured by the simple model before. Because of this optimization the 
semi-physical approach is able to capture single scattering features such as the 
widening of the cloud bow for example. The exact procedure of optimization is 
described in Tornow et al. 2020. 

Line 92: Is ACWV = 0 an assumption for the entire study? 

Yes. We clarified this a bit better in the manuscript (line 103f) 

Table 1: How are the results sensitive to these values and how are these values realistic 
to the scenes analyzed in this study? 

We appreciate the reviewers' comments. All values used in the study follow the 
formulation in Wood et al. 2006 which was developed and validated for marine 
stratocumulus clouds. Since our analysis focuses exclusively on marine 
stratocumulus, these values are considered appropriate. Particularly the  
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variability in the degree of adiabaticity can, however, introduce uncertainties in 
the order of 10–20 % (e.g. Barlakas et al., 2020). Nevertheless, as both ADMs are 
compared against the same reference (“truth”) affected by these uncertainties, we 
argue that the key findings remain robust and are not significantly influenced by 
the underlying assumptions 

Eqs. (8) and (12): Are As used in these equations the same? 

Thank you, they are not. We adapted this. 

Line 137: The relationship of droplet size and tau is nothing to do with scattering. It is the 
consequence of Eq. 12. 

We removed this sentence. 

Figure 10: Are these results based on the principal plane? Larger flux differences come 
from glory. I would think that the difference is negligible outside glory angles and outside 
the principal plane. If the mean difference of 5 Wm-2 considers only the principal plane, 
the authors need to state clearly. In addition, EarthCARE BBR views scenes outside the 
principal plane. It is worthwhile to consider actual viewing geometry of BBR, this is 
especially true since BBR is taking data now.   

Yes, the results are based on the principal plane. We clarified that the mean 
differences found in the study are for the principal plane. We also mentioned that 
EarthCARE views scenes outside the principle plane (e.g., Tornow et al, 2019 Fig. 
3) but are nevertheless affected by changes in cloud microphysics and single 
scattering phenomena as well (line 279) 

Line 220: how the error changes with tau and nu is not shown and discussed in the 
paper. 

We state this in line 238 but don’t show any figure to this in the manuscript, 
because we think it would overload the manuscript. We added below the 
corresponding figures showing this. 
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Fig 1.: Relative Flux deviation for different tau 
 
 
 

 
Fig 2.: Relative Flux deviation for different nu 
 



Summary 
The paper considers the improvement in accuracy of instantaneous flux estimates for cloudy 
conditions using empirical ADMs based on two different methods of defining and assigning 
the ADMs. Instantaneous flux accuracy is of increasing interest and of particular relevance to 
the EarthCARE BBR instrument for example, as well as to any application that might make 
use of instantaneous flux retrievals. However, traditional SW ADMs used operationally often 
prioritize minimising global bias over maximising instantaneous accuracy and thus are not 
optimized for maximising the latter. Therefore, the work addresses an important problem of 
interest to the community interested in using instantaneous fluxes particularly for cloud 
study. To investigate the problem, 3D radiative transfer simulations using the Monte Carlo 
method are used informed by cloud inhomogeneity derived from MODIS observations. This 
seems a reasonable approach in principle and a good attempt to deal with the complexity of 
3D effects and cloud in-homogeneity in a realistic manner. However, it should be made 
clearer in the work that this is a limited case-study that is not sufficient to make broad 
globally applicable claims about the relative merits of the two methods but rather represents 
a first step in exploring their merits for a particular case.  
I think that the intent of the paper is valuable, and the basic tools used are appropriate, the 
work is well laid out and generally well written. However, I think there are some major 
aspects regarding the application which are fundamental to the validity and usefulness of the 
comparison and the interpretation of the result that need to be addressed before the work is 
suitable for publication. Some of this relates merely to further clarification and more 
consideration of how the results are presented and summarized. However, I also have some 
concerns over the realism of the simulations used and how the retrieved fluxes are derived 
from them which I think needs further support or modification.  
  
We want to thank the reviewer for his detailed review and the important comments to 
improve the paper and to better clarify the scientific relevance and drawn 
conclusions.  
  
Major concerns 
The application of the two methods. 
 
Section 2 lines 58 to 105: Clarification needs to be included in the text as it is not clear from 
the current description if the method which uses what is called the ‘sigmoidal approach’ uses 
the CERES operational ADM’s themselves (as described in lines 99 to 102), uses ADMs 
based on the same CERES observational period described for the semi-empirical approach 
(lines 92 to 97) or is in this case based on the simulations used to ‘explore the research 
questions’ as discussed in lines103-105.     
Furthermore, it is not clear if the full methodology for the ‘sigmoidal approach’ described in 
Loeb 2005 (a & b) is employed here. Specifically sigmoidal fits only used for thick clouds. My 
assumption is that the operational CERES ADMs are the basis for comparison including all 
their variations but please clarify, I think the problem is the that the method refers to the 
approach rather than a specific set of ADMs.   
  
We use the ADM’s reconstructed in Tornow et al. 2021 who followed the approach of 
Su et al. 2015 and used sigmoidal fit for all marine cloud footprints. This “sigmoidal” 
approach is an extension of earlier ADMs by Loeb and is a more continuous 
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approach. Except for footprints with ln(cot*f)<6 a look up table approach has been 
used in case of sun glint affected geometries. For the creation of both sets of ADMs, 
the same period (2000-2005) and screening (only clouds above ocean) have been 
used. The creation of the ADMs, including the data selection, is described in Tornow 
et al. 2021 Section 2 and 3 in detail. We added some further description in Section 2 
line 114ff of the manuscript to make this clearer. 
 
Section 3. It is unclear when the two methods are applied to the simulated data how the 
required parameters to choose the ADMs are determined. For example, for the ‘sigmoidal 
approach’ what optical depth is used? Is it a value derived from a MODIS-like retrieval 
applied at the relevant resolution and wavelength on the simulated radiances, or is it taken 
from the input parameters to the simulation – in which case at what wavelength and is this a 
fair test? If the radiances simulated differ from those used to derive the observational ADMs, 
it would stand to reason that the associated narrow band radiances which form the basis of 
the MODIS derived optical depth by which they are classified would also differ, and thus the 
optical depth retrieved from MODIS may not be the same as that used in the simulation. It is 
however the MODIS retrieved optical depth that needs to be used to determine the 
appropriate anisotropy.  
Similarly for the semi-empirical approach where does the cloud microphysical and above 
cloud water vapour information come from (I know the latter is set to zero in the simulations 
is this taken as a given in the ADM choice?) and is this consistent with how this method will 
be applied in practice. Again, if the effective radius is to be retrieved from MODIS it should 
be retrieved by that method from the simulated radiances. Finally, it is of significant 
relevance to the accuracy of application in an operational context how accurately the 
parameters required to select the ADM can be retrieved, and how sensitive the resulting flux 
is to errors in their retrieval. These aspects are not considered here or indeed even 
mentioned. As more parameters are required to apply the semi-physical approach this is 
potentially a bigger problem for this case and should be at least mentioned in any 
comparison of the two methods.  
 
We thank the reviewer for these important remarks: 
  

-​ We added some further explanation to section 2.4 to make it clearer how the 
semi-synthetic cloud scenes are constructed and made it clearer what cloud 
parameters are used for the ADM construction and how they are calculated 
(e.g, line 192ff). We also added a table to the appendix illustrating the mean 
optical depth and homogeneity values pre-selected and calculated after 
assigning to MODIS boxes. 

-​ The pixel based vertical profiles of the cloud microphysical properties (lwc, 
reff) used for MCS are generated using the MODIS optical depth (retrieved  in 
the spectral range of ~0.6 and ~0.8  µm) where Qex=2 is a good approximation 
for the Reff range used (3-22 microns). 

-​ For the broadband Monte Carlos simulations, spectrally-dependent optical 
properties (ext, ssa, and phase function for gases and clouds) are computed 
using the model used in for EarthCARE’s ACM-RT product (Cole et al. 2023, 
where Mie-algorithm from Wiscombe et al. 1980 is used). MCS are operationally 
used for EarthCARE, ensuring plausible COT-to-radiance relationships. We added 
the citation to the manuscript (line 177) . 
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-​ The above-cloud water vapor for the semi-physical ADMs are inferred from 

reanalysis and are used in a continuous manner. As mentioned above we use 
the scene averaged effective radius as input of the ADMs. 

-​ We agree that with two additional retrieved parameters additional uncertainties 
arise. In l.221 we mentioned that and point out that further study on sensitivity 
to retrieval errors is needed (line 284).  

  
  
The simulations used for the test 
 
Section 2.1 to 2.3. The CERES ADMs are empirically derived from observations and 
represent real world conditions. The distribution of cloud properties within any bin is 
expected to be representative of the real-world distribution of these properties and the 
effects of the surface reflectance and background aerosol will also be implicitly included. 
These points also apply to some extent to the semi-empirical approach as this is also based 
on observations although the issue may be lessened by the finer division of scenes reducing 
the dependence of the result on the distribution found in nature.  
 
Given this, the realism of the test and understanding how this relates to the real world range 
and frequency of cloud properties is fundamental to providing a useful evaluation. As a 
minimum, we need to know that the cloud properties used are realistic and how common 
they are. It seems quite strange to me given the empirical nature of the ADMs tested and the 
significant amount of observational data used to derive them, that although MODIS data is 
used to look at optical depth and homogeneity it is not used to for the effective radius which 
rather uses a fixed relation to the optical depth and varied to various constant values 
between scenarios only (via variation in Nd). It is not clear to me that the relationships used 
in section 2.1 are at all valid for the case used, they seem to employ several assumptions 
that will not be universally true over a range of reff or wavelength (extinction efficiency of 2 
for example which is a large particle approximation). Furthermore, the origin of the Ndues val 
chosen are not explained. I am also confused by the Wood 2006 reference here which has 
no journal, publisher or doi associated with it, is this a technical note a chapter from a book 
please can you clarify this reference, the equations stated seem to come from this form, I 
don’t think the Qext = 2 simplification is a feature of the other reference. Apologies if I have 
misunderstood but forcing this fixed relation to reff seems to limit the realism of the 
simulation that was so carefully ensured for the optical depth variation. For the MODIS 
scene evaluated optical depth variations are attributed solely to geometric thickness 
variations and the value of Nd with each case have a single reff. Does the MODIS data show 
reff inhomogeneity as well as optical depth inhomogeneity or does it corroborate the 
constant values assumed here? In the discussion I think it would be helpful to translate to 
reff rather than Nd as reff is the parameter both retrieved by MODIS and required to apply 
the semi-physical approach.  
The realism of other aspects of the simulation including the surface and the intervening 
atmosphere is also relevant. For example, if the simulations set the above cloud water 
vapour to zero and this can be selected as a case for the semi-physical retrieval this could 
be unfair for the sigmoidal retrieval. If zero above cloud water vapour is unrealistic or an 
outlier the simulations don’t represent the real-world values implicitly included in the 



sigmoidal ADMs, thus we need to know how big an effect this discrepancy is. For the surface 
a Lambertian ocean surface seems quite limited, I am confused as to why this is stated as 
being equivalent to a wind speed of zero as I would have thought reflection from calm ocean 
is more likely to be considered as a specular rather than Lambertian reflector. How important 
this assumption is in taking the simulations out of the realm of realism and therefore 
presenting an unfair test of observational ADMs needs to be considered.  
  
We want to thank reviewer #2 for the valuable comments. 

-​ First we want to mention that in this analysis we seek semi-idealized 
conditions to infer sensitivity to certain properties (i.e., Nd and homogeneity). 
We are aware that these conditions might not always be expected to occur in 
reality. In Fig. 12 (below), a global density plot of mean liquid cloud optical 
thickness against mean cloud effective radius for May 2007 based on ESA CCI 
dataset and in red the range of cloud optical thickness and effective radius 
used for the ADMs are shown. Even though not covering the full range, we 
think that a good range of the globally observed values is covered in the 
analysis. 

-​ We added to the citation of Wood et al. 2006 the information that this is an 
unpublished technical note. 

-​ Regarding uncertainties introduced by the assumption we think that both 
approaches are likewise affected by uncertainties.  

-​  As the range of all parameters comes from real world observations and the 
values used for the ADMs were found in the MODIS observations, we think that 
the analysis can be of value also for real world observations.  

-​ We agree that choosing a constant Qext of 2 is not optimal for small reff and in 
the SWIR part of the spectrum (small x). As the assumption of Qext=2 is only 
used to create microphysical properties from optical thicknesses retrieved by 
MODIS between 0.6 and 0.8 microns, we think that the assumption is 
reasonable (e.g,Brenguier et al 1999, Dlugach & Mishchenko (2014)).  

-​ The idea is to cover a range of Nd representing clean to polluted marine 
stratocumulus (e.g., Bennartz 2007)  

-​ MODIS shows reff inhomogeneity as well as optical depth inhomogeneity (see 
Fig. 1 and 2. below) which are represented in the constructed semi-synthetic 
scenes as well (Fig. 9-12 below) 

-​ We added the need of further study of sensitivity to above cloud water vapor in 
l.284f 

-​ For the study we focussed on low level boundary clouds as they show high 
variabilities in cloud microphysics (e.g., reff) and therefore might have the 
strongest impact on flux estimate uncertainties. 

-​ The above cloud water vapor is often low see e.g. Tornow et al. (2021) or Fig 2. 
of Tornow et al., (2018) 

-​ The statement of wind speed of zero in ADMs was wrong. As all scenes are 
overcast (f(cloud)=1 and f(clear_sky)=0), the semi-physical approach does not 
use the wind speed information. We want to thank the reviewer for this remark 
and we removed this. Regarding the MCS  a Lambertian ocean surface is 
assumed. As we only simulated overcast scenes with COT>2.5, we assume that 
the influence of ocean surface is small outside sunglint regions. 
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The details of the method and the application of the test case 
 
A little more detail on the ‘sigmoid approach’ would be sensible to include here. Specifically 
what data are used as the basis here, what are the fitted parameters and what special 
treatments (for example for thinner cloud) applied. Similarly for the semi physical approach a 
bit more detail on the parameters used and how their values are obtained both operationally 
and in this case would be helpful. The use of a view-angle dependent asymmetry parameter 
probably requires some specific explanation here as it is a rather unusual choice specific to 
a particular implementation of the semi-physical approach and is contrary to the normally 
understood meaning of an asymmetry parameter (which pertaining to a two-stream 
approximation would have no view angle dependence).  
-        We added further description on the used data, period and treatment of thinner 

clouds by Su et al. 2015. As our minimum optical depth is > 2.5 and we only look at 
overcast cases (f=100%) this should not be a problem in our analysis ( line 66 ff). 

 
The highlighted comparisons (section 3) 
 
Figure 6 and associated discussion. It is not clear to me that the radiance comparison plots 
shown in figure 6 are the best choice when the comparison is concerned with the 
improvement in the derived flux from the radiance. Whilst obviously related would not a 
comparison of the anisotropy be a way to display more relevant and complete information 
here? Figure 6 and 7 I would consider the use of 1 degree SZA a very limited case, which 
might be sensible to include in the simulations to cover the range but would not seem the 
best choice for plotting examples as in figure 6 and figure 7 for general discussion, a solar 
zenith angle of 55 would possibly be a better more general choice. Figure 6, 7, 8 and 9. 
Similarly, it is not clear that concentrating on the principal plane is particularly helpful unless 
you expect the flux retrievals to be more commonly associated with the principal plane. Plots 
showing the full space of the anisotropy or flux difference as used to show the radiance 
distribution in figure 1 maybe more helpful. Alternatively, following the current format but 
adding an indication of the range for the points outside the principal plane would be an 
alternative. Figures 9, 10 and 11 and associated discussion in sections 3 and 4. Summary 
statistics for 2000 scenarios are shown, and the median used as a primary comparator for 
the performance of the two methods. I assume that the 2000 scenarios arise from the 
division of the original 20,000 scenarios into forward and backward directions and the 5 Nd 
and thus comprise 25 optical depth PDFs, 20 viewing angles and 4 solar zenith angles each. 
It is not clear if any weighting is applied to these 2000 cases to make them a reasonable 
representation of the frequency of the scenarios to be encountered. For example, does the 
result equally weight the solar and viewing angles in deriving the summary statistics or are 
they weighted according to their likely frequency of occurrence in some dataset and if so 
what dataset or is some angular integration done to derive the final result. Similarly, is any 
weighting given to the different optical depth PDFs and if so, is this based on the single case 
study analysed or given more global consideration. Figure 11 and associated discussion. 
Dependence on domain size is briefly addressed, the inherent variation of domain size with 
viewing angle in the observations is not considered and should at least be mentioned here. It 
is inherent in the empirical ADMs.    
-         We agree with reviewer 2 and added the 55° case. As the microphysical impact is 
clearest for high SZA we also kept the 27° case. 



-         Due to computational coasts, we focused on the principal plane, as the effects 
(e.g. cloud bow and glory broadening) are expected to be largest. Even though 
EarthCARE's BBR observation geometries are not directly located in the principal 
plane (e.g.,Tornow et al, 2019, Fig.3.3), the geometries are still affected.  
-        No weighting has been used for the statistics.  
 
Conclusions (section 4) 
 
It might be helpful to restate the research questions in the conclusion. Research question 1 
pertains to reff and is answered as Nd. Given the relation between these is buried in detailed 
assumptions in the main body of the work this should be translated here (and in the analysis) 
to properly answer the research question posed. In reference to all the research questions 
and final recommendation the conclusions need to acknowledge, even assuming that the 
simulations are realistic, they represent a single case study. This is sufficient to highlight the 
need for further work and the potential for improvement but it is far from sufficient to 
determine that one method is inherently more accurate in general (research question 2). 
Furthermore, as previously stated the additional errors likely due to inaccuracies in retrieved 
parameters used to apply each method needs to be considered. Summary statements about 
reduction in errors etc all need to consider the realism of the weighting of the cases and 
angles in the derivation of these median values. The range of values investigated also needs 
to be stated in the conclusions to give context to statements such as ‘mean absolute relative 
error decreases with increasing… ’ . The discussion of research question 3 probably needs 
more detail in the conclusion for it to be clear here.  
  
-        We agree with the reviewers comment and changed or added Reff in the analysis 

and conclusion of the manuscript to be consistent with the research question. 
-        We highlighted in the discussion that this work focuses on marine stratocumulus 

clouds and show the potential of microphysical-aware ADMs for improving sw flux 
estimates 

-        We also adapted research question 2 to make it sound less absolute.  
  
  
Other points 
  
The problem with wrong naming of the figure position (upper, lower, left, right) is 
caused by the fact that for now the paper is in manuscript format but for publication 
will be in two-column format. All explanations of figures are already done for the 
format used for the publication of the paper. Also the position of the figures can be 
messed up using manuscript format. 
  
Equations 11. I think LHS should be (rvol)^3 as volume (4 pr3/3) = mass / density. 
We corrected this typo.  
Equation 13. h is introduced here without explanation, is this z in equation 10? 
h is the cloud geometrical thickness  
Figure 1 is strangely placed and not properly introduced or fully discussed in the text what is 
the purpose of this figure at this point in the text. 
We adapted the position of Figure 1 and added some further introduction. 
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Figure 2. The legend and much of the rest of the text is too small to read easily. 
We made the figures larger 
Figure 3 and 4. The panels are too small to see properly and could be better spaced to make 
better use of the space available. 
We adapted this 
Figure 9 needs to be enlarged, particularly the top part. The red and blue lines are difficult to 
distinguish and it is not clear what they enclose may hatched regions of the +/- 10Wm-2 
would 
be a viable alternative. The legend and text refer to top and bottom panels, but I think it 
should 
be left and right. 
We adapted this  
Figure 10 and 11, many of the whiskers go off the scale an unknown amount. 
We updated the plot 
Figure A1, refers again to upper and lower panels when they are arranged left and right, 
these 
would benefit from being enlarged, also it doesn’t appear to be referenced in the text 
anywhere. 
We removed this as it is not used in the manuscript. 
Throughout: I’m not going to address minor grammatical issues until the major points are 
addressed except to note that I think it should be ‘principal plane’ not ‘principle plane’ 
We corrected this and multiple other typo.  
. 
  

  

  

 

 



Figure 1 Reff of MODIS frame 

 

Figure 2 optical depth of MODIS frame 

  

  

  

 



 

 

Fig. 3 Effective Radius with Nd=25 

 

 

 

 



 

Fig. 4 Effective Radius with Nd=100 

 

 

 

 



 

Fig. 5 Effective Radius with Nd=400 

 



 

Fig. 6 Cloud optical depth with Nd=25 

 

 



 

Fig. 7  Cloud optical depth Nd=100 

 



 
Fig. 8  Cloud optical depth Nd=400 

 
 



 
Fig. 9  cloud geometrical thickness Nd=25 



 

Fig. 10  cloud geometrical thickness Nd=100 



 

Fig. 11  cloud geometrical thickness Nd=400 

 



 
Fig. 12  Global density plot of mean liquid cloud optical thickness against mean cloud 
effective radius for May 2007 based on ESA CCI dataset 
(https://climate.esa.int/en/projects/cloud/) and the range of optical thicknesses and 
effective radii used for the semi-physical approach in red dots. And the range of cot 
and reff within the corresponding scene in orange. 
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