
Answers to comments of Referee #2 (Christopher Donahue) 

We want to thank the referee for providing constructive feedback and comments, which significantly 
helped to improve our submitted manuscript. 
 

Our replies are structured as follows: 

(1) Referee comment 

(2) Author response 

(3) Manuscript changes (given line numbers refer to the revised manuscript) 

(4) References are listed in case they were not included in the original manuscript 

  

The article demonstrates airborne imaging spectroscopy retrievals over arctic sea ice. The retrievals 

include snow grain size, liquid water fraction, and ice pond depth. Generally, the methodology and 

retrievals presented are of interest to the cryosphere remote sensing community. However, there are 

several major items that need to be addressed before publication, listed here in no particular order: 

1. Throughout the paper ambiguous remote sensing terminology is used, e.g., “reflectance”. 

Refer to Schaepman-Strub et al (2006) and use correct terminology throughout. For example, 

the airborne spectrometer measures HDRF/HCRF while the paired albedometers measure BHR. 

Additionally, more details about the radiative transfer simulations need to be provided. Are the 

simulations representative of white or black sky albedo or HDRF? How is the illumination and 

observation angle geometry being handled in the radiative transfer modeling? 

 

We realized that the used terminology was unprecise and caused confusion. Following Schaepman-

Strub et al. (2006), the ratio of measured upward radiance and downward irradiance can be defined as 

an angular part of the HDRF (Hemispherical-Directional Reflectance Factor). However, our 

measurements of the upward radiance do not cover the whole lower hemisphere as the imaging 

spectrometers have a very narrow field of view of 36°. That is why we want to refer to the terminology 

that is well-established in the spaceborne remote sensing community and replaced “reflectance” by 

“reflectivity”. The term and quantity “reflectivity” considers the normalization of the upward radiance 

by the downward irradiance and expresses that only a limited angular range close to nadir is observed. 

In case of other reflection properties and definitions applied in other studies, we refer to these as 

general “reflection” quantities to avoid confusion when citing those studies. We only write “reflectivity” 

in context of our measurements. 

Lines 64-68: 

“An airborne imaging spectrometer measured the spectral upward radiance Iλ↑ (W m-2 nm-1 sr-1) in a 

narrow angular range close to nadir, which is normalized by the spectral downward irradiance Fλ
↓  



(W m-2 nm-1), measured by an albedometer, to determine the spectral reflectivity 𝓡𝝀 of the Arctic sea ice 

surface according to: 

𝓡𝝀 =
𝝅 ∙ 𝑰𝝀

↑

𝑭𝝀
↓  𝐬𝐫 .” 

Regarding the simulations: We simulated the property “reflectivity” as defined in our response above. 

Atmospheric scattering and absorption are considered in the simulations.  

Observation geometry: The Figure below illustrates the observation geometry of the imaging 

spectrometers AisaEagle and AisaHawk. The viewing zenith angle is determined by the regarded pixel 

and its angular distance from nadir. The viewing azimuth angle is depending on the aircraft heading and 

the regarded sensor pixel located ±90° from the heading.  

 
In the revised manuscript we now provide more details on that in Sect. 3.1 as well as in the Appendix 

A and Table A1. In addition, we added a schematic illustration of flight direction and Sun position for 

each reff- and fLW-map shown in Sect. 3.2.  

Lines 155-157: 

“The observation geometry in the simulations was indicated via viewing azimuth angle (aircraft heading 

±90°) and viewing zenith angle of the imaging spectrometers in order to consider the correct viewing 

geometry relative to the Sun position. Further information are provided in Table A1.” 

Appendix A and Table A1: 

Lines: 415-432: 

“Appendix A: Radiative transfer simulations 

The spectral downward irradiance and upward radiance were simulated with the library of radiative 

transfer routines and programs libRadtran (Emde et al., 2016; Mayer et al., 2019). To solve the radiative 

transfer equation, the discrete ordinate algorithm DISORT (Stamnes et al., 2000) was selected. For the 

intensity correction the Legendre moments were used (Nakajima and Tanaka, 1988). Furthermore, the 



extraterrestrial solar spectrum by Gueymard (2004) and the absorption parameterization by Gasteiger et 

al. (2014) were applied. Atmospheric conditions were described by standard profiles of pressure, 

temperature, relative humidity, air and trace gas densities for the subarctic summer (Anderson et al., 

1986). Additional atmospheric information were provided by radio soundings performed at Ny-Ålesund 

(Maturilli, 2020). 

Further input parameters are listed in Table A1 and comprised the flight day and altitude, as well as 

solar/viewing azimuth and zenith angles describing the Sun position/observation geometry with respect 

to the aircraft heading in order to simulate reflectivities comparable to the pushbroom imaging 

spectrometer measurements.  

To represent the snow layer, a mixed-phase cloud layer located at 0 − 1 m above the surface was defined 

by a constant total water content TWC = 100,000 g m−3 while varying the liquid water and ice water 

content to account for melting processes. An external mixture of liquid water and ice particles was 

assumed (Donahue et al., 2022). The extinction coefficient, the single scattering albedo, and the scattering 

phase function for a gamma size distribution of liquid water spheres and smooth ice droxtals were 

calculated with the Mie-tool (Wiscombe, 1980), provided by libRadtran, and the Yang tables (Yang et 

al.,2000), respectively. These properties were derived with 2048 Legendre moments and δ-M-scaling 

(Wiscombe, 1977) to ensure an adequate resolution of the phase function.” 

 

Schematic illustration of flight direction and Sun position (see Fig. 4-6), exemplarily for flight section 

2017/06/25 (I) according to aircraft heading and solar azimuth angle given in Table A1: 

 



 

 

References: 

Schaepman-Strub, G., Schaepman, M., Painter, T., Dangel, S., and Martonchik, J.: Reflectance quantities 

in optical remote sensing - definitions and case studies, Remote Sens. Environ., 103, 27–42, 

https://doi.org/10.1016/j.rse.2006.03.002, 2006. 

 

2. There are 2 grain size retrieval methods presented (figure 3 and 4), however only results from 

one of the methods (figure 4) is presented. I am confused by this, where are grain size results 

from the methodology presented in Figure 3? Otherwise, the least-square fitting methodology 

for grain size should be removed from the manuscript. 

3. The grain size/LWC methodology presented is based on Green et al 2002, however the LWC 

and grain size retrievals are decoupled instead of retrieved simultaneously. Some discussion 

around the reasoning for this and its implications should be included. For example, the least 

squares methodology for grain size (using Parts 1-3) seems to include radiative transfer 

simulations that are based on wet and dry snow, though only the grain size is being retrieved. 

What uncertainties does this introduce? Would it be possible find a least square spectra that 

was simulated using a 200 µm grain size and 10% water and alternatively be very similar to 

250 µm and 0% water? 

 

The least square fit retrieval using Parts 1-3 should in theory retrieve effective radius and liquid water 

fraction simultaneously. However, due to a limited resolution of the simulations, the results were not 

sufficiently reliable and alternative retrieval methods (Least Square Fit to Part 1 for fLW and reference 

curve for reff) were included in the original manuscript. In the revised manuscript, we improved the 

resolution of the library of simulated reflectivity spectra by interpolating between the simulated 

reflectivity spectra. This way, the effective radius was retrieved in a resolution of 1 µm. Moreover, this 

interpolation of simulated reflectivity spectra allowed to also retrieve the liquid water fraction from a 

least square fit to Parts 1-3 rather than only using Part 1. This way,  liquid water fraction and snow 

effective radius were retrieved from the same least square fit to Parts 1-3, which made the other 

retrieval methods introduced beforehand obsolete.  

 

In the revised manuscript we removed the retrieval using the reference curve to retrieve reff and the 

least square fit using only Part 1 for the retrieval of fLW and adjusted the description of the combined 

reff- and fLW- retrieval.  

 

A comparison of both methods is shown here with the difference original approach (decoupled) minus 

revised approach (coupled): 

 



 

 
 

Lines 162-163: 

 

“Moreover, for each fLW-step the 16 simulated spectra of varying reff were transferred to a resolution of 

∆reff = 1 μm by cubic interpolation.” 

 

Lines 174-177: 

 

“For the coupled retrieval of reff and fLW, three wavelength ranges were selected for the least square fit 

(Fig. 3): λ = 982 −1054 nm (Part 1), λ = 1181 − 1240 nm (Part 2), and λ = 1294 − 1320 nm (Part 3), omitting 

areas with strong atmospheric absorption. Part 1 covers the reflectivity minimum for pure ice at 1030 nm 

making it sensitive to fLW, while Parts 2 and 3 cover a spectral region that shows a strong dependence on 

reff with only minor sensitivity to fLW.” 

 

Updated statistics in Table 2 for the revised approach: 

 

 
 



Updated uncertainty analysis in Table 3 with added root mean square error (RMSE) to give more 

information on the overall deviation: 

 

 
 

 

4. Line 64 – 68: This is somewhat of an overstatement. All three properties are not combined in a 

single flight line, though if this is possible and demonstrated it would greatly enhance the 

paper results. Furthermore, the retrievals individually (grain size and water content) have been 

demonstrated using airborne imaging spectroscopy (e.g., Bohn et al. 2021). 

 

We agree with the reviewer that the applied retrieval approaches are not combined for the snow layer 

properties and the melt pond depth and were only partly applied to the same flight sections. However, 

we aim to emphasize that a simultaneous retrieval of all three properties (snow layer liquid water 

fraction, snow grain size, melt pond depth) for the same observed scene is possible and is at least 

exemplarily shown in our study for the flight section 2017/06/25 (I), which is analyzed in terms of fLW 

and reff in the maps of Fig. 4 and is also covering (left red box) the melt pond P1 shown in Fig. 7a. We 

changed and added the following lines in the manuscript: 

Lines 69-73: 

“The Arctic sea ice conditions in spring allowed to observe the snow layer and melt ponds simultaneously. 

Our work comprises the adaptation and application of the approaches by Green et al. (2002) (retrieval of 

snow layer liquid water fraction and snow grain size) and König and Oppelt (2020) (retrieval of melt pond 

depth) for selected case studies. These analyses can provide a basis for future airborne observations with 

the aim to determine a combined picture of the snow layer and melt pond evolution during the melting 

season.” 

Lines 301-302: 

“In a case study, the depth of the melt pond P1 was retrieved, which was also covered during flight section 

2017/06/25 (I) shown in Fig. 4 inside the left red box.” 

 



We further added Bohn et al. (2021) to our literature review in the introduction: 

Lines 36-38: 

“Bohn et al. (2021) developed a methodology to retrieve snow grain size, liquid water fraction, and the 

mass mixing ratio of light absorbing particles from spectral reflection measurements with optimal 

estimation for airborne and spaceborne applications.” 

 

References: 

Bohn, N., Painter, T. H., Thompson, D. R., Carmon, N., Susiluoto, J., Turmon, M. J., Helmlinger, M. C., 

Green, R. O., Cook, J. M., and Guanter, L.: Optimal estimation of snow and ice surface parameters from 

imaging spectroscopy measurements, Remote Sens. Environ., 264, 112 613, 

https://doi.org/https://doi.org/10.1016/j.rse.2021.112613, 2021. 

 

5. Consider reorganizing the paper such that the methods are all presented together followed by 

the results. The current organization is hard to follow as a reader because it jumps around 

from methods to results. Additionally, the paper would greatly benefit from further editing to 

make the paper more concise and flow better. 

 

We appreciate your feedback. In the process of creating the manuscript, we changed the paper 

structure several times, each version having its (dis-)advantages. The current version seems to be the 

best compromise of all versions since the methodology differs for the retrieval of snow layer properties 

on the one hand and melt pond depth on the other. By combining approach methodology and 

respective results, the potential and limitations become more comprehensible. Therefore, we would 

like to keep the current organization.  

 

Line 39-40 is the grain “size” a radius of diameter, should be defined? 

 

We changed that line accordingly. 

Lines 38-40: 

“Jäkel et al. (2021) compared optical equivalent snow grain radius retrieval methods based on the grain 

size-dependent absorption in the solar spectral range, which were applied to ground-based, airborne, 

and spaceborne reflection measurements.” 

 

 



Line 49: Green tested outside using a block of snow under natural solar conditions, not in a laboratory. 

 

Thank you for the comment, we clarified that now in the manuscript. 

Lines 51-52: 

“This approach was tested on a snow sample block in the field under cloud-free solar illumination by 

Green et al. (2002) and validated by Donahue et al. (2022) with further field and laboratory 

experiments.” 

 

Line 54-56: Unclear, sentence needs to be restated. 

 

We restated that sentence. 

Lines 56-59: 

“Typically, the depth of melt ponds on sea ice reaches at maximum 1 m and is depending on the local 

meltwater availability and surface topography. Multi-year ice is usually characterized by surface ridges 

and depressions providing vertically more extended basins for deeper melt ponds compared to often 

level first-year ice surfaces, on which shallower ponds form (Untersteiner, 1961; Morassutti and LeDrew, 

1996; Konig et al., 2020; Webster et al., 2022).” 

 
 

Line 63: “In this study” is repetitive since the paragraph started with these 2 sentences prior. 

 

Thank you for the comment. We changed “In this study” to “Our work” and restated the sentence, 

which we now already mentioned in our response to your comment 4. Please refer to our response 

above. 

 

Table 1: Under SMART should there be an F (upward arrow) as well? Line 81-82 states that it measures 

upward and downward looking irradiance. 

 

This is correct, SMART measures both. However, Table 1 should give an overview of measured 

properties that were applied in the retrievals. Thus, only the downward irradiance measured by SMART 

is mentioned. We clarified that in the caption of Table 1: 



“Description of measured quantities that were applied in the retrievals by characterizing the respective 

instrument [...]“ 

Line 103: Example of ambiguous usage of “reflectance”. More details on the simulations should be 

included. How was the observation and illumination angle geometry represented in the modeling? 

 

We want to refer to our response to your first comment. 

  

Line 139: How was this smoothing done? 

 

Thanks for the comment, we changed the sentence to clarify.  

Lines 145-146: 

“For the retrieval of reff and fLW,  the AisaHawk measurements (20 Hz resolution) were averaged to fit the 

SMART measurements (2 Hz resolution).” 

 

 Line 152: observation and illumination conditions? 

 

We describe the considered conditions now in more detail in Sect. 3.1 and Table A1 in the Appendix, 

and want to refer to our response to your first comment.  

 

Line 158-161: Does this normalization change the absolute magnitude of the reflectance spectrum? 

How might this impact the grain size retrieval? This should be mentioned in the discussion. 

 

We clarified and justified the normalization in the revised manuscript:  

Lines 167-172: 

“In order to reduce the influence of the wavelength-dependent systematic errors in the instrumental 

calibration, measured and simulated reflectivity spectra were normalized by the measured or respectively 

simulated reflectivity value at the wavelength λ = 1100 nm, where the absorption indices of liquid water 

and ice are almost identical. Hence, the information on effective radius and liquid water fraction is 

represented by the spectral shape of the normalized reflectivities rather than by their absolute values. 

Therefore, the normalization enables a more distinct separation of the sensitivity to both properties in 

the regarded wavelength ranges.” 



 

Figure 3. This figure could be improved. Consider showing a few selected simulations that include the 

full spectra and one or two measurements that match. You can highlight the regions (Part 1,2,3) that 

are used for the retrieval with vertical shading bars. 

 

We updated Fig. 3 according to your suggestions. However, regarding the measurements we do not 

show the full spectral range. Water vapor absorption bands are excluded as the incoming solar radiation 

is weak in these spectral ranges and the derived reflectivity highly uncertain (low signal-to-noise-ratio). 

 

 

Figure 5. (a) Why is the RBG true color image green? I would expect it to be white. 

 

Figure 5a was not intended to be an RGB true color image as it was not spectrally weighted 

accordingly. We clarified that in the caption of this Figure in the revised manuscript (now Fig. 4): 

“ (without spectral weighting for true color impression) “ 

 

Figure 5. A scale bar and north arrow should be added to retrieval maps. 

 

We now added an illustration showing the flight direction and Sun position for each selected flight 

section in Fig. 4 to 6. We want to refer to our response to your first comment. 

 

 

 



 

Line 185-187: Consider moving to discussion section. 

 

We are aware of the interference of result description and discussion in these lines. However, we 

wanted to combine both to explain error sources next to the maps, which show these angular 

dependencies. Therefore, we would like to leave the position of these lines unchanged. 

 

Line 200-202 and Table 2: Generally, the grain sizes retrieved seem low for water contents that are 

mostly >10%. For example, Green 2002 retrieved 10% LWC and grain radius of 550 um. Consider 

adding some discussion around this topic. How might the grain shape chosen influence the grain size 

retrieval. Further, How does decoupling the grain size and LWC retrieval effect the grain size retrieval?   

 

Thank you for the comment, as we cannot provide any reference measurements, the comparison to 

other studies is essential and as a guideline helpful. However, requirements for an adequate comparison 

comprise similar environmental conditions, in which a snow layer is observed. The airborne 

measurements, regarded in our study, were carried out in the Arctic and the snow layer on the sea ice 

was affected by the specific regional conditions, e.g., sea ice surface characteristics, snowfall, snow 

ageing processes. In contrast, Green et al. (2002) analyzed a snow sample, which was put into a freezer 

and afterwards melted under field conditions. This is a useful procedure to evaluate the retrieval 

approach and the sensitivity to the amount of liquid water contained in snow, but the comparability to 

our measurements is limited. Therefore, a direct comparison to the results of Green et al. (2002) would 

not be based on the same boundary conditions. Nevertheless, we compared the retrieved effective radii 

to results by Mei et al. (2021) and Jäkel et al. (2021) of another Arctic field campaign (original manuscript: 

lines 201-205, revised manuscript: lines 204-208). 

However, we also took further aspects into consideration to evaluate the retrieval results. From the fLW 

perspective, these high liquid water fractions could be justified by the following statement:  

Lines 217-219: 

“However, since the approach is mostly sensitive to the uppermost snow layers, high retrieved fLW-values 

could be explained by the daily melting cycle rather than due to an overall soaked snowpack.” 

Regarding the grain shape: Many studies state a clear relation between reflection of a snow layer and 

the snow grain shape, which affects the scattering phase function (e.g., Picard et al., 2009; Dang et al., 

2016). However, impacts of the selection of grain shape have to be quantified specifically for the 

observed reflection quantity and the retrieval approach. Consequently in a next step, liquid water 

fraction and effective radius would have to be retrieved based on LUTs simulated for different grain 

shapes to provide an adequate estimate for the shape effect. We decided to simulate reflectivity spectra 

for grains with droxtal shape justified by the assumption of snow metamorphism processes (original 

manuscript: lines 118-119, revised manuscript: lines 123-124). In the end, this assumption should be 



validated by in-field reference measurements and a sensitivity study concerning the grain effect would 

be another crucial aspect for future studies. 

The (de)coupling issue is addressed in our response to your comments 2 and 3. 
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Figure 7. It is hard to discern the difference between 30% and 100%. Consider removing 100% water 

fraction from the scale bar or making 100% a separate color and call it “open water”, or something 

similar. 

 

We updated the liquid water fraction maps in Fig. 4 to 6 and decided to use black instead of blue for 

indicating the range 30 % - 100 %. Exemplarily for Fig. 6a: 
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