
Responses to the RC1 

This article reports an analysis of both CALIOP and MODIS retrievals spanning over a decade in 

order to compile climatological records of the spatial variability of dust aerosol optical depth and 

its interannual (and inter-decadal) variability. For the CALIOP record, the authors also obtained 

vertical profiles of extinction efficiency using the methodology previously developed in Yu et al. 

(2015). Overall, this is insightful work that could be an important contribution to the field and the 

paper was a pleasure to read. I do have a few major comments relating to the methodology and the 

interpretation of the results. The article thus requires major revisions. 

Reply: We would like to thank the reviewer for constructive comments. We have taken these 

comments seriously and revised the manuscript accordingly. An item-to-item reply to the 

reviewer’s comments is provided in this response.  

 

Before addressing the comments/questions in detail, we would like to first provide a summary of 

the major revisions made to the manuscript: 

● We added more detailed discussion regarding MODIS DAOD retrieval methodologies over 

ocean and land in section 2.2. 

● We compared our MODIS- and CALIOP-based DAOD with values reported in previous 

studies. The comparison is added to the revised manuscript as section 3.1. For MODIS 

DAOD comparison, we compare our results with previous studies in both global and 

regional scales; For CALIOP, there isn’t global CALIOP-based DAOD retrievals to 

compare our result with, therefore, the comparison is limited to regional scale. Overall, 

these comparisons suggest that our results are in reasonable agreement with previous 

studies, except for Voss and Evan 2020 over ocean (which can be explained by the use of 

different parameterization schemes). 

● We evaluated our monthly mean MODIS- and CALIOP-based DAOD product by 

comparing with AERONET monthly mean coarse mode AOD (COD) from 2007 to 2019. 

We found that MODIS DAOD is statistically higher than AERONET COD by 26.7% over 

land and 18.5% over ocean, while CALIOP DAOD is lower than AERONET COD by 

27.9% over land and 35% over ocean. This may suggest that the true DAOD probably fall 

between MODIS and CALIOP DAOD retrievals. Furthermore, by following the 

methodology proposed by Sayer et al. 2013, we estimated that the absolute expected error 

of MODIS DAOD is 0.65×DAODM+0 over land and 0.50×DAODM+0 over ocean, the 

absolute expected error of CALIOP DAOD is 0.52×DAODC+0.02 over land and 

0.54×DAODC+0.02 over ocean. This analysis was added in section 3.2. 

 

After these revisions, we think the paper is much improved and more focused, although the 

general conclusions still hold. 

 

 

 



Main Comments: 

Q1. There is a very large difference in the DAOD obtained from the CALIOP (0.029 on a global 

basis) and the MODIS record (0.063 on a global basis). The MODIS result of a global DAOD of 

0.063 is about one-and-a-half to two times other estimates in recent papers (Ridley et al., 2016; 

Voss and Evan, 2020; Gkikas et al., 2021), and much larger than simulated by any global aerosol 

model (see Figure 3 in Gliss et al., 2021). Therefore, I think the authors should include more 

discussion of what is causing their MODIS climatology to yield a much larger DAOD than other 

literature estimates. That should include a more detailed error analysis, and particularly an analysis 

of errors affecting the MODIS estimate such as errors in the DAOD/AOD ratio (see further 

comments below).  
Reply: These are great questions and suggestions and also thanks for the references. Following 

your suggestions, we added a new section (i.e., section 3.1) in the revised manuscript to compare 

our study with previous ones and discuss the causes for differences. We also included several new 

tables (Table 2 and Table S2, S3) and figures (Figure S2, S3, S4 and S5) in both manuscript and 

supplementary material to support the discussion. 

For global scale comparison, the (new) Table 2 in the revised manuscript lists the global 

mean DAOD from previous studies and our study. Ridley et al. 2016 used multiple satellite 

platforms (MODIS and MISR), in-situ AOD observations and four global models to estimate 

global mean DAOD over 2004 ~ 2008. Gkikas et al. 2021 used AOD from Aqua MODIS and 

DOD-to-AOD ratio from MERRA2 to estimate global mean DAOD over 2003~2017. In contrast, 

as shown in Table 2 our MODIS-based global (90°S~90°N) DAOD is 0.057. However, it is 

important to note that the global mean DAOD values from these studies are not directly 

comparable to our global mean results because of the methodology differences. In particular, both 

of aforementioned studies used model simulations to aid their global DAOD estimate, while our 

estimates are completely based on observations (More precisely, DAOD of the scope 60°S~60°N 

are completely based on observations, while outside of the scope, DAOD is assumed to be zero). 

In contrast, Voss and Evan 2020 (referred to VE20) used similar methods to our MODIS-based 

methodology and limited the global scope to 50°S~60°N, this is directly comparable to our global 

(60°S~60°N) mean MODIS DAOD values listed in Table 2. Below we focused on explaining the 

difference between our MODIS-based DAOD and values reported in Voss and Evan 2020. 

As shown in (new) Table 2 of the revised manuscript, our DAOD based on MODIS over land 

(DAOD=0.103) is almost identical with that in VE20 (DAOD=0.1). Over ocean, our MODIS-

based result (DAOD=0.055) is significantly larger than VE20 (DAOD=0.03). As we mentioned 

before, VE20 and our MODIS-based DAOD retrieval used the similar method. However, different 

parameters are used in the two MODIS over ocean retrieval methodologies, which is the main 

reason causing the non-negligible difference in our over-ocean mean DAOD. As shown in Eq (2) 

and Eq (3) in the revised manuscript, 𝑓𝑐 , 𝑓𝑑, 𝑓𝑚  are required to estimate DAOD.  We use MODIS 

over ocean retrievals to determine 𝑓𝑐, 𝑓𝑑, 𝑓𝑚and hence derive DAOD in self-consistent manner, 

while Voss and Evan (2020) determine these parameters based on observations in AERONET 

stations dominated by each aerosol type. The use of different characteristic parameters in the 

estimation of DAOD over ocean is the main reason for the difference between the two studies. 

As we explained in the supplementary materials, after combining Eq (2) and Eq. (3) in the 

manuscript, we get the following equation for DAOD over ocean: 

 

𝜏𝑑 =
(𝜏 − 𝜏𝑚)𝑓𝑐 + 𝜏𝑚𝑓𝑚 − 𝜏𝑓

𝑓𝑐 − 𝑓𝑑
  , 

(1) 



 

, where 𝑓𝑐 , 𝑓𝑑, 𝑓𝑚 are the fine mode fraction of combustion, dust and marine aerosols, respectively. 

The values for these parameters used in our study and in VE20 are listed in the Table S4 of the 

supplementary material. It turns out that we used significantly larger 𝑓𝑐  and 𝑓𝑚, while a slightly 

smaller 𝑓𝑑, in comparison with VE20. Because the derived DAOD is positively proportional to 

these parameters, the use of larger 𝑓𝑐 and 𝑓𝑚, is probably the reason for a larger DAOD in our 

study.  

Moreover, for regional scale comparison, we compared regional mean DAOD in Ridley et 

al. 2016 and Proestakis et al. 2018 with our results. As we discussed before, the global mean 

DAOD in Ridley et al. 2016 is not directly comparable to our results due to the different retrieval 

methodology. To compare with Ridley et al. 2016, we selected the same 14 dust-laden regions 

provided in their paper (see their Figure 1) and plotted our DAOD results with the values reported 

in their Table 3. As aforementioned, in Ridley et al. 2016 the DAOD in these dust-laden regions 

is constrained by AERONET measurements and satellite retrievals, and therefore more 

comparable with our results. The comparison plots are provided in the Figure S2 and S3 of the 

supplementary material. Overall, our MODIS-based DAOD agrees very well with their results. 

Note that in Ridley et al. (2016), DAOD outside of the dust-laden regions came largely from model 

simulations and imperfect parameterizations of dust transport and removal processes in the model 

may have led to significant difference from our MODIS-based DAOD. Table 1 in Proestakis et al. 

(2018) provides domain mean DAOD for six regions in Asia based on CALIOP observations. We 

selected the same 6 regions in East Asian and compared the regional mean DAOD between the 

two studies. As shown in Figure S4 and S5 of the supplementary material, values from Proestakis 

et al. (2018) are in excellent agreement with our CALIOP-based DAOD.    

Overall, these regional and global comparisons suggest that our results are in reasonable 

agreement with previous studies, except for VE20 over ocean (which can be explained by the use 

of different parameterization schemes). On the other hand, the comparison results also reveal that 

MODIS-based DAOD is generally larger than CALIOP-based DAOD (See Figure S3 and S5 the 

supplementary materials). But the two methods were not systematically compared in previous 

studies, which has motivated us to carry out this study. 

 

Q2. A key part of the methodology that is novel is obtaining the ratio of DAOD to AOD from 

MODIS data, which allows the authors to obtain a climatology of DAOD from well-established 

MODIS Aqua retrievals of AOD. However, more details should be provided of the procedure for 

obtaining DAOD/AOD, especially as errors in this procedure seem to be a likely culprit of the 

large differences between the CALIOP-based and the MODIS-based climatology (e.g., lines 427- 

9).  

● It seems that the DAOD/AOD ratio over land was calculated using the previous analysis 

in Pu and Ginoux (2018). Considering how important this is for the final results, this 

method should be summarized and explained here, and its strengths and limitations 

discussed.  

● It’s briefly mentioned that the methodology of Yu et al. (2020) was used to obtain the 

DAOD/AOD ratio over ocean (line 280). Please similarly explain this method in sufficient 

detail for the reader to understand this.  

 

Reply: Thanks for the suggestion. we have explained the methods in the manuscript to help readers 

understand the methodology and facilitate discussion of strengths and weaknesses of the methods. 



For MOIDS over-ocean DAOD retrieval, an approach was developed in previous studies to 

separate DAOD from other types of aerosol by using aerosol optical depth (τ) and fine mode 

fraction (f) retrieved from MODIS Dark Target retrieval over ocean. Both τ and 𝑓 refer to 

properties at 550 nm hereafter, unless specified otherwise. In this approach, both τ and fine-mode 

AOD (𝑓𝜏) are assumed to be composed of marine aerosol, dust and combustion aerosols, i.e., 

𝜏 = 𝜏𝑚 + 𝜏𝑑 + 𝜏𝑐  , 
(2) 

𝑓𝜏 = 𝑓𝑚𝜏𝑚 + 𝑓𝑑𝜏𝑑 + 𝑓𝑐𝜏𝑐   , 
(3) 

Where the subscripts m, d, and c represent marine aerosol, dust and combustion aerosol, 

respectively. Based on Eq. (2) and (3), 𝜏𝑑 can be calculated from MODIS-retrieved 𝜏 and 𝑓, with 

appropriate parameterizations for 𝑓𝑚 , 𝑓𝑑 , 𝑓𝑐  and 𝜏𝑚. More specifically, 𝑓𝑚 , 𝑓𝑑 , 𝑓𝑐  were determined 

from retrieved 𝑓 in selected regions and seasons for which a specific aerosol type dominates, 𝜏𝑚 

was parameterized as a function of wind speed (details can be found in Kaufman et al., 2005; Yu 

et al., 2009, 2020). 

Over land, MODIS aerosol properties including AOD, Ångström exponent, SSA are 

retrieved from the Deep Blue (DB) algorithm. DAOD over land is derived from the AOD using 

one criterion based on size distribution (to distinguish fine and coarse modes) and the other 

criterion based on absorption (to distinguish between scattering sea salt and absorbing dust). To 

apply first criterion, we use the following formula depending quadratically on the Ångström 

exponent (α), a measure of the wavelength dependence of optical depth or extinction (Eck et al., 

1999): 

𝐶𝑂𝐷𝑀 = 𝐴𝑂𝐷 × (0.98 − 0.5089𝛼 + 0.051𝛼2)  , 
(4) 

Where 𝐶𝑂𝐷𝑀  is the coarse mode fraction (aerodynamic diameters larger than 1𝜇𝑚) of AOD 

retrieved from MODIS, with a contribution from absorbing (DAOD) and scattering aerosols (sea 

salt aerosol optical depth). This relationship is derived from the formula of Anderson et al. 2005 

derived from in-situ data. The second criterion requires the single-scattering albedo at 470 nm to 

be less than 0.99 for the retrieval of DAOD (more details can be found in Pu and Ginoux, 2018).  

This description was added in the revised manuscript (section 2.2).  

 

Q3. Related to the previous comments is that the authors should expand the discussion in Section 

4 to propagate their uncertainties into their final results, obtaining error bars on the DAOD 

climatology from both MODIS and CALIPSO. For CALIPSO, paragraph 1 includes an error 

estimate due to assumptions about the dust depolarization ratio; it seems straightforward to 

propagate the error of the lidar ratio into this estimate and perhaps from CALIPSO’s low sensitivity 

(an error estimate for that is also discussed earlier in the paragraph). For MODIS, there is some 

quantitative analysis of errors mentioned near the end of section 4 but more detail should be added. 

This would be a combination of the well-characterized errors in the AOD retrieval and errors in 

the DAOD/AOD ratio. 

 

Reply: Good point. It is important to quantify uncertainties associated with our MODIS- and 

CALIOP-based DAOD.  

In CALIOP-based DAOD retrieval, we assume dust lidar ratio (LR) to be 44 ± 9 𝑠𝑟 at 

532nm. This range of LR is comparable to previous studies and basically covers the range of 



typical dust LR. The ±9 𝑠𝑟 LR uncertainties induces around ± 20% uncertainties in DAOD (the 

shaded area in Figure 9 in the revised manuscript). 

For DAOD uncertainty from depolarization ratio (DPR), we added Figure S6 in the 

supplementary material to show the global distribution of DPR induced DAOD uncertainties. We 

found that the uncertainty is much lower in dust dominant regions than other regions. The averaged 

uncertainty for regions with DAOD>0.05 is 20%, while the averaged uncertainty for other regions 

is 38%.  

It is difficult to quantify DAOD uncertainty induced by each source in one study. Instead, 

we estimate absolute expected error of MODIS- and CALIOP-based DAOD by comparing with 

AERONET in-situ measurements of monthly mean coarse mode optical depth (COD). In this 

process, we consider AERONET COD as a proxy of DAOD since so far there is not a valid method 

to derive DAOD from AERONET AOD.   

For over-land dust retrievals between 2007 and 2019, there were 16653 MODIS, CALIOP 

monthly mean DAOD retrievals collocated with observations from 761 AERONET sites located 

within a 1-degree MODIS and CALIOP grid cell (Figure 1 in the revised manuscript). Overall, 

MODIS DAOD is biased high compared with AERONET COD, with absolute bias 𝑜𝑓 𝐵𝑎 = 0.01 

and relative bias 𝑜𝑓 𝐵𝑟 = 26.7%. On the other hand, CALIOP DAOD is generally biased low with 

𝐵𝑎 = −0.02 and 𝐵𝑟 = −27.9%. For over-ocean dust retrievals, between 2007 and 2019, there 

were 7755 MODIS, CALIOP monthly mean DAOD retrievals collocated with 311 AERONET 

sites located within a 1-degree MODIS and CALIOP grid cell (Figure 3 in the revised manuscript). 

MODIS DAOD is biased high compared with AERONET COD with absolute bias 𝐵𝑎 = 0.01 and 

relative bias 𝐵𝑟 = 18.1%. On contrary, CALIOP is generally biased low with 𝐵𝑎 = −0.02 and 

𝐵𝑟 = −35%.We estimate that the absolute expected error of MODIS DAOD is 0.65×DAODM+0 

over land and 0.50×DAODM+0 over ocean, the absolute expected error of CALIOP DAOD is 

0.52×DAODC+0.02 over land and 0.54×DAODC+0.02 over ocean. This analysis has been added 

in section 3.2. 

 

Q4. Line 352-4: Here and in the rest of this section, the suggestion is made that CALIPSO’s lower 

sampling frequency could be a cause for the systematically lower DAOD from CALIPSO than 

from MODIS. I think this is incorrect. A lower sampling frequency is just as likely to produce an 

overestimate of DAOD as an underestimate, so producing a systematic underestimation of a factor 

of two for many different regions is in my view implausible. Please correct this.  

● Line 370-1: I think this statement is similarly statistically incorrect. Why would episodic 

sampling of dust events produce a systematically lower DAOD, especially when you have 

12 years of data and so many total retrievals?  

 

Reply: This is a good point. Statistically, CALIOP’s lower frequency indeed is not a reasonable 

explanation for its systematically lower DAOD than MODIS. We corrected our statement in this 

part as below: 

The CALIOP-based DAOD is rather low in regions that are known to be dusty in certain 

seasons, such as southwestern United States, South America, Australia and South Africa. These 

regions do stand out in MODIS DAOD maps (the second column in Figure 5). Then we plot 

DAOD-to-TAOD ratio based on DAOD and TAOD retrievals from two sensors (the last two 

columns in Figure 5). These regions indeed show up in the DAOD-to-TAOD ratio plot based on 

both sensors (i.e., the last two columns in Figure 5). This implies that in those regions both sensor-



specific methodologies are able to distinguish dust aerosol from sensor-detected total aerosol to 

some extent so that the DAOD to TAOD ratio stands out in those regions for both sensors.  

In addition, the conditionally sampled DAOD product is kept in the revised manuscript as an 

independent part instead of using this as an explanation of low CALIOP-DAOD, because the 

comparison between climatological and conditional DAOD could provide important information 

about frequency and intensity of dust events.  

 

 

 

 

  



Other comments: 

Q1. The abstract notes a climatological record over the last two decades, but the period spanned is 

really 2007-2019. Please correct.  
 

Reply: Thanks. We corrected it as ‘from 2007 to 2019’. 

 

Q2. Lines 242-4: Yu et al. (2021) recently did a detailed analysis of the diurnal variability of dust 

AOD that should be mentioned here. And can you roughly estimate the error you expect from the 

difference in daytime and nighttime distributions based on Yu et al. and Kittaka ’11? I think this 

should be small (~10%?) relative to your other errors.  

 

Reply: Thanks for the suggestion and the reference. We added a paragraph to Section 2.1 to discuss 

why we use nighttime observation for CALIOP DAOD retrievals. We cited Yu et al. 2021 in this 

section. We would like to note here that, Yu et al. (2021) actually found a significant day-night 

inconsistency in their CATS AOD retrievals after comparisons with collocated AERONET 

retrievals (see their discussion in section 3.1). Because of this, they concluded that “To account 

for this day–night inconsistency in CATS data quality, the diurnal variability in dust and dust 

mixture characteristics is currently examined separately for daytime and nighttime periods”. In 

other words, their daytime and nighttime DAOD, even though plotted together, are NOT directly 

comparable. But you are right that, the contrast between daytime and nighttime DAOD based on 

these plots is roughly 10-15%, which is smaller than other uncertainties in CALIOP retrievals as 

analyzed in section 3. Again, it has to be emphasized that this contrast is partly due to the day–

night inconsistency in CATS data quality. 

 

 

Q3. Line 247-9: This statement seems a bit vague. Could you be specific as to how large you 

expect the solar noise to be? If that’s larger than 10% then the statement would sound less 

subjective to the reader.  

 

Reply: It is hard to isolate the uncertainty induced by solar noise from all other uncertainty sources. 

However, we think our choice of using nighttime CALIOP observations is still valid.  

First, based on our discussion in the above question Q2, we know that it is very difficult to extract 

true daytime and nighttime DAOD difference from lidar observations. The diurnal variation of 

DAOD in Yu et al. 2021 are actually investigated for daytime and nighttime separately due to the 

significant difference in data quality.  

Second, we also retrieve DAOD based on CALIOP daytime observations and further analyze the 

difference between CALIOP daytime and nighttime DAOD datasets (Figure S1). We found that 

CALIOP daytime DAOD is generally much greater than nighttime DAOD in open ocean regions 

where dust aerosol is not expected to appear (see the third column in Figure S1). This means 

CALIOP daytime DAOD has a much lower quality than nighttime DAOD, which is mainly due to 

solar contamination in daytime CALIOP observations. Considering the low data quality of 

CALIOP daytime DAOD dataset, we choose to use the nighttime CALIOP product that is free of 

solar noise. 

Third, using CALIOP daytime DAOD dataset would not change our result in this study, 

specifically CALIOP DAOD would be still systematically smaller than MODIS DAOD. CALIOP 

daytime DAOD is generally smaller than nighttime in dust-laden regions. Generally, CALIOP 



nighttime DAOD is smaller than MODIS DAOD especially in some dust-laden regions. If we 

change to use CALIOP daytime DAOD, then its difference with MODIS DAOD would be even 

larger.  

Considering all aforementioned issues, we decide to use higher quality nighttime CALIOP DAOD 

dataset in the analysis.  

 

Q4. Line 270-2: This sentence is unclear. Could you include a supplementary graph on how 

sensitive your results are to this criterion of 10 retrievals per month? 

 

Reply: Figure 1 below shows the impact of requiring a minimum of 10 DAOD retrievals in a 

month on the derived seasonal mean DAOD over ocean. The first column shows seasonal mean 

DAOD (2007~2019) directly from MODIS retrieval. The second column shows the seasonal mean 

DAOD of MODIS retrievals with a minimum of 10 DAOD retrievals in a month. The third column 

is the difference between the first two columns. Over dust dominant regions such as the North 

Atlantic Ocean, there is no impact. However, over some heavy cloudy regions such as the North 

Pacific Ocean, DAOD in column 1 is significantly higher than column 2 during MAM and JJA. In 

those regions, MODIS dust retrieval could bias high due to cloud contamination, screening out 

infrequent sampling of DAOD could minimize the cloud contamination in those regions to some 

extent.  

 

 
Figure 1 The first column shows seasonal mean DAOD (2007~2019) directly from MODIS retrieval. The second column shows 

the seasonal mean DAOD of MODIS retrievals with a minimum of 10 DAOD retrievals in a month. The third column is the 

difference between the first two columns. 

Q5. Section 3.1 is very long and a bit difficult to read. I recommend adding sub-sections to improve 

readability. 

Reply: Thanks for the suggestion. In the revised manuscript, we break the original Section into 

two sections as section 4.1 and 4.2. 

 



Q6. Line 317-8: could you explain why the coarse size of dust contributes to the positive 

depolarization ratio? 

Reply: We added two references at this point to explain that the linear depolarization ratio of dust 

particles depends on the dust particle size, one is based on theoretical studies (Gasteiger et al., 

2011), the other one is based on an experimental basis (Järvinen et al., 2016). 

Järvinen et al. 2016 shows that the strongest size-dependence was observed for fine-mode particles 

as their depolarization ratios increased almost linearly with particle median diameter from 0.03 to 

0.3, whereas the coarse-mode particle depolarization values stayed rather constant with a mean 

linear depolarization ratio of 0.27. 

 

Q7. Line 319-20: If DAOD over ocean is derived from TAOD and FMF, then how do you remove 

the AOD due to sea salt? See my comment above regarding a need for more detail on how the 

DAOD/AOD ratio is calculated for MODIS. 

Reply: We added more details regarding MODIS DAOD retrievals over ocean and land in Section 

2.2. The more detailed description could answer how to distinguish DAOD from others for over-

ocean and overland retrievals (see answer for Q2 in main comments). 

 

Q8. Is the global DAOD you report weighted by the area of each grid point? It’d be helpful to note 

this somewhere. 

Reply: This is a great point. The description of the way we calculated global mean DAOD is added 

in caption of Table 4.  

‘Since Earth is a sphere, grid-cell surface area decreases toward the poles. We weight each grid-

cell surface area into ocean, land and global DAOD average’. This description was added in the 

caption of Table 4. 

Q9. Line 384-6: A recent paper by Huang et al. (2020) showed that Asian dust indeed gets more 

spherical during transport so might be good to include here. 

Reply: Thanks for the suggestion. The reference paper is included. 

 

Q10. Line 438-9: Please elaborate on how specifically the seasonal cycles of dust emission and 

transport are consistent with previous results. 

Reply: More discussion about comparison with previous studies are added in the revised 

manuscript. 

For example, Prospero et al. 2002 shows that dust activity peaks in May-July in North Africa and 

Middle East, while peaks in spring in China. These seasonal cycles are consistent with our results 

shown in the first row of Figure 6. Yu et al. 2015a shows that DAOD peaks in June-July-August 

in La Parguera, which is consistent with the seasonal cycle in CRB in this study. 

Q11. Line 480-4: Here and elsewhere, the authors include some insightful explanations on how 

errors in cloud screening affect both CALIOP and MODIS retrievals. Are you able to quantify the 

difference in the AOD between CALIOP and MODIS that is due to these errors from simultaneous 

retrievals from both? 

Reply: Thanks for the suggestion, but this is extremely difficult and beyond the scope of this study. 

Cloud screening process is designed and implemented by the operational algorithm teams, which 

is difficult for us to analyze. Moreover, our DAOD retrievals are at 2x5 degree resolution, so it is 

not possible to obtain “simultaneous retrievals” based on the current data. The current paper is 

already too long, we will leave this investigation to future study.  

 



Q12. Line 592: should be “desert” not “dessert” :) 

Reply: Thanks. The typo is corrected. :) 

 

Q13. Line 610: what do you mean by appropriate, exactly? 

Reply: Thanks for the question. This ‘appropriate’ could be explained by our description of 

MODIS DAOD retrieval in Section 2.2. For MODIS over-ocean DAOD retrieval, we have two 

equations Eq. (2) and (3) shown in the answer for Q2 in main comments. Based on Eq. (2) and (3), 

𝜏𝑑  can be calculated from MODIS-retrieved 𝜏  and 𝑓 , with appropriate parameterizations for 

𝑓𝑚 , 𝑓𝑑 , 𝑓𝑐 and 𝜏𝑚. More specifically, the appropriate parameterizations here represent that 𝑓𝑚 , 𝑓𝑑 , 𝑓𝑐  

were determined from retrieved 𝑓 in selected regions and seasons for which a specific aerosol type 

dominates, 𝜏𝑚 was parameterized as a function of wind speed (details can be found in Kaufman et 

al., 2005; Yu et al., 2009, 2020). 

In addition, a reference was added in the revised manuscript for the parameterization values. 

 

Q14. Line 614: here and elsewhere, could you define what you mean by “coarse mode”, exactly? 

What particle size range does that refer to? Definitions differ for that differ in the literature. 

Reply: This is a great question.  

For AERONET product, the fine and coarse mode optical depths are defined optically (rather than 

in terms of a microphysical cutoff of the associated particle size distribution at some specific radius) 

and essentially depend on the fact that the coarse mode spectral variation is approximately neutral 

(O’Neill et al., 2003). In the paper, we mentioned that MODIS overland DAOD retrieval represents 

the coarse-mode fraction of dust only, the coarse mode here refers to the portion of the actual 

aerosol that exists at low-RH aerodynamic diameters larger than 1 µm (Anderson et al., 2005). The 

definition of coarse mode for AERONET and MODIS retrievals are added in the revised 

manuscript. 

 

Q15. Line 615: although fine dust accounts for a small fraction of the mass, it accounts for a larger 

fraction of the DAOD, so this statement should be corrected. 

Reply: This is a great point.  

Based on the coarse-mode definition in MODIS overland retrieval (mentioned in Q14), basically 

MODIS overland retrieval exclude submicron dust aerosol. Then we double checked Kok et al. 

2017 and corrected our statement. 

This part is changed to ‘The exclusion of submicron dust aerosol could induce around 3% 

underestimation of the global dust mass load and around 15% underestimation of the global DAOD 

(see Figure S1 in Kok et al. 2017).’ 

 

Q16. Line 616-8: this is helpful information. Could you be clear here what the bias is of the Aqua 

MODIS DAOD relative to AERONET, and what the error is? And since coarse mode includes sea 

salt, is this a one-to-one comparison? 

Reply: Yes, the comparison with AERONET measurements is helpful information. Therefore, we 

added our own analysis regarding comparison between our monthly mean DAOD datasets with 

AERONET monthly mean coarse-mode AOD (COD) and further derived absolute expected error. 

we estimated that the absolute expected error of MODIS DAOD is 0.65×DAODM+0 over land and 

0.50×DAODM+0 over ocean, the absolute expected error of CALIOP DAOD is 

0.52×DAODC+0.02 over land and 0.54×DAODC+0.02 over ocean. This analysis was added in 

section 3.2. 



Actually, comparison with AERONET COD is not one-to-one comparison because so far there is 

not a valid method to derive DAOD from AERONET measurements. However, over land, 

especially dust source regions, dust aerosols are predominantly in coarse mode, therefore, 

AERONET COD could be considered as a good proxy of DAOD over land. Over ocean, the 

exclusion of fine mode DAOD could be partially cancelled by the inclusion of coarse sea salt AOD 

in AERONET COD retrievals. Therefore, AERONET COD is considered as a proxy of DAOD 

over ocean as well. 

 

Q17. Line 649: could you be quantitative here about the correlation? I think whether MODIS and 

CALIOP-based DAOD “correlate well” is subjective and I personally was surprised the correlation 

was not higher.  
Reply: The coefficients of correlation (R values) are added in this part for each region to make 

this statement quantitative. 

This part is changed to ‘Through the comparison, we found generally CALIOP-based DAOD 

correlates well with MODIS-based DAOD over dust-laden regions such as Sahara (R=0.78), TAT 

(R=0.84), CRB (R=0.75) and ARB (R=0.85)’ 

 

Q18. Line 653: I think here k is the correlation and R^2 is the variance explained. 

Reply: We change to use R instead of R2 in the revised version. Correlation coefficient (R) is a 

parameter to indicate the degree of correlation between two variables. R ranges from −1 to +1. 

R= −1 means that there is a perfect negative relationship between the two variables. For every 

positive increase in one variable, there is a decrease of a fixed proportion in the other. R= +1 

means that there is a perfect positive relationship between the two variables. For every positive 

increase in one variable, there is an increase of a fixed proportion in the other. R2 is the coefficient 

of determination, which shows percentage variation in y-axis variable can be explained by the 

dependence of x-axis variable using the particular regression model. 

We think the slope ‘k’ indicates how does one variable change with the other. For example, we 

have two variables 𝑥 = [2,4,6,8,10] and 𝑦 = [1,2,3,4,5]. Then we have 𝑦=0.5𝑥. In this case, even 

though k = 0.5, but the two variables correlate very well with correlation coefficient R=1.  
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