[bookmark: _GoBack]We thank the Anonymous Referee #1 for his constructive comments and suggestions. The reviewer comments are summarized in bold, and our point-by-point responses are listed below in italic format. All the lines cited in the comments matches with the new manuscript version. 

RC1: 'Comment on tc-2021-186', Anonymous Referee #1, 27 Sep 2021 

This paper tries to establish linkages between dust deposition on the Quelccaya Ice Cap (QIC) in Peru, its grain size distribution and tropical Atlantic and Pacific modes of variability. In my opinion the paper fails to convincingly do so. The entire analysis is exclusively based on correlation analyses, without providing a causal mechanism that could support and explain the suggested relationships. The abstract alone lists 6 r-values, yet does not include a discussion as to why these correlations occur. Discussing correlation coefficients is fine, but in the end scientific inquiry requires understanding or at least investigating the mechanisms that underpin these statistical relationships. The paper falls short in this regard and the proposed relationships remain conjecture. 

· We thank the reviewer for this insightful comment. To address this concern, we included the associations observed presenting the mechanisms already discussed in past studies at QIC.​​ We reviewed the linkages previously presented between dust groups and Pacific and Atlantic. We sustain the influence of Pacific oscillation as a consequence of westerly flow enhancement during the warm PDO stage, as cited in lines 249-253. For the recent, we noted this impact mainly for the FPP group (lines 258-263). For the FPP group, dust concentration increase we observed during the positive phase of the PDO index and snow accumulation decrease (Figure 5). Still, our reanalysis between QIC and Madeira river relationships includes: the snow accumulation data and runoff, FPP dust and sediments (Figure 6). We discussed these associations in the section 4.2. 

There are other problems with this paper as well, including the seeming lack of awareness of prior work, or inadequate statistical methods employed, that further lower the quality of this study. I can therefore not recommend this paper for publication, but I have tried to outline a few avenues for improvement that may help the authors to reconfigure their analyses.

· We thank the reviewer for this concern. We reanalyzed the data with the new definitions suggested in the comments, which improved the quality of the manuscript. Our reanalysis includes: insertion of the studies suggested ( lines 108-110; lines 115-121 and lines 49-149-156), hydrological year redefinition (June to May), ice core chronology review (Figure 2a) using annual snow accumulation data from Hurley et al., 2019, insertion of statistic between PDO and dust in long record (lines 222-223 and figure 3), reanalysis of annual dust concentration for each group (figure 4), statistic between dust grouping and PDO review (Figure 5). Still, our reanalysis considered relationship between snow accumulation during September-November and runoff dynamic during November-January (Figure 6). Also, the minor edits were reviewed. We read your comments on our manuscript with great interest. Based on your main points commented, we clarified the issues observed point-by-point in the review above.

The discussion of prior studies in section 2 focused on snowfall and climate on QIC is inadequate. There is a lot of work that has been performed understanding snowfall and related circulation mechanisms on the QIC, yet most recent studies are ignored. For example, Hurley et al. (2015) analyzed snowfall on QIC and related atmospheric circulation mechanisms and tied snowfall events to cold air incursions. Perry et al. (2017) also analyzed snowfall events at the same site and tied them to northerly and easterly airflow using back-trajectory analyses. Hurley et al. (2019) compared the climatic conditions on QIC during Pacific cold and warm events and documented through which pathways tropical Pacific SST influence climate on QIC. All these studies are highly relevant for the work presented here, yet none of them are even mentioned in the paper.

· We would like to thank the reviewer for pointing this out and will help to improve the manuscript and further support our argument. We insert the relevant studies mentioned in the new version ( lines 108-110; lines 115-121 and lines 49-149-156). These studies are relevant for the understanding of the mechanism of snowfall and helpful for our findings. 

Line 62-63: Rabatel et al. (2013) make no such statement that all glaciers will disappear in the tropical Andes by the end of the 21st century.

· We thank the reviewer for this observation. We replace the citation to avoid misunderstanding in the new version (line 58). 

Lines 128-132: The influence of ENSO on QIC is indeed profound but it manifests itself in changes of the mass and energy balance, rather than direct retreat of the ice margin, as large ice sheets such as QIC respond with some delay in adjusting their extent to climatic forcing. 

· We thank the reviewer for this observation. We insert this observation using the study cited in the new version (lines 145-148). 

Lines 150-152: I don't understand the rationale for defining the hydrological year as April-March. April still very much belongs to the prior wet season as snowfall on QIC usually ends by the end of April or in early May (see Fig. 3 in Hurley et al., 2015). Defining the hydrologic year from July to June would therefore make much more sense.

· We thank the reviewer for this appointment. We changed the hydrological year definition as commented. Nonetheless, we understand that the initial year makes more sense, including the initial dry season month, which includes June. Thus, the hydrological year for the new manuscript version is defined from June to May.

Calculation of dust concentrations. There is no discussion of how snowfall amount and snow loss due to sublimation and wind scour (both of which are significant on QIC) factor in when calculating the actual dust flux. Concentrations are sensitive to both dilution by snowfall and increasing in concentrating via snow loss. This aspect requires a thorough discussion, but is completely ignored in this paper.
· We thank the reviewer for this observation. The individual dust concentration calculation is presented in section 3. We insert the dry season characteristic for the importance of snow loss and concentration increase in the record (lines 113-114). The studies cited in lines 115-117 were helpful for the improvement of the new profile chorology definition (Figure 2a).

Statistical approach in Figs. 5&7: I have serious concerns about the statistical relationships and their significance derived from only twelve data points. The PDO is a slowly evolving multi-decadal index and establishing relationships with this mode of variability would require much longer time series, that cover at least one full warm and cold phase (i.e. at least 50 years). Furthermore, both the FPP and the GPP show clear trends in their data. For a robust statistical comparison these trends would have to be removed prior to the calculation of correlations, as otherwise the relationship may simply hinge on common trends in the data, rather than reflect actual year-to-year causal mechanisms. The same comment also applies to Madeira River sediments and runoff in Figure 7.

· We thank the reviewer for these observations. We understand that now 14 points can’t reveal a robust statistic. Still, the idea here is to introduce these relationships and the mechanism using the data from the recent ice core recovered in 2018. In future investigations, the application in a long record depends on the same parameters using a similar size arrangement for dust grouping. Still, correlations are well related at a 95% level of confidence. In addition, in the new manuscript version, we present the relationship between the PDO index and dust concentration during the 1950-2000 period, which include at least one complete warm and cold phase as suggested. The result is presented in lines 222-223 and figure 3. We insert the annual PDO index oscillation with a new hydrological year defined (from June to May) to clarify the dominant warm and cold periods. 

[image: ]
Figure 3: Dust record and Pacific Multidecadal Oscillations since 1950. Annual dust concentration profile from the QIC from 1950–2018. Data for 1950–2000 were derived from past study (Thompson et al., 2013) for particles between 0.63−20 µm, extracted from https://www.ncdc.noaa.gov/. Our dust profile (2003-2017) includes particles between 2–60 µm. Annual PDO index (solid line) extracted from https://psl.noaa.gov/. C marks periods dominantly cold observed between 1950-2018, whereas W marks the warm periods. The dust concentrations values are normalized from each record separately.   


· In the new manuscript version, we altered figure 5, removed the FPP group's trend, and excluded the GPP data. Also, we excluded figure 6, and the relationship between QIC and Madeira river is now represented in figure 6. 


[image: ]

Figure 5: The annual PDO index (June-May) and QIC FPP dust during 2003-2017 period. Annual snow accumulation from AWS station (Hurley et al., 2019. Index is derived from https://psl.noaa.gov/data/climateindices. Correlation in the figure is related to FPP dust concentration. PDO index, FPP dust and Snow accumulation values are normalized. 

· Our reanalysis verified the important relationship between snow accumulation during September-November and runoff dynamic during November-January (Figure 6). We applied the similar time-lag used for the tributaries of Madeira River in the northern part of the basin. Also, we indicate the relationship between dust and sediments. The sediments are well related to the precipitation in the Madeira basin, while the FPP dust increased during PDO warm phase. For this reason, we understand that this group is more reliable for this relationship. 

[image: ]
Figure 6: Comparison of wet season records from the Madeira River data at the Porto Velho station (hybam.obs-mip.fr) and recent QIC data during 2003-2016 wet seasons period. All values are normalized. a) Snow accumulation during Setember-November from AWS station (Hurley et al., 2019) and Runoff (NDJ) values (Espinoza et al., 2019b) from 2003–2016; b) The FPP group concentration during 2003-2017 wet seasons and average sediments concentrations during high water discharge months (FMA) during the wet season hydrological period.
How exactly the ice core chronology was determined, needs to be explained in much more detail. The year 2015/16, for example, was marked by an extreme El Niño, with almost zero net accumulation on QIC. Yet the chronology presented in Fig. 2 assumes a normal year with ~ 1.5 m weq snow accumulation, which is hard to reconcile with on-site accumulation measurements for that year (see Fig. 1c in Hurley et al., 2019)

· We thank the reviewer for this important observation. In the new manuscript version, we recalibrated the ice chronology of the profile (Figure 2a) based on the snow accumulation using the available data from Hurley et al., 2019.  We insert the information about normal year snow accumulation (lines 115-117) and assign the reasons for the abnormal characteristics of the 2013-2014 year and during extreme El Nino 2015-2016 annual layers (lines 183-187). Also, we calibrated the profile using QAnalysis software, considering June to August as the dry season and the remaining months as the wet season. This resulted in a profile with 14 years complete, and the dust concentration characteristics altered for each group were inserted in the lines 239-241 and figure 4. 
[image: ]
Figure 2: 22.7 m ice-core profile recovered in September 2018 from the Quelccaya Ice Cap, Peru. a) 13.96 m ice-core dust profile (in water equivalent); grey and white shading marking wet and dry seasonality, respectively. The calibration was based on snow accumulation data available from Hurley et al., 2019. b) 2018 density profile compared with 1983 and 2003 ice cores (Thompson et al., 2017); red shading marks the first 10 m with observable density alterations between the three cores. 


[image: ]
Figure 4: Annual mean concentration of ice-core dust-size groups from 2003–2017 period for FPP (fine, 2−10 µm), CPP (coarse, 10–20 µm), and GPP (giant, 20–60 µm).


Fig. 6: These correlations are strongly influenced by one outlier. You should repeat this analysis using only data that fit a normal distribution (i.e. without the outlier) to confirm that your relationship still holds.

· We thank the reviewer for this appointment. With a new hydrological year definition, the relationships between CPP and GPP group with TNA index were not observed by correlation as before. We could infer the dry conditions during the dominance period of these groups, but in our reanalysis, we noted the weakness of this relationship and excluded Figure 6 from the manuscript. The idea for the Atlantic Ocean oscillation needs to be explored in further investigations. 

Minor edits:
Line 32: there are no ‘atmospheric oscillations in the QIC’
Line 79: It is a ’Stampfli’ drill (not ‘Stampli’)
Line 117: “Atmospheric circulation over the Amazon basin’ may be influenced by, but does not ‘come from the tropical Atlantic Ocean’
Lines 202-203: This sentence is incomplete: “To explore the relationship between total dust concentration in different size ranges (Figure 4)”.
Line 375: capitalize ‘Cordillera Vilcanota’
Lines 400-403: You reference a discussion paper that was rejected after peer-review. Please delete this reference and refrain from citing it in the text.
· The minor revisions were incorporated in the manuscript as suggested by the reviewer.
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