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                                 Barcelona, 2nd August 2023 

Dear Dr. Haegli, 

I am pleased to submit the revised version of the manuscript entitled “Rain-on-snow responses to a 

warmer Pyrenees”, co-authored by myself, Dr. Juan Ignacio López-Moreno, Dr. Esteban Alonso-

González, Dr. César Deschamps-Berger and Dr. Marc Oliva. 

We would like to express our sincere gratitude for your valuable recommendations and feedback. All the 

referee’s recommendations have been carefully considered and have significantly improved the manuscript, 

enhancing its scientific rigor.  

The main manuscript modifications are summarized as follows: 

1.- We have followed the reviewer's advice and updated the elevation band names. Additionally, 

the baseline temporal period is now clearly mentioned from the beginning of the manuscript. We have also 

included the relevant IPCC quotes. 

2.- We have provided an extensive description of the sensitivity analysis conducted in this study 

and the rationale behind its use. It is important to acknowledge that sensitivity studies and climate 

projections are distinct types of work. In this study, we focused on evaluating the rain-on-snow sensitivity 

to temperature and precipitation, which allowed us to understand the non-linear spatiotemporal variations 

in different sectors and elevations of the Pyrenees. As mentioned by Reviewer 1, representing the results as 

"change per 1ºC" is advantageous, as it facilitates comparisons with other regions and seasons. 

3.- Regarding our decision to use a sensitivity analysis instead of directly use GCMs models, we 

considered the high uncertainty associated with climate projections for the Pyrenees, particularly 

concerning precipitation among different models and GHGs emission scenarios presented in previous 

works (López-Moreno et al., 2008). To address this, we provided temperature and precipitation change 

values based on already established and latest climate projections for the region. While we acknowledge 

that this introduces some uncertainty, we consider it is still more reliable than presenting different outputs 

from model ensembles. 

We have included a detailed point-by-point response to the reviewer's comments on the following pages. 

We hope that these revisions meet your expectations, and we believe that the new version of the manuscript 

is now suitable for publication in Natural Hazards and Earth System Sciences. 

Should you have any further inquiries about this work, please do not hesitate to contact us. We will be 

happy to answer any question you may have. 

Best regards, 

 
Mr. Josep Mª Bonsoms, on-behalf of Dr. Juan Ignacio López-Moreno, Dr. Esteban Alonso-González, Dr. 

César Deschamps-Berger and Dr. Marc Oliva. 
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Reviewer 1: General Comments 

The manuscript presents a thorough investigation of the effects of climate warming on rain-on-snow events 

in the Pyrenees. The manuscript is well-structured, includes a comprehensive state-of-the-art literature 

review, and an extensive discussion of the results. The methodology is sound, but a bit outdated with regard 

to the scenario approach used (delta-change method). The results show that an increase of rain-on-snow 

events has to be expected in mid-winter and at higher altitudes, and a decrease elsewhere. These results are 

innovative and relevant for various sectors, as discussed in the manuscript.  The manuscript is therefore 

suggested for publication with minor revisions, as indicated below. 

We want to express our sincere gratitude for your review and your constructive feedback.  

We agree with Reviewer 1 that delta-change would be outdated if we would aim to combine 

observations/reanalysis with climate projections. However, it is important to note that for sensitivity 

analysis in snow hydrology, delta-change remains a widely used and relevant methodology.   

In this manuscript version we have removed the term 'delta-change' to avoid confusion with previous works. 

 

Specific Comments 

Abstract, line 11: What do you mean with “When air temperature is increased from 1ºC to 4ºC…”? Since 

your study is based on spatially and temporally varying weather data from reanalysis, there is no fixed 1°C 

base temperature that you could raise to 4°C. Please reformulate to clarify, that 1°C is not the baseline, but 

already an additive constant used in the delta change approach. 

Following your suggestion, we have changed:  

“When air temperature is increased from 1ºC to 4ºC, ROS rain and frequency increase at a constant rate 

during winter and early spring for all elevation zones” 

To 

“When air temperature is increased from 1ºC to 4ºC with respect to the baseline climate period, ROS rain 

and frequency increase at a constant rate during winter and early spring for all elevation zones” 

Section 3.4: Could you please motivate the value of change-factors you selected for the delta change 

approach? It is important to relate them at least qualitatively to more elaborated climate scenarios. E.g., 

how do these levels of warming relate to the +2 degree goal? Is +4K a worst case scenario, or an 

intermediate one? Is +/- 10% precipitation adequately spanning the expected range of change? To answer 

such questions would strongly increase the general impact of the study, since it could be better related to 

the general climate change debate going on in our society. There is very limited information on this topic 

in Section 5, but this needs to be extended and maybe shifted to section 3.4, where the scenario concept of 

this study is introduced. Section 3.4: Please clearly discuss the limitations coming along with the delta-

change approach. Such a discussion is completely missing so far. E.g. a more realistic simulation of climate 

change would most probably include a distinct seasonality of precipitation change, which is absent in the 

delta change approach. 
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Thanks for your comment. Reviewer is correct, the temperature and precipitation ranges we used were 

selected based on available climate projections for the region. To address this, we have added the following 

paragraph: 

 

Section 3.4 : “A temperature increase of 1ºC can be interpreted as an optimistic projection for the 

region, while 2ºC and 4ºC would represent projections for mid and high emission scenarios, respectively 

(Pons et al., 2015). The range of +/-10% for precipitation includes the expected changes in precipitation 

according to the vast majority of climate models, regardless of the emission scenario (López-Moreno et al., 

2008; Pons et al., 2015; Amblar-Francés et al., 2020).” 

 

We acknowledge that climate projections and sensitivity analysis are different type of works, each with 

distinct objectives that complement each other. with different objectives that complements each other. As 

suggested by the reviewer’s, we have clarified the concept of sensitivity analysis in the discussion section 

of the manuscript:  

 

“5.5 Limitations 

 

This study evaluates the sensitivity of ROS responses to climate change, enabling a better understanding of 

the non-linear ROS spatiotemporal variations in different sectors and elevations of the Pyrenees. Instead of 

presenting diverse outputs from climate model ensembles (López-Moreno et al., 2010), we provide ROS 

sensitivity values per 1ºC, making them comparable to other regions and seasons. The temperature and 

precipitation change values used in this sensitivity analysis are based on established climate projections for 

the region (Amblar-Francés et al., 2020). However, precipitation projections in the Pyrenees exhibit high 

uncertainties among different models, GHGs emission scenarios, and temporal periods (López-Moreno et 

al., 2008).  

 

The SAFRAN meteorological system used in this work relies on a topographical spatial division and exhibit 

and accuracy of around 1 ºC in Ta and around 20 mm in the monthly cumulative precipitation, with largest 

uncertainities found at high elevations (Vernay et al., 2022). Precipitation phase partitioning methods are 

also subject to uncertainties under close-to-isothermal conditions (Harder et al., 2010). The FSM2 is a 

multiphysics snowpack model that has been implemented and validated previously in the Pyrenees 

(Bonsoms et al., 2023) and compared against different snowpack models (Krinner et al., 2018), providing 

evidence of its robustness.” 

 

In addition, many scientific works and doctoral thesis have been focused on snow sensitivity to climate 

change, including the evaluation of different snow processes and comparisons across different sites.  As we 

state in the manuscript, the methodology applied in our work relies on previous works, some of them has 

been published recently (i.e., after 2020) in top scientific journals, providing evidence of the validity of the 

method. For instance: 

 

Alonso-González, E., López-Moreno, J.I., Navarro-Serrano, F., Sanmiguel-Vallelado, A., Aznárez-Balta, 

M., Revuelto, J., and Ceballos, A.: Snowpack Sensitivity to Temperature, Precipitation, and Solar Radiation 

Variability over an Elevational Gradient in the Iberian Mountains, Atmos. Res., 243, 104973 https://doi.org/ 

10.1016/j.atmosres.2020.104973, 2020. 

 

Pomeroy J, Fang X, Ellis C. 2012. Sensitivity of snowmelt hydrology in Marmot Creek, Alberta, 

to forest cover disturbance. Hydrological Processes 26: 1892-1905. doi:10.1002/hyp.9248. 
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Pomeroy, J. W., Fang, X., and Rasouli, K.: Sensitivity of snow processes to warming in the Canadian 

Rockies, 72nd Eastern Snow Conference, 9–11 June 2015, Sherbrooke, Québec, Canada, 22–33, 2015.  

 

Rasouli, K. R., Pomeroy, J. W., and Marks, D. G.: Snowpack sensitivity to perturbed climate in a cool mid-

latitude mountain catchment, Hydrol. Process., 29, 3925–3940, https://doi.org/10.1002/hyp.10587, 2015.  

Rasouli, K. R., Pomeroy, J. W., and Whietfiled, P. H.: The sensitivity of snow hydrology to changes in air 

temperature and precipitation in three North American headwater basins, J. Hydrol., 606, 

127460, https://doi.org/10.1016/j.jhydrol.2022.127460, 2022.  

Aygün, O.; Kinnard, C.; Campeau, S.; Krogh, S.A. Shifting Hydrological Processes in a Canadian 

Agroforested Catchment due to a Warmer and Wetter Climate. Water 2020, 12, 739 

Spence, C., He, Z., Shook, K., Mekonnen, B., Pomeroy, J., Whitfield, C., and Wolfe, J.: Assessing 

hydrological sensitivity of grassland basins in the Canadian Prairies to climate using a basin classification–

based virtual modelling approach, Hydrol. Earth Syst. Sci., 26, 1801-1819, https://doi.org/10.5194/hess-

26-1801-2022, 2022a. 

Bonsoms, J., López-Moreno, J. I., and Alonso-González, E.: Snow sensitivity to temperature and 

precipitation change during compound cold–hot and wet–dry seasons in the Pyrenees, The Cryosphere, 17, 

1307–1326, https://doi.org/10.5194/tc-17-1307-2023, 2023. 

López-Moreno, J. I., Goyette, S., Beniston, M., and Alvera, B.: Sensitivity of the snow energy balance to 

climate change: Implications for the evolution of snowpack in Pyrenees in the 21st century, Clim. Res. 36, 

203–217, https://doi.org/10.3354/cr00747, 2008.  

López-Moreno, J. I., Pomeroy, J. W., Revuelto, J., and Vicente-Serrano, S. M.: Response of snow processes 

to climate change: spatial variability in a small basin in the Spanish Pyrenees, Hydrol. Process., 27, 2637–

2650, https://doi.org/10.1002/hyp.9408, 2013a.  

Kienzle, S. W., Nemeth, M. W., Byrne, J. M. and MacDonald, R. J.: Simulating the hydrological impacts 

of climate change in the upper North Saskatchewan River basin, Alberta, Canada, J. Hydrol., 412–413, 76–

89, doi:10.1016/j.jhydrol.2011.01.058, 2012 

He, Z., Shook, K., Spence, C., Pomeroy, J. W., and Whitfield, C. J.: Modeling the sensitivity of snowmelt, 

soil moisture and streamflow generation to climate over the Canadian Prairies using a basin classification 

approach, Hydrol. Earth Syst. Sci. Discuss. https://doi.org/10.5194/hess-2023-71, 2023. 

Jennings, K.S.and Molotch,N.P. Snowfall fraction,coldcontent, andenergy balance changes drive 

differential response to simulated warming in an alpine and subalpine snowpack, Front.Earth Sci.,8,2296–

6463,https://doi.org/10.3389/feart.2020.00186, 2020. 

López-Moreno, J. I., Gascoin, S., Herrero, J., Sproles, E. A., Pons, M., Alonso-González, E., Hanich, L., 

Boudhar, A., Musselman, K. N., Molotch, N. P., Sickman, J., and Pomeroy, J.: Different sensitivities of 

snowpacks to warming in Mediterranean climate mountain areas, Environ. Res. Lett., 12, 

074006, https://doi.org/10.1088/1748-9326/aa70cb, 2017.  

mailto:josepbonsoms5@ub.edu
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https://doi.org/10.1016/j.jhydrol.2022.127460
https://doi.org/10.3354/cr00747
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Musselman, K. N., Molotch, N. P., and Margulis, S. A.: Snowmelt response to simulated warming across a 

large elevation gradient, southern Sierra Nevada, California, The Cryosphere, 11, 2847–

2866, https://doi.org/10.5194/tc-11-2847-2017, 2017b.  

Sanmiguel-Vallelado, A., McPhee, J., Esmeralda Ojeda Carreño, P., Morán-Tejeda, E., Julio Camarero, J., 

López-Moreno, J. I.: Sensitivity of forest–snow interactions to climate forcing: Local variability in a 

Pyrenean valley, J. Hydrol., 605, 127311, https://doi.org/10.1016/j.jhydrol.2021.127311, 2022.  

 

Section 3.5.: The representation of the results in “change per 1K” is great, since it makes the results easily 

comparable to other regions/seasons/scenarios. 

Thank you for your comment. 

Editorial/Technical 

Title: Please consider rephrasing the title. The expression “Rain-on-snow response to a warmer Pyrenees” 

is semantically very vague (and grammatically incorrect: Pyrenees is in plural). You describe the response 

of the characteristics of ROS events to warming and precipitation change in the Pyrenees in your 

manuscript. Something along these lines would be a much clearer title for the article manuscript. 

Thank you for your recommendation.  

We have changed the title : “Rain-on-snow responses to a warmer Pyrenees” to “Rain-on-snow 

responses to a warmer Pyrenees: a sensitivity analysis using a physically-based hydrological 

model.” 

 

Abstract: Avoid using abbreviations without introducing them in advance (line 8; “ROS fr”). 

Changed for “ROS frequency” 

Line 470: wrong usage of singular/plural (vegetation branches intercepts) 

Changed. 

Generally: Some additional proofreading is advisable to remove some remaining minor language mistakes. 

The manuscript has been corrected according to Reviewer 1 suggestion. 
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Reviewer 2: General comments 

Review of « Rain-on-snow response to a warmer Pyrenees » by Bonsoms et al. 

The manuscript entitled « Rain-on-snow response to a warmer Pyrenees », by Bonsoms et al., is a sensitivity 

study about the frequency and magnitude of rain-on-snow events in the Pyrenees, under various local 

temperature change values. The topic is relevant and new knowledge is interesting to have, to better assess 

the evolution of related risks under climate change. Overall, I did not detect major flaws in the work carried 

out, however I have some reservations about the novelty and clarity of the methods used and results 

obtained in this study. I am not convinced that simple « delta change » methods remain an appropriate 

choice, at a time where regional climate simulations are readily available, especially in European areas. 

Combined with a lack of connection to a scenario analysis (i.e., under which circumstances a local warming 

of 1 to 4°C could/would occur in the Pyrenees, compared to the baseline period 1980-2019 ?), this 

manuscrips lacks some key elements such as an analysis of the uncertainty induced by the approach 

developed here, compared to alternative approaches. I also find that the graphical representation of the 

results could be made clearer and more compact, including, for example, results at the scale of the entire 

mountain range rather than focusing only on 4 subregions. Also, I find that this study quotes a very large 

number of references (I counted 100 references), and that it would be preferable, I think, to select a subset 

of targeted references to support the positioning and the discussion of the results, rather than this very long 

list of references. Ways forward includ, for example quoting the still recent IPCC SROCC « High mountain 

areas » chapter (Hock et al., 2019), which includes an analysis of the state of knowledge about climate 

change and rain on snow events (section 2.3.2.1.3 on Floods). It is indicated there that : 

« In summary, evidence since AR5 suggests that rain-on snow events have increased over the last decades 

at high elevations, particularly during transition periods from autumn to winter and winter to spring 

(medium confidence). The occurrence of rain-on-snow events has decreased over the last decade in low-

elevation or low-latitude areas due to a decreasing duration of the snowpack, except for the coldest months 

of the year (medium confidence). » 

And, for future projections : 

« In summary, evidence since AR5 suggests that the frequency of rain-on-snow events is projected to 

increase and occur earlier in spring and later in autumn at higher elevation and to decrease at lower elevation 

(high confidence). » 

We want to express our sincere gratitude for your review.  

 

Following we provide some explanations to the reservations shown by the reviewer in some specific 

questions. 

 

1.- This work focuses on the sensitivity analysis of ROS to temperature and precipitation; we are 

not performing snow climate projections. We acknowledge that climate projections and sensitivity studies 

are different types of work, each having distinct scientific objectives and providing insights into different 

impacts. In snow sensitivity studies, we evaluate the snowpack's response to changes in the forcing 

variables, specifically atmospheric variables in this case. As explicitly stated in our work, the perturbations 

performed are based on future climate projections from the latest climate project (CLIMPY) and detailed 
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at Amblar-Francés et al. (2020). In the revised paper, we have added a paragraph (section 5.5) where we 

reinforce the idea of the usefulness of applying a sensitivity analysis. The sensitivity analysis provides 

easily comparable information with other regions, making it better suited to address the high uncertainty of 

climate models when projecting precipitation in the Pyrenees (López-Moreno et al., 2008; Amblar-Francés 

et al., 2020). The range of temperature and precipitation changes used in our study allows for easily 

interpretable results compared to other regions and seasons. Climate projections would also entail other 

problems named before. 

 

2.- We have indeed mentioned the IPCC. It is worth noting that the IPCC text cited by the reviewer 

of High Mountain Areas by Hock et al. (2019) was co-authored by one of the authors of our manuscript. In 

detail, the statement made in that IPCC text was based on studies conducted in other mountain regions, and 

this specific topic had not been previously addressed in the context of the Pyrenees, especially considering 

its sectors and elevational bands. Consequently, we firmly believe that our work significantly contributes 

to filling this gap by providing specific elevation thresholds for the Pyrenees and providing insights into 

future climatic changes in this mountain range.  

 

 

While a few studies were published since that time and expend the available body of literature, I think the 

introduction (and the long list of references quoted there) could be substantially shortened by refering to 

this critical assessment of the state of knowledge, and positioning the scope and objectives of the current 

study on this basis. This scientific study targets a scientific audience, I think it is perfectly appropriate to 

quickly introduce the context and state-of-the-art in this topic and then introduce very early in the 

manuscript how the challenges are addressed in the study. I think this could save quite a lot of space and 

avoid quoting an unecessarily large number of references. 

We modified the corresponding sections of the manuscript following your suggestion, as far as we could. 

We want to highlight the relevance of show the potential implications of ROS in the ecosystem. This is 

because: 

1.- The discussion and the interrelationship across natural, social sciences and natural hazards 

impacts is the scope of Natural Hazards and Earth System Sciences. This was the reason why we decided 

to send the work to this journal.  

2.- From the introduction to the conclusion section, the article has around 7500 words and 18 pages 

without figures. The Natural Hazards and Earth System Sciences pages limit extension is 24 pages. We are 

far from the word limit extension required by the Natural Hazards and Earth System Sciences. 

3.- We consider that it provides an accurate context of the results found in this work and its 

ecosystem impacts, which are in line with the scope of the journal.   

If the editor considers we should change the manuscript accordingly, of course, we will implement such 

changes. 

I have a series of comments and suggestions, which I provide below : 

Page 1, line 8 : While the term is not introduced, I understand that « ROS fr » refers to « ROS frequency ». 

I strongly suggest that the full word is spelled out, as « ROS frequency », throughout the text. This will 

increase its readability. 

mailto:josepbonsoms5@ub.edu
morin
Note
There is a confusion here.
The work presented is interesting and original, but it could be introduced and placed in context in a much more concise way, for example using the IPCC assessment as a starting point. 

I'm disapointed that the authors still quote over 100 references for this work. This makes the reading of the papier very cumbersome, and diverts the attention of the reader to the true novelty of the results. 
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Done. We have changed ROS fr to ROS frequency. 

Page 1, line 17 : I did not understand what is meant by « slow, and non-changes in ROS ablation ». I suggest 

this is reformulated. 

Done.  

We have changed: “On the contrary, slow, and non-changes in ROS ablation rates are found for warm and 

marginal snowpacks” 

To  

“On the contrary, small differences in ROS ablation are found for warm and marginal snowpacks.” 

Page 1, line 26 : These introductory statements could be greatly simplified by referring to assessment 

reports, such as the IPCC ; this would also reduce citations of rather « old » references.¨ 

Thank you for your recommendation. We have included the IPCC in our work.  

Page 2, line 31 : « leading in some cases to ROS events ». To me this is incorrect. A ROS event occurs 

when rainfall falls on a a snow-covered ground. Such a definition is lacking from the manuscript until 

section 4.1, I think this should really be provided earlier. Also, ROS have always occurred in mountain 

regions, but climate change is modifying their frequency and elevation distribution. Climate change does 

not « lead » to the existence of ROS in mountains, but modifies their patterns. This needs to be clarified, 

and I strongly suggest that a definition of what a ROS is should/could be added. 

We have changed the manuscript accordingly: “leading in some cases to ROS events” to “leading in some 

cases to ROS events in snow covered areas” 

Regarding the ROS definition, in the methodological section we provide a definition of ROS. We prefer to 

not repeat more times the information in the introduction. 

Page 2, line 33 : « Mountain elevation-dependent warming ». I think this deserves some clarifications here. 

Elevation dependent warming (EDW) refers to the fact that, in some cases, the magnitude of the climate 

trend is not the same depending on elevation. This is debated and the evidence is not unequivocal. However, 

there is no need to invoke EDW to state that snow cover changes (including ROS) depend on elevation. 

Indeed, climate conditions depend on elevation, such as the mean snowfall fraction, so that a similar change 

in temperature would have different consequences depending on the elevation. This shows that there can 

be elevation dependent changes without necessarily elevation depending warming. I think this could/should 

be clarified in the introduction here, as this is a confusion which is often made, and this manuscript could 

offer an opportunity to clarify this, especially in a context where the « delta change » approach applies a 

uniform warming level to all elevations considered, i.e. it ignores EDW in its very design. 

Thanks, we agree. We have changed “mountain-dependent warming” to “warming in mountain regions” in 

order to avoid confusions. We have also delated the word “delta-change” in our work since our 

methodological conceptualization is different from previous “delta-change” definitions.  

mailto:josepbonsoms5@ub.edu
morin
Note
yet the introduction remains full of citations, and the key results from the IPCC are in fact not referred to. 

morin
Note
I don't agree.
Indeed, climate change can lead in some cases to ROS in situations where it did not occur before, but also change the pattern of ROS occurrence where it already occured.
The change implemented does not clarify this. the mention "where it did not occur before" should be added, if this is what the authors mean here implicitly. 
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Page 2, line 43 : I think the various SEB components could/should be more precisely described, rather than 

quoting previous references. There is a common misconception that rainfall is directly causing snow melt 

during ROS events, and the introduction does not explicitly allude to the processes responsible for the 

influence of ROS events. Again, no need to quote dozens of references, but a few clear statements on the 

physical processes related to ROS events and their consequences would be useful. 

Thank you for your recommendation. We agree, rainfall is not the main driver of snow ablation during ROS 

events (manuscript first version; L462 to L473). Given that this information is presented in the discussion 

section of the manuscript, we have now added: “further works should analyze the SEB controls during ROS 

events within the mountain range, and its response to climate warming”.  

Page 3, line 73. I have some questions about the concept « ROS drivers ». But before, I think the manuscript 

lacks a clear definition of what a ROS is (see above), and how is it computed. A ROS occurs then rainfall 

occurs over a snow-covered ground, hence it recquires an analysis of the simultaneity between two variables 

(non zero snow cover and non zero rainfall). What is the threshold (i) in terms of snow depth or SWE and 

(ii) in terms of rainfall amount (daily ?) used to state whether a given day is a « ROS day » ? This should 

be quickly introduced here in the introduction, and with more details in the Methods section. In this sens, 

« snow depth / height of snow » and « snowfall fraction » are not individual drivers of ROS, but ROS stems 

from their combined time series at daily or subdaily time resolution. The analysis cannot be done 

independently, or, if so, reasons must be given what this is relevant. 

Thanks, we have delated “ROS drivers” according to your suggestion. We consider that in the introduction 

the reader should know about the uncertainties, relevant ROS literature, rather than methodological details. 

Therefore, the information (i) and (ii) that Reviewer 2 makes references is included in the methodological 

section: 

 

 “Data and methods”, “3.5 HS, Sf and ROS climate indicators”, in particular.  

 

We have changed the name of the section to gain visibility: 

 

“3.5 ROS definition and indicators”. 

 

The average HS and Sf sensitivity to temperature and precipitation (expressed in % per ºC) is the average 

seasonal HS and Sf anomalies under the baseline climate and divided by degree of warming. In this work 

we used previous ROS days classification; in particular, days are are classified as ROS days when daily 

rainfall amount was >= 10 mm and HS >= 0.1 m, according to previous works (Musselman et al., 2018; 

López-Moreno et al., 2021). ROS frequency are the number of ROS days. ROS rain is the average daily 

rainfall (mm) during a ROS day. ROS ablation is the average daily snow ablation (cm) during a ROS day. 

The average daily snow ablation is the daily average HS difference between two consecutive days 

(Musselman et al., 2017a). Only the days when a negative HS difference occured were selected. ROS 

exposure is the relation between ROS rain (y-axis) and ROS frequency (x-axis) differences from the 

baseline climate scenario for the massifs were ROS frequency is recorded for all increments of 

temeperature. 

 

 

mailto:josepbonsoms5@ub.edu
morin
Note
the term "ROS drivers" was still found in the manuscript. Please ensure that it is fully deleted if that is the intent. 
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Page 4, line 105 : « February (May) in low (high) elevations ». This is not correct grammatically, and should 

be rephrased for better clarity. See https://eos.org/opinions/parentheses-are-are-not-for-references-and-

clarification-saving-space 

Thanks, changed. 

Page 4, Figure 1 : « low », « mid » and « high » should be defined in the caption (not defined at this stage 

in the text, and worth making clear in the caption). Also, the time period used for the analysis should be 

explicitly stated (1980-2019 ?). 

Thanks for your suggestion. We have changed low, mid and high for the elevation in meters. Regarding the 

time period used for the analysis, we stated in L123 “….baseline climate (1980 – 2019)”. The temporal 

period is selected according to the reference period used in the climate projections of the CLIMPY project 

(Amblar-Francés et al., 2020). 

Page 4, line 117 : While I have no problem with using FSM2, I wonder what the Crocus model results, 

driven by SAFRAN, where not used at least to compare with the FSM2 results. These simulations are also 

provided on the AERIS data portal. Also, there are climate projections available for all the massifs in the 

Pyrenees using the adjustment method ADAMONT applied to an ensemble of EURO-CORDEX regional 

climate models driven by several CMIP5 GCMs, with the same geometry as the SAFRAN reanalysis. The 

method and type of results is described in Verfaillie et al. (2018, The Cryosphere), and the dataset 

(atmospheric and snow cover) dataset for climate projections is freely available on the Drias climate data 

portal (https://www.drias-climat.fr/accompagnement/sections/215). It is thus suprising that a simple delta 

change method has been applied here, without any comparison to other approaches and using other snow 

cover simulations. Combining the results obtained here would enhance the robustness of the analysis, by 

adding several ways to explore and quantify the uncertainty related to changes in ROS frequency and 

characteristics under climate change. 

Thank you for the suggestion. If our primary objective was to characterize the spatiotemporal variability of 

ROS, the dataset you mentioned would have been suitable and straightforward for us to use. 

However, since we aimed to conduct a sensitivity analysis (and to the best of our knowledge, the 

methodology followed in this sensitivity analysis is the most commonly used approach), along with 

analyzing the response of different ROS characteristics, we found it necessary to run our own snowpack 

simulations. Therefore, we opted to utilize the widely used and computationally efficient FSM2 model. As 

demonstrated by the presented validation and references provided, there is evidence that FSM2 provides 

robust results. 

Page 5, line 140 : I suggest referring to « flat terrain » 

Done. 

Page 5, line 143 : « homogenized » is to be deleted. 

Done. 

Page 5, line 144 to 146 : this part of the sentence is not accurate and is misleading. Indeed, there are two 

implementations of SAFRAN in France : the original configuration of SAFRAN operates in mountain areas 

mailto:josepbonsoms5@ub.edu
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(Durand et al., Vernay et al.), and an another implementation was developed for the entire country, and 

referred to as « SAFRAN-France », providing results on a 8kmx8km grid. I think it is better to not mix 

references to these two systems. In this sense, the references to SAFRAN-France implementations (Habets 

et al., 2008, Quintana-Segui et al., 2008), would be better left out. 

Thanks, we have changed the manuscript following your suggestion. 

Page 5, line 161 : The elevation bands chosen are 1500, 1800 and 2400. It is not clear why these bands were 

chosen, and in particular whay there are not equally spaced. In this context, I suggest that throughout the 

manuscript the elevations are explicitly provided instead of « low », « mid » and « high » elevation, to avoid 

misunderstanding or overinterpreting trends at these three elevations. 

Thanks for your suggestion. We have changed low, mid and high for the elevation in meters. 

We selected these three bands since they are representative for three different elevations and are consistent 

with previous analysis within the range that show different snow-climate trends depending on the elevation 

(López-Moreno 2005; López-Moreno et al., 2007 and 2020; Alonso-Gonzalez et al., 2020). 

Page 6, line 179 : I think that it would be appropriate to explain how the LWin was increased according to 

changes in temperature (I noticed the last sentence of the paragraph on the topic, better combine at the same 

place and provide more information such as an equation and/or a reference to the method employed). 

Thank you for your recommendation, we have included the atmospheric emissivity equation: 

“ Ta was perturbed from +1ºC to +4ºC by +1ºC. LWin was increased due to warming, by applying the 

Stefan-Boltzmann law, using the Stefan-Botzmann constant (𝜎; 5.670373𝑥10−8𝑊𝑚−2𝐾−4), and the 

hourly atmospheric emissivity (𝜖𝑡) derived from SAFRAN Ta and LWin : 

 

𝜖𝑡 =
𝐿𝑊𝑖𝑛

𝜎(𝑇𝑎+273.15)4
 ” 

 

Page 6, line 184 : « Delta-change » is a method that was developed and primarily employed a time when 

regional climate projections were not available or not usable, or for locations where this is still the case. 

While I understand that such approach may bear some relevance for sensitivity analyses, I think it should 

be stated clearly that such methods undersample some climate change effects, such as changes in the 

variability of meteorological conditions, which only climate modelling methods can approach. I think this 

should be clearly stated here and also recalled in the dicussion and conclusion. Also, I would strongly 

suggest to provide some context about the values used for the local warming level (1° to 4°C), i.e. how do 

they connect to global warming levels and/or climate change scenarios. Otherwise, the results here stand 

disconnected from the analysis of climate change impacts relevant to stakeholders and policy-makers, and 

other scientific studies based on scenarios and climate models. 

We realized that Reviewer 2 “delta-change” conceptualization differs from the methodological approach 

we are performing in our work. This term has been used in different works for different objectives. We 

have removed this term in order to avoid confusions. 

mailto:josepbonsoms5@ub.edu
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yet some references remain in the revised manuscript, related to SAFRAN-France
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In addition, following Reviewer 2 suggestion, we have added a paragraph in Section 3.4 where we inform 

about the global warming levels (please, see our response to Reviewer 1). 

Page 6, line 187 : The reference time period should be clearly stated here. Is it 1980-2019 ? 

Thanks, we state it in the very beginning of the manuscript, when it is mentioned: L123 “….baseline climate 

(1980 – 2019)”. We have now added the temporal period in each figure description. 

Page 6, line 195 : I don’t understand why there is no reference to the change according to the change in 

precipitation amount (+ or – 10%) but only temperature. Could this be clarifier ? 

This information is detailed in the first part of the results: 

“Seasonal HS and Sf variability is mostly controlled by the increment of temperature, season, elevation, 

and spatial sector (Figure 2). The role of precipitation variability in the seasonal HS evolution is moderate 

to low (Figure S2 to S4). Only in high elevation an upward trend of precipitation (at least > 10%) can 

counterbalance small increments of temperature (< 1ºC, over the baseline climate) from December to 

February (Figure S4). For this reason, precipitation was excluded to further analysis”. As we state in the 

manuscript, the reader can consult further information in the supplementary materials (Figure S2 to S4). 

We have added Figure S1 to the main manuscript following Reviewer 2 suggestions. 

Page 6, line 196 : Here is the much needed information about the definition for a ROS day and a number 

of other terms used in the manuscript but not introduced before, unfortunately. This should be clarified 

much earlier in the manuscript. 

Thanks, the definition of ROS day, including the threshold mentioned, is detailed in the corresponding 

methodological section “Data and methods”, and “3.5 HS, Sf and ROS climate indicators”, in particular.  

Note that we have changed the name of the section to gain visibility: 

 

The new section name is: “3.5 ROS definition and indicators”. 

 

Page 6, line 198 : What is the motivation for defining ROS ablation based on the change in snow 

depth/height of snow : SWE is a much more appropriate variable to infer changes in snow quantity, because 

changes in snow depth/height of snow can be due to compaction. I’m certain that FSM2 can provide SWE 

output. More information should be given about the motivation for such a choice, and, if possible focus 

rather on SWE than snow depth/height of snow. 

We analyzed this indicator since it has been extensively used in snow hydrology (section 3.5 and references 

therein). Therefore, it is easy to compare with previous works focused on this variable.  

Following your suggestion, we have added:  

“Further works should analyze the SEB controls during ROS events within the entire mountain range, as 

well as the ROS hydrological responses to climate warming”. 

mailto:josepbonsoms5@ub.edu
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Page 7, line 213 : I’m not convinced by the term « ROS drivers », mostly because these are not independent 

drivers and that ROS compounds the state of the snow cover with the occurrence of rainfall. I would be 

more comfortable with simply stating that this is an analysis of the change in mean seasonal/monthly snow 

depth/height of snow and snowfall fraction. 

Done.  

We have changed: 

“First, we analyze ROS drivers, namely height of snow (HS) and snowfall fraction (Sf) (López-Moreno et 

al., 2021), sensitivity to temperature and precipitation” 

To  

“First, we analyze ROS hydrological conditionings, namely height of snow (HS) and snowfall fraction (Sf) 

(López-Moreno et al., 2021), sensitivity to temperature and precipitation” 

We have changed the term “ROS drivers” to “HS and Sf” according to your suggestion. 

Page 7, line 214 : I think at least one figure showing the influence of the change in precipitation should be 

provided in the main manuscript and not only in the Supplement. That temperature plays a much stronger 

role than precipitation change was found as early as in the 1990s (also using delta change approaches, see 

Martin et al., 1994, Annales Geophysicae). 

Thanks, we have moved Figure S1 to the manuscript following your suggestion.  

Page 8, line 232. « baseline climate » should be provided explicitly in each figure caption. Also, we don’t 

find the reference to the warming level in the legend of the figure, which is further unclear because the 

changes are indicated as % per °C. The content of the figure needs to be clarified, perhaps it is simply too 

complicated. As indicated above, « low », « mid » and « high » needs to be explained in the caption, 

especially in a context where the corresponding elevation bands are not equally spaced. 

Thanks, we state it in the very beginning when it is mentioned: L123 “….baseline climate (1980 – 2019)”. 

We have now added the temporal period in each figure description. 

Page 8, line 247 : I think it would be good to always state that the values provided are for a given time 

period (1980-2019 ?) and also provide some information about the variation about the mean (standard 

deviation ? quantiles ?). 

Thanks, we state it in the very beginning when it is mentioned: L123 “….baseline climate (1980 – 2019)”. 

We have now added the temporal period in each figure description. 

The variation around the mean is shown in the error bars of Figure 2: “Seasonal (a) HS and (b) Sf anomalies 

over the baseline climate. Data are shown by elevation (colors), season (x-axis) and sectors (boxes). Points 

represent the average seasonal HS and Sf anomalies grouped by month of the season and increment of 

temperature (from 1ºC to 4ºC). The black diamond point indicates the mean, whereas the upper and lower 

error bars show the Gaussian confidence based on the normal distribution.” 

mailto:josepbonsoms5@ub.edu
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Page 9, line 259. There is a problem with the graphics, which shows spurious « wider » bars for panels with 

less bars. This should be fixed so that bars all have the same width, and the graphical processing account 

for the lack of value (or 0 values ?).  

Done, we have changed the figures according to your suggestion. 

I also suggest that some information about the variation around the mean is provided, especially because 

the rounding seems to have quite a large influence on the display of the results (in fact, why are the results 

rounded to the nearest integer ? In fact, I see no reason for this, there is no problem to refer to the mean 

number of days with ROS as non-integer value. My suggestion would be to remove this rounding, and 

include a representation of the variability around the mean (standard deviation ? quantiles ?). I also think 

that such figure would benefit from an overall graph showing the entire mountain range, with a sub-regional 

focus for a more in-depth analysis, given that many results seem rather comparable depending on the 

subregion. 

Thank you for your recommendation, we have delated the rounding.  

Unfortunately, we can not average the results for the entire mountain range as suggested by Reviewer 2. 

We are observing different ROS responses to temperature depending on the season and sector (Figure 2 to 

10). One of the key findings of the work is the different ROS responses (under the same changes) depending 

on the sector. Average the values for the entire range are strongly not recommended since it reduces the 

variability between sectors. This is why we performed the PCA analysis described at 3.3 section, and the 

reason why we show the spatial figures.  

The figure that Reviewer 2 is proposing is very similar to Figure 7.   

Page 10, line 278. Figure 4 : the color palette is inadequate. It uses a diverging color palette although 

continuous, increasing values are shown. Maybe the baseline could be provided using a 

continuous/increasing color palette, and then the change compared to the reference could be displayed as a 

deviation from the reference (using a diverging palette, then). 

Done, we have changed the figure according to Reviewer 2 suggestion. 

Page 11, line 292, Figure 5 : same general comments for Figure 5 as for Figure 3. 

Done, we have changed the figure according to Reviewer 2 suggestion. 

Page 12, line 306, Figure 6 : same general comments for Figure 6 as for Figure 4. 

Thank you for your suggestion. In this case, we believe that the colors used in Figure 6 (Figure 7 in this 

version) are intuitive and accurately represent the data. Implementing a sequential scale could reduce the 

visual interpretability of the data variability in the spatial plots. Therefore, it is essential to include a scale 

between two contrasting colors (e.g., black to red, as it is currently). 

If the editor considers that we should modify this figure, of course, we will change it. 

mailto:josepbonsoms5@ub.edu
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Figure 4 is still affected by the problem. 
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Page 14, line 339, Figure 8 : same general comments for Figure 8 as for Figure 3. 

Done, we have changed the figure according to Reviewer 2 suggestion. 

Page 15, line 344, Figure 9 : same general comments for Figure 9 as for Figure 4. 

Thank you for your suggestion. In this case, we believe that the colors used in Figure 9 (Figure 10 in this 

version) are intuitive and accurately represent the data. Implementing a sequential scale could reduce the 

visual interpretability of the data variability in the spatial plots. Therefore, it is essential to include a scale 

between two contrasting colors (e.g., black to red, as it is currently). 

If the editor considers that we should modify this figure, of course, we will change it. 

Page 16, line 356 : The sentence on climate projections is largely insufficient. More information should be 

provided here on the scenario considered, and the reference period used from which temperature and 

precipitation changes are reported. Here the statement on the temperature increase could be provided in a 

way that makes it possible to contextualize the temperature increase values (since 1980-2019 ?) used in this 

study. 

Thanks. This information is included in the discussion section “5.2 ROS temporal evolution”.  

We state it in the very beginning when it is mentioned: L123 “….baseline climate (1980 – 2019)”. We have 

now added the temporal period in each figure description. 

Page 16, line 365 : « The contradiction between rainfall ratio increase and snowpack reductions ». I see no 

contradiction here at all, both the rainfall ratio (note that the manuscript refers rather to the snowfall 

fraction) and snow cover decrease are driven by the temperature increase in a consistent way. I suggest that 

this is reformulated, because, indeed, the increase in rainfall ratio and the decrease on snow depth, induce 

potentially divergent effects on ROS days. 

We agree, and we have delated the word “contradiction” according to reviewer 2 suggestion. 

Page 16, line 368 : « elevation dependent snow sensitivity to temperature change ». This is not a new result, 

there are multiple reports or publications addressing this issue (e.g. Hock et al., 2019, and Kotlarski et al., 

2022, for the European Alps). In fact, this also shows that there is no need for an elevation dependent 

warming to see elevation dependent changes in snow conditions, as discussed earlier in this review. 

Changed. We refer to “closer isothermal conditions”. 

Page 16, line 360 : A Discussion section generally introduces a discussion of the limitations of the method 

used for the study. This is currently lacking from the Discussion section, and I think this should be 

addressed. Examples of topics for discussion include the relevance of the delta change method, compared 

to methods directly using climate change projections from regional climate model experiments (again, the 

corresponding data has been made available for the Pyrenees on the Drias climate data portal, see above). 

The discussion could also refer to the influence of the snow cover model used for the analysis. 

Thanks, we have added the following text where we discuss the limitations of the reanalysis dataset, climate 

projections and sesntivity studies, providing answer to Reviewer 2 questions: 

mailto:josepbonsoms5@ub.edu
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5.5 Limitations 

 

This study evaluates the sensitivity of ROS responses to climate change, enabling a better understanding of 

the non-linear ROS spatiotemporal variations in different sectors and elevations of the Pyrenees. Instead of 

presenting diverse outputs from climate model ensembles (López-Moreno et al., 2010), we provide ROS 

sensitivity values per 1ºC, making them comparable to other regions and seasons. The temperature and 

precipitation change values used in this sensitivity analysis are based on established climate projections for 

the region (Amblar-Francés et al., 2020). However, precipitation projections in the Pyrenees exhibit high 

uncertainties among different models, GHGs emission scenarios, and temporal periods (López-Moreno et 

al., 2008).  

 

The SAFRAN meteorological system used in this work relies on a topographical spatial division and exhibit 

and accuracy of around 1 ºC in Ta and around 20 mm in the monthly cumulative precipitation, with largest 

uncertainities found at high elevations (Vernay et al., 2022). Precipitation phase partitioning methods are 

also subject to uncertainties under close-to-isothermal conditions (Harder et al., 2010). Finally, the FSM2 

is a multiphysics snowpack model that has been implemented and validated previously in the Pyrenees 

(Bonsoms et al., 2023) and compared against different snowpack models (Krinner et al., 2018), providing 

evidence of its robustness. 

 

Page 19, line 463 : The section on ROS socio-environmental impacts and hazards provided interesting 

context, but does not discuss the results of this specific study. I suggest providing this information in a 

condensed way, rather in the Introduction, because it provides context and motivation for the study, than in 

the Discussion, because it does not build on the results of this particular study. 

We strongly believe that it is crucial to mention the impacts on the ecosystem, socio-economic aspects, and 

natural hazards because of the scope of Natural Hazards and Earth System Sciences. Please refer to our 

previous response provided at the beginning of the review. 

Page 20, line 501 : Again, please indicate what « low », « mid » and « high » elevation refer to. 

We have changed the manuscript following your suggestion. 

Page 20, line 509 : I don’t see any counterintuitive factor in the study. It is quite obvious, as indicated 

above, that rainfall fraction and snow cover evolve in different directions, and it is relevant to assess changes 

in ROS, which is indeed a compound of snow cover state and rainfall. But this is not counterintuitive. Here 

some of the results are provided in general terms for the entire mountain range, which supports the 

suggestion before that some results could also be provided for the entire mountain range, in addition to the 

sub-regional analysis. 

We have delated the word “counterintuitive” according to Reviewer 2 comment.  

One of the key findings of this study is the variation in ROS depending on the sector and month. The 

sensitivity of ROS to climate warming exhibits a skewed distribution: ROS frequency increases for small 

increments but decreases thereafter. It is therefore not recommended to average the values for the entire 

range, as doing so would reduce most of the statistical variability. 
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Page 20, line 518 : It should be discussed here that the increase in ROS rainfall amount (I suggest, btw, 

changing ROS rain to ROS rainfall amount, this will be clearer) is not due to any change in climate 

conditions such as Clausius-Clapeyron effect on precipitation amount, but is only a direct consequence of 

the influence of temperature on the precipitation phase (what is the threshold used, btw ?), which leads to 

more cases of rainfall corresponding to previous cases of snowfall under a colder (reference) climate, at 

potentially different periods of the year. This is another point, which could be discussed in the Discussion 

section, as it is a limitation of the delta change approach with respect to the topic addressed in this study. 

1.- The revised version includes the increase of precipitation that Reviewer 2 mentioned, and the Figure  S1 

that Reviewer 2 and described at the very beginning of the results section: 

“HS and Sf response to temperature and precipitation is shown in Figure 2. Seasonal HS and Sf 

variability is mostly controlled by the increment of temperature, season, elevation, and spatial 

sector (Figure S1). The role of precipitation variability in the seasonal HS evolution is moderate to 

low (Figure S2 to S4). Only in high elevation an upward trend of precipitation (at least > 10%) can 

counterbalance small increments of temperature (< 1ºC, over the baseline climate) from December 

to February (Figure S4). For this reason, precipitation was excluded to further analysis”. 

2.- We have added a section of limitations (please, see Reviewer 1 response). 

3.- We have changed “ROS rain” for “ROS rainfall amount” following your suggestion 

4.- The threshold used is defined in the “Data and methods” section: 

“…..baseline climate (1980 – 2019) and several climate perturbed scenarios (c.f. Sect. 3.4). Sf was 

quantified using a threshold-approach. Precipitation was snowfall when temperature was < 1 ºC 

according to previous ROS research in the study zone (Corripio and López-Moreno, 2017) and the 

average rain-snow temperature threshold for the Pyrenees (Jennings et al., 2018). Snow cover is 

calculated by a linear function of snow depth, snow albedo is estimated based on a prognostic….” 

Typos : I noticed some typos in the text, they can be identified by running a proofreading software through 

the text. 

Thank you for your recommendation, we have carefully checked and corrected the found typos across the 

manuscript. 
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I still have found (too) many typos in the revised manuscript. 
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Abstract. Climate warming is changing the magnitude, timing, and spatial patterns of mountain snowpacks. 1 

A warmer atmosphere may also lead to precipitation phase shifts, with decreased snowfall fraction (Sf). The 2 

combination of Sf and snowpack decreases directly affects the frequency and intensity of rain-on-snow (ROS) 3 

events, a common cause of flash-flood events in snow dominated regions. In this work we examine the ROS 4 

patterns and sensitivity to temperature and precipitation change in the Pyrenees modelling through a physical-5 

based snow model forced with reanalysis climate data perturbed following 21st century climate projections for 6 

this mountain range. ROS patterns are characteritzed by their frequency, rainfall quantity and snow ablation. 7 

The highest ROS frequency for the baseline climate period (1980 – 2019) are found in South-West high-8 

elevations sectors of the Pyrenees (17 days/year). Maximum ROS rainfall amount is detected in South-East 9 

mid-elevations areas (45 mm/day, autumn), whereas the highest ROS ablation is found in North-West high-10 

elevations zones (- 10 cm/day, summer). When air temperature is increased from 1ºC to 4ºC with respect to 11 

the baseline climate period, ROS rainfall amount and frequency increase at a constant rate during winter and 12 

early spring for all elevation zones. For the rest of the seasons, non-linear responses of the ROS frequency and 13 

ablation to warming are found. Overall, ROS frequency decreases in the shoulders of the season across eastern 14 

low-elevated zones due to snow cover depletion. However, ROS increases in cold, high-elevated zones where 15 

long-lasting snow cover exists until late spring. Similarly, warming triggers fast ROS ablation (+ 10% per ºC) 16 

during the coldest months of the season, high-elevations, and northern sectors where the deepest snow depths 17 

are found. On the contrary, small differences in ROS ablation are found for warm and marginal snowpacks. 18 

These results highlight the different ROS responses to warming across the mountain range, suggest similar 19 

ROS sensitivities in near mid-latitude zones, and will help anticipate future ROS impacts in hydrological, 20 

environmental, and socioeconomic mountain systems. 21 

 22 

Keywords: Snow, Rain-on-snow, Climate warming, Snow sensitivity, Mountain snowpack, Pyrenees. 23 
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 26 

Mountain snowpacks supply large hydrological resources to the lowlands (García-Ruiz et al., 2015; Viviroli et 27 

al., 2011), with important implications in the ecological (Wipf and Rixen, 2010), hydrological (Barnett, 2005; 28 

Immerzeel et al., 2020) and socioeconomic systems by providing hydroelectricity (Beniston et al., 2018) or 29 

guaranteeing winter tourism activities (Spandre et al., 2019). Climate warming, however, is modifying 30 

mountain snowfall patterns (IPCC, 2022), through temperature-induced precipitation changes from snowfall 31 

to rainfall (Lynn et al., 2020), leading in some cases to rain-on-snow (ROS) events in snow covered areas.The 32 

upward high-latitude temperature and precipitation trends (Bintanja and Andry, 2017) and warming in 33 

mountain regions (Pepin et al., 2022) will likely change future ROS frequency in snow-dominated areas 34 

(López-Moreno et al., 2021). To date, research has been focused on the ROS predictability (Corripio and 35 

López-Moreno, 2017), detection and validation methods through remote sensing (Bartsch et al., 2010) and 36 

models (Serreze et al., 2021). Several works have examined ROSfrequency from the climatological point of 37 

view, by analyzing ROS spatial-temporal patterns for Alaska (Crawford et al., 2020), Japan (Ohba and Kawase, 38 

2020), Norway (Pall et al., 2019; Mooney and Li, 2021) or the Iberian Peninsula mountains (Morán-Tejeda et 39 

al., 2019). ROS events have also been linked with Northern-Hemisphere and Arctic low-frequency climate 40 

modes of variability (Rennert et al., 2009; Cohen et al., 2015) as well as synoptic weather types (Ohba and 41 

Kawase, 2020). Further, several works in mountain catchments of Switzerland (Würzer et al., 2016), Germany 42 

(Garvelmann et al., 2014a), United-States (Marks et al., 1992), Canadian Rockies (Pomeroy et al., 2016) or 43 

Spain (Corripio and López-Moreno, 2017), have portioned the contribution of Surface Energy Balance (SEB) 44 

components during ROS events. ROS alters snow and soil conditions, since the liquid water percolation creates 45 

ice layers and could alter the snowpack stability (Rennert et al., 2009). In severe ROS events, water percolation 46 

reaches the ground, and the subsequent water freezing causes latent heat releases, leading to soil and permafrost 47 

warming (Westermann et al., 2011). Positive heat fluxes during ROS events enhance snow runoff (Corripio 48 

and López-Moreno, 2017), especially in warm and wet snowpacks (Würzer et al., 2016). ROS can also trigger 49 

a snow avalanche in mountain zones (Conway and Raymond, 1993), flash flood events (Surfleet and Tullos, 50 

2013), impacts in tundra ecosystems (Hansen et al., 2013) and herbivore populations such as reindeers (Kohler 51 

and Aanes, 2004). 52 

 53 

Different ROS frequency trends have been found since the last half of the 20st century. In the western United-54 

States and from 1949 to 2003 (Mccabe et al., 2007) found a general ROS frequency decrease in 1500 m  but 55 

an increase in high elevations. Similarly, the analysis of six major German basins from 1990 to 2011, reveals 56 

an upward (downward) ROS frequency trend during winter (spring) at 1500 m and high elevations (Freudiger 57 

et al., 2014). On the contrary, from 1979 to 2014, no winter ROS frequency trends were found across the entire 58 

Northern-Hemisphere (Cohen et al., 2015). ROS projections for the end of the 21st century suggest a general 59 

ROS frequency increase in cold regions. This is projected for Alaska (Bieniek et al., 2018), Norway (Mooney 60 

and Li, 2021), western United-States (Musselman et al., 2018), Canada (il Jeong and Sushama, 2018) or Japan 61 

(Ohba and Kawase, 2020). In European mid-latitude mountain ranges, such as the Alps, ROS frequency is 62 

expected to increase (decrease) in high (low) elevation sectors (Beniston and Stoffel, 2016; Morán-Tejeda et 63 
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al., 2016). López-Moreno et al. (2021) compared the ROS sensitivity to climate warming across 40 global 64 

basins and detected the highest ROS frequency decreases in low-elevated and warm Mediterranean mountain 65 

sites. Despite the increasing understanding of ROS spatio-temporal past and future trends, little is known about 66 

the ROS sensitivity to climate warming across southern European mountain ranges, such as the Pyrenees. 67 

Here we examine the ROS sensitivity to temperature and precipitation change for low (1500 m), mid (1800 m) 68 

and high (2400 m) elevations of the Pyrenees. ROS responses to temperature and precipitation is analyzed 69 

using a physically based snow model, forced with reanalysis climate data perturbed according to 21st century 70 

climate projections spread for range (Amblar-Francés et al., 2020). Previous studies in alpine zones have shown 71 

different ROS response to warming depending on the area and month of the season (e.g., Morán-Tejeda et al. 72 

2016). For this reason, results are focused on these two factors. First, we analyze height of snow (HS) and 73 

snowfall fraction (Sf) responses to temperature and precipitation since these are the main drivers of ROS 74 

(López-Moreno et al., 2021). Next, we examine ROS patterns and their response to warming by three key ROS 75 

indicators, namely: 76 

 77 

(a) Number of ROS days for a season (ROS frequency). 78 

(b) Average rainfall quantity during a ROS day (ROS rainfall amount). 79 

(c) Average daily snow ablation during a ROS day (ROS ablation). 80 

 81 

The study area is presented in Section 2. Section 3 describes the data and methods. Section 4 presents the 82 

results. We finally discuss the anticipated ROS spatio-temporal changes, their socio-environmental impacts 83 

and hazards in Section 5. 84 

 85 

2 Regional setting 86 

 87 

The Pyrenees mountain range is located between the Atlantic Ocean (West) and the Mediterranean Sea (East), 88 

and is the largest (~ 450 km) mountain range of the Iberian Peninsula. Elevation increases towards the central 89 

massifs, where the highest peak is found (Aneto, 3,404 m asl). Glaciers expanded during the Little Ice Age and 90 

nowadays are located in the highest mountain summits (Vidaller et al., 2021). The regional annual 0 °C 91 

isotherm is at ca. 2700 m (Del Barrio et al., 1990), and at ca. 1600 m during the cold season (López-Moreno 92 

and Vicente-Serrano, 2011). The elevation lapse-rate is ca. 0.6º/100 m, being slightly lower during winter 93 

(Navarro-Serrano and López-Moreno, 2017). Annual precipitation is ca. 1000 mm/year (ca. 1500 m); 94 

maximum values are found in the northern-western massifs (around 2000 mm/year), decreasing towards the 95 

southern-eastern (SE) area (Lemus-Canovas et al., 2019). Precipitation is predominantly (> 90%) solid above 96 

1600 m from November to May (López-Moreno, 2005). Due to the mountain alignement, relief configuration, 97 

and the distance to the Atlantic Ocean, seasonal snow accumulations in the northern slopes (ca. 500 cm/season), 98 

almost doubles the recorded in the SE area for the same elevation (ca. 2000 m) (Bonsoms et al., 2021b). In the 99 

western and central area of the southern slopes of the range (SW sector, Figure 1), snow accumulation is ruled 100 

by Atlantic wet and mild flows, which are linked with negative North Atlantic Oscillation (NAO) phases (SW 101 
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and W synoptic weather types) (López-Moreno, 2005; Alonso-González et al., 2020b; Bonsoms et al., 2021a). 102 

Positive Western Mediterranean Oscillation (WeMO) phases (NW and NE synoptic weather types) control the 103 

snow patterns in the northern-eastern (NE) slopes of the range (Bonsoms et al., 2021a). Generally, snow 104 

ablation starts in February  inlow elevations and in May at high elevation. The energy available for snow 105 

ablation is controlled by net radiation (55 %, over the total), latent (32 %) and sensible (13 %) heat fluxes 106 

(Bonsoms et al., 2022). 107 

 108 

 109 

 110 

 111 

Figure 1. (a) Pyrenean massifs sectors (colors) for 1500 m, 1800 m and 2400 m elevation. (b) Principle 112 

Component Analysis (PCA) scores of each massif for 1500 m, 1800 m and 2400 m elevation. The black 113 

numbers are the SAFRAN massif’s identity numbers defined by Vernay et al. (2022). Note that high 114 

elevation does not include massif number 64 since this massif does not reach 2400 m.  115 

 116 

3 Data and methods 117 

 118 

3.1 Snow model description 119 

  120 

Snowpack is modeled using the energy and mass balance snow model FSM2 (Essery, 2015). The FSM2 was 121 

forced at hourly resolution for each massif and elevation range (c.f. Sect. 3.3) for the baseline climate (1980 – 122 

2019) according to climate projections (c.f. Sect. 3.4). Sf was quantified using a threshold-approach. 123 

Precipitation was snowfall when temperature was < 1 ºC according to previous ROS research in the study zone 124 

(Corripio and López-Moreno, 2017) and the average rain-snow temperature threshold for the Pyrenees 125 

(Jennings et al., 2018). Snow cover is calculated by a linear function of snow depth, snow albedo is estimated 126 
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based on a prognostic function with the new snowfall. Snow thermal conductivity is estimated based on snow 127 

density. Liquid water percolation is calculated based on a gravitational drainage. Compaction rate is simulated 128 

from overburden and thermal metamorphism. The atmospheric stability is estimated through the Richardson 129 

number stability functions to simulate latent and sensible heat fluxes. The selected FSM2 configuration 130 

includes three snow layers and four soil layers. The detailed FSM2 physical parameters and Fortran 131 

compilation numbers are shown in Table S1. The FSM2 model and configuration was previously validated in 132 

the Pyrenees at Bonsoms et al. (2023). FSM2 has been successfully used in snow model sensitivity studies in 133 

alpine zones (Günther et al., 2019). FSM2 has been implemented in a wide range of alpine conditions, such as 134 

for the Iberian Peninsula mountains (Alonso-González et al., 2019), Spanish Sierra Nevada (Collados-Lara et 135 

al., 2020) or swiss forest environments (Mazzotti et al., 2020) snowpack modeling. FMS2 has been integrated 136 

in snow data-assimilation schemes in combination with in-situ (Smyth et al., 2022) and remote-sensing data 137 

(Alonso-González et al., 2022). 138 

 139 

3.2 Atmospheric forcing data  140 

 141 

The FSM2 was forced with the SAFRAN meteorological system reanalysis dataset for flat terrain (Vernay et 142 

al., 2022). The SAFRAN meteorological system integrates meteorological simulations, remote-sensing cloud 143 

cover data, and instrumental records through data-assimilation. SAFRAN is forced with a combination of 144 

ERA-40 reanalysis (1958 to 2002) and the numerical weather prediction model ARPEGE (2002 to 2020). 145 

SAFRAN system was firstly designed for avalanche monitoring (Durand et al., 1999, 2009), but the accurate 146 

results obtained enhanced the diffusion of the meteorological system and its integration in the French 147 

hydrometeorological modelling system by the local weather service, Metéo-France (Habets et al., 2008). 148 

SAFRAN has been extensively validated as meteorological forcing data for the snow modeling in complex 149 

alpine terrain (Revuelto et al., 2018; Deschamps-Berger et al., 2022), to study long-term snow evolution 150 

(Réveillet et al., 2022), avalanche hazard forecasting (Morin et al., 2020), snow climate projections (Verfaillie 151 

et al., 2018), snow depth (López-Moreno et al., 2020) and energy heat fluxes spatio-temporal trends (Bonsoms 152 

et al., 2022).  153 

 154 

3.3 Spatial areas 155 

 156 

SAFRAN system provides data at hourly resolution from 0 to 3600 m, by steps of 300 m, grouped by massifs. 157 

The SAFRAN massifs (polygons of Figure 1) were chosen for their relative topographical and climatological 158 

similarities (Durand et al., 1999). We selected the 1500 m (low), 1800 m (mid), and 2400 m (high) specific 159 

elevation bands of the Pyrenees. In order to retain the main spatial differences across the mountain range, 160 

reduce data dimensionality and include the maximum variance, massifs with similar interannual snow 161 

characteristics were grouped into sectors by performing a Principal Component Analysis (PCA). PCA is an 162 

extensively applied statistical method for climatological and snow spatial regionalization (i.e., López-Moreno 163 

and Vicente-Serrano, 2007; Schöner et al., 2019; Alonso-González et al., 2020a; Matiu et al., 2021; Bonsoms 164 
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et al., 2022). A PCA was applied over HS data for all months and years of the baseline climate. Massifs were 165 

grouped into four groups depending on the maximum correlation to the first (PC1) and second (PC2) scores. 166 

Pyrenean sectors were named South-West (SW), South-East (SE), North-West (NW) and North-East (NE) due 167 

to their geographical position. Figure 1 shows the resulting Pyrenean regionalization for 1500 m, 1800 m and 168 

high elevation as well as the SAFRAN massifs PC1 and PC2. 169 

 170 

3.4 Sensitivity analysis 171 

 172 

ROS season extension was defined according to ROS occurrence during the baseline climate period. For the 173 

purposes of this research, seasons are classified as follows: October and November (Autumn); December, 174 

January, and February (Winter); March, April, May, and June (Spring); and July (Summer). August and 175 

September are not included due to the absence of regular snow cover. ROS sensitivity to precipitation, Ta, 176 

increasing incoming longwave radiation (Lwin) accordingly,. This method has been successfully applied and 177 

validated for analyzing the snow sensitivity to temperature and precipitation changes in many mountains, such 178 

as the Pyrenees (e.g., López-Moreno et al., 2013), the Iberian-Peninsula mountain areas outside the Pyrenees 179 

(Alonso-González et al., 2020a), Alps (Marty et al., 2017), Canadian basins (Pomeroy et al., 2015; Rasouli et 180 

al., 2019), or western United-States (Musselman et al., 2017b), among other works. This methodology has also 181 

been also performed in global ROS sensitivity to temperature change studies (López-Moreno et al., 2021). 182 

SAFRAN reanalysis climate data was perturbed according to Spanish Meteorological Agency climate change 183 

scenarios projected for the 21st Century in the Pyrenees (Amblar-Francés et al., 2020). Precipitation was 184 

increased (+10%), left unchanged (0 %) and decreased (- 10%). Ta (ºC) was perturbed from +1ºC to +4ºC by 185 

+1ºC. Lwin was increased due to warming, by applying the Stefan-Boltzmann law, using the Stefan-Botzmann 186 

constant (𝜎; 5.670373 x 10−8𝑊 m−2 K−4), and the hourly atmospheric emissivity (ϵt) derived from 187 

SAFRAN Ta and Lwin: 188 

 189 

ϵt =  
LWin

  𝜎(Ta + 273.15)4 
 190 

 191 

A temperature increase of 1ºC can be interpreted as an optimistic projection for the region, while 2ºC and 4ºC 192 

would represent projections for mid and high emission scenarios, respectively (Pons et al., 2015). The range 193 

of +/-10% for precipitation includes the expected changes in precipitation according to the vast majority of 194 

climate models, regardless of the emission scenario (López-Moreno et al., 2008; Pons et al., 2015; Amblar-195 

Francés et al., 2020). 196 

3.5 ROS definition and indicators  197 

 198 

The average HS and Sf sensitivity to temperature and precipitation (expressed in % per ºC) is the average 199 

seasonal HS and Sf anomalies under the baseline climate and divided by degree of warming. Days are classified 200 

as ROS days when daily rainfall amount was >= 10 mm and HS >= 0.1 m, according to previous works 201 
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(Musselman et al., 2018; López-Moreno et al., 2021). ROS frequency are the number of ROS days. ROS 202 

rainfall amount is the average daily rainfall (mm) during a ROS day. ROS ablation is the average daily snow 203 

ablation (cm) during a ROS day. The average daily snow ablation is the daily average HS difference between 204 

two consecutive days (Musselman et al., 2017a). Only the days when a negative HS difference occured were 205 

selected. ROS exposure is the relation between ROS rainfall amount (y-axis) and ROS frequency (x-axis) 206 

differences from the baseline climate scenario for the massifs were ROS frequency is recorded for all 207 

increments of temeperature. 208 

 209 

4 Results  210 

 211 

We provide an analysis of ROS drivers, near-present ROS patterns and their response to warming. ROS spatio-212 

temporal dynamics are analyzed by frequency, rainfall quantity and snow ablation. Since we have detected a 213 

non-linear and counter-intuitive ROS sensitvity to temperature, ROS indicators values are shown for each 214 

increment of temperature, grouped by elevation and sectors, namely SW, SE, NW and NE.  215 

 216 

4.1 HS and Sf response to temperature and precipitation change 217 

 218 

HS and Sf response to temperature and precipitation is shown in Figure 2. Seasonal HS and Sf variability is 219 

mostly controlled by the increment of temperature, season, elevation, and spatial sector. The role of 220 

precipitation variability in the seasonal HS evolution is moderate to 1500 m (Figure S1 to S3). Only in 2400 221 

m elevation an upward trend of precipitation (at least > 10%) can counterbalance small increments of 222 

temperature (< 1ºC, over the baseline climate) from December to February (Figure S3). For this reason, 223 

precipitation was excluded to further analysis. Snow in 1500 m and 1800 m elevations during summer is rarely 224 

observed, however, marginal snow cover in 2400 m elevation can last until June and July, especially in the 225 

wettest sectors of the range (NW and SW). Seasonal HS and Sf response to temperature show large seasonality. 226 

The average HS decrease per ºC ranges from 39 %, 37 % and 28 % per ºC, for 1500 m, 1800 m and 2400 m 227 

elevations, respectively. However, relevant differences are found depending on the season and degree of 228 

warming (Figure 3). Maximum HS and Sf reductions are found in 1500 m and 1800 m elevations during the 229 

shoulders of the season (autumn and spring), coinciding with the time when ROS events are more frequent for 230 

the baseline climate (Figure 3). In these elevations, maximum HS decreases (52 % over the baseline climate) 231 

are modeled for spring when temperature is + 1ºC. The greatest HS decreases in 2400 m elevation areas are 232 

modeled for summer (54 % HS decrease for 1ºC). If temperature reaches maximum values (+ 4 ºC), seasonal 233 

HS is reduced 92 %, 89 %, and 79 % for low, 1800 m, and 2400 m elevations, respectively (Figure S4).  234 

 235 
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 236 
Figure 2. Height of snow (HS) (lines) and Snowfall fraction (Sf) (bars) monthly variation for baseline 237 

climate scenario and different increments of temperature (colors) grouped by elevation (rows) and sectors 238 
(columns).  239 

 240 

 241 
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 242 

 243 

Figure 3. Seasonal (a) HS and (b) Sf anomalies over the baseline climate. Data are shown by elevation 244 

(colors), season (x-axis) and sectors (boxes). Points represent the average seasonal HS and Sf anomalies 245 

grouped by month of the season and increment of temperature (from 1ºC to 4ºC). The black diamond point 246 

indicates the mean, whereas the upper and lower error bars show the Gaussian confidence based on the 247 

normal distribution.  248 

 249 

Sf shows lower sensitivity to warming than HS and maximum reductions in autumn. On average, Sf decreases 250 

by 29%, 22 %, and 12 % per ºC for low, 1800 m, and 2400 m elevations, respectively. An increase of 4ºC 251 

supposes Sf reductions of 80 %, 69 % and 49 % for low, 1800 m, and 2400 m elevations. Different HS and Sf 252 

sensitivity to temperature are found across the range. Independently of the elevation band and season, the SE 253 

exhibit the greatest HS and Sf decreases (41 % and 35 % per ºC, respectively). On the contrary, minimum 254 

reductions are expected in the northern slopes (NW and NE). 255 

 256 

4.2 ROS frequency 257 

 258 

Low elevation annual ROS frequency for the baseline climate is 17, 8, 10 and 7 days/year for SW, SE, NW, 259 

NE sectors, respectively (Figure 4). The highest annual ROS frequency is however observed at 1800 m 260 

elevation. Here, annual ROS frequency is 17, 9, 12 and 9 for SW, SE, NW, NE sectors. Within these elevations, 261 

the maximum ROS frequency is detected in SW during winter and spring (7 days/season, for both elevations 262 
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and seasons). The eastern Pyrenees follow a similar seasonality. Maximum ROS frequency in 1500 m elevation 263 

is found in winter (4 and 3 days/season, SE and NE, respectively), and during spring in 1800 m elevation (4 264 

and 3 days, SE and NE, respectively). ROS is rarely observed in SE during the latest month of spring (May), 265 

which contrast with the modeled values for SW (2 and 3 days/month, for 1500 m and 1800 m elevations, 266 

respectively). 2400 m elevation shows the minimum ROS frequency. Here, comparisons between seasons 267 

reveal maximum ROS frequency during summer, especially in SW (7 days/season), followed by NW (6 268 

days/season), and NE (2 days/season).  269 

 270 

 271 

 272 

 273 

Figure 4. ROS frequency for baseline climate period (1980-2019) and increments of temperature, grouped 274 

by months (x-axis), sector (rows) and elevation (columns).  275 

 276 

 277 

ROS frequency response to warming vary depending on the month, increment of temperature, elevation, and 278 

sector. ROS tends to disappear in October for 1500 m elevation except in SW (Figure 4 and 5). The highest 279 

increases are seen during the winter for increments temperature lower than 3ºC, particularly in NE, where ROS 280 

frequency increases 1 day per month over the baseline scenario for + 1ºC. In 1800 m elevation, ROS frequency 281 

increases in all regions from November to February (around 1 day per month, for + 1ºC up to + 3ºC). Similar 282 

increases are expected in NW and SW during the earliest months of spring and for 1500 m to moderate 283 
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increments of temperature. The contrary is observed during the latest months of spring in SW, where warming 284 

reduces ROS events. A slight ROS frequency increase is found during spring for the rest of the sectors (Figure 285 

4). ROS events in June are expected to disappear for temperature increases higher than 1ºC. Finally, 2400 m 286 

elevation shows the largest ROS frequency variations (around 1 day/month for + 1ºC). Maximum ROS 287 

frequency increases (3 days/month) are found in SW for more than + 3ºC. ROS frequency progressively 288 

increases in March and April for all sectors but tends to decrease in May (for + 3ºC), June and July (for + 1ºC). 289 

 290 

 291 

 292 

 293 

Figure 5. Average ROS frequency (days) for a season for (a) 1500 m, (b) 1800 m and (c) 2400 m elevation. 294 

Data are shown for the baseline climate period (1980-2019) and increment of temperature (left to right). 295 

 296 

4.3 ROS rainfall amount  297 

 298 

The spatial and temporal distribution of ROS rainfall amount is presented in Figure 6 and 7. The average 1500 299 
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m elevation ROS rainfall amount by year is 23, 28, 21, and 20 mm/day for SW, SE, NW, NE sectors, 300 

respectively. Similarly, the highest values in 1800 m elevation are found in SE (29 mm/day, respectively). SE 301 

sector experiences the highest ROS rainfall amount during autumn and summer (around 40 mm/day in 1500 302 

m and 1800 m elevations. 2400 m elevation maximum ROS rainfall amount values are however found in the 303 

western Pyrenees during the onset and offset snow season. Here, the largest ROS rainfall amount spatial and 304 

seasonal distribution ranges from SW (29 mm/day, autumn), NW (28 mm/day, summer), SE (24 mm/day, 305 

autumn) to NE (23 mm/day, autumn).  306 

 307 

 308 

 309 

 310 

 311 

Figure 6. ROS rainfall amount (mm) temporal evolution for baseline climate (1980-2019) and increment of 312 

warming (colors), grouped by elevation (columns) and sector (rows).  313 

 314 

ROS rainfall amount progressevly increases due to warming (4%, 4%, and 5% per ºC for low, 1800 m, and 315 

2400 m elevations, respectively; Table S2). Small differences are found by elevation and sector. 1500 m 316 

elevation ROS rainfall amount increases until + 3°C, and generally decreases for + 4°C during the earliest 317 

(October to December) and latest (April and May) months of the snow season. Similar patterns are found in 318 

1800 m elevation. ROS rainfall amount increases up to + 4°C, except in the SE sector for specific months 319 

(Figure 6). The lattest sector shows also maximum ROS rainfall amount values in autumn due to torrential 320 

rainfall. 2400 m elevation ROS rainfall amount increase at a constant rate of around 5 % per ºC. Yet, maximum 321 
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increases are modeled in SW during summer, when ROS rainfall amount almost doubles the baseline climate 322 

(+ 40% for + 4°C). 323 

 324 

 325 

 326 

Figure 7. Average ROS rainfall amount (mm) for a season for (a) 1500 m, (b) 1800 m and (c) 2400 m 327 

elevation. Data are shown for the baseline climate period (1980-2019) and increment of temperature (left to 328 

right). 329 

 330 

Data suggest that ROS exposure generally increases for all elevations and sectors during winter (except in SW 331 

for temperatures greater than 3°C). Nonetheless, remarckable spatial and seasonal differences are found. SE 332 

show the maximum values in autumn. On the contrary, small changes in frequency are detected in SW and 333 

NW, despite ROS rainfall amount is expected to increase (< 10mm/day). For the majority of sectors and 334 

elevations, ROS exposure generally increases in winter and spring. The minimum differences between sectors 335 

are dected in these seasons. In summer, ROS exposure tends to generally decrease for all elevations under 336 

severe warming due to snow cover depletion.  337 
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 338 

 339 

 340 

Figure 8. Average ROS exposure. Points are obtained by a scatterplot between ROS rainfall amount 341 

difference from baseline climate period (1980-2019) (y-axis) and ROS days difference from baseline climate 342 

(x-axis). Data is calculated by the average difference between (a) the baseline scenario (1980-2019) and (b) 343 

the different perturbed scenarios, only for the massifs where ROS frequency exists on (a) and (b). Data are 344 

shown for each season (columns), elevation (rows), sector (color) and increment of temperature (point 345 

shape). 346 

 347 

4.4. ROS ablation  348 

 349 

ROS ablation is presented at Figure 9 and 10. ROS ablation ranges from -10 cm/day in NW 2400 m elevation 350 

(summer) to – 5 cm/day in NE 2400 m elevation (winter). ROS ablation nearly doubles the average daily snow 351 

ablation for all days on a season (Figure S5). Comparison with the reference baseline period reveals contrasting 352 

ROS ablation changes depending on the season, elevation and sector. Overall ROS ablation progressively 353 

increases due to warming in coldest zones and months of the season. The largest ROS ablation increments are 354 

detected in autumn and winter. For the former, ROS ablation increases at a generally constant rate in SW (11 %) 355 

NE (19 %) and NW (4 % per ºC). For the latter, ROS ablation increases also in SW (11 %), NW (14 %) and 356 

NE (34 % per ºC). In detail, maximum ROS ablation due to warming is found for 1800 m elevation during 357 

autumn (Figure 9). ROS ablation exhibit slow and no-changes in the warmest zone (SE), as well in the warmest 358 

months of the season, regardless the elevation band. 359 

 360 
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 361 

 362 

 363 

Figure 9. ROS ablation (y-axis) for baseline climate period (1980-2019) and increment of temperature 364 

(colors), sector (x-axis), season (columns) and eevation (rows).365 
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 366 

 367 

 368 

 369 

Figure 10. Average ROS ablation for a season for (a) 1500 m, (b) 1800 m and (c) 2400 m elevation. Data are 370 

shown for the baseline climate period (1980-2019) and increment of temperature (left to right). 371 

 372 

5 Discussion 373 

 374 

The Pyrenees experienced a statistically significant positive temperature trend since the 1980s (ca. + 0.2 375 

ºC/decade) but no statistically significant precipitation trends are detected (OPCC, 2018) due to strong spatial 376 

(Vicente-Serrano et al., 2017), inter-annual and long-term variability of the latter (Peña-Angulo et al., 2021). 377 

Depending on the study period different snow trends were found. From ca. 1980 to 2010, non-statistically 378 
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significant snow days and snow accumulation positive trends were generally detected at > 1000 m (Buisan et 379 

al., 2016), 1800 m (Serrano-Notivoli et al., 2018), and > 2000 m (Bonsoms et al., 2021a). Long-term trends 380 

(1957 to 2017), however, reveal statistically-significant snow depth decreases at 2100 m, but large variability 381 

depending on the sector and the snow indicator (López-Moreno et al., 2020). Climate projections for the end 382 

of the 21st century suggest an increase of temperature (> 3ºC), together with 1500 m precipitation shifts (< 383 

10%) from autumn to spring (Amblar-Francés et al., 2020). Within this climate context, ROS spatio-temporal 384 

patterns will likely change. In order to anticipate future scenarios, ROS sensitivity to warming was analyzed 385 

through three key indicators of frequency, rainfall intensity and snow ablation.  386 

 387 

5.1 ROS spatial variability 388 

  389 

The climatic setting of the Pyrenees as well as its relief configuration determines a remarkable spatial and 390 

temporal variability of ROS events. The contradiction between rainfall ratio increases and snowpack 391 

reductions, as well as the 2400 m spatial and monthly differences found, explain the complex ROS response 392 

to warming. HS decrease by 39 %, 37 % and 28 % per ºC, for 1500 m, 1800 m and 2400 m elevations, 393 

respectively. Similarly, Sf decreases by 29 %, 22 %, and 12 % per ºC for 1500 m, 1800 m, and 2400 m 394 

elevations, respectively, providing evidence of an elevation-dependent snow sensitivity to temperature change. 395 

HS and Sf maximum reductions are reached for 1ºC of warming, suggesting non-linear HS decreases, in 396 

accordance with previous snow sensitivity to climate change reported in central Pyrenees (López-Moreno et 397 

al., 2013). In detail, SW and NW annual ROS frequency almost doubles (17 and 12 days/year, respectively) 398 

the one recorded in SE and NE (9 days/year, for both sectors). Maximum ROS frequency for a season are 399 

found in SW and NW because of larger snow magnitudes in this sector (i.e., López-Moreno, 2005; López-400 

Moreno et al, 2007; Navarro-Serrano et al., 2017; Bonsoms et al., 2021a). Thus, snow cover last longer until 401 

spring when minimum Sf values are found (Figure S1). This sector is the most exposed to SW and W air flows 402 

(negative NAO phases) (López-Moreno, 2005), which bring wet and mild conditions over the mountain range, 403 

leading to most ROS-related floods in the range (Morán-Tejeda et al., 2019). The generally ROS rainfall 404 

amount increase reported in this work (independently of the increment of temperature and elevation) is 405 

explained by the Sf reduction expected for all sectors (Figure 3). Maximum ROS rainfall amount is generally 406 

detected in spring (May), except in NE 2400 m elevation zones and SE (all elevations). In the latter sectors, 407 

ROS rainfall amount tends to dissapear in Octuber under large (> 2ºC) increments of temperature. The seasonal 408 

snow accumulation in NE and SE is lower-than-average due to the lower influence of Atlantic climate in these 409 

sectors of the range. Hence, large increments of warming decreases ROS frequency due to snow cover 410 

depletion in early autumn and late spring (Figure S1). In addition, SE is closer to the 0ºC due to higher-than-411 

average sublimation, latent and radiative heat fluxes (Bonsoms et al., 2022) and for this reason in this sector 412 

each increment of temperature has larger effects on the Sf, HS and ROS frequency reduction (Figure 3). 2400 413 

m elevation show the largest variation over the baseline climate as well as ROS exposure because of the larger 414 

snowpack magnitude and duration compared to 1500 m and 1800 m areas. Thus, 2400 m elevation snow 415 

duration last until spring and summer, when the largest shift from snowfall to rainfall is found. On the other 416 
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hand, 1800 m elevation shows the maximum ROS rainfall amount since the amount of moisture for 417 

condensation decreases while air masses increase height (Roe and Baker, 2006). Furthermore, the largest ROS 418 

rainfall amount is detected in SE during autumn (Figure 7), because of the exposure of this region to 419 

Mediterranean low-pressure systems (negative WeMO phases), that usually trigger heavy rainfall events during 420 

this season (Lemus-Canovas et al., 2021). 421 

 422 

5.2 ROS temporal evolution 423 

 424 

Recent ROS trends in other mid-latitude areas are in accordance with ROS analysis presented here. Freudiger 425 

et al. (2013) analyzed the ROS trends (1950–2011 period) of the Rhine, Danube, Elbe, Weser, Oder, and Ems 426 

(Central Europe) basins. They found an overall ROS frequency increaase during January and February (1990 427 

to 2011 period), which is consistent with the ROS rainfall amount and frequency increase detected in winter 428 

for the Pyrenees for all elevations and increment of temperature. Similarly, in Sitter River (NE Switzerland), 429 

a ROS frequency increase of around 40% (200%) at <1500 m (>2500 m) was detected between 1960 and 2015 430 

(Beniston and Stoffel, 2016). During the last half of the 20th century, ROS frequency trends show an upward 431 

(downward) trend in high (low) elevation in western United-States (McCabe et al., 2007), as well as in southern 432 

British Columbia (Loukas et al., 2002) and at catchment scale in Oregon (United-States) (Surfleet and Tullos, 433 

2013). Same ROS frequency increases (decreases) has been detected from 1980 to 2010 in Norwegian high 434 

(low) elevated mountain zones (Pall et al., 2019). However, in contradiction with our results and previous 435 

studies, winter Northern-Hemisphere ROS frequency trends (1979-2014 period) show no-clear trends (Cohen 436 

et al., 2015).  437 

 438 

Results exposed in this work provide more evidence of ROS frequency increases in high-elevation zones, as it 439 

has been suggested by climate projections and ROS sensitivity to temperature studies. ROS show an elevation-440 

dependent pattern that was previously reported in the Swiss Alps (Morán-Tejeda et al., 2016). In Sitter River 441 

(NE Switzerland), an increase of 2 to 4 °C over the 1960 to 2015 period results in an increase of the ROS 442 

frequency by around 50% at > 2500 m (Beniston and Stoffel, 2016). Likewise, 21st century high-emission 443 

scenarios (RCP8.5), suggest increases in ROS frequency and intensity in Gletsch (Switzerland) high-elevation 444 

area; however, on climate projections for ROS definitions that include snow melting (Musselman et al., 2018), 445 

natural climate variability contributes to a large extend (70 %) of ROS variability (Schirmer et al., 2022). Li 446 

et al. (2019) analyzed the future ROS frequency in the conterminous United-States and detected a nonlinear 447 

trend ROS due to warming, which is consistent with the different ROS rainfall amount and frequency responses 448 

depending on the increment of temperature detected in our work. Climate projections for the mid-end of the 449 

21th century projected positive ROS frequency and rainfall trends in Western United-States and Canada (il 450 

Jeong and Sushama, 2018). Similarly, ROS frequency will likely decrease (increase) in the warmest months 451 

of the season in low (high) elevation areas of western United-States (Musselman et al., 2018). The same is 452 

projected Norwegian mountains (Mooney and Li, 2021). López-Moreno et al. (2021) analyzed 40 worldwide 453 

basins ROS sensitivity to warming. In their study they found a decrease of ROS events in warm mountain 454 
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areas. However, they detected ROS frequency increases in cold-climate mountains where large snow 455 

accumulation is found despite warming. In accordance with our results, they identified large seasonal 456 

differences and ROS frequency decreases in Mediterranean mountains due to snow cover depletion in the lasts 457 

months of the snow season. 458 

 459 

5.3 ROS ablation  460 

 461 

Warming increases ROS ablation from autumn to winter on deep snowpacks and in the coldest sectors of the 462 

range, due to higher energy for snow ablation and closer 0ºC isotherm conditions in a warmer than baseline 463 

climate. Nevertheless, data show 1500 m or decreases in ROS ablation in SE and spring, since the snowpack 464 

is already near to the isothermal conditions. These results go in line with results modelled for cold and warm 465 

Pyrenean sites (López-Moreno et al., 2013) as well as for different Northern-Hemisphere sites (Essery et al., 466 

2020). ROS ablation indicator is also indirectly affected by the HS magnitude decreases (30 % per ºC; Figure 467 

3), and therefore lower ROS ablation is direclty affected by lower HS magnitudes. Previous literature pointed 468 

out that warming have counter-intuitive effects on snow ablation patterns. Higher than average temperatures 469 

advance the peak HS date on average 5 days per ºC in 1800 m and 2400 m elevations (Bonsoms et al., 2022b), 470 

triggering earlier snow ablation onsets, and therefore lower solar radiation fluxes (López-Moreno et al., 2013; 471 

Lundquist et al., 2013; Pomeroy et al., 2015; Musselman et al., 2017a; Sanmiguel-Vallelado et al., 2022), as 472 

well as earlier snow depletion before the maximum advection of heat fluxes into the snowpack (spring) 473 

(Bonsoms et al., 2022). Slower snow melt rates in a warmer climate have been detected in Western United-474 

States (Musselman et al., 2017), as well as the entire Northern-Hemisphere (Wu et al., 2018). 1500 m or 475 

inexistent changes in snow ablation on warm and marginal snowpacks has been previously detected in the 476 

central Pyrenees (López-Moreno et al., 2013), in forest and open areas (Sanmiguel-Valellado et al., 2022), in 477 

the entire range (Bonsoms et al., 2022), and other Iberian Peninsula Mountain ranges outside the Pyrenees 478 

(Alonso-González et al., 2020a).  479 

ROS ablation is larger than the average snow ablation during a snow ablation day (Figure S6) due to higher 480 

SEB positive fluxes. Several works analyzed SEB changes on ROS events, and different SEB contributions 481 

has been found depending on the geographical area (Mazurkiewicz et al., 2008; Garvelmann et al., 2014b; 482 

Würzer et al., 2016; Corripio and López-Moreno, 2017; Li et al., 2019), ranging from net radiation in Pacific 483 

North West (Mazurkiewick et al., 2008) to Lwin and turbulent heat fluxes in conterminous United-States 484 

mountain areas (Li et al., 2019) or the Swiss Alps (e.g., Würzer et al., 2016). In general, studies in mid-latitude 485 

mountain ranges have shown that turbulent heat fluxes contribute between 60 and 90 % of the energy available 486 

for snow ablation during ROS days (e.g., Marks et al., 1998; Garvelmann et al. 2014; Corripio and López-487 

Moreno, 2017). In the central Pyrenees (> 2000 m) the meteorological analysis of a ROS event reveals that 488 

ROS ablation is larger than a normal ablation day because of the large advection of Lwin and especially 489 

sensible heat fluxes (Corripio and López-Moreno, 2017). Lwin increases due to the high cloud cover and warm 490 
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air, as it is frequently observed during ROS episodes (Moore and Owens, 1984). Further works should analyze 491 

the SEB controls during ROS events within the entire mountain range, as well as the ROS hydrological 492 

responses to climate warming. 493 

5.4 ROS socio-environmental impacts and hazards 494 

Temperature-induced changes in the seasonal snowpack and during ROS days suggest several hydrological 495 

shifts including, but not limited to, earlier peak flows on the season (Surfleet and Tullos, 2013), rapid 496 

streamflow peaks during high precipitation events in frozen soils (Shanley and Chalmers, 1999), faster soil 497 

moisture depletion and lower river discharges in spring due to earlier snow melt in the season (Stewart, 2009). 498 

The shortening of the snow season due to warming reported in this work will potentially alter alpine 499 

phenological patterns (i.e., Wipf and Rixen, 2010) and expand forest cover (Szczypta et al., 2015). Although 500 

vegation branches intercept a large amount of snowfall, intermediate and high vegetation shields short-wave 501 

radiation, reduces snow wind-transport and turbulent heat fluxes (López-Moreno and Latron, 2008; 502 

Sanmiguel-Valellado et al., 2022). Snow-forest interactions, their sensitivity to climate change as well as the 503 

ROS hydrological response within a changing landcape is far from understood across the range and should be 504 

the base of forecoming works. 505 

 506 

The higher ROS exposure (Figure 8) will likely imply an increase of ROS-related hazards and impacts in the 507 

mountain ecosystem. Heavy ROS rainfall amount changes snow methamorphism on saturated snowpacks and 508 

leads to high-speed water percolation (Singh et al., 1997). The subsequent water refreezing changes the 509 

snowpack conditions and creates an ice-layer in the snowpack that can reach the surface (Rennert et al., 2009). 510 

ROS can cause plant damage (Bjerke et al., 2017) and the ice encapsulation of vegetation in tundra ecosystems 511 

can trigger severe wildlife impacts, such as vertebrate herbivores starvation (Hansen et al 2013), reindeer 512 

population mortality (Kohler and Aanes, 2004) and higher competition between species (Hansen et al 2014). 513 

Nevertheless, any study to the date analyzed ROS-related impacts in flora and fauna across Southern-European 514 

mountains. Snow albedo decay due positive heat fluxes and rainfall in ROS events (Corripio and López-515 

Moreno, 2017), lead to faster snow ablation even on the next days (e.g., Singh et al. 1997). The combination 516 

of changes in internal snowpack processes, larger ROS rainfall amount, and more energy to ablate snow during 517 

spring could enhance snow runoff, especially during warm and wet snowpack conditions (Würzer et al., 2016). 518 

In snow-dominated regions ROS can lead to a specific type of avalanching (Conway and Raymond, 1993) and 519 

floods (Surfleet and Tullos, 2013). The latter are the most environmental damaging risk in Spain (Llasat et al., 520 

2014) and around 50% of the flood in the Iberian Peninsula are due to ROS events (Morán-Tejeda et al., 2019). 521 

More than half of the historical (1940 to 2012) flood events in the Ésera river catchment (central Pyrenees) 522 

occurred during spring (Serrano-Notivoli et al., 2017), which coincides with the snow ablation season. ROS 523 

floods have also economic impacts. For instance, a ROS flood event that occurred on 13th June of 2013 in the 524 

Garonne River (Val d’Aran, central Pyrenees) cost approximately 20 million of euros to the public insurance 525 

(Llasat et al., 2014).  526 
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 527 

5.5 Limitations 528 

 529 

This study evaluates the sensitivity of ROS responses to climate change, enabling a better understanding of 530 

the non-linear ROS spatiotemporal variations in different sectors and elevations of the Pyrenees. Instead of 531 

presenting diverse outputs from climate model ensembles (López-Moreno et al., 2010), we provide ROS 532 

sensitivity values per 1ºC, making them comparable to other regions and seasons. The temperature and 533 

precipitation change values used in this sensitivity analysis are based on established climate projections for the 534 

region (Amblar-Francés et al., 2020). However, precipitation projections in the Pyrenees exhibit high 535 

uncertainties among different models, GHGs emission scenarios, and temporal periods (López-Moreno et al., 536 

2008).  537 

 538 

The SAFRAN meteorological system used in this work relies on a topographical spatial division and exhibit 539 

and accuracy of around 1 ºC in Ta and around 20 mm in the monthly cumulative precipitation (Vernay et al., 540 

2022). Precipitation phase partitioning methods are subject to uncertainties under close-to-isothermal 541 

conditions (Harder et al., 2010). Hydrological models are also subject to errors in the snowpack prediction 542 

(Essery, 2015). However, the FSM2 is a multiphysics snowpack model that has been validated previously in 543 

the Pyrenees (Bonsoms et al., 2023) and compared against different snowpack models (Krinner et al., 2018), 544 

providing evidence of its robustness. 545 

 546 

6 Conclusions 547 

The expected decreases in Sf and HS due to climate warming will likely change ROS spatio-temporal patterns 548 

across the Pyrenees. Therefore, a better understanding of ROS is required. This work analyzed the ROS 549 

sensitivity to warming by forcing a physically based snow model with perturbed reanalysis climate data (1980-550 

2019 period) for 1500 m, 1800 m and 2400 m elevation areas of the Pyrenees. ROS sensitivity to temperature 551 

and precipitation is evaluated by frequency, rainfall intensity and snow ablation during ROS days. 552 

During the baseline climate period, annual ROS frequency totals on average 10, 12 and 10 day/season for 1500 553 

m, 1800 m and 2400 m elevations. Higher-than-average annual ROS frequency are found in 1800 m elevation 554 

SW (17 days/year) and NW (12 days/year), which contrast with the minimums detected in SE (9 days/year). 555 

The different spatial and seasonal ROS response to warming suggest that contrasting and shifting trends could 556 

be expected in the future. Overall ROS frequency decreases during summer in 2400 m elevation for > 1ºC. 557 

When temperature is progressively increased the greatest ROS frequency increases are found for SW 2400 m 558 

elevation (around 1 day/month for + 1ºC). ROS frequency is highlty sensitive to warming in the snow onset 559 

and offset months, when counterintuitive factors play a key role. On the one hand, maximum Sf decreases are 560 

modeled for spring, leading to rainfall increases; on the other hand, warming depletes the snowpack in the 561 

warmest and snow driest sectors of the range. Consequently, data suggest a general ROS frequency decrease 562 
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for the majority of the SE massifs, where the snowpack is near the isothermal conditions in the baseline climate 563 

period. Yet, during spring, the highest ROS frequency increases are detected in SW and NW, since these sectors 564 

are less exposed to radiative and turbulent heat fluxes and record higher-than-average seasonal snow 565 

accumulations.  566 

ROS rainfall amount generally increases due to warming, independently of the sector and elevation, being 567 

limited by the number of ROS days. The largest and constant increments are observed in spring, when ROS 568 

rainfall amount increases at a rate of 7, 6 and 3 % per ºC for 1500 m, 1800 m and high, respectively. ROS 569 

rainfall amount increases are explained by Sf reductions, which decrease at a rate of 29 %, 22 %, and 12 % per 570 

ºC for 1500 m, 1800 m, and 2400 m elevations, respectively. ROS rainfall amount maximum values are 571 

detected in SE (28 mm/day), especially in 1800 m elevation during autumn (45 mm/day), since this sector is 572 

exposed to subtropical Mediterranean flows.  573 

Finally, ROS ablation shows contrasting patterns depending on the season, sector and elevation. Generally, 574 

ROS ablation increases in cold snowpacks, such as those modeled in 2400 m elevation and during cold seasons 575 

(autumn and winter). Here, ROS ablation follows a constant ablation rate of around + 10% per ºC, due to 576 

higher-than-average positive sensible and LWin heat fluxes. However, in SE and 1500 m elevation, where 577 

marginal and isothermal snowpacks are found, no changes or decreases in ROS ablation are detected due to 578 

snowpack magnitude reductions in a warmer climate. Results demonstrate the high snow sensitivity to climate 579 

within a mid-latitude mountain range, and suggest significant changes with regards to water resources 580 

management. Relevant implications in the ecosystem and socio-economic activities associated with snow 581 

cover are anticipated. 582 
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