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Dear Reviewer, #1 1 

Thank you very much for your valuable comments. Our responses and the changes that we plan to make in 2 

the revised manuscript are explained below. We filled in reviewer comments in black, author replies in blue, 3 

the proposed changes to the revised manuscript in red. 4 

 5 

Reviewer comment: 6 

In this paper entitled “Characteristics of snowpack chemistry on the coastal region in the northwestern Greenland 7 

Ice Sheet facing the North Water”, authors present an interesting observation of the effect that polynia North water 8 

(NOW) has on aerosol circulation and precipitation. the results are obtained from measurements of major ions, 9 

MSA and water isotopic analyses at 9 surface snow sampling sites, 2 snow-pit sites and 1 ice core. The text is well 10 

structured a detailed introduction, however the drafting in general should be improved as there are numerous 11 

repetitions and in some parts the reading is difficult to understand. In particular, the section 3.2 has to be improved. 12 

The conclusions have to be focused on the main goals obtained in this paper. It is very long and I suggest to 13 

summarize, avoiding to repeat the results and discussion. 14 

 15 

Author reply: 16 

To improve the overall logical flow and readability in section 3.2, we will add individual sub-sections for δ18O and 17 

ion species. Figures of δ18O and each ion concentration will be presented separately within their respective sub-18 

sections. 19 

We will summarize the conclusion section as follows and avoid some repetitions. 20 

 21 

===== 22 

4 Conclusion 23 

We conducted glaciological observations from 9−11 April 2023 on the western side of Prudhoe Land in 24 

northwestern Greenland facing the NOW to elucidate the source conditions and transportation processes of water 25 

vapor and aerosols in this region. The dating of the snowpack at St. 9, which is located at the inland of the western 26 

side of Prudhoe Land, revealed that the layer at a depth of 4.20 m corresponded to 3.5 years. The average annual 27 

accumulation at St. 9 was 0.49 m w.eq. yr−1. 28 

The snowpacks on the western side of Prudhoe Land contained aerosols from distant sources, such as remote dust 29 

and anthropogenic aerosols, in early spring–summer layers. On the other hand, they also contained aerosols from 30 

local sources such as ocean biological activity and frost flowers in the NOW and local dust around the coast of 31 

northwestern Greenland during other seasons, unlike the inland of the Greenland Ice Sheet. Moreover, we noted 32 

that the snowpacks were able to trace the poleward heat and moisture transport event along Baffin Bay during 33 

winter.  34 

Arctic climate warming caused decreases in the sea ice thickness and concentration over the last few decades in 35 

the NOW and could influence clouds and precipitation following changes in sea ice and biological activities in the 36 

NOW. We found for the first time that the environmental changes in the NOW can be elucidated by the snowpack 37 

and ice core on the western side of the Prudhoe Land. We suggest that the chemical substances in the deeper ice 38 

core from this region could help explain the multidecadal variations in the sea ice, biological activities, and related 39 



 

2 

 

water and aerosol circulation around the NOW and could develop to understand the accurate future projections of 40 

environmental change in this region.  41 

===== 42 

 43 

Reviewer comment: 44 

On lines105-106: “The snow sampling intervals at St. 3 were 0.02 m from 0.00 to 0.20 m and 0.03 m from 0.20 to 45 

1.01 m, and the snow sampling intervals at St. 9 were 0.02 m from 0.00 to 0.20 m and 0.03 m from 0.30 to 1.08 46 

m.” Why was the sampling interval changed? 47 

 48 

Author reply: 49 

If we could sample the entire snowpack at short intervals, we would have been able to discuss the temporal 50 

variations in chemical components with short time intervals. However, we changed sampling interval partway 51 

through the snowpack, because we had limitation on the number of snow samples that could be transported by dog 52 

sledges. 53 

 54 

Reviewer comment: 55 

Lines 104, 108, 110. The authors told of precleaned materials and tools, but the cleaning procedure is not described. 56 

 57 

Author reply: 58 

We will add the cleaning procedure to the method section as follows. 59 

===== 60 

We removed the oil contamination on the precleaned materials and tools using ethanol, and performed then 61 

ultrasonic cleaning in ultrapure water.  62 

===== 63 

 64 

Reviewer comment: 65 

On line 107: Why was the ice core only sampled at one site? could be used for comparison at least with st3. 66 

 67 

Author reply: 68 

We prioritized sampling as much as possible at St. 9 because of the limitation on the number of snow samples that 69 

could be transported by dog sledges. 70 

 71 

Reviewer comment: 72 

Line 115: “methane sulfonate− (hereafter referred to as MSA)” already defined in the introduction 73 

 74 

Author reply: 75 

The definition of MSA will be moved to the Introduction. 76 

 77 

Reviewer comment: 78 
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Lines 116-118. Please add several details about the analytical methods or some references. In particular, the authors 79 

declared only the columns used for cations and anions without any specific important details such as dimensions. 80 

Other important details are flows, injection volumes, instruments used, suppressors, detectors. No specific details 81 

about the quantification methods are reported. I suppose that you used external calibration curves, but which are 82 

the linear ranges, and which are the RCM used for quantification. In summary, please improve the method and 83 

quality control section about the ionic analysis. 84 

 85 

Author reply: 86 

We will add details about the analytical method of the ion chromatography in the method section as follows.  87 

 88 

===== 89 

For the cations, separation was carried out with a Dionex CG-12 (4 × 50 mm) guard column, followed by a Dionex 90 

CS12-A (4 × 250 mm) separation column. Injection volume of samples was 500 μL. MSA (20 mM) was used as 91 

eluent, and flow-rate was kept 1.0 mL min-1. Dionex CDRS600 dynamically regenerated suppressor was used for 92 

conductivity suppression before conductivity cell. For the anions, separation was obtained with a Dionex AG-18 93 

(4 × 50 mm) guard column and Dionex AS-18 (4 × 250 mm) separation column. Injection volume of samples was 94 

1000 μL. KOH (23 mM) was used as eluent, and flow-rate was kept 1.0 mL min-1. Dionex ADRS 600 dynamically 95 

regenerated suppressor was used for conductivity suppression before conductivity cell. 5-point calibration curves 96 

were used for quantitative determination of each ion. The calibration curves were constructed using standard 97 

solution (Fujifilm Waco) adjusted to 20, 50, 100, and 200 ppb with ultra-pure water. If the ion concentration of 98 

samples were outside the calibration range (> 200 ppb), it was remeasured using 500, 1000, 2000~3000, and 6000 99 

ppb standard for the anions and 500, 1000, 2000, and 4000 ppb standard for the cations. Blanks were always 100 

evaluated before the calibration procedure. 101 

===== 102 

 103 

Reviewer comment: 104 

Lines 117-119: Has the ion chromatography method used been validated in previous works? If yes, indicate them, 105 

if not, insert a section on validation. 106 

 107 

Author reply: 108 

The ion chromatography method had been validated by the previous work (Kurosaki et al., 2020; Kurosaki et al., 109 

2022). We will add this description to the method section as follows. 110 

 111 

===== 112 

The ion chromatography method in this study had been evaluated by our previous study (Kurosaki et al., 2020; 113 

Kurosaki et al., 2022).  114 

===== 115 

 116 

Reviewer comment: 117 
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Lines 119-120: “The samples exhibiting large peak were measured multiple times, to confirm that any large peak 118 

in ion concentration was not caused by analytical errors.” What is meant? 119 

 120 

Author reply: 121 

The large peaks of Na+ and Cl- were outside the calibration range up to 200 ppb. These samples were remeasured 122 

using 500, 1000, 2000~3000, and 6000 ppb standard for the anions and 500, 1000, 2000, and 4000 ppb standard 123 

for the cations.  124 

 125 

We will add this text to the method section as follows. 126 

===== 127 

The 5-point calibration curves were constructed using standard solution (Fujifilm Waco) adjusted to 20, 50, 100, 128 

and 200 ppb with ultra-pure water. If the ion concentration of samples were outside the calibration range (> 200 129 

ppb), it was remeasured using 500, 1000, 2000~3000, and 6000 ppb standard for the anions and 500, 1000, 2000, 130 

and 4000 ppb standard for the cations. Blanks were always evaluated before the calibration procedure.  131 

===== 132 

 133 

Reviewer comment: 134 

Lines 156-165 Text is not clear 135 

 136 

Author reply: 137 

We have revised the text you kindly pointed out as follows.  138 

 139 

===== 140 

We determined the seasonality of the snowpack from 0.00 to 1.15 m as shown below. The date of snow layer from 141 

0.00–0.04 m was close to the observation date (April 2023). We determined that snowpack in 0.04–0.72 m 142 

corresponded to the autumn to winter period from 2022–2023 from the negative δ18O peak, positive d-excess peak 143 

and low MSA values (Fig. 2). The snowpack from 0.72 m–1.15 m corresponded to spring to summer in 2022 from 144 

existence of ice layer, high δ18O value and high MSA values (Fig. 2 and Fig. S2). Snowpack below 0.96 m 145 

corresponded to previous summer and before it because the amplitude of seasonal variation of δ18O and d-excess 146 

below 0.96 m were smaller than those in the shallower layers from 0.00–0.96 m because of summer melting (Fig. 147 

2a and b). The MSA concentration showed obvious seasonal variations, and the δ18O values exhibited slight 148 

seasonal variations below 0.96 m (Fig. 2a and c), although the values of the water stable isotopes were smoothed 149 

by summer melting and some chemical species showed high peaks in the ice layers owing to relocation processes 150 

by meltwater refrozen. 151 

===== 152 

 153 

Reviewer comment: 154 
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Section 3.2. Following stratigraphic analysis and evaluation of snowpack density, it may be more informative to 155 

express data in terms of fluxes rather than concentrations, so in the subsequent data analysis one could avoid 156 

distinguishing peaks attributed to atmospheric deposition from those of melting and refreezing 157 

 158 

Author reply: 159 

As you have pointed out, the deposition flux is sometimes more suitable when discussing the deposition amount of 160 

atmospheric aerosols for quantitatively. However, we cannot discuss the deposition flux because we did not collect 161 

the snow density with high resolution along the snow depth. Therefore, we qualitatively discussed the seasonal 162 

characteristics of ion species based on their concentration. 163 

 164 

Reviewer comment: 165 

Lines 188–190: Introducing all figures at the beginning of the section may lead to confusion. Since the discussion 166 

begins with Fig. 5, it would be more effective to present the figures sequentially, in alignment with the narrative. 167 

 168 

Author reply: 169 

In accordance with your comment, we will revise the order of figures. We will present the δ18O and each ion 170 

concentration within the relevant sub-sections of section 3.2, displaying the figures sequentially. 171 

 172 

Reviewer comment: 173 

Line 194: “We applied the concentration unit as μeq L−” Information that is already made explicit in the following 174 

graphs 175 

 176 

Author reply: 177 

This sentence notes that "μ eq L-1" was used as the unit of ion concentration in equation (1).  The editor requested 178 

that the concentration unit should state clearly for the equation (1). 179 

 180 

Reviewer comment: 181 

Line 201: “We suggest that the spatial variation in the δ18O results from water vapor transport from the southern 182 

coast to the northern inland area by southerly winds.” Might it be useful to indicate figure 9 by referring to the 183 

direction of the prevailing winds? 184 

 185 

Author reply: 186 

Thank you for your comment. We suggested that the south-to-north gradient of the δ18O results from water vapor 187 

from the southern coast to northern inland area by the southerly winds. We have performed the backward trajectory 188 

analysis and analyzed the probability map of air mass transportation to make this assumption more reliable (Fig. 1 189 

in this file). The 7-days backward trajectory of air mass arriving at St. 9 showed that the majority of air mass was 190 

transported from the south of St. 9, situated on northern Baffin Bay and eastern NOW. 191 

 192 

We will add the method of backward trajectory in section 2.3 as follows. 193 
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 194 

===== 195 

2.3 Backward trajectory 196 

To investigate the source region and transport pathway of water vapor and aerosols contained in ice core at the 197 

St. 9 site, we analysed air mass position along the backward trajectory from the St. 9 site during the past 7 days 198 

using the National Oceanographic and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian 199 

Integrated Trajectory (HYSPLIT) model (Stein et al., 2015) and National Centers for Environmental Prediction 200 

(NCEP) reanalysis data. The initial positions of air mass were set at 50, 500, 1000, 1500 m above ground level 201 

over the St. 9 site. The initial date and time were every 6 h from 2019 to 2023. We calculated the probability of 202 

the existence of an air mass with a 1° resolution. Considering the water vapor and aerosols supply from the ocean 203 

and land surface, we excluded air mass over 1000 m above ground level. The existence probability was weighted 204 

by the daily amount of precipitation when the air mass arrived at the St. 9 site. The daily amount of precipitation 205 

was extracted from the ERA5 reanalysis dataset (Hersbach et al., 2020). 206 

===== 207 

 208 

We will revise the early part of result and discussion of the δ18O (section 3.2.1) as follows. Figure 1 in this file 209 

will be added to the supplementary material. 210 

 211 

===== 212 

3.2.1 δ18O 213 

The spatial variations in δ18O in the surface snow showed maximum and minimum values at St. 3 (−19.12 ‰) 214 

and St. 9 (−37.21 ‰), respectively (Fig. S4a). The average δ18O value from 0.00 to 1.01 m at St. 3 was greater 215 

than that at St. 9 (St. 3: −22.03 ‰; St. 9: −29.12 ‰) (Table 1). The δ18O values in surface snow and the 216 

snowpack decreased from the seacoast toward the inland site. The past 7 days backward trajectory arriving at the 217 

St. 9 also exhibited that majority of air mass was transported from the south of the St. 9, situated on the northern 218 

Baffin Bay and eastern NOW (Fig. S5).  We suggest that the south-to-north gradient of δ18O results from water 219 

vapor, which originates from northern Baffin Bay and eastern NOW, transport from the southern coast to the 220 

northern inland area by southerly winds.  221 

===== 222 

 223 
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 224 

Figure 1 (in this file): Existence probability of an air mass occurring during the past during 7 days reaching 225 

the St. 9 in whole of year from 2019–2023. (a) and (b) display Arctic area (> 60°N) and around northwestern 226 

Greenland, respectively. Black circles show the position of the St. 9. 227 

 228 

 229 

Reviewer comment: 230 

Line 210. Please add “(figure 6)” to help readers or start the sentence introducing the Figure 6 and its meaning. 231 

 232 

Author reply: 233 

The explanation of related figure will be added at the beginning of the paragraph about the vertical profile of δ18O 234 

at St. 3 and St. 9 as follows. 235 

 236 

===== 237 
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Fig. 3 shows the vertical profile of δ18O in the snowpack at St. 3 and St. 9, and the difference in δ18O between St. 238 

9 and St. 3. The vertical profile of δ18O in the snowpacks at St. 9 was similar to that at St. 3. 239 

===== 240 

 241 

Reviewer comment: 242 

Figure 6: I suggest using the season and year instead of Roman numerals, as this would facilitate interpretation. 243 

This recommendation may also apply to the other figures. It is somewhat difficult to follow the discussion, as it 244 

requires frequently switching between different figures. 245 

 246 

Author reply: 247 

To improve the overall logical flow and readability in section 3.2, we will add individual sub-sections for δ18O and 248 

ion species. Figures of δ18O and each ion concentration will be presented separately within their respective sub-249 

sections. The seasonal divisions in each figure will be revised from Roman numerals to explicit labels indicating 250 

the season and year (ex. Fig. 2 in this file).  251 

 252 

 253 

Figure 2 (in this file): Vertical profile of NH4
+ at (a) St. 3 and (b) St. 9. Green lines denote mean NH4

+ across 254 

all observation depths. Orange and brown lines denote the mean NH4
+ plus and minus one standard deviation across 255 

all observation depths, respectively. The LOD of NH4
+ was < 0.0055 μeq L−1. 256 

 257 

 258 

Reviewer comment: 259 

Figure 6c, it is not clear why the authors used the difference between St3 and St.9, instead of a ratio. 260 

 261 

Author reply: 262 
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To discuss the seasonal variation of the surface air temperature difference between St. 3 and St. 9, we calculated 263 

the difference of δ18O values at the two stations.  264 

 265 

We propose that the difference between St. 3 and St. 9 can be discussed for the following reasons. 266 

The depths of the negative and positive peaks of δ18O at St. 9 agreed well with those at St. 3 (Fig. 3 in this file), 267 

and the vertical profile of δ18O between 0.00 and 1.01 m at St. 9 correlated significantly with that at St. 3 (r = 0.69, 268 

p < 0.01). The snowpack corresponding to autumn−winter from 2022−2023 at St. 3 and St. 9 at the same snow 269 

depth were most likely accumulated with precipitation attributed to the same snowfall events, and δ18O in the 270 

snowpack had not been changed by the post depositional processes, which is water molecule diffusion, wind 271 

blowing, and sublimation. Therefore, we propose that the vertical profile of δ18O between 0.00 and 1.01 m at St. 9 272 

can be reasonably compared with the profile at St. 3 based on their differences. 273 

We have already described the above discussion in our manuscript. 274 

 275 

 276 

Figure 3 (in this file): Vertical profile of δ18O. (a) and (b) show δ18O values at St. 3 and St.9, respectively. (c) 277 

shows difference between St.3 and St.9 in terms of δ18O. ⅰ–ⅵi denote seasons from 2019 to 2023. ⅰ, ⅲ, ⅴ, and ⅶ 278 

denote from autumn to winter period from 2022–2023, 2021–2022, 2020–2021, and 2019–2020, respectively. ⅱ, 279 

ⅳ, and ⅵ denote from spring to summer in 2022, 2021, and 2020, respectively. 280 

 281 

 282 

Reviewer comment: 283 

Line 217-218: “We suggest that the altitude gradient of the surface air temperature in winter was greater than that 284 

in summer in the western region of Prudhoe Land.” could this statement also be confirmed using atmospheric 285 

models for specific sites? 286 



 

10 

 

 287 

Author reply: 288 

We estimated the difference in surface air temperature between St. 9 and St. 3 using ERA5-Land reanalysis dataset 289 

(Fig. 4 and Fig. 5 in this file). The temperature difference between St. 9 and St. 3 was greatest in summer. The 290 

mean temperature differences in autumn and winter were more negative than that in summer. This result supports 291 

our suggestion, based on water stable isotope, that the altitude gradient of surface air temperature in the western 292 

side of Prudhoe Land was steeper in winter than in summer. 293 

 294 

We will add this description in section 3.2.1 as follows. Figure 4 and 5 in this file will be added to the supplementary 295 

material. 296 

 ===== 297 

We estimated the difference in surface air temperature between St. 9 and St. 3 using ERA5-Land reanalysis dataset 298 

(Fig. S5 and Fig. S6). The temperature difference between St. 9 and St. 3 was greatest in summer. The mean 299 

temperature differences in autumn and winter were more negative than that in summer. This result supports our 300 

suggestion, based on water stable isotope, that the altitude gradient of surface air temperature in the western side 301 

of Prudhoe Land was steeper in winter than in summer. 302 

===== 303 

 304 

We will add the explanation of ERA5-Land in the method section as follows. 305 

===== 306 

Additionally, we used 2 m air temperature in the western side of the Prudhoe Land from ERA5-Land reanalysis 307 

dataset supplied by the ECMWF (Muñoz-Sabater et al., 2021) 308 

===== 309 

 310 
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 311 

Figure 4 (in this file): Diurnal variations in (a) 2 m air temperature at St. 3 and St. 9, and (b) 2 m air 312 

temperature difference between St. 9 and St. 3. 313 

 314 
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 315 

Figure 5 (in this file): Seasonal variations in the difference of 2 m air temperature between St. 9 and St. 3. 316 

 317 

Reviewer comment: 318 

Lines 306-309: there are many repetitions of “the concentration of MSA”. Same in the conclusions with “The 319 

snowpack on the western side of Prudhoe Land”. 320 

 321 

Author reply: 322 

Thank you for your kind comment. We will revise the text that you have pointed out as follows. 323 

===== 324 

3.2.7 MSA 325 

MSA is an oxidation product of DMS, which originates from ocean phytoplankton (Charlson et al., 1987; Jaffrezo 326 

et al., 1994). The concentration of MSA in surface snow reached a maximum value at St. 6 (Fig. S4j). At St. 3, an 327 

exceptionally high MSA was observed at a depth of 1.01 m, corresponding to the summer of 2022 (Fig. 9a). The 328 

snowpack at St. 9 exhibited multiple distinct MSA peaks at depths of 0.83, 1.07, 2.68, 2.91, and 3.57 m (Fig. 9b). 329 

 330 

4 Conclusion 331 

We conducted glaciological observations from 9−11 April 2023 on the western side of Prudhoe Land in 332 

northwestern Greenland facing the NOW to elucidate the source conditions and transportation processes of water 333 

vapor and aerosols in this region. The dating of the snowpack at St. 9, which is located at the inland of the western 334 

side of Prudhoe Land, revealed that the layer at a depth of 4.20 m corresponded to 3.5 years. The average annual 335 

accumulation at St. 9 was 0.49 m w.eq. yr−1. 336 

The snowpacks on the western side of Prudhoe Land contained aerosols from distant sources, such as remote dust 337 

and anthropogenic aerosols, in early spring–summer layers. On the other hand, they also contained aerosols from 338 

local sources such as ocean biological activity and frost flowers in the NOW and local dust around the coast of 339 

northwestern Greenland during other seasons, unlike the inland of the Greenland Ice Sheet. Moreover, we noted 340 
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that the snowpacks were able to trace the poleward heat and moisture transport event along Baffin Bay during 341 

winter.  342 

Arctic climate warming caused decreases in the sea ice thickness and concentration over the last few decades in 343 

the NOW and could influence clouds and precipitation following changes in sea ice and biological activities in the 344 

NOW. We found for the first time that the environmental changes in the NOW can be elucidated by the snowpack 345 

and ice core on the western side of the Prudhoe Land. We suggest that the chemical substances in the deeper ice 346 

core from this region could help explain the multidecadal variations in the sea ice, biological activities, and related 347 

water and aerosol circulation around the NOW and could develop to understand the accurate future projections of 348 

environmental change in this region.  349 

===== 350 

 351 

Reviewer comment: 352 

General comment on the conclusions: from figure 1 sampling sites 1 to 5 (or 6) are in a valley. has this aspect been 353 

taken into consideration? could it have an impact on the final considerations? 354 

 355 

Author reply: 356 

I appreciate your valuable comment.  357 

Because the topography in the western side of Prudhoe Land is smooth (Fig. 1 in this file) and the glacier is broad 358 

and relatively low gradient, we think that the enhancement of vertical convection and downslope wind caused by 359 

the valley topography are insignificant on the large-scale water vapor and aerosol circulation around the western 360 

side of the Prudhoe Land. 361 

 362 

Other comments: 363 

Reviewer comment: 364 

In figure 1b it might be useful to include a dimensional scale to give an idea of the distances. 365 

Similarly, in figure 2, in addition to the distance expressed in latitude, could a conversion to km be useful? 366 

 367 

Author reply: 368 

Thank you for your ideas. We have added the scale of distance and north arrow (Fig. 6 in this file), and the distance 369 

from St. 1 to each sampling station (Fig. 7 in this file).  370 

 371 

 372 
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 373 

Figure 6 (in this file): Maps of the sampling sites. (a) shows location of the snowpit and ice core sampling sites 374 

in this study (St. 9) and previous studies (SIGMA-A, SIGMA-D, and NEEM) in the northwestern Greenland Ice 375 

Sheet. The dashed polygon in (a) denotes the approximate location of the NOW. Hayes peninsula in the 376 

northwestern Greenland is located between Kane Basin in the north and Melville Bay in the south. (b) shows 377 

Landsat-8 image around St. 9 and SIGMA-A of Prudhoe Land, which is located on the northern part of Hayes 378 

peninsula, on 13 April 2023. The black circles in (b) denote the sampling sites from St. 1 to St. 9, and the black 379 

line denotes dog sledge route. The gray contours in (b) are drawn from the Greenland Mapping Project 2 (GIMP-380 

2) Digital Elevation Model version 2. 381 

 382 
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 383 

Figure. 7 (in this file): Elevation above sea level of each station. Gray values denote the distance from St. 1 to each 384 

station. 385 

 386 

Reviewer comment: 387 

In figure 5, in addition to changing colours between total and nss values, it would also be useful to change the 388 

symbols 389 

 390 

Author reply: 391 

Symbols will be removed from the figure corresponding to the vertical profile of δ18O and ion species because we 392 

will plot the step-width graph. The example of figure corresponding to the vertical profile of δ18O and ion species 393 

was shown in Fig. 2 and Fig. 3 in this file. 394 

 395 

 396 
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