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14  Abstract. We conducted a replicated 9 h field experiment on Artesonraju Glacier, Peru,
15  to quantify snow mass loss under surface loadings (0—1052.3 mg m™) of biomass-
16  burning-derived carbonaceous particles. Common background snow minimized mineral-
17  dust confounding and isolated the incremental effect of added combustion-derived
18  particles. Total snow mass loss increased almost linearly with loading (R = 0.997), with
19  asensitivity of 0.0089 mm w.e. per mg m 2. Drainage-related mass loss increased by 1.2
20 +£09%at10.5mgm=2and 14.7 + 6.0 % at 1052.3 mg m2. These results show that fire-
21 derived particles can measurably enhance tropical Andean glacier snow loss.

22
23 1. Introduction
24 Light-absorbing carbonaceous particles deposited on snow reduce surface albedo

25 and increase the absorption of solar radiation, providing a well-established physical
26  mechanism for enhanced snowmelt (Warren and Wiscombe, 1980; Conway et al., 1996).
27 However, while observations of naturally contaminated snow and corresponding
28 radiative-transfer modeling of snow albedo changes have been extensively investigated
29 (Gilardoni et al., 2022), controlled experiments directly quantifying the snowmelt
30 response to added carbonaceous particles remain comparatively scarce (e.g. Conway et
31 al, 1996; Brandt et al., 2011; Svensson et al., 2016; Svensson et al., 2024).

32 The limited experimental literature has addressed different components of the
33 relationship between carbonaceous particles and snowpack response (Table S1). Conway
34  etal. (1996) conducted one of the earliest field manipulations on glacier snow by applying
35  soot and volcanic ash to Blue Glacier, USA, showing that residual soot reduced albedo
36 by approximately 30 % and increased melting by approximately 50 %. Brandt et al. (2011)

37  subsequently produced artificial snowpacks with and without soot to experimentally test
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38  the relationship between black carbon (BC) concentration and albedo reduction. Both
39 studies deliberately used concentrations substantially above natural background levels to
40  generate a detectable optical and melt response. Furthermore, field experiments on natural
41  seasonal snow in Finland (the SoS experiments) demonstrated changes in albedo, snow
42 density, particle retention, and snow metamorphism following artificial soot deposition
43  (Meinander et al., 2014; Peltoniemi et al., 2015; Svensson et al., 2016). Additionally, the
44 So0S-2011 experiment showed that soot-contaminated snow melted faster than nearby
45  reference snow (Svensson et al., 2016), whereas subsequent SoS experiments examined
46  different particle loadings and their influence on snow properties and snow-cover duration
47  (Svensson et al., 2024). Beres et al. (2020) further deposited carbonaceous aerosols
48  generated from smoldering peat onto natural snow in the Sierra Nevada, USA,
49  quantifying changes in spectral albedo and radiative forcing. This provided an
50  experimental analogue for biomass-burning aerosol deposition, albeit without directly
51  measuring subsequent snow mass loss.

52 Despite substantial advances in observations and modeling, direct quantification
53  of the melting effect produced by light-absorbing particles after deposition onto snow
54  remains limited and warrants further experimental investigation (Gilardoni et al., 2022;
55  Svensson et al., 2024). Thus, although experimental evidence demonstrates both optical
56  responses and enhanced ablation, replicated field experiments directly resolving a dose-
57  response relationship between increased carbonaceous particle loading and snow mass
58  loss remain notably limited.

59 This experimental gap is particularly relevant in the tropical Andes, where biomass
60  burning represents an important source of carbonaceous particles deposited on glaciers
61 (Magalhdes et al., 2019; Gilardoni et al., 2022; Bonilla et al., 2023). Magalhaes et al.
62 (2019) demonstrated atmospheric transport of Amazonian biomass-burning aerosols to
63  the central Andes and estimated that biomass-burning BC could increase the absorbed
64  energy and annual melt of tropical Andean glaciers through the BC-albedo effect. Their
65  simulations for Zongo Glacier indicated an approximately 3.3 + 0.8 % increase in annual
66  melting attributable to biomass-burning BC under low-dust conditions. More recently,
67 Bonilla et al. (2023), combining GEOS-Chem simulations with observations from
68 Peruvian and Bolivian glaciers, estimated that smoke from fires accounts for
69  approximately 20—70 % of total wet and dry BC deposition, depending on the glacier site,
70  with a corresponding positive radiative forcing over Andean snow. Despite this strong

71  atmospheric connection between South American biomass burning and the Andean
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72  cryosphere, the resulting glacier response has been investigated predominantly through
73 albedo change and radiative modeling (Magalhdes et al., 2019; Bonilla et al., 2023),
74 alongside water drainage observations and melt modeling (Magalhaes et al., 2019), rather
75  than through replicated, controlled physical manipulations directly measuring snow mass
76 loss.

77 Here, we revisit a field experiment conducted on Artesonraju Glacier in the
78  Cordillera Blanca, Peru, designed to quantify the short-term sensitivity of glacier snow to
79  increasing surface loadings of biomass-burning-derived carbonaceous particles. The
80  experimental material was produced through the combustion of wood and grass and was
81  subsequently characterized as predominantly carbonaceous, with irregular particle
82  morphology. Snow was exposed for 9 h under natural glacier conditions to five increasing
83  particle loadings (0.1, 0.5, 1, 5, and 10 mg) and an unamended control, using perforated
84  and unperforated containers with three independent replicates of each treatment in each
85  container type. Snow mass was measured repeatedly throughout the experiment. We test
86  whether increasing carbonaceous-particle loading produces a measurable dose-dependent
87  enhancement of snow mass loss under field conditions. To our knowledge, this represents
88  the first replicated controlled dose-response field experiment directly quantifying short-
89  term gravimetric snow mass loss across increasing loadings of biomass-burning-derived

90 carbonaceous particles on a tropical Andean glacier.

91

92 2. Materials and methods

93 2.1 Field experiment

94 The field experiment was conducted on Artesonraju Glacier, Cordillera Blanca,

95  Peru, at ~4950.0 m a.s.l. on 1 June 2017 between 09:00 and 18:00 local time (Fig. 1a and
96 b). Experimental units consisted of snow exposed under natural glacier conditions in
97  transparent plastic containers with an internal diameter of 11 cm, corresponding to an
98  exposed surface area of 0.009503 m?. Six particle treatments were applied: 0 (control),
99 0.1,0.5, 1, 5, and 10 mg per experimental unit, equivalent to surface loadings of 0, 10.5,
100 52.6, 105.2, 526.1, and 1052.3 mg m™2, respectively (Table S2). Each treatment was
101 replicated three times in both perforated and unperforated containers, resulting in 36
102  experimental units (Fig. 1¢ and d).
103 Perforated containers allowed meltwater to drain from the experimental units;
104 therefore, their mass change was interpreted as total mass loss, integrating meltwater

105 drainage and atmospheric mass losses. In unperforated containers, meltwater was
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106  retained, so the measured mass change represented atmospheric mass loss, including
107  sublimation and potentially evaporation. The difference between perforated and
108  unperforated containers was consequently interpreted as drainage-related mass loss and
109  used as a proxy for meltwater drainage. Experimental units were weighed at 09:00, 12:00,

110  15:00, and 18:00 local time, providing a 9 h daytime record of snow mass loss.
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112 Figure 1. Study site and experimental design on Artesonraju Glacier, Cordillera Blanca,
113  Peru. (a) Location of the Cordillera Blanca and Artesonraju Glacier in Peru (Map data © 2025
114 Google Earth). (b) View of Artesonraju Glacier and the surrounding valley. (c) Field photographs
115  showing installation of the experimental units and weighing procedures on the glacier surface. (d)
116  Schematic representation of the experimental design, including perforated and unperforated
117  containers, three replicates per treatment, and the applied particle masses and corresponding
118  surface loadings.

119 To place the experimental loadings in an environmental context, they were
120  compared with modeled fire-derived BC deposition over tropical Andean glacier regions
121 using the GEOS-Chem simulations of Bonilla et al. (2023) (Fig. S1a-d). For August—
122 October 2017, modeled fire-derived BC deposition was approximately 6.2 mg m™2 over
123  the Cordillera Blanca and 21.6 mg m2 over the Cordillera Real, Bolivia. Thus, the lowest
124  experimental loading (10.5 mg m2) was of the same order of magnitude as modeled fire-
125  derived BC deposition in Andean glacier environments, whereas the higher treatments
126 were used to characterize the dose-response relationship under progressively stronger
127  surface-particle loadings. Field observations further illustrate that pronounced glacier-

128  surface darkening can occur in the Cordillera Blanca during and near the end of the

4



https://doi.org/10.5194/egusphere-2026-5220
Preprint. Discussion started: 27 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

129  regional fire season. Photographs from Artesonraju Glacier on 3 September 2025 and
130 nearby Yanapaccha Glacier on 5 November 2017 show strongly darkened glacier surfaces
131  under natural conditions (Fig. S2). Because the exact BC fraction of the experimentally
132 generated material was not determined, this comparison is intended to provide an
133  environmental order-of-magnitude context rather than imply direct compositional
134  equivalence.

135 The applied material consisted of finely ground biomass-burning char produced
136 by combustion of a mixture of wood and grass in a container covered with aluminum foil.
137  The resulting material was collected, macerated, and sieved through a cascade sieve
138  system to retain the finer particle fraction prior to application to the snow surface. Particle
139 morphology and elemental composition were characterized by scanning electron
140  microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS), whereas
141  particle-size distribution was determined by laser diffraction using a CILAS 1064
142  particle-size analyzer. The material was predominantly carbonaceous, had a visibly black,
143  char-like appearance, exhibited irregular particle morphology, and showed a broad size
144  distribution with modal sizes of approximately 17.5 and 31 pm (Fig. S3). In addition to
145  the dominant C signal, EDS detected minor amounts of O, K, Fe, Mg, Ca, Na, Cl, and
146 Mo, consistent with the presence of inorganic constituents commonly associated with
147  biomass. Samples were gold-coated prior to SEM analysis; consequently, the Au signal
148  detected by EDS originated from sample preparation. Because aluminum foil was used
149  during particle production, part of the Al signal detected by EDS may also reflect

150  contamination introduced during this procedure.

151
152 2.2 Meteorological data and regression analysis
153 Meteorological conditions during the experiment were characterized using

154  measurements from an automatic weather station located in the Artesonraju Glacier. Air
155  temperature, relative humidity, wind speed, and precipitation were recorded at 30 min
156 intervals. During the experimental period (09:00-18:00 local time), air temperature
157  ranged from 1.97 to 7.62 °C, relative humidity from 56.1 to 80.2 %, and wind speed from
158  0.51t0 6.96 m s™'. The experiment was conducted on visually clean glacier snow shortly
159  after a recent precipitation period (~6.2 mm between 25 and 30 May 2017), consistent
160  with relatively recent snow deposition. No precipitation was recorded during the

161  experiment or at any time on 1 June 2017.
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162 Snow mass was measured at 09:00, 12:00, 15:00, and 18:00 local time. Mass
163  changes were converted to water-equivalent units by normalizing to the exposed surface
164  area of each experimental unit (0.009503 m?), using the equivalence 1 kg m™? = 1 mm
165  w.e. Final total snow mass loss after 9 h was evaluated as a function of particle surface
166  loading. A linear regression was used to quantify the dose-response relationship between
167  particle loading and final total snow mass loss. The regression slope was interpreted as
168  the daytime-integrated sensitivity of snow mass loss to particle surface loading over the

169 9 h experimental period, rather than as a climatological ablation rate.

170
171 3. Results
172 Figure 2a illustrates the condition of the snow at the beginning and end of the

173  experiment for the three unperforated replicates receiving the highest particle surface
174  loading (1052 mg m2). Photographs documenting the initial and final conditions of all
175  experimental units across the full particle-loading range are provided in Figs. S4 and S5,
176  respectively. During the 9 h experiment, sky conditions varied between partly cloudy (~4
177  h) and predominantly sunny (~5 h). Meteorological conditions changed markedly through
178  the day (Fig. 2b): air temperature increased from approximately 2 °C in the early morning
179  to a maximum of 7.6 °C in the early afternoon, while wind speed was highest during the
180  first hours and generally decreased thereafter.

181 These changes were accompanied by distinct temporal patterns in the measured
182  mass-loss components (Fig. 2c). During the first hours, when air temperature was
183  relatively low and wind speed was comparatively high, drainage-related mass loss
184  remained limited, whereas atmospheric mass loss increased. As air temperature rose later
185 in the day, and wind speed decreased, atmospheric mass loss reduced, while drainage-
186  related mass loss increased progressively and became the dominant component of total
187 snow mass loss. Snow mass loss increased throughout the 9 h experiment in all
188  treatments, with the largest cumulative losses occurring under the highest particle
189  loadings (Fig. 2¢).

190

191
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193  Figure 2. Temporal evolution of snow mass loss during the 9 h field experiment on
194  Artesonraju Glacier. (a) Experimental units at the beginning (09:00) and end (18:00) of the
195  experiment for the highest particle surface loading (1052 mg m™2), showing the three independent
196  replicates. (b) Meteorological conditions during the experiment, including air temperature,
197  relative humidity, and wind speed measured between 09:00 and 18:00 local time on 1 June 2017.
198  (c) Evolution of snow mass loss as a function of particle surface loading and time for total mass
199  loss, drainage-related mass loss, and atmospheric mass loss. Total mass loss was measured in
200  perforated containers, atmospheric mass loss in unperforated containers, and drainage-related
201  mass loss was calculated as the difference between the two experimental configurations. Snow
202  mass loss is expressed in millimeters of water equivalent (mm w.e.).

203

204 Final total snow mass loss showed a clear dose-dependent increase with particle
205  surface loading (Fig. 3a). After 9 h, mean total mass loss increased from approximately
206  6.90 mm w.e. in the untreated control to 16.5 mm w.e. at the highest loading (1052.3 mg
207 m?). The relationship was strongly linear across the experimental range
208  (y=7.01+0.0089x, R2=0.997). The regression slope indicates an increase of
209  approximately 0.0089 mm w.e. in final snow mass loss for each additional 1 mg m™ of
210  particle loading over the 9 h experimental period, equivalent to approximately 0.89 mm
211 w.e. per 100 mg m™>.

212 The relative enhancement of mass loss also differed between the two experimental
213  components (Fig. 3b). Drainage-related mass loss increased progressively with particle
214  loading, reaching 14.7+6.0 % above the control at 1052.3 mg m™>. The corresponding
215  enhancements were 1.2+0.9, 1.6+0.4, 3.3+2.4, and 6.3+2.0 % at 10.5, 52.6, 105.2, and

7
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216  526.1 mg m?, respectively. Atmospheric mass loss showed a smaller response, with
217  enhancements of 0.2+0.7, 0.4+0.1, 2.4+1.4, 3.7£1.0, and 4.2+1.7 % across the same
218 increasing loadings. Thus, the largest particle-induced increase in snow mass loss was
219  associated with the drainage-related component. A summary of the final experimental

220 results across all particle-loading levels is provided in Table S3.
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223  Figure 3. Dose-response of snow mass loss to increasing surface loadings of biomass-
224 burning-derived carbonaceous particles. (a) Final total snow mass loss after the 9 h experiment
225  as afunction of particle surface loading. Points represent mean values for the three experimental
226  replicates and error bars indicate standard deviation. A linear regression was fitted to the mean
227  final total snow mass loss across the six particle-loading levels, and a 95 % confidence interval
228  was calculated for the fitted relationship. The blue line represents the linear regression
229  (y=7.01+0.0089x, R2=0.997), and the shaded area denotes the 95 % confidence interval. (b)
230  Enhancement of drainage-related and atmospheric mass loss relative to the untreated control as a
231 function of particle surface loading. Symbols represent mean percentage enhancement and error
232  Dbars indicate standard deviation.

233
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234 4. Discussion

235 Increasing surface loadings of biomass-burning-derived carbonaceous particles
236  produced a clear, near-linear dose-dependent increase in short-term snow mass loss on
237  Artesonraju Glacier. The regression slope of 0.0089 mm w.e. per mg m2 represents the
238  daytime-integrated sensitivity of snow mass loss to particle loading over the 9 h
239  experiment and should not be interpreted as a climatological ablation rate or a transferable
240 glacier-wide melt factor. The predominance of the drainage-related response indicates
241  that the strongest particle-induced enhancement was associated with increased liquid-
242  water drainage, whereas atmospheric mass loss showed a substantially smaller response.
243 Previous field and laboratory experiments have established that soot and other
244  light-absorbing particles reduce snow albedo and can accelerate melt (Conway et al.,
245  1996; Brandt et al., 2011; Svensson et al., 2016, 2024; Beres et al., 2020). Recently,
246  observations from High Mountain Asia demonstrate that BC deposited in glacier snow
247  can translate into substantial meltwater production (Gonzalez-Santacruz et al., 2025) and
248  contribute measurably to reduce solid water storage at regional scales (Yang et al., 2025).
249 Among light-absorbing impurities, mineral dust can also substantially reduce
250 snow albedo, complicating the attribution of observed albedo and melt responses to
251  carbonaceous particles in natural Andean glacier environments. Field observations in the
252  Chilean Andes have shown that dust can account for a substantial fraction of light
253  absorption in snow (Rowe et al., 2019), while controlled experiments with Andean
254  mineral dust demonstrated concentration-dependent reductions in snow albedo (Pacheco-
255  Ferrada et al., 2024). Dust-driven albedo changes have also been quantified at Nevado
256  Huascaran in the Cordillera Blanca (Weber et al., 2026), while recent glacier-scale
257  simulations in the European Alps showed that mineral dust can substantially affect
258  summer surface mass balance, with interactions between dust and BC further influencing
259  the modeled response (Roussel et al., 2025). In the present experiment, treated and control
260  units shared the same background snow and environmental conditions, while only the
261 amount of added biomass-burning-derived carbonaceous material was systematically
262  varied. This design therefore minimizes confounding by differences in background
263  mineral-dust loading among treatments, allowing the incremental response to the added
264  combustion-derived particles to be evaluated experimentally.

265 Accordingly, the present experiment provides direct evidence that the addition of
266  biomass-burning-derived carbonaceous particles can enhance snow mass loss while

267  minimizing confounding from between-treatment differences in background mineral-dust

9
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268  loading. Importantly, the lower end of the experimental loading range is comparable in
269  order of magnitude to modeled fire-derived BC deposition over Andean glaciers (Bonilla
270 et al, 2023). At 10.5 mg m™2, drainage-related and atmospheric mass loss increased by
271 1.2+0.9 % and 0.2 + 0.7 %, respectively. Although the timescales and response metrics
272  are not directly comparable, these short-term responses are broadly consistent in
273  magnitude with the 3.3 + 0.8 % increase in annual melt attributed to biomass-burning BC
274  under low-dust conditions at Zongo Glacier, Bolivia (Magalhdes et al., 2019), supporting
275  the environmental plausibility of the lower end of the experimental range.
276 The higher experimental loadings primarily served to characterize the response
277 under progressively stronger surface contamination. Such conditions may also
278  approximate episodes of post-depositional surface enrichment, as particles can become
279  concentrated at the snow surface during snow metamorphism, melt-freeze cycling, and
280  sublimation. Bonilla et al. (2023) similarly discussed post-depositional processes that can
281  enhance particle concentrations at Andean glacier surfaces. Field observations from
282  Artesonraju and nearby Yanapaccha glaciers further illustrate that strongly darkened
283  glacier surfaces can occur under natural conditions during and near the end of the regional
284  fire season (Fig. S2).
285 The experiment represents a 9 h daytime exposure and therefore captures the
286  particle response under the meteorological conditions encountered during that period
287  rather than the full range of conditions experienced by the glacier. The use of biomass-
288  burning-derived carbonaceous particles provides an environmentally relevant
289  representation of combustion-derived material from vegetation fires that may be
290 deposited on glacier surfaces. The container configuration was held constant within
291 treatment-control comparisons, allowing relative particle-induced effects to be evaluated
292  under the same experimental setup. The experiment was designed to quantify snow mass
293  loss directly rather than radiative forcing, and the observed sensitivity should therefore
294  not be extrapolated directly to other meteorological conditions or to daily, seasonal, or
295 glacier-wide mass loss. Further field experiments conducted under a broader range of
296 meteorological and surface conditions are needed to constrain the magnitude and
297  variability of the effect of biomass-burning-derived carbonaceous particles on tropical
298  Andean glacier snow loss.
299
300
301

10
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302 5. Conclusion

303 This field experiment on Artesonraju Glacier demonstrates a clear dose-dependent
304 increase in short-term snow mass loss with increasing surface loadings of biomass-
305  burning-derived carbonaceous particles. At the lower end of the experimental range,
306  drainage-related mass loss increased by 1.2 + 0.9 % relative to the control at 10.5 mg m™
307 and by 1.6 = 0.4 % at 52.6 mg m2, with the response increasing progressively across the
308  experimental range to 14.7 £ 6.0 % at the highest loading (1052.3 mg m™2). These results
309 provide direct experimental evidence that biomass-burning-derived particles can enhance
310  snow mass loss under natural tropical Andean glacier conditions and establish a basis for
311 more targeted experiments across different Andean glaciers, seasons, and meteorological
312  and radiative conditions, thereby helping to reduce uncertainties in their contribution to
313  glacier mass loss.

314
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