
Supplementary Information 1 

S1 Weather station networks 2 

We used air data from ten automatic weather stations (AWSs) in the Khumbu and Langtang regions of Nepal to 3 

characterise the 4 October 2025 event (Fig. S1 and Table S1). Importantly, we highlight that the precipitation 4 

measurements at EBC—the focus of our assessment—were made with a high-quality, weighing (OTT Pluvio2) 5 

gauge, protected by a double Alter shield (Matthews et al., 2020), and are therefore considered to be very reliable. 6 

Although precipitation measurements are available from Pyramid, we do not use them here because close 7 

inspection indicates that they were unreliable during the 4 October 2025 event, most likely owing to capping of 8 

the gauge by the exceptional snowfall. Two observations support this interpretation. First, the gauge recorded only 9 

24.3 mm l.e. on 4 October, substantially less than expected for the event, consistent with snow being prevented 10 

from entering the bucket. Second, an unphysical accumulation of 36 mm l.e. was recorded in just 30 minutes on 11 

the morning of 5 October. The latter is consistent with displacement of the snow cap, plausibly triggered by the 12 

rapid rise in air temperature at that time (Fig. 1 in main text). 13 

 14 

S2 Physical controls on temperature evolution  15 

In the main text, we discuss controls on the development of an isothermal near 0 °C layer formed by the melting 16 

of precipitating frozen hydrometeors. Here, we provide further context. We begin by noting that the Eulerian 17 

pressure-coordinate enthalpy budget for an atmospheric layer bounded by pressure surfaces 𝑝𝑏and 𝑝𝑡can be 18 

written approximately as:  19 
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where 𝐮 is the horizontal wind vector, ∇𝒑 is the horizontal gradient on a constant-pressure surface, 𝜔 is the vertical 21 

velocity in pressure coordinates, 𝜃 is potential temperature, 𝑐𝑝 is the specific heat capacity at constant pressure, 22 

and 𝑑̇ is the diabatic heating rate per unit mass. The first and second terms therefore represent horizontal 23 

temperature advection and vertical motion tendency, respectively; the third term represents diabatic heating or 24 

cooling. In a saturated air parcel, the major controls on 𝑑̇ can be approximated by: 25 

𝑑̇ = 𝐿𝑣𝐶 − 𝐿𝑓𝑀   (S2) 26 

where 𝐶 and 𝑀 are, respectively, the condensation and melting rates per unit mass of air; and 𝐿𝑣 and 𝐿𝑓 are, 27 

respectively, the enthalpies of vaporisation and fusion. The first term on the right-hand-side of Eq. (S2) is therefore 28 

the condensational heating, and the second term represents cooling from melting hydrometeors, which depends 29 

on the precipitation rate (𝑃). This rate is, in turn, related to the net condensation occurring throughout the depth 30 

of the atmosphere above 𝑝𝑡, which (all else equal) scales with the vertical velocity (𝜔 ) and the gradient in the 31 

saturation specific humidity (𝑞𝑠):  32 
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where, 𝑝𝑢 is the pressure at the upper boundary of the atmospheric column. Note that whilst Eq. (S3) is a simple 34 

scaling relation, its form helps illuminate the first-order controls on 𝑃. First, 𝜔 in mountainous terrain depends 35 



strongly on the horizontal wind vector (𝐮) and the terrain slope vector (∇z𝑠), so Eq. (S3) can be approximated as 36 

Roe (2005): 37 
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The integrated latent heating associated with condensation throughout the atmospheric column will typically far 39 

exceed cooling associated with melting because the latent heat of vaporization (𝐿𝑣) is almost an order of magnitude 40 

larger than the latent heat of fusion (𝐿𝑓). However, condensation and melting occur in different parts of the 41 

atmosphere. Whereas condensational heating is distributed over a deep atmospheric layer, cooling from melting 42 

is concentrated locally where frozen hydrometeors encounter regions of positive 𝑇, allowing local melt-induced 43 

cooling to exceed local condensational warming (Kain et al., 2000).  44 

Equations (S1)–(S4) show how melting can create and maintain a 0 °C isothermal layer. Snow falling through air 45 

at temperatures above 0 °C begins to melt, producing a cooling tendency whose magnitude depends on the 46 

precipitation intensity (equations (S2)–(S4)). Where this diabatic cooling outweighs the combined warming 47 

tendencies in Eq. (S1), the net temperature tendency is negative and the air cools towards 0 °C. Once 0 °C is 48 

reached, a quasi-steady isothermal layer can develop where melting-induced cooling approximately balances the 49 

other temperature tendencies, with continued heat input consumed by further melting rather than appreciably 50 

warming the air. The layer may then propagate downward into warmer air for as long as the supply of falling snow 51 

and the associated latent-heat sink are sufficient to cool newly encountered air to 0 °C. 52 

The pressure thickness of air (Δ𝑝) that can be cooled to 0 °C depends on the balance between the melt-induced 53 

energy sink and the sensible heat that must be removed from the layer. If a mass of precipitation (Δ𝑃) melts within 54 

a layer whose mass-weighted temperature excess above 0 °C is 𝑇̅, then: 55 
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and, therefore:  57 
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Equations (S5) and (S6) neglect the other advective and diabatic terms in Eq. (S1); they therefore provide an upper 59 

estimate of Δ𝑝 if the omitted terms are assumed to cause net warming. Applying Eq. (6) here illustrates that the 60 

precipitation intensity was more than sufficient to produce the observed 0 °C isothermal layer. The mass-weighted 61 

mean temperature excess above 0 °C (𝑇̅) for the reference temperature profile (red line in Fig. S5) between 565 62 

and 609 hPa—the mean barometric pressures at the top and bottom of the isothermal layer, respectively—was 2.6 63 

°C. Using, for illustration, the 4.9 mm of precipitation that accumulated between 04:00 and 05:00 on 4 October 64 

2025 (corresponding to the hour during which the largest drop in the 0 °C isotherm occurred: Fig. 1 in the main 65 

paper), Eq. (S6) indicates that this precipitation would have produced an isothermal layer with a thickness (Δ𝑝) 66 

of ~62 hPa, exceeding the observed thickness of 44 hPa. 67 



Taken together, the ingredients for deep isothermal layers (large ∆𝑝) are now clear. Favourable conditions include 68 

high precipitation rates (equations (S5) and (S6)), encouraged by strong winds aloft impinging on steep terrain 69 

(Eq. (S4)), together with weak compensating advective and condensational heating terms within the region of 70 

layer formation (Eq. (S1)). The deep Khumbu Valley, flanked by very steep mountain sides, appears to possess 71 

several characteristics conducive to large ∆𝑝 that can reach the surface at glacierised elevations. It is an 72 

environment of strong vertical wind shear (Matthews et al., 2020) that can support intense precipitation through 73 

high winds aloft and orographic ascent, whilst near-surface advective tendencies may remain relatively weak 74 

within the sheltered valleys, where flow can become partially decoupled from the atmosphere aloft (Schauwecker 75 

et al., 2022). Such decoupling may be further enhanced if diabatic cooling from melting hydrometeors increases 76 

static stability, thereby suppressing vertical mixing with air aloft. Near-surface temperatures within these steep, 77 

glacierised valleys at the onset of extreme precipitation events are also typically close to the melting point (Kain 78 

et al., 2000; Perry et al., 2020) and, therefore, to the temperatures at which potential snowfall intensities are 79 

maximised (O’Gorman, 2014). Additionally, extreme precipitation occurring upwind can reduce downstream 80 

warm advection because arriving air masses have already undergone substantial diabatic cooling. The extreme 81 

precipitation observed at Langtang, west of the Khumbu Valley, is consistent with this mechanism. Temperature 82 

observations also offer support, with cooler conditions at comparable elevations in the Khumbu region (Fig. 1 83 

main text and Fig. S3), suggesting cumulative diabatic cooling from melting hydrometeors as the storm progressed 84 

downwind (Marwitz, 1987). 85 

In the main paper, we illustrate the potential impact of background warming on the evolution of the 0 °C isothermal 86 

layer if ∆𝑝 remains unchanged. This warming experiment should therefore be interpreted as a conditional 87 

geometric sensitivity, not a full assessment of the potential future melt-layer response. We prescribe Δ𝑝 to ask 88 

how a similar pressure-thickness isothermal layer would map into height coordinates as the ambient 0 °C level 89 

rises. In reality, Δ𝑝 depends on the full Eq. (S1) balance, including precipitation intensity, condensational heating, 90 

horizontal and vertical advective tendencies. All these terms might be sensitive to large-scale warming.  91 
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Supplementary Tables  145 

 146 

Table S1: Automatic weather station (AWS) used in this study. Variables are abbreviated as follows: T is air 147 

temperature; RH is relative humidity; P is precipitation; p is barometric air pressure; and WS is wind speed. 148 

References provide full details about the sensor arrays. *Note that the tipping bucket described in Eeckman et al. 149 

(2017) was replaced by a Precis Mecanique tipping bucket in November 2023. †Panch Pokhari measurements 150 

are unpublished and provided here: T and Pr were obtained from an ATMOS 41 all-in-one weather station 151 

(METER Group). 152 

 153 

Station name 

(abbreviation) 

Region Lat 

(°) 

Lon (°) Elevation 

(m asl)  

Variables used 

in this study 

Reference 

Camp II  Khumbu 27.98 86.90 6464  T, p (Matthews 

et al., 

2020) 

Everest Base Camp (EBC) Khumbu 28.00 86.84 5315 T, RH, P, WS  (Matthews 

et al., 

2020) 

Phortse  Khumbu 27.84 86.74 3810 T, RH, P, WS (Matthews 

et al., 

2020) 

Pyramid Khumbu 27.96 86.81 5035 T (Khadka et 

al., 2022) 

Khare Khumbu 27.75 86.87 4888 T (Khadka et 

al., 2022) 

Pheriche Khumbu 27.90 86.82 4260 T, P, WS (Khadka et 

al., 2022) 

Pangboche Khumbu 27.86 86.79 3952 T (Mimeau et 

al., 2019) 

*Phakding Khumbu 27.74 86.71 2610  T (Eeckman 

et al., 

2017) 

Langshisha Langtang 28.20 85.69 4452 T, P (Steiner et 

al., 2021) 

†Panch Pokhari  Langtang 28.04 85.71 4062 T, P - 

 154 

 155 

 156 

 157 

 158 

 159 

 160 



Table S2: Extreme liquid equivalent (l.e.) snowfall during the 4 October 2025 event and comparison to other 161 

events documented in the literature or available through the U.S. National Oceanic and Atmospheric 162 

Administration (NOAA) Automated Surface Observing System (ASOS; identified using precipitation amounts 163 

and METAR codes across the full period of data availability for each station). The authors are also aware of some 164 

undocumented cases of l.e. increases of >150 mm within 24 hours recorded by snow pillows in the western U.S. 165 

and in Chile and Argentina during extreme snowfall events. *Corrected for undercatch following Graves et al. 166 

(2026). †Prorated based on 27.5 hr manual measurement.  167 

 168 

Event Location (elevation, m 

asl) 

Precipitation 

(mm l.e.) 

Date Source 

12-hr Duration 

Everest Base Camp, Nepal 

(5,315) 

*113.0 4 October 2025 This study 

Alta, UT, USA (2,945) 89.7 5 January 2008 (Wasserstein and Steenburgh, 

2024) 

Blue Canyon, CA, USA 

(1,611) 

76.4 28 February 2023 NOAA ASOS 

Stampede Pass, WA, USA 

(1,210) 

59.2 12 January 2021 NOAA ASOS 

24-hr Duration 

Everest Base Camp, Nepal 

(5,315) 

*149.0 4 October 2025 This study 

Blue Canyon, CA, USA 

(1,611) 

133.1 27-28 February 

2023 

NOAA ASOS 

Silver Lake, CO, USA (3,115) †124.5 14-15 April 1921 (Paulhus, 1953) 

Alta, UT, USA (2,945) 103.4 18-19 December 

2010 

(Veals et al., 2025) 

Stampede Pass, WA, USA 

(1,210) 

68.8 1-2 December 1998 NOAA ASOS 

 169 

 170 
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Supplementary Figures  172 

 173 

Figure S1: Map indicating the locations of the automatic weather stations (AWSs) used within this analysis (Table 174 

S1). Glacier outlines from the Randolph Glacier Inventory (version 7) (RGI 7.0 Consortium, 2023); river outlines 175 

are from ICIMOD (ICIMOD, 2007); and the elevation data is ASTER GDEM version 3 176 

(NASA/METI/AIST/Japan Spacesystems and U.S./Japan ASTER Science Team, 2019).'  177 
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 189 



 190 

Figure S2: 12- and 24-hour undercatch-corrected precipitation totals at Phortse and Everest Base Camp since 191 

installation in 2019. Data from Pheriche during the overlapping period are also provided. Note that, to help 192 

contextualise the 4 October 2025 event at EBC, we show raw precipitation for this site when wind speed data 193 

(required for the correction) are not available at EBC. Periods of missing data are shown with grey shading.  194 

 195 

 196 

 197 

 198 



 199 

Figure S3: Meteorology at selected weather stations during the 4 October 2025 precipitation event in the 200 

Langtang catchment. Time series from automatic weather stations equipped with precipitation sensors are 201 

shown in (a). Precipitation phase was classified according to Graves et al. (2026). (b) Elevation-temperature 202 

profiles through time for Langtang using temperature data from all stations shown in Table S1.   203 

 204 

 205 

 206 

 207 



 208 

Figure S4: Observations from the Micro Rain Radar (MRR) at Pyramid (5,035 m) showing (a) reflectivity; (b) 209 

doppler velocity; and (c) spectral width. Data were not available after 1500 UTC due to a power and/or heater 210 

failure at the height of the storm. The MRR time-height profiles indicate a deep precipitating layer extending 211 

above 8,000 m asl. There is no discernible melting layer because doppler velocities are consistent with solid 212 

precipitation throughout the column. The amplified spectral width (shortly before the instrument lost power) is 213 

consistent with increased turbulence.  214 

 215 

 216 

 217 

 218 



 219 

Figure S5: Pressure-temperature profiles during the October snowstorm following the abrupt lowering of the 0 °C 220 

isotherm at 04/10/2025 04:00 UTC until 04/10/2025 23:00 UTC. Solid black line is the mean profile, and light-221 

grey lines are the individual hourly profiles. The dashed red ‘reference’ line is the mean profile for the 24 h ending 222 

03/10/2025 23:00 UTC (shown in Fig. 1 with vertical cyan lines). The light-blue shading marks the ~0 °C 223 

isothermal layer according to the mean profile (temperature within 0.5 °C of the melting point, and lapse rate 224 

magnitude not exceeding 2°C km-1). The locations of AWSs used to construct temperature profiles are shown as 225 

circles.   226 

 227 

 228 



 229 

Figure S6: Pressure-temperature profiles for the period 26/09/2024 22:00 UTC-28/09/2024 13:00 UTC–230 

encompassing the second-highest 24 h precipitation total at Pheriche. Solid black line is the mean profile, and 231 

light-grey lines are the individual hourly profiles. The dashed red ‘reference’ line is the mean profile for the 24 h 232 

ending 26/09/2024 20:00 UTC. The light-blue shading marks the ~0 °C isothermal layer according to the mean 233 

profile, identified following the same method as for Fig. S5. Note that temperature data were available from only 234 

a subset of the locations (circles) shown in Fig. S5 during this event.   235 
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