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Abstract. The Cordillera Vilcanota of Peru, the second largest glacierized mountain range in the tropics and home to the
Quelccaya Ice Cap, is a critical water tower that has experienced rapid glacier retreat and environmental change in recent
decades. Here, we present quality-controlled meteorological datasets (between 2012 and 2026) from five automatic weather
stations (AWSs) spanning elevations from 4,895 to 6,349 m: Lake Sibinacocha (4,895 m), Murmurani Alto (5,050 m), Osjollo
Anante (5,540 m), Quelccaya Ice Cap (5,650 m), and Ausangate (6,349 m). Available variables include temperature, relative
humidity, wind speed, wind direction, barometric pressure, snow height change, and solar irradiance. Precipitation amount and
type are also available from Lake Sibinacocha and Quelccaya Ice Cap AWSs, while selected snow pit observations and
radiosonde data from upper-air soundings complement the surface meteorological observations. The datasets have direct
relevance to investigations on topics such as precipitation characteristics, climate-cryosphere interactions, environmental
change, and paleoclimatic reconstructions from ice, peat, and sediment cores. All datasets are publicly available at

https://doi.org/10.5281/zenodo.23315967 (Perry et al., 2026).

1. Introduction
High-elevation mountain regions are critical global water towers that sustain over a billion people downstream (Immerzeel
etal., 2020), but are experiencing widespread climate impacts due to dynamical (e.g., atmospheric circulation and storm tracks)

and thermodynamical (e.g., warming and moistening) processes. Resulting impacts include cryospheric melting, more intense
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precipitation, and a higher percentage of total precipitation falling as rain. Destabilization of glaciers and mountain slopes,
combined with more frequent and intense liquid precipitation (rain) at the highest elevations, has increased the risk of glacier
lake outburst flood events (e.g., Emmer et al., 2025) and landslides (Zou et al., 2026). The 26 August 2026 Bhote Koshi
landslide, glacier collapse, and catastrophic flood was but one recent example of the increasing elevation-dependent hazards
in mountain regions (Richter 2026). More broadly, the well-documented increase in heavy precipitation and rain-on-snow
events has magnified the risk of catastrophic river flooding in mountain regions (e.g., Roohi et al., 2025; Musselman et al.,
2018). However, the magnitude of these changes and associated physical processes remain severely understudied largely due
to a lack of in situ observational networks at the highest elevations, where most glacier ice and snow occur (Matthews et al.,
2020a).

Globally, only a handful of automatic weather station (AWS) networks extend into the critical glacier accumulation zone
in the world’s highest mountains across the Andes and Hindu Kush Himalaya ranges (e.g., Khadka et al., 2026, Pitte et al.,
2026, Matthews et al., 2020a). High-quality observations from weighing precipitation gauges surrounded by properly shielded
single or double alter shields are notably lacking at the highest elevations (e.g., Perry et al., 2020), leaving big gaps in
understanding of the accumulation processes on glacier surfaces and in the overall hydrological cycle. Until recent installations
(e.g., Pitte et al., 2026, Matthews et al., 2020a, Perry et al., 2017), there have been no AWSs that explicitly measure liquid
equivalent (LE) precipitation in the accumulation zone in tropical or subtropical high-elevation mountain regions (Condom et
al., 2020).

The Andean cordilleras in Ecuador, Peru and Bolivia are home to ~95% of all glaciers in the tropics (23.5°N to 23.5°S
latitude; Rabatel et al., 2013). They serve as vital water resources and crucial indicators for assessing the rate and magnitude
of past and current climate change (Thompson et al., 2021). They are currently undergoing rapid retreat, with a loss of 42% in
areal extent between 1990 and 2020 (Turpo Cayo et al., 2022), yet no long-term (>10 years) AWS networks exist that
encompass elevations >5,500 m into the accumulation zone. One of the earliest networks was from the Quelccaya Ice Cap
Stations near the summits of Bolivia’s Nevado Sajama (6,515 m; Hardy et al., 1998) and Nevado Illimani (6,350 m; Wagnon
et al., 2003, Hardy et al., 1998) were the highest in the world at the time and recorded intermittent data between 1996 and
2002. Observations from the Chacaltaya Observatory (5,240 m) in the Cordillera Real of Bolivia provided unprecedented
insight into the processes that drove the demise and ultimate disappearance of the Chacaltaya glacier (Francou et al., 2003).
Although Chacaltaya is the highest station in the WMO Global Atmospheric Watch (GAW) network (Andrade and Laj 2026),
it no longer extends into the glacier accumulation zone and only has high-quality precipitation observations since 2014 (Perry
etal., 2017).

The Cordillera Vilcanota in southern Peru has the second largest glacierized area in the tropics (Seimon et al., 2017,
Davies et al., 2026), numerous peatlands (bofedales; e.g. Gribbin et al., 2024, Perez & Loisel 2023) and serves as the source
of the Vilcanota-Urubamba River that provides hydropower and freshwater resources to regions downstream. The Cordillera
Vilcanota is a recognized hotspot for Andes-Amazon hydroclimatic connectivity (Espinoza et al., 2015), with >90% of the 72-

hr backward air trajectories tied to precipitation events originating over the Amazon Basin (Perry et al., 2014, 2017). The
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impacts of Amazon deforestation and land use change on the hydrological cycle and precipitation delivery mechanisms in the
Cordillera Vilcanota and adjacent cordilleras on the northern and eastern edge of the Altiplano are likewise well established
(e.g., Sierra et al., 2022), adding to the urgency and importance of the establishment and operation of long-term observational
networks in the region.

The Cordillera Vilcanota is also home to the Quelccaya Ice Cap, the second largest tropical glacier and one of the few
annually resolvable paleoclimatic archives in the tropics and subtropics, that has led to transformative understanding of tropical
and global climate change (Thompson et al., 1985, 2013, 2017, 2021). Early AWSs provided intermittent observations of
temperature and net radiation between 1976 and 1978 (Thomspon et al., 1979). Yet, despite its importance and rapid loss in
total glacier area (-37%) between 1985 and 2022 (Lamantia et al., 2024), no long-term weather station data exist before 2004,
when the University of Massachusetts (UMASS, USA) installed a station at the summit of the Quelccaya Ice Cap (5,680 m;
Yarleque et al., 2018). A high-quality record of temperature and snow height change between 2004 and 2017 now exists
(Hurley et al., 2019), but the AWS did not include precipitation sensors and other meteorological data have not yet been
published.

Through a partnership among the Universidad Nacional de San Antonio Abad del Cusco (UNSAAC, Peru), Appalachian
State University (App State, USA), the Peruvian National Hydrology and Meteorology Service (SENAMHI), and local
community members, in 2012 our team began installation of a network of five AWSs in the Cordillera Vilcanota at elevations
ranging from 4,895 m to 6,349 m, with a particular emphasis on high-quality observations of precipitation and precipitation
type (Perry et al., 2017). Although the data have been critical in testing hypotheses related to precipitation characteristics and
moisture source regions (e.g., Perry et al.,, 2017, 2014), ENSO-precipitation relationships (Jonaitis et al., 2021), and
meteorological controls on stable water isotopes of oxygen and deuterium (Guy et al., 2019), the comprehensive datasets have
not yet been introduced and made publicly available. Researchers in other fields may find the data of use to investigate climate-
cryosophere interactions, environmental change, and paleoclimatic reconstructions from ice, peat, and sediment cores.

The aims of this paper are to summarize (1) the site selection and installation of five high-elevation AWSs operated in the
Cordillera Vilcanota since 2012; (2) present initial climatologies and known data quality issues from the available data; (3)
compare co-located snow pit and precipitation observations from the Quelccaya Ice Cap, and (4) provide direct comparisons
between the in situ precipitation observations and ERAS and ERAS5 Land reanalysis datasets. Since reanalysis datasets such as
ERAS and ERAS Land (Hersbach et al., 2020) are widely used in high-elevation mountain regions (e.g., Khanal et al., 2023,
Khadka et al., 2022, Birkel et al., 2022, Matthews et al., 2020b), it is important to validate them against high-quality in situ

observations where available.
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2. Dataset descriptions

2.1. Station installations and site characteristics

The station sites, elevations and periods of record are as follows: Murmurani Alto (5,050 m; 2012-2017), Osjollo Anante
(5,540 m; 2012-2015), Quelccaya Ice Cap (5,650 m; 2014-2026), Laguna Sibinacocha (4,895 m; 2017-2026), and Nevado
Ausangate (6,349 m; 2022). Table 1 summarizes the station elevations, locations, data completeness, time periods, sensors,
and geomorphic environment. Station locations, photos, and corresponding ERAS and ERAS Land grids (Fig. 1) provide
additional metadata and site contexts.

The first site was installed at Murmurani Alto (5,050 m) in April 2012. It was located on a small island in a bofedal (peat
bog) and included a standard tripod with measurements of temperature, relative humidity, solar irradiance, pressure, soil
moisture and temperature, snow depth, and the precipitation type and intensity from a Parsivel disdrometer. The installation
on the nearby icecap of Osjollo Anante AWS (5,540 m) was completed only a few days after the installation of the Murmurani
Alto AWS. We completed annual visits to download data and raise the station in 2013 and 2014. The station was removed in
July 2015 due to the growing risk of crevasses and imminent collapse of the access ramp.

Installation of the Quelccaya Ice Cap AWS (5,650 m) began in August 2014 and was finalized in October 2014. To
minimize the effects of ice cap topographic characteristics on firn and ice movement and on precipitation measurement, we
selected the flattest location with the highest elevation possible, approximately 30 m lower and 0.5 km WSW from the summit.
Access to the site required a ~5 km low-angled ascent of ~300 m with minimal crevasse or avalanche hazard. The station was
designed to allow for the ~2 m net annual accumulation (Hurley et al., 2015) and a Belfort double alter shield was installed
around the weighing precipitation gauge to minimize precipitation undercatch due to wind (e.g., Kochendorfer et al., 2018,
Rasmussen et al., 2012, Goodison et al., 1998). Due to the high frequency of lightning and risk of damage to the station and
sensors, four lightning arrestors were installed on vertical alter shield supports. The station and sensors were raised 2 m in
2015, 2017, 2018, 2019, 2021, and 2025; raises of only 1 m were needed in 2023 and 2025. No raise was needed in 2016 due
to 14 cm net ablation. The full maintenance history and associated photos are available in metadata.

The Murmurani Alto AWS was decommissioned and moved to Lake Sibinacocha Dam (4,895 m) in July 2017 to provide
easier long-term access and security, and to allow for the addition of an OTT HydroMet Pluvio? weighing precipitation gauge
surrounded by a single alter shield. The AWS is on the southern end of the 16 km long Lake Sibinacocha and is co-located
with a conventional AWS operated by SENAMHI Peru (47E8B578).

The Ausangate station (6,349 m) was installed on a broad ice field near the south summit, approximately 35 m below the
main summit, as part of the National Geographic and Rolex Perpetual Planet expedition in July 2022. The station was built by
Hoskin Scientific (Canada) and modeled after an AWS installed near the summit of Mount Logan, Canada (Holland et al.,
2026). In addition to standard meteorological sensors of temperature, relative humidity, pressure, and wind speed and direction,

it included both incoming and outgoing radiation and snow depth.
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Snow density and snow water equivalent (SWE) observations from snow pits dug adjacent to the Osjollo Anante,
Quelccaya, and Ausangate AWSs complemented the AWS data during annual maintenance visits. Samples from some of the
snow pits were also analyzed for water isotopes (!0, §°H) as outlined in Guy et al. (2019). Our teams released radiosondes
(weather balloons) during field campaigns in the Cordillera Vilcanota in November 2014 and March 2018. All releases were
between Nevado Ausangate and the Quelccaya Ice Cap (Fig. 1).

Although the AWSs were installed at different times and have different variables, T, RH, and snow depth are common
across all stations. Given the high power requirements and potential for failure of the electronics and fans in mechanically
ventilated radiation shields, coupled with our primary focus on precipitation processes, we opted to use only naturally
ventilated radiation shields at our stations. A well-known positive bias in temperature (e.g., Matthews et al., 2020a, Georges
& Kaser 2002) exists for naturally ventilated radiation shields in full sunshine, high-albedo fresh snow, and calm winds, so
users should treat absolute maximum values on these days with caution. Additional details on station instrumentation,
maintenance, and data quality control are provided in the linked Supplement and Metadata. To provide direct comparison
along an elevation transect, we also analyzed meteorological data between Murmurani and Osjollo Anante for April 2012 to
March 2015, similarly between Quelccaya and Sibinacocha for April 2018-March 2021, as they have the longest overlapping
period and 490 to 755 m vertical separation (Figs. S1-S7; Tables S1-S3).

2.2. Radiosondes

Our teams released 18 i-Met-1 radiosondes during field campaigns in the Cordillera Vilcanota in November 2014 and
March 2018 using an i-MET 3050 mobile sounding base station. Raw, unprocessed data files include measurements of
pressure, temperature, relative humidity with respect to water, and GPS-derived wind speed and direction. Release locations
included (a) Quisoquipina Base Camp (5,150 m) at 1200 UTC on 4 November 2014; (b) Quelccaya Base Camp (4,950 m) at
1800 UTC on 4 November 2014, 0000 UTC on 5 November 2014, and 0000 and 1200 UTC on 6 November 2014; (c)
Universidad Nacional de San Antonio de Abad del Cusco (UNSAAC) campus (3,365 m) at 2100 UTC on 7 November 2014,
1800 UTC on 8 March 2018, 0000 UTC and 1800 UTC on 9 March 2018, and 0000 and 1800 UTC on 10 March 2018; (d)
Chillca (4,350 m) at 0000 and 0600 UTC on 4 March 20218; and (e) Phinaya (4,715 m) at 1800 UTC on 4 March 2018, 0100
and 1900 UTC on 5 March 2018, 0000 UTC on 6 March 2018, and 0000 UTC on 7 March 2018. Users should be aware of
documented errors in radiosonde temperature and relative humidity measurements (e.g., Ferreira et al. 2026). Manufacturer-
quoted accuracies are +0.3°C for temperature, +5% for relative humidity, =1.8 hPa (> 400 hPa) and +0.5 hPa (<400 hPa) for
pressure, and £0.06 m s™! for wind speed. i-Met-1 radiosonde temperature data were within 0.5°C of Vaisala RS92 radiosondes

during 28 flights as part of the MOHAVE-2009 field campaign (Hurst et al. 2011).
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Table 1: AWS locations, measurements, data gaps, sensor type, data periods and environmental settings (T, T _max, T min =

mean, maximum and minimum temperature; RH = relative humidity; PRESS= pressure; SWin, SWin_max = mean and

maximum incoming shortwave radiation; SWout = outgoing shortwave radiation; WS and WS_max = mean wind speed and

maximum wind speed;, WD = wind direction; SnDep = snow depth; SoilTemp and SoilMois = soil temperature and soil

moisture; PRECIP = precipitation).

AWS Latitude, Variables (% of | Sensors Data period Geomorphic
(elevation  m | longitude missing data) (height; error environment
asl) range)
Ausangate -13.78978 T (0.4), T max | Vaisala 26 July 2022 | Flat, clean snow
(6349) (0.4), T min (3.9), | HMP155 (~2.5 | to 21 | surface located in
and RH (0.4) m; +0.12 °C, | November the accumulation
+1.0%) 2022 zone of  the
Ausangate Ice Cap
-71.23375 PRESS (0.4) Accubar  (~2
m; £0.3 hPa)
SWin (0.4), | Hukseflux
SWin_max (0.4) NROI (2 m;
+2.4 %)
SWout (0.4) Hukseflux
NRO2 (2 m;
+2.4 %)
WS (0.4), | RM Young
WS Max  (0.4), | 05108 (2.5 m;
WD (24) +0.3ms™)
SnDep (2.5) Sommer (2 m;
+0.1 %)
Murmurani -13.81105 T (0) and RH (7.6) | Vaisala 4 April 2012 to | Grassland  area
Alto (5050) HMP45C (1.5 | 9 July 2017 situated near the
m; £0.2 °C, £2 inlet of Laguna
%) Sibinacocha
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PRESS (0)
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CS616 (-10 cm,
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Osjollo Anante | -13.76714

(5540)

T (0) and RH (0)

Vaisala
WXT510 (2m,
+0.3 °C, £3 %)

-71.08914

WS (4) and WD
4

RM Young
05103-45
Alpine (2.5 m,
+3 %)

7 April 2012 to
21 July 2015

Flat,  clean ice

surface on  the

Osjollo Anante

Glacier

Quelccaya -13.91972

(5650)

T (0) and RH (3.8)

EE181(2m,
+0.2 °C)

-70.81645

PRECIP (9.3%)

orT
HydroMet
Pluvio® (2.8 m,
+] %)

14 October
2014 to 28

September
2025

Flat, clean snow
surface located in
accumulation

of
Quelccaya Ice Cap

the

zone the
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SWin Max (2.5) 300 2m, £5 %)
SnDep (55.2) SR50a (2m, £1
cm)
Lake -13.92230 T (9 and RH|EEISI (2m, |18 July 2017 | Bare ground
Sibinacocha (47.4) +0.2 °C) to 16 August | situated near the
(4895) 2026 outlet of Laguna
Sibinacocha
-71.01805 PRECIP (0.4) o1T
HydroMet
Pluvio® (1 m,
+0.1 mm)
PRESENT orT
WEATHER HydroMet

Parsivel (1 m,

+5% )

SWin (3%) and | Apogee SP100

SWin_Max (0)

SnDep (73.0) SR504 (2 m,
+/ cm)
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b) Murmurani Alto ¢)l@sjolloYAnante
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ERAS5 grids © Radiosonde locations [ "
Source: Microsoft Bing Maps |:I ERAS Land grids  Source: Microsofi Bing Maps 0 10 20 km -31:
-80 -65 715 -71.4 -71.2  -711  -709 -70.8 -70.6 -70.5

Figure 1: Locations of automatic weather stations (AWSs), radiosonde releases, ERA5 and ERAS5 Land grid boundaries used
in analyses presented here, and photos of the AWSs. Background basemap: Microsoft Bing Maps (Virtual Earth), accessed
through QGIS, with hill shading. Microsoft product screen shots reprinted with permission from Microsoft Corporation.
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3. Data treatment and uncertainty

The AWS datasets were quality controlled before analysis and publication. Timestamps were checked, invalid and
duplicate records were removed, and missing observations were retained as missing values rather than interpolated. Data
completeness was calculated separately for each variable and station (Table 1). Seasonal and hydrological-year statistics were
only calculated when at least 90% of the expected observations were available. The hydrological year was defined from 1
September to 31 August.

Measurement uncertainty depends on both instrument accuracy and the harsh high-elevation environment. Manufacturer-
stated sensor accuracies are provided in Table 1. Air temperature and relative humidity sensors were housed in naturally
ventilated radiation shields. These can produce a positive temperature bias during periods of strong solar radiation, high snow
albedo, and weak wind (Georges and Kaser, 2002; Matthews et al., 2020), and maximum temperatures under these conditions
should therefore be treated cautiously. Snow-depth measurements may also be affected by snow settling, melting, sublimation,
wind redistribution, surface roughness, and changes in station height during maintenance.

Precipitation measurements have additional uncertainty because of wind-induced gauge undercatch. The Quelccaya
Pluvio? gauge is protected by a Belfort double-alter shield, whereas the Lake Sibinacocha gauge has a single-alter shield. Wind
bias corrections were applied following Kochendorfer et al. (2018), and both measured and corrected precipitation are retained
in the dataset.

Calculated variables also contain representativeness uncertainty. The 0° isotherm was estimated by linear interpolation
between AWS temperatures and therefore assumes a linear temperature gradient between stations. Comparison with seven
radiosonde flights indicate that individual estimates may differ somewhat from free atmospheric conditions. Similar
representativeness issues apply when comparing point AWS measurements with ERAS5 and ERAS5-Land grid cells because of

differences in elevation, terrain representation, and spatial resolution.

4. Climatological characteristics

The climate of the Cordillera Vilcanota exhibits a pronounced seasonal cycle that can be described using four
climatological seasons. September, October, and November (SON) mark the beginning of the hydrological year and the
transition into the main wet season; December, January, and February (DJF) represent the core wet season; March, April, and
May (MAM) correspond to the transition toward drier conditions; and June, July, August (JJA) represent the main dry season
(Perry et al., 2017, 2014).

4.1. Temperature, humidity, and precipitation
The AWS data exhibit this cycle by coherent changes in air temperature, relative humidity, vapour pressure, and
precipitation across the elevation gradient (Figs. S1-S3; Tables 2 and S1). At all sites, the warmest and most humid conditions

generally occurred during DJF, but daytime temperature maxima often peaked in October and November before the onset of

10
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the main set season. The coldest and driest atmospheric conditions occurred during JJA; SON and MAM represented the
transition into the main wet and drier seasons (Table 2). The daily data also show that dry-season conditions were more
variable, particularly for relative humidity and vapour pressure, whereas the rainy season was characterized by persistently
high relative humidity (Figs. S1 and S2). The three-year hydrological year means show a strong temperature gradient with
elevation.

Precipitation observations at Quelccaya and Lake Sibinacocha further demonstrate the strong seasonality of the regional
climate. At Quelccaya, mean seasonal precipitation was 305 mm in SON, 588 mm in DJF, 312 mm in MAM, and only 74 mm
in JJA, resulting in a mean hydrological-year total of 1279 mm. Thus, 46% of the annual precipitation occurred during DJF
alone, whereas only about 6% occurred during JJA. At Lake Sibinacocha, mean precipitation totals were 161 mm in SON, 383
mm in DJF, and 177 mm in MAM, and 22 mm in JJA. The mean hydrological year precipitation total at Lake Sibinacocha was
743 mm. Correcting the Quelccaya precipitation measurements for gauge undercatch using the transfer function from
Kochendorfer et al. (2018) increased the mean hydrological-year precipitation from 1279 to 1412 mm (+10.4%), but did not
alter the overall seasonal pattern, with DJF remaining the wettest and JJA the driest season. The Kochendorfer et al. (2018)
undercatch correction for the single alter shield around the Lake Sibinacocha gauge increased the precipitation total from 764

to 936 mm (+23%) during the 2018 hydrological year.

Table 2: Seasonal (SON = September, October, and November; DJF = December, January, and February, MAM = March,
April, and May, JJA = June, July, and August) and annual (September to August -- hydrological year) mean temperature (T)
at four automatic weather stations (AWSs) and precipitation (PRECIP) for two AWSs. Statistics are presented for September
2012—August 2015 at Murmurani Alto and Osjollo Anante, and for September 2018-August 2021 at Quelccaya and Lake

Sibinacocha. Seasonal or annual mean values are discarded when data gaps exceed 10% of the data period. *JJA retained

despite 85% coverage; 12-day gap in June 2018.

Variables Stations SON DJF Annual mean/total
T (°C) Murmurani Alto 1.5 1.9 1.7 -0.3 1.2
(5,050 m)
T (°C) Osjollo Anante (5,540 -2.5 -2.1 -2.5 - -2.7
m)
T (°C) Quelccaya (5,650 m) -3.9 -2.9 -3.7 -5.6 -4.0
T (°C) Lake Sibinacocha 2.3 2.9 2.7 0.8 2.2

11
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(4,895 m)
PRECIP Quelccaya (5,650 m) 305 588 312 74 1279
(mm)
PRECIP Lake Sibinacocha 161 383 177 22% 743
(mm) (4,895 m)

230
4.2 Wind speed and direction from Osjollo Anante and Quelccaya
W and NW flow predominated at Osjollo Anante, especially during austral fall (MAM) and winter (JJA), when wind
speeds were also the highest (Fig. 2). NW and NNW flow represented ~20% of all hours in the core of the wet season in austral
summer (DJF) but remained mainly light at less than 4 m s™!. Except for predominant NW flow in the austral winter (JJA), the
235 prevailing flow was E and SE at Quelccaya the remainder of the year and especially in the wet season (DJF) (Fig. 3). These
results are largely consistent with channeled upslope flow through major interandean valleys as a connector between the
Amazon and Andes (Junquas et al., 2018, Chavez and Takahashi 2017, Perry et al., 2017, 2014). The river systems and
associated valleys drop to the NW to the Amazon from Osjollo Anante and to the E and SE from Quelccaya (Fig. 1). The
dominant NW flow in the austral winter (JJA) likely results from strong synoptic-scale flow and reduced moisture transport

240  from the Amazon basin (e.g., Garreaud et al. 2003).
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Figure 2: Seasonal wind-rose for Osjollo Anante based on hourly wind speed (m s™) and direction (degrees) observations
from September 2012 to August 2015. Seasons are grouped as September, October, November (SON), December, January,
245  February (DJF), March, April, May (MAM), and June, July, August (JJA). Radial axes show the percentage frequency of valid

hourly observations within each season.
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Figure 3: Seasonal wind rose for Quelccaya based on hourly wind speed (m s!) and direction (degree) observations from

September 2014 to August 2025. Seasons are grouped as September, October, November (SON), December, January, February

(DJF), March, April, May (MAM), and June, July, August (JJA). Radial axes show the percentage frequency of valid hourly

observations within each season.
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4.3 Vertical gradients in temperature, precipitation, and vapor pressure

The Murmurani Alto and Osjollo Anante AWSs, separated by approximately 5 km with an elevation difference of 490 m,
provide an opportunity to evaluate vertical gradients and elevation dependency in temperature and moisture. Both locations
exhibited closely synchronized daily and seasonal variability between April 2012 and March 2015 (Fig. S1). Temperature
increases and decreases occurred at nearly the same time at both stations, indicating that they were influenced by the same
regional atmospheric conditions. As expected, Osjollo Anante remained consistently colder than Murmurani Alto throughout
the observation period, with mean temperatures of —2.5, —2.1, and -2.5°C in SON, DJF, and MAM, respectively, compared
with 1.5, 1.9, and 1.7°C at Murmurani Alto. The average temperature difference between the stations was therefore 3.9°C, a
near-surface lapse rate of -8.0°C km'!. Lower temperatures at Murmurani Alto were very infrequent, accounting for only 2%
of all hourly observations, and occurred mostly between 0100-1100 UTC (8:00 pm to 6:00 am LST). Mean seasonal near-
surface lapse rates ranged from -7.3°C km! in JJA to -8.5°C km™! in MAM, while the 0°C isotherm varied from 4,975 m in
JJA to0 5,277 m in DJF (Table S2).

Characterization of vertical gradients of temperature are also possible for Quelccaya and Lake Sibinacocha, with a
separation of approximately 22 km and 755 m in elevation. A similarly coherent seasonal cycle with substantial differences in
absolute meteorological conditions were evident (Fig. S2). Daily mean temperatures at Quelccaya remained below freezing
throughout the year, with seasonal temperatures ranging from —5.6°C in JJA to —2.9°C in DJF, whereas Lake Sibinacocha
ranged from 0.8 to 2.9°C. Their hydrological year mean temperatures were —4.0°C and 2.2°C, respectively. Lower
temperatures at Phinaya were very infrequent, amounting to only 0.7% of all hourly observations and occurring mostly between
0300-1100 UTC (10:00 pm to 6:00 am LST). Mean seasonal near-surface lapse rates observed between Quelccaya and Lake
Sibinacocha were similar to those for Murmurani Alto and Osjollo Anante. Temperature gradients ranged from -7.6°C km™! in
DJF to -8.5°C km™! in JJA, and the 0°C isotherm ranged from 4,993 to 5,270 m.

The vertical gradient in precipitation between Lake Sibinacocha and Quelccaya was positive, at +710 mm km, likely
reflecting downslope shadowing at Lake Sibinacocha. At Quelccaya, mean precipitation was 305 mm in SON, increased to
588 mm in DJF, declined to 312 mm in MAM, and was only 74 mm in JJA (Fig. S3). The mean hydrological year precipitation
total was 1279 mm. DJF therefore accounted for approximately 46% of the annual precipitation, while JJA contributed only
about 6%. At Lake Sibinacocha, mean seasonal precipitation was 161 mm in SON, 383 mm in DJF, and 177 mm in MAM. A
representative JJA mean was 22 mm with 85% data coverage (12-day data gap in June 2018), although the mean hydrological
year precipitation total was 743 mm.

Vapor-pressure gradients were negative throughout the year at both transects and were strongest during DJF, reaching -
2.0 hPa km™! at Murmurani—Osjollo and -1.9 hPa km™ at Quelccaya—Sibinacocha, while the weakest gradients occurred during
JJA (-0.7 and -0.9 hPa km™!, respectively). The 6.11 hPa isoline was most consistently resolved during DJF and MAM,
occurring at 4,326 to 4,687 m for Murmurani Alto to Osjollo Anante and 4,540 to 4,805 m for Lake Sibinacocha to Quelccaya.
Together, the two transects show a coherent seasonal structure in freezing-level and atmospheric-moisture gradients across the

Cordillera Vilcanota, while also highlighting the influence of local topography and exposure on near-surface meteorological
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conditions. Temperature and vapor pressure gradients were calculated based on the average daily temperature and relative
humidity at (a) Murmurani and Osjollo (Figs. S4 and S5) and b) Quelccaya and Sibinacocha (Figs. S6 and S7). Quantification

of these gradients highlights the value of installing and maintaining AWSs at different elevations in close horizontal distances.

4.4 0°C isotherm elevation and upper air soundings

The 0°C isotherm elevation derived from the temperature gradient between Quelccaya and Lake Sibinacocha was
compared with seven radiosonde observations collected between 4 and 7 March 2018 (Figs. S8; Table S4). The radiosonde-
derived 0°C isotherm elevations ranged from 4,959 to 5,440 m, whereas the linearly interpolated estimates from the AWS
stations ranged from 5,071 to 5,597 m. Overall, the two methods showed reasonable agreement, with a mean bias (radiosonde
minus AWS) of approximately —8 m, a mean absolute error (MAE) of 116 m, and RMSE of 134 m. The differences between
the two estimates also varied with the time of observation (Table S4). Radiosonde measurements were obtained between 00:00
and 19:00 UTC, corresponding approximately to 19:00 of the previous day to 14:00 local time (UTC-5). The two daytime
observations at 18:00 and 19:00 UTC (approximately 13:00—14:00 LST) produced AWS-derived isotherm elevations that were
157 and 165 m higher, respectively, than the radiosonde estimates. In contrast, several evening observations around 0000 UTC
(approximately 19:00 local time) showed lower AWS-derived isotherm elevations than the radiosonde, with differences of
approximately 29, 121, and 213 m. The smallest difference was observed at 01:00 UTC on 5 March, when the radiosonde and
AWS estimates differed by only 15 m.

This time-of-day dependence likely reflects differences in the diurnal response represented by the two approaches, which
is well documented in mountain regions (Barry et al., 2008). The AWS-derived isotherm is calculated from near-surface
temperatures at two mountain elevations and can therefore respond strongly to daytime surface heating and nighttime cooling,
whereas the radiosonde-derived isotherm represents the vertical free atmospheric temperature profile at the time of the
sounding. Consequently, differences in boundary layer development and surface heating may contribute to larger discrepancies
during some periods of the day. However, given the small number of coincident observations, the apparent diurnal pattern
should be interpreted cautiously. Overall, the comparison indicates that the two AWS method provides a reasonable
representation of local 0°C isotherm elevation, while individual estimates can differ by more than 100-200 m depending partly

on short-term atmospheric and diurnal conditions.

4.5 Quelccaya and Lake Sibinacocha hydrological year summaries
Snow accumulation at Quelccaya showed substantial interannual variability over the six hydrological years examined
(Fig. 4; Table 3). For the five hydrological years with complete precipitation records, the annual precipitation varied from

1020 mm in 2015-2016 to 1,377 mm in 2018-2019, whereas the mean annual temperature varied from -2.9°C (2015-2016) to
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-4.6°C (2020-2021). Due to COVID-19 pandemic travel restrictions, the Quelccaya Pluvio? weighing precipitation gauge could
not be emptied in 2020 and reached its capacity before the end of the wet season.

The variation in snow depth shows that the hydrological years generally began with net snow ablation before the start of
the core of the wet season (DJF), consistent with the findings of Hurley et al. (2019). The minimum occurred later in 2015—
2016 (—0.49 m; 30 November), whereas in other hydrological years the minimum snow depth occurred in between September
and early October in 2016-2017 (—0.22 m; 22 September), 2017-2018 (—0.14 m; 11 September), 2018-2019 (—0.15 m; 24
September), and 2019-2020 (—0.33 m; 1 October). Following these initial losses, snow depth generally increased with
cumulative precipitation, although the magnitude and timing of accumulation differed markedly among years (Fig. 4).

End-of-year net snow accumulation was not directly proportional to total annual precipitation. The largest net
accumulation occurred in 2017-2018 (2.19 m), when total precipitation was 1,247 mm and mean temperature was —4.4°C.
Similarly, 20162017 accumulated 1.95 m from 1,234 mm of precipitation. In contrast, 2018-2019 received the highest
precipitation total (1,377 mm) but ended with only 1.32 m of net snow accumulation, while 2019-2020 recorded 1,213 mm of
precipitation and 1.39 m of accumulation. The clearest contrast occurred in 2015-2016, the warmest year (—2.9°C), which
ended with a slightly negative net snow-depth change (—0.09 m) despite receiving 1,020 mm of precipitation.

These differences suggest that net annual snow accumulation at Quelccaya reflects not only the amount of precipitation
received but also the thermal conditions of precipitation and snow ablation during the hydrological year. Years with relatively
cold conditions, particularly 20162017 and 2017-2018, accumulated substantially more snow, whereas the comparatively
warm 2015-2016 hydrological year experienced little net accumulation. In fact, our temperature and snow depth data indicate
that substantial rain and rain/snow mix fell at the Quelccaya AWS in February 2016 (Fig. S9). The combined evolution of air
temperature, cumulative precipitation, and snow depth therefore highlight the importance of both snow accumulation and

temperature-index modeling at the site.
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Figure 4: Snow depth (a), the cumulative precipitation (b), and mean daily air temperature (c) from the Quelccaya AWS for
different hydrological years.
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Table 3: Precipitation, annual temperature and snow accumulation/ablation for each hydrological year between 2015 and

2021 from the Quelccaya AWS.

Quelccaya
Hydrological year Total Precipitation | Mean Temperature | Net  accumulation | Minimum Snow
(mm) (°C) (m) at the end of | depth (m) and
hydrological year respective date
2015-2016 1020 -2.9 -0.09 -0.49 11/30/2015
2016-2017 1234 -3.9 1.95 -0.22 9/22/2016
2017-2018 1247 -4.4 2.19 -0.14 9/11/2017
2018-2019 1377 -3.9 1.32 -0.159/24/2018
2019-2020 1213 -3.7 1.39 -0.33 10/1/2019
2020-2021* 720 -4.6 1.4/1.28 -0.18 11/30/2020
720 mm is only until 1.40 m (30
the end of April April)/1.28 m (31
August)

Hydrological year precipitation totals at Lake Sibinacocha ranged from 582 mm in 2022-2023 to 967 mm in 2021-22
(Fig. S10). Monthly and annual totals generally compared favorably to the co-located SENAMHI tipping bucket gauge (Fig.
S11). Differences in the daily timing of precipitation were noted due to the delay in melting and thereby recording solid
precipitation until the next morning in the unheated tipping bucket (Fig. S12). The observed Quelccaya-Sibinacocha
precipitation ratio exhibited considerable variability, ranging from 1.5 to 2.0 from 2018 to 2020, remaining close to 1 from
2021 to 2023, and returning to ~1.5 in 2025 (Fig. 5). Covid-era travel and budget restrictions prevented proper maintenance
and emptying of the Pluvio? bucket in 2020, leading to loss of precipitation data in 2021 after the bucket reached its capacity.
Firn densification and flow in 2021 and 2022 caused the vertical pipes that serve as the base of the Pluvio? and Belfort double
alter shields to tilt away from vertical, introducing some likely measurement errors. We therefore encourage users to review
the metadata carefully when deciding which time periods to use and what corrections may be required. The Quelccaya-
Sibinacocha precipitation ratio suggests that the annual maintenance and raising of the AWS in 2023 may have restored the

precipitation measurements to pre-Covid-19 quality, with ratios of ~1.5 in 2024-2025.
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Figure 5: Ratio of measured precipitation (uncorrected) between Quelccaya and Sibinacocha for each month; black dots
represent summer months (DJF, most precipitation) and gray dots the remaining months. X markers are months where the ratio
is greater than 4 or less than 0.1. The red line represents the ratio of Quelccaya/Sibinacocha precipitation for each hydrological

year and each marker is centered in September of each year.

4.6 Murmurani Alto precipitation and snowfall observations

The meteorological observations and snowfall characteristics described in this section were previously summarized in
Poremba et al. (2015). Co-location of the Murmurani Alto AWS with manual precipitation and snowfall observations from a
citizen science observer (Guy et al., 2019) allowed for a direct comparison and analysis of precipitation event characteristics.
In the two years between 1 July 2012 and 30 June 2014, snowfall at Murmurani Alto averaged 467 cm (431 cm in 2012-2013

and 502 cm in 2013-2014) as recorded by an acoustic snow depth sensor, and LE precipitation averaged 686 mm (623 mm in
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2012-2013 and 749 mm in 2013-2014), recorded by the observer (Table 4). Most of the precipitation occurred during the peak
months of the austral wet season (DJF, Fig. S13). Snowfall exceeded 80 cm in several months during the wet seasons, with
nearly 120 cm accumulating in January 2014. New snowfall density averaged 147 kg m?, with very little variation between
the two years. Snowfall events were typically light (2.6 cm per event over the period of study), but frequent, with precipitation
a near-daily occurrence during the wet season. Even though precipitation was nearly exclusively solid at Murmurani Alto,
snowfall was highly ephemeral and typically ablated quickly during daylight hours with the high solar elevation of the tropical
sun, relatively low albedo, and presence of abundant water in the bofedale. The maximum snow depth recorded during the
period was 17 cm. Snow was the primary precipitation type, but graupel also constituted a significant number of precipitation
hours. In some months, graupel accounted for over half of the precipitating hours, particularly during the dry season (Fig. S13).
Although liquid precipitation (rain) was infrequent (5% of precipitation hours; Table 4), its presence is noteworthy at 5,050
m, as many glacier termini in the Cordillera Vilcanota extend to lower elevations, commonly around 4,700 to 5,000 m (Davies
et al., 2026). Although rainfall contributes relatively little direct energy to glacier melt, it does not replenish highly reflective

snow cover, leaving lower albedo ice exposed to absorb more solar radiation and accelerate melting (Favier et al., 2004).

Table 4: Summary of snowfall and precipitation at Murmurani for 2012-13, 2013-14, and the entire period of record. These
totals do not include April to June 2012. Separate snowfall events required a 3-hr minimum break in precipitation as identified

by the Parsivel disdrometer. Reproduced from Poremba et al. (2015).

Variables 2012-2013 2013-2014 Mean
Snowfall (cm) 431 502 467
Precipitation (mm) 623 749 686
New snowfall density (kg m™) 145 149 147
Number of snowfall events 159 197 178
Mean snowfall per event (cm) 2.7 2.5 2.6
Maximum snow depth (cm) 17 17 17

4.7 Precipitation phase at Lake Sibinacocha

A longer record of precipitation phase and intensity from 2017 to 2026 is available from the Lake Sibinacocha AWS.
Individual hydrological year and mean monthly frequency of precipitation classes (Fig. 6) show a very similar pattern to
Murmurani Alto, except for slightly higher percentages of rain due to its 155 m lower elevation and proximity to Lake
Sibinacocha. Rain frequency ranged from 12.8% in 2019 to 35.8% in 2024. The months of February and March showed the

highest frequency of rain (~23%), with rain nearly completely absent during the austral winter months of June, July, and
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400 August. As at Murmurani Alto, graupel was the most observed precipitation type, accounting for 33% of all precipitation hours
and very little interannual or seasonal variability. May, July, and August exhibited the lowest frequency of graupel, averaging
~25%. The very high frequency of graupel in our longer-term observations confirms its climatological significance previously
reported by Perry et al. (2017) using a shorter period of observations and highlights the presence of abundant supercooled
liquid water in the feeder clouds during afternoon convection and nighttime stratiform precipitation events. In other mountain

405 environments, graupel is associated with more intense precipitation associated with convective instability, lightning, and heavy
riming (e.g., Pujol et al., 2005), thereby requiring care in the interpretation of water isotopes (5'0, HD) in the Cordillera

Vilcanota and broader tropical Andes.
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Figure 6: Parsivel precipitation codes at Lake Sibinacocha for (a) percentage of precipitation type for all hours during 2018
410 to 2026 hydrological years, (b) percentage of precipitation type for all hours during each month between August 2017 and July
2026, and (c) daily composite by time of day for the number of hours according to precipitation type. GP graupel; SN+ heavy

snow; SN moderate snow; SN- light snow; RN/SN rain/snow mix; RN rain.

22



415

420

425

430

Earth System
Science

Data

https://doi.org/10.5194/essd-2026-839
Preprint. Discussion started: 11 November 2026
(© Author(s) 2026. CC BY 4.0 License.

Open Access
suoIssnasIqg

5.2017-18 Snow Pit Observations vs. Observed Precipitation

Snow accumulation at the Quelccaya AWS site was assessed using precipitation, snow-depth, and snow pit density
measurements for 1 September 2017 to 31 August 2018, with particular emphasis on conditions through the 8 March 2018
snow pit measurement (Fig. 7). Referenced to 0 m on 1 September, snow depth initially declined to —0.14 m on 11 September,
reflecting surface lowering due to ablation, settling, and/or wind erosion, before increasing to 1.57 m by 8 March. Thus, surface
height increased by 1.71 m between 11 September and 8 March. Cumulative precipitation totaled approximately 857 mm LE
by 8 March, including ~7 mm LE from 1-11 September and ~851 mm LE from 11 September 2017 to 8 March 2018; annual
precipitation through 31 August 2018 was 1,247 mm LE. The 8 March 2018 snow pit sampled approximately 1.6 m of
snowpack, with densities ranging from 360 to 570 kg m™ and a profile-average density of 472.5 kg m™.

Applying the mean snow pit density to the 1.71 m increase in surface height yields an estimated accumulation of
approximately 808 mm SWE between 11 September 2017 and 8 March 2018, 43 mm less than the 851 mm LE of measured
precipitation over the same period. This apparent mass-balance residual may reflect sublimation, wind-driven snow
redistribution, snow settling, precipitation undercatch, and/or spatial differences between the AWS and snow pit locations.
Nonetheless, the very close agreement in LE precipitation and snowpack SWE provides high confidence in the Pluvio* LE
precipitation totals. The 0.14 m surface lowering from 1-11 September 2017 corresponds to ~66 mm SWE using the mean
snow pit density, despite ~7 mm LE of precipitation during this period. The net surface loss therefore indicates that ablation,

wind erosion, and/or settling exceeded precipitation inputs during the first 10 days of the analysis period.
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Figure 7: a) Snow depth versus cumulative precipitation, along with daily precipitation, at the Quelccaya AWS between 1
September 2017 and 31 August 2018. The two vertical dotted lines represent the minimum snow height on 11 September 2017
and the snow depth during the snow pit sampling on 8 March 2018. b) Snow density as a function of depth.

6. Comparison with ERAS and ERAS Land precipitation

Annual totals from the AWSs, including both uncorrected and corrected precipitation totals, were compared with the
nearest pixel centroid in ERAS and ERAS Land over the data available period at the measurements (Fig. 8). This variability
demonstrates that precipitation is strongly influenced by local elevation and spatial differences that are difficult to resolve
within reanalysis grid cells. The cumulative hydrological year precipitation curves show differences not only in annual totals
but also in the seasonal timing of accumulation (Fig. 9). At both stations, AWS precipitation generally showed a marked
reduction after May, whereas the reanalysis products maintained precipitation during the latter part of the hydrological year.
Differences between ERAS and ERAS Land were particularly evident at the higher Quelccaya AWS, indicating that the two
products do not represent high-elevation precipitation in the same way, likely due to differences in grid resolution and
elevation. Higher wind speeds at the more open and exposed Quelccaya site may also introduce greater uncertainty in the
precipitation measurements, even after correcting for undercatch. The AWS observations therefore remain essential for
evaluating and constraining reanalysis products in the tropical high Andes, as demonstrated for ERAS and other reanalysis

models in Birkel et al. (2022).
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Figure 8: Annual total precipitation in (a) Quelccaya and (b) Sibinacocha comparing observations from the AWS (uncorrected
in blue and corrected in orange) to reanalysis products, ERAS (green) and ERAS-Land (red).
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Figure 9: Annual cumulative precipitation comparison between the Quelccaya (left) and Lake Sibinacocha (right) and
ERAS/ERA 5-Land. The mean over all the years is solid and the minimum and maximum of all the hydrological years is
shaded. Quelccaya data are from 2016-2020, 2022 and 2024-2025 and Lake Sibinacocha from 2017-2025. ERAS/ERAS5-Land

products were used for the same periods.

7. Conclusions

Meteorological records from the Cordillera Vilcanota AWS network provide rare in situ observations of temperature,
humidity, precipitation, snow depth, and wind at very high elevations, revealing strong seasonal and short-term variability in
the tropical Andean atmosphere and cryosphere. A pronounced dry season (June to August) contrasts with a warmer, more
humid wet season (December to February), when most of the annual precipitation occurs. The 0°C isotherm linearly
interpolated from the Quelccaya—Sibinacocha temperature varied substantially over short timescales and agreed closely with
seven nearby radiosonde profiles collected from 4 to 7 March 2018 (mean bias —8 m). Net snow accumulation closely
corresponded to precipitation at Quelccaya during 2017-2018, but interannual records show that snow accumulation does not
scale directly with precipitation totals in all years, particularly for the very strong warm-phase ENSO (EIl Nifio) year of 2015-
16. Collectively, these findings underscore the importance of sustained high-elevation observations for resolving the rapidly

varying processes controlling precipitation phase and snow accumulation in tropical glacier environments.
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Data Availability
The quality-controlled AWS datasets are freely available at https://doi.org/10.5281/zenodo.23315967 (Perry et al., 2026). The

raw disdrometer, sounding data, and the snow pit data are also available. The code that was used to prepare the datasets and

compute statistics is available at https://doi.org/10.5281/zenodo.23813420
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