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Abstract. The surface temperature of snow cover is a key variable, as it provides information about the current state of

the snowpack, helps predict its future evolution, and enhances estimations of the snow water equivalent. Although satel-

lites are often used to measure surface temperature and despite the difficulty to retrieve accurate surface temperature from

space, calibration-validation datasets over snow-covered areas are scarce. We present a dataset of extensive measurements

of the radiative surface temperature of snow acquired with an uncooled Thermal Infrared (TIR) camera. The set accuracy5

goal is 0.7 K, which is the radiometric accuracy of the TIR sensor of the future CNES/ISRO TRISHNA mission. TIR im-

ages have been acquired over two winter seasons, November 2021 to May 2022 and February to May 2023 at the Col du

Lautaret, 2057 m a.s.l. in the French Alps. During the first season, the camera operated in the off-the-shelf configuration,

with a rough thermal regulation (7°C - 39°C). An improved setup with a stabilized internal temperature was developed for

the second campaign, and comprehensive laboratory experiments were carried out in order to characterize the physical prop-10

erties of the TIR camera components and its calibration. A thorough processing including radiometric processing, orthorec-

tification and a filter for poor visibility conditions due to fog or snowfall have been performed. The result is two winter

season timeseries of 130,019 maps of the surface radiative temperature of snow with meter-scale resolution over an area of

0.5 km2. The validation is performed against precision TIR radiometers. We found an absolute accuracy (MAE) of 1.28 K

during winter 2021-2022 and 0.67 K for spring 2023. The efforts to stabilize the internal temperature of the TIR camera15

therefore led to a notable improvement of the accuracy. Although some uncertainties persist, particularly the temperature

overestimation during melt, this dataset represents a major advance in the capacity to monitor and map surface tempera-

ture in mountainous areas, and to calibrate-validate satellite measurements over snow-covered areas of complex topogra-

phy. The complete dataset is at https://doi.org/10.57932/8ed8f0b2-e6ae-4d64-97e5-1ae23e8b97b1 (Arioli et al., 2024a) and

https://doi.org/10.57932/1e9ff61f-1f06-48ae-92d9-6e1f7df8ad8c (Arioli et al., 2024b).20
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1 Introduction

Snow is a crucial element of alpine ecosystems, as its high reflectivity cools the climate of high-altitude environments, while

its insulating properties contribute to preserve glaciers (Barry, 2002). In alpine areas, it represents a crucial storage of water for

the downstream ecosystems and human population (Grabherr et al., 2010). Indeed, with over one sixth of the world population

relying on the high-mountain cryosphere as a water supply (Barnett et al., 2005), extensive monitoring of the snowpack is key25

to improving the understanding of future change in water resources (Fayad et al., 2017; Beniston et al., 2018).

The surface temperature of snow is one of the key variables to monitor the status of the snowpack. It plays a major role in

the surface energy budget, that describes the exchanges of energy between the snowpack and the atmosphere (Armstrong and

Brun, 2008), it provides insights about the onset and duration of surface melt (Alonso-González et al., 2023), and it influences

the evolution of the microstructural and optical properties of the snow grains (Colbeck, 1989; Flanner and Zender, 2006).30

However, surface temperature variations are difficult to capture and predict. Indeed, due to the insulating properties of snow,

thermal inertia is low, allowing minute-scale changes of the surface temperature. Furthermore, in mountainous areas it varies

largely in space, at meter and longer scales, because of the complex terrain (Lundquist and Cayan, 2007). Indeed, phenomena

such as 1) variable illumination intensity according to surface slope and orientation, 2) reflection of sunlight and emission of

thermal infrared radiation towards neighboring slopes, 3) variations of the air temperature with altitude due to the lapse rate35

and atmospheric turbulence, induce large spatial variations in the local surface energy budget (Fierz et al., 2003; Adams et al.,

2011; Robledano et al., 2022).

Thermal infrared (TIR) sensors on board satellites and other spatial platforms, such as NASA’s Landsat 8/9 TIRS/2, ECOSTRESS,

ASTER and NOAA’s AVHRR monitor the surface temperature of snow-covered areas extensively and regularly (Roy, 2014;

Hook and Hulley, 2019; Hulley and Hook, 2010; Kerr et al., 1992). Over mountainous terrain, however, the resolution of most40

sensors, which is in order of 100 m to 1 km, is coarse with respect to the spatial temperature variations within a single pixel,

leading to higher measurement uncertainty (Hall et al., 2008; Simó et al., 2016; He et al., 2019). Also, the revisit time of the

TIR sensors currently in orbit, which is in the order of half a day for sensors at 1 km resolution and up to 16 days for ASTER

at 90 m resolution, combined with the intermittency of cloud cover, makes the temporal distance between successive useful

clear-sky images significantly larger than the typical timescales of the surface temperature variation (Wang et al., 2001). A new45

generation of thermal infrared sensors are to be launched between 2026 and 2030 on board the TRISHNA, LSTM and SBG

satellites (Buffet et al., 2021; Bernard et al., 2023; Stavros et al., 2023). These sensors will have an enhanced resolution between

50 m and 70 m, a revisit of �3 days individually, achieving 1 day when combined (day pass). They will therefore increase sig-

nificantly the amount of high-resolution thermal data available over terrestrial surfaces, developing the current understanding

of the snow surface energy budget and the estimation of water resources in Alpine areas and cold regions (Alonso-González50

et al., 2023). However, some difficulties inherent to remote measurements in mountainous areas remain to be solved. Indeed,

most atmospheric correction algorithms of satellite images only partially account for the underlying topography (Zhu et al.,

2020). Additionally, how the sub-pixel variability of the snow surface temperature affects satellite measurements is still un-

clear. These uncertainties result from the scarcity of calibration-validation initiatives of thermal infrared acquisition over snow
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covered areas (Dybkjær et al., 2012; Høyer et al., 2017). In addition, because of its extent and well-known temperature of 0°C55

during the melting season, snow is an interesting material for the scope of calibration-validation.

Recently, uncooled thermal infrared cameras have become affordable means to perform high resolution and high revisit time

measurements of the surface temperature, similarly to webcams. However, their use has been limited by multiple instrumental

biases that make these instruments far from an off-the-shelf solution for scienti�c applications requiring high accuracy (Aasen

et al., 2018). Indeed, measurements are extremely sensitive to the temperature of the sensor itself and of the camera body60

(Budzier and Gerlach, 2015), and the instrument response drifts over time (Olbrycht et al., 2012). This causes offsets of

several K on the measured temperature and creates artifacts in the image (Riou et al., 2004). Many of these issues are partially

corrected by the "Flat Field Correction" (FFC). During the FFC, a shutter of known temperature and emissivity is regularly

measured by the sensor. The offset between the measurement and the real shutter temperature is then applied to the following

measurements, compensating for the errors that build up during operation, pixel by pixel (Nugent et al., 2013; Virtue et al.,65

2021). The FFC is typically applied every few seconds to few minutes. Still, even with a FFC system, most manufacturer's

declared accuracy of TIR cameras ranges between 2 and 5 K (Kelly et al., 2019). This is insuf�cient for the purpose of TIR

satellite calibration-validation, considering that most space-borne TIR sensors have a radiometric accuracy between 0.1 K and

0.8 K (Barsi et al., 2014; Smith et al., 2020; Smyth and Logan, 2022). As a result, the attempts to acquire thermal imagery

on snow surfaces in scienti�c literature are scarce and mainly focus on temperature anomalies rather than on absolute surface70

temperature (Shea et al., 2012; Kraaijenbrink et al., 2018; Wigmore and Molotch, 2023).

This study presents observations of the surface temperature over 2 winter seasons in an Alpine catchment with complex

terrain (Col du Lautaret in the French Alps). The dataset includes high frequency (2 min) timeseries of images of the surface

temperature acquired with an uncooled TIR camera. The particularity of this dataset is the high quality of the calibration and

stabilization of the camera, and the availability of ancillary measurements to perform a precise cross-evaluation with the aim75

to achieve high accuracy. The accuracy goal �xed for the dataset is 0.7 K, which is the radiometric accuracy expected for

the TRISHNA satellite, that carries the precursor of the new generation of TIR imaging radiometers. This paper describes the

thorough step-by-step processing of raw data and the careful assessment of the measurement uncertainty. During processing,

snow is treated as a black body. While the actual emissivity of snow is between 0.96 and 0.99 at nadir (Hori et al., 2006),

choosing a precise value for snow emissivity is challenging because of its potential variations with grain types and presence80

of surface water during the melting season (Dozier and Warren, 1982; Hori et al., 2014). Other in-situ measurements include

snow surface temperature from TIR radiometers deployed in the camera's �eld of view (FOV) – used as ground truth –, RGB

images of the scene, timeseries of the internal temperature of the TIR camera and meteorological parameters that are helpful

to the interpretation of the camera measurements, such as incoming longwave radiation, air temperature and humidity, and

wind speed. The study site is described in Section 2. The instruments used, the lab characterization of the TIR camera and85

the processing of the measurements are described in Section 3, 4 and 5 respectively. The results are presented in Section 6,

validated in Section 7 and discussed in Section 8.
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2 Study site

The two winter measurement campaigns took place at the Col du Lautaret site in the French Alps (Fig. 1, 45.0347 N, 6.4051 E),

at an altitude of 2057 m a.s.l. The imaged site is located next to the Col du Lautaret pass, with the TIR camera pointing West.90

It includes a North facing slope (Fig. 2, left) and a South facing slope (Fig. 2, right) and spans altitudes between 1950 m and

2200 m. The Meije massif in the Écrins mountain range is visible in the background. South of the col, the relief steeply climbs

above 3000 m, masking sunlight on the North facing slope of the pass during most of winter. Otherwise, the South facing

slope receives at least some sunlight everyday. Snow covers the soil approximately between December and April every winter

with very high spatial variability in snow depth. Advanced meteorological parameter are measured continuously at the Fluxalp95

ICOS station, 500 m North of the col, and are available in open access (https://meta.icos-cp.eu/resources/stations/ES_FR-CLt).

Figure 1. Map of the West side of the Col du Lautaret, France (45.0347°N, 6.4051°E) with the location of the TIR camera, its �eld of view

and two Automatic Weather Stations deployed on the North and South faces. The AWS-North was relocated between winter 2021-2022 and

spring 2023.
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Figure 2. Photographs taken by the TIR camera (a) and a standard RGB camera (b).

3 Instruments

3.1 Thermal Infrared camera

The timeseries of surface temperature images are acquired using an Optris Pi640 camera. Its sensor consists of a focal plane

array of 640x480 microbolometers that measure the incoming radiance in the thermal infrared domain, between 8� m and100

14 � m (Opt, 2020). Microbolometers work at ambient temperature and therefore do not require expensive cooling systems.

However, their response is unstable in time and particularly sensitive to environmental temperature changes. To compensate

for these two sources of uncertainty, the camera comes with an internal shutter system to perform FFC. Besides its radiometric

utility, the FFC also reduces noise across the image. The FFC process is controlled by the camera software. In addition, the

camera is enclosed in an aluminum casing with a basic thermal regulation system (between 10°C and 30°C). The conversion of105

the signal from digital numbers to temperature is also performed by the camera software. The measurement output is an array

of 640x480 temperatures at a resolution of 0.1 K, recorded as a comma-separate-value (csv) �le. We con�gured the acquisition

to occur every 2 minutes during �eld campaigns.

This off-the-shelf setup of the TIR camera is used for the whole 2021-2022 winter campaign, between November 2021 and

May 2022. However, we identi�ed that the large internal �uctuations of temperature jeopardized our goal in terms of accuracy.110

For spring 2023, the setup was therefore modi�ed. The camera was isolated inside the original casing, in a small enclosure

whose temperature was kept close to constant (<2K �uctuation) by a thermoelectric module (TEM), while the rest of the casing

was used to evacuate the heat excess (Fig. 3a). The volume with the camera and the rest of the casing was both ventilated for

the temperature to be uniform inside. Because of the limited power of the TEM, the presence of active electronics inside the

camera body and wide external temperature variations, the internal temperature was typically between -0.5 K to +1.0 K with115

respect to the TEM settings during operation, but varying slowly over time.

The camera in its casing, paired with a waterproof box containing both camera and TEM electronics, was installed on

the South wall of the museum building of the Lautaret garden (6.4006 E, 45.0352 N, Fig. 3b). A small wooden roof was
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