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Abstract. Historic measurements are often temporally incomplete and may contain longer periods of missing data whereas
climatological analyses require continuous measurement records. This is also valid for historic manual snow depth (HS) mea-
surement time series, where even whole winters can be missing in a station record and suitable methods have to be found
to reconstruct the missing data. Daily in-situ HS data from 126 nivo-meteorological stations in Switzerland in an altitudinal
range of 230 to 2536 m above sea level is used to compare six different methods for reconstructing long gaps in manual HS
time series by performing a "leave-one-winter-out" cross-validation in 21 winters at 33 evaluation stations. Synthetic gaps
of one winter length are filled with bias corrected data from the best correlated neighboring station (BSC), inverse distance
weighted (IDW) spatial interpolation, a weighted normal ratio (WNR) method, Elastic Net (ENET) regression, Random Forest
(RF) regression and a temperature index snow model (SM). Methods that use neighboring station data are tested in two station
networks with different density. The ENET, RF, SM and WNR methods are able to reconstruct missing data with a coefficient
of determination (r?) above 0.8 regardless of the two station networks used. Median RMSE in the filled winters is below 5 cm
for all methods. The two annual climate indicators, average snow depth in a winter (HSavg) and maximum snow depth in a
winter (HSmax), can be well reproduced by ENET, RF, SM and WNR with r? above 0.85 in both station networks. For the
inter-station approaches, scores for the number of snow days with HS>1 cm (dHS1) are clearly weaker and except for BCS
positively biased with RMSE of 18-33 days. SM reveals the best performance with 72 of 0.93 and RMSE of 15 days for dHS1.
Snow depth seems to be a relatively good-natured parameter when it comes to gap filling of HS data with neighboring stations
in a climatological use case. However, when station networks get sparse and if the focus is set on dHS1, temperature index

snow models can serve as a suitable alternative to classic inter-station gap filling approaches.

1 Introduction

Climatological analyses require continuous measurement series of meteorological data. Unluckily, historical measurement
series are prone to contain periods of missing data. Longer data gaps can for example originate from temporally abandoning a
measurement site, not properly reported measurements or archiving errors. Therefore, periods of missing data ideally need to
be interpolated prior to execution of any analysis. This is also valid for manual snow depth (HS) measurement time series. For
example, many instances of a whole winter of missing data are present in the manual station HS data records in Switzerland.

On the other hand, long-term continuous records of HS are for example necessary to perform climatological trend analyses
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(e.g. Matiu et al., 2021), to verify modeling studies (e.g. Olefs et al., 2020) or to calculate return levels of extreme events for
constructional guidelines (e.g. Marty and Blanchet, 2012).

A number of studies have evaluated and compared methods for reconstructing missing data mostly for the two variables
temperature and precipitation (e.g. Kanda et al., 2018; Woldesenbet et al., 2017; Yozgatligil et al., 2013; Kemp et al., 1983).
For longer gaps, usually inter-station approaches are used where missing data of one station is imputed with the help of one
or more neighboring stations (Massetti, 2014). For this purpose, most often multiple regressions, weighted averages or ratios
of average values between the neighboring station and the station to be filled are used (Woldesenbet et al., 2017; Tardivo and
Berti, 2012; Auer et al., 2007). More recently, also machine learning approaches have been used to estimate missing values
(Kim and Pachepsky, 2010; Kashani and Dinpashoh, 2012).

Snow depth is the result of an interplay between temperature and precipitation as well as the radiation driven energy bud-
get. Therefore, it is unclear if the methods developed for the reconstruction of other meteorological parameters are also easily
applicable for snow depth time series. Additionally, for inter-station approaches there might be the problem of different rela-
tionships during accumulation and ablation phase between stations which could hinder such approaches (Bales et al., 2018).
This might be especially true for stations at different elevations. Inter-station approaches are limited by the fact that a suit-
able set of reference stations needs to be available. Additionally, different predominant macro-scale weather patterns from
one winter to the other can lead to the violation of the assumption that relationships between stations are stationary. If other
meteorological parameters have been continuously measured in the period of missing HS at the target station, HS can also
be derived from these parameters with snow models. For the climatological use case where measured data is often limited by
the number of input variables and the temporal resolution, temperature-index models can be used for this task as they only
need daily precipitation and mean temperature as input variables. Although temperature-index models are very simplistic and
for example neglect effects such as snow redistribution by wind, they have been used in snow climatological impact studies
(e.g. Marke et al., 2018; Notaro et al., 2011). Flat field locations which are often characteristic for snow measurement sites are
thought to be less affected by such kinds of effects.

Reconstruction of HS data has been done by several studies (e.g. Brown, 1996; Brown et al., 2003; Witmer, 1984; Falarz,
2002; Avanzi et al., 2020). Some of the studies focus on shorter gaps in hourly automatic measured snow data (Avanzi et al.,
2020) while other studies focus on monthly means and employ very simple statistical models based on temperature only
(Hughes and Robinson, 1993; Brown et al., 1995). For daily data, weighted averages of HS data from neighboring stations are
employed (Matiu et al., 2021). Schoner and Koch (2016) use spatial averages and a temperature-index model to reconstruct
missing daily HS data in a project of the Austrian meteorological service. However, except for Witmer (1984) who compare
spatial interpolation methods for short gaps, no general comparison of different methods for reconstructing long gaps in daily
HS time series exists to our knowledge. It remains unclear which methods are most appropriate for climatological analyses
because the existing methods from different studies are not easily comparable and also only applicable for specific setups. For
climatological analyses covering snow, most often annual or seasonal snow climate indicators are used to evaluate trends and
changes in the snow cover rather than the daily values (e.g. Marty, 2008; Beniston, 2012; Buchmann et al., 2021; Marke et al.,

2018; Olefs et al., 2020). These snow climate indicators are derived from daily data such as for example mean snow depth or






