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Abstract

The 1% Snow Data Assimilation Workshop, organized under the COST Action ESSEM 1404 HarmoSnow,
took place in Offenbach, Germany, on 89 March 2017. Of particular relevance for the workshop were
thematic sessions on i) data assimilation methods and the use of snow observations, ii) snow observations
and evaluation, iii) snow observations and physical snow models, and iv) snow observations and hydrological
models. This report summarizes the scientific contributions presented at the workshop. The discussions
mainly focused on methods for combining satellite observations with conventional in-situ snow measurements
and modeling results, as well as on errors in the spatial and temporal representation of snow measurements
for data assimilation in NWP and hydrological models. It has been shown that the assimilation of in-situ and
satellite-based snow observations improves the quality of the snow analysis and forecast. However, in order
to achieve this positive impact, a thorough quality control of the observational data is necessary, in particular
because of the automation of the ground-based networks.
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1 Introduction

Due to its unique physical properties, snow on the
ground is an essential environmental variable directly
affecting the Earth energy balance. Since the representa-
tion of the snow coverage is essential for the model radi-
ation budget and the assimilation of radiances over land
(e.g. in numerical weather prediction models), it is there-
fore important to have accurate information on snow
and to assimilate it into hydrological, land-surface and
meteorological models to address the impact of snow
on various phenomena, to predict local snow-water re-
sources and to warn about snow-related natural hazards
(DruscH et al., 2004; ViviroLietal., 2011; FayaDpetal.,
2017; LAFAYSSE etal., 2017; ETTER etal., 2017).
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With the implementation of the Global Cryosphere
Watch (GCW) in 2011, WMO established a program
which satisfies the growing demand for authoritative in-
formation on the past, present and future state of the
world’s snow and ice resources (KEy etal., 2015). Al-
though GCW is global in scope, the program needs ac-
tivities at all scales, including regional, national and
local levels, (GCW, 2012) and recognizes the require-
ments for assimilation, model development and valida-
tion. At a European level, the COST Action ESSEM
1404 HarmoSnow (2014-2018) coordinates efforts to-
wards harmonizing the processing and handling of snow
data (COST, 2015).

Information about the physical snow properties come
from observations (in-situ and remote sensing) and from
physical snow models. However, the complexity and
heterogeneity of snowpack processes leads to large un-
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certainties in the datasets from both, observation and
model simulations (DECHANT and MORADKHANI, 2011).

The aim of this study is to summarize the contribu-
tions presented during the workshop. The detailed pro-
gram of the workshop and PDFs of most of the presenta-
tions are available at the following website: http://www.
harmosnow.eu/.

In-situ measurements of snow properties are consid-
ered in Section 2. In Section 3, the contribution of re-
mote sensing to the estimation of the snow state is dis-
cussed. The modeling of snow processes in physical
snow models is considered in Section 4 and Section 5
deals with the combination of observations and model
data in data assimilation, followed by a summary in Sec-
tion 6.

2 In-situ measurements

Snow depth observations from the SYNOP (synoptic)
station network are used by a number of operational
NWP and hydrological centers. They provide very valu-
able information, which is used to initialize prediction
models. The SYNOP snow depth network is relatively
dense in Europe, but in some regions with low popula-
tion density it can be very sparse. SYNOP observations
are made available by each country via the WMO Global
Telecommunication System (GTS), which is a dedicated
observation exchange network for NWP. M. LANGE
showed in his presentation that it is imperative to mon-
itor SYNOP station snow depth reports to detect prob-
lems in the snow analysis based on SYNOP reports, as
they could have a negative impact on the NWP forecast.
This monitoring becomes even more important because
of the automation of the ground-based networks.

In addition to the SYNOP networks, some countries
have national networks for snow depth measurements,
which are not reported via GTS. Making these extra
snow measurements available on the GTS is potentially
very valuable for NWP applications. The presentation
by DE RosNAY etal. showed the currently available in-
situ data and discussed the gaps in the GTS reporting
of snow depth in relation to ongoing actions, carried
out by the World Meteorological Organization Global
Cryosphere Watch (GCW) Snow Watch initiative and the
Harmosnow COST action. These initiatives contribute
to improving the availability of snow depth reports on
the GTS (DE RosNAY etal., 2015, 2016).

In field experiments, it is possible to gather more
snow information for a limited time period. Using snow
water equivalent (SWE) and snow depth (SD) measure-
ments, which had been analyzed over several winter sea-
sons for a mountainous region with open forests, open
meadows, living forests and dead forests, M. BARTIK
and T. SATALA showed that the main influences on SWE
in forests are vegetation type and state, altitude, and ex-
position. Considering the effects of vegetation on snow
could improve the forecasts of water supply in catch-
ment areas with forests.
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The presentation by M. OsucH et al. showed the re-
sults of a study carried out for the small unglaciated
catchment area of Fuglebekken, located near the Polish
Polar Station Hornsund on Spitsbergen. During the hy-
drological years 2013-2014 and 2014-2015 a number
of hydro-meteorological measurements were carried out
in order to calibrate and validate the conceptual rainfall-
runoff model Hydrologiska Byrans Vattenbalansavdel-
ning (HBV) (WAWRZYNIAK etal., 2017). The outcomes
indicate that the calibration results depend on the data
time step and the data averaging. Good calibration and
validation results were obtained, which will allow the
use of the model for other years and an assessment of
the actual state as well as a simulation of future changes.

Considering changes in seasonality of snow depth,
air temperature and precipitation in western Spitsber-
gen, the presentation by M. OsucH and T. WAWRZY-
NIAK focused on the analysis of their variability, using
the recently proposed tool ‘Moving Average over Shift-
ing Horizon (MASH)’ (ANGHILERI etal., 2014), based
on time series for 32 snow seasons between 1984 and
2016 at four stations in Spitsbergen. It was shown that
the MASH method combined with the Mann-Kendall
test can be successfully applied for estimating trends
of daily snow depth, air temperature and precipitation
(OsucH and WAWRZYNIAK, 2017a,b). Given that in-situ
measurements of snow depth in Spitsbergen are rare and
data are only available from a few sites, there are still
not enough homogeneous data and further investigations
and snowpack modeling are required.

3 Remote sensing

Remote-sensing data have the potential to provide esti-
mates of the snow state (DE LANNOY etal., 2012) in re-
gions with sparse in-situ snow measurements. In the vis-
ible (VIS) and near infrared (NIR) spectral range, space-
borne remote sensing can determine the snow cover area
(SCA) and snow cover fraction (SCF) at a high spa-
tial resolution (MODIS, AVHRR, Sentinel-2). Passive
microwave remote-sensing data allow an estimation of
snow depth and SWE by relating the microwave bright-
ness temperature to snow parameters without any im-
pact from clouds (PULLIAINEN, 2006; PULLIAINEN and
HALLIKAINEN, 2001). However, the resolution of these
products is typically coarser than that of remote-sensing
products from VIS and NIR spectral bands, and their ac-
curacy is sensitive to the assumptions used and to the
properties of the snowpack (FOSTER etal., 2005; DONG
etal., 2005; LEPPANEN et al., 2015; KoNTU etal., 2017).
Alternatively, active microwave sensors can determine
snow depth from space with a higher resolution, but
they require spaceborne measurements at appropriate
frequencies (DE LANNOY etal., 2012).

Furthermore, a number of blended satellite prod-
ucts have been developed, which merge visible, near-
infrared and passive microwave observations (KONGOLI
etal., 2007; Gao etal., 2010; FosTER etal., 2011) and
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which could be used for data assimilation. For SWE
however, most of these products are research products
and are only generated for a limited time period and area
(DE LANNOY etal., 2012). For SCA, a number of com-
bined and operational products exist, which also include
in-situ measurements (RAMSAY, 1998).

An overview of the spectral properties of snow
and their consideration in remote-sensing retrievals was
given by R. MULLER etal., whose presentation focused
on snow cover products from LSA-SAF (SiLiaMo and
HyVARINEN, 2011) and the interactive multisensor snow
and ice mapping system (IMS), (Ramsay, 1998). Both
data sources provide daily values. However, for many
applications intra-daily updates of the snow cover in-
formation would be most appropriate. Different snow
cover update options have been discussed. While the
spectral behavior of snow and clouds differs, clouds cov-
ering land-surface areas with snow for a long time re-
main a problem for daily and intra-daily updates of the
remote-sensing products. However, it is desirable for
climate data records (CDRs) to cover time periods as
long as possible. Therefore, using “first generation satel-
lites” is also of high interest for the generation of CDRs.
It is difficult to distinguish between clouds and snow-
covered surfaces when working with measurements by
early satellite instruments (e.g. MVIRI: Meteosat Visi-
ble Infra-Red Imager) or with their replacements. In cli-
matological time series of remote-sensing data in par-
ticular, snow coverage is often wrongly classified as
clouds, which results in a systematic underestimation
of the derived surface radiation in snow covered situa-
tions. Due to the limited spectral resolution of the early
satellite sensors, historic remote-sensing data often does
not allow for a separation of snow cover and clouds
when using current retrieval algorithms, as the latter re-
quire multi-spectral information. It is however possible
to separate clouds from snow coverage by analyzing
motion vectors (HELSNOW method), using consecutive
satellite images (visible channel only) from geostation-
ary satellites and modern image recognition software, as
shown in the presentation by J. TRENTMANN.

Cloud cover, which most often occurs during win-
ter storms, can also impede the detection of wind-blown
snow. Wind-blown snow impacts on the surface mass
balance of a snowpack and ice sheet by transport and
sublimation. Its importance has been recognized for
large regions covered by snow and ice such as Antarc-
tica. It is possible to detect wind-blown snow using
satellite data (PALM etal., 2011). The near-surface lay-
ers of wind-blown snow are apparent in lidar backscatter
profiles (532 nm attenuated backscatter). These data are
processed from CALIPSO (Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations) at a high reso-
lution (1x1km), using a new algorithm, which was de-
veloped by A. GossarT and which is designed to detect
wind-blown snow from a ground-based remote-sensing
ceilometer at Princess Elisabeth station (Dronning Maud
Land, East Antarctica, 72°S, 23°E) (GOSSART etal.,
2017). When the 910 nm attenuated backscatter profiles
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were processed with a temporal resolution of 15s us-
ing this algorithm, a strong signal for wind-blown snow
signal could be detected for the first time from layers
thicker than 15 m. The newly developed algorithm has
the added value that it also detects wind-blown snow
events mixed with snowfall, thus even during overcast
conditions. Those events are not detected by satellites,
but represent the majority of wind-blown snow events at
the Princess Elisabeth station.

4 Physical snow models

Numerical model predictions are able to provide con-
tinuous estimates of the snow state. However, the accu-
racy of the predictions is limited due to uncertainties in
meteorological forcing data and structural problems in
land-surface models regarding snow processes (DE LAN-
Noy etal., 2012; SLATER etal., 2001; RUTTER etal.,
2009; DuTRA etal., 2010; RALEIGH etal., 2015). Three
major classes of snowpack models are used for vari-
ous applications (ARMSTRONG and BRUN, 2008): single-
layer snow schemes (see, e.g., TARBOTON and LUCE
1996; JANSsON and KARLBERG 2004; DE MICHELE et al.
2013), schemes of intermediate complexity (MARKS
etal., 1998; KorvusaLo etal., 2001) and detailed snow-
pack models, which differ in the description and pa-
rameterization of the properties inside the snowpack
and the related processes (see e.g. ANDERSON 1976;
JORDAN 1991; BARTELT and LEHNING 2002; RUTTER
etal. 2008; VIONNET etal. 2012). The model to be ap-
plied (single-layer vs. multi-layer) should be chosen ac-
cording to the problem addressed. When a detailed de-
scription of the snowpack is needed, for example, for
the modeling of avalanches, a multi-layer model is to
be prefered. On the other hand, when a general de-
scription is sufficient, for example for the evaluation
of the water stored within the snowpack, a single-layer
model can be satisfactory. Single-layer representations
of snow thermodynamics are still used in operational
NWP models (Essery, 2013). In more advanced land-
surface schemes used in operational models, there are
multi-layer snow options with fixed or variable numbers
of layers available (Essery, 2013), e.g. in HTESSEL at
ECMWF (Dutra etal., 2012), JULES at the Met Of-
fice (BEsT etal., 2011), ISBA-ES in SURFEX (BOONE,
2002), and TERRA in the ICON model at DWD (ZANGL
etal., 2015). Detailed snowpack models also include
state variables for the microstructure of snow grains in
different layers (EsSery, 2013).

5 Snow data assimilation

Data assimilation can improve the snow properties sim-
ulated by numerical models by combining data sets
from observations with numerical model predictions and
by taking into account the uncertainties of observed
and modeled variables (LisToN and HIEMSTRA, 2008).
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Therefore, efforts have been made to merge snow ob-
servations and snow modeling using the data assimila-
tion method (e.g., ANDREADIS and LETTENMAIER 2006;
DE LANNOY etal. 2012). Recently, increasing attention
is given to investigating how data assimilation (DA)
schemes can consistently improve the model simula-
tions by assimilating ground-based measurements or re-
motely sensed snow-related observations (BERGERON
etal., 2016; DziuBaNskI and FrRaNZ, 2016; ALVARADO
MoNTERO etal., 2016; CHARROIS etal., 2016; PiazzI
etal., in review). For this purpose, several DA method-
ologies have been developed (EVENSEN, 2009; BAN-
NISTER, 2017). Their performances differ depending on
their degree of complexity (Piazzi etal., in review).
For real-time applications, sequential DA techniques
are widely used. They sequentially update the model
state, using observational data as they become available
(P1azzietal., in review). Basic approaches use direct in-
sertion (DI) methods (LisTON etal., 1999; MALIK et al.,
2012), or Cressman interpolation (CRESSMAN, 1959).
Other approaches include optimal interpolation (OI)
schemes (BRASNETT, 1999; DE RosNAY etal., 2014)
and nudging methods (STAUFFER and SEAMAN, 1990;
Boni etal., 2010). However, for complex, multi-layered
snow models the application of conceptually simple DA
schemes is not straightforward due to possible spin-
up behavior by the model, resulting from physical in-
consistencies between the state variables (MAGNUSSON
etal., 2017). The presentation by R. KocH and M. OLEFs
showed results from a study, in which maps of the daily
fractional snow-covered area product from the Moderate
Resolution Imaging Spectroradiometer (MODIS) dur-
ing the winter season of 2015-2016 were used to cor-
rect modeled quantities (snow depth, snow water equiva-
lent) at a very high resolution, which had been produced
by the operational snow cover model (SNOWGRID)
for Austria. When MODIS data are available, the snow
cover fraction for this model time step is taken into ac-
count, when determining whether or not snow is present
in the modeled SNOWGRID fields. As a measure of the
impact of MODIS observations on the modeled snow
quantities, the differences are analyzed between model
runs with and without the use of MODIS for correct-
ing SNOWGRID fields. While taking into account the
uncertainties in satellite data for mountainous regions,
it is the aim of the qualitative and quantitative compar-
ison to gain further understanding of how the SNOW-
GRID forecast skill could potentially be improved by
using remote-sensing data from the moderate-resolution
satellite observations in model domains which include
areas of low as well as high altitude.

The presentation by U. BOHM etal. focused on
combining ground-based measurements with remote-
sensing snow observations within the grid-based phys-
ical model SNOW4 for the analysis and short-term fore-
casting (up to 72 hours) of snow water supply. This is the
total amount of runoff from snow melt and precipitation
and constitutes an important parameter for flood warn-
ing and forecasting. When analyzing the past 30 hours,
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the model is forced by hourly surface measurements
of 2 m-temperature, wet bulb temperature, wind speed,
sunshine duration and precipitation. Ground-based daily
snow observations at 06 UTC are interpolated to the
model grid once a day, including a quality control. The
chosen interpolation algorithm contains a method based
upon optimal interpolation (GANDIN, 1963). Similarly
to External Drift Kriging, remote-sensing data may in
addition be used to estimate the spatial structure of the
snow cover in regions with sparse or no surface observa-
tions. It was found that the use of satellite observations
as a supplementary source of information had a positive
impact on the result of the gridding algorithm of ground
observations. IMS data provide added value compared to
Land-SAF data in terms of coverage due to a multisensor
approach. For operational use in SNOW4, a selection-
based approach will be implemented (use of IMS prod-
uct if available, otherwise use of LAND-SAF product).
The frequency of data provision remains a problem as
well as the question of how to update the daily IMS
product sub-daily.

For sequential DA techniques, Kalman filters (KAL-
MAN, 1960) are among the most commonly used meth-
ods (P1azzr etal., in review). The basic version of the
Kalman Filter (KF) (GELB, 1974) still uses the assump-
tion of system linearity (P1azz1 etal., in review). The
Extended Kalman Filter (EKF) (MILLER etal., 1994)
makes it possible to consider nonlinear dynamic models
using a linearizing approach (DoONG etal., 2007). With
the Ensemble Kalman Filter (EnKF), the inaccuracy of
the linearization procedure can be avoided (EVENSEN,
1994), which affects the filter performance due to pos-
sible strong model nonlinearities (MORADKHANI, 2008).
In order to obtain error estimates instead of a model lin-
earization, an ensemble of possible model realizations is
needed, based on the Monte Carlo approach (EVENSEN,
2003).

In snow hydrology, an increasing number of studies
confirms that the EnKF is a well-performing method,
which improves the accuracy of hydrological simula-
tions through the assimilation of snow-related obser-
vations (ANDREADIS and LETTENMAIER, 2006; SLATER
and CLARK, 2006; DE LANNOY et al., 2012; MAGNUSSON
etal., 2014; Piazzi etal., in review).

The presentation by D. GUSTAFSSON et al. showed the
application of data assimilation methods such as the En-
semble Kalman filter for updating the simulated water
storages in snow and soil during the initialization pe-
riod before issuing forecasts at different times through
the winter and the snow melt season. The aim was to
make a systematic evaluation of the improvement in sea-
sonal spring melt forecasting skill by assimilating var-
ious types of snow data for a number of hydropower
reservoir basins in Sweden. Using different methods
for updating hydrological models from in-situ measure-
ments and remote-sensing data, it was shown that the
assimilation of snow information improved spring melt
forecasts in most of the study areas and study years.
The main factors for improving the forecasts were man-
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ual observations of snow water equivalent and satellite-
based data on fractional snow cover area. However, up-
dating the model with snow data does not always lead
to improved simulations of river discharge and reservoir
inflow. This could be due to a dominant uncertainty in
the weather forecast/climatological forecast, uncertain-
ties in snow observations (sparse in-situ measurements,
errors of satellite data in mountainous regions), or un-
derestimation of systematic representation errors in the
assimilated snow information.

Compared to the state of the art in data assimila-
tion, the methods used for snow analyses in numerical
weather prediction are much simpler (Essgry, 2013) and
lag behind the level of sophistication used for the ini-
tialization of other surface variables (e.g. soil moisture).
The presentation by E. KOURZENEVA et al. addressed the
existing gap between rapidly developing remote-sensing
snow observations and the simple methods which are
used to assimilate them into NWP models. When as-
similating remote-sensing Snow Extent (SE) observa-
tions, the main problem is that SE is a categorical vari-
able (yes/no), and statistical methods have not yet been
developed for such a type of data. It is not known
how the observational error of SE could be represented
qualitatively. Also, the impact of observations is dom-
inating, since there are no objective statistical methods
which could be used to combine observations from dif-
ferent satellites. A comparison of SE observations from
two satellites (METEOSAT and METOP) with SYNOP
data and with simulations produced by the NWP model
HARMONIE showed good overall agreement between
all data sources suitable for data assimilation purposes.
However, all types of data have errors that need to be ac-
counted for in data assimilation systems. Satellite data
mainly overestimate snow due to cloud contamination;
they may also contain situations where snow has not
been detected. METOP may give an ‘added value’ to
products from METEOSAT, especially for Nordic coun-
tries, which means that it is worth combining the prod-
ucts of the two satellites. The comparison of SE from
two satellites should also be used to derive information
on the observational error of categorical SE data.

ECMWF’s snow analysis uses a 2D OI method to as-
similate the IMS snow cover information, in addition to
the snow depth measurements (DE ROSNAY etal., 2015).
In the presentation by P. DE ROSNAY etal., the relative
impact of different types of observations from a set of
Observing System Experiments (OSEs) on the analy-
sis of snow depth was evaluated and it could be shown
that forecasts of both surface fields and low-level atmo-
spheric variables are highly sensitive to the snow initial-
isation. Combined assimilation of both types of obser-
vations, in-situ snow depth and IMS snow cover, signif-
icantly improves near-surface weather forecasts, com-
pared to experiments without snow data assimilation or
experiments using only a partial snow observing system.

In current operational NWP systems, snow depth
from in-situ ground measurements and satellite-derived
snow extent are assimilated (DRrRuscH etal., 2004;
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DE ROsSNAY etal., 2015; PULLEN etal., 2011), but SWE
is not considered during the assimilation cycle (ESSERY,
2013).

In the presentation by KuzmiNA etal., results from
the SNOWE technology were shown, which uses SYN-
OP snow depth observations together with a satellite
snow mask in order to correct the SWE values from
global data assimilation systems at a local scale with a
stand-alone system. The aim is to obtain more realistic
daily SWE values at the location of the SYNOP station,
since the history of previous weather situations is taken
into account. This product provides reliable SWE, which
has been shown to have a positive impact on limited-area
NWP forecasts produced by the COSMO model, and
can be used in hydrological forecasts. By using SNOWE
technology to correct the initial fields of COSMO-RU,
the RMSE of T2m forecasts near the snow boundary
in the spring time could be reduced by 0.5-1.5K, and
in some places by up to 7K. SNOWE data and tech-
nology have been used for forecasting spring floods in
2015/2016 for the northeastern part of the Russian Fed-
eration, where the observing network is sparse. Pre-
operational runs of SNOWE with COSMO-RU technol-
ogy for the winters of 2014/2015 and 2015/2016 have
resulted in more realistic values of SWE than the ones
obtained from the global NWP data assimilation system
(in comparison with direct hydrological snow measure-
ments).

Ensemble Kalman Filters have been used in many
studies for processing snow observation data in the data
assimilation for snow models (ANDREADIS and LETTEN-
MAIER, 2006; DURAND and MARGULIS, 2006; DURAND
etal., 2009; KuMAR etal., 2008; SLATER and CLARK,
2006; Su etal.,, 2008; DECHANT and MORADKHANI,
2011), however, they are not applied operationally to
snow information in NWP assimilation systems.

The presentation by DONG et al. focused on the new
NASA Land Information System (LIS), which combines
NOAA operational land-surface and hydrological mod-
els, high-resolution satellite and observational data, and
land data assimilation tools. The existing land data as-
similation capabilities in LIS have been extended to also
support NCEP’s land-surface assimilation of satellite-
based soil moisture and snow observations. A set of of-
fline numerical experiments, driven by the GFS forecast
forcing, has been conducted to evaluate the impact of as-
similating snow information with daily values from the
Global Historical Climatology Network (GHCN). The
results show that the statistics of the LIS EnKF data
assimilation system with 20 members are better than
those of an assimilation with direct insertion, LIS con-
trol run, operational GFS/GDAS product and U.S. Air
Force Weather Agency (AFWA) SNODEP product.

6 Summary

The workshop emphasized the valuable collaboration
between research and operational services regarding the
use of snow observations for data assimilation in nu-
merical weather prediction models, hydrological mod-
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els, and physical snow models. These applications have
common objectives, methods, and challenges when it
comes to combining in-situ and satellite data for usage
in a model and for validation. There is a demand for
more combined products, retrievals and flow-dependent
approaches for data assimilation systems, but in the long
term, the aim is to assimilate radiances from spaceborn
instruments.

Current snow data products from satellites are typ-
ically based on the specific spectral properties of snow.
They are used to force land-surface models within a data
assimilation framework. However, the remote-sensing
data which are most often used are snow cover and frac-
tional snow cover, whilst satellite products such as snow
water equivalent and snow depth are only rarely used
in data assimilation. New approaches are investigated in
order to be able to make use of early satellite images for
long-term records in reanalysis applications.

In-situ measurements provide an essential data source
for snow depth. However, their sparse coverage in some
regions is problematic. They do provide valuable ad-
ditional information especially in mountainous areas,
where satellite data, which are also influenced by clouds
and snow below vegetation (e.g. forest), have large un-
certainties due to snow conditions varying in a very
small area. Therefore it is important to improve the
availability of snow depth reports on the GTS, which
is being supported by WMO GCW and COST Har-
mosnow. Satellite data have great advantages in regions
with only few in-situ measurements, compared to inter-
polated station data. The workshop therefore discussed
the great potential of a combined assimilation of both
types of observations, in-situ snow depth and remote-
sensing data (e.g., IMS snow cover), which had been
confirmed by results demonstrating the significant im-
provement of the forecast of near-surface weather vari-
ables when using this method.

Applying the SNOWE technology at SYNOP sta-
tions represents an approach that takes into account
the history of the snowpack for initialising limited ar-
eas NWP forecasts and is available to the operational
COSMO NWP consortium. For hydrological models,
the assimilation of snow information improves spring
melt forecasts. Manual observations of snow water
equivalent and satellite-based data on fractional snow
cover area are considered as most useful in these mod-
els. The sensitivity of these model results to data time
steps and to data averaging is currently investigated us-
ing long-term measurements.

There was a discussion of the existing problems
in snow analysis products related to data assimilation
methods. For example, snow water equivalent incre-
ments that correct the model trajectory to compensate
for snow melting processes issues result in a water bud-
get value that is potentially disadvantageous for hy-
drological forecasts. A combined snow and soil mois-
ture data assimilation can be useful to keep consis-
tency in the water budget. Since observation errors mat-
ter in snow data assimilation, the relationship between
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MODIS snow product errors and temperature was dis-
cussed in a study carried out by DONG etal. (2014).

It is important to capture the interaction processes be-
tween vegetation and snow in models, since large areas
with seasonal snow in the northern hemisphere are re-
gions with forests. Depending on vegetation type and
state, altitude and exposition, snow depth and snow wa-
ter equivalent can differ significantly, which has implica-
tions for hydrological forecasts. For climatological ap-
plications, the importance of investigating the seasonal-
ity of snow and of analyzing potential sources of change
in snow depth has been recognized.

Acknowledgments

The workshop organization committee would like to
thank the COST Action ES1404 (harmosnow.eu) for its
financial support, and its participants for the fruitful dis-
cussions. We would also like to thank the Satellite Ap-
plication Facility on Climate Monitoring (CM SAF) and
Deutscher Wetterdienst for administrative and logistic
support.

References

ALVARADO MONTERO, R., D. SCHWANENBERG, P. KRAHE, D. LIs-
NIAK, A. SENSOY, A.A. SOrRmMAN, B. AkkoL, 2016: Moving
horizon estimation for assimilating H-SAF remote sensing
data into the HBV hydrological model. — Adv. Water Resour.
92, 247-248, DOI:10.1016/j.advwatres.2016.04.011.

ANDERSON, E.A. (1976) A Point Energy and Mass Balance
Model of a Snow Cover. — NOAA Technical Report NWS 19,
150 pp.

ANDREADIS, K.M., D.P. LETTENMAIER, 2006: Assimilating re-
motely sensed snow observations into a macroscale hydrology
model. — Adv. Water Resour. 29, 872—-886.

ANGHILERI, D., F. P1aANoSI, R. SONCINI-SESSA, 2014: Trend de-
tection in seasonal data: from hydrology to water resources. —
J. Hydrol. 511, 171-179, DOI:10.1016/j.jhydrol.2014.01.022.

ARMSTRONG, R., E. BRUN, 2008: Snow and climate: physical
processes, surface energy exchange and modeling. — Cam-
bridge Univ. Pr.

BANNISTER, R.N., 2017: A review of operational meth-
ods of variational and ensemble-variational data assimila-
tion. — Quart. J. Roy. Meteor. Soc. 143, 607-633. DOI:
10.1002/qj.2982.

BARTELT P., M. LEHNING, 2002: A physical SNOWPACK model
for the Swiss avalanche warning — Part I: Numerical Model. —
Cold Reg. Sci. Technol. 35, 123-145.

BERGERON, J.M., M. TRUDEL, R. LECONTE, 2016: Combined as-
similation of streamflow and snow water equivalent for mid-
term ensemble streamflow forecasts in snow-dominated re-
gions. — Hydrol. Earth Sys. Sci. 20, 4375.

BEsT, M.J., M. PrRYOR, D.B. CLARK, G.G. RooNEY, R.L.H. Es-
SERY, C.B. MENARD, J.M. EDWARDS, M.A. HENDRY, A. POR-
soN, N. GEDNEY, L.M. MEercapo, S. SitcH, E. BLYTH,
O. BoucHER, PM. Cox, C.S.B. GRiMmMOND, R.J. HARDING,
2011: The Joint UK Land Environment Simulator (JULES)
model description. Part 1: Energy and water fluxes. — Geosci.
Model Develop. 1-23. DOI:10.5194/gmd-4-677-2011, https://
www.geosci-model-dev.net/4/677/2011/gmd-4-677-2011.
pdf.


harmosnow.eu
http://dx.doi.org/10.1016/j.advwatres.2016.04.011
http://dx.doi.org/10.1016/j.jhydrol.2014.01.022
http://dx.doi.org/10.1002/qj.2982
http://dx.doi.org/10.5194/gmd-4-677-2011
https://www.geosci-model-dev.net/4/677/2011/gmd-4-677-2011.pdf
https://www.geosci-model-dev.net/4/677/2011/gmd-4-677-2011.pdf
https://www.geosci-model-dev.net/4/677/2011/gmd-4-677-2011.pdf

Meteorol. Z., 27, 2018

BonNi, G., F. CASTELLI, S. GABELLANI, G. MACHIAVELLO,
R. RubpARl, 2010: Assimilation of MODIS snow cover and
real time snow depth point data in a snow dynamic model. —
Geoscience and Remote Sensing Symposium (IGARSS),
IEEE International, 1788—1791.

BooNE, A., 2002: Description du schema de neige ISBA-ES
(Explicit Snow). — Note de Centre, MeteoFrance/CNRM 70,
53 pp.

BRASNETT, B., 1999: A global analysis of snow depth for numer-
ical weather prediction. — J. Appl. Meteor. 38, 726-740.

CHARROIS, L., E. CosME, M. DUMONT, M. LAFAYSSE, S. MORIN,
Q. LiBois, G. PicarDp, 2016: On the assimilation of opti-
cal reflectances and snow depth observations into a detailed
snowpack model. — The Cryosphere 10, 1021-1038, DOI:
10.5194/tc-10-1021-2016.

COST ESSEM 1404 Memorandum of understanding, Brus-
sels, 15 May, 2015, COST 032/14. — published online:
https://e-services.cost.eu/files/domain_files/ESSEM/Action_
ES1404/mou/ES1404-e.pdf (accessed 24.1.2018).

CressMAN, G.P., 1959: An operational objective analysis sys-
tem. — Mon. Wea. Rev 87, 367-374.

DecHANT C., H. MORADKHANI, 2011: Radiance data assimila-
tion for operational snow and streamflow forecasting. — Adv.
Water Resour. 34, 351-364.

DE LANNOY G, R. REICHLE, K. ARSENAULT, P. HOUSER, S. KU-
MAR, N. VERHOEST, V. PAUWELs, 2012: Multiscale assim-
ilation of Advanced Microwave Scanning Radiometer EOS
snow water equivalent and Moderate Resolution Imaging
Spectroradiometer snow cover fraction observations in north-
ern Colorado. — Water Resour. Res. 48, w01522, DOI:
10.1029/2011WRO010588.

DE MicHELE C., F. Avanzi, A. GHEzz1, C. Jomwmi, 2013: In-
vestigating the dynamics of bulk snow density in dry and wet
conditions using a one-dimensional model. — The Cryosphere
7,433-444.

DE RosSNAY, P., G. BALsAMO, C. ALBERGEL, J. MUNOZ-SABATER,
L. ISAKSEN, 2014: Initialisation of land surface variables for
Numerical Weather Prediction. — Surveys in Geophysics 35,
607-621, DOI:10.1007/s10712-012-9207-x.

DE RosNAY, P., L. ISAKSEN, M. DAHoUI, 2015: Snow data assim-
ilation at ECMWE. —- ECMWF Newsletter, 143, 26-31.

DE RosNAy, P, I. MaLLAs, I. GospobpiNov, 2016: Additional
snow depth reports from Bulgaria: data assimilation and rec-
ommendations. - ECMWF Res. Memorandum RD16-178.

Dong, J., J.P. WALKER, PR. HOUSER, 2005: Factors affecting
remotely sensed snow water equivalent uncertainty. — Remote
Sens. Env. 97, 68-82.

DonGg, J., J.P. WALKER, P.R. HOUSER, C. SuN, 2007: Scanning
multichannel microwave radiometer snow water equivalent
assimilation. — J. Geophys. Res. Atmos. 112, published online.
https://doi.org/10.1029/2006JD007209.

DonNgG, J., M. EK, D. HAaLL, C. PETERS-LIDARD, B. COSGROVE,
J. MILLER, G. RIGGS, Y. X1a, 2014: Using air temperature
to quantitatively predict the MODIS fractional snow cover
retrieval errors over the Continental US (CONUS). —J. Hydro-
meteorol. 15, 551-562, DOI:10.1175/JHM-D-13-060.1.

DruscH, M., D. VasILIEVIC, P. VITERBO, 2004: ECMWEF s global
snow analysis: assessment and revision based on satellite ob-
servations. — J. Appl. Meteor. 43, 1282-1294.

DuranND, M., S.A. MARGULIS, 2006: Feasibility test of multifre-
quency radiometric data assimilation to estimate snow water
equivalent. — J. Hydrometeorol. 7, 443-457.

DuraND, M., E. Kim, S.A. MARGULIS, 2009: Radiance assimila-
tion shows promise for snowpack characterization. — Geophys.
Res. Lett. 36, L02503, DOI:10.1029/2008GL035214.

J. Helmert etal.: 1** Snow Data Assimilation Workshop

331

DuUTRA, E., G. BALsaMoO, P. VITERBO, PM. A. MIRANDA, A. BEL-
JAARS, C. SCHAR, K. ELDER, 2010: An improved snow scheme
for the ECMWF land surface model: Description and offline
validation. — J. Hydrometeorol. 11, 899-916.

Dutra, E., P. VITERBO, PM.A. MIRANDA,G. BaLsamo, 2012:
Evaluation of three snow schemes of varying complexity in
a climate model: impacts on surface energy and hydrology. —
J. Hydrometeorol. 13, 521-538.

DziuBanski, D.J., K.J. FrRaNnz, 2016: Assimilation of AMSR-E
snow water equivalent data in a spatially-lumped snow
model —J. Hydrol. 540, 26-39.

EssEry, R., 2013: Snowpack modelling and data assimilation. —
ECMWF-WWRP/THORPEX Workshop on Polar Prediction,
24-27 June 2013.

ETTER S., N. ADDOR, M. Huss, D. FINGER, 2017: Climate
change impacts on future snow, ice and rain runoff in
a Swiss mountain catchment using multi-dataset calibra-
tion. — J. Hydrol. Regional Studies 13, 222-239, DOI:
10.1016/j.ejrh.2017.08.005.

EVENSEN, G., 1994: Sequential data assimilation with a non-
linear quasi-geostrophic model using Monte Carlo methods
to forecast error statistics. — J. Geophys. Res. Oceans 99,
10143-10162.

EVENSEN, G., 2003: The ensemble Kalman filter: Theoretical
formulation and practical implementation. — Oceandynam. 53,
343-367.

EVENSEN, G., 2009: Data Assimilation-The Ensemble Kalman
Filter, 2nd Ed. Springer, Berlin, 307 pp., ISBN 978-3-642-
03710-8.

Fayap A., S. GascoiN, G. FAOUR, J. IGNAcio LOPEZ-MORENO,
L. DRAPEAU, M. LE PAGE, R. ESCADAFAL, 2017: Snow hydrol-
ogy in Mediterranean mountain regions: A review. —J. Hydrol.
551, 374-396. DOI:10.1016/j.jhydrol.2017.05.063.

FosTer, J.L., C. SuN, J.P. WALKER, R. KELLY, A. CHANG,
J. DonNG, H. PoweLL, 2005: Quantifying the uncertainty in
passive microwave snow water equivalent observations. — Re-
mote Sens. Env. 92,187-203.

FostEr, J.L., D.K. HaLL, J.B. EYLANDER, G.A. RIGGS,
S.V. NcgHiEMm, M. Tepesco, E. KimM, PM. MONTESANO,
R.E.J. KELLY, K.A. CASEY, B. CHOUDHURY, 2011: A blended
global snow product using visible, passive microwave and
scatterometer satellite data. — Int. J. Remote Sens. 32,
1371-1395, DOI:10.1080/01431160903548013.

GanDIN, L.S., 1963: Analysis of Meteorological Fields. —
Gidrometeoizdat, 285 pp (Russian), Leningrad.

Gao, Y., H. Xig, N. Lu, T. Yao, T. LiaNG, 2010: Toward ad-
vanced daily cloud-free snow cover and snow water equiva-
lent products from Terra-Aqua MODIS and Aqua AMSR-E
measurements. — J. Hydrol. 385, 23-35.

GCW (GLOBAL CRYOSPHERE WATCH), WORLD METEOROLOGI-
cAL ORGANIZATION, 2012: First implementation meeting. —
Final report, Geneva, Switzerland, 21-24 November 2011.

GELB, A., 1974: Optimal linear filtering, in Applied Optimal
Estimation, edited by A. GELB. — MIT Press, Cambridge,
Mass., 102—-155.

GOSSART, A., N. SOUVERINS, I.V. GORODETSKAYA, S. LHER-
MITTE, J.T.M. LENAERTS, J.H. SCHWEEN, A. MANGOLD,
Q. LAFFINEUR, N.PM. vaN LipziG, 2017: Blowing snow
detection from ground-based ceilometers: application to
East Antartcica. — The Cryosphere 11, 2755-2772, DOI:
10.5194/tc-11-2755-2017.

JanssoN PE., L. KARLBERG, 2004: Coupled heat and mass trans-
fer model for soil-plant-atmosphere systems. — R. Inst. Tech-
nol., Dep. Civil Environ. Eng., Stockholm, Sweden, 2004.


http://dx.doi.org/10.5194/tc-10-1021-2016
https://e-services.cost.eu/files/domain_files/ESSEM/Action_ES1404/mou/ES1404-e.pdf
https://e-services.cost.eu/files/domain_files/ESSEM/Action_ES1404/mou/ES1404-e.pdf
http://dx.doi.org/10.1029/2011WR010588
http://dx.doi.org/10.1007/s10712-012-9207-x
https://doi.org/10.1029/2006JD007209
http://dx.doi.org/10.1175/JHM-D-13-060.1
http://dx.doi.org/10.1029/2008GL035214
http://dx.doi.org/10.1016/j.ejrh.2017.08.005
http://dx.doi.org/10.1016/j.jhydrol.2017.05.063
http://dx.doi.org/10.1080/01431160903548013
http://dx.doi.org/10.5194/tc-11-2755-2017

332

JorDAN R., 1991: A one-dimensional temperature model for a
snow cover: Technical documentation for SNTHERM 89. —
Spec. Rep. 91, US Army Corps of Eng., Cold Regions Res.
Eng. Lab., Hanover.

KaLmaN, R.E., 1960: A new approach to linear filtering and
prediction problems. — J. Basic Engin. 82, 35-45.

KEyY, J., B. GoopisoN, W. SCHONER, @. Gopgy, M. ONDRAS,
A. SNORRASON, 2015: A Global Cryosphere Watch. — ARC-
TIC 68, 48-58. DOI:10.14430/arctic4476.

KorvusaLo H., M. HEIKINHEIMO, T. KARVONEN, 2001: Test of a
simple two-layer parameterisation to simulate the energy bal-
ance and temperature of a snowpack. — Theor. Appl. Climatol.
70, 65-79.

KongoLul, C., C. DEAN, S. HELFRrICH, R. FERRARO, 2007: Evalu-
ating the potential of a blended passive microwave-interactive
multi-sensor product for improved mapping of snow cover and
estimations of snow water equivalent. — Hydrol. Proces. 21,
1597-1607.

KoNTu, A., J. LEMMETYINEN, J. VEHVILAINEN, L. LEPPANEN,
J. PULLIAINEN, 2017: Coupling SNOWPACK-modeled grain
size parameters with the HUT snow emission model. — Re-
mote Sens. Env. 194, 33—47. DOI:10.1016/j.rse.2016.12.021.

Kumar, S.V., R.H. REeicHLE, C.D. PETERS-LIDARD,
R.D. KosTeEr, X. ZHAN, W.T. Crow, J.B. EYLANDER,
P.R. HOUSER, 2008: A land surface data assimilation frame-
work using the land information system: Description and
applications. — Adv. Water Resour. 31, 1419-1432.

LAFAYSsE M., B. Cruzer, M. DuMoONT, Y. LEJEUNE,
V. VIONNET, S. MoRIN, 2017: A multi physical ensem-
ble system of numerical snow modelling. — The Cryo-
sphere 11, 1173-1198, https://www.the-cryosphere.net/11/
1173/2017/, DOI:10.5194/tc-11-1173-2017.

LEPPANEN, L., A. KONTU, J. VEHVILAINEN, J. LEMMETYINEN,
J. PULLIAINEN, 2015: Comparison of traditional and opti-
cal grain-size field measurements with SNOWPACK simula-
tions in a taiga snowpack. — J. Glaciology 61, 151-162, DOI:
10.3189/2015J0G14J026.

Liston, G.E., C.A. HIEMSTRA, 2008: A simple data assimilation
system for complex snow distributions (SnowAssim). —J. Hy-
drometeorol. 9, 989-1004.

Liston, G.E., R.A. PIELKE, E.M. GREENE, 1999: Improving first-
order snow-related deficiencies in a regional climate model. —
J. Geophys. Res. Atmos. 104, 19559-19567.

MAGNUSSON, J., D. GusTaFrssoN, F. HUSLER, T. JoNas, 2014:
Assimilation of point SWE data into a distributed snow cover
model comparing two contrasting methods. — Water Resour.
Res. 50, 7816-7835.

MAGNUSSON, J., A. WINSTRAL, A.S. STORDAL, R. ESSERY,
T. JoNas, 2017: Improving physically based snow simulations
by assimilating snow depths using the particle filter. — Water
Resour. Res. 53, 1125-1143, DOI:10.1002/2016 WR019092.

MaLIk, M.J., R. VAN DER VELDE, Z. VEKERDY, Z. SU, 2012: As-
similation of satellite-observed snow albedo in a land surface
model. — J. Hydrometeorol. 13, 1119-1130.

MaRrks .D, J. KimBALL, D. TINGEY, T. LINK, 1998: The sensi-
tivity of snowmelt processes to climate conditions and forest
cover during rain-on-snow: A case study of the 1996 Pacific
Northwest flood. — Hydrol. Proc. 12, 1569-1587.

MILLER, R.N., M. GHIL, F. GAUTHIEZ, 1994: Advanced data as-
similation in strongly nonlinear dynamical systems. — J. At-
mos. Sci. 51, 1037-1056.

MorADKHANI, H., 2008: Hydrologic remote sensing and land
surface data assimilation. — Sensors 8, 2986-3004.

OsucH M., T. WAWRZYNIAK, 2017a: Inter- and intra-annual
changes of air temperature and precipitation in west-
ern Spitsbergen. — Int. J. Climatol. 37, 3082-3097, DOI:
10.1002/joc.4901.

J. Helmert etal.: 1 Snow Data Assimilation Workshop

Meteorol. Z., 27, 2018

OsucH M., T. WAWRZYNIAK, 2017b: Variations and changes
in snow depth at meteorological stations Barentsburg and
Hornsund (Spitsbergen). — Ann. Glaciology 58, 11-20. DOI:
10.1017/a0g.2017.20.

PaLMm, S.P, Y. YANG, J.D. SPINHIRNE, A. MARSHAK, 2011:
Satellite remote sensing of blowing snow properties
over Antarctica. — J. Geophys. Res. 116, D16123, DOI:
10.1029/2011JD015828.

Piazzi, G., G. THIREL, L. CaAMPO, S. GABELLANI, in review:
A Particle Filter scheme for multivariate data assimilation
into a point-scale snowpack model in Alpine environment,
The Cryosphere Discuss. DOI:10.5194/tc-2017-286. — The
Cryosphere.

PULLEN S., C. JONES, G. ROONEY, 2011: Using satellite-derived
snow cover data to implement a snow analysis in the met
office NWP model. — J. Appl Meteor. 50, 958-973. DOI:
10.1175/2010JAMC2527.1.

PuLLIAINEN. J., 2006: Mapping of snow water equivalent and
snow depth in boreal and sub-arctic zones by assimilating
space-borne microwave radiometer data and ground-based ob-
servations. — Remote Sens. Env. 101, 257-269.

PULLIAINEN, J., M. HALLIKAINEN, 2001: Retrieval of regional
snow water equivalent from spaceborne passive microwave
observations. — Remote Sens. Env. 75,76-85.

RALEIGH, M.S., J.D. LuNpQuisT, M.P. CLARK, 2015: Exploring
the impact of forcing error characteristics on physically based
snow simulations within a global sensitivity analysis frame-
work. — Hydrol. Earth Sys. Sci. 19, 3153.

Ramsay, B.H., 1998: The interactive multisensor snow and
ice mapping system. — Hydrol. Process. 12, 1537-1546.
DOI: 10.1002/(SICI)1099-1085(199808/09)12:10/11<1537::
AID-HYP679>3.0.CO;2-A.

RUTTER N., D. CLINE, L. L1, 2008: Evaluation of the NOHRSC
Snow Model (NSM) in a One-Dimensional Mode. — J. Hy-
drometeorol. 9, 695-711.

RuUTTER, N. and 50 co-authors, 2009: Evaluation of forest
snow processes models (SnowMIP2). — J. Geophys. Res. 114,
DO06111. DOI:10.1029/2008JD011063.

SiLyamo, N., O. HYvARINEN, 2011: New Geostationary Satellite-
Based Snow-Cover Algorithm. — Appl. Meteor. Climatol. 50,
1275-1290, DOI:10.1175/2010JAMC2568.1.

SLATER, A.G., M.P. CLARK, 2006: Snow data assimilation via an
ensemble Kalman filter. — J. Hydrometeorol. 7, 478—493.

SLATER, A.G. and 33 co-authors, 2001: The representation of
snow in land surface schemes: Results from PILPS2(d). —
J. Hydrometeorol. 2, 7-25.

STAUFFER, D.R., N.L. SEAMAN, 1990: Use of four-dimensional
data assimilation in a limited-area mesoscale model. Part I:
Experiments with synoptic-scale data. — Mon. Wea. Rev. 118,
1250-1277.

Su, H., Z.-L. YAaNG, G.-Y. N1u, R.E. DickinsoN, 2008: En-
hancing the estimation of continental-scale snow water
equivalent by assimilating MODIS snow cover with the
ensemble Kalman filter. — J. Geophys. Res. 113. DOI:
10.1029/2007JD009232.

TarBOTON D.G., C.H. Lucg, 1996: Utah energy balance snow
accumulation and melt model (UEB): Computer model tech-
nical description and users guide. — Utah Water Res. Lab., Lo-
gan.

VIONNET, V., E. BRUN, S. MoORIN, A. BOONE, S. FAROUX,
P. LE MoIGNE, E. MARTIN, J.M. WILLEMET, 2012: The de-
tailed snowpack scheme Crocus and its implementation in
SURFEX v7.2. — Geosci. Model Dev. 5, 773-791. DOI:
10.5194/gmd-5-773-2012.

ViviroLl D., D.R. ARCHER, W. BUYTAERT, H.J. FOWLER,
G.B. Greenwoobp, A.F. HamLET, Y. Huang, G. Ko-
BOLTSCHNIG, M.I. LITAOR, J.I. LOPEZ-MORENO, S. LORENTZ,


http://dx.doi.org/10.14430/arctic4476
http://dx.doi.org/10.1016/j.rse.2016.12.021
https://www.the-cryosphere.net/11/1173/2017/
https://www.the-cryosphere.net/11/1173/2017/
http://dx.doi.org/10.5194/tc-11-1173-2017
http://dx.doi.org/10.3189/2015JoG14J026
http://dx.doi.org/10.1002/2016WR019092
http://dx.doi.org/10.1002/joc.4901
http://dx.doi.org/10.1017/aog.2017.20
http://dx.doi.org/10.1029/2011JD015828
http://dx.doi.org/10.5194/tc-2017-286
http://dx.doi.org/10.1175/2010JAMC2527.1
http://dx.doi.org/10.1002/(SICI)1099-1085(199808/09)12:10/11%3C1537::AID-HYP679%3E3.0.CO;2-A
http://dx.doi.org/10.1029/2008JD011063
http://dx.doi.org/10.1175/2010JAMC2568.1
http://dx.doi.org/10.1029/2007JD009232
http://dx.doi.org/10.5194/gmd-5-773-2012

Meteorol. Z., 27, 2018 J. Helmert etal.: 1 Snow Data Assimilation Workshop 333

B. SCHADLER,H. SCHREIER, K. SCHWAIGER, M. VUILLE, and ZANGL, G., D. REINERT, P. RiropAS, M. BALDAUF, 2015: The

R. Woobs, 2011: Climate change and mountain water re- ICON (ICOsahedral Non-hydrostatic) modelling framework
sources: overview and recommendations for research, man- of DWD and MPI-M: Description of the non-hydrostatic dy-
agement and policy. — Hydrol. Earth Syst. Sci. 15, 471-504. namical core. — Quart. J. Roy. Meteor. Soc. 141, 563-579,

WAWRZYNIAK T., M. OsucH, A. NAWROT,J.J. NAPIORKOWSKI, DOI:10.1002/qj.2378.
2017: Run-off modelling in an Arctic unglaciated catchment
(Fuglebekken, Spitsbergen). — Ann. Glaciology 58, 36-46.
DOI:10.1017/a0g.2017.8.


http://dx.doi.org/10.1017/aog.2017.8
http://dx.doi.org/10.1002/qj.2378

