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ABSTRACT
Snow cover has a strong effect on the surface and lower atmosphere in NWP models. Because the progress
of in situ observations has stalled, satellite-based snow analyses are becoming increasingly important. Currently,
there exist several products that operationally map global or continental snow cover. In this study, satellitebased snow cover analyses from NOAA, NASA, and the European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT), and NWP snow analyses from the High-Resolution Limited-Area
Model (HIRLAM) and ECMWF, were compared using data from January to June 2006. Because no analyses
were independent and since available in situ measurements were already used in the NWP analyses, no
independent ground truth was available and only the consistency between analyses could be compared. Snow
analyses from NOAA, NASA, and ECMWF were similar, but the analysis from NASA was greatly hampered by clouds. HIRLAM and EUMETSAT deviated most from other analyses. Even though the analysis
schemes of HIRLAM and ECMWF were quite similar, the resulting snow analyses were quite dissimilar,
because ECMWF used the satellite information of snow cover in the form of NOAA analyses, while
HIRLAM used none. The differences are especially prominent in areas around the snow edge where few in
situ observations are available. This suggests that NWP snow analyses based only on in situ measurements
would greatly benefit from inclusion of satellite-based snow cover information.

1. Introduction
Snow cover and snow depth are important parameters
for numerical weather prediction (NWP) and hydrological models, especially in springtime during the melting
period. Essential characteristics include snow water equivalent (SWE), snow depth, and snow covered area. For
hydrology, the maximum SWE prior to the onset of
spring snowmelt is typically the most important snow
characteristic for operational runoff and river discharge
forecasts. In NWP models, the snow cover affects the
surface albedo and the heat flux between the ground and
the atmosphere, and therefore has a strong effect on the
lower part of the atmosphere. The variable inside NWP
models is typically SWE. However, because the SWE can
only be analyzed indirectly from temporally and spatially
sparse snow depth and snow cover observations, the accuracy of analysis is limited. Thus there is a pressing need
for improved snow analysis in numerical models.
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In the foreseeable future, there will be no improvements to in situ snow observations, but the satellite
technology is advancing rapidly and the progress in
snow analysis will be based on the increasing use of
satellite products. Snow cover analyses produced from
satellite information have much better spatial coverage,
and both snow and no-snow observations are readily
made. However, methods are often based on visible and
near-infrared channels and suffer from cloud cover and
limited sunlight during the polar winter. On the other
hand, methods based on passive microwave instruments
are not limited by clouds but suffer from coarser spatial
resolution and they work only for dry snow conditions
(Ulaby et al. 1986).
The purpose of the current study was to assess the
current situation: What satellite products are available
and how consistent are their results with each other and
with NWP analyses of snow cover? This study concentrated on satellite analyses with methods based on visible and near-infrared channels, as they are more widely
used in NWP than methods-based microwave instruments [e.g., Advanced Microwave Scanning Radiometer for Earth Observing System (EOS) (AMSR-E)]. With
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methods based on visible and near-infrared channels,
we are in practice restricted to information about the
existence of snow in binary form. However, for many
applications, SWE is a more important parameter than
the snow cover, and therefore developments in this area
will be welcome (e.g., Comiso et al. 2003; Pulliainen
2006). Also, our emphasis is more on operational NWP
use than on climatological studies [for more climatological and SWE-oriented comparison, see, e.g., Frei
et al. (2005)].
Satellite and NWP snow analyses were compared
with each other from January to June 2006, first in the
whole Northern Hemisphere and then concentrating on
northern Europe. The satellite analyses were from the
Interactive Multisensor Snow and Ice Mapping System
(IMS) from the National Oceanic and Atmospheric
Administration (NOAA), Moderate Resolution Imaging Spectroradiometer (MODIS) snow product from the
National Aeronautics and Space Administration (NASA),
and the snow cover analysis of the Land Surface Analysis (LSA) Satellite Applications Facility (SAF) from
the European Organisation for the Exploitation of
Meteorological Satellites (EUMETSAT). The NWP
analyses were from the High-Resolution Limited-Area
Model (HIRLAM) and European Centre for MediumRange Weather Forecasts (ECMWF). HIRLAM uses
only in situ observations for its analysis, while ECMWF
uses both in situ and satellite observations (the analysis
from NOAA). ECMWF and NASA analyses are global,
NOAA covers the Northern Hemisphere, HIRLAM
covers northern Europe, and LSA SAF uses the geostationary satellite instrument and is thus constricted by
the field of view of the instrument.
Numerous studies of snow analyses or comparisons
between analyses and ground truth have been made.
Producers of snow analyses have published validation
studies; for example, Hall and Riggs (2007) reported
that the absolute accuracy [the proportion correct (PC),
as defined below, against in situ observations] of the
MODIS analysis is around 93%, but varied on the land
cover type. Most problems arose from cloud detection
over snow and from very thin (less than 1 cm) snow.
Other studies have compared MODIS snow analyses of
in situ observations in, for example, China (Wang et al.
2008) and Europe (Parajka and Blöschl 2006; Sorman
et al. 2007) with comparable results. Brubaker et al.
(2005) compared MODIS and IMS snow analyses with
in situ observations in the United States and reported
that IMS underestimates snow in the transition seasons
but outperforms MODIS analysis in cloudy areas with
new snow and during winter. Drusch et al. (2004) shows
how the inclusion of IMS snow improves the ECMWF
snow analysis. However, to our knowledge, the present
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study is novel because comparisons between more than
two snow analyses have not been widely performed.

2. Data
The snow analyses used in this study are called both
products and analyses. The difference between an analysis and a product is a matter of definition. The term
product emphasizes that the analysis is made for the
general use, while, for example, NWP analyses are more
restricted both in distribution and in intended use. For
consistency in this study, after the introduction of analyses and products, only the term analysis will be used.

a. MODIS snow product
The MODIS instrument onboard the Terra and Aqua
satellites of the EOS satellite series provides daily observations up to 500-m resolution. The fully automated
MODIS snow-mapping algorithm uses satellite reflectances in MODIS bands 4 (0.545–0.565 mm) and 6
(1.628–1.652 mm) to calculate the normalized difference
snow index (Hall et al. 1995). The MODIS snow products are also equipped with quality assurance information tags that indicate where nominal or abnormal
results occurred (Hall et al. 2002).
MODIS snow cover can be accessed in a number of
different data products, differing in projection, resolution, and spatial and temporal coverage. The swath and
daily tile snow products classify each pixel as snow,
snow-free land, cloud, water, or another condition, but
daily and 8-day global products also offer information
regarding fractional snow cover (Hall et al. 2002). In this
study the daily 0.058 (about 5 km) Climate Modeling
Grid (CMG) product was used. There are two products, one for Terra [earth science data type (ESDT)
MOD10C1] and one for Aqua (ESDT MYD10C1). The
products are constantly improved and reprocessed. At
the time of the present work, version or collection 4 was
the most up-to-date version. Since then, collection 5 has
been released and it is recommended that the most
current collection is used for studies.

b. IMS
NOAA has provided operational snow cover maps for
the Northern Hemisphere since 1966. The recent Interactive Multisensor Snow and Ice Mapping System was
developed to provide daily snow and ice information
from the Northern Hemisphere by combining data from
various sensor sources. The main sources are visible and
infrared spectral data from the Polar and Geostationary
Operational Environmental Satellite programs (POES/
GOES) operated by the National Environmental Satellite, Data, and Information Service (NESDIS), Japanese
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FIG. 1. Areas of LSA SAF analysis (dotted line), HIRLAM analysis (dashed line), and the area for
comparison (solid line) over northern Europe.

geostationary satellites [Geostationary Meteorological
Satellite (GMS) and lately the Multifunctional Transport
Satellite (MTSAT)], and European geostationary satellite (Meteosat). MODIS images, not automatic MODIS
snow products, and the microwave products from the
Defense Meteorological Satellite Program (DMSP) operated by the U.S. Department of Defense are also used.
The combination of data from different sources for
one analysis is done subjectively by analysts at NOAA/
NESDIS. Since there are several other derived snow/ice
products of varying accuracy, such as those from the
National Ice Center (NIC) and National Centers for
Environmental Prediction (NCEP), it is highly desirable
for analysts to be able to interactively compare and contrast the products so that a more accurate composite map
can be produced (Ramsay 1998). Analysts prefer to use
visible imagery for snow-extent mapping. Geostationary
data looping is the main source of information, representing an estimated 60% of snow analysis areas during
winter, and 30% during summer. In summer, polar orbiting satellites’ visible channels contribute 65% of snow
areas. Even during winter, microwave-derived snow data
represent only 5% of an analysis (Helfrich et al. 2007).
Currently the IMS produces snow/ice analyses at two
resolutions: a lower resolution of 25 km (1024 3 1024
grid) and a higher resolution of 4 km (6144 3 6144 grid).
Gridded data are available in ASCII format from the
Internet. Because IMS products are daily products with
a major human element, they cannot be reprocessed in
the same manner as MODIS products discussed above.

c. LSA SAF snow cover
EUMETSAT has several dedicated centers for processing satellite data. Each of the satellite application

facilities provides products and services on an operational basis. The main purpose of the Land Surface
Analysis Satellite Applications Facility is to increase the
benefits from Meteosat second-generation (MSG) and
EUMETSAT Polar System (EPS) data related to land,
land–atmosphere interactions, and biophysical applications by developing techniques, products, and algorithms that will allow a more effective use of data from
the EUMETSAT satellites.
The LSA SAF snow cover is a simple snow presence
product, which classifies every land pixel as snow covered, partially snow covered, or snow free if the clouds
and lighting conditions allow the classification. The
product is aimed at numerical weather prediction and
similar applications. The area of analysis is shown in
Fig. 1. LSA SAF is primarily concentrated on operational products, and snow analyses are archived but not
reprocessed when algorithms are improved. This makes
it difficult to use for climatological studies.
During our study period, the LSA SAF snow algorithm was based on the cloud mask of the Nowcasting
and Very Short Range Forecasting (NWC) SAF software
for Spinning Enhanced Visible and Infrared Imager
(SEVIRI) data (Derrien and LeGléau 2005). These cloud
masks were generated every 15 min. From cloud masks,
only daytime pixels over land classified as cloudy, snow
free, or snow covered were used. Images for one day
were combined to produce the daily snow cover map over
land. This way the impact of short-lived clouds is minimized. The likelihood of finding cloud-free conditions
for a certain pixel during one day is better from images
generated every 15 min by geostationary MSG satellites
than from few images from a polar-orbiting satellite like
Terra.
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d. Snow analysis in the HIRLAM model

e. Snow analysis in the ECMWF model

HIRLAM is a complete NWP system including hydrostatic primitive equation model and data assimilation. A detailed description of the whole HIRLAM
system is given in Undén et al. (2002) and only the snow
analysis scheme is described here. The HIRLAM data
for this study have been taken from the operational
meso-beta (MBE) suite of the Finnish Meteorological
Institute. MBE HIRLAM covers the area shown in
Fig. 1 with the horizontal resolution of 0.088.
During our study period the snow analysis in MBE
HIRLAM was based on the successive correction
method. The first guess for the snow analysis is a shortrange (6 h) forecast from the previous assimilation cycle
that is blended with the climatology. Thus in areas of
sparse observations the final snow analysis is close to the
short forecast and hence the snow amount is simulated
by the melting and accumulation of snow in the forecast
model. In addition, the blending guarantees that the
final analysis does not drift too far from the climatology
even if there is a systematic drift in the forecast model
and no observations are available.
The only observation type used in the HIRLAM
snow analysis is the snow depth data from synoptic
surface (SYNOP) observations (World Meteorological
Organization 1995). In the SYNOP observation the
snow variable is snow depth, while the corresponding
variable in the HIRLAM model is SWE. The analysis is
done in snow depth and therefore the HIRLAM first
guess must be converted to snow depth. This is done
using monthly mean density values of snow. Hence the
density of the snow depends only on the time of the year
(month) and other properties, like the age of snow, are
not taken into account.
The successive correction method corrects the first
guess by analyzing the deviation between the first guess
and observations. The weights are functions of horizontal and vertical distances between observations and
the grid points. In the horizontal, the weights are inversely proportional to the square of the distance. The
maximum influence radius is decreased in four iterations from 600 to 100 km. In the vertical, the weights
depend inversely on the difference of the gridpoint
height and station height, but observations from mountainous areas with height differences of more than 300 m
are not used. The quality control consists of only checking the observations against the first guess and no crosschecking of observations against each other is performed. After the analysis of snow depth, the conversion
back to SWE is done in the same way as the conversion
to snow depth before the analysis (i.e., using the monthly
mean snow density values).

The ECMWF snow analysis is very similar to that of
HIRLAM. The successive correction method is used
and SYNOP observations are the main source of in situ
information. If snow depth observations are not available, the snow accumulation and melting is simulated by
using the 6-h forecast from the model. The horizontal
and vertical weights are similar to those of HIRLAM.
The analysis contains the same steps as HIRLAM: converting the SWE of snowpack to snow depth, analyzing
the snow depth, and then converting back to SWE. An
important difference is that ECMWF uses IMS snow
information (Drusch et al. 2004).
The IMS analysis is used both in creating the first
guess and in the analysis. If there is no snow in a first
guess grid box, but the area is snow covered in IMS, the
snow depth in the first guess is set to 10 cm. During the
analysis the IMS data help to analyze the snow edge.
Since many SYNOP stations do not report the snow
depth of 0 cm if no snow is present, the snow edge is
difficult to analyze using only SYNOP observations.
The satellite data are used to create pseudo-observations
of 0 cm of snow in the areas of no snow cover.
For this study, data from the Meteorological Archival
and Retrieval System (MARS) at ECMWF were obtained for the Northern Hemisphere with the resolution
of 0.2258.

3. Methods
In this study we concentrate only on binary snow
cover, that is, if the land is snow covered or not. As
detailed above, data are disseminated in a variety of projections, but first all data were reprojected to Lambert
cylindrical equal-area projection. In this area-preserving
projection, comparisons of analyses extending over large
geographical areas are meaningful. For the comparisons of ECMWF, IMS, and MODIS analyses in the
Northern Hemisphere, analyses were reprojected with
a resolution of 25 km. This resolution is close to the
original resolution of ECMWF data. For comparisons
of HIRLAM, ECWMF, IMS, MODIS, and LSA SAF
analyses in northern Europe, analyses were reprojected
with a resolution of 5 km, which is close to the original
resolution of analyses other than ECMWF. All reprojections were done using the freely available Geospatial
Data Abstraction Library (GDAL).
Resamplings were done using the simple nearestneighbor method.
NWP analyses are for SWE, not snow cover. To
transform this to snow cover, we simply classified grid
boxes with SWE greater than zero as snow covered.
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FIG. 2. Land areas classified by height: lowlands (gray) and highlands (black) in the NH, the threshold being 600 m. The black
rectangle shows the area shown in Fig. 4. The image is in the polar stereographic projection, but the analysis was done in
Lambert cylindrical equal-area projection.

This may result in a little overestimation of snow in
comparisons. MODIS analyses have the fractional snow
area for each grid point and we classified the fractional
snow area greater than 20% as snow. This may result in
a little underestimation of snow in comparisons. In addition, only MODIS grid points more than 50% cloud
free were processed.
Snow behaves differently in mountainous areas and
near the sea surface level, and therefore, using the freely
available global topography with 30 arc s resolution
from the U.S. Geological Survey’s (USGS) Center
for Earth Resources Observation and Science (EROS)

(GTOPO30), we divided the land areas into two classes:
lowlands and highlands with a threshold of 600 m.
This threshold is somewhat arbitrary and was selected
so that the same threshold could be used in the Northern
Hemisphere and northern Europe. In the Northern Hemisphere, lowlands will cover 65% of land and highlands
35% (Fig. 2). The area for which the comparison in
northern Europe is done is shown in Fig. 1. Here lowlands will cover 95% of the chosen area and highlands
5% of the area (Fig. 3).
The treatment of clouds in MODIS and LSA SAF
analyses needs to be considered. As the purpose of this
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FIG. 3. Land areas classified by height: lowlands (gray) and highlands (black) in northern Europe,
the threshold being 600 m.

study was to compare day-to-day analyses, no effort was
made to lessen the impact of clouds, by, for example,
aggregating cloudy analyses from different days. A
simple solution adopted was to compare analyses only
in cloud-free areas and ignore the cloudy area.
To further simplify the comparison, only 1200 UTC
analyses of ECMWF and HIRLAM and only MODIS
Terra snow analyses were used. The amount of snow
varies from one analysis time to the next or between Terra
and Aqua analyses, but we found the difference to be
smaller than the difference between different analyses.
The results of comparison between two analyses can
be shown in a 2 3 2 contingency table (Table 1), where
a is the number of cases where both analyses reported
snow, d is the number of cases where neither analyses
reported snow, b is the number of cases where only the
first analysis reported snow, and c is the number of cases
where only the second analysis reported snow. There is
extensive literature of different measures calculated
from this table (e.g., Jolliffe and Stephenson 2003). The
basic measure is proportion correct, defined as
PC 5

a1d
.
a1b1c1d

(1)

PC is the fraction of items classified correctly when one
of the analyses represents the truth. The best value for
PC is 1, and the worst value is 0. This measure alone is
not sufficient, in particular when one of the categories
dominates.
Another widely used measure is the Heidke skill
score. HSS is PC adjusted to account for the agreement
between two analyses due to chance. HSS is defined as
HSS 5

2 (ad bc)
,
(a 1 c) (c 1 d) 1 (a 1 b) (b 1 d)

(2)

and has the same value regardless of whether analysis
1 or analysis 2 is the truth, because the value does not
change if we switch b and c. HSS is important for our
study, as the amount of the snow varies considerably
during our study period and PC can give quite misleading results. HSS has been independently discovered

and named many times. For example, in the remote
sensing community, it is called kappa (Congalton and
Green 1998).
One of the challenges of this study is that there is no
independent ground truth. As analyses use the same
input data or even directly use other analyses, none of
them are independent and none can be said to represent
the truth. IMS uses MODIS and SEVIRI data as input
and is the basis for ECMWF snow. Although HIRLAM
does not use satellite data, it uses the same in situ
SYNOP observations as ECMWF. Had it been possible
to rerun NWP analyses, independent in situ observations could be done by cross validation (e.g., Wilks
2006) of ground measurements, but rerunning analyses
would require resources not at our disposal. This lack of
ground truth means we cannot assess the accuracy of,
for example, ECMWF compared with IMS, but can only
assess the difference of analyses (e.g., the impact of in
situ measurements on ECMWF).
We cannot rank the analyses with, for example, HSS,
because the ground truth does not exist. Instead of ranking,
we can compare the consistency between analyses by
calculating HSS for each possible analysis pair. There
are however many pairings, and results can be hard to
visualize. One way forward is to note that HSS tells how
similar analyses are and can be considered as a measure
of distance between analyses. This suggests we can use
multidimensional scaling (MDS) (e.g., Ripley 1996) to
construct a simpler two-dimensional mapping of results.
MDS tries to retain the distances between variables,
that is, distances between variables in a map should
be proportional to the actual distances. These measures
of distance, or dissimilarity, do not have to satisfy all
TABLE 1. Contingency table of the comparison between two
categorical snow analyses. The variables a–d represent the different number of pixels observed to occur in each category.
Analysis 2
Analysis 1

Snow

No snow

Snow
No snow

a
c

b
d
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FIG. 4. Comparison between different analyses in day 93, 3 Apr 2006. (a) Actual IMS analysis, (b) comparison
between IMS and ECMWF, and (c) comparison between IMS and Terra MODIS. Color codes are gray for snow in
both analyses, green for no snow in any analyses, purple for snow only in IMS, and orange for snow only in the other
analyses. Clouds and areas of no data are white. The image is in the polar stereographic projection, but the analysis
was done in Lambert cylindrical equal-area projection.

requirements for a proper mathematical distance; it is
enough for them to be nonnegative symmetric numbers.
Often MDS is done using the Euclidean distance or the
correlation matrix between variables, but here HSS, or
1 2 HSS in practice, is used. As a perfect match has the
maximum value HSS 5 1, 1 2 HSS is nonnegative. In
addition, 1 2 HSS is symmetric because the score remains the same when the reference and the test datasets
are swapped. There are different methods of how to
implement MDS, and for this study Sammon mapping
(Ripley 1996) was chosen, as it converged most reliably
with the best solution in the current dataset.
Finally, days should be aggregated unless one mapping for each day is desired. Using the objective k-means
algorithm (e.g., Ripley 1996), the test period is partitioned into two clusters. Tests with more than two
clusters did not alter the conclusions below, but unnecessarily complicated the analysis. The clustering was
done using all components of the HSS matrix as features, so in the Northern Hemisphere there were three

features and in northern Europe ten features. In the
clustering, no temporal information is used, so clusters
need not be continuous in time. After clustering, Sammon mappings are calculated for the mean values of
each cluster.
In comparisons below, the following plan is followed:
first, images of different analyses for a particular day are
presented. As snow cover changed considerably during
our study period, simple static images are not enough
and time series are needed. Time series of the snow
amount in analyses and values of HSS with IMS as a
baseline are shown. Finally, HSS matrices and derived
Sammon mappings are presented.

4. Comparison of snow analyses in the Northern
Hemisphere
First we compare the IMS analysis with ECMWF and
MODIS analyses in the Northern Hemisphere. An example (Fig. 4) shows a comparison of analyses for day
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FIG. 5. Percentage of total cloud-free surface (solid line) and snow covered cloud-free surface (dotted line) in analyses for
NH. Red dots show the snow covered area in IMS and black dots show the snow covered area in the other analysis in cloud-free
proportion to the compared analysis (ECMWF 1200 UTC, MODIS Terra). In the comparison of IMS and ECMWF, the cloudfree proportion remains constant at 100%, but the proportion varies in comparisons with MODIS.

93, 3 April. ECMWF and IMS agreed for the most part
(Fig. 4b), though ECMWF had more snow. MODIS appeared quite similar to IMS in cloud-free areas (Fig. 4c),
but overall visual comparison was difficult if not impossible, as the area was very much obscured by clouds, even
though this day was chosen because it was relatively
cloud free.
The change of the percentage of snow-covered areas
and cloud-free areas in different analyses and two different height classes, lowlands and highlands, is shown
in Fig. 5. The comparison between ECMWF and IMS is
straightforward because snow cover is available both for

cloudy and cloud-free conditions in ECMWF and there
are no clouds in IMS. As expected, the snow started to
melt as the spring progressed. In the lowlands, melting
started in late February (Fig. 5a). In the highlands,
melting started a little earlier, in late January (Fig. 5b),
probably because large parts of its area, like the Tibetan
Plateau, are rather far south. ECMWF consistently detected more snow than IMS, especially in the highlands.
The proportion of snow-covered area detected in IMS
is almost the same in the highlands and lowlands, but
ECMWF detected more snow in the highlands than in
the lowlands. Most of this extra snow is detected in the
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Tibetan Plateau (Fig. 4b). The Tibetan Plateau is a difficult area to analyze (Drusch et al. 2004). It is characterized by intermittent and patchy snow cover, which is
problematic for methods based on visible and infrared
measurements from satellite. Also, few reliable realtime observations are available.
Because of the clouds, MODIS analyses detected
much less surface than ECMWF and IMS analyses
(Figs. 5c,d). In addition, MODIS analyses detected even
less snow. For example, in the lowlands on 1 January,
there was approximately as much snow-free area as
snow-covered area in the IMS analysis (Fig. 5a), but
there was 15 times more snow-free area than snowcovered area in cloud-free areas of the MODIS analysis
(Fig. 5c). And in MODIS analyses of the lowlands, the
snow area actually increased until the end of May. Thus
the clouds in MODIS analyses are not randomly distributed, but are more likely to be detected over snow
areas. One possible reason for this is that even when
using the best available instruments and methods, there
is always some uncertainty in discriminating between
low clouds and snow and the cloud mask is designed to
be cloud biased. But in addition to this, there probably
exists a physical reason for this difference in snow cover
in cloud-free and cloudy conditions. This would be an
interesting topic for a future study. In cloud-free areas,
the difference between MODIS and IMS is not as evident as the difference between ECMWF and IMS.
The absolute differences between analyses are quite
small and PC is over 0.95 for all comparisons, except for
ECMWF and IMS in the highlands where it is slightly
lower, around 0.85 (not shown). These results might be a
little optimistic, and HSS gives a more realistic view. The
HSS for comparison of ECMWF and MODIS against
IMS is shown in Fig. 6. Both ECMWF and MODIS agree
better with IMS in the lowlands (Figs. 6a,c) than in the
highlands (Figs. 6b,d). MODIS agrees with IMS better
than ECMWF both in the lowlands and highlands, even
when there is more scatter in values of MODIS in the
highlands (Fig. 6d). Results are still rather stable, with
some downward trend in the lowlands from the beginning of April (Fig. 6a).
For Sammon mapping, the HSS values are combined
into the HSS matrix. It is almost complete; only HSS
between ECMWF and MODIS is missing and has to be
computed. After that the values are divided into two
clusters using k-means, and the resulting classification of
days is shown in Fig. 6. In the lowlands the first cluster
includes days from the middle of the study period while
the second cluster has days at the start and end of the
period. In the highlands, the first cluster has more days
at the end of the study period and the second cluster at
the start of the period.
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With only three members, the HSS matrix is quite
simple, and it is helpful to look at in more detail
how Sammon mapping compares to the matrix before
moving to the more complex HSS matrix in the next
section. In the first cluster of lowlands (Fig. 7a), IMS
and MODIS are very similar (HSS 5 0.97), IMS and
ECMWF are still quite similar (HSS 5 0.93), and even
between ECMWF and MODIS the similarity is high
(HSS 5 0.90). In Sammon mapping this means MODIS
and IMS are nearer to each other than to ECMWF.
The distance in between IMS and MODIS in Sammon
mapping should be 0.03 (i.e., 1 2 0.97), between IMS
and ECMWF 0.07, and between MODIS and ECMWF
0.10. Had all analyses been identical (HSS 5 1), all
points would have collocated at the center. For a more
complex matrix, it cannot be guaranteed that distances
are exactly preserved in lower-dimensional Sammon
mapping. Compared to the first cluster of lowlands, the
similarity of IMS and ECMWF does not change much
(from HSS 5 0.93 to HSS 5 0.90) in the second cluster
of lowlands (Fig. 7b), but the similarity of MODIS with
others drops, especially the similarity of MODIS and
ECMWF (from HSS 5 0.90 to HSS 5 0.78). In Sammon
mapping, MODIS moves some distance away from IMS
analysis and much farther away from ECMWF. Actually, in all clusters, the IMS is more similar to ECMWF
and MODIS than ECMWF and MODIS are to each
other. Thus in Sammon mapping, IMS is more or less in
the middle of the other two analyses. Both in the lowlands (Fig. 7) and highlands (Fig. 8), there is not much
temporal change in the difference between IMS and
ECMWF. The greatest differences and changes in differences come from MODIS and ECMWF, which could
not be seen in Fig. 6. In the lowlands, all analyses were
rather similar in the middle of the period as HSS is
greater than 0.90 for all comparison (Fig. 7a), but
MODIS deviates from the other two at the start and
end of the study period as HSS drops from 0.97 (0.90) to
0.89 (0.78) with the comparison with IMS (ECMWF)
(Fig. 7b). In Highlands MODIS came much closer to IMS
and ECMWF at the end of the study period (Fig. 8b).
Both in the lowlands and highlands, the physical interpretation of clusters is that days are partitioned to cases
of lesser and greater agreement between analyses. With
only two clusters, this is the rather obvious solution we
could find by hand, but the use of a clustering algorithm
like k-means is motivated by the fact that the partitioning
can be done objectively and consistently.

5. Comparison of snow analyses in northern Europe
An example (Fig. 9) shows a comparison of analyses
against IMS for day 99, 9 April. Day 99 was subjectively
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FIG. 6. Temporal evolution of the HSS with IMS as the baseline from January to June 2006 for the NH in the
lowlands and highlands. The gray line is a result of a median filter to values. Up and down triangles mark one of the
clusters to which a day was classified by k-means algorithm.

chosen as it was relatively cloud free in MODIS with
about half of the snow cover still remaining. ECMWF
and IMS agreed for the most part, even though ECMWF
had more snow (Fig. 9b), especially spotty areas of snow
in central Europe. MODIS looked quite similar to IMS
in cloud-free areas but, again, overall visual comparison
is difficult as the area is very much obscured by clouds
(Fig. 9c). LSA SAF was obscured by clouds to a lesser
degree, but in Scandinavia its analysis had large areas of
no snow where other analyses detected snow (Fig. 9d).
Similarly, HIRLAM had large areas of snow where
there was no snow in IMS as well as areas of no snow

where there was snow in IMS (Fig. 9e). HIRLAM suffers from the unfortunate practice that SYNOP stations
often do not report no-snow conditions, so for large
areas no observations of no-snow are available. In our
example, this can be seen in Baltic countries, where
information of snow observations in the north is spread
too far south.
In contrast to the Northern Hemisphere (Fig. 5),
there is more snow in northern Europe at the start of the
study period and almost no snow at the end of the period (Fig. 10: unfortunately, HIRLAM analyses in January 2006 were unavailable, and only days from February
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FIG. 7. Similarity matrix of analyses by HSS and its multidimensional scaling plot for the NH in the lowlands. Matrix elements are
shaded by increasing HSS from dark to light.

onward are shown). Nearly the entire region was covered
by snow before the end of March, so there was little
difference between most analyses, except HIRLAM in
the highlands (Fig. 10h) and LSA SAF (Figs. 10e,f). As
the snow melts away the differences can be more clearly
seen. The snow started to melt in April as the spring
progressed, a little later than in the whole hemisphere
data, and most of the snow was gone by the middle of
May in the lowlands. As in the Northern Hemisphere,
MODIS and LSA SAF analyses with clouds detected
much less surface than snow analyses of IMS, ECMWF,
and HIRLAM with no clouds, and most of the time the
ratio of snow-free and snow-covered areas was higher in

MODIS and LSA SAF analyses than in other analyses.
LSA SAF sees much more cloud-free area than MODIS,
as it aggregates information from all SEVIRI images
for a day. Both in MODIS (Fig. 10c) and LSA SAF
(Fig. 10e), the less cloudy period can be seen in the beginning of May in the lowlands. ECMWF detected more
snow than IMS analyses both in the lowlands (Fig. 10a)
and highlands (Fig. 10b). The small amount of cloudfree area that MODIS sees, especially in the highlands
(Fig. 10d), makes the behavior of MODIS rather erratic,
and sometimes MODIS and IMS disagree greatly but the
sign of the difference can change from day to day. For the
entire period and in both areas, LSA SAF saw much less
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FIG. 8. Similarity matrix of analyses by HSS and its MDS plot for the NH in the highlands. Matrix elements are shaded by
increasing HSS from dark to light.

snow than IMS. In the highlands (Fig. 10h), HIRLAM
detected less snow than IMS analyses; in the lowlands
(Fig. 10g) this was not as apparent.
Agreement between analyses measured with PC is
good (not shown). For MODIS and ECMWF, PC values
were around 0.8, near an optimum 1.0, as it also was in
the Northern Hemisphere. Disagreement was larger for
HIRLAM and for LSA SAF, but in the lowlands PC
tended to optimum as the snow melted away. Again, PC
was too optimistic, because the dominance of snow in
early spring and snow-free areas in later spring will influence the results, and HSS gives a more realistic view
(Fig. 11). HSS fluctuated greatly during the study period

and values were lower than in the Northern Hemisphere. All comparisons showed results of no skill in
March in the highlands, when almost the whole area was
snow covered. Additionally, at the end of the study
period in the lowlands, when PC reached optimum
values, HSS had much lower values.
According to HSS, MODIS and ECMWF agreed for
the most part with IMS. For MODIS in the lowlands,
results were good except at the very end of the study
period (Fig. 11c). In the highlands the values were low
at the start of the study period, but improved as the
melting started (Fig. 11d). In both cases the results
fluctuated a lot, probably because only small portions of
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FIG. 9. Comparison between different analyses in day 99, 9 Apr 2006, in northern Europe. (a) Actual IMS analysis,
and comparisons between IMS and (b)–(e) ECMWF, Terra MODIS, LSA SAF, and HIRLAM. Color codes are gray
for snow in both analyses, green for no snow in any analyses, purple for snow only in IMS, and orange for snow only in
the other analyses. Clouds and areas of no data are white.
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FIG. 10. Percentage of total cloud-free surface (solid line) and snow covered cloud-free surface (dotted line) in analyses for
northern Europe. Red dots show the snow-covered area in IMS and black dots show the snow-covered area in the other analyses in
cloud-free proportion to the compared analysis (ECMWF 1200 UTC, MODIS Terra, LSA SAF, and HIRLAM 1200 UTC). In
comparisons of IMS with ECMWF and HIRLAM, the cloud-free proportion remains constant at 100%, but the proportion varies
in comparisons with MODIS and LSA SAF.

the earth’s surface could be seen because of clouds.
ECMWF had slightly lower values but not as much
noise in the results (Figs. 11a,b). LSA SAF had consistently mediocre results both in the lowlands and highlands (Figs. 11e,f). HIRLAM had the biggest differences
in the highlands (Fig. 11h).
Looking at the HSS values of comparisons with IMS
as the baseline (Fig. 11), we can see how the highlands
are easier to subjectively divide into two clusters than
the lowlands. In the highlands HSS had much lower

values before the snow melted than after the melting
started. This kind of behavior is not as easily seen in the
lowlands. The k-means follows this reasoning and two
clusters it found in the highlands are reasonably the
same as what we would choose by hand if we used only
the information in Fig. 11. In the lowlands the second
cluster is much smaller and contains mainly days at the
end of the study period when most of the snow had
melted away. As in the previous section, these HSS
clusters represent the situations of larger and lesser
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FIG. 11. Temporal evolution of the HSS with IMS as the baseline from January to June 2006 for northern Europe in the lowlands and
highlands when MODIS, ECMWF, HIRLAM, and LSA SAF analyses are compared with IMS analysis. Only MODIS Terra analysis and
1200 UTC analysis times for NWP are used. The gray line is a result of a median filter to values. Up and down triangles mark one of the
clusters to which a day was classified by k-means algorithm.

agreement between analyses. In the lowlands (Fig. 12)
agreement between analyses is best when the most snow
is present, while in the highlands (Fig. 13) agreement is
highest when most snow had melted away.
With IMS as the baseline, it can be seen how LSA
SAF and HIRLAM deviated most from IMS, while the
other two analyses were close to IMS. The broader view

can be seen with Sammon mapping. In the lowlands, the
larger cluster (Fig. 12a), when most snow was present, has
MODIS, IMS, and ECMWF reasonably close to each
other (HSS . 0.60), while HIRLAM and LSA SAF
deviated more from the other three and from each other
(HSS , 0.60). The second cluster (Fig. 12b) with less
snow represents days where the disagreement between
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FIG. 12. Similarity matrix of analyses by HSS and its MDS plot for northern Europe in the lowlands. Matrix elements
are shaded by increasing HSS from dark to light.

analyses was greatest. Most notably, MODIS that agreed
well with IMS and ECMWF in the first cluster disagreed
with others, and only ECMWF and IMS agreed well with
each other (HSS 5 0.65). In the highlands, at the start of
the study period (Fig. 13a), there was not much consensus
between analyses (HSS , 0.20), and at the end of the
period (Fig. 13b) the agreement was better. The best
agreements (HSS . 0.60) are between IMS and MODIS,
between IMS and ECMWF, and surprisingly, between
MODIS and LSA SAF.

6. Summary
In this paper, satellite-based snow cover analyses were
compared with NWP snow analyses. The major require-

ment of any validation is the independent validation data
or ground truth. However, we did not have any independent data for validation. The IMS snow analysis
from NOAA uses data from the MODIS and SEVIRI
instruments; that is the basis for snow analyses from
NASA and LSA SAF. The snow analysis of ECMWF
uses IMS as an input. Although the snow analysis of
HIRLAM does not use any satellite data, it uses the
same SYNOP observations as ECMWF. So we could
only compare the consistency between analyses. To this
end, we calculated the Heidke skill score between all
analyses.
The snow analyses were generally consistent with
each other. IMS and ECMWF analyses were quite similar, though ECMWF had more snow. Terra MODIS
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FIG. 13. Similarity matrix of analyses by HSS and its MDS plot for northern Europe in the highlands. Matrix elements
are shaded by increasing HSS from dark to light.

snow and IMS snow were also quite consistent most of
the time, but MODIS was greatly hampered by clouds.
This seriously decreases the usefulness of MODIS data
in NWP, especially because the cloud problems seem to
be concentrated in snow-covered areas. LSA SAF was
often the least consistent with other analyses. However,
LSA SAF was at the preoperational stage, and improved soon after [preliminary new results have been
presented in Siljamo and Hyvärinen (2008)].
Based only on in situ measurements and thus hampered by the lack of observations of no snow, HIRLAM
had problems in defining the snow edge and behaved
rather erratically during the snow melting season. The
surface analysis schemes in ECMWF and HIRLAM are
quite similar and the biggest difference is the use of IMS

in ECMWF. The use of IMS data in ECMWF analysis
helps to analyze more accurately the snow edge. In the
HIRLAM analysis, the snow edge is often analyzed too
far into the no-snow areas because of the practice of not
reporting no snow in the SYNOP reports. This suggests
that the HIRLAM, or any other NWP snow analysis
based only on in situ measurements, would greatly
benefit from the inclusion of satellite-based snow/nosnow information. This information can be, for example, IMS, or at a later stage, the improved LSA SAF
snow cover analysis.
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