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This paper compares three global snow water equivalent (SWE) products, SSM/I (NSIDC), AMSR-E (NSIDC)
and Globsnow (v1.0, ESA) to each other, snow covered area (SCA), ground measures of snow depth and me-
teorological data in an attempt to determine which might be most suitable for testing and developing land
surface models. Particular attention is paid to which gives the most accurate peak accumulation, seasonal
SWE changes and first and last dates of snow cover.

SSM/I and AMSR-E are pure earth observation (EO) derived products whilst Globsnow is a combination of EO and

IS?;‘:VO‘T;H equivalent ground data. The results suggest that the pure EO products can saturate in deeper snow (SWE>80-150 mm),
Microwave can show spurious features during melt and can overestimate SWE due to strong thermal gradients and errone-
Remote sensing ous forest cover correction factors. Along with the comparison to ground data (only a single point) this suggests
Global that Globsnow is the more accurate product for determining peak accumulation and seasonal SWE cycle.

The snow start and end dates of the three SWE products were compared to an optically derived SCA (MOD10C1,
taken as truth) and found to give large errors of snow start date (root mean square error of 20+ days, though
SSM/I was correct on average). The snow end dates had lower errors (a bias of 1-6 days) although the spread
was still on the order of three weeks.

During the investigation, occasional abrupt changes in Globsnow were observed (in the v1.0 and v1.2 daily
and v1.2 weekly products). These only occurred in around 1% of cases examined and seem to be spurious.
Care should be taken to corrector avoid these jumps if using Globsnow to validate land surface models or

in an assimilation scheme.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Snow is the largest transient feature of the land surface (Yang et al.,
2001). It has an effect on atmospheric circulation through changes to
the surface albedo, thermal conductivity, heat capacity and aerodynam-
ic roughness (Gong et al., 2004), as well as controlling the availability of
water in some ecosystems and to a sixth of the world's population
(Clifford, 2010). Therefore it is vital that snow is properly represented
in land surface models if we are to understand and make predictions
of weather, climate, the carbon cycle, flooding and drought.

To test snow processes in land surface models (LSMs) global mea-
sures of snow are needed; in particular the presence or absence of
snow (snow covered area, SCA) and the amount of snow (snow
water equivalent, SWE). Satellite earth observation (EO) is the only
way to collect globally consistent data regularly, especially as many
snow-affected areas are sparsely populated (Davenport et al., 2012).
EO estimates require inversion algorithms to relate raw signals
recorded at the satellite to physical properties of the land surface
and these inverted estimates can contain errors and biases.
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Whilst EO SCA is considered reliable (Brown et al., 2010; Hall &
Riggs, 2007), SWE has proven more problematic, especially during
melt (see Section 2.1). Some studies suggest only trusting EO SWE
measurements up to peak accumulation, relying on SCA alone after
that (Déry et al., 2005; Kuchment et al., 2010). However, others
have found consistent differences between EO peak SWE estimates
and other data sources, although which was correct was not known
(Clifford, 2010).

This paper aims to test three global, EO-derived SWE products
against EO-derived SCA, meteorological data and some limited
ground measurements to attempt to identify any issues or biases
that would impair their suitability for validating land surface models.

2. Data used

The three SWE products tested were NASA/JAXA's AMSR-E/Aqua
Daily L3 Global Snow Water Equivalent EASE-Grids (AE_DySno)
(Tedesco et al., 2004), NSIDC's Global EASE-Grid 8-day Blended
SSM/I and MODIS Snow Cover (NSIDC-0321) (Brodzik et al., 2007)
and ESA's Globsnow SWE v1.0 (Takala et al., 2011); hereafter referred
to as “AMSR-E”, “SSM/I"” and “Globsnow”. All three cover at least the
northern hemisphere at 25 km spatial resolution although the
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standard Globsnow product masks out mountainous areas (see
Section 2.4 for details), a version with estimates over mountains is
available, though this is unvalidated. Unfortunately mountainous re-
gions are important for water supply in some areas (Clifford, 2010).
AMSR-E and Globsnow provide daily estimates (with occasional
gaps towards the mid latitudes), whilst SSM/I provides a measure
every eight days (an average, though how the multiple measure-
ments and platforms are combined is not obvious from the product
description). The theory of measurement and inversion algorithms
are described below. Since this work, Globsnow v1.2 and v1.3 have
been released and Section 3.7.1 briefly examines v1.2. v1.3 was re-
leased during the paper's revision and is the same as v1.2 except
over North America.

2.1. Microwave measurement of snow

SSM/I and AMSR-E are passive microwave radiometers. All objects
emit microwaves, although the soil emits a stronger signal than the
snow-pack and these microwaves are scattered and attenuated by
the snow as they travel upwards. The attenuation will depend on
the microwave wavelength and the snow-pack properties, in particu-
lar the amount of snow (SWE), grain size, snow density, presence of
ice lenses and the amount of liquid water (Ulaby et al., 1982). The
shorter the wavelength the greater the scattering for a given set of
snow-pack properties, thus the difference between the signal at two
wavelengths should be related to the amount of snow. This has
been theoretically derived and tested over certain areas (described
in Section 3.6) to give the following equation (Foster et al., 1980);

SD = a(Thygy—Tbsey) (1)

where SD is snow depth in cm, Thygy is the brightness temperature at
18 GHz, horizontal polarisation, Thsgy is the brightness temperature at
36 GHz, horizontal polarisation, and a is a constant (generally set at
1.59). This can be converted to SWE by multiplying by snow density
(assumed to be 300 kg m~2). This is known as the “Chang algorithm”
(Chang et al., 1987) and forms the basis of the AMSR-E and SSM/I inver-
sions. The wavelengths will vary for different instruments and correc-
tion factors can be applied to account for this (Brodzik et al., 2005).

Although it has been validated to some extent, this approach is
known to suffer from a number of issues. It has been shown that
snow grain size and SWE dominate the scattering (Chang et al.,
1982). Snow density has an effect, although this is much smaller.
The larger the snow grains the greater the scattering for a given
SWE and so q, in Eq. (1), is tuned for a particular snow grain size.
The value of 1.59 was found by assuming a grain size of 0.35 mm
(Chang et al., 1982), but as snow grains change through the winter
an assumption of constant grain size will cause errors (Kelly et al.,
2003). Liquid water affects the snow-pack’s dielectric constant,
increasing attenuation, potentially preventing the retrieval of SWE
(Stiles & Ulaby, 1980). Both AMSR-E and SSM/I take measurements
at night when it is hoped that the snow has refrozen (AMSR-E crosses
the equator at 1:30 am and SSM/I at 6 am, within 20 min depending
on which platform (NSIDC, 2012), Globsnow uses these same sensors,
see Section 2.4); however, any melt and refreeze is likely to alter the
grain size and could lead to errors.

The Chang algorithm has also been shown to saturate in deeper snow
covers, SWE> 120 mm (Chang et al., 1987). This is due to the higher fre-
quency microwaves no longer decreasing with increasing SWE (Derksen
et al,, 2010). Therefore accuracies are reduced in deep snow.

As well as the snow, any vegetation will also scatter the micro-
waves, affecting the estimate. A forest correction factor, c, has been
proposed (Foster et al., 1997).

= 2)

where fis the fractional forest cover within a pixel. Whilst this makes
sense theoretically, there is some doubt as to its accuracy (Clifford,
2010) and it may lead to inaccurate estimates over forested areas.

It has been suggested that topography can introduce errors
(Brodzik et al., 2007), both through changes in the atmospheric thick-
ness and because AMSR-E and SSM/I scan off nadir. Finally, shallow
snow-packs cause little scattering and can be missed by microwave
sensors; @ minimum detectable SWE of 15 mm has therefore been
suggested (Solberg et al., 2010).

2.2. SSM/1

SSM/1 is a passive microwave radiometer onboard the US Defense
Meteorological Satellite Program polar orbiting platforms, a number
of which have been in orbit from 1988 to the present day (F8, F11,
F13 and F17 (NSIDC, 2012)). The SWE product, as provided by the Na-
tional Snow and Ice Data Centre (NSIDC), extends from 2000 to 2008
and is available for download (Brodzik et al., 2007). This product uses
the Chang algorithm, as given in Eq. (1), multiplied by a forest correc-
tion of the form given in Eq. (2). The forest correction factor has a
maximum value of 2 for 50% and above forest cover, the latter being
derived from the BU-MODIS land cover map (Knowles, 2004). See
Section 2.8 for a description of the BU-MODIS dataset.

2.3. AMSR-E

AMSR-E is a passive microwave radiometer mounted on NASA's
Aqua satellite. It has been collecting data since launch in 2002 but
as of the 4th October 2011 a fault has stopped measurements
(NSIDC, 2011). The SWE product is available from NSIDC (Tedesco
et al., 2004).

The AMSR-E algorithm is described in detail in Kelly et al. (2003)
and Kelly (2009). This is based upon the Chang algorithm, but the
grain size can change with time. Fresh snow grains start at 0.2 mm
and grow at a rate determined by surface temperature (derived
from AMSR-E polarisation differences) until they reach 1 mm. This
is then used to tune a slightly more complex version of Eq. (1) (still
depending on the difference between the brightness at different fre-
quencies, though with the addition of 10 GHz to help with forest at-
tenuation). This is quite a simple grain growth model, but it was
hoped it would lead to more accurate SWE estimates. A forest correc-
tion is also applied using the product of the MOD12Q1 and MOD44B
products, both derived from MODIS (Barnes et al, 1998). See
Section 2.8 for a description of MOD12Q1. MOD44B is derived from
MODIS and gives the proportion of forested, non-forest vegetated
and bare ground within a 250 m pixel (Hansen et al., 2006).

This method still depends on the same basic assumption as the
Chang algorithm and may suffer from similar issues.

2.4. Globsnow

In August 2010 ESA released the Globsnow v1.0 SWE and SCA
products (Takala et al., 2011) and these are available online (http://
www.globsnow.info/). Globsnow is a fusion of EO-derived estimates
with ground measurements and covers the period from 1978 to the
present day. The most modern passive microwave radiometer avail-
able is used (SMMR 1978-1988, SSM/I 1988-2002, AMSR-E 2002-
2011 and SSM/I since October 2011). Ground measurements of
snow depth are taken from the ECMWF WMO weather stations
(Takala et al., 2011). These are point measurements (or snow courses
on the order of a few metres).

Using the method described in Pulliainen (2006), the HUT (Hel-
sinki University of Technology) microwave snow emission model
(Pulliainen et al., 1999) is used to relate the brightness temperature
values of the satellites to the snow properties and snow depth. HUT
is a radiative transfer model for calculating the microwave emission
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of a snowpack (assumed homogeneous) for given SWE, grain size and
snow density. By inverting HUT for the observed brightness tempera-
ture (from the satellite), snow depth (average of the six closest
ground stations) and fixed snow density (240 kg m~—2) an effective
microwave grain size is derived. The standard deviation for the six
ground stations gives a measure of the uncertainty. This uncertainty
is combined with a HUT derived sensitivity to changing SWE so that
uncertainty increases as the sensitivity decreases (as SWE approaches
the saturation point).

These grain size values are interpolated by kriging to produce a
global map. This is used to invert HUT with a fixed grain size and ob-
served brightness temperature to give an EO estimate of snow depth;
converted to SWE by assuming a density of 240 kg m 3. The ground
depth measurements are converted to SWE and interpolated to give a
global ground map. This is assigned a variance of 250 mm?, based on
comparison of point depth measurements to long snow courses
(Takala et al., 2011).

These two estimates are combined by minimising the difference
between the observed brightness temperature and snow depth for a
given snow depth, weighted by their uncertainties, to give a global
SWE map along with an uncertainty estimate. The grain size is
allowed to deviate from the initial estimate during this minimisation
and the EO uncertainty is adjusted accordingly. Additional dry snow
start (Hall et al., 2002) and snowmelt start (Takala et al., 2009) algo-
rithms are employed. Before the first dry snow and after the onset of
melt the EO weight is set to zero.

In theory this should provide more accurate estimates of SWE
than either of the Chang algorithm products (AMSR-E and SSM/I),
as the grain size is derived from ground data and forward snow emis-
sion model simulations with direct measurements of depths are used.
An accuracy of 440 mm SWE (RMSE) was the aim, though this may
increase for SWE above 150 mm due to challenges and uncertainties
when modelling deep snow-packs (Takala et al., 2011).

Ground stations tend to be in valleys rather than on mountain tops
and so may not be representative of the conditions within a topo-
graphically complex pixel. For this reason (and the issues with micro-
wave data over complex topography) all 25 km pixels with an
elevation standard deviation greater than 200 m are marked as
mountainous and no SWE estimate is provided (Takala et al., 2011);
the ETOPOS5 terrain map is used to derive elevation range. In Septem-
ber 2011 an unmasked version was released, though this includes no
extra processing and estimates over mountainous regions may not be
accurate (Luojus, pers comms). Version 1.0 was released in March
2011 and was used for this study. Version 1.2 was released in October
2011 and version 1.3 in August 2012; this uses the same theory as
above but with slight differences in the assimilation and use of
ground data.

As well as SWE, the grain size maps derived during Globsnow's
creation are recorded (daily, 25 km resolution) and are available on
request from the Globsnow team. The locations of ground stations
contributing to Globsnow each day are also recorded and available,
although the weightings of these and the EO data are not.

2.5. Snow cover

Two snow covered area products were used in this study,
MOD10C1, full name “MODIS/Terra Snow Cover Daily L3 Global
0.05Deg CMG (Hall et al., 2006) and the MODIS-SSM/I blended prod-
uct, full name “NSIDC-0321 Global EASE-Grid 8-day Blended SSM/I
andMODIS Snow Cover” (Brodzik et al., 2007), hereafter referred to
as MOD10 and MODIS-SSM/I. MOD10 is derived from the MODIS pas-
sive optical sensor (2000-present) (Barnes et al., 1998). It uses the
“Normalised Snow Difference Index” (NDSI), which is the ratio of
the difference in reflectance in the infra-red and the visible to the
sum of the two, to estimate the fractional snow cover within a
500 m pixel once a day (Salomonson & Appel, 2004). This only relies

upon snow changing the spectral properties of the surface. Therefore,
it should give reasonably accurate estimates as long as clouds do not
obscure the ground, irrespective of snow-pack structure and water
content. Hall and Riggs (2007) report an accuracy compared to
ground observations of 93% on average, though over evergreen for-
ests this decreased to 80% due to shadowing effects (Painter et al.,
2009).

Cloud cover can be a persistent problem in some areas and optical
measurements are not possible during the Arctic winter night. To
overcome this the passive optical product can be supplemented
with passive microwave estimates, providing a continuous SCA esti-
mate (Liang et al., 2008). A blended product uses MODIS when avail-
able and a method similar to that of Chang et al. (1987) with SSM/I
when it is not. The microwave sections will suffer from the same is-
sues with liquid water, snow-pack structure and shallow snow layers
as the SWE estimates described above and so may not be as reliable as
MOD10. In addition the MODIS-SSM/I product has the added advan-
tage of being 25 km resolution, rendering global analyses more
practical.

2.6. Meteorology

The SWE estimates described above are sensitive to snow-pack
structure that in turn is controlled by air temperature. In addition, it
may be possible to use cumulative snowfall as an approximation for
SWE whilst the air temperature stays below 273 K. Cumulative snow-
fall will not exactly match SWE due to sublimation and mid-winter
melt (redistribution should not be an issue at the scales investigated
here), but it will be related and so provide a guide. Global estimates
of both can be provided by re-analysis data (a combination of general
circulation model, GCM, runs with assimilated ground measurements
to reduce any bias). For this study the dataset of Sheffield et al.
(2006), hereafter referred to as “Princeton”, was chosen because it
overlaps with all of the above snow products.

Princeton provides (amongst other variables not relevant here)
estimates of air temperature and precipitation (total rain and snow)
every 3 h from 1948 to 2008 at 1° spatial resolution. This is a much
coarser spatial resolution than those of the snow products; all data
were therefore aggregated to this by simple averaging before com-
parison (other than for a few tests performed at the native resolu-
tion). As the EO data should be representative of the properties
across each pixel this should not introduce any error. It is also the res-
olution at which LSM validation would take place.

The air temperature should be reliable but there are great prob-
lems measuring precipitation in winter. Snow is easily blown, missing
precipitation gauges, and can also clog them (Groisman et al., 1991).
Small snowfalls can be difficult to detect and mixed snow and rainfall
can complicate attempts to correct for wind (Yang et al., 1998).
Therefore Princeton may underestimate the snowfall. At more inten-
sively managed stations this should not be as much of an issue, but it
is always a possibility. Therefore, we should not rely on absolute
snowfall values but use it as a rough guide.

The total precipitation provided by Princeton can be partitioned
into rainfall and snowfall using a temperature threshold, typically be-
tween 273 Kand 275 K (Best, 2005). It was set to 274 K for this study.

2.7. Ground data

Ground measurements of SWE should be much more accurate
than EO and re-analysis estimates; however, they only cover limited
areas and time periods and may not be representative at the scales
of the products described above.

An automatic weather station was maintained near Kevo, Finland
between November 2007 and April 2009 (69°45'N, 27°1’E) as part of
the ABACUS project. This included a sonic snow depth measurement
using a Campbell SR50 Ultrasonic distance sensor (Campbell Scientific,
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Logan, Utah, USA) every 30 min. This was converted to SWE assuming a
density of 300 kg m™2. This density was taken from the literature
(Chang et al., 1987) and was not tuned to match the datasets in any
way.

The gauge works by recording the time of flight for a click to travel
from the sensor to the snow and back. This click will bounce back
from the first object, whether that is the ground, a blown snowflake,
tuft of grass or a passing hare. Spurious results from such encounters
were obvious in the data and were cleaned by smoothing with a
five-day median filter followed by convolution with a three-day
Gaussian.

This was a temporary weather station and is not used in the crea-
tion of Globsnow. The nearest ground station used was approximate-
ly 50 km away.

2.8. Other datasets

Snow processes and the measurement of snow are also affected by
topography and forest cover. Global measures of topography were
taken from NASA/JAXA's ASTER Global Digital Elevation Model version
1 (G-DEM), which is available online (NASA, 2009). This gives global el-
evation at 30 m horizontal resolution, however it was coarsened to
150 m with a median filter to remove artefacts as recommended by
Hayakawa et al. (2008).

Forest cover was calculated from the BU-MODIS land cover map
(Knowles, 2004). The BU-MODIS product is a flat binary version of
NASA's MOD12Q1. That is a global land cover map derived from
MODIS data collected between the 1st January 2001 and 31st December
2001. This uses optical information and the changes over a year to
class each 1 km pixel as one of the seventeen International Geosphere
Biosphere Programme land cover classes (Strahler et al.,, 1999). These
seventeen classes were used to determine the forested fraction of
each 1° pixel.

3. Experiments and results

This section describes the experiments performed and the areas
they were performed over. As the methods rely on the results of ear-
lier sections, the method, results and discussion for each experiment
are grouped.

3.1. Sites

A subset of 1381 1° pixels was used; chosen to be representative of
the global snow-affected areas in terms of latitude, longitude, eleva-
tion, topographic variation and peak annual SWE (hence the unusual
number). The number of snow-affected land pixels (taken as pixels
marked as snow covered on the 25th March 2005, an arbitrary date
close to peak accumulation) was counted and stratified random sam-
pling performed to give 1381 pixels globally representative of these

five variables and their combinations. Forest cover and air tempera-
ture were not explicitly included in this subsetting, although a large
range of both was covered. Fig. 1 shows their location.

All of the global products described above cover summer 2002 to
summer 2008 and so this period was used for the analysis.

Clifford (2010) showed that different SWE estimates had different
spatial patterns, but the reasons for these were not obvious from the
maps. In the present study an attempt was made to compare the
products by binning mean monthly SWE by major river basins
(Lena, Ob, Mackenzie and Yenisey). All that could be said from this
analysis is that the three SWE products differ when aggregated up
to the basin scale in terms of peak SWE (by as much as a factor of
2) and melt timing. The reasons for the differences and which is
more accurate cannot be determined from these climatologies.
These differences will be directly driven by the land surface and me-
teorological properties and so these are explored in the rest of this
paper on a 1° pixel basis rather than the spatial patterns, to more eas-
ily determine the mechanisms behind the differences.

3.2. Snow cover

Although a comprehensive evaluation of SCA is not the focus of this
paper, an attempt was made to compare MOD10 and MODIS-SSM/L If
they performed equally well, the coarser resolution (and so smaller
file) and cloud tolerant MODIS-SSM/I could be used to assess the SWE
products; however, the blended product could suffer from the same is-
sues as the SWE estimates described above.

Time series of MOD10 and MODIS-SSM/I were plotted along with
SSM/I SWE (as this is related to the microwave component of the
blended product) and meteorological data, and snow start and end
dates examined. Initially a visual comparison was made.

There are many 500 m MOD10 pixels within a 1° pixel, each of
which can be independently cloud covered or masked for other rea-
sons. Each 1° pixel can thus have different numbers of MOD10 pixels
contributing on different occasions; the greater the number the more
representative the average SCA will be. The number of contributing
MOD10 pixels, n, can be used as a measure of uncertainty, Oy,
using the following equation;

Oseq = 1-

n
5 3)

where N is the total number of MOD10 pixels within the 1° pixel.

3.2.1. Snow cover results

MOD10 and MODIS-SSM/I snow start dates frequently disagreed.
Of the 1381 pixels and six years of overlap of the two products, 58%
of snow start dates were successfully estimated (correct within six-
teen days, two MODIS-SSM/I time steps). The failures were entirely
due to missing MODIS-SSM/I data before snowfall. Of these, only

(=)
[«

Latitude
(%)
(e}

Longitude

Fig. 1. Location of the 1381 1° pixels used in this investigation.
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4.8% agreed within eight days (a perfect agreement within the
MODIS-SSM/I resolution) whereas 53% had MODIS-SSM/I predict a
snow start date more than eight days before MOD10. Fig. 2 shows
two examples. In Fig. 2(a) there has been an early snowfall that
completely melts (around the 12th November) before a new snowfall
that persists throughout winter. This melt and new fall occurs be-
tween MODIS-SSM/I measurements and so would give too early a
snow start date.

More worryingly, Fig. 2(b) shows a period of quite certain low SCA
from MOD10 (late October to early November), whilst MODIS-SSM/I
suggests snow cover should be complete.

The Princeton air temperature was above 0 °C for both of these pe-
riods, making it likely that the snow would have melted, suggesting
that MOD10 is correct. The snow end dates generally agreed better
than the snow start date but did occasionally have MODIS-SSM/I
drop to 0% before MOD10. Reasons for these differences are beyond
the scope of this paper (perhaps ground frost or wet snow?). There-
fore, if we trust MOD10 and Princeton air temperature (though the
accuracy of Princeton temperature is not truly known (Sheffield et
al., 2006)), it would appear that MODIS-SSM/I will not always get
the snow start dates right and cannot be relied upon for testing the
SWE products. Only MOD10 will be used for the rest of this investiga-
tion, accepting that data will be missing due to clouds and the Arctic
winter.

3.3. SWE time series

Most global comparisons between SWE estimates have looked at
global maps of monthly SWE and the snow dates (Blyth et al., 2010;
Clifford, 2010). Although these maps show the areas of disagreement,
the reasons are not easy to determine.
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Fig. 2. Time series of snow cover and Princeton air temperature during accumulation.

Time series of the three SWE variables, MOD10 SCA, air tempera-
ture and snowfall were first plotted to allow a visual investigation
of their relative behaviour. There are three areas we should examine;
the peak accumulation, vital for modelling the spring and summer
hydrology as well as insulating the soil, the snow start and end
dates, important for long term trends in snow's effect on surface albe-
do and growing season length, and the overall shape of the SWE sea-
sonal shape, especially the melt period where the shape will
determine whether water infiltrates the soil or runs off. This paper
is most concerned with peak SWE and melt rates. Although snow
dates are important for the surface albedo, they are the most difficult
case for microwave observations, being shallower and occasionally
wet.

3.3.1. SWE time-series results

Fig. 3 compares the three SWE products to each other and meteo-
rological data. Snow cover has been left off for clarity and will be
addressed in Section 3.3.4. As long as the air temperature remains
below 273 K, SWE should be roughly equal to the cumulative snow-
fall. Some snow mass will be lost through melt and sublimation (at
these scales redistribution of snow will be negligible) and these will
depend on meteorology and land cover, but it gives a rough guide
and an upper limit. These graphs are for the ABACUS site near Kevo
in Finland (the 1° centred on 69.5°N 27.5°E) and the BERMS (Boreal
Ecosystem Research and Monitoring Sites) site in Canada (the 1°
centred on 58.5°N 104.5°), both extensively studied areas for which
we would expect the winter precipitation data to be accurate. They
were chosen as illustrative of some common cases.

3.3.2. Peak accumulation

Fig. 3(a) shows that the peak accumulations of the three SWE
products can agree with each other and with cumulative snowfall, al-
though at Kevo this is only true when peak SWE stays below 100 mm.
Above this AMSR-E and SSM/I seem to saturate compared to
Globsnow and Princeton snowfall (Fig. 3(b)). This could well be due
to the issues of the Chang algorithm in deep snow, as discussed in
Section 2.1, although it occurs at a lower SWE than expected (Chang
et al,, 1987).

At BERMS the SSM/I SWE is greater than all other estimates. It has
been reported that all Chang based SWE estimates greater than
120 mm are spurious (Clifford, 2010), possibly due to the forest cor-
rection or incorrect grain size. According to the BU-MODIS land
cover map, Kevo is 0% forest covered whilst BERMS is 70%. At
BERMS this will cause a doubling of the SSM/I estimate and the
SSM/I estimate does seem to be double AMSR-E and Globsnow.

Therefore it would appear that SSM/I and AMSR-E can suffer from
saturation and that SSM/I is susceptible to exaggerated forest correc-
tions whilst Globsnow appears to give similar peak accumulations to
Princeton snowfall. Section 3.5 will explore these effects in more
detail.

3.3.3. Seasonal shape

The Chang based estimates often showed a significantly different
shape to Globsnow, as shown in Fig. 3. The Chang based estimates
show a sharp rise at winter's end that is not evident in Globsnow,
whereas in Fig. 3(a) and (b) Princeton suggests there is little new
snowfall at this time. Although in Fig. 3(c) Princeton does show
new snowfall, this occurs when the daytime air temperature is
above 273 K and thus when we would expect snow to be melting
rather than accumulating.

This was a common feature of the Chang based products, particu-
larly for AMSR-E that showed it in the majority of areas examined. It
seems to occur as air temperature rises above 273 K and then de-
creases again. As AMSR-E and SSM/I make measurements at night,
the snow could well have refrozen. Such melt refreeze cycles are like-
ly to dramatically alter the snow-pack structure, possibly creating ice
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Fig. 3. Time series for SWE from three products along with cumulative snowfall and air
temperature from the Princeton dataset. The flat line shows the freezing point at
273 K.

lenses and thus increasing the effective grain size. This will be missed
by SSM/I's static algorithm and could exceed AMSR-E's maximum
grain size of 1 mm, thus leading to SWE overestimation by the
Chang algorithm.

We believe these spikes to be artefacts and Globsnow to provide
the more accurate SWE seasonal shape, particularly during melt.
These spikes substantially increase the peak annual SWE (though
only during melt) and so would mask an underestimate of SWE and

lead to a much more abrupt melt if ignored. The higher temporal res-
olution products show occasional spikes (particularly AMSR-E), but
these can easily be removed by median filtering.

3.3.4. Snow dates

To determine the start and finish of the winter snow period (re-
ferred to as the durable snow cover by Kitaev et al. (2002)) an algo-
rithm was written to search for the first and last dates of permanent
snow cover estimated by each snow product (SSM/I, AMSR-E,
Globsnow and MOD10). First noise was removed using a five day
weighted median filter (Brownrigg, 1984). The weightings were set
by the uncertainty. For MOD10, if the SCA uncertainty was less than
33%, weight three was allocated. For uncertainties between 33% and
66% weight two was allocated, otherwise weight one. For Globsnow
(AMSR-E and SSM/I don't provide uncertainty estimates) if the SWE
error was less than 15 mm weight 3, between 15 mm and 35 mm
weight two and greater than 35 mm weight one was allocated.

The algorithm started from the 1st February and tracked (for-
wards and backwards) until the SWE or SCA passed beneath a thresh-
old (1 mm for SWE and 0.5% for SCA), that point then being taken as
the start or end date. If the signal didn't drop below this threshold
within the year the retrieval was marked as unreliable and not used
in subsequent analysis. This algorithm should avoid the small fall
and melt events in autumn and spring but may be affected by noise.
Only years with at least two weeks of snow cover (according to
MOD10) around the 1st February were used.

Table 1 shows the mean error (bias) and root mean square error
(RMSE) between the three SWE products and MOD10 (a negative
bias is late, a positive early). All RMSE values were several weeks,
showing that there was considerable spread in the differences, al-
though we cannot be sure if this is due to inconsistencies in the
SWE products or uncertainty in the MOD10 products along with
weaknesses in the date-finding algorithm (and even in the definition
of snow dates). SSM/I gave a much lower start bias than AMSR-E and
Globsnow and a lower RMSE value, though a similar spread about the
mean; however, the RMSE is still much higher than is desirable. We
might expect AMSR-E and SSM/I roughly to agree, given their similar
algorithms. They don't suggests that the different temporal resolu-
tions may be playing a role. SSM/I's eight day period will be less af-
fected by noise than AMSR-E, Globsnow and MOD10's one day
period. Often the Globsnow estimate did not start until after the
first snowfall. These retrievals should have been flagged as unreliable
but some will not have been (as the SWE occasionally started from
0 into the snow season); this may have increased the Globsnow er-
rors. AMSR-E and SSM/I did not have these gaps. Takala et al.
(2011) report that the snow start date is a particular weakness of
the Globsnow product due to its reliance on the Chang algorithm to
determine the start of the snow season.

All products showed much better agreement for end date, both in
bias and RMSE. The start and end dates in Globsnow will be deter-
mined by the Chang based snow start method of Hall et al. (2002)
and the empirical snowmelt algorithm of Takala et al. (2009). There-
fore we would expect the snow start date of Globsnow to be more
conservative than SSM/I and AMSR-E, which it is.

These results suggest that all three products struggle to determine
the snow start date (though SSM/I gets it roughly right on average),
but give a fairly good estimate of snow end date (though RMSEs are

Table 1
Snow date errors (MOD10-SWE product) along with one standard deviation in days for
all SWE products, taking MOD10 as truth.

AMSR-E RMSE  SSM/I RMSE  Globsnow RMSE
Mean Mean Mean
Snow start —23.24342 413 —544+£272 278 —3424258 428
Snow end 544239 245 204171 172 574203 21.1
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still two to three weeks). That all three products gave roughly the
right snow end date however, does not necessarily mean they are giv-
ing an accurate measure of snow melt.

3.4. Ground data

Whilst an inter-comparison of EO-derived snow products and mete-
orological re-analysis data will highlight any differences between
datasets and can suggest reasons for these, we cannot know for certain
which is correct without comparing against direct measurements. The
three SWE products were compared to a point measurement of snow
depth described in Section 2.7. The SWE products were used at their na-
tive 25 km resolution, although even then the difference in scales could
cause disagreements that will be difficult to account for (Chang et al.,
2005).

3.4.1. Ground data results

Fig. 4 shows the comparison of the three SWE products to ground
measurements. Unfortunately SSM/I ends in early 2008 and so we
cannot definitively evaluate its performance here. Fig. 3, however,
showed that in previous winters it behaved in a similar manner to
AMSR-E over the ABACUS site near Kevo, and there is no reason to be-
lieve it would not do so for 2008 or 2009.

This comparison suggests that AMSR-E is saturating around
80 mm and that the spike in late-winter/spring is spurious. The
agreement between Globsnow and the ground data is good, especial-
ly given the assumption of constant density over time when
converting from depth to SWE. All fluctuations shown by the ground
data are mirrored by Globsnow, though not always of the same mag-
nitude. The difference in fluctuation magnitude is not surprising
given the difference in scales.

Other than a spike in November 2008 (possibly due to scale differ-
ences, perhaps a passing snow drift) Globsnow gets the correct peak
accumulation (within 10%) and melt date (within two days). This
strongly supports the conclusions of Section 3.3, namely that
AMSR-E and SSM/I saturate around 100 mm and show spurious
spikes at the onset of melt, suggesting that Globsnow is the superior
product.

A miscalibration of the ground instrument is evident, giving nega-
tive snow depths in autumn; possibly due to seasonal senescence or
bending of vegetation. This makes it difficult to more precisely evalu-
ate the snow start date accuracy.
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Fig. 4. Three global SWE products compared to ground measurements near Kevo.

3.5. Globally representative analysis

Once the general behaviour of the three products had been deter-
mined and potential issues highlighted, the mean SWEs for each
month, year and product were calculated and compared (giving 72
separate SWE values per pixel, although summer values were
uninteresting). The previous section suggests that, away from for-
ests, SSM/I and AMSR-E estimates saturate around 100 mm SWE
but may have a spurious spike at the onset of melt. Scatterplots
were produced of each SWE product for each month to see if these
features describe the products' global behaviour.

Precipitation was not used in this analysis as it was considered
unreliable away from intensively studied regions. Splitting the data into
months avoided artefacts during the melt period (see Sections 3.3.3
and 3.4.1). Section 3.3 suggested that the forest correction could be caus-
ing spurious SSM/I values and so the comparison was separated into for
pixels with less than and greater than 10% forest cover (according to
BU-MODIS).

Figs. 3 and 4 suggest that AMSR-E and SSM/I should saturate with re-
spect to Globsnow over unforested areas; however, when scatterplots of
the three products were produced for mid-winter (December-February)
no such saturation was apparent (Fig. 5). At higher SWE values, AMSR-E
and SSM/I diverged from Globsnow, but with no clear saturation of any
product. Thus factors other than forest cover and saturation must be con-
tributing to the differences.

The comparison of AMSR-E to SSM/I (Fig. 5(c)) seems to show a bi-
modal distribution rather than the more random spread when com-
pared against Globsnow. Points with forest cover less than 10% are
grouped around the 1 to 1 line, showing that AMSR-E and SSM/I
agree. Points with cover above 10% have a shallower gradient, so SSM/
I's estimate is higher than AMSR-E by a constant factor. This difference
could well be due to the difference in forest corrections of the two prod-
ucts and the additional use of MOD44B in AMSR-E's derivation. Such a
grouping of forested and non-forested points was not apparent when
comparing AMSR-E and SSM/I to Globsnow (though forested pixels
showed a very slightly higher SSM/I estimate).

This analysis suggests that, whilst the forest correction does have
an effect on SWE estimate differences, other factors are having an
impact.

3.5.1. Snow grains

Microwave estimates of SWE are sensitive to grain size (Chang et
al., 1987). SSM/I assumes a constant value of 0.35 mm, AMSR-E al-
lows the value to vary between 0.2 mm and 1 mm, based on surface
temperature, Globsnow attempts to derive the value at each ground
station and interpolate. These different approaches could cause
large SWE differences.

Snow grains are known to grow when there is a large thermal gra-
dient across the pack (Slaughter & Crook, 1973). Strong thermal gra-
dients will cause large snow grains, of the order of one to several
millimetres (Chang et al., 1982; Davenport et al., 2012), larger than
is assumed in the derivation of AMSR-E and SSM/I. Clifford (2010),
Brodzik et al. (2007) and Boone et al. (2006) cited these large grain
snow-packs as a potential source of systematic bias in Chang based
SWE estimates. To investigate this, differences between the monthly
SWE estimates were compared to the thermal gradient.

The temperature of the surface under the snowpack is needed to
calculate the true thermal gradient. However, other than at a few
scattered test sites, this is not available. Instead the air temperature
above the snowpack was used (mean for a given year and month).
This was compared to the difference between all three products
each month for areas with 0% forest cover. This is equivalent to a con-
tinuous form of the Sturm snow classes (Sturm et al., 1995).

Fig. 6 shows the difference between SWE products against air tem-
perature. The SSM/I — AMSR-E difference displayed no pattern and so
is not shown. These two products are likely to be affected by the same
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Fig. 5. Scatterplots comparing SWE estimates from three global products split into less
than 10% and greater than 10% forest covered.

processes and so this is not surprising. It can be seen that the Chang
based methods roughly agree with Globsnow for air temperatures
above —35 °C (though with some higher SSM/I estimates beneath
—15 °C), but beneath these the Chang estimates tend to be larger
than Globsnow. This is what we would expect if cold air temperatures
were causing grain growth above the values used for SSM/I and
AMSR-E's derivation. It is possible that the colder areas are more
remote and so be further away from Globsnow ground stations,
however, plotting the distance to the closest ground station against
air temperature showed that this was not the case.

There is considerable spread in the data, leading to a weak, statisti-
cally insignificant correlation between air temperature and difference
in SWE estimates and this is likely to be due to the simplicity of the met-
ric employed here (grain growth depends on the snow depth and air
and soil temperature fluctuations throughout winter, which would re-
quire a full snow model to fully capture) and uncertainties in the land
cover map used to mask forests (Herold et al., 2008). It does strongly
suggest that very cold air temperatures (<-35 °C) cause the Chang
based methods to overestimate relative to Globsnow. This could be
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Fig. 6. Difference between SWE estimates against mean air temperature across the
snow-pack for unforested areas in December.

due to processes other than grain growth, but Globsnow will account
for them by altering the effective grain size (as a microwave scatterer).

The site near Kevo had an average air temperature of —11 °C and
BERMS — 20 °C for December 2002-2008, both of which are high up
the x-axis of Fig. 6 and so unlikely to show the overestimate of SWE
by the Chang methods. It seems likely that Fig. 5 did not show satura-
tion because of overestimates caused by grain size effects.

The grain size maps derived as part of Globsnow are recorded and
provided on request. These give the effective snow grain size (as used
by the HUT model) for each 25 km pixel on each day. Here “effective”
is used because the value could include other effects (liquid water,
vegetation, soil temperature variations, etc.) that act to change the re-
lationship between SWE and the microwave signal, and thus may not
have a strictly physical meaning. Whilst the effective grain size (as a
microwave scatterer) may not be equivalent to the physical grain
size, they might be expected to be related. To test this the mean
grain size was calculated for each year and month and compared to
the air temperature and difference between SWE products.

Disappointingly the scatterplots of SWE difference against grain
size according to Globsnow (not shown) did not show as strong a re-
lationship as did those for the air temperature. The relationship be-
tween Globsnow grain size and air temperature was also not clear.
It would appear that the effective grain size of Globsnow is not related
to the same parameters that are determining the differences between
SWE products and air temperature. The data used to derive this grain
size are not readily available and so further investigation of this was
not performed. For the rest of this paper Globsnow's grain size will
only be taken as a parameter affecting Globsnow's derivation rather
than a value with a strictly physical meaning. That is not to say that
it doesn't have one, but that it is first and foremost a parameter fitted
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by the model and can be different from the actual grain size (Hall et
al., 1986).

3.5.2. Forest cover

To determine the relationship between forest cover and SWE esti-
mates the differences between the SWE values were compared to
BU-MODIS forest cover. To avoid the potential influence of large
grains, this was only performed for areas with warmer air tempera-
tures. A threshold of —35 °C was chosen on the basis of the data
shown in Fig. 6.

Fig. 7 shows the relationship between the difference between
SSM/I and Globsnow against forest cover and the same for AMSR-E.
There appears to be a weak relationship between the difference be-
tween SSM/I and Globsnow and forest cover up to 50% (the maximum
correction factor value of 2). After this the difference drops again,
suggesting that the forest cover is still having an effect upon the
SWE estimate. There seems to be no clear relationship between the
difference between AMSR-E and Globsnow and forest cover. Testing
the goodness of fit of a straight and a sloped line to the differences be-
tween SSM/I (or AMSR-E) and Globsnow for forests with over 0% and
less than or equal to 50% cover showed that it is not a statistically sig-
nificant relationship.

There is considerable scatter, making this relationship less signifi-
cant than that for the thermal gradient, but it suggests either that
Globsnow is not appropriately correcting for forests, or that the cor-
rection in Eq. (2) used for SSM/I is not appropriate, as proposed by
Clifford (2010). Some of this scatter may come from uncertainties in
the land cover maps used. Globsnow and the Chang based methods
use different land surface maps and previous studies have shown
that these can differ wildly, with either being wrong in certain loca-
tions (Herold et al., 2008).
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cover from BU-MODIS for February. Points show the mean within 2.5% cover bins and
bars show one standard deviation.

3.6. Chang algorithm calibration

The Chang algorithm, used by AMSR-E and SSM/I, was developed
and tested over three sites, in Russia, Canada and the USA. The coor-
dinates for these are given in Foster et al. (1980). These were chosen
as relatively simple cases (Chang et al., 1982; Foster et al., 1980) and
so may not be representative of the global snow-affected land areas.
To test this a selection of surface and meteorological properties
were extracted for the three areas and compared to the same values
for the 1381 1° pixels used here.

The properties tested were mean peak annual SWE, calculated
from Globsnow; mean elevation and topographic variation (standard
deviation of elevation within the site), calculated from ASTER G-DEM;
forest cover, from BU-MODIS; and the mean January air temperature,
from Princeton.

3.6.1. Chang calibration results

Table 2 shows that the three sites used by Chang et al. (1987) are
all much warmer than those used here (which should be representa-
tive of global snow-affected areas), have much shallower snow-packs
and much lower forest covers. The topography alone seems not to be
significantly different. It is thus not surprising that the same forest
correction, saturation and large snow grain effects were not apparent
during the algorithm's creation.

3.7. Globsnow artefacts

The examination of Globsnow v1.0 time series revealed occasional
abrupt changes that could well be spurious. In an attempt to deter-
mine their origin these were compared to air temperature from
Princeton (at that pixel and at contributing ground stations), effective
snow grain size and which ground stations contributed. Princeton es-
timates of precipitation were not used as these could be unreliable in
winter.

3.7.1. Globsnow artefacts results

Fig. 8 shows two locations with noticeable abrupt changes in
Globsnow. The coloured bars along the x-axis indicate which ground
stations (all within 500 km) were contributing each day. These same
jumps are not apparent in AMSR-E or SSM/I and seem unlikely to be
real. All the jumps appear to correspond to gaps in the nearest ground
station's contribution. Interestingly, the effective grain size does not
show a corresponding jump and occasionally shows a jump without
much change in SWE, therefore it is likely that the SWE jumps are
caused by a change in the interpolated ground snow depth map be-
fore it is combined with the EO data.

The Globsnow values of the seven pixels within the 1° pixel were
examined and all showed the same jump, therefore it is not due to in-
dividual pixels dropping out. The temperature profiles of the pixel of
interest and nearby ground stations are similar so it is unlikely to be
due to different snow grain changes. Although it seems that most
jumps are due to which ground stations contribute, they could also
be due to changing weights given to the EO and ground estimates in
the final combination, or else to temperature fluctuations altering
the snowpack in a way that is not accounted for by the algorithm. Un-
fortunately the weightings are not recorded (Luojus pers comms) and

Table 2
Land surface properties for test areas along with one standard deviation between the 1°
pixels.

Site Mean peak SWE  Elevation Forest cover  January temp
Chang Russia 34410 mm 1484+61 m 10+8% —4+£3°C
Chang Canada  47+13 mm 706+172 m 6+11% —11+£4°C
Chang USA 5147 mm 7234245 m 3+3% —11+4°C
This study 86433 mm 3944647 m  30+£31% —22+10°C




116 S. Hancock et al. / Remote Sensing of Environment 128 (2013) 107-117

(a) 67.5°N 163.5°W

450} Globsnow ]
Temperature here (K) -
400+ Temperature at station 1 (K) - 1
Grain size (10nm)

350+ Station 314 km 1
2 ) st e |
L\i/ 250 oot iota e e By Ry o)
2= 200f ]
2 150+ } ]

o el

T R
22/ 102/2006 8/1 }2007 26/ l./2007 13/2/2007
Time
(b) 69.5°N 148.5°W
430t Temperaturgggizn(% %‘% 1
4001 Temperature at station 1 (K) - g
Grain size (10nm) x

350+ Station 614 km 1
—_ Station 413 km
g 3001 Station 372 km mem—
S 250 i v R
2 200f ]
%)

150

100

50
1/ 82007 10/2/.2007 22/3/. 2007 1/5/2007
Time

Fig. 8. Time series of factors affecting Globsnow.

so we cannot say for certain whether it is due to this or to tempera-
ture fluctuations; further investigation is needed.

A full analysis was not attempted with versions 1.2 or 1.3 of
Globsnow due to their recent release, but selected areas were exam-
ined to determine whether they too suffered from the same artefacts.
A known issue has been introduced to v1.2 over America due to a bug
in the assimilation code and this should be solved in v1.3 (Luojus pers
comms) which has been released since this work was completed.

Whilst v1.2 did not show the same jumps as v1.0 at the locations
used in Fig. 8, Fig. 9 shows that it does suffer from similar artefacts.
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Fig. 9. Comparison of Globsnow version 1.2 daily and weekly products highlighting an
artefact.

These do not necessarily occur in the same areas and times as in
v1.0, but they are similarly puzzling. A quick look at v1.3 reveals
that it also suffers from similar jumps. Therefore the newest version
has not eliminated these artefacts and they should be looked at in
more detail.

Fig. 9 shows that weekly v1.2 product suffers from the same jumps
as the daily product. The edges of the jumps were slightly smoothed,
but the same dramatic, spurious shifts in SWE were evident. This
smoothing may even mask the fact that these jumps are erroneous.

These jumps were not common, only appearing in around 1% of
hydrological years examined (1381 pixels of Globsnow data, 1978-
2008), but they could cause issues when using Globsnow to validate
model results, and especially if trying to assimilate Globsnow data
into a model.

4. Conclusions

This paper has compared three global SWE products, SSM/I,
AMSR-E and Globsnow v1.0, to each other, snow cover, ground mea-
sures of snow depth and meteorological data. The analysis was
performed over 1381 1° pixels representative of the latitude, longi-
tude, peak SWE, elevation and topographic variation of global
snow-affected areas.

The results suggest that the Chang algorithm based estimates
(SSM/I and AMSR-E) can suffer from saturation above 80 mm-
150 mm SWE, can show spurious spikes during melt (probably due
to melt-refreeze), can show overestimates in the presence of cold
air temperatures (likely to cause large snow grains) and in forested
areas. In all cases the difference between the Chang based products
and Globsnow behaved as we would expect the error to behave.
This suggests that Globsnow is the superior product for peak accumu-
lation and the seasonal pattern of SWE development. It would have
been worrying if the newer, more advanced Globsnow product
were not found to be superior. The sites used to develop and test
the Chang algorithm were amongst the very warmest, had the
shallowest snow and lowest forest cover of snow-affected areas; it
is thus not surprising that the initial studies did not encounter these
issues.

The single point of ground data used suggested that the Chang
based products were saturating and showing spurious spikes during
melt, whereas Globsnow seemed to give a good estimate. This was
over an unforested area with a relatively warm air temperature and
so could not be used to test these effects.

An attempt was made to assess snow start and end date accuracy.
The results suggest that the start date for all three products has large
errors (over one month), although SSM/I seems to agree with MOD10
on average. All products gave much more accurate snow end dates,
with a mean bias of no more than a week, although the spread was
still about a month. Therefore, it seems that none of the SWE products
would be suitable for testing snow start dates of land surface models;
this is not surprising given that passive microwave retrievals are in-
sensitive to shallow or wet snow.

Whilst Globsnow appears to be the superior product, it shows oc-
casional spurious jumps. These seem to be due to gaps in the contri-
bution from individual ground stations (an issue not affecting the
pure EO products). These jumps only affected about 1% of the hydro-
logical years examined, but they will need to be avoided or else taken
into account if Globsnow is to be used to validate LSMs or be assimi-
lated. No attempt was made here to investigate the stability of
Globsnow at the crossover between sensors (1988, 2002 and 2011).

Having determined that Globsnow is currently the best global
SWE product we intend to use it test the snow processes within a
land surface model, taking note of the issues above. This work sug-
gests that the SSM/I and AMSR-E products are not suitable for such
tests, especially during snowmelt and will even struggle to give the
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correct peak accumulation. Globsnow seems to have overcome these
issues.
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