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ABSTRACT

Four different snow water equivalent data sets have been compared: (1) The high resolution Snow Data Assimilation Sys-
tem (SNODAS) developed at the National Operational Hydrologic Remote Sensing Center (NOHRSC), (2) the operational
analysis from the European Centre for Medium-range Weather Forecasts (ECMWF) in its old version, (3) ECMWF’s re-
vised version, which became operational in 2004, and (4) Advanced Microwave Scanning Radiometer (AMSR) derived
snow water equivalent. The revised ECMWF analysis agrees better than the old one with the NOHRSC product when
snow extent is compared. Both global ECMWF analyses underestimate snow water equivalent in the Western US. A
direct comparison betweeen analysed snow water equivalent and AMSR-E derived SWE is difficult since the satellite
observations are insensitive to low and high amounts of SWE. Consequently, a validation of snow analyses based on
this independent data set is not possible for large parts of the world. In general, The AMSR-E product results in lower
mean snow water equivalent and snow extent than the global analyses, when only grid boxes characterized by snow water
equivalent ranging from 10 mm to 250 mm are compared.

1 Introduction

About 98 % of the global seasonal snow cover is located in the Northern Hemisphere ([3]) with a mean maxi-
mum extent of nearly 50% of the land surface area ([18]). In large areas snow melt is a significant contribution
to the surface water supply and the main cause of flooding. Variability in snow cover causes dramatic changes
in surface albedo and consequently in the land surface energy budget. Therefore, global snow depth and snow
extent are crucial parameters for the performance of numerical prediction models and for climate monitoring
including re-analysis projects.
Currently, estimates of snow extent, snow depth, and snow water equivalent (SWE) are based on: (1) in-situ
observations, (2) satellite observations (e.g. from the Advanced Very High Resolution Radiometer [AVHRR],
Moderate-Resolution Imaging Spectroradiometer [MODIS], Special Sensor Microwave / Imager [SSM/I], Ad-
vanced Microwave Scanning Radiometer [AMSR]), or (3) numerical models. In-situ measurements have been
used to calibrate and / or validate model output or satellite retrieval algorithms. Very little work has been done
on the combination of all three data sources through data assimilation systems. To the author’s knowledge,
only the European Centre for Medium-Range Weather Forecasts (ECMWF) and the National Operational Hy-
drologic Remote Sensing Center (NOHRSC) combine all three data sources in their operational snow analyses.
The NOHRSC analysis is performed by an analyst who defines the areas to be updated with observations
through a nudging technique. This analysis is produced on a daily basis for the US domain ([5]). At ECMWF,
in-situ observations and the operational NOAA NESDIS1 snow extent data set are used together with the model
forecast to analyse snow water equivalent through a Cressman Interpolation scheme ([11]). The analysis is per-
formed globally every 6 hours. Since the NOHRSC analysis uses a sophisticated multi-layer snow model at
a high resolution together with a large and diverse number of observations it is considered to be the best data
set available for the US. In this study, two versions of the operational ECMWF analysis are compared against
the NOHRSC analysis: 1. The operational analysis version for CY28R2 (and older cycles), which uses a snow

1National Oceanic and Atmospheric Administration National Environmental Satellite, Data, and Information Service
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climatology and no satellite data, and 2. the revised analysis, which became operational in CY28R3 (spring
2004). In addition, SWE derived from AMSR-E is compared with the ECMWF analyses on the global scale.

2 Data sets

As already mentioned above, four different SWE data sets are compared for the US domain and the globe. In
this section the individual data sets are briefly introduced. The study period comprises the period November
2003 to May 2004.

2.1 AMSR-E derived SWE at the National Snow and Ice Data Center (NSIDC)

Daily maps of global snow water equivalent have been derived from AMSR-E obsverations at the NSIDC. L2a
global swath spatially resampled brightness temperatures at 18 and 37 GHz vertical polarization (T18v�T37v)
form the data basis for the algorithm ([7]). The retrieval algorithm can be summarized in four steps:

1. Ancillary data (i.e. fractional forest (f f ) cover from [19], probability of snow from [10], a land/sea/ice
mask) and brightness temperatures are mapped into 25 km resolution hemispheric Ease-Grids.

2. Estimation of surface temperature following [17] and detection of snow based on threshold analysis.

3. Calculation of SWE:

SW E � 4�8� �T18v�T36v���1�0�0�2� f f � (1)

4. Temporal and spatial sampling; consistency checks.

For more details on the SWE product the reader is referred to [7].

2.2 NOHRSC SNODAS data set

The core of the SNODAS system is a spatially distributed but horizontally uncoupled energy and mass balance
model with three snow layers and two soil layers. The formulations of the thermal and water balances are based
on [15]. It is run daily with a spatial resolution of 1 km and hourly time step for the US domain ([6]). The
model forcings comprise output from the mesoscale Rapid Update Cycle (RUC2) atmopsheric model, which is
downscaled to 1 km resolution, and remotely sensed data, i.e. NESDIS GOES2 solar radiation, NCEP Stage
IV Radar precipitation analyses, and NOAA GOES / AVHRR3 cloud cover and albedo ([5]).
Analysts decide whether remote sensing data (NOHRSC Airborne Gamma SWE and NOHRSC GOES/AVHRR)
and / or ground based observations (NWS / Cooperative Observer SWE and snow depth, CADWR & BC HY-
DRO SWE, and NRSC SNOTEL SWE) are used to update the model through a nudging scheme. In a first
step, differences between the modelled 24 hour forecast and the in-situ measurements are computed at the
observation points. These differences are analysed manually to identify regions to update; satellite data are
used to determine the snow edge. In the following step, differences are spatially interpolated to the model
grid. From these difference fields mean hourly nudging increments are computed for the previous 6 hours. In
the last step, the model is re-run for the previous six hours and the state variables are updated hourly with the
’nudging fields’. A comprehensive description of SNODAS can be found in [4], [5], and [6]. For the compari-
son with the ECMWF analyses the SNODAS SWE has been aggregated linearily to the reduced Gaussian grid
corresponding to T511 spectral resolution.

2Geostationary Operational Environmental Satellites
3Advanced Very High Resolution Radiometer
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Figure 1: Schematic view of the implementation of the operational snow analyses at ECMWF. The com-
ponents shown in ’italic’ are used in the OA only, the components shown in ’bold’ are used in the ROA
only.

2.3 ECMWF operational snow analyses

The current ECMWF snow depth analysis is operational since 1987, with modifications in 2001 and 2004. The
snow depth analysisSa is performed using a Cressman spatial interpolation (e.g. [9]):

Sa � Sb�

N
∑

n�1
�So

n�Sb�

�

N
∑

n�1
wn

(2)

whereSo are the snow depth observations from N SYNOP reports,Sb is the first guess (i.e. the 6 or 12 hour
forecast), andSb�

is the first guess field at the observation point. The weighting functionwn is defined through
(1) the horizontal distance between observation and grid point and (2) a weighting function depending on the
vertical displacement (i.e. the model grid point height minus observation height). For a detailed description of
the analysis including the quality checks the reader is referred to [11].
In this study, two versions of the snow analysis are evaluated: (1) the operational analysis (OA), which was

based on the model forecast, in-situ observations, and snow climatology ([12]) (operational from 2001 until
2004, model version CY28R2) and (2) its revised version (ROA), which became operational with model version
CY28R3. In the ROA, satellite derived NOAA NESDIS snow extent is used in addition to the conventional
ground based observations and the model forecast. Areas, for which the model first guess is snow free and the
NOAA NESDIS product contains snow, are updated with a snow depth of 100 mm ([1]). Snow free grid boxes
in the NOAA NESDIS product enter the analysis as observations with 0 mm snow depth. The relaxation to
climatology is omitted in the ROA since it is expected that the satellite data can replace the role of snow depth
climatological data in correcting for the model bias [11].
In addition to these changes to the analysis scheme itself, the operational implementation has been modified for
the RAO compared to the OA. Both snow analyses are performed every six hours before the 12 hourly 4DVar
analysis for the atmosphere starts. In the delayed cut off forecast mode ([14]) the 4 DVar 12 hour window
covers 03 (15) UTC to 15 (03) UTC. As a consequence, the snow analyses are based on the 6 hour and 12
hour forecasts from 00 UTC and 12 UTC forecast base times and the observations collected in the 6 hour time
period around the analysis time. In the OA, since the introduction of the 12 hour atmospheric data assimilation
window, the analysis increments at 06 UTC and 18 UTC were not cycled. This was corrected in the ROA: The
first guess for 00 UTC and 12 UTC (i.e. the 12 hourly forecasts) are updated with the analysis increments from
the previous analyses at 6 UTC or 18 UTC. A schematic view of the implementation is given in Fig. 1.
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3 Intercomparisons for the 2003 / 2004 snow season

For the intercomparison beween the different data sets, the 1 km NOHRSC analysis has been averaged linearily
to the reduced Gaussian grid corresponding to T511 spatial resolution. In case of the AMSR-E 25 km product,
the nearest neighbour sampling technique has been applied. Every comparison shown in the following sections
has been made at T511 spectral resolution (� 39 km).

Figure 2: Analysed snow water equivalent at 06 UTC for November 30, 2003 (left column), January 31,
2004 (middle column), and April 30, 2004 (right column). The aggregated SNODAS values are shown in
the top row; ROA and OA analyses are displayed in the middle and bottom row, respectively.

3.1 The conterminous US

Analysed snow water equivalent at 06 UTC for three days from the snow season 2003 / 2004 (November 30,
January 31, and April 30) is given in Fig. 2. The top row shows aggregated SNODAS data sets, the middle
and bottom pannels correspond to the ROA and OA, respectively. In general, the OA images, which contain
the relaxation to climatology, look much smoother when compared to the other data sets. A number of small
scale features, e.g. snow extent in the East in the November image, are well captured in the ROA but not in the
OA. Compared to the SNODAS data set, the absolute amount of SWE seems to be smaller in both ECMWF
analyses. These differences seem to be largest in the Western US. Another interesting feature to notice is the
snow edge in the Central US in the January 31 image. In the revised analysis, the snow field has been updated
with the NOAA NESDIS snow extent using a snow depth of 100 mm [1]. Significantly smaller values were
obtained for the SNODAS product (Fig. 2, top) and through the use of climatology (Fig. 2, bottom).
A detailed comparison of the temporal evolution of mean snow extent and mean snow water equivalent is
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Figure 3: Mean daily snow extent for the US (upper left), the Western US (upper right), the Central US
(lower left), and the Eastern US (lower right).

given in Figs. 3 and 4, respectively. For this comparison, the US domain has been divided into the West
(�124Æ to �105Æ W), the Central part (�105Æ to �80Æ W), and the East (�80Æ to �60Æ W). Since fractional
snow coverage is not being analysed at ECMWF, snow extent is defined through grid boxes containing snow
(Fig. 3). For the Eastern part of the US the differences between the three analyses are generally small. The
most significant differences can be found in the Western part. During the snow accumulation season the ROA
derived snow extent is in very good agreement with the SNODAS data set. In contrast, the OA overestimates
snow extent by� 10 %. From the beginning of March until the beginning of April the snow extent decreases
by � 30 % in the ROA, compared to� 20 % in the SNODAS data set. From April onwards, the difference
between the ROA and the SNODAS product varies from 5 % to 10 %, the shape and slope of both curves is
comparable. In contrast, the OA is in reasonable agreement with the SNODAS data set for the second half
of March and the first half of April. The melting rate in the following period is higher in the OA then in the
SNODAS analysis. The comparison for the Central part of the US gives similar results as for the Western part
of the US. However, the differences between the analyses are smaller in these regions.
Mean daily snow water equivalent is shown in Fig. 4. Again, the differences between the three analyses for the
Eastern part of the US are relatively small. In the Central US, both ECMWF analyses result in higher mean
SWE values than the SNODAS product until the beginning of April. During the melting season, the OA is in
very good agreement with the SNODAS product. However, given the fact that the snow extent is too high in the
OA during this period, it can be assumed that the actual SWE values are too low and that the good agreement
is the result of two compensating errors. The ROA is consistently too high during the melting season. It is
likely that this overestimation is introduced through satellite observations, for which a constant snow depth of
100 mm has been assigned (Fig. 2). In the West, The SNODAS analysis yields significantly higher SWE values
throughout the snow season. As already discussed in the previous paragraph (Fig. 2), the mountain areas seem
to have too little snow in both ECMWF analyses. Apart from the systematic difference, the slope of the three
curves suggest that the snow accumulation season is better captured by the OA whereas the melting season is
better represented by the ROA. At this stage, it is not clear whether the differences between OA and ROA are
introduced through climatology or the satellite data. It can be summarized that the differences between the
analyses on the continental scale are� 5 mm in SWE and 5 % in snow extent. However these values may be
higher on the regional scale and certain periods of the snow season.
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Figure 4: Mean daily snow water equivalent for the US (upper left), the Western US (upper right), the
Central US (lower left), and the Eastern US (lower right).

3.2 Global comparison with AMSR-E
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Figure 5: Mean daily snow extent for the US (upper left), the Western US (upper right), Europe (lower left),
and the Asia (lower right).

Currently, no passive microwave observations are used in operational analysis systems although the potential
for SWE retrievals has been demonstrated (e.g. [20], [8], [16]). In this study, the SWE product derived from
AMSR-E is used for comparisons with the operational global analyses from ECMWF. It has been demonstrated
in previous studies that passive microwaves are insensitive to snow depths below 30 mm and above 750 mm
[13]. Consequently, in the ECMWF analyses snow water equivalent below 10 mm and above 250 mm was
set to 0 mm and 250 mm, respectively. In addition, the comparison shown in Figs. 5 and 6 are based on the
AMSR-E data available. Strong fluctuations in mean SWE and extent are due to the AMSR-E overpasses with
varying data coverage for a given area.
Mean daily snow extent is significantly lower in the AMSR-E data set when compared to the ECMWF analyses
(Fig. 5). Especially for the first half of the snow season the differences between the AMSR-E data set and
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the analyses are much larger than the differences between the two analyses. During the melting season the
agreement between the three data sets is reasonable. Snow water equivalent derived from AMSR-E tends to be
lower than the analyses in the US and Europe. Surprisingly, there is good agreement between the data sets is
in the Western US. In this area, the AMSR-E product supports the OA. In Europe and Asia, the ROA yields
systematically higher SWE values than the OA. Since the satellite data should mainly influence the snow edge,
it is likely that these differences are introduced by omitting climatology in the ROA. However, this preliminary
comparison suggests that the AMSR-E data set is not accurate enough to validate the analyses.
The comparisons described in this section are based on regions where the occurence of snow is possible ac-
cording to the AMSR-E SWE algorithm described in section 2.1. Therefore, the values presented in Figs. 5 and
6 must not be compared directly with the data shown in Figs. 3 and 4.
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Figure 6: Mean daily snow water equivalent for the US (upper left), the Western US (upper right), Europe
(lower left), and Asia (lower right).

3.3 Analysis increments

To analyse the differences in the ECMWF SWE products it is interesting to compare the analysis increments,
i.e. the difference between analysis and the first guess. For the snow accumulation period from November 6
to January 31 mean analysis increments have been computed based on the sum of the 06 UTC and 12 UTC
analyses (Fig. 7).
For the Eurasian land mass (East of 40Æ E) almost no in-situ observations are available at 06 UTC and 12
UTC. The analysis increments obtained through the ROA are basically introduced through the NOAA NESDIS
satellite observations. It can clearly be seen that the satellite data tend to reduce SWE at the snow edge. Areas
north of 60ÆN remain almost unaffected. The increments in the OA are introduced through the relaxation to
climatology. It is interesting to note that these values are of the same order of magnitude as the increments
introduced by the satellite data. In addition, a band along 50Æ N characterized by negative increments can be
found in both analyses.
Over Europe, the analysis increments are positive in both analyses. Observations enter the analyses mainly at
06 UTC, the satellite data are introduced at 12 UTC in the ROA. The analysis increments are generally smaller
in the ROA. This can be attributed to the fact that the analysis increments at 06 UTC have not been cycled in
the OA. A more detailed look on the individual increments at 06 UTC and 12 UTC for the ROA reveals that
the observations tend to produce positive increments, whereas the satellite data result in negative increments.
However, the spatial structure of increments at the two analyses times strongly depends on the time of the
season.
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For the North American domain, in-situ data and satellite observations are used simultaneously in the 12 UTC
analyses. In both analyses, negative increments can be found for large parts of the West, which may explain
the low SWE values compared to the SNODAS data set. However, in the OA positive increments are obtained
for the Western mountain range. In contrast, the ROA has negative increments in this area. As a consequence,
the ROA has less snow than the OA in the West. At this point it is not clear whether the use of climatology
in the OA results in positive increments or whether the satellite data reduce the increments in the ROA. A
more detailed analysis on the temporal evolution of the increments is needed. For the Canadian domain, mainly
positive increments can be found in the OA. In the ROA the Western part of Canada is characterized by negative
increments. Again, it is difficult to attribute these changes either to the influence of the snow climatology or to
the usage of the satellite data.
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Figure 7: Mean analysis increments from 06 UTC and 12 UTC for the period from November 6 to January
31 for the OA (left image) and the ROA (right image).

4 Summary and conclusion

Combining modelled snow fields, in-situ measurements, and satellite observations in a data assimilation system
is a challenging task. To the author’s knowledge only two centres, namely the NOHRSC and ECMWF, merge
the three data sources in their operational analyses. The NOHRSC product benefits from a high resolution
model, a comparably dense observation network (including in-situ observations of snow water equivalent), and
a data assimilation system that involves an analyst. Consequently, this SWE product should be regarded as the
best operational data set available for the US. The ECMWF analysis is global and has to be fully automated.
In order to quantify the impact of satellite derived snow extent, two versions of the operational ECMWF anal-
yses have been compared against the NOHRSC data set. It has been found that using satellite observations
improves the analysed snow extent. This result is in agreement with earlier comparisons of analysed snow
fields and MODIS derived snow extent ([11]). In general, the ECMWF analyses tend to underestimate snow
water equivalent in the Western part of the United States. Negative analysis increments indicate that either the
observations used in the analysis are not representative of the area means or that the climatology (in the OA)
and the satellite data (in the ROA) remove too much SWE. Future work will have to focus on a more detailed
comparison of additional data, e.g. snow fall, evaporation, and snow melt.
A direct comparison between the analysed SWE fields and AMSR-E derived SWE is difficult since the satellite
observations are insensitive to low and high amounts of SWE. The differences between the two analyses and the
satellite product are comparable to the differences between the analyses and the NOHRSC product. However,
the results for the Western US indicate that AMSR-E derived SWE could be a useful source of information in
the analysis system. Assimilating AMSR-E derived SWE in the Western US region could potentially result in
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higher SWE values without changing the snow extent.
Spatial interpolation schemes (e.g. ECMWF’s Cressman Interpolation) are appropriate to combine model snow
fields and in-situ observations. To make optimal use of satellite data, future analysis systems have to be more
sophisticated. Kalman Filtering as suggested by [2] could be one option. The development and improvement
of forward operators, which link the modelled SWE to observed passive microwave brightness temperatures
is one key issue. For the optimal usage of satellite derived snow extent, more realistic relationships between
fractional snow extent and SWE have to be established and implemented in the numerical models.
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