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Abstract. This paper describes the long-term, satellite-based visible snow cover extent National Oceanic and
Atmospheric Administration (NOAA) climate data record (CDR) currently available for climate studies, moni-
toring, and model validation. This environmental data product is developed from weekly Northern Hemisphere
snow cover extent data that have been digitized from snow cover maps onto a Cartesian grid draped over a polar
stereographic projection. The data have a spatial resolution of 190.6 km at 60° latitude, are updated monthly,
and span the period from 4 October 1966 to the present. The data comprise the longest satellite-based CDR
of any environmental variable. Access to the data is provided in Network Common Data Form (netCDF) and
archived by NOAA’s National Climatic Data Center (NCDC) under the satellite Climate Data Record Program
(doi:10.7289/V5N014G9). The basic characteristics, history, and evolution of the data set are presented herein.
In general, the CDR provides similar spatial and temporal variability to its widely used predecessor product. Key
refinements included in the CDR improve the product’s grid accuracy and documentation and bring metadata

into compliance with current standards for climate data records.

1 Introduction

Annual and interannual variations in continental snow and
sea ice extent are major factors in the earth-atmosphere en-
ergy balance and serve as key indicators of climate change
(e.g., Cavalieri et al., 1997; Robinson et al., 1993; Robin-
son, 1997). Understanding their variability is critical to iden-
tify climate—cryosphere interactions known to be largely
expressed via snow— and ice—-albedo feedbacks. However,
along with other cryospheric components, such as permafrost
and land ice, other feedbacks that involve the regulation of
soil moisture storage, latent heat flux, and the insulation of
the underlying surface threaten Arctic and Antarctic ecosys-
tem structure and stability (Stieglitz et al., 2003).

To evaluate cryospheric changes and their impacts, it is
highly important to understand the data that are used for
these critical investigations. The goal of this paper is to de-
scribe the National Oceanic and Atmospheric Administra-
tion (NOAA) Northern Hemisphere (NH) snow cover extent
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(SCE) climate data record (CDR), which was recently added
to NOAA’s suite of cryospheric CDR products. This SCE
CDR constitutes the longest running satellite-based record of
any environmental variable. Even prior to its transition to a
well-defined CDR product, its data have been used for a wide
variety of regional-scale climate studies to evaluate spatial
snow cover variability, climate and weather prediction mod-
els, changes in snow cover onset and retreat, and to diagnose
trends in NH snow cover growth and decline. The SCE prod-
uct has also been used in atmospheric teleconnection studies,
analyses of snow cover feedbacks and surface albedo, and
to estimate snow melt runoff (e.g., Mote and Kutney, 2012;
Yang et al., 2009; Déry and Brown, 2007; Gong et al., 2007).
Ongoing and future analyses will benefit from this more so-
phisticated data product.

To provide the SCE product in a more accessible format
and make the documentation more transparent to users, these
data were transitioned from research to operational produc-
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Table 1. Satellites and date of incorporation into snow map-
ping analysis for the NH SCE CDR. Primary platforms in-
clude the Environmental Science Services Administration (ESSA)
series, NOAA Polar-orbiting Operational Environmental Satel-
lites (POES), NOAA Geostationary Operational Environmental
Satellites (GOES), the Defense Meteorological Satellite Program
(DMSP) series, the Meteosat series, Geostationary Meteorological
Satellites (GMS), Aqua, Terra, and the Multi-functional Transport
Satellites (MTSAT).

Platform First used for CDR
ESSA Oct 1966

NOAA POES  Oct 1972

NOAA GOES May 1975

DMSP Jun 1977

Meteosat Feb 1988

GMS Jan 1989
Aqua/Terra Feb 2004

MTSAT Nov 2005

tion per the guidelines of NOAA’s CDR Program (CDRP,
20114, b). The resulting CDR product has met all software,
product validation, documentation, data archive, and access
requirements by achieving sufficient maturity in both science
and applications according to NCDC’s CDR maturity ma-
trix (Bates and Privette, 2012; Peng et al., 2013). This paper
highlights various aspects of the NH SCE CDR, especially in
relation to its historical beginnings, comparison with its pre-
decessor product, data set description, access, applications,
and its seasonal and spatial characteristics.

2 Historical description of data product

The NOAA visible satellite SCE product consists of weekly
snow cover boundaries over Northern Hemisphere land sur-
faces, which are manually derived by trained meteorologi-
cal analysts. Analysts use multiple satellite observations (Ta-
ble 1), information from the previous snow cover map, and
ancillary knowledge, such as surface elevation and vegeta-
tion, to create the snow cover product in a near-consistent
manner without a formal algorithm. The high albedo of sur-
face snow extent in visible-band satellite imagery makes de-
lineation between snow-covered and snow-free land rela-
tively simple over many land surfaces (Frei et al., 2011). De-
lineation of the seasonal snow line in areas with patchy snow
or obscured by persistent cloud cover requires the use of the
analyst’s judgment. Thus, map quality relies on the expertise
of the trained analyst and the availability of cloud-free vis-
ible satellite imagery (Ramsay, 1998). NOAA analysts have
produced the SCE record in this manner for almost 5 decades
and improvements to satellite instrumentation and variations
in SCE mapping methods have occurred over time. While in-
consistencies related to these changes cannot be fully elimi-
nated, they are likely small compared to seasonal and interan-
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Figure 1. NOAA hand-drawn SCE analysis corresponding to week
15 of 1993.

nual variations in continental-scale SCE (Brown and Robin-
son, 2011).

The earliest part of the CDR time series begins in 1966
and is comprised of hand-drawn weekly SCE maps (Fig. 1)
based on shortwave imagery from meteorological satellites
with a subpoint resolution of ~4km. These maps were op-
erationally digitized onto an 89 x 89 Cartesian grid laid over
an NH polar stereographic projection, and used in National
Weather Service numerical forecasting models. Grid cells
were designated as snow covered when > 50 % of their land
surface was snow covered, resulting in a 190.6 km resolution
binary (snow/no snow) mask.

After October 1972, SCE data production increasingly
relied on satellite imagery from the Very High Resolu-
tion Radiometer (VHRR), which had a spatial resolution
of 1.0 km. The inclusion of higher-resolution data consider-
ably improved snow charting (Kukla and Robinson, 1981).
Over time, additional products utilized in the mapping of
SCE included earth-observing satellite imagery from instru-
ments such as the Advanced Very High Resolution Radiome-
ter (AVHRR) and Visible Infrared Spin-Scan Radiometer
(VISSR).

A land mask was developed to resolve inconsistencies
found in the coastal land and sea mapping in digitized SCE
maps produced by NOAA analysts (Robinson et al., 1993).
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This correction has been applied to the CDR time series and
results in a consistent coastline for the entire period of record.
Each weekly map shows snow boundaries on the last day
the land surface was observed in a given region (Robinson
and Frei, 2000). Using this approach, weekly SCE maps are
heavily weighted towards the end of the mapping week.

2.1 Transition to daily snow charting

In 1997, the National Ice Center (NIC) introduced the In-
teractive Multisensor Snow and Ice Mapping System (IMS).
Inputs for IMS evolved to a more diverse set of products in-
cluding satellite imagery, snow and ice analysis maps, Na-
tional Centers for Environmental Prediction (NCEP) model
data, and surface observations. Among these inputs, time se-
quenced satellite imagery improved the discrimination be-
tween snow and clouds following the assumption that any
short-term changes in reflectance can only be introduced by
clouds (Lyapustin et al., 2008; Gafurov and Bardossy, 2009).
Since its inception, the IMS has served as a more effective
and modernized approach to snow mapping compared to the
historical approach. Using the IMS tool, snow extent output
has been produced at spatial and temporal resolutions corre-
sponding to a 24 km daily product (Ramsay, 1998; Helfrich
etal., 2007).

Both the historical weekly SCE maps and the higher-
resolution IMS products were independently produced dur-
ing a 2-year overlap period from June 1997 to May 1999.
To generate a pseudo-weekly product using daily IMS SCE
(to ensure continuity in evaluating the full satellite-era snow
extent record), it was necessary to compare the two indepen-
dently produced versions generated during the overlap pe-
riod. SCE area calculations performed with these data re-
vealed that Monday IMS output best matched the corre-
sponding weekly product output. A reduction in the 24 km
IMS maps to 190.6 km resolution was also performed using
a threshold to determine the location of SCE. To designate
a weekly grid cell as snow covered, > 42 % of the IMS land
pixels falling within the cell must indicate snow. This thresh-
old provided the best match between weekly SCE areas and
Monday IMS SCE areas during the overlap period. While a
longer overlap period may have improved the analysis, the 2-
year sample provided by NOAA was invaluable to preserving
continuity in the CDR time series.

Starting in June 1999 the CDR is completely derived in
this manner, reducing the spatial resolution of IMS output to
produce weekly granules conforming to the historical weekly
SCE product. Although the IMS data used in this process are
dated Monday, satellite imagery from the 36 h leading up to
the analysis time can be used to more accurately delineate
SCE boundaries (Robinson et al., 1999).

The transition from weekly to daily maps has not resulted
in an artificial step change in spring continental-scale SCE
(Brown and Robinson, 2011; Robinson et al., 1999). More
research is needed to determine whether SCE analysis in
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mountainous regions (e.g., the Tibetan Plateau) shows sys-
tematic change during this time period. While there are dif-
ferences in the production of the historical data compared
with IMS, the conversion of IMS snow output to weekly SCE
maps is automated and reproducible.

To date, the weekly SCE data product has been widely
used by the cryospheric community. The CDR is an im-
proved version of the data series, with efforts to achieve CDR
status described in the following sections.

3 Data set description

The combination of both the historical and IMS-derived data
records forms a continuous record of NH SCE that extends
from October 1966 to the present. The CDR is a com-
plete record with the exception of 9 months falling within
the summer and fall seasons that are missing satellite im-
agery, namely July 1968, June-October 1969, and July—
September 1971.

Starting from the beginning of the record on Tuesday,
4 October 1966, each weekly CDR granule represents 7 days
spanning from Tuesday to Monday. The primary CDR vari-
able is SCE, which is provided as a binary value (snow/no
snow) in each grid pixel. Ancillary variables are also pro-
vided, including pixel areas in square kilometres, pixel cen-
ter point latitude and longitude coordinates, and a binary land
mask (land/water).

3.1 File format and metadata standards applied

The weekly data are available in Network Common Data
Form (netCDF), which is self-describing, platform indepen-
dent, and archivable. All weekly CDR granules are stored in
a single netCDF-4 file. Metadata elements comply with cli-
mate and forecast (CF-1.6) conventions, and collection-level
metadata adheres to 1SO 19115-2 standards for geographic
information to facilitate data set discovery. These netCDF file
metadata are structured following guidelines recommended
by the NCDC satellite Climate Data Record Program (CDRP,
2011b).

3.2 Definition of the CDR grid

The latest CDR product includes refinements to the NH
Cartesian grid previously distributed by NOAA’s Satellite
and Information Service. Cell center geographic coordinates
were evaluated against a regular grid in polar stereographic
coordinates (PSC) with a cell size of 190.6 x 190.6 km. The
total calculated area of the two grids agreed within —0.74 %
indicating that the grid provided by NOAA (B. Ramsay, per-
sonal communication, 1998) and released in an earlier ver-
sion of the CDR slightly underestimates total area. Except for
three grid cells located over the pole, the longitude and lati-
tude coordinates were found to be accurate to within £26 km,
and cell areas were accurate to within +459 km? (J. Biard,
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Seasonal Northern Hemisphere SCE Climatologies
1981-2010
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Figure 2. Mean spatial distribution of seasonal SCE over North-
ern Hemisphere lands. Each season is calculated using 3-month
means. These maps illustrate seasonal variability, with maximum
mean SCE occurring in winter. The data period used to calculate
means spans the period from January 1981 to December 2010.

personal communication, 2012). All geographic coordinates
and cell areas in the latest version of the CDR product have
been corrected to correspond to the regular grid in PSC.
These refinements do not impact the presence or absence of
snow at these grid locations since the determination of snow
is made in row and column space, not by latitude and longi-
tude coordinates.

Cell areas range from ~ 10700 km? near the Equator to
~ 41800 km? near the pole. To generate the CDR, values
from an 88 x 88 subset of the historical weekly 89 x 89 SCE
matrices are used to populate the SCE variable in the
netCDF-4 binary file. This allows the CDR product to pro-
vide data only for grid cells that lie entirely north of the Equa-
tor.

4 Basic characterization of the CDR

SCE area values for the full period of record have been cal-
culated in a consistent manner at Rutgers University for over
2 decades using the Rutgers routine (Robinson et al., 1993).
The area summation of all grid pixels that indicate snow in
a given week generates the weekly snow cover extent for the
entire Northern Hemisphere.

From the weekly data, monthly and seasonal maps can be
produced. Figure 2 shows seasonal variability, with maxi-
mum mean SCE occurring in winter.
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Table 2. NH SCE CDR monthly statistics (and year of max/min)
in millions of square kilometres. Calculated using a data period
spanning November 1966 to July 2014. Missing months (July 1968,
June—October 1969, July—September 1971) are not included.

Month  Mean Max (year) Min (year) SD
Jan 47.09 50.28 (2008) 41.89(1981) 1.57
Feb 46.07 51.32(1978) 42.67(1995) 1.84
Mar 40.62 44.28 (1985) 37.12(1990) 1.82
Apr 30.57 34.61(1979) 28.00(1968) 1.69
May 19.34 23.09 (1974) 15.38 (2010) 1.93
Jun 9.80 14.97 (1978) 4.92(2012) 234
Jul 406  8.21(1967) 2.33(2012) 1.24
Aug 3.03  5.31(1967) 2.09(1968) 0.74
Sep 532 7.76(1972)  3.84(1990) 0.93
Oct 18.08 25.72(1976) 12.78 (1988) 2.54
Nov 3391 38.60(1993) 28.28(1979) 2.04
Dec 43.68 46.85(2012) 37.44(1980) 1.93

4.1  Annual SCE variability

Mean NH snow cover extent reaches its maximum in Jan-
uary and minimum in August, ramping up quickly in the fall
and melting at a slower pace in the spring. The mean an-
nual CDR SCE is 25.1 million km?, with a standard deviation
(SD) of 0.9 million km?. Mean annual maximum SCE totals
47.4 million km? (SD = 1.5), which is 44.4 million km? more
extensive than the mean annual minimum of 3.0 million km?
(SD =0.7). The highest annual maximum SCE occurred in
February 1978, totaling 51.3 millionkm?. At the opposite
end of the rankings, the lowest annual minimum SCE of
2.1 million km? was observed in August 1968 (Table 2).

The CDR shows 1978 as the snowiest year (i.e., Septem-
ber 1977 to August 1978), with an annual mean SCE of
27.2 million km?. In contrast, annual mean SCE in 1989 was
the lowest, totaling 23.5 million km?2. During the most recent
27 years of the CDR, mean annual SCE has continued to ex-
hibit lower snow extents relative to the data period ending in
mid-1987. This step change in NH SCE was first identified
by Robinson and Dewey (1990).

4.2 Long-term trends apparent in CDR snow extent

Seasonal trends observed in the CDR include a pronounced
decline in SCE during the spring melt season (Fig. 3). Fall
and winter show an opposite trend towards increased extent,
with winter SCE growing 0.19 million km? per decade. Fall
seasonal SCE means have increased by 0.26 km? per decade.
By contrast, spring SCE has decreased by —0.58 million km?
per decade, declining at 3 times the pace of the winter trend.
This has also left the summer season with less snow on the
ground, with summer SCE decreasing by —0.81 million km?
per decade.

Brown and Derksen (2013) found that over Eurasia the
positive trend in fall SCE is internal to the CDR and is likely
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Figure 3. Seasonal SCE areas and linear least squares trends for the
Northern Hemisphere in millions of square kilometres. Each season
is calculated using 3-month means. Summer and fall are calculated
from June 1972 onwards, due to missing months in the years 1968—
1969 and 1971. No winter or spring months are missing.

a result of improved snow detection during the October snow
onset period. SCE observations from other sources compared
in the study exhibit a reduction in October SCE from 1982 to
2011, which is consistent with warming fall surface temper-
atures observed during this period.

Conversely, the negative trend in spring SCE shown by the
CDR has been corroborated using observations from multi-
ple independent data sources (Brown et al., 2010; Brown and
Robinson, 2011). While the data sets show different areas of
Arctic SCE, all data sources including the CDR exhibit sim-
ilar SCE anomalies, which indicate significant reductions in
Arctic SCE over the period 1967-2008.

Brown and Robinson (2011) derived estimates of uncer-
tainty through the statistical analysis and comparison of mul-
tiple SCE data sources. The results indicate that the 95 %
confidence interval in March and April continental SCE is
+3-5 % during the satellite era beginning in 1967. The anal-
ysis also shows larger uncertainties in spring SCE monitor-
ing over Eurasia compared to North America, in part due to
larger variability between data sources over northern Europe
and north-central Russia.

The CDR excels at portraying regional SCE in areas with
high illumination, stable snow cover, and frequently clear
skies. Despite the CDR’s general homogeneity, difficulties
in historical SCE charting over the Tibetan Plateau due to
frequent cloud cover resembling patchy snow on the surface
have resulted in higher uncertainty over this region. Posi-
tive biases have been shown in SCE mapping during summer
months in the Canadian Arctic; this also relates to frequent
cloud cover over the area (Wang et al., 2005; Brown et al.,
2007).
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5 Conclusions

A long-term, satellite-based visible snow cover extent CDR
is currently available for climate studies, monitoring, and
model validation. The CDR is provided in netCDF format
with CF-1.6 compliant metadata. Trends and spatial variabil-
ity are consistent with the predecessor NOAA weekly SCE
product. Version 1 revision 1 provides improved grid accu-
racy and an 88 x 88 subset of pixels falling entirely within
the NH. CDR documentation and product traceability meet
current guidelines for climate data records. The generation
of the weekly CDR from June 1999 onwards using the NIC
IMS snow output is reproducible.

The CDR is a foundational product, used in other data
products such as the Northern Hemisphere EASE-Grid 2.0
Weekly Snow Cover and Sea Ice Extent, Version 4, available
at the National Snow and Ice Data Center (NSIDC). Two
data products from the NASA Making Earth System Data
Records for Use in Research Environments (MEaSURES)
program also incorporate the CDR: MEaSUREs Northern
Hemisphere Terrestrial Snow Cover Extent Weekly 100 km
EASE-Grid 2.0, and MEaSUREs Northern Hemisphere State
of Cryosphere Weekly 100 km EASE-Grid 2.0 both pub-
lished at NSIDC. Due to its relatively coarse spatial reso-
lution, the CDR remains best suited for continental-scale and
large regional studies.

IMS version 3 will incorporate additional upgrades to an-
alyst workstations and snow output (S. Helfrich, personal
communication, 2014). As SCE inputs continue to evolve,
the need to ensure the ongoing homogeneity of these data
records is critical to the identification and tracking of changes
in this part of the cryosphere. Future improvements to the
CDR will seek to increase product maturity according to
NCDC’s CDR Maturity Matrix and may include source code
or metadata optimizations as well as additional validation
work.

Data set availability

The NOAA climate data record of Northern Hemisphere
snow cover extent, Version 1, is archived and distributed by
NCDC’s satellite Climate Data Record Program. The CDR
can be downloaded via FTP or from the NCDC THREDDS
data server (doi:10.7289/V5N014G9). The CDR is forward
processed operationally every month, along with figures and
tables made available at the website http://climate.rutgers.
edu/snowcover/.
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