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Since April 1960, when the first meteorological satellite image of the Earth was acquired, the
remote sensing of snow cover has evolved into a highly quantitative science. Current remote-
sensing capabilities enable scientists to measure meter-scale snow cover and snow albedo from
space, monitor snowpack ripening, and estimate snow-water equivalent. Hemispheric snow
cover can be measured on a daily basis, and snow-cover trends are measured decadally. The
1967-2005 mean annual Northern Hemisphere snow cover extent is 25.6x10° km?. The mean
monthly area covered by snow ranges from a January maximum of 46.9x10° km? to an August
minimum of 3.5x10° km?. Snow cover was more extensive during the first two decades of the
satellite record than during the more recent decades. Various studies based on satellite data,
employing both visible/near-infrared and passive microwave snow maps, show that Northern
Hemisphere annual snow-covered area has decreased, mainly because of a decrease in spring
snow cover. Since 1988, the mean annual extent is 23.1x10° km?, a statistically significant
reduction of approximately S percent from the mean annual extent between 1967 and 1986.
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STATE OF THE EARTH’S CRYOSPHERE AT THE BEGINNING OF THE
21ST CENTURY: GLACIERS, GLOBAL SNOW COVER, FLOATING
ICE, AND PERMAFROST AND PERIGLACIAL ENVIRONMENTS

GLOBAL SNOW COVER

By Dorothy K. Hall' and David A. Robinson®

Abstract

The first meteorological satellite images of the Earth were acquired in April 1960
from the Television Infrared Observation Satellite-1 (TIROS-1) spacecraft. Those first
images revolutionized the study of the Earth from space. Because snow cover has such
a high albedo, it was observable on the very first TIROS image, acquired on 1 April
1960, though it was difficult to distinguish the snow from the clouds and even from
some other features. Today, more than 50 years later, satellite images reveal unprec-
edented detail in snow cover. In fact, remote sensing of snow cover has evolved to a
highly quantitative science. We now have the capability to measure meter-scale snow
cover and snow albedo from space, to monitor snowpack ripening, and to estimate
snow-water equivalent (SWE). We can also map hemispheric snow cover on a daily (or
more frequent) basis and snow-cover trends decadally. Sensor and image-processing
advances have permitted us to map areal extent and quantity of snow cover, with
important applications to hydrologic forecasting—including the prediction of flooding
and water supply. National Oceanic and Atmospheric Administration (NOAA) maps
of snow extent, from 1966 to the present, combined with more recent Moderate
Resolution Imaging Spectroradiometer (MODIS)-derived maps of snow cover and
albedo and with passive-microwave-derived maps of snow extent and SWE, are avail-
able for development of quality-controlled, decade-scale records called climate-data
records (CDRs). CDRs will provide detailed, quantitative information to modelers
and will permit climatologists to model and monitor snow-cover trends for decades
into the past and future. Active-microwave instruments, such as scatterometers and
synthetic-aperture radars (SARs), can yield information about snowpack ripening,
snow depth, and SWE. Still, many uncertainties remain, and validation of remotely
sensed measurements against ground observations and measurements will continue to
be necessary, especially in complex terrain. An ongoing activity is refining the errors
in the remotely sensed measurements and focusing on developing new sensor tech-
nologies capable of characterizing snow volume in mountainous areas and vegetated
land covers.

Introduction

The mean geographical extent of snow cover in the Northern Hemisphere
varies from a maximum of 46.9x10° km® in January and February to a
minimum of 3.5x10° km? in August; 60 to 65 percent of winter snow cover is in
Eurasia, and most midsummer snow cover overlies the high-elevation regions
of the Greenland ice sheet (Robinson and others, 1993; Frei and Robinson,
1999). In the Southern Hemisphere, most of the seasonal snow cover is in
South America, where the extent of snow cover has been reported to reach
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1x10° km? (Dewey and Heim, 1983), although measurements using advanced
sensors in more recent years show a lower snow extent than that, as discussed
later. Except on the Antarctic Peninsula and in coastal regions, very little
snowmelt occurs in Antarctica, where only about 2 percent of the continent is
bedrock exposed during part of the year.

The need to quantify snow cover, and especially snow-water content,
is ever increasing. As much as 80 percent of the water supply in the western
United States is derived from snowmelt, and many countries—especially
those that are dominated by mountainous terrain—rely on snowmelt for water
supply and generation of hydropower. Melting snow in the Himalayan region,
for example, becomes runoff to rivers that supply water to more than one-half
billion people. The total amount of snow and the rapidity of snowmelt are
important factors governing spring flood potential and summer drought.

Snowmelt forecasting is used to predict floods and snowmelt runoff in
alpine-dominated regions of the world. Mountain snowfields act as natural
reservoirs for water-supply systems, storing precipitation in the form of snow
and then releasing water into streams and rivers as the snow melts. In recent
decades, improvements in technology have contributed to advances in the
measurement of snow cover on local to global scales.

One of the striking characteristics of snow cover is its very high albedo,
which aids the mapping of snow cover from aircraft- and satellite-derived
data from the visible and near-infrared parts of the electromagnetic spectrum.
Global-scale, satellite-derived maps of snow cover have been generated by use
of a variety of satellites, sensors, and algorithms. Snow-cover mapping can be
accomplished at a variety of temporal and spatial scales with unprecedented
accuracy. Snow maps can be produced by means of data from the visible, near-
infrared, and microwave parts of the spectrum, allowing different snowpack
characteristics to be studied.

Modeling contributes to a better understanding of the variability of snow
cover on annual to decadal scales, of cryosphere-climate interactions, and of
the role snow may play in regional and global climate change. Forecasting of
local daily temperatures, regional climatic anomalies, and location and strength
of cyclonic systems with increasing accuracy relies on knowledge of the distri-
bution and state of regional snow cover; thus, highly accurate snow-extent data
are required as input to models. Models also simulate the influence of regional
and global climate on snow cover and, conversely, the impact of snow cover
on climate.

The presence of snow cover has an important influence on climate, mainly
because of the strong positive feedback of spring snow cover on the radiation
balance over the Northern Hemisphere (Groisman and others, 1994; see also,
for example, Kukla (1981), Foster and others (1983), Walsh (1984), and
Barnett and others (1989)). Recent evidence suggests that reductions in snow
cover over large parts of the Arctic have contributed to Northern Hemisphere
[climate] warming (Stone and others, 2002). Earlier studies (Foster, 1989;
Foster and others, 1992) found that the date on which the tundra became snow
free in Barrow, Alaska, had occurred progressively earlier since the 1940s.

Understanding the influence of interannual variability in snow cover
on climate is facilitated by hydrologic models. Models show, for example,
that extensive winter/spring Eurasian snow cover is linked to weak rainfall in
the following summer Indian monsoon season (Barnett and others, 1989;
Vernekar and others, 1995). Extensive snow cover in Eurasia in February
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reduces summer precipitation over India because the energy used in melting
snow reduces the surface temperature over a broad region centered on the
Tibetan Plateau.

Early season snow-cover variability leads to altered general circulation
patterns consistent with the dominant mode of winter variability observed
in the Northern Hemisphere troposphere (Cohen and Entekhabi, 1999).
Furthermore, there is a relationship between changes in the strength of the
winter North Atlantic Oscillation and the Arctic Oscillation and the variability
and timing of snow cover in Europe and the North Atlantic (Schaefer and
others, 2004).

In the following paragraphs in this section, we give a brief description of
the relationship between snow and climate and a history of seasonal snow-
cover mapping, with a focus on the continental and global scales. We then
review available products and observations of changes in snow-cover extent.
Finally, we examine the current and future status of seasonal snow-cover
mapping, including the development of a climate-data record (CDR) of
SNOW cover.

Brief History of Snow Mapping

The first recorded snow surveys took place in 1834 in the State of New
York, yielding a report on the areal extent and water content of a snowpack
on the watershed of Madison Brook, N.Y. (Santeford, 1974). In 1906, the U.S.
Weather Bureau sponsored monthly snow surveys near Lake Tahoe, Nevada,
by Dr. James E. Church, a professor of classics from the University of Nevada.
Soon thereafter (1908-09), Dr. Church led the development of the Mt.
Rose Snow Sampler, the world’s first snow surveying equipment to measure
snowpack water content (Stafford, 1959); a variation of this sampler is still
in use today. Other western states, notably Utah and California, soon began
conducting snow surveys with the Mt. Rose Snow Sampler.

Ground-based photographs have long been used to map the areal extent
of snow cover (Potts, 1937). By 1953, the California Electric Power Company
had established a program to measure snow depth from aircraft in the Sierra
Nevada Mountains for water-supply forecasting (Stafford, 1959). Other obser-
vations, made from aircraft, are used in mapping snow cover and delineating
the snowline.

A major step forward in snow mapping came with the advent of satel-
lites (Singer and Popham, 1963). Because of its high albedo, snow was easily
observed even in the first images obtained from the Television Infrared
Operational Satellite-1 (TIROS-1) meteorological satellite on 1 April 1960.
Before the satellite era, there were attempts to map snow cover globally by
means of station observations and aerial photographs (for example, Rikhter,
1960; Mellor, 1964 ), but it was not possible to view snow cover all over the
world at the same time, or to differentiate snow from most clouds on imagery,
or to do detailed snow mapping. In the mid to late 1960s, satellite sensors
began to transmit snow-cover images that permitted operational snow-cover
mapping (fig. 1). Today, satellite-borne instruments yield detailed information
on snow cover in the visible, infrared, and microwave parts of the electromag-
netic spectrum on a daily basis.
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Satellite-Based Snow Detection

Snow Mapping in the Reflective Part of the Electromagnetic
Spectrum

The Earth Resources Technology Satellite-1 (ERTS-1), later renamed
Landsat-1, was launched on 23 July 1972; it carried Multispectral Scanner
(MSS) and return beam vidicon (RBV) sensors with a picture element (pixel)
resolution of 80 m. The Landsat-1 satellite was the first in a series of six satel-
lites that have been launched successfully over a period of nearly 30 years.
Landsats-2 and -3 were launched on 22 January 1975 and 5 March 1978,
respectively, also carrying MSS and RBV instruments; Landsat-3, however,
carried an improved RBV sensor with a pixel resolution of 30 m. Landsats-4
and -5, launched on 16 July 1982 and 1 March 1984, respectively, carried
a Thematic Mapper (TM) with 30-m pixel resolution (as well as an MSS
sensor), providing even greater detail for snow-cover mapping than did the
MSS. The Landsat-6 satellite, launched on 5 October 1993, failed to achieve
orbit. Landsat-7 was launched on 15 April 1999 with the Enhanced Thematic
Mapper Plus (ETM+) instrument on board, representing another advance
in the Landsat series instrument technology. Only Landsats-5 and -7 are still
operating at this writing (March 2008), and a failure of the scan-line corrector
(SLC) on 31 May 2003 has greatly diminished the utility of data from the
Landsat-7 ETM+.

With the advent of Landsat data came the ability to create detailed basin-
scale snow-cover maps on a regular basis, barring cloud cover (Rango and
others, 1977). Furthermore, Landsat images were used to demonstrate the
utility of developing snow-cover depletion curves used in hydrologic modeling
for streamflow estimation, though there are substantial limitations to the use of
Landsat data for snow-cover mapping. For example, the Landsats-1 through -5
MSS and TM sensors were not designed to provide detail of high-reflectance
surfaces, such as snow; therefore, the sensors saturated in the visible parts of
the spectrum over some snow-covered areas, a problem well known to glaciolo-
gists (Ferrigno and Williams, 1983). The ETM+ has two gain settings to opti-
mize the sensor sensitivity. In the low-gain mode, the sensors do not saturate
over snow because of the greater dynamic range. Though the Landsat series
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Figure 1.—Images acquired on 11
April 1962 from the Television Infrared
Observing Satellite-4 (TIROS-4), taken
from an altitude of about 700 km. Clouds
and snow are indistinguishable in parts
of the image mosaic.



(fig. 2) has provided high-quality, scene-based snow maps, the 18- or 16-day
repeat-pass interval of the Landsats-1 through -3 and Landsats -4, -S and -7,
respectively, is not adequate for most snow-mapping requirements, especially
to capture the rapid changes during the spring snowmelt period. Despite
the limitations, early Landsat data were pivotal for snow-mapping studies
because the algorithms used to develop snow maps (for example, Dozier,
1989) became the heritage algorithms for subsequent regional and global
products; experimentation with spectral bands on the Landsat sensors led
to optimum band selections on subsequent sensors. Furthermore, advanced
regional mapping techniques such as spectral unmixing (Nolin and others,
1993; Rosenthal and Dozier, 1996) have been developed and tested with
Landsat data.

Since 1966, data from geostationary operational environmental satellites
(GOES) and data from the Very High Resolution Radiometer (VHRR) and
its successor, the Advanced Very High Resolution Radiometer (AVHRR),
on polar orbiting environmental satellites have been used extensively by the
National Oceanic and Atmospheric Administration (NOAA) to produce
operational snow products (Matson and others, 1986; Carroll, 1995; Ramsay,
1998). Trained meteorologists map snow-cover extent from visual analyses of
visible satellite imagery. Snow-cover identification is made by manual inspec-
tion of hardcopy imagery and graphics products, online imagery loops, and the
previous day’s and (or) week’s analysis. Map quality is predicated on the avail-
ability of clear-sky visible imagery and the meteorologist’s experience.

Since 24 February 2000, the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument has been providing daily snow
maps at a variety of temporal and spatial resolutions (Hall and others, 2002;
Hall and Riggs, 2007). MODIS is a 36-channel spectroradiometer that was
first launched as part of the National Aeronautics and Space Administration
(NASA) Earth Observing System (EOS) program on 18 December 1999 on
the Terra spacecraft. A second MODIS was launched on 4 May 2002 on the
Aqua spacecraft. The sensors on the MODIS instrument provide a large suite
of land, atmosphere, and ocean products, including daily maps of global snow-
cover (fig. 3) and sea ice (Hall and others, 2004). Snow-cover maps, developed
from the NOAA and MODIS sensors, are discussed later in more detail.

Snow Albedo

Albedo is a key global energy-balance parameter that determines
how much solar energy is absorbed by the Earth’s land (or water) surface.
Biogeochemical, ecological, and hydrologic processes are influenced strongly
by the amount of available solar energy. The albedo of fresh snow can be
85 percent or more, but it drops to less than 50 percent as snow ages and melts.
Snow albedo depends on many factors, including grain size and shape, snow
stratigraphy, surface roughness, liquid-water content, impurities, depth, and
the surface beneath the snowpack.

The deposition of snow cover can drastically alter the local energy
balance because the albedo of non-snow-covered land is generally much lower
than that of snow-covered land. As a snowpack metamorphoses, albedo can
decrease by more than 25 percent within just a few days as growth of snow
grains proceeds (Nolin and Liang, 2000), especially if the snowpack becomes
wet. The albedo of snow cover is also highly dependent on the land surface,
that is, whether the snow falls on a forest or over the tundra, to cite two
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Figure 2.—Landsat-5 Thematic Mapper (TM) image of Glacier National Park, Montana, acquired on 14 March
1991, showing snow-covered mountains. Clouds obscure parts of the lower part of the image and appear as white
or pink, whereas snow cover (including snow-and-ice-covered lakes) is blue and non-snow-covered, vegetated
land is reddish orange. Landsat 5 TM false-color composite image 2569—17454, Path 69, Row 17, from USGS
EROS Data Center, Sioux Falls, S. Dak.

extremes. For low vegetation, the depth of the snow cover has a major influ-
ence on the scene albedo; once the snow gets deep enough to cover the vegeta-
tion, then albedo can be much higher.

Many early remote-sensing studies of snow albedo were done from aircraft
(for example, see Bauer and Dutton, 1962; McFadden and Ragotzkie, 1967;
Salomonson and Marlatt, 1968; Dirmhirn and Eaton, 1975). Later, using
satellite data, some researchers measured the albedo of snow-covered lands by
constructing basinwide albedo maps (Kukla and Robinson, 1980; Robinson
and others, 1986; Scharfen and others, 1987). Robinson and Kukla (1985)
used Defense Meteorological Satellite Program (DMSP) imagery (spectral
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Figure 3.—A 500-m-pixel-resolution
Moderate Resolution Imaging
Spectroradiometer (MODIS) image of
New Zealand’s South Island, acquired
on 11 July 2003. The intense storm that
produced this snow cover was reported
to be the worst blizzard to hit the country
in 50 years. Image courtesy of NASA’s
MODIS Land Rapid Response Team.

range, 0.4-1.1 pym) to derive a linear relationship between the brightest snow-
covered arctic tundra and the darkest snow-covered forest, which were assigned
albedos of 0.80 and 0.18, respectively. Scene brightness, a function of the type
and density of vegetation and the depth and age of snow (Robinson and Kukla,
1985), was then converted to surface albedo by linear interpolation.

Detailed field, aircraft, and satellite studies have been used to derive
quantitative measurements of snow reflectance and albedo (for example, see
Robock, 1980; Dozier and others, 1981; Steffen, 1987; Hall and others, 1989;
Duguay and LeDrew, 1992; Winther and others, 1999; Greuell and others,
2002; Klein and Stroeve, 2002; Stroeve and others, 2005). Surface albedo
may be derived from Landsat TM and ETM+ data. One approach, based on
exact solutions of the radiative-transfer equation for upwelling intensity,
requires known albedo values derived in each Landsat scene at various points
(Mekler and Joseph, 1983). Other approaches rely on a narrowband to broad-
band conversion to derive albedo. Knap and others (1998) used Landsat data
to derive the Bi-directional Reflectance Distribution Function (BRDF) to
describe the complete distribution of the anisotropic reflectance of snow.
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NOAA National Environmental Satellite, Data, and Information
Service (NESDIS) Snow Maps

NOAA’s National Environmental Satellite, Data, and Information Service
(NESDIS) started to generate operational Northern Hemisphere Weekly
Snow and Ice Cover analysis charts in November 1966 using manual tech-
niques from NOAA satellite data, at a nominal pixel resolution of 190 km.
After all snow boundaries were identified and placed on a hardcopy polar
stereographic projection map, an electronic version was made through the
digitization of a 89x89 cell acetate overlay (mid- and high-latitude portion of a
hemispheric 128x128 cell overlay) (fig. 4). Through the years, improvements
in snow mapping have resulted from improved sensor resolution and use of
more consistent mapping techniques. The NOAA/NESDIS snow maps are
the premier dataset used to evaluate large-scale snow extent of the Northern
Hemisphere (Matson and others, 1986; Robinson and others, 1993; [http://
climate.rutgers.edu/snowcover/]). To date, these maps constitute the longest
satellite-derived environmental dataset available. Early NOAA/NESDIS snow
maps (pre-1972) tend to underestimate snow-cover extent, particularly during
the fall (Kukla and Robinson, 1981). A major reason for this problem was the
inexperience of early analysts in distinguishing snow cover from clouds or even
from snow-free ground, compounded by the lower pixel resolution of imagery
during this era (pre-1972) compared to the period since. Because of the diffi-
culties with the pre-1972 NOAA/NESDIS maps, the Rutgers Global Snow
Lab (GSL) reanalyzed snow cover between 1966 and 1971 using the same
NOAA daily gridded composites of visible imagery for the eastern and western
hemispheres of the Northern Hemisphere used in the original mapping.
Surface resolution of the revised imagery is approximately 25 km. The imagery
was supplemented with daily reports of snow depth at several thousand
stations in the United States, Canada, China, and the Former Soviet Union,
gridded to 1°x1° grid cells using all reports from within a given cell. Daily
surface weather charts also provided information on cloud cover, precipitation,
and temperature. Infrared imagery and the above ancillary information were
employed in many areas to validate interpretations made from visible data.

In 1997, the Interactive Multisensor Snow and Ice Mapping System (IMS)
[http://www.ssd.noaa.gov/PS/SNOW/ims.html] was instituted to produce
operational products daily at a spatial resolution of about 25 km, based on a
variety of satellite data (Ramsay, 1998). Improvements in the spatial resolu-
tion of the IMS product in February 2004 resulted in improved snow maps
at 4-km resolution (fig. 4). In June 1999, NOAA/NESDIS ceased producing
the weekly maps, replacing them with the daily IMS product (Ramsay, 1998).
IMS maps are generated from a UNIX-based workstation application that
allows the analyst to visually inspect imagery and mapped data from various
sources to determine the presence of snow. Daily maps are produced from a
variety of visible satellite imagery, estimates of snow extent derived from micro-
wave satellite data, and station-mapped products. Maps were digitized to a
1024x1024-cell polar grid through January 2004; a 2048x2048-cell polar grid
is used at present. Since 2000, the IMS snow-cover maps have been produced
by NOAA’s National Ice Center in Suitland, Maryland.

Before the weekly map series ended in 1999, there was a 2-year period
in which the weekly NOAA/NESDIS map and the daily IMS map were both
produced. Data from this interval are being analyzed at Rutgers to develop an
accurate means of converting the daily maps to a weekly product at the lower
resolution so that the long-term record can be continued.
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Figure 4.—A, National Oceanic and
Atmospheric Administration National
Environmental Satellite, Data, and
Information Service (NOAA NESDIS)
snow map. 1-7 March 1976; B, NOAA
NESDIS Interactive Multisensor Snow
and Ice Mapping System (IMS) snow
map, 23 January 2006. Snow cover
is shown in white; sea and lake ice is
shown in dark blue.

EXPLANATION
Northern hemisphere average snow
and ice boundaries, March 1-7, 1976
Snow boundary
.......... Ice boundary

Reflectivity
1 Least reflectivity
2 Moderate reflectivity
3 Highest reflectivity
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Calculation of Snow-Cover Extent by Use of NOAA/NESDIS Maps

Weekly areas of snow-cover extent (SCE) are derived from the digitized
snow files and, subsequently, monthly values are obtained by weighting the
weeks according to the number of days of a map week falling in the given
month (Robinson, 1993a). Prior to the calculations, the digital files are stan-
dardized to a common land mask. Only those grid cells that contain more than
50 percent land are included.

In 2001, a correction to NOAA grid cells was introduced. Significant
errors in grid-cell areas for the lower-resolution NOAA grid had long been
suspected. Documentation for the calculation of the cell-area file (which dates
back to at least the late 1970s) has never been located. Therefore, cell areas in
the 128x28 grid were recalculated by application of the general quadrilateral
with spherical geometric relations in a polar stereographic projection (Smart
and Green, 1977; Kidwell, 1998; Robinson and others, 2001). Overall, the
revised, more accurate grid-cell areas are somewhat larger than the older areas.
Revised cell areas are within about 1 percent of the former values, except
equatorwards of 30°N. and polewards of 80°N., where they differ by as much
as 3 percent. However, it is worth noting that snow rarely covers the ground in
the southern region, and there is not much land north of lat 80°N. (principally
northern Greenland and Ellesmere Island).

SCEs calculated from the new, revised cell areas ranges from 0.6 to
1.2 percent more than those listed in past reports. Percent differences are larger
in the midspring through midfall. However, given that SCE is lower during this
interval, adjusted extents are larger in the winter (as much as 0.30x10¢ km?)
than in summer (0.05x10°km?).

MODIS-Derived Snow Maps

With the launch of NASA’s Terra satellite, snow maps have been produced
globally, from automated algorithms from the MODIS instrument since 24
February 2000 (Hall and others, 2002). The 4 May 2002 launch of the Aqua
satellite put a second MODIS into operation, resulting in more snow-mapping
opportunities each day. The MODIS snow products [http://modis-snow-ice.
gsfcnasa.gov/] come in a variety of spatial and temporal resolutions (figs. S, 6)
and projections to serve different user groups (Hall and Riggs, 2007). Daily,
8-day, and monthly composite snow maps with fractional snow cover are avail-
able at 500-m and 0.05° resolution. For modelers and others interested in a
product at a coarser resolution, a 0.25°-resolution product also is available
(Riggs and others, 2005).

The overall absolute accuracy of the well-studied 500-m resolution swath
and daily tile products is approximately 93 percent under cloud-free condi-
tions, but varies by land-cover type and snow condition (Hall and Riggs,
2007). By far the greatest limitation of the MODIS snow products is due to
snow/ cloud-discrimination problems because of the conservative nature of
the MODIS cloud mask. For example, the daily tile snow products showed
an overall accuracy of 94.2 percent compared with 15 SNOpack TELemetry
(SNOTEL) sites in a study done by Klein and Barnett (2003) in which they
compared MODIS snow maps and SNOTEL measurements in the Upper Rio
Grande Basin for the 2000-2001 snow season. (SNOTEL is an automated
system to collect snowpack and related data in the western United States.)
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EXPLANATION

Snow
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Figure 5—A, Moderate Resolution Imaging Spectroradiometer (MODIS) true-color image [bands 1 (620—670 nm),
4 (545-565 nm), and 3 (459—479 nm)] and B, MODIS snow map acquired on 31 October 2004. The area shown is
in the western United States, including the Sierra Nevada in California.
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Figure 6.—Moderate Resolution Imaging Spectroradiometer (MODIS) monthly snow map with
fractional snow cover for February 2004. From MODIS Snow and Ice Project, NASA/Goddard
Space Flight Center. [http://modis-snow-ice.gsfc.nasa.gov].
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Detection of very thin snow (< 1 cm) can also be problematic, especially over
vegetated terrain. In addition, the accuracy of the MODIS snow products is
lower in dense forest cover as discussed in Simic and others (2004).

NOAA/NOHRSC Snow Maps

The National Operational Hydrologic Remote Sensing Center
(NOHRSC) snow-cover maps generated by National Weather Service (NWS)
NOHRSC hydrologists are distributed electronically in near-real time to local,
State, and Federal users during the North America snow season (Carroll,
1987, 1995; Carroll and others, 2001; [http://www.nohrsc.nws.gov/nsa/]).
The NOHRSC 1-km maps are generated primarily from the NOAA POES
and GOES satellites to develop daily digital maps depicting the areal extent of
snow cover for the conterminous United States, Alaska, and parts of southern
Canada. NOHRSC produces snow products and information that include esti-
mates of SWE, snow depth, snowpack temperatures, sublimation, evaporation,
and blowing snow; modeled and observed snow information; airborne snow
data; satellite snow cover; historical snow data; and time series for selected
modeled snow products.

Snow Mapping in the Microwave Part of the Electromagnetic
Spectrum

In the microwave part of the spectrum (300- to 1-gigahertz (GHz)
frequency, or 1-mm to 30-cm wavelength), snow cover from space is studied
by measuring emitted radiation with a radiometer (passive) or by measuring
the intensity (in decibels) of the return of a signal sent by a radar or by a scat-
terometer (active). Measurements can be made through darkness and can often
be made through nonconvective clouds. Although the utility of microwave data
for snow-cover studies has been demonstrated, significant limitations remain.
For example, if the snow layer is very thin and dry, it may not scatter or reflect
microwave radiation and thus may not be detected as snow. Moreover, a wet
snowpack radiates like a blackbody at the physical temperature of the snow
layer and is therefore indistinguishable from snow-free soil (Kunzi and others,
1982). Vegetation, especially forest cover, causes more complications.

Passive-Microwave Remote Sensing

Microwave emission from a layer of snow over a ground medium consists
of two contributions: (1) emission by the snow volume and (2) emission by
the underlying ground. Both contributions are governed by the transmission
and reflection properties of the air-snow and snow-ground interfaces, by the
absorption/emission and scattering properties of the snow layer (Stiles and
others, 1981), and by a myriad of physical parameters that affects the emis-
sion (Derksen and others, 2002). The strength of the microwave emission is
measured in brightness temperature, T, which is a measure of the intensity of
radiation thermally emitted by an object. T, is given in units of temperature
because there is a correlation between the intensity of the radiation emitted
and physical temperature of the radiating body. As an electromagnetic wave
emitted from the underlying surface propagates through a snowpack, it is scat-
tered by the randomly spaced snow particles in all directions. As the snowpack
grows deeper, there is more loss of radiation due to scattering, and the emis-
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sion of the snowpack is reduced, thus lowering the T . The deeper the snow,
the more ice crystals or grains are available to scatter the upwelling microwave
energy; because of this relationship between microwave energy and number
of snow grains, it is sometimes possible to estimate the depth and SWE from
microwave emission.

Volume scattering increases with snow-grain size and internal layering and
with an increase in the amount of snow. Radiation at wavelengths comparable
in size to the snow-crystal size (about 0.05 to 3.0 mm, or greater if depth hoar
is present) is scattered in a dry snowpack and can be modeled according to Mie
scattering theory (Chang and others, 1987). (Mie scattering predominates
when the particles causing the scattering are larger than the wavelengths of
radiation in contact with them.)

Active-Microwave Remote Sensing

Active-microwave remote sensing is useful for snow-cover mapping and
for estimation of SWE. “Active” refers to the fact that a signal is sent from
an instrument on an aircraft or satellite, and that signal interacts with the
surface or near-surface and is then redirected back to the sensor, wherein the
altered signal is recorded. Active-microwave remote sensing includes SAR
and scatterometry.

A radar sends out a pulse of energy in the microwave part of the electro-
magnetic spectrum and records the energy that is reflected back. At the Earth’s
surface, the energy in the radar pulse is scattered in all directions, with some
reflected back toward the antenna. This backscatter returns to the sensor as a
weaker signal, because a radar image captures only the energy that is reflected
back towards the radar antenna. SAR refers to a technique used to synthesize
a very long antenna by combining backscatter received by the radar as the
sensor moves along a flight track. X-band (frequency of 8.0-12.5 GHz, wave-
length of 2.4-3.75 cm) or lower frequencies (longer wavelengths) are not
generally useful for detecting and mapping thin, dry snow because the size of
snow particles is much smaller than the size of the wavelength; at these longer
wavelengths, there is little chance for a microwave signal to be attenuated and
scattered by the relatively small ice crystals composing a snowpack (Waite and
MacDonald, 1970; Ulaby and Stiles, 1981). The potential to measure SCE
and SWE from space by means of spaceborne SARs exists, but only if higher
frequency SARSs, such as those at Ku-band (for example, 13.99-GHz frequency
or 2.14-cm wavelength) are flown (Waite and MacDonald, 1970; Papa and
others, 2002).

However, in the case of wet snow (Stiles and Ulaby, 1980; Ulaby and
Stiles, 1981; Rott, 1984; Ulaby and others, 1986), when at least one layer of
the snowpack (within the penetration depth of the radar signal) becomes wet
(4-5 percent liquid water content), the penetration depth of the radar signal
is reduced to about 3 to 4 cm (or one wavelength at X-band) (Mitzler and
Schanda, 1984). Therefore, there may be high contrast between snow-free
ground and ground covered with wet snow if somewhat lower frequency or
longer wavelength SARs are used, making it possible to distinguish wet and
dry land from wet snow (for example, when imaged with C-band SAR such as
RADARSAT at 5.3-GHz frequency or 5.6-cm wavelength) for mapping SCE.

Scatterometry is useful for measuring snow depth and the extent of snow-
melt because of its sensitivity to the presence of liquid water. A scatterometer
is actually a microwave radar that is used specifically to measure the reflection
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or scattering effect produced while scanning the surface of the Earth from an
aircraft or a satellite. In the case of snow cover, backscatter from snow increases
with increasing accumulation only up to a certain saturation depth, beyond
which the microwaves cannot reach because of attenuation from disper-
sive loss in the snowpack (Nghiem and Tsai, 2001). Increasing snow depth
leads to increasing backscatter. Satellite-borne scatterometry may be used to
detect snowmelt and to measure the evolution of a snowpack, as shown by
Nghiem and Tsai (2001) using the Ku-band NASA Scatterometer (NSCAT).
Backscatter patterns reveal boundaries that correspond to the various snow
classes delineated by Sturm and others (1995) (fig. 7). Additionally, they show
rapid changes in the backscatter such as those that took place over the northern
plains of the United States and the Canadian prairies that led to the major
spring 1997 floods in the midwestern United States and southern Canada.
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Figure 7.—Global snow-cover classification according to bioclimatological regions (Sturm and others, 1995). Image
courtesy of National Snow and Ice Data Center, Boulder, Colo.
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Snow Maps Derived from the Microwave Part of the Spectrum

Snow maps showing both SCE and SWE (fig. 8) have been produced from
passive-microwave sensors beginning in 1979 (Chang and others, 1987). Using
passive-microwave data, first from the Scanning Multichannel Microwave
Radiometer (SMMR) and more recently from the Special Sensor Microwave/
Imager (SSM/I), Environment Canada has been producing SWE maps of the
Canadian Prairies since the late 1970s (see [http://www.socc.ca/examples/
nsisw/ssmi/ccinprairies.jsp]). These maps, an example of which is shown in
figure 9, are used operationally to predict availability of water resources in the
Canadian Prairies [http://www.socc.ca/snow/snow_current_ecfm] (Walker
and Goodison, 1993; Goodison and Walker, 1994) and in western Canada
(Derksen and others, 2005).

Two significant advantages of using microwave sensors for snow mapping
are that (1) data can be acquired during darkness or through cloud cover
and (2) information about the snowpack, such as SWE, may be acquired. An
important limitation of using passive-microwave data is the relatively low pixel
resolution available from satellite data. In addition, the microwave data can be
difficult to interpret because so many factors influence the T, or backscatter.

The National Snow and Ice Data Center (NSIDC) produces a “Global
Monthly EASE-Grid Snow Water Equivalent Climatology” This dataset
contains global, monthly satellite-derived SWE climatologies gridded to the
Northern and Southern 25-km Equal-Area Scalable Earth Grids (EASE-
Grids). Global SWE is derived from SSM/I sensors (Armstrong and others,
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Flgure 8.—Passive-microwave-derived ] [ [ | [ | |
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Figure 9.—Map of snow-water equivalent of the Canadian Prairies
for 5 February 2002 derived from passive-microwave data. Map
courtesy of Environment Canada.

of James L. Foster, NASA/Goddard Space

Flight Center.
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2005). These data are suitable for continental-scale time-series studies (1978
to present) of snow cover and SWE [http://nsidc.org/data/nsidc-0271.html];
however, in some terrain, the errors in SWE can be quite large. The Advanced
Microwave Scanning Radiometer-Earth Observing System (AMSR-E) instru-
ment on the NASA EOS Aqua satellite provides global passive-microwave
measurements of SWE. Kelly and others (2003, 2004) developed a method-
ology using SSM/I and simple statistical-growth models to estimate snow grain
size and density as a snowpack evolves through the season. These estimated
variables are then coupled with a dense-media, radiative-transfer model to esti-
mate SWE. The snow maps have been available as daily, pentad, and monthly
SWE maps of the Northern and Southern Hemispheres at 25-km resolution
on EASE-Grid since 19 June 2002. These data are available from NSIDC at
(http://nsidc.org/data/ae_dysno.html].

Limitations of Snow Mapping from Space

There is no perfect sensor or combination of sensors for mapping SCE,
depth, albedo, and SWE either from satellites or on the ground. Uncertainties
exist in the remote sensing of snow cover, so validation with ground measure-
ments is essential to improve the accuracy of satellite-derived measurements of
SCE and SWE. Although satellite sensors see the big picture, point measure-
ments or snow surveys along a transect on the ground fill in the needed details.
However, owing to the high cost and difficulty of access of taking measure-
ments in many remote and alpine locations, there are not enough ground
measurements for full validation of satellite data. Interpolation between point
measurements is necessary—and various statistical techniques can be used for
this—but the validity of the interpolation is closely related to the density of
ground measurements.

Acquisition of visible and near-infrared satellite observations is very
often hindered by cloud cover and darkness, and dense vegetation may effec-
tively block the view of the snow cover, leading to underestimation of snow-
cover extent. One of the biggest issues in snow mapping in the reflective part
of the spectrum is cloud screening (for example, see Riggs and Hall, 2003).
Significant improvements in snow mapping will be gained by developing
improved snow-cloud discrimination algorithms.

Emission and backscatter from dense vegetation influence satellite-based,
passive-microwave measurements of snow cover because vegetation emits
microwave radiation. The presence of vegetation, especially dense forests,
causes passive-microwave SWE algorithms to underestimate snow depth
because microwave emission from the trees raises the scene brightness temper-
ature. Various techniques have been used to compensate for this problem (for
example, see Hall and others, 1982; Hallikainen, 1984; Foster and others,
1997, 2005). Foster and others (2005) use percentage of forest cover (forest-
cover fraction) to parameterize the effect of vegetation cover; the underestima-
tion of SWE due to forest cover is parameterized empirically.

In short, satellite-borne sensors operating in the reflective part of the elec-
tromagnetic spectrum are very useful for SCE mapping but are limited by their
inability to image through cloud cover and darkness, and dense vegetation may
block the measurement of snow cover from space. Passive-microwave sensors
are useful for measuring SCE, depth, and SWE; however, many factors limit
the accuracy of these sensors for global snow mapping, and the spatial reso-
lution of products derived from passive-microwave sensors is rather coarse.
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Satellite-borne SARs are currently of little use for snow mapping because the
C- and X-band wavelengths are too long relative to the size of the snow crystals
to map dry snow effectively under a variety of conditions. However, the poten-
tial is great for snow and SWE mapping by use of SARs at shorter wavelengths
or higher frequencies, such as Ku-band; and, in fact, Ku-band scatterometry
has been shown to be useful for snow extent and depth mapping (Waite and
MacDonald, 1970; Nghiem and Tsai, 2001).

Changes in the Northern Hemisphere Snow Cover During
the Satellite Era

The mean annual Northern Hemisphere snow cover extent based on
1967-2005 records analyzed by the Rutgers GSL is 25.6x10° km?. This
includes snow over the continents, including over the Greenland ice sheet.
The mean monthly area covered by snow ranges from a January maximum of
46.9x10° km? to 3.5x10¢ km?® in August (table 1). Snow covers an average of
more than 33 percent of land areas north of the Equator from November to
April, reaching 49 percent coverage in January. In midwinter, approximately
60 percent of the hemispheric snow cover lies in Eurasia. Higher elevations
on many glaciers and ice caps and on the Greenland ice sheet remain snow
covered throughout the year.

From year to year, January snow cover may vary by 8x10° km?. October
snow cover has varied by 13x10° km? and April snow cover by more than
7x10° km?. Less extensive July snow cover has varied by 5.5x109 km?; however,

Table 1.—Monthly and annual climatological information on Northern Hemisphere snow
extent between November 1966 and December 2005

[Data from Rutgers University Global Snow Lab. Years, number of years of data were used in the calculations.
Extreme maximum and minimum values are followed by year of occurrence. The years 1968, 1969, and 1970 are
missing 1, 6, and S months of data, respectively, and thus are not included in the annual calculations]

Area of snow extent, in millions of square kilometers

Years
Mea Standard

Jeviation Minimum  Year Maximum  Year

January 39 46.9 1.5 42.1 1981 50.1 1985

February 39 45.9 1.9 429 1995 514 1978
2002

March 39 41.0 1.9 373 1990 44.5 1985

April 39 314 1.8 28.3 1968 38.7 1979

May 39 20.5 1.9 16.7 1968 244 1974

June 38 11.0 2.1 74 1990 15.8 1978

July 36 4.9 1.4 3.0 2005 8.7 1967

August 37 3.5 1.0 2.3 1968 5.8 1967

1968

September 37 5.7 1.0 4.0 1968 8.0 1972
1990

October 38 18.3 2.6 13.1 1988 26.3 1976

November 40 34.1 2.1 28.6 1979 38.7 1993

December 40 43.5 1.8 37.8 1980 46.3 1985

Annual 36 25.6 1.0 234 1990 27.6 1978
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there remains some uncertainty as to whether the more extensive summer
cover mapped in the 1970s is real or is the result of the analysts’ inexperi-
ence. (Summer cloudiness in the high latitudes can make it difficult to distin-
guish clouds from snow-covered ground.) Training and imagery of higher
quality led to more consistent mapping techniques in the 1980s and beyond.
Monthly standard deviations range from 1.0x10° km? in August and September
to 2.6x10° km?* in October. Standard deviations are generally slightly below
2x10° km? during nonsummer months.

Maps depicting monthly climatologies may be viewed at the Rutgers GSL
snow Web site [http://climate.rutgers.edu/snowcover]. This site also includes
individual weekly and monthly maps, maps showing monthly anomalies
(departures from long-term means) from November 1966 through June
2000, and daily products since mid-1999. Monthly areas for the Northern
Hemisphere, Eurasia, and North America, the contiguous United States,
Alaska, and Canada also are posted (fig. 10).

Regional warming has been measured in many areas of the Arctic
(Serreze and others, 2000; Arctic Climate Impact Assessment, 2004, 2005).
Temperature-albedo feedback, where the lower albedo resulting from snow-
melt promotes additional surface warming (Groisman and others, 1994), is
one reason why the Arctic is warming and is related, in part, to the observed
decrease in Northern Hemisphere snow cover (Robinson and others, 1993;
Brown and Braaten, 1998), to be discussed in a later section. Foster (1989) and
Foster and others (1992) discussed a trend toward earlier snowmelt in Arctic
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Figure 10.—Rutgers University Global
Snow Lab monthly snow map for February
2006, based on NOAA/NESDIS snow
maps, showing snow-cover frequency.
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locations; Stone and others (2002) extended that work, concluding that, on
average, the spring snowmelt in northern Alaska is about 8 days earlier than in
the mid-1960s.

Snow cover was more extensive during the first two decades of the satellite
record than during the most recent two decades (fig. 11). As first reported in
1990 (Robinson and Dewey, 1990), snow cover since the late 1980s continues
to be less extensive than it was during much of the earlier satellite era. Between
1967 and 1987, annual means of snow extent fluctuated around a mean of
26.1x10° km® A rather abrupt transition occurred between 1986 and 1988,
and since then the mean annual extent has been 24.6x10° km?. Means of these
two periods are significantly different (t test, p < 0.01). Monthly anomalies
from the long-term mean are most often less than 3x10° km? but on occa-
sion they are as much as 4 or 5x10° km?, with October 1976 having a positive
anomaly of 8.3x10° km*

Recent SCE decreases in the Northern Hemisphere are large during the
late winter to early summer, whereas fall and early-winter to midwinter SCE
shows no statistically significant change. For example, April snow cover across
both continents was more extensive in the 1967-87 period than from 1988 to
the present. The tendency towards less late-season snow cover in recent years
begins in February. During 8 of the first 20 years of record, February snow
extent exceeded the January value. This has occurred only once since then.

Even in years when the annual SCE over Northern Hemisphere lands
is close to average, SCE for many individual months is not close to average.
Conditions in 2002 are a good example. The annual Northern Hemisphere
SCE was 25.4x10° km?, just 0.2x10° km? less than the long-term (1966-2005)
mean. The area covered by snow in 2002 ranged from 46.9x10° km? in January
2002 to 2.7x10° km? in August 2002. Near-record low SCE was observed in
February and March 2002, and a record low was reached in July 2002. The
former two months ranked third and second lowest, respectively, based on
39 years of observations dating back to 1967. A completely different picture
emerged late in 2002 with October, November, and December each ranking
among the top five highest during the satellite era. The October positive
anomaly of 5.2x10° km? 28 percent above average, is the second largest
anomaly in terms of absolute snow area on record for any month since observa-
tions began in November 1966. The widely different picture from winter to fall
is illustrated in figures 12 and 13, which show anomaly maps for February and
October 2002.

Snow-cover extent (SCE) over both Eurasia and North America contrib-
utes to the lower post-1987 hemispheric extent (fig. 11). SCE for both was
exceedingly low in the late 1980s and 1990s but rebounded somewhat by the
mid-1990s. Since then, Eurasian SCE has fluctuated closer to the long-term
mean than has North American SCE, which has averaged lower than the long-
term mean.

During any particular month, SCE anomalies over Eurasia and North
America may be in or out of synchronicity. For instance, in February 2005,
Eurasian SCE was the third largest of record, whereas North America SCE
ranked thirty third. Lower than average North American SCE was maintained
throughout the spring, and it was not until May 2005 that Eurasian SCE
decreased to well below average. December 2005 SCE was quite extensive over
both continents, following a November when it ranked quite low for both.
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Figure 11.—Rutgers University Global Snow Lab Northern Hemisphere snow-cover anomalies: November 1966—
August 2009.
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Figure 12.—Rutgers University
Global Snow Lab monthly snow
map for February 2002, based
on NOAA/NESDIS snow maps,
showing snow-cover departure
from normal.

Figure 13.—Rutgers University
Global Snow Lab monthly snow
map for October 2002, based
on NOAA/NESDIS snow maps,
showing snow-cover departure
from normal.
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Variability in the Southern Hemisphere Snow Cover
During the Satellite Era

Although snowfall occurs more frequently in the Northern Hemisphere
than in the Southern Hemisphere, seasonal snow cover is an important factor
in several regions of the Southern Hemisphere as well, particularly South
America. Seasonal snow cover may be present on parts of the continents of
Africa and Australia, and New Zealand has a large amount of seasonal snow
cover (fig. 3). Snow cover can be present close to the Equator at high eleva-
tions, as is the case in South America, Africa, and Irian Jaya, Indonesia; all
three regions have glaciers at the highest elevations. More than 98 percent
of the continent of Antarctica is snow covered (snow cover on glacier ice);
however, interannual variability is not as large as it is in South America.
A brief discussion of satellite measurements of snow cover in the Southern
Hemisphere follows.

Snow Cover in South America

An extensive, non-alpine seasonal snow cover forms in South America,
south of lat 27°S. (Foster and others, 2001). In southern Argentina, snow
may accumulate as early as May and as late as October. Snow cover is normal
south of about 45°S. each winter (Patagonia and Pampas regions) in Chile
and Argentina, and there can be a large variability in snow-covered area, both
monthly and interannually.

Year-to-year variations in SCE over South America can be significant.
From 1992 to 1998, the maximum amount of snow cover was recorded in
1992, and the year with the least amount of snow was 1996 according to an
analysis by Foster and others (2001) using SSM/I data from May through
August. July 1992 was the month with the greatest SCE (nearly 0.8x10° km?)
and snow mass (approximately 2.58x10" kg).

Dewey and Heim (1983) reported that the maximum wintertime SCE
in South America ranged from 692,000 km? to 1,011,000 km* between 1974
and 1980. More recent measurements based on GOES and MODIS satellite
data indicate that those measurements may represent an overestimation of the
maximum amount of snow cover in South America.

On the basis of MODIS data from 2000 to 2005, the maximum snow-
covered area in South America during this period (table 2) was in 2002
(619,515 km? when snow-cover fractions of 10 to 100 percent were mapped).
Measurements were made from maps of monthly maximum snow cover from
July in each year at approximately 25-km pixel resolution (though pixel data at
higher resolution pixel also are available from MODIS and could be used for a
still more accurate measurement). This SCE is lower than the range reported
by Dewey and Heim (1983) but, of course, different years were studied.
Romanov and Tarpley (2003) mapped snow cover in South America from the
GOES satellite at approximately 4-km pixel resolution. Their measurements
also showed less wintertime snow cover in South America than was found by
Dewey and Heim (1983) although, again, different years were studied. For the
years 2000 and 2001, Romanov and Tarpley (2003) reported that the winter-
time snow cover reached about 620,000 km* and 670,000 km?, respectively.
The possible discrepancies in maximum snow cover measured by Dewey and
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Table 2.—Approximate maximum percentage
of snow-covered area in South America in July

[As measured using 0.25° resolution MODIS Climate-
Modeling Grid snow-cover maps composited for the entire
month for all grid cells and those that were 10 percent and
20 percent or greater covered by snow]

Percentage

1-100 10-100 20-100
2000 536,011 492,691 442,449
2001 435,255 393,119 350,011
2002 656,096 619,515 571,323
2003 420,899 385,933 339,128
2004 403,828 363,119 311,983
2005 485,724 459,168 424,479

Year

Heim (1983) and more recent measurements using GOES and MODIS data
might be explained by the inaccuracy of the early NOAA snow charts because
of their coarse spatial resolution (approximately 180-km pixels) compared to
the higher resolution pixel data available since then (Romanov and Tarpley,
2003, and MODIS data listed in table 2); alternatively, without additional
information, we cannot ignore the possibility that the maximum SCE might
have been greater between 1974 and 1980.

The MODIS (table 2) and GOES measurements do not agree in terms
of the areal extent (square kilometers) or the pattern of snow cover for the
years 2000 and 2001. MODIS measurements show less maximum snow cover
in 2001 than in 2000, whereas the GOES measurements from Romanov and
Tarpley (2003) show greater maximum snow cover in 2001 than in 2000. This
may not mean that either is incorrect, however, because different time periods
and methods were used to calculate the SCE in each case.

There has been a general increase in elevation of the snowline in most
areas of South America since the end of the Little Ice Age in the late 1800s
(Williams and Ferrigno, 1998). For example, snowfields and glaciers in
Colombia are now restricted to the highest peaks and ranges of the Cordillera
Central, Cordillera Oriental, and Sierra Nevada de Santa Marta (Hoyos-
Patifio, 1998). Annual precipitation of snow in the highest cordillera is
1,200 to 2,500 mm of water equivalent, resulting in an annual accumulation of
2 to 3 m of snow between 5,000 to 6,000 m of elevation (Morales Arnao and
Hastenrath, 1998). The eastern slopes of the Andes receive the greatest precipi-
tation because of moisture from the vast Amazon Basin and the Atlantic Ocean.

Snow Cover in Australia, New Zealand, and Africa

In Australia, heavy mountain snowfalls may occur any time of the year,
and snowfall in southeastern Australia may occur during wintertime. In the
Australian Alps (lat 35-38°S.), winter snow cover generally lasts from a few
weeks at elevations of 1,200 to 1,400 m up to 4 months or more at higher peaks
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(1,800-2,000 m) (Whetton and others, 1996), but the snow-cover period is
variable from year to year. The alpine area includes mountains in the States of
Victoria and New South Wales.

In New Zealand, snowfall is most frequent during July and August but
may occur at anytime of the year above 5,000 m (Dewey and Heim, 1983;
Foster and others, 2001). The North Island of New Zealand has a small
permanent snowfield above 2,500 m on the central plateau, but the snowline
rarely descends below 600 m. Seasonal snow covers about 60,000 km* of New
Zealand—more than 35 percent of South Island and some mountain areas of
North Island (Fitzharris and McAlevey, 1999). Thus, the greatest extent of the
seasonal snow cover is on South Island (fig. 3).

South Island is divided along its length by the Southern Alps, the highest
peak of which is Aoraki/Mount Cook at 3,754 m. (There are 18 peaks of
more than 3,000 m on the South Island.) On South Island, snowmelt consti-
tutes as much as 50 percent of the water inflow to hydroelectric storage lakes
(whereas meltwater from glaciers constitutes only 10 percent) (Fitzharris,
2004). On South Island, snow falls on a few days a year in the eastern coastal
districts. In inland Canterbury and Otago, where there are considerable areas
of grazing lands above 300 m, snowfalls are heavier and more persistent and
have caused serious sheep losses during severe winters. In that area, however,
it is rare for the winter snowline to remain below 1,000 m for extended periods
(Meteorological Service of New Zealand [n.d.]). The snowline in the Southern
Alps is about 2,000 m in summer, being slightly lower on the western side
where the Franz Josef and Fox Glaciers descend through heavy bush to within
300 m of sea level (Chinn, 1989). Though there is a great deal of interannual
variability in seasonal snow cover in New Zealand, there are no long-term
snow-cover records (Fitzharris and Garr, 1995). Model results show that the
timing of maximum snow storage in New Zealand varies significantly from year
to year, with the maximum occurring later in larger snow years (late October or
even in November); the minimum can occur as early as July (Fitzharris, 2004).
Model results for the Southern Alps show that, on average, seasonal snow
builds from about May to a maximum of 366 mm in October, but no long-term
trend is apparent (Fitzharris and Garr, 1995).

In Africa, snow can fall close to the Equator at high elevations, such as on
Mount Kilimanjaro (fig. 14), Mount Kenya, and the Ruwenzoris in Africa,
all three of which host glaciers, and occasionally in northern Africa, such
as occurred on 26 and 27 January 2005, in Algeria and Morocco. On Mount
Kilimanjaro, the permanent ice cover decreased 80 percent from 1812 to 2000
(Thompson and others, 2002). Since the end of the Pleistocene Epoch, there
has been a dramatic decrease in the glaciers of the mountains of Africa (Young
and Hastenrath, 1991), owing to a decrease in precipitation in the late 19th
century and a slight warming in the first half of the 20th century.
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Figure 14.—Glacier ice and snow on Mount Kilimanjaro, Tanzania, Africa, a 5,895-m high volcano. The image was
acquired on 17 February 1993, by the Thematic Mapper on the Landsat-5 satellite and was draped over a digital
elevation model to give an enhanced sense of the three-dimensional shape of the mountain. Image courtesy of NASA’s
MODIS Land Rapid Response Team.
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Development of Long-Term Data Records

Progress has been made toward the development of a satellite-era SCE
climate-data record (CDR) for Northern Hemisphere lands that is based on
NOAA/NESDIS visible maps. For many years, the Rutgers GSL version of
this visible product has been used for studying snow-cover trends (National
Academy of Sciences, 2004). At times, reanalysis of parts of the record have
taken place (see discussion earlier in this chapter); recently, however, a more
consistent record has been generated, taking into account notable changes in
mapping that began in the late 1990s. Comparisons of the lower-pixel-reso-
lution older NOAA product and the newer IMS product that were mapped
independently between 1997 and 1999 were employed to generate adjustment
factors. These adjustments were applied back in time (pre-June 1999, the stan-
dard being IMS) and forward in time (post-May 1999, the standard being the
older NOAA product). This approach resulted in a large enough area coverage
to be useful in accessing error margins. A standard land mask eliminated differ-
ences observed when the mapping change took place in 1999. This permitted
fine tuning of the record. The broad continental and hemispheric assessments
of snow extent that were done previously are still valid.

The MODIS snow-cover record (24 February 2000 to the present) is
produced by means of algorithms that run in an automated-processing environ-
ment. The dataset has been reprocessed several times as algorithm improve-
ments have been instituted. Currently, what is called Collection S, or Version
S is the most recent. Automated algorithms have limitations, but in terms of
developing a CDR, they also have major advantages because even if an error
is found in the algorithm that produces the dataset, the entire dataset can be
reprocessed consistently. The consistency of the dataset is a critical feature of
a CDR.

The development of a snow-cover CDR poses many challenges (see, for
example, Hall and others, 2004). Many of those challenges have already been
uncovered and discussed in terms of the NOAA/NESDIS snow-cover record.
For example, the maps are produced manually and thus subject to different
interpretation of SCE; different satellites were used to produce the maps
during the period of record, and a variety of spatial resolutions was employed.
In addition, the seamless stitching together of entirely different datasets—for
example, the Rutgers and the MODIS SCE datasets—poses further challenges.
There may never be long-term datasets that fit together seamlessly. Therefore, a
key element of a CDR is that the errors will change over time (and hopefully be
reduced) and that sources and magnitude of errors must be specified for each
part of the CDR.

Conclusions

Much effort has gone into the measurement of snow cover from the
ground and from space because of the influence of snow cover on the Earth’s
global climate and the key role of snow in providing water for human use.
Progress has been made in quantifying the amount of water in a snowpack
and in measuring interannual variability and trends in snow cover—espe-
cially in the Northern Hemisphere, where most of the seasonal snow cover
is found. Visible, near-infrared, and microwave sensors are all useful for
SNOw-cover measurements.
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Interannual to multidecadal variability in Northern Hemisphere conti-
nental SCE has been monitored throughout the past 40 years of the satellite
era. NOAA/NESDIS visible/near-infrared derived snow maps have been used
since late 1966, and passive-microwave snow mapping began in 1979. Along
with considerable interannual variations, a significant reduction in SCE extent
occurred between the first two decades of observation and the most recent
two. This reduction has been recognized over both Eurasia and North America
and is evident from late winter to early summer.

Various studies based on satellite data, employing both visible/
near-infrared and passive-microwave snow maps, show that the Northern
Hemisphere annual snow-covered area has decreased (Robinson, 1993b;
Brown and Goodison, 1996; Hughes and Robinson, 1996; Hughes and others
1996; Frei and others, 1999; Brown, 2000). Using passive-microwave snow
maps, Armstrong and Brodzik (2001) showed a reduction of about 2 percent
per year from 1978 to 1999. Since the late 1980s, SCE has declined in spring
and summer but not substantially in winter. Whereas maximum SCE occurred
frequently in February early in the satellite era, the seasonal maximum has
occurred almost exclusively in January since the rather abrupt spring shift
between 1986 and 1988. Between 1967 and 1986, mean annual SCE was
24.4x10°¢ km? Since 1988, the mean annual extent has been 23.1x10° km?, a
statistically significant (t test, p < 0.01) reduction of approximately S percent
(Robinson and Frei, 2000).

In the Southern Hemisphere, seasonal snow cover is greatest in South
America, but it also occurs in Australia, New Zealand, and a few other mostly
high-elevation locations (for example, in Africa and in Irian Jaya, Indonesia).
The absence of sustained observations in the Southern Hemisphere makes it
difficult to ascertain anything but the most general of knowledge regarding
interannual variability of extent.

Enhancements to the current suite of sensors that measure snow cover
will take place in the future, most likely in the active-microwave realm.
Scatterometer data and Ku-band SAR data both have potential to refine
measurements of snow-covered area even beneath cloud cover and to provide
higher resolution snow-cover mapping in mountainous areas. With these
sensors, great potential exists to improve the measurement of SWE. Similarly,
increasing temporal and spatial resolution characteristic of visible and near-
infrared sensors will result in increased detail in snow-cover maps. Visible,
near-infrared, and microwave satellite data and ground measurements capable
of ingest into hydrologic models will improve the derivation of SCE and SWE
over time.

Because several decades of visible/near infrared and passive-microwave
data of global SCE are now available, development of CDRs is now feasible.
With the advent of MODIS global snow-cover maps in 2000 and future
availability of maps from the National Polar Orbiting Environment Satellite
System (NPOESS), the CDRs can be continued into the future. With these
better controlled records, we should be able to detect trends, if applicable, in
global snow cover and perhaps relate those trends to changing climate, thus
improving our understanding of the complex relationship between global snow
cover and global climate and climate change.
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