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Abstract:

The snowfall in the Baltimore/Washington metropolitan area during the winter of 2009/2010 was unprecedented and caused
serious snow-related disruptions. In February 2010, snowfall totals approached 2 m, and because maximum temperatures were
consistently below normal, snow remained on the ground the entire month. One of the biggest contributing factors to the
unusually severe winter weather in 2009/2010, throughout much of the middle latitudes, was the Arctic Oscillation. Unusually
high pressure at high latitudes and low pressure at middle latitudes forced a persistent exchange of mass from north to south. In
this investigation, a concerted effort was made to link remotely sensed falling snow observations to remotely sensed snow cover
and snowpack observations in the Baltimore/Washington area. Specifically, the Advanced Microwave Scanning Radiometer
onboard the Aqua satellite was used to assess snow water equivalent, and the Advanced Microwave Sounding Unit-B and
Microwave Humidity Sounder were employed to detect falling snow. Advanced Microwave Scanning Radiometer passive
microwave signatures in this study are related to both snow on the ground and surface ice layers. In regard to falling snow, signatures
indicative of snowfall can be observed in high frequency brightness temperatures of Advanced Microwave Sounding Unit-B and
Microwave Humidity Sounder. Indeed, retrievals show an increase in snow water equivalent after the detection of falling snow. Yet,
this work also shows that falling snow intensity and/or the presence of liquid water clouds impacts the ability to reliably detect snow
water equivalent. Moreover, changes in the condition of the snowpack, especially in the surface features, negatively affect retrieval

performance. Copyright © 2011. This article is a U.S. Government work and is in the public domain in the USA.
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INTRODUCTION AND BACKGROUND

Maryland, Delaware, much of Virginia and southeastern
Pennsylvania were in the maximum snowfall zone for the
two early February nor’easters (2010) that moved up the
Atlantic seaboard of the USA. Both storms were classified
as major snowstorms (Category 3 of 5) on the Northeast
Snowfall Impact Scale (Figures 1 and 2). These record-
setting snowfalls permitted us to assess sensor performance
and algorithm maturity of falling snow and snowpack
retrievals during extreme snow events. This paper is the first
to link Advanced Microwave Sounding Unit-B (AMSU-B)
remote sensing observations of falling snow to retrieved
snowpack characteristics.

The purpose of this paper is to determine the utility of
AMSU-B, Microwave Humidity Sounder (MHS) and
Microwave Scanning Radiometer (AMSR-E) sensors in
making snowfall and snow water equivalent (SWE)
measurements over the relatively challenging Baltimore/
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Washington and Chesapeake Bay areas, where snowfall
often mixes with rain, snow cover is generally patchy and
a true multilayered snowpack is rarely established. For
this investigation, satellite passive microwave radiometers
(AMSR-E, AMSU-B, MHS) that respond to the medium
within the field of view (atmosphere, clouds and surface)
were used to detect falling snow and to observe snowpack
properties. None of these sensors were specifically
dedicated or designed to observe only snow. Neverthe-
less, each one is very near to the optimum frequencies/
wavelengths required for observing snowfall and SWE.
According to Gutowski et al. (2008), large snowfalls from
winter storms are more likely to be attendant with a warming
climate, with increases in both snowfall amounts and
frequency of occurrence. If this is in fact the case, the historic
snowstorms of 2010 in the Middle Atlantic States of the
USA as well as in parts of Western Europe, and the 2011
storms in the US southern plains, portions of New England
and the UK, may not just be statistical outliers but, instead,
events worthy of additional examination and monitoring.
East coast snowstorms (east coasts of North America and
Eurasia) are perhaps the biggest snow makers anywhere in
the world for near sea level locations. Although they do not
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Figure 1. Snow on the ground following the first major snowfall of February 2010 (NOAA, February 2010). Ten inches of snow is equal to
approximately 25 cm
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Figure 2. Snow on the ground following the second major snowfall of February 2010 (NOAA, February 2010). Ten inches of snow is equal to
approximately 25 cm

typically contribute significantly to the annual water supply  affect the Middle Atlantic region, we could only study
of the Middle Atlantic or New England regions, forinstance, these storms after the fact. Furthermore, because no
they can and do bring economies to a standstill. planned/funded field programmes were in place that

Because we did not have the luxury of knowing long would allow us to quantitatively assess the effectiveness
enough in advance that such historic storms would indeed of the snowfall and SWE algorithms (simple models
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designed to derive certain parameters) and to validate
their performance during an entire winter season, the
results shown here are limited by a lack of available data.

The intent of this work is not to show the relationship
between passive microwave-derived snow retrievals and
measured SWE or snow depth (SD). It has been long
established that such relationships exist. Dozens of
regressions have been performed over the past 30 plus
years (e.g. Foster et al. (1984), Kelly et al. (2003),
Hallikainen et al. (2004) and Chang et al. (2005)).
However, there is also a growing set of literature
describing shortcomings, systematic errors and uncertain-
ties in SWE algorithms that use passive microwave data
(e.g. Walker and Goodison (2000), Foster et al. (2005),
Davenport et al. (2010), Clifford (2010) and Tedesco
et al. (2010)).

Meaningful relationships between passive microwave
brightness temperatures (Tb) and falling snow have been
proven to exist (e.g. Skofronick-Jackson, et al. (2004),
Chen and Staelin (2003), Kongoli et al. (2003)). Rather,
we will show that falling snow signals can be detected
with microwave sounders where snow on the ground is
retrieved from microwave radiometers. Because both
snowfall and SWE algorithms are, in general, insensitive
to small amounts of snowfall/snow on the ground, larger
snowfalls in data-rich areas provide an opportunity to
assess how they will work in more optimal conditions. If
they perform poorly under these conditions, it is highly
unlikely that they will be useful in more ordinary snow
events. However, for SWE retrievals, even in extreme
events where signals are strong, liquid clouds as well as
surface and snow variability adversely impact the SWE
and snowpack retrieval performance. On the other hand,
for falling snow detection, dry atmospheric conditions
and snow-covered surfaces reduce the effectiveness of
the falling snow detection algorithm. But, intense fall-
ing snow events, such as the February 2010 storms
investigated in this study, can overcome these limiting
factors in snow detection retrievals. In such cases, there is
the potential for real-time detection of snowfall amounts/
intensity over large geographic areas.

This paper begins with a section describing the weather
conditions and snowstorm characteristics and then
Sections on Sensors and Algorithms, Results, Discussion
and Conclusions.

STORM CHARACTERISTICS

On 5-6 February 2010 and then again on 9-10 February
2010, there were two major snowstorms affecting the
Washington DC metropolitan area. In both storms, but
more notably the first, the polar jet stream was positioned
to favour a storm track that moved along the coastal
Southeast and Middle Atlantic regions, drawing moisture
from both the Gulf of Mexico and the Atlantic Ocean.
Atmospheric water vapour was drawn northward not only
from the Gulf of Mexico but also from the western
Caribbean Sea. Unlike most years, these lows did not
track along the coast toward New England but instead
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idled off the Middle Atlantic region (Cape Charles and
Cape Hatteras), which often serves as a focal point for
cyclogenesis (Kocin and Uccellini, 2004a), before head-
ing out to sea. It is off these concave-shaped capes that
East Coast storms markedly deepen.

The twin storms set all-time records at Marshall/
Baltimore—Washington International Airport (BWI),
where 63cm was measured in the first storm on 5-6
February 2010 and at Dulles International Airport (IAD),
about 48 km west of Washington, where 81 cm of snow
fell, easily surpassing the previous record by 23cm.
Reagan National Airport (DCA) received 45 cm (Figure 1;
Kocin and Uccellini, 2004b). In round two on 9-10
February 2010, BWI recorded nearly 50cm, and both
IAD and DCA registered approximately 30 cm (Figure 2).
In this second nor’easter, because atmospheric pressures
were lower in the storm centre and pressure gradients
steeper, strong winds were prevalent and blizzard
conditions (wind gusts over 15.6m/s for 3h or longer
and visibility less than 0.6km) were encountered for
much of the event.

Accumulations at a number of locations in the Baltimore/
Washington area exceeded 135 cm during the 6-day period
from 5 to 10 February. Less than 5cm of snowfall was
recorded at the aforementioned stations after 10 February.
Not surprisingly, these snow events caused significant
impacts to transportation; some roads were not ploughed for
a week, and some public schools were closed for 10 days.
During the 2009/2010 season, DCA’s snow total of 149 cm
bested the previous snowiest winter mark set in 1898/1899.
BWI and IAD easily broke their prior snowfall records,
observing 203 cm and 196 cm, respectively.

February weather conditions

February 2010 was the snowiest month ever recorded
at nearly every meteorological station in Virginia,
Maryland and Delaware and at numerous stations in
New Jersey and North Carolina. Although a wet month, it
was not exceptionally wet, but nearly all of the
precipitation fell as snow. Monthly precipitation (melted
snow) at IAD was 11.76cm or approximately 7.75cm
above the 30-year mean, and at BWI, 10.54cm was
observed or approximately 3 cm above the 30-year mean
(NOAA, 2010; Smith, 2010).

There were no remarkable cold air outbreaks; rather,
prolonged cold gripped the region. During February,
temperatures were consistently below normal nearly
every day the entire month. At BWI, the average
maximum temperature was 3.2°C and the average
minimum was —4.4°C, approximately 4.5 and 1.2°C
below normal, respectively. Moreover, the maximum
temperature never exceeded 10°C. At DCA, the average
February maximum temperature was 4.1 °C (4.0 °C below
normal) and the average minimum was —2.1°C or 0.9 °C
below normal (NOAA, 2010; Smith, 2010).

Persistent cold together with the abundant snowfall
permitted snow to remain on the ground throughout
the month and into early March, at least on north-facing
slopes and in areas away from buildings. For example, at
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BWI, the average monthly depth was 28 cm; at Dulles, it
was 25 cm and at DCA, it was 20 cm. The maximum SD
at BWI and IAD was 86 and 66 cm, respectively (NOAA,
2010). These lingering snowpacks allowed us to retrieve
SWE from AMSR-E for extended periods.

Atmospheric circulation

The Arctic Oscillation (AO) or Northern Annular Mode
is the dominant mode of Northern Hemisphere extratrop-
ical climate variability (Thompson and Wallace, 2000).
One of the biggest contributing factors to the unusually
severe winter weather in 2009/2010, throughout much of
the middle latitudes, was the unusually high pressure at
high latitudes and low pressure at middle latitudes,
forcing a persistent exchange of mass from north to south.
This seesaw pressure pattern is a signature of the AO
index (Cohen et al. (2010) and Seager et al. (2010)).

During the winter of 2009-2010, the major telecon-
nection patterns of the Northern Hemisphere, El Nifio/
Southern Oscillation and the AO were of moderate to
strong amplitude. When El Nifios are in place, the
southeastern US tends to receive more precipitation in
winter than normally would be expected. The observed
AO of 2009-2010 was a record negative value going back
to at least 1950 (Cohen et al., 2010). Often during
negative AO winters, Arctic outbreaks (colder air) are
more frequent in the eastern US.

Cohen et al. (2010) showed that the dominant Northern
Hemisphere winter circulation pattern originated with a
two-way stratosphere—troposphere interaction that was
forced by Eurasian land surface and lower tropospheric
atmospheric conditions during autumn. The negative AO
was observed throughout the troposphere. This is
expected as Baldwin and Dunkerton (1999, 2001)
demonstrated that the AO is often of coherent phase
throughout the atmospheric column. In fact, the surface
AO can be traced back in time to originate in the middle
stratosphere. It propagates through the lower stratosphere
and then through the entire troposphere on a timescale of
1-2 weeks. This atmospheric configuration, having a fully
coupled troposphere and stratosphere and related to a
strongly negative AQO, forced Arctic air unusually south.
Using a skillful winter temperature forecast, it was shown by
Cohen et al. (2010) that the AO in 2009/2010 explained a
greater variance of the observed temperature pattern across
the extratropical landmasses of the Northern Hemisphere
than did El Nifio/Southern Oscillation.

SENSORS AND ALGORITHMS

For detecting falling snow

The atmospheric water vapour AMSU-B sensors on the
NOAA-15, NOAA-16 and NOAA-17 satellites, along
with the MHS on the NOAA-18 and European meteoro-
logical operational satellites, are cross-tracking, scanning,
passive microwave sounders (e.g. Ferraro et al., 2005).
The channel resolution is ~16km at nadir and ~26 km at
the furthest scan angle along track. In fact, the original
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design purpose of the AMSU-B/MHS sensors was to
measure water vapour profiles. However, the 89, 150,
183 £ 1, 3, +7 GHz channels of AMSU-B can also be
used to detect and estimate falling snow (e.g. Skofronick-
Jackson et al., 2004; Noh et al., 2009) as can the AMSU-
B follow-on MHS instrument, which employs frequencies
of 89, 157, 183 £1, 43 and 190 GHz. The channels at
frequencies near the water vapour line of 183.3 GHz are
quite opaque because of atmospheric absorption and are
generally referred to as sounding channels, in contrast to
the more transparent channels at 89 and 150 GHz as well
as the AMSR-E channels that fall in the window region of
the atmospheric absorption spectrum.

An AMSU land snowfall detection (LSD) product
(Kongoli et al., 2003) is generated operationally at the
National Environmental Satellite, Data, and Information
Service of the National Oceanic and Atmospheric
Administration. For more on this, see http://www.osdpd.
noaa.gov/ml/mspps/rainprd.html. A set of statistically
derived criteria involving all five of AMSU-B/MHS
channels and the 23.8 and 53.6 GHz channels on
AMSU-A is employed to detect snowfall and filter out
false detections triggered by snow on the surface. In
general, the LSD algorithm is robust at capturing different
types of storm events with a low false detection rate
(Kongoli et al., 2003). However, false detections are still
noticeable when snow is misclassified as rainfall, or snow
on the ground mimics snow in the atmosphere.

An improvement was recently made to the LSD
algorithm by utilizing the temperature and water vapour
profiles from the Global Data Assimilation System dataset
(Yan et al., 2008). A set of criteria for temperatures at
700 and 850mb and the surface is set to reclassify
precipitation type. For detected snowfall, relative humid-
ity at 700 and 850 mb is used to mitigate false detections.
The improved LSD algorithm was tested and reported
herein on the 5—6 February snowstorm.

There are several conditions that can affect the falling
snow detection performance. The surface conditions and
the type and vertical structure (total ice water path in the
cloud and cloud depth) of a snow event (e.g. lake effect,
synoptic, blizzard) affects the observed Tb wvalues
(Skofronick-Jackson and Johnson, 2011). As such, the
performance of falling snow retrieval algorithms is
dependent on the surface, atmospheric and snow—cloud
conditions. Although SWE retrievals rely on channels less
than or equal to 89 GHz (e.g. AMSR-E), these lower
frequency channels are extremely sensitive to the
condition of the snowpack and the ground during falling
snow events. During liquid rain events, these channels
respond strongly to the absorption and emission from rain
drops, which obscure the surface. On the other hand, the
higher frequency channels (i.e. AMSU-B/MHS), both
sounding and window channels, are sensitive to frozen
hydrometeors in clouds.

It should be mentioned that in lighter snowfall events,
the contrast is not strong between the signal from falling
snow and snow cover on the ground. This makes it
difficult to distinguish (detect) falling snow over snow-
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covered surfaces, especially for the 89 and 150 GHz window
channels. In addition, the footprints of AMSU-B/MHS
range between ~16 km at nadir and ~26 km at the edge of
the cross track scan. There can be considerable variability
in the scene’s surface and atmospheric features within
these larger footprints.

SWE retrievals

The AMSR-E, on board the Earth Observing System
Aqua satellite, was launched in 2002. It is the most recent
addition to the passive microwave suite of instruments,
sensing at the frequencies of 6.9, 10.7, 18.7, 23.8, 36.5
and 89 GHz. AMSR-E snowpack products (Kelly et al.,
2003, Kelly, 2009) are archived and distributed through
the National Snow and Ice Data Center and are available
in the Equal Area Scalable Earth Grid projection (at a
25km x 25km grid scale). Equal Area Scalable Earth
Grid is based on the Lambert Azimuthal Equal Area
projection.

In essence, to derive SD, we examine how microwave
energy at the various AMSR-E channels is scattered by
snow crystals. The greater the depth or density of the
snowpack, the more snow crystals are available to scatter
the upwelling microwave energy and thus, the lower the
Tb. Differences in Tb between channels are used to
estimate SD. In the AMSR-E algorithm we employ, if the
18 GHz (vertical polarization) frequency Tb is greater
than 252K and the 36 GHz (vertical polarization)
frequency Tb is greater than 245K, SWE is considered
to be zero. The effects of fractional forest cover and forest
density on SWE retrievals are also considered by utilizing
the University of Maryland Vegetation Continuous Fields
data product (Hansen et al., 2003). The difference
between the 18 and 36 GHz channels to maximize spatial
resolution in forested areas and the use of 10V-36V
(increased dynamic range) and 10V-18V for deep snow,
is scaled through optimization of validation data —
optimized empirically based on 2002-2003 in situ data.
The inverse of the polarization difference was logged
(base 10), and this value was used in the expression.

Melting snowpacks cause the algorithm to report too
little snow as the loss tangent increases rapidly, and thus,
the scattering albedo is near zero (Foster, 1995). For more
about the AMSR-E algorithm, see Kelly (2009).

For estimation of SD, the following general procedure
is followed:

SD = f/(SDy) + (1 — ) * (SDy) )
where SD is the total sample snow depth, SDy is the SD
from the forest component of the instantaneous field of
view and SD, is the SD from non-forested component of
the instantaneous field of view. The quantity ff is the
forest fraction (where 1.0=100% forest fraction and
0.0=0% forest fraction).

SD¢lem] = 1/log;o(polss) 2)
*(Tbigy — Tbsgy)/(1 — fdx0.6)
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SDO [cm] = [1/10g10(p0136)X(Tb10V — Tb36v)} (3)
+([1/logo(pol;5)x(Tbigy — Tbigy)]

where fd is the forest high spatial resolution (500 m)
density (g cm ™) from the Vegetation Continuous Fields
data product (Hansen et al., 2003), circularly smoothed
at 15-km diameter and re-gridded globally in 1-km grid
cells. In Equations [2] and [3], pol3s=Tbzgv—Tbsen
(note that if polsg<1.1, then polzg=1.1 to ensure
log (polzg) >0) and pol;g=Tb,gy—Tb;gy (note that if
pol;g < 1.1, then pol;g=1.1 to ensure log (pol;g) > 0).

Snow water equivalent is estimated as the product of
SD and snow density. To convert SD to SWE, density
measurements from data sets of Brown and Braaten
(1998) were mapped to the Sturm et al. (1995) seasonal
snow classification. For more detailed information about
passive microwave algorithms, see Foster et al. (1997)
and Kelly (2009).

Passive microwave snow data products are available
globally, every day. The data are projected into 25-km
grid cells of the Equal Area Scalable Earth Grid,
according to the geographic coordinates of the centre of
the field of view of the radiometers. Clouds and dark-
ness generally do not preclude snow detection in the
microwave frequencies employed by AMSR-E.

There are several concerns when retrieving SD and
SWE from passive microwave algorithms (Clifford,
2010). As mentioned, meltwater in the snowpack can
raise the microwave Tb, especially at frequencies above
about 30 GHz. SWE is difficult to extract under these
conditions; therefore, to minimize the mapping of wet
snow, only nighttime data have been used in this study.
This alleviates snowmelt effects because refreezing
occurs at lower nighttime temperatures (Derksen et al.,
2000; Foster et al., 2005). Additionally, emission from
trees can seriously confound the scattering signal of
snowpacks (Foster et al., 2005). SD and SWE beneath
the most densely forested stands that exist in portions
of the Middle Atlantic region will not be accurately
estimated. Moreover, large bodies of water, such as
the Chesapeake Bay and wide-mouthed rivers that
empty into it, may affect our ability to estimate SWE
if water covers more than approximately 10% of the
pixel area.

RESULTS

In this section, we report the results for falling snow and
SWE retrievals. For the falling snow retrievals, because
the second event had blizzard conditions with significant
blowing snow, which would confuse near-surface snow
detection, we focused on the results for the 5-6 February
2010 storm. The time series of snowfall rates for this
storm at BWI (39.2°N, 76.7°W), IAD (38.95°W, 77.45°)
and Charlottesville (CHO) (38°N, 78.5°W) are shown in
Figure 3; the locations of these stations are shown in
Figure 4(b). For the snowpack retrievals, we chose to
present results starting in early February and through
early March to investigate the transitioning of the
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Figure 3. Time series of hourly snow accumulation (water equivalent) at

Marshall/Baltimore—Washington International Airport, Dulles International

Airport and Charlottesville, VA during the 5-6 February snowstorm. The
origin corresponds to 5 February at 00:00 UTC. The local time is UTC minus 5 h

snowpack, SWE and SD, through the two major snow
events and subsequent freezing and melting cycles.

Falling snow observations and results

The images in Figure 4 show the 150 GHz Tbs for
selected AMSU-B and MHS overpasses on 5—-6 February
over the Baltimore/Washington area. The 150 GHz
channel shows a strong response (cooling) when falling
snow is present and produces a decrease in the Tb of
30-60 K (Figure 4(b)-(h)) below the background
temperature of ~250 K, which was based on Tbs during
clear air overpasses prior to the 5-6 February storm.
The 89 and 183 + 7 GHz channels (not shown) are also

(a) AMSU-B 4 Feb 23:43

responsive to falling snow. In clear air, however, snow-
covered and ice-covered land surfaces can have similar
Tbs as when falling snow is present. For example, on 4
February (Figure 4(a)), when the ground was relatively
snow-free, the Tbs are warmer than 240 K, whereas on 7
February, after the snow has been deposited (Figure 4(i)),
the Tbs are colder than 240 K, with the exception of the
lowermost portion, which is likely moist soil or a melting
snowpack.

High variability exists in the observed 150GHz
conditions because of falling snow and surface emission
within the field of view. With overpasses near 0600,
1800, 2100 and 2300 coordinated universal time (UTC),
the diurnal temperature conditions also affect the surface
temperatures and hence, the surface emission, which is
essentially a product of surface temperature and emissiv-
ity. Local time is UTC minus 5 h, so the 2100 UTC time
is 1600 local time, near the warmest part of the day and
may be a prime reason that Figure 4(b)—(d) and (g)—(i)
have warmer Tb values in the southern regions of the
image. Another part of this variability is because of the
cross-track scanning nature of the AMSU-B/MHS
instrument that causes mixing of polarizations and slant
path angles through the falling snow cloud profiles.

Figure 5 shows the time sequence of the detected
snowfall (blue colours) for this storm along with ground
observations (closed stars in Figure 5) where falling snow
was measured. The majority of the areas where snowfall
is occurring (compare the blue coloured detection areas in
Figure 5 with the closed stars) were captured by the
satellite algorithm from the onset of the storm, around

{c) AMSU-B 5 Feb 21:53

180 K

210

240 270 K

Figure 4. Advanced Microwave Sounding Unit-B and Microwave Humidity Sounder 150 GHz time series for 5—6 February 2010 showing decreases in
brightness temperature when falling snow is present. The local time is UTC minus 5 h. The images at (b)—(h) roughly correspond to Figure 3 times of 18,
22, 24, 31, 32, 42 and 46 h, respectively
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Figure 5. Time sequence of Advanced Microwave Sounding Unit/Microwave Humidity Sounder detected snowfall for the 5-6 February 2010
snowstorms with ground observations

1800 UTC on 5 February to about midnight of the same
day. The undetected snowfall areas increased progres-
sively afterwards, with the 1010 UTC pass on 6 February
missing most of the snowfall in the study area. The
snowfall detection recovered gradually from this point on.

The diminished performance of the LSD algorithm was
attributed to the incursion of a dry air mass at least at middle
troposphere and above (Figure 6). Because the 183 sounding
channels and 150 GHz channel are heavily influenced by
water vapour, the Tbs at these channels become warmer in a
drier atmosphere, and the signal from snowfall weakens
significantly (Figure 4(e) and (f)). Under such a condition,
the interrelationships of the channels no longer satisfy the
prevailing snowfall conditions for which the LSD algorithm
was developed, causing poor detection performance. It is
noted that the LSD algorithm worked well throughout this
snow event in the Pennsylvania area, where water vapour
was consistently high. Similar results are expected for the
snow event during 9-10 February, although the blowing and
drifting snow encountered during this storm adversely
affected ground truth measurements and observations of
near surface versus atmospheric falling snow. No other
snowfall events during the month were intense enough to
be detected.

Snowpack observations and results

The image sequences in Figure 7 show SWE values for
the period from 1 February 2010 to 3 March 2010. SDs

Copyright © 2011. This article is a U.S. Government work and is in the public domain in the USA.
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Figure 6. Time sequence of the GOES-11/GOES-12 6.5 um (water
vapour channel) composite images for the 5-6 February 2010 snow-
storms. Colder temperatures (green) indicate more moisture in the mid-
troposphere and correlate with where the snow detection algorithm
performs well. Warmer (blue/yellow) temperatures indicate regions of
dry air and correlate with poor algorithm performance. These warmer
temperatures also appear in the 150 GHz brightness temperature images
in Figure 4e and f

Hydrol. Process. (2011)
DOI: 10.1002/hyp



I Lard
[T Orbit gap

= Water
[ Missing data

Figure 7. Microwave Scanning Radiometer retrieved snow water equivalent sequence from 1 February 2010 to 5 March 2010

derived from AMSR-E for four %4 degree x % degree
pixels immediately to the west of Washington, DC and
from ground-based observations within this area are
plotted in Figure 8. In early February, there were some
missing data as a result of orbital gaps and/or data not
being acquired because of sensor problems. However, on
the 7th and 8th, SWE values up to 60 mm (pale blue
colour) in central and southwestern Virginia are evident,
which correspond to the detection of falling snow on
6 February (Figures 4 and 5). There were no misidenti-
fications of snowfall — when snowfall was retrieved,
SWE was also retrieved. When comparing the AMSU-B
150 GHz image on 7 February (Figure 4(i)) with the SWE
image on the same day (Figure 7), the areas where SWE
exists are cooler in the AMSU-B image. Conversely, on

the lower right of this image (tidewater area of the
Chesapeake Bay), where SWE retrieved is zero, the Tb
values are highest in the AMSU-B images. Additionally,
the Moderate Resolution Imaging Spectroradiometer
snow cover map on 7 February 2010 (Figure 9) indicates
that this area is snow-free.

For the 5 and 6 February storm, AMSR-E retrieved
SD values for 25-km grid cells were plotted versus
interpolated SD values (over the same cells) from airport
weather stations, volunteer observers and cooperative
observing stations for Maryland and northern Virginia.
AMSR-E SWE was converted to SD by using a density
value of 250kg/m’. Although the maximum AMSR-E
estimates of SD were comparable with the maximum
interpolated in situ measured depths (76cm), because

g . AMSR-E snow depth versus snow observed at 3 ground stations
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Figure 8. Snow depth derived from Microwave Scanning Radiometer (cm) averaged over four pixels versus snow depth averaged for three observation stations
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Figure 9. Moderate Resolution Imaging Spectroradiometer fractional snow cover map for 7 February (left) and Microwave Scanning Radiometer snow

map also for 7 February. Note position of snowline (areas in black are snow-free). Pink colours on Moderate Resolution Imaging Spectroradiometer

image are clouds. As on previous figure, light blue colours represent snow water equivalent values of more than 60 mm and royal blue colours represent
snow water equivalent values of less than 10 mm. Green is snow-free land. Turquoise colours are pixels covered mostly or all by water

there was little variation in SD across Maryland and
northern Virginia with this storm, the correlation was
weak, 0.3. However, when only those pixels having
microwave-derived SD of more than 50 cm were used, the
correlation was much stronger, 0.675.

On 6 February and again on 10 February (Figure 7)
when heavy snow was falling, SWE is derived but the
values are negligible, despite the fact that well over 40 cm
of snow covered most of the Baltimore/Washington
region (Figure 8). For more about this, see the Section on
Discussion.

Looking at the images from 12 to 19 February in Figure 7,
it can be seen that now, SWE values exceed 100 mm in a
few pixels, and in central and southwestern Virginia, the
area of greatest SWE (60—100 mm) has expanded. However,
in the Baltimore/Washington vicinity, SWEs are much more
modest; <30mm. Both AMSR-E and the Special Sensor
Microwave Imager/Sounder, onboard the US Air Force
Defense Meteorological Satellite Program series of satel-
lites (Figure 10), portray similar geographic SWE distribu-
tions. Although there are numerous observing stations in the

densely populated Baltimore/Washington area, there are
few available measurements of SWE.

From 21 to 24 February (Figures 7 and 8), the
snowpack, although melting, did not completely melt
away as evidenced by the image of 26 February, which
has a strong SWE signature. This is discussed more in the
following section. It is curious that SWE is much more
obvious in the metropolitan Baltimore/Washington area
on 21, 26 and 28 February 2010, for instance, than earlier
in the month. The thickness of the pack did not suddenly
increase here nor were air temperatures colder.

For Figure 8, the AMSR-E pixels were selected in a
location free of bodies of water, dense forests and large
elevation differences. It can be seen from 1 to 19 February
that on those days when snow is detected on AMSR-E,
the station observations and passive microwave results
match up reasonably well — deep snow is recorded from
the station data and AMSR-E alike. However, later in the
month, the AMSR-E depths are much higher than the
station observations. Days when AMSR-E values are not
plotted are results of both a sensor anomaly (early in
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Figure 10. Special Sensor Microwave Imager/Sounder snow image for 12 February 2010
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the month) and orbital swath gaps over the Baltimore/
Washington area. Of course, it is less than ideal to
evaluate large-scale remotely sensed data with point data
(stations).

DISCUSSION

In general, the results of this particular case study show
promise that falling snow detection and SWE derivations
are possible in the rather complex physiographic con-
ditions found in the Baltimore/Washington DC area.
Increases in SD and SWE were retrieved following the
extreme snowfall events detected in early February 2010.
Nonetheless, interpretation of the passive microwave
SWE results is complicated by the changing snowpack
conditions and on the days of the biggest snows, by the
intensity of the snowfall and/or the presence of liquid
water within the storm clouds (Rosenkranz, et al., 1982).
Because of the extreme heterogeneity of the surface and

Feb. 6, 0206 UTC

150 GHz

N
&
~ 5
H
i ]
"
-

Feb. 6, 0637 UTC Feb. 6, 0735 UTC  Feb. 6, 1009 UTC

(B) Event of Feb. 10, 2010

atmospheric features over much of the study area
combined with the lack of ground truth, there is a degree
of conjecture regarding the discussion of the results.

On the two days having extremely heavy snowfalls
(snow falling in temperatures not far from 0°C and at
rates >2.5 cm/h), SWE from AMSR-E was not retrieved
(Figures 7 and 8). SWE retrievals from the AMSR-E
measurements (algorithm) on 6 February, near 0740
UTC, and on 10 February, near 0716 UTC, as presented
above, apparently failed during the passage of these
snowstorms. As an aside, Figures 5 and 6 show that there
were difficulties detecting the full spatial extent of the
6 February heavy snow events because of a drier
atmosphere at height in central and southern Virginia.

Figure 11(A) (6 February) and (B) (10 February)
examines the SWE issues in more detail by showing the
evolution of the snowfall events on the basis of the 89, 150
and 183.3+£7GHz channels of MHS, Meteorological
Operational Satellite Programs A and Special Sensor
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Figure 11. (A) and (B) for 6 and 10 February, respectively, showing the evolution of the snowfall events on the basis of the 89, 150 and 183.3 =7 GHz

channels of Microwave Humidity Sounder, Meteorological Operational Polar Satellite-2 and Special Sensor Microwave Imager/Sounder of Advanced

Microwave Sounding Unit-B. In the third column of both (A) and (B), a small area enclosed by the small white square in each map is selected for the

calculations of average brightness temperature of several Microwave Scanning Radiometer and Advanced Microwave Sounding Unit-B/Microwave
Humidity Sounder channels described in the text
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Microwave Imager/Sounder sensors of AMSU-B. Five
measurements (displayed as columns) from these high-
frequency channels over the approximate 10-h period
centred on the AMSR-E measurements have been selected
for illustration. For each event, three rows from top to bottom
give the Tb maps of the region in pseudocolour for the 89
(or 92H for the Special Sensor Microwave Imager/Sounder),
150 and 183.3 4+ 7 GHz, respectively. Note that the 150 GHz
channel clearly shows the strongest snowfall signals for
both events — it has considerably less water vapour
absorption compared with the 183.3 £ 7 GHz channel.

The first column of Figure 11 (A) shows that at 0206
UTC on 6 February, the snowfall event began to move
out of central Virginia on the basis of these high-
frequency channels and the images in Figures 4 and 5. By
0637 UTC, the snowfall signatures were mostly limited to
northern Virginia, central Maryland and to the northern
areas of the Delmarva Peninsula. The surface features for
most of Virginia were not visible from all channels,
apparently masked by the trailing cloud cover; the 89, 150
and 183.3 4+ 7 GHz channels showed nearly identical Tbs.
The Tb values averaged over a small area, as indicated by
the squares in the third column of Figure 11(A) and
selected in correspondence to high SWE retrievals on 7
and 8 February (Figure 7), give values of 268, 271 and
270K at 89, 150 and 183.3 £ 7 GHz, respectively. The
closeness in Tbs between the 150 and 183.3 +£7 GHz
channels strongly suggests absorption of radiation by
low-level liquid clouds or by precipitation (Rosenkrantz
et al., 1982). The corresponding AMSR-E measurements
over the same area at 0740 UTC give 265, 259, 266, 262,
272 and 271 K at 18.7V, 18.7H, 36.5V, 36.5H, 89V and
89H GHz, respectively. The 36.5 GHz Tbs, for either
vertical or horizontal polarization, are slightly higher than
those at 18.7 GHz — no snow is detected.

The evolution of the 10 February event shown in
Figure 11(B) is quite similar to that of the 6 February
event. The Tb maps in the first column show that the
snowfall began to move out of the region at 0018 UTC.
By 0223 UTC, snowfall was already east of the
Chesapeake Bay. Between 0652 UTC and 0736 UTC,
the 89, 150 and 183.3 =7 GHz channels again showed
nearly identical Tbs. The average Tbs over the same
selected area as in (A) give 266, 269 and 268 K for the 89,
150 and 183.3 £7GHz channels, respectively. The
closeness of the Tbs among these channels again suggests
low-level, liquid cloud absorption. The corresponding
AMSR-E average Tbs near 0716 UTC over the same area
are 264, 261, 266, 263, 271 and 270K for the 18.7V,
18.7H, 36.5V, 36.5H, 89V and 89hGHz channels,
respectively. For either polarization, the Tb values at
36.5 GHz are higher than those at 18.7 GHz.

For both events, the clouds containing liquid water
apparently play a major role in the failure of the AMSR-E
to retrieve SWE. The presence of liquid in the clouds also
affects the performance of the falling snow detection
because when liquid is present, events are screened out of
the detection process. The absorption coefficient of liquid
clouds is approximately proportional to the square of the
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frequency (Staelin et al., 1976), and because of this effect,
it has been shown that the presence of such clouds
strongly impacts the sensitivity of estimating SWE using
the radiometric measurements near 19 and 37 GHz (Wang
and Tedesco, 2007). This absorption-related increase in
AMSR-E Tbs at 18 and 36.5 GHz exceeded the
algorithm’s designated SWE threshold detection values
for these channels, thus rendering the retrieval ineffective.

Referring back to Figures 3 and 4 where the evolution
of snowfalls from the first event based on ground
observations at CHO, IAD and BWI were displayed,
the northeastward movement of the storm could be
clearly identified. At CHO, snowfall began before 5
February, peaked~1600h (0100 UTC on 6 February),
well before the time of the first column displayed in
Figure 11(A). By ~0500 UTC on 6 February, the intensity
of the snowfall dropped down to ~threshold of detec-
tion. As the storm moved northeastward and deepened,
with intensity peaking ~0600 UTC, snow accumulations
increased rapidly at BWI. The snowfall intensity reached
a brief minimum at~1300 UTC before rising again to a
moderate level. Snow continued to fall in the Baltimore/
Washington area for another 3—4 h before stopping. The
pattern of snowfall at IAD was quite similar to the pattern
at CHO and BWI, although the intensity was not as great.
The intensity here was, in general, between that of CHO
and BWI, indicating the storm’s northeastward move-
ment. All together, the snowfall at BWI lasted several
hours longer than at CHO, and total accumulations were
considerably higher at BWI (63 cm) than at CHO (32 cm).
The time history of Figure 3 during 0200-1200 UTC
on 6 February appeared to be relatively consistent with
the progression of the snowfall pattern displayed in
Figure 11(A) near these two stations — low Tbs in all three
channels.

Following the two big snow events, retrieved SWE
values in northern Virginia and central Maryland were
suppressed in early to middle February when a deep
snowpack was in place and buoyed later in the month and
in early March when the pack was ablating (Figures 7 and
8). Differences in snow crystal characteristics might either
suppress or boost retrieved SWE values, but it is unlikely
that changes in crystal structure as the snowpack evolves
are solely responsible for the somewhat perplexing results
noted here. It should be mentioned that Radio Frequency
Interference was investigated and is unlikely to play a
role in the reduced retrieved SWE amounts observed in the
densely populated Baltimore/Washington urban complex.
Radio Frequency Interference has previously been observed
to affect SWE and snowfall derivations (primarily at
10GHz) in and nearby large cities (Kelly et al., 2003;
Kidd, 2006). Another complication is directive effect of
building structures in an urban environment that can
change the overall emissivity of snow-covered urban areas.

In northern North Carolina and southern Virginia, sleet
and freezing rain mixed in with falling snow during the
two big storms, whereas further to the north, nearly all of
the precipitation fell as snow. In southern areas, it is
possible that retrieved SWE corresponds to the state of
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the snowpack at the time precipitation was falling rather
than to the actual depth of the snowpack and SWE. The
glaze or glassy surface that ensued following the icy
precipitation mix increased scattering, thus lowering Tb
and boosting the retrieved SWE values (Hall et al., 1984).

Later in February, in northern Virginia, Maryland and
southern Pennsylvania, snow that melted and then refroze
formed a surface layer of more than a centimetre in
thickness. Very little additional snowfall accumulated on
this layer, which behaved similarly to the icy surface
further to the south at middle month. Therefore, the
retrieved SWE values here as well as in south central and
southwestern Virginia were overestimated — the lower
Tbs were not entirely because of increased SWE but
rather to how the microwave signals were affected by icy
surfaces. See also Grenfell and Putkonen (2008) and Rees
et al. (2010).

The snowpack was melting from 21 to 24 February but
was still in place later in the month despite the absence of
a retrieved SWE signature on 23 and 24 February
(Figures 7 and 8). Above-freezing maximum tempera-
tures of between 6 and 8§°C and just above freezing
minimum temperatures slightly melted the pack on these
days, obscuring it from the AMSR-E sensor. When the air
temperature is at or above 0°C, the emissivity of a
snowpack increases with a corresponding increase in Tb.
Just 3% liquid water content will radically affect the
imaginary part of the dielectric constant of snow,
significantly increasing the snow absorption/emission,
resulting in higher Tb values for the same mass of snow
(Foster et al., 1997).

Falling snow observations and retrievals show that
falling snow signatures can be detected in high frequency
Tbs. It is encouraging that where falling snow is detected
(6 February — Figures 4 and 5), higher snowpack SWEs
are retrieved the next day. This study demonstrates that
the improved snowfall detection algorithm performs well
when there is sufficient water vapour in the atmosphere.
For example, snow is detected in Figure 5 and is
associated with limited ground truth (solid black stars
depicted in Figure 5), with greater consistency when
Figure 6 indicates a more moist atmosphere.

CONCLUSIONS

This study shows that despite the high variability of the
area being observed, there is consistency between falling
snow and snowpack retrievals. Where snowfall was
detected, SD and SWE were retrieved. However, both
the snowfall detection and SWE algorithms suffered
because of the high variability of snowfall intensity and
accumulation as well as the complex surface features in the
Baltimore/Washington area. On the two days when intense
snowfalls occurred, 6 and 10 February 2010, retrievals of
SWE were compromised. This was likely a result of
thermal emission from water droplets in low-level clouds
within portions of the storm, which acted to increase
AMSR-E Tbs, thereby rendering minimal or zero values
for SWE. The presence of such clouds strongly impacts the
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sensitivity of estimating SWE using radiometric measure-
ments near 19 and 37 GHz. Glaze or icy layers within and
on the surface of the snowpack served to increase
scattering, thus lowering Tb and boosting the retrieved
SWE values, first in southern portions of the study area and
then further north as the month of February progressed.
The performance of the SWE algorithm is uneven
because of the complexity and variability of the snowpack
and especially because it is likely that icy surfaces
resulted in an overestimation of SWE. Although features
including vegetation, terrain, open water and melting
snow can confound microwave algorithms, signatures
indicative of a substantial snowpack were observed
following the historical February snowstorms. It should
be mentioned that intense storms such as these are not
necessarily the ideal events for a complete algorithm
evaluation. Although the near optimal conditions permit-
ted us to examine snowfall and SWE where falling snow
and snow on the ground were well documented (if not
well instrumented), reliable remote sensing techniques
must capture nominal as well as extreme snow events.
Falling snow observations and retrievals show that,
indeed, falling snow signatures can be observed in high
frequency Tbs. The performance of the falling snow
detection was shown to be dependent on a few factors
including snow intensity and environmental conditions.
Light falling snow cannot be detected because the signal
is weak and environmental conditions such as dry air
mass incursions in the middle troposphere inhibit the
detection of falling snow. Performance of this algorithm
is expected to improve with additional knowledge about
falling snow intensity and the environmental conditions.
Research is ongoing to develop new approaches for
detecting snowfall in drier atmospheric conditions and to
handle the widely varying precipitation signatures. With
five operational satellites and up to ten global obser-
vations each day, the AMSU/MHS snowfall product
provides valuable and first-of-its-kind information on
winter precipitation at timescales of interest for this study.
It is expected that both the falling snow and snowpack
algorithms would be improved by combining the separate
retrievals. Making the algorithms more complementary and
physically based should be one of the main thrusts of future
efforts in this research area. Planning a field campaign to
look more closely at both falling snow characteristics and
snowpack properties is an important part of continuing this
work. The February 2010 case study investigated here can
be used as a starting point to pursue this further. Studies such
as this will be valuable in the build-up to NASA’s Global
Precipitation Mission and, if chosen, to the next European
Space Agency Earth Explorer, the CoOREH20 Mission.
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