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Abstract. Regional and local patterns in the formation, melt onset and
disappearance of coastal first-year sea ice (FYI) are observed in the Eurasian
Arctic using the C-band (5.3 GHz) European Remote Sensing Satellite (ERS)
radar scatterometers. Near-daily time-series (1991-1999) of the radar backscatter
coefficient normalized to an incident angle of 40° (¢”4) and the backscatter—
incident angle relationship (B) are examined for test sites near the Severnaya
Dvina, Mezen, Pechora, Ob’, Yenisei, Khatanga, Lena, Indigirka and Kolyma
rivers. Melt onset of the sea ice surface is associated with abrupt changes in 40,
with values converging towards ~—17dB. As such, whether backscatter
increases or decreases at melt onset is largely determined by contrast with
pre-melt backscatter levels. The presence or absence of FYI is designated from
low or high values of B, respectively, whereas the addition of an anisotropy
criterion further improves discrimination of FYI from open water. A strong
regional pattern is seen in the daily temporal variability of both melt onset and
ice cover, with maximum variability in the Barents and Kara seas and decreasing
variability eastward. Similarly, significant contrasts in the seasonal duration of
ice cover are found between western and eastern sites. Seasonal ice cover persists
~ 144 days for sites in the Barents Sea, but ~293 days for sites farther east in
the East Siberian Sea. We speculate that our observed west—east contrasts are
due to North Atlantic modulation of salinity, air temperature and cyclone
density. Rivers also exert a local effect on ice cover, causing earlier formation
(~4 days) and earlier disappearance (~17 days) near river mouths. The
hydrological influence of rivers is potentially strong in the Kara, Laptev and
East Siberian seas, but weak or absent in the Barents Sea.

1. Introduction

The response of sea ice to climate change is a critical topic in Arctic science, as
both model results (Ramanathan 1988, Manabe et al. 1991, Keeling et al. 1996) and
the observational record (e.g. Cavalieri et al. 1997, Johannessen et al. 1999,
Parkinson et al. 1999, Vinnikov 1998, Hilmer and Lemke 2000) indicate a broad
warming trend at high latitudes. Continued warming in the Arctic is expected to
have a significant impact on the continental shelves of the Arctic Ocean (Grebmeier
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et al. 1998), most of which are seasonally covered by coastal first-year sea ice (FYI).
Eurasia, in particular, contains the Earth’s largest area of contiguous shelf and is
also a major source of hemispheric sea ice (Forman and Johnson 1998). However,
regional and local controls on FYI cover must first be assessed before the effects of
global-scale climate change on Eurasian shelf ice can be identified or predicted.

Some of the greatest regional influences in the Arctic are those driven by North
Atlantic circulation. North Atlantic waters strongly influence the import of heat,
mass and salinity into the Arctic Ocean, with important consequences for arctic
climatology, sea ice stability, and poleward heat flux. Northward transport of
equatorial water raises North Atlantic surface water temperatures ~4°C compared
to similar latitudes in the Pacific (Levitus 1982, Weaver et al. 1999), warming the
winter climate of north-western Europe (Hall and Bryden 1982, Roemmich and
Wunsch 1985). North Atlantic sea surface temperatures regulate surface air
pressure patterns, the strength and location of westerlies, and cyclone tracks, all
impacting surface climate over northern FEurasia. Surface temperature and
precipitation anomalies in northern Eurasia have also been attributed to North
Atlantic influences, in both the instrumental data record of the last century (Peng
and Mysak 1993, Perlwitz and Graf 1995, Rogers and Mosley-Thompson 1995,
Griffies and Bryan 1997, Halpert and Bell 1997, Hurrell and VanLoon 1997, Clark
et al. 1999, Ye 2000) and proxy palacoclimate data throughout the Holocene
(Lehman and Keigwin 1992, Cook et al. 1998, MacDonald et al. 2000a, b, Snyder
et al. 2000). Atlantic modulation is thought to impart inter-decadal variability
between two major climate regimes across the Arctic (Proshutinsky and Johnson
1997, Polyakov et al. 1999, Proshutinsky et al. 1999), triggering a dominance of
either cyclonic or anticyclonic atmospheric circulation. In the past 30 years, North
Atlantic impacts on Arctic atmospheric circulation have shown large deviations
from normal with a cyclonic pattern of circulation persisting over the polar region,
resulting in unusually low pressure, strong subpolar westerlies and warm high-
latitude temperatures over land (Kerr 1999, Serreze et al. 2000). It has been argued
that this has further enhanced North Atlantic climatic influence in northern Eurasia
(Hurrel 1995, 1996, Hurrell and VanLoon 1997, Hakkinen and Geiger 2000). The
recent persistence of Arctic cyclone activity has also been linked to relatively large
reductions (particularly along the Siberian sector) in Northern Hemisphere sea ice
cover (Serreze et al. 1995a, Maslanik et al. 1996).

At the local scale, river influx also affects the formation and decay of coastal
FYI. A river-sea ice interaction model (Searcy et al. 1996) suggests that river
discharge provides half of the energy needed to melt ice cover in the nearshore
region. River floods may also flow out over the sea ice surface (Matthews and
Stringer 1984), adding thermal energy to the ice and also depositing sediments,
thereby reducing ice albedo (Walker 1998). Thermal input from the Mackenzie
River was shown to accelerate local sea ice disappearance by up to 14 days (Dean
et al. 1994, Searcy et al. 1996), although Dean et al. (1994) determine that ice
removal near the delta is actually initiated two months earlier than elsewhere. In the
Laptev Sea, Bareiss et al. (1999) report ice disappearance roughly three weeks
earlier in the vicinity of the Lena River, attributed to both thermal heat input and
overflooding of land-fast ice. Freshwater runoff also plays a fundamental role in
promoting sea ice formation on the shelf seas and the Arctic Ocean (Barry et al.
1993), where positive correlations between ice and river discharge anomalies are
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found at lags of 10-12 months (Holt et al. 1984, Manak and Mysak 1989).
Approximately 75% of the total terrestrial freshwater flux to the Arctic Ocean
originates in continental Eurasia, where ~70% of this Eurasian runoff is derived
from the Ob’, Yenisei and Lena rivers alone (Carmack 1990, Gordeev et al. 1996).
Hence, the effects of river influx on Eurasian coastal FYI may be particularly
evident.

The potential value of satellite radar scatterometer data in sea ice studies has
been recognized since early applications of Seasat data (Drinkwater and Carsey
1991). In the past decade, many studies have used data from the C-band European
Remote Sensing Satellite (ERS) scatterometers (Gohin and Cavanié 1994, Cavanié
1998, Drinkwater et al. 1998, Grandell et al. 1999, Drinkwater and Liu 2000, Haas
2001), the Ku-band National Aeronautics and Space Administration (NASA)
scatterometer (NSCAT) (Yueh and Kwok 1998, Ezraty and Cavanié¢ 1999a, Long
and Drinkwater 1999, Remund and Long 1999, Forster et al. 2001), or a
combination of the two (Ezraty and Cavanié 1999b, Remund et al. 2000) to
investigate sea ice melt onset, classification and extent in the Arctic and Antarctic.
Few of these scatterometer studies, however, focus specifically on the dynamics of
FYI and most investigate sea ice properties based on backscatter signatures only
(e.g. Cavanié 1998, Drinkwater et al. 1998, Ezraty and Cavanié 1999b, Drinkwater
and Liu 2000, Haas 2001). The Centre ERS d’Archivage et de Traitment
(CERSAT) French Processing and Archiving Facility (F-PAF) offers weekly sea ice
products of ERS backscatter (http://www.ifremer.fr/cersat/) from 1991-1996. Sheng
et al. (2002) provide one-day, three-day and seven-day products of ERS backscatter
in the Arctic from 1991-2000. The incident angle dependence of backscatter is also
shown to be valuable in sea ice applications. Gohin and Cavanié (1994) present a
first use of the ERS backscatter—incident angle relationship for sea ice detection.
Other backscatter—incident angle dependence algorithms have been presented with
varying success for ERS (e.g. Grandell et al. 1999, Remund et al. 2000). CERSAT
additionally offers weekly sea ice products (1991-1996) of the backscatter—incident
angle derivative at 28°.

In this study, we present a scatterometer algorithm similar to that used by
Grandell et al. (1999) to generate scatterometer data products with near-daily
temporal resolution. The algorithm uses radar backscatter, the slope of the
backscatter—incident angle relationship and anisotropy to infer the presence of sea
ice and the occurrence of melting on its overlying snow cover. Nine years of ERS
scatterometer data are used to (1) infer the extent of North Atlantic climatic
influences on Eurasian coastal FYI, and (2) examine effects of river influx on
coastal FYI in order to separate local variability from larger regional patterns. Both
goals are addressed by examining spatial patterns in sea ice formation, melt onset
and disappearance derived from the scatterometer data. The timing of these events
is determined for 18 sites spanning the northern Eurasian coast near the Severnaya
(Sev.) Dvina, Mezen, Pechora, Ob’, Yenisei, Khatanga, Lena, Indigirka and
Kolyma rivers, with one ‘river-distal’ (a) and one ‘river-proximal’ (b) site per river
(figure 1). Scatterometer observations of the 18 sites are compared with sea ice
concentration estimates derived from Special Sensor Microwave/Imager (SSM/I)
passive microwave satellite data, meteorological station air temperatures and river
discharge records.
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Figurel. Location of study areas. Scatterometer and passive microwave time-series are
averaged over the rectangular areas labelled 1-9, with one river-distal site (a) and one
river-proximal site (b) for each of the nine rivers studied. River-proximal sites are
located 50-250km from associated river mouths. River-distal sites are located an
additional 80-400km away from proximal sites. For sites 4, 5 and 6, irregular
coastlines constrained site placement, but in all cases, distal sites were selected so as
to minimize river influence. Circles represent meteorological and discharge stations
used in this study.

2. Data and methods
2.1. ERS scatterometry

The ERS wind scatterometers operate at C-band (5.3 GHz), with VV
polarization (vertically sent and received radar pulses), incident angles of 18-59°,
an illuminated swath width of 500km, an along-track and cross-track spatial
resolution of 50 km, and a processed pixel spacing of 25km (ESA 1993). Data are
available from both ERS-1 (1991-1996) and ERS-2 (1996-2001). Collection of
scatterometer data was suspended until further notice in January 2001, owing to the
failure of a digital Earth sensor and subsequent failure of a gyroscope.
Scatterometry offers distinct advantages over optical systems owing to its
independence from sunlight and cloud conditions and more frequent coverage
(near-daily at Arctic latitudes) than synthetic aperture radar (SAR). For each
imaged ground element, the scatterometer measures the backscatter coefficient 6’ of
a target from three directions, looking 45° (fore-beam), 90° (mid-beam) and 135°
(aft-beam) with respect to the satellite flight direction. The fore- and aft-beam
obtain data at nearly identical incident angles (ranging from 25-59°), whereas the
mid-beam obtains data at incident angles 7-12° smaller (ranging from 18-47°).
Therefore, for each imaged ground element, three independent ¢’ values are
obtained using three look directions at two different incident angles. Although the
primary purpose of the ERS scatterometers is to derive ocean wind products, their
frequent global coverage over land also allows investigation of soil, vegetation,
snow and ice dynamics at regional to continental scales (Wismann 1998). Here, we
use scatterometer data to investigate three distinct coastal FYI events: melt onset,
sea ice decay and sea ice formation. Exploratory methodologies for detecting these
states are presented in the following two sections.
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2.2. Radar backscatter and melt onset

With the arrival of above freezing air temperatures, the initial appearance of
liquid water at the surface of the snow pack overlying sea ice is easily detected as an
abrupt change in radar backscatter. Most commonly, backscatter is strongly
reduced (e.g. Winebrenner et al. 1994, Kwok et al. 1998, Yueh and Kwok 1998,
Long and Drinkwater 1999, Drinkwater and Liu 2000, Forster et al. 2001, Haas
2001), though backscatter increases are also reported (e.g. Barber et al. 1992,
Forster et al. 2001). This effect stems from an abrupt change in the scattering
properties of snow. Backscatter response from dry snow is dominated by volume
scattering. However, with the presence of liquid water, radar penetration depth
decreases considerably and surface scattering becomes dominant (Hall 1998). The
formation of even a thin layer of moist snow as temperatures rise above freezing
provides sufficient change in microwave signatures to detect this event (e.g. Shokr
and Barber 1994, Winebrenner et al. 1994, Barber et al. 1998).

In order to use scatterometer data to detect melt onset, incident angle effects on
backscatter must first be corrected. The correction is needed to mitigate backscatter
variations due solely to radar incident angle (0). Three independent backscatter
coefficients (00_/, ¢, o, where f, m and a are fore-beam, mid-beam and aft-beam,
respectively), each with an associated incident angle (0, 0,,, 0,), are simultaneously
obtained for each imaged ground element, or pixel. Incident angle effects on ¢’ may
be corrected for each pixel using a signal linearization method (e.g. Kennett and Li
1989, Long er al. 1993), which assumes a linear dependence of ¢’ upon 6. This
dependence is calculated by least-squares fit through the three simultaneously
obtained data points. This linear fit is then used to compute the ¢’ value predicted
for a 6 of 40°. The result, designated ¢”, is corrected for backscatter variations
caused solely by incident angle. Because each of our study sites contains a number
of pixels (ranging from 4 to 25), ¢’ pixel values within each site were averaged,
yielding a nine-year time-series of near-daily ¢4 for each of the 18 study sites.

2.3. Dependence of radar backscatter on incident angle

The dependence of backscatter on incident angle can be approximated by
assuming a linear fit through the three ¢” and 0 pairs acquired for each pixel, as
described above. In addition to being used to derive values of ¢”,, the slope of this
best-fit line also contains useful information about surface scattering properties and
can be described as (Gohin and Cavani¢ 1994):

¢’ =A+B0 (1)

where backscatter (¢”) is measured in dB, the intercept (4) in dB, the slope
parameter (B) in dB degree”! and the incident angle (0) in degrees. Like
backscatter, B is influenced by imaging geometry. The ERS satellites have a global
repeat-cycle period (i.e. a particular target is imaged with identical orbital
geometry) of 35 days. However, the large swath width of scatterometer data and
orbital convergence at high latitudes cause the sites in this study to be imaged
almost daily, but with differing viewing geometries. Thus, the target is imaged at
different positions within the image swath, resulting in variable incident angles.
This variation in incident angle from one overlapping orbit to the next should not
be confused with the simultaneous variation in incident angle (between 05, 0,, and
0,) described in §2.1. Therefore, incident angle variations may be separated into two
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categories: small variations (~0-12°) between 05 0,, and 0,, and potentially large
variations (~0-32°) caused by imaging geometry. Here, the latter effect (‘orbital
incident angle’ or 0,,;) is approximated as the average incident angle of the three
beams:

Oors = (07 + 0+ 04) /3 2)

Thus, B can be roughly thought of as the local derivative of the backscatter—
incident angle relationship at 0,,.

The 60,,, parameter exerts a strong effect upon B (figure 2). In winter, B displays
little dependence on 6,5, with most values falling between —0.1 and —0.4 across all
0., values (i.e. across the entire swath width or range of the scatterometer). In
summer, the magnitude of B is high at small 6,,, (near-range) and low at large 6,,,
(far-range). However, at high 6,,, B converges to similar values year-round
(figure 2). This phenomenon creates an ambiguity in deciphering B at larger 6,,,
values. Here, we employ a first-order correction designed to reduce the dependence
of B on 0, while still retaining all available data. The procedure is as follows
(figure 3). (1) For each site, B values (figure 3(a)) are separated into three categories:
near-range (0,,,<33°) (figure3(b)), mid-range (33°<0,,,<43°) (figure3(c)) and

B (dB deg'l}

g . (°)

orh

Figure2. Correlation of the slope parameter (B) and orbital incident angle (0,,;) for all 18
sites. Dependence of B on 6,,, is strong in August but weak in February. B values
converge to similar (low) values at high 0,,, year-round, creating an ambiguity in
interpreting the radar return.
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Figure3. Procedure used to convert B to the final normalized and corrected B* used to
extract dates of sea ice formation and decay. Data from site 9b are used in this
example. (a) B values. (b) B values separated into categories of B at near-range
(0,r5<33°); (¢) B at mid-range (33°<0,,,<43°); and (d) B at far-range (0,,,>43°). (e)
Corrected and collated B values. (f) Final B* time-series. See §2.3 for a more detailed
description of this procedure. Grey lines represent series means. 0,,, values are
represented as dots and are scaled at right.

far-range (0,,,>43°) (figure 3(d)). This roughly corresponds to a three-day cycle of
scatterometer imaging (e.g. where sites are imaged at near-range on day one, mid-
range on day two and far-range on day three). (2) Time-series for each category
(figure 3(h, ¢, d)) are normalized (divided by the series mean). (3) These three
normalized series are collated into one dataset, yielding a new, corrected time-series
for which first-order effects of viewing geometry on B have been removed
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(figure 3(¢)). (4) An empirically derived constant is subtracted from this corrected
series to facilitate direct comparison between sites. This constant is defined as two-
thirds of the difference between averaged August and averaged February corrected
B values within each dataset. This produces a final series of B* in which positive
values represent high B and negative values represent low B (figure 3(f)), making
seasonal transitions between negative and positive readily apparent. The empirically
derived ‘two-thirds’ constant allows for the best separation of summer and winter B
values by efficiently preventing the contamination of probable summer B values
from occurring during winter months and vice versa. The final B* time-series is
smoothed with a three-day filter for subsequent analyses.

2.4. Passive microwave, meteorological station air temperature, and river discharge
time-series

Scatterometer ¢”;) and B* time-series are compared with SSM/I Daily Polar
Gridded Sea Ice Concentrations, meteorological station air temperatures and river
discharge records (figure 1, figure4(a), (b), (¢)). SSM/I-derived sea ice concentra-
tions are based on the NASA Team Algorithm and provided by the EOS
Distributed Active Archive Center (DAAC) at the National Snow and Ice Data
Center, University of Colorado, Boulder, CO (Cavalieri et al. 1999). Here, the
25km x 25km sea ice concentration data are spatially averaged within the same
study sites defined for the scatterometer time-series (sites 1-9). Three-hourly air
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temperature data are obtained from the National Climatic Data Center (NCDC) at
Arhangelsk, Tiksi and Cerskij and converted into daily averaged values. Daily
discharge records from stations at Ust-Pinega, Malonisogorskaya, Oksino,
Salekhard, Igarka, Kusur, Vorontsovo and Kolymskaya are obtained from the
Global Runoff Data Centre (GRDC) in the Federal Institute of Hydrology,
Germany, with records extending at latest to 1994.

(a)

0’ (dB)
o R igh
=25 =20 15 -10 - L]

Figure5. (a) Monthly-averaged ERS scatterometer ¢”, maps of the Arctic from 60-90° N.
Most commonly, melt onset (June) is associated with ¢’ increases over first-year
ice (FYI). However, 6%49 decreases are found over FYT in the Barents Sea and over
multi-year ice (MY]) farther north. (b) Monthly-averaged ERS scatterometer B maps
of the Arctic from 60-90°N. High magnitude B values (open water) are found
along the Eurasian coastline in summer months, followed by low magnitude B values
(ice cover) in winter months.
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3. Results

3.1. Timing of melt onset, sea ice decay and sea ice formation

Scatterometer ¢’ and B* time-series show some striking correlations with daily
averaged air temperature and SSM/I sea ice concentration data (figure 4(a), (b), (¢)).
At eastern sites such as 9b and 7a, sharp increases in ¢’ (figure4(a)(i), (b)(i)) are
associated with above-freezing air temperatures (figure 4(a)(iv), (b)(iv)). The spatial
pattern of increased brightness over FYI caused by melt onset can be seen in
figure 5(a). However, at western sites such as 1b, above-freezing air temperatures
(figure 4(c)(iv)) correspond to a decrease in ¢’y (figure4(c)(i)). This signature is

(b)

B (B dep’y

high
-S04 A3 - 4l

Figure 5(b).
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noisy, though, and much less robust than the signatures at sites 7a and 9b. Summer
0’4 values fluctuate widely for all sites, as is typical for open water conditions.
Nevertheless, the arrival of above-freezing temperatures (melt onset) is associated
with an abrupt increase or decrease in ¢ . Time-series of ¢’y are constructed for
each of the 18 sites, by subtracting the nine-year ¢, mean from each ¢’ value,
then selecting the first date of two consecutive ¢’ values above or below this
mean. This allows consistent detection regardless of whether individual sites display
increased or decreased backscatter in response to melt onset (figure 6).

Backscatter alone cannot be used to detect the presence of sea ice because wet
and/or rough FYI can yield the high backscatter signatures also seen over wind-
roughened water. In turn, dry and smooth FYI can yield low backscatter signatures
also seen over calm water. However, the dependence of backscatter on incident
angle (B) does seem to be sensitive to the presence or absence of sea ice. High B
values are found along the Eurasian coastline in summer months, followed by low
B values in winter months when air temperatures again fall below freezing
(figure 5(b)). This pattern can also be seen in B* time-series (figure 4(a)(ii), (b)(i1),
(c)(i1)) that are negatively correlated with SSM/I sea ice concentrations
(figure 4(a)(ii1), (b)(iii), (c)(iii)). Positive B* values are associated with the absence
of sea ice, whereas negative B* values are associated with the presence of sea ice.
Annual transitions from positive to negative values also correlate well with the
persistence of below-freezing air temperatures (figure 4(a)(iv), (b)(iv), (¢)(iv)). These
transitions in B* are attributed to sea ice formation. Conversely, the annual
transitions in B* from negative to positive values are interpreted as the occurrence
of sea ice decay. Although the exact physical state of the sea ice during these
transitions is unknown, this study uses the terms sea ice decay and formation as
technical terms to describe when scatterometer data first show a dominant signal of
either summer or winter conditions, respectively.

Two physical mechanisms driving the observed variability of the slope
parameter B are surface scattering from open water and volume scattering from

200 = - . + . + e . — ——r
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180
=
& 171
-
e |61
= 150
=]
Z 140
—
230
=
Q120
- —}
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Figure 6. Inter-annual variability in melt onset, sites 4-9. Melt onset could not be determined
for sites 1-3. Central sites show highest inter-annual variability.
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ice and snow. The scattering behaviour of radar waves from rough and smooth
surfaces can be quantified through the use of scattering models that relate surface
roughness to radar backscatter (e.g. Ulaby er al. 1982). Surface scattering from a
smooth water surface produces high backscatter at small incident angles but
decreases sharply with increasing incident angle (yielding high B values). Volume
scattering from ice and snow displays little dependence on incident angle (yielding
low B values). Therefore, high B values represent open water and low B values
represent sea ice. Following our correction and normalization procedure of B time-
series (§2.3.), we ‘flag’ sea ice or open water conditions from negative or positive B*
values, respectively (e.g. figure 7).

Additional variability in B is introduced by the dependence of backscatter on
the azimuthal look direction of the three scatterometer beams (note the summer
variability in B* time-series, figure4(a)(ii), 4(b)(ii), 4(c)(ii)), an effect known as
azimuthal modulation (e.g. Early and Long 1997). The magnitude of this effect can
also help to differentiate sea ice from open water. With the incident angle
dependence of backscatter removed (§2.2.), backscatter returns are relatively similar
in all directions over sea ice and the azimuthal dependence of backscatter can be
assumed to be negligible (<1 dB) (Early and Long 1997). The azimuthal dependence
of backscatter over open water, however, can be extremely significant. This
behaviour is often described as the isotropic behaviour of sea ice and the
anisotropic behaviour of open water. The latter, caused by unidirectional wind
forcing of ocean waves, is what enables derivation of ocean wind fields from
scatterometer data. Wind-roughened water surfaces may cause enhanced back-
scatter in only one azimuthal direction, resulting in low B values similar to those of
sea ice. Relatively calm waters, however, result in high B values. This azimuthal
dependence of backscatter and resulting potential variability of B over open water
surfaces is apparent in the greater spread of B values for a given 0,,, during August
than during February (figure 2).

Owing to the isotropic scattering nature of sea ice surfaces, wintertime B* values
robustly detect sea ice (figure4af(ii), (b)(ii), (c)(ii)). Conversely, we find that the
anisotropic nature of open water surfaces can lead to erroneous detection of sea ice
in summer. To mitigate this result, we added the use of an anisotropy criterion to
our B* time-series. Because 0, and 0, are nearly identical and have azimuths 90°
apart, any azimuthal modulation of the imaged surface will be apparent in the
backscatter returns of these two beams (¢”; and ¢”,). Therefore, any difference in
oo_f- and ¢”, is a measure of surface scattering anisotropy:

0
a

3)

For the 18 sites in this study, 0,97(1 ranges from ~0-2dB (low anisotropy) over sea
ice and from ~0-7dB (high anisotropy) over open water. Following smoothing
with a three-day filter, G?'—a values greater than 2dB are considered water,
effectively overriding erroneous B*-derived sea ice flags. Figure7 presents the
derived time-series of the presence or absence of coastal FYI for all 18 sites. From
these time-series, dates of sea ice decay are identified as the first day when four of
six consecutive flags are designated water. Dates of sea ice formation are identified
as the first day following the last four of six consecutive water flags within the
season. Because the datasets are smoothed with a three-day filter, one outlying B*
value could result in three very high or very low adjacent values. Therefore,
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Figure7. Flags of open water and sea ice for all 18 sites, classified from B* time-series and
fore-beam-—aft-beam backscatter differences (aof_a). Each day contains only one water
or ice flag (high data density of these plots does not always permit individual flags to
be resolved). Western sites are more variable than eastern sites. The annual length of
ice cover also increases significantly from west to east.
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requiring that four of six consecutive flags be water or sea ice ensures that this is a
real and persisting seasonal transition. Figure 8(a) presents 1991-1999 averages of
the timing of sea ice decay and formation of coastal FYI for all 18 sites.

3.2. Regional patterns in melt onset, sea ice formation and decay

Although all of the coastal ice in the present study is considered FYI, radar
backscatter signatures of melt onset at western sites (1-4) are similar to those of
perennial multi-year sea ice (MYI). In MYI studies, melt onset is detected as a
sudden decrease in backscatter (e.g. Winebrenner et al. 1994, Yueh and Kwok 1998,
Long and Drinkwater 1999, Forster et al. 2001). Radar studies observing both MYT
and FYI note that the pre-melt backscatter for FYI is considerably lower than
MYT (e.g. Barber et al. 1992, Wohl 1995, Long and Drinkwater 1999, Forster et al.
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Figure8. (a) Averaged (1991-1999) dates of sea ice formation and decay for river-distal and
river-proximal sites (individual dates are presented in table1). Ice cover persists
longer at sites 4-9 than sites 1-3. With minor exceptions, both sea ice formation and
decay occur earlier at proximal sites than distal sites. (») Inter-annual variability of
proximal—distal event timing for each site. Negative LIF,_; and LID,_, values indicate
earlier sea ice formation and decay at proximal sites. River influence is greater on ice
decay than ice formation. LID,., values also show more inter-annual variability than
LIF,_; values.
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2001), with the onset of snow melt on MY indicated by decreasing backscatter and
on FYI by increasing backscatter (Forster er al. 2001).

At sites 5-9, melt onset is detected as a sudden increase in ¢’ (characteristic of
FYI). At sites 1-4, however, melt onset is manifested as a decrease in backscatter
(characteristic of MYI). Using passive microwave data, similar phenomena were
also noted by Anderson (1987), who observed FYT to exhibit sometimes the same
melt signature as MYI regions. Although melt-related backscatter decreases are
seen for sites 1-3, high backscatter variability makes extraction of melt onset dates
problematic. Similar difficulties in detecting melt onset over FYI were encountered
by Forster et al. (2001). In this study, dates of melt onset could be determined for
sites 4-9 only (figure 6, table 1), owing to fluctuating backscatter values and unclear
transitions between frozen and thawed states for sites in the Barents Sea. Dates of
melt onset at central sites (4-6) display more inter-annual variability than eastern
sites (7-9). Earliest dates of melt onset are found at sites 4 and 5 (average
day-of-year 130 and 139, respectively), whereas the latest dates are found at site 6
(average day-of-year 160).

Although melt-related backscatter increases for western sites but decreases for
eastern sites, backscatter at all sites converges toward similar ¢”,, values. Therefore,
whether backscatter increases or decreases is determined largely by contrast with
pre-melt backscatter levels. Average February backscatter values at western sites
(1-3) are —15.5dB and at eastern sites (7-9) are —19.2 dB. Winter backscatter maps
of the area (figure 5(a)) also show relatively high ¢’ values on FYI in western
Eurasian seas and MYT farther north (=12 to —14 dB) and relatively low values on
FYT in central and eastern Eurasian seas (—18 to —20 dB). Backscatter values of all
ice types, however, converge towards an average value of ~—17dB at melt onset
(figure 5(a), June). These backscatter changes are robust: sites that always increase
in backscatter average a change of +1.7dB; sites that always decrease in
backscatter average a change of —6.4dB.

Figure 7 shows that western sites experience maximum variability in ice cover.
Significant differences in the length of open water seasons exist between western
and eastern sites as well (figure 5(b), figure 8(a), table 1). On average, ice at western
sites (1-3) decays in May, while ice at eastern sites (7-9) does not decay until late
July. The average date of ice formation is in early October for eastern sites, but not
until December at western sites. The average length of ice cover per year is 144 days
at western sites (1-3), 272 days at central sites (4-6) and 289 days at eastern sites
(7-9). Thus, western sites experience open water an average of 145 days longer per
year than eastern sites.

3.3. Effects of rivers on melt onset, sea ice formation and decay

Melt onset is a meteorological, not hydrological event. Therefore, it is not
surprising that differences in melt onset dates are minimal between river-distal and
river-proximal sites (figure 6, table 1). The largest divergences occur where proximal
sites are lower in latitude than distal sites. The Ob’ and Yenisei proximal sites (4b
and 5b) melt an average 11 and 16 days earlier than their associated distal sites,
probably owing to insolation differences (4b and 5b are at higher latitudes). In
contrast, small divergences (1-5 days) occur at the Indigirka (site 8) and Kolyma
(site 9) rivers, owing to minimal insolation differences. As noted in §3.2., despite



Table 1. Dates of melt onset, sea ice decay and sea ice formation extracted from ERS scatterometer time-series for all 18 sites, 1991-1999. Dates of
decay and formation derived from SSM/I passive microwave data are also shown.

(a) River distal (b) River proximal
ERS SSM/1 Passive ERS SSM/I Passive
Scatterometry Microwave Scatterometry Microwave
Melt Melt
Onset Decay Formation Decay Formation Onset Decay Formation Decay Formation
1. Sev. Dvina
1991 + + T * * T T T * 377
1992 * 107 384 114 388 * + 377 102 387
1993 * 122 361 119 351 * 97 364 115 353
1994 * 143 389 124 388 * 103 390 93 396
1995 * 96 361 107 364 * 46 357 47 357
1996 * 93 391 104 394 * 88 381 87 372
1997 * 146 364 141 364 * 126 360 123 358
1998 * 139 361 138 365 * 83 360 84 362
1999 * 118 * 127 * * 41 * 81 *
Average+ 1o * 120.5+ 373+ 121.8+ 377.3+ 83.4+ 369.9+ 91.5+ 370.3+
20.9 14.2 13.5 16.3 * 30.6 12.7 23.4 15.5
2. Mezen
1991 + T T * * T + 347 * 339
1992 * 120 377 115 376 * 107 362 114 363
1993 * 142 340 135 351 * 127 331 122 330
1994 * 130 390 131 389 * 130 344 124 332
1995 * 109 391 104 355 * 86 352 83 351
1996 * 133 368 132 370 * 125 357 128 358
1997 * 154 356 137 349 * 124 334 133 333
1998 * 127 355 155 353 * 153 353 146 350
1999 * 123 * 123 * * 141 * 141 *
Average+ 1o * 129.8+ 368.1+ 129+ 364.8+ 124.1+ 347.5+ 123.9+ 344.5+

13.8 19.1 15.3 15.3 * 20.4 10.8 19.5 12.7
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Table 1. (Continued)

(a) River distal (b) River proximal
ERS SSM/I Passive ERS SSM/I Passive
Scatterometry Microwave Scatterometry Microwave
Melt Melt
Onset Decay Formation Decay Formation Onset Decay Formation Decay Formation

3. Pechora
1991 T + 323 * 326 + T 323 * 325
1992 * 131 297 130 295 * 172 284 159 285
1993 * 160 297 156 313 * 160 281 158 296
1994 * 164 311 164 308 * 165 317 168 304
1995 * 79 300 84 312 * 83 292 142 302
1996 * 148 345 154 348 * 160 341 165 346
1997 * 152 315 157 313 * 101 292 172 303
1998 * 163 295 183 296 * 83 287 168 289
1999 * * * * * * * * s *
Average+ 1o * 142.4+ 3104+ 146.9+ 313.9+ 132+ 302.1+ 161.7 + 306.3 +
30.2 17.2 31.8 17 * 40.9 22 10 20.1

4. Ob

1991 T + 301 * 299 + T 292 * 309
1992 133 214 292 206 285 127 185 282 180 282
1993 146 230 290 187 296 146 179 289 158 312
1994 151 215 298 194 302 119 183 299 181 314
1995 108 200 299 194 299 96 188 294 156 315
1996 150 192 301 199 300 128 176 298 173 344
1997 109 199 304 197 305 108 176 288 165 315
1998 145 200 282 201 285 128 177 278 173 285
1999 140 * * * * 141 * * * *
Average+ 1o 1353+ 207.1+ 295.9+ 196.9+ 296.4+ 124.1+ 180.6 + 290 + 169.4+ 309.5 +
17.5 13.1 7.3 6 7.5 16.4 4.8 7.3 10 19.4
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Table1. (Continued)

(a) River distal (b) River proximal
ERS SSM/I Passive ERS SSM/I Passive
Scatterometry Microwave Scatterometry Microwave
Melt Melt
Onset Decay Formation Decay Formation Onset Decay Formation Decay Formation
5. Yenisei
1991 T T 290 * 294 + T 288 * 294
1992 138 209 275 202 278 128 198 274 188 279
1993 166 218 276 184 288 * 176 288 177 287
1994 162 203 289 192 297 * 177 298 171 297
1995 114 191 288 186 290 143 182 282 179 290
1996 170 212 290 197 296 145 212 315 190 296
1997 116 193 286 192 292 113 183 286 182 292
1998 171 214 275 198 276 146 188 284 186 283
1999 144 * * * * 113 * * * *
Average+ 1o 147.6 + 205.7+ 283.6+ 193+ 288.9+ 131.3+ 188+ 289.4+ 181.9+ 289.8+
234 10.5 7 6.5 7.9 15.6 12.9 12.3 6.7 6.4
6. Khatanga
1991 t T 286 * 283 + T 286 * 281
1992 170 174 271 203 273 182 173 270 195 272
1993 149 190 282 197 284 150 190 282 190 282
1994 150 187 290 203 292 151 192 292 194 292
1995 155 190 288 199 288 160 166 278 160 280
1996 182 224 259 218 260 185 221 268 202 267
1997 153 210 284 206 286 * 169 306 196 284
1998 154 170 272 204 274 165 167 271 192 274
1999 144 * * * * 144 * * * *
Average+ lo 157.1+ 192.1+ 279+ 204.3+ 280+ 162.4+ 182.6 + 281.6+ 189.9+ 279+

12.6 19.1 10.7 6.8 10.4 16 20.1 12.9 13.7 7.8
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Table 1. (Continued)

(a) River distal (b) River proximal
ERS SSM/I Passive ERS SSM/I Passive
Scatterometry Microwave Scatterometry Microwave
Melt Melt
Onset Decay Formation Decay Formation Onset Decay Formation Decay Formation
7. Lena
1991 T il 283 * 284 T il 281 * 283
1992 142 199 272 199 273 151 195 272 198 272
1993 140 198 280 197 282 145 198 278 194 282
1994 140 191 286 191 290 149 189 290 195 290
1995 149 186 287 182 288 149 187 287 180 288
1996 138 217 268 213 268 164 209 265 212 266
1997 113 199 285 196 288 114 196 288 195 290
1998 149 203 278 198 277 159 190 278 197 280
1999 140 * * * * 159 * * * *
Average+lo 138.9+ 199+ 279.9+ 196.6 + 281.3+ 148.8 + 194.9+ 279.9+ 195.9+ 281.4+
11.3 9.8 6.9 9.3 7.9 15.4 7.4 8.5 9.3 8.6
8. Indigirka
1991 i T 281 * 285 il T 282 * 283
1992 144 194 279 196 281 144 189 272 200 279
1993 143 204 272 199 281 143 192 277 192 278
1994 157 226 278 215 278 157 210 280 204 280
1995 156 198 285 203 291 158 185 288 203 289
1996 141 216 263 221 264 150 197 251 237 259
1997 152 198 277 203 280 147 190 275 199 275
1998 158 225 280 204 280 155 189 278 202 280
1999 156 * * * * 159 * * * *
Average+ lo 150.9+ 208.7 + 276.9+ 205.9+ 280+ 151.6+ 193.1+ 2754+ 205.3 + 277.9+
7.1 13.5 6.7 8.9 7.6 6.5 8.3 11 14.5 87
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Table 1. (Continued)

(a) River distal (b) River proximal
ERS SSM/T Passive ERS SSM/I Passive
Scatterometry Microwave Scatterometry Microwave
Melt Melt
Onset Decay Formation Decay Formation Onset Decay Formation Decay Formation
9. Kolyma
1991 + t 290 * 290 + i 279 * 284
1992 142 il 290 183 295 139 191 287 191 284
1993 142 189 280 186 284 141 189 279 185 279
1994 155 249 264 219 278 152 211 278 203 279
1995 141 200 295 195 297 141 191 285 185 292
1996 138 236 266 228 267 135 186 258 207 265
1997 152 178 270 183 285 146 179 269 180 279
1998 159 249 272 218 284 152 205 277 204 282
1999 176 * * * * 162 * * * *
Average+ lo 150.6 + 216.8+ 278.4+ 201.7 + 285+ 146 + 193.1+ 276.5+ 193.6 + 280.5+
12.7 316 12.1 19.4 9.6 8.8 11.1 9.2 10.9 7.6

*Not determined
tData unavailable
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strong winter contrasts in backscatter over FYI and MYI, melt onset (June) yields
uniform returns converging towards ~ —17dB (figure 9(a)).

Sea ice cover is typically variable at sites near river mouths (figure 7). Dates of
sea ice formation and decay also have a distinct dependence on river proximity. The
extent of this river-proximity dependence for local ice formation (LIF,.;) and local
ice decay (LID,.,) is calculated by subtracting scatterometer-derived dates of events
at distal sites from those at proximal sites. Therefore, negative values indicate
earlier sea ice formation (for LIF,,) and decay (for LID, ;) at proximal sites.
Figure 8(b) shows the inter-annual variability of both LIF), ;and LID, ;. Less inter-
annual variability is found in LIF, ; and temporal averages (1991-1999) for each
site range from —22 days (site 2) to +5 days (site 5) (figure 8(a)). Averaged across
all sites, sea ice formation takes place 3.7 days earlier at proximal sites than distal
sites (figure 8(a), table 1). Greater inter-annual variability is found in LID, ; and
temporal averages (1991-1999) for each site range from —38 days (site 1) to —4
days (site 7) (figure 8(b)). Averaged across all sites, sea ice decays 16.8 days earlier
at proximal sites than distal sites (figure 8(a), table 1). This lag in decay is spatially
apparent in maps of B in the Kolyma River region (figure 9(b), August). It must
also be mentioned that the Lena River distal site (7a) and the Indigirka River distal
site (8a) are situated in proximity of the Bykov channel of the Lena Delta and the
Alazeya River, respectively. This may cause these sites to be affected also by river
influx, although probably not to as great an extent as their associated river-
proximal sites.

Figure 10 compares scatterometer-derived dates of sea ice decay at river-
proximal sites with timing of the annual spring flood. Discharge records from the
Sev. Dvina, Mezen and Pechora rivers are available until 1993, and from the Ob’,
Yenisei, Lena, Indigirka and Kolyma rivers until 1994. Discharge records from the
Khatanga River do not temporally coincide with available scatterometer data.
Westernmost sites (I and 2) experience decay ~4 weeks earlier than the spring
flood. Central sites (4 and 5) experience decay ~3 weeks after the spring flood.
Easternmost sites (8 and 9) experience decay nearly 6 weeks after the spring flood.
In general, the time lag between initial flooding and the disappearance of coastal
FYT increases from west to east along the Arctic Eurasian coast.

4. Validation of results using meteorological and SSM/I passive microwave data

Meteorological station air temperature data show good agreement with
scatterometer observations of melt onset and sea ice formation (figure11). For
each year, melt onset is chosen as the first day that air temperatures exceed 0°C.
Minimum day-of-year for sea ice formation is chosen as the first negative degree-
day. Tiksi station data are selected for validation owing to Tiksi’s coastal location
and short distance to site 7a (38 km) (figure 1). Melt onset dates at site 7a average
4.1 days later than those identified in meteorological station data, although a larger
difference is seen in 1994 (19 days). Scatterometer-derived sea ice formation dates at
site 7a average 13.1 days later than those chosen from meteorological station data.
This lag is not surprising, since it is unlikely that uniform sea ice cover is formed on
the first negative degree-day. In addition to air temperature, additional factors such
as salinity, wind speed, dew point and incoming solar radiation are also important
in sea ice formation (Danard er al. 1983).

SSM/I sea ice concentrations are also used to validate scatterometer
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Figure9. (z) Monthly averaged ERS scatterometer ¢”, maps of the Kolyma River and
surrounding coastal area. Despite strong winter contrasts in backscatter over FYI
(along the coast) and MYI (farther north), melt onset yields uniform backscatter
returns in June. (b) Monthly averaged ERS scatterometer B maps of the Kolyma
River and surrounding coastal area. Ice decay, indicated by an increase in B
magnitude, initiates near river mouths in July and propagates along the coastline in
August and September. Ice formation, indicated by a decrease in B magnitude,
occurs in October.
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Figure 10. Differences between dates of scatterometer-derived sea ice decay (at river-
proximal sites) and the spring flood of associated rivers. Sea ice decay precedes the
arrival of the spring flood at the Sev. Dvina and Mezen rivers. River flooding
precedes sea ice decay at the Pechora, Ob’, Yenisei, Lena, Indigirka and Kolyma
rivers, with lags increasing eastward. Discharge data were not available for the
Khatanga River.

observations of sea ice decay and formation (table 1). For date extraction purposes,
sea ice concentrations are first normalized using the same step (4) applied to the
scatterometer data (§2.3.), yielding positive values for sea ice and negative values for
open water. Initial ice/water classifications from scatterometer B* data alone are in
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Figure 11. Comparison of melt onset and sea ice formation dates derived from ERS
scatterometer data (site 7a) and meteorological station air temperature data at Tiksi.
Scatterometer-derived melt onset agrees well with the first positive degree-day of each
year. Scatterometer-derived dates of ice formation are consistently ~2 weeks later
than the first negative degree-day of each year.
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85% agreement with those from SSM/I (figure 12(a)). Higher ambiguity in quadrant
IIla is likely caused by wind-roughened waters, which yield B* values similar to
those of ice and snow. Addition of an anisotropy (a?,;a) criterion (§3.1.) slightly
improves agreement to 87.5% (figure 12(b)).

Figure 13 suggests that ERS scatterometer data and SSM/I sea ice concentra-
tions detect FYI decay and formation with close agreement. In fact, correlation of
all decay and formation dates between the two datasets results in an R> value of
0.97. Closer examination of the less erratic data at sites 4-9 shows that ERS
scatterometers detect decay ~2 days later and formation ~4 days earlier than the
SSM/I instrument. This difference is likely evident because scatterometer data are
sensitive to the surface scattering mechanism and anisotropy magnitude, whereas
SSM/I sea ice concentrations are highly dependent on surface temperature and the
emissivity of the medium (Choudhury 1989). Scatterometer data and SSM/I sea ice
concentrations therefore yield similar sea ice decay and formation dates, yet for
different physical reasons.

5. Discussion
5.1. Regional variability

A strong regional pattern is seen in the temporal variability of both melt onset
and FYI cover. Maximum variability is seen in the Barents and Kara seas, with
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Figure 12. Comparison of scatterometer data and normalized SSM/I sea ice concentration
for all 18 sites, 1991-1999. (¢) Quadrants ITa and IVa show 85% agreement between
scatterometer B* and SSM/I. Ambiguous results arise when the two datasets give
conflicting flags for sea ice and open water (quadrants Ia and Illa). (b) With the
addition of azimuthal modulation criterion (O-of_a), the total agreement between
datasets increases to 87.5%.
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Figure 13. Comparison of ERS scatterometer and SSM/I-derived sea ice decay and
formation dates. The line represents 1:1 correlation. For sites 4-9, scatterometry detects
decay ~2 days later and formation ~4 days earlier than passive microwave radiometry.

decreasing variability eastward (figures6 and 7). In winter, this pattern likely
reflects regional contrasts in air temperature and snowfall. West—east contrasts are
found in air temperatures (Tao et al. 1996), with western Siberia more closely
resembling the North Atlantic region. Western sites experience winter air
temperatures that often rise above freezing (figure4(c)(iv)), unlike sites farther
east (figure4(a)(iv), (b)(iv)). The western Eurasian coastline also receives more
insolation than eastern Eurasia, owing to its lower latitude. Frequent shifts from
below to above freezing air temperatures promote greater variability in backscatter
signatures owing to brief snow melt events. A pronounced North Atlantic cyclone
track also promotes frequent snowfall events in the region, with dense cyclonic
activity extending into the Barents and Kara seas (Murray and Simmonds 1995,
Serreze et al. 1995b). Western FEurasian seas experience significantly greater
snowfall than eastern Eurasian seas, where snowstorms occur about 100-120 days
per year in the Barents and Kara seas but only 60-80 days per year in the Laptev
and East Siberian seas (Proshutinsky er al. 1998). We speculate that the high
variability for western sites seen in backscatter (figure 4(c)(i)) and sea ice (figure 7)
results from a combination of frequent surface melting events (promoting surface
scattering and increased B values) and snowfall events (promoting volume
scattering and decreased B values).

A strong west—east contrast is also seen in the scatterometer-derived length of
open water seasons. The average length of open water per year at western sites
(1-3) is 145 days longer than at eastern sites (7-9). This observation is consistent
with the longer duration of above freezing temperatures at western sites
(figure 4(c)(iv)) as compared with eastern sites (figure 4(a)(iv), (b)(iv)). High-salinity
(34-35%0) waters in the Barents Sea (Aagaard and Carmack 1989), driven by the
warm, saline North Atlantic and Norwegian Currents (Parkinson et al. 1987), also
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contribute to decreased ice cover. The elongate island of Novaya Zemlya separates
the Barents and Kara seas (figurel), acting as a barrier to the eastward flow of
these waters. As a result, Novaya Zemlya often marks a sharp contrast in ice cover
(figure 5(b)). Freshwater influx from large rivers further decreases salinity (26-30%o)
eastward in the Laptev and East Siberian seas (Parkinson et al. 1987). Greater
snowfall in the west may also contribute to our observation of shorter-lived sea ice
there. Snow has significant effects on the thermodynamics, formation and ablation
of sea ice owing to its relatively low thermal conductivity (Brown and Cote 1992),
the presence of which may cause sea ice in the west to be more transient. We
speculate that our observation of shorter-lived sea ice in the west (figure 8(a)) is
caused by a combination of the insulating effects of snow, a shorter season of
below-freezing air temperatures, and high-salinity waters.

Greater snowfall in the west may also contribute to the ~3.7dB higher winter
backscatter values we observe there. Onstott (1992) found FYI with up to 8cm of
snow cover to have backscatter coefficients 1-5dB higher than snow-free FYI. The
complex permittivity at the snow-ice interface is considerably higher than that of a
bare ice surface, owing to a warmer interface produced by the insulating effects of
snow. This warmer interface increases the brine volume in the basal layer of the
snow, creating a ‘dielectrically rough’ surface (Barber et al. 1998), yielding higher
backscatter values. Regardless of mechanism, we observe regional contrasts in
winter backscatter values over FYI. These contrasts are consistent with pre-melt
winter backscatter differences seen between MYI and FYI in other studies (Barber
et al. 1992, Wohl 1995, Forster et al. 2001). It is this contrast that leads to the often
confusing observation that melt onset causes a backscatter increase in some
locations, but a decrease in others (e.g. Forster et al. 2001). Our observations show
that, in fact, all melt signatures converge to ~—17dB, hence whether backscatter
increases or decreases depends only on pre-melt backscatter levels.

5.2. Local variability

Observed local contrasts in sea ice variability (figure 8(b)) are likely caused by
freshwater influx from nearby rivers. Decreased salinity near river mouths may
explain why ice forms an average 3.7 days earlier at proximal sites than distal sites
(figure 8(a)). Proximal sites freeze earlier at all sites except 5 and 6, where
differences in the timing of formation are still minimal. Ice formation takes place
earlier even at proximal sites that are significantly lower in latitude than their distal
counterparts (sites 1-4). Every proximal site averages a sea ice decay date earlier
than its associated distal site, including 7-9, where proximal sites are at the same
or higher latitudes. Averaged for all sites, sea ice near river mouths decays 16.8 days
earlier than sites farther away (figure 8(«)). This is in close agreement with the
14-day difference in sea ice regression found by Dean et al. (1994) and Searcy et al.
(1996) near the Mackenzie River. For the Pechora, Ob’, Yenisei, Lena, Indigirka
and Kolyma rivers, the annual spring flood precedes ice decay by an average of
20-41 days (figure 10). This observation suggests that thermal decay and/or reduced
ice albedo from overflooding and sediment deposition may be significant in these
regions. A thermodynamic model of sea ice (Bareiss et al. 1999) shows that
following river overflooding, land-fast ice disintegrates in approximately 28 days.
This lag is consistent with our observations in central and eastern Eurasian seas.
However, lags between river flooding and ice disappearance increase significantly
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from west to east (figure10). Ice decay at western sites actually precedes river
flooding, indicating no significant hydrological influence. Central sites experience a
shorter lag than eastern sites, suggesting that the Ob’, Yenisei and Lena rivers have
a stronger influence on sea ice decay, probably owing to their greater discharge.
Rivers exert less influence in eastern Siberia, probably owing to smaller discharges
and greater sea ice thickness and continuity.

6. Conclusions

Time-series of ERS scatterometer backscatter and incident angle relationships
are used to identify patterns of sea ice formation, melt onset and decay along
coastal Eurasia. We speculate that strong regional contrasts in ice characteristics
are due to North Atlantic modulation of air temperature, salinity and cyclone
density. These factors cause coastal ice cover in western Eurasian seas to be
temporally variable and shorter-lived than ice in eastern Eurasian seas. Rivers also
exert a local effect on ice cover, causing earlier formation and decay near river
mouths. These effects are attributed to thermal input, ice overflooding and
decreased salinity from river discharge. River influence on the local decay of sea ice
is potentially strong in central and eastern Eurasia but absent in western Eurasia.
This study presents a first application of ERS scatterometer data to determine the
timing of FYI formation and breakup. Nearly ten years of global scatterometer
data were collected by the ERS satellites, a large portion of which still remains
untapped. The methodology presented here has potential use for these data in a
wide variety of FYI studies.
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