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ABSTRACT. Spring runoff measurements of Arctic watersheds are challenging given the remote location and the often
dangerous field conditions. This study combines remote sensing techniques and field measurements to evaluate the applica-
bility of synthetic aperture radar (SAR) to defining spring breakup of the braided lower Kuparuk River, North Slope, Alaska.
A statistical analysis was carried out on a time series (2001 —10) of SAR images acquired from the European Remote Sensing
Satellite (ERS-2) and the Canadian RADARSAT satellite, as well as on measured runoff. On the basis of field information,
the SAR images were separated into pre-breakup, breakup, and post-breakup periods. Three variables were analyzed for their
suitability to bracket the river breakup period: image brightness, variance in brightness over the river length, and a sum of
rank order change analysis. Variance in brightness was found to be the most reliable indicator. A combined use of that variance
and sum of rank order change appeared promising when enough images were available. The temporal resolution of imagery
served as the major limitation in constraining the timing of the hydrologic event. Challenges associated with spring runoff
monitoring and the sensitive nature of SAR likely resulted in an earlier detection of surficial changes by the remote sensing
technique compared to the field runoff observations. Given a sufficient temporal resolution, SAR imagery has the potential to
improve the spatiotemporal monitoring of Arctic watersheds for river breakup investigations.
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RESUME. La mesure de I’écoulement printanier des bassins hydrographiques de ’Arctique n’est pas facile & réaliser en
raison de 1’éloignement ainsi qu’en raison des conditions souvent dangereuses qui ont cours sur le terrain. Cette étude fait
appel a des techniques de télédétection de méme qu’aux mesures prises sur le terrain pour évaluer ’applicabilité du radar a
synthése d’ouverture SAR pour définir la débacle printaniére de la basse riviere Kuparuk anastomosée sur la North Slope
de ’Alaska. L’analyse statistique d’une série temporelle (2001-2010) d’images SAR acquises a partir du satellite européen de
télédétection (ERS-2) et du satellite canadien RADARSAT ainsi que des écoulements mesurés a été effectuée dans le cadre
de cette étude. D’apres les renseignements recueillis sur le terrain, les images SAR ont été divisées en fonction de la période
précédant la débacle, de la période de la débacle méme et de la période suivant la débacle. Trois variables ont été analysées
afin de déterminer si elles permettaient d’isoler la période de la débacle de la riviére, soit la luminance de I'image, la variance
de la luminance en fonction de la longueur de la riviére et la somme de 1’analyse des changements de classement suivant
le rang. La variance de la luminance s’est avérée 1’indicateur le plus fiable. L'utilisation conjointe de cette variance et de la
somme des changements de classement suivant le rang s’avéraient prometteuse lorsque le nombre d’images était suffisant.
La résolution temporelle de "imagerie a constitué la plus grande limitation pour contraindre la temporisation de I’événement
hydrologique. Les défis liés a la surveillance de 1’écoulement printanier et la nature sensible du SAR ont vraisemblablement
donné lieu a la détection précoce des changements superficiels au moyen de la technique de télédétection comparativement
aux observations mémes de I’écoulement printanier. Moyennant une résolution temporelle suffisante, I'imagerie SAR pourrait
permettre d’améliorer la surveillance spatiotemporelle des bassins hydrographiques de ’Arctique en vue de 1’étude des
débacles printaniers.
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INTRODUCTION

Arctic rivers control freshwater export into the Arctic
Ocean and influence sediment transport, oceanic processes,
and sea ice (Steele et al., 1996; Broecker, 1997; Peterson et
al., 2002; Rahmstorf, 2002). Changes to the timing or vol-
ume of river discharge can affect the extent of the sea ice
cover, and therefore, ocean-atmosphere energy exchanges
(Searcy et al., 1996). The seasonality of Arctic river pro-
cesses is also very important for local residents. For exam-
ple, an earlier breakup influences availability of freshwater
and fish habitat (Jeffries et al., 2005; Prowse et al., 2006)
and generally results in a shorter tundra travel season.
Impacts of ice jams and subsequent flooding affect infra-
structure development plans for transportation and industry
(Prowse and Beltaos, 2002). While the hydrology of Arctic
rivers clearly has ecological and socio-economic impacts,
the logistical challenges posed by this vast and remote area
make ground-based monitoring extremely difficult.

Few rivers in the Arctic have been gauged, and even fewer
are actively measured (Bring and Destouni, 2009). Previous
research on river ice using SAR images has focused heav-
ily on classifying river ice types (Weber et al., 2003; Gauth-
ier et al., 2006; Unterschultz et al., 2009) and inferring ice
cover roughness and thickness (Jasek et al., 2003; Mermoz
et al., 2013). Pavelsky and Smith (2004) used optical images
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and Advanced Very High Resolution Radiome-
ter (AVHRR) to estimate temporal patterns in ice breakup
along Arctic rivers. There have been limited efforts to define
the timing of river breakup using radar remote sensing tech-
niques. These include the work by Gauthier et al. (2010),
who used a radar-based approach to map river ice in Canada
during both freeze-up and breakup periods. Jeffries et al.
(2005) used radar images to detect the fractures that mark
the start of the mechanical breakup of river ice in spring.
These studies demonstrated that SAR data are sensitive to
changes in surface characteristics of river ice and can cap-
ture the rather dramatic changes that occur during breakup.
However, these earlier studies were carried out on very large
rivers, relied solely on the brightness value or textural vari-
ations in the SAR images, and were limited by visual image
interpretation guided by the user’s field experience. In this
paper, we statistically analyze a time-series of SAR data
and present an approach to bracketing the period of river
breakup and monitoring an Arctic river. For our purposes,
we define river breakup as the swift initial rise in discharge
forming a distinctive large peak on the hydrograph after a
period of dormancy during the winter months.

Typically, open water appears during the breakup
period, to the extent that a river may become completely
ice-free. However, in the Lower Kuparuk River (our study
area), a peak in the hydrograph can occur when there is still
extensive ice in the river. Therefore, the breakup period is
marked by the presence of open water with chunks of float-
ing ice. We chose the Kuparuk River watershed in northern
Alaska for testing because this site is well researched: it has
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FIG. 1. Location of the Lower Kuparuk River study area. The background
image is a shaded relief map derived from a digital elevation model available
through the National Elevation Dataset.

two monitored gauging stations and an excellent record of
hydrologic field data (Kane and Hinzman, 2012). Our study
demonstrates that the statistical method works well even
for narrower rivers, such as the lower Kuparuk, where the
channel width is on the order of 30 to 100 m.

STUDY AREA

The Lower Kuparuk River study area, depicted in Fig-
ure 1, is bounded by latitudes 70°25'7" and 70°14'1” N and
longitudes 148°59'16" and 149°1'11" W. It includes one gaug-
ing station (station ID 15896000) established in 1973 and
monitored by the U.S. Geological Survey (USGS). A sec-
ond gauging station in the headwaters of the Kuparuk River
watershed (outside the region of interest for this study) is
monitored by the Water and Environmental Research
Center, University of Alaska Fairbanks.

The Kuparuk River watershed (8140 km?) slopes down-
ward for nearly 250 km from the northern foothills of the
Brooks Range to the Arctic Coastal Plain and the Arctic
Ocean. Although some North Slope rivers do have a con-
tribution from glacial meltwater, the Kuparuk River basin
is unglaciated (Kane et al., 2000). The Lower Kuparuk
River is braided and underlain with continuous permafrost,
with depths that can exceed 600 m (Osterkamp and Payne,
1981). The topography is flat near the coast and dotted with
many lakes, which increase in frequency closer to the ocean
(Shiklomanov and Nelson, 2002). The vegetation is shrub-
lands and wet tussock tundra, and 83% of the coastal plain
is categorized as wetlands, resulting in a large capacity for
surficial storage (Kane et al., 2000).

The coastal plain has cold winters and cool summers
with winds from the Arctic Ocean. The mean annual air
temperature at the lower Kuparuk River is about —12°C,
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with temperatures rising above freezing only from June to
September. Annual precipitation at the northernmost Arctic
Coastal Plain averages 173 mm (Liljedahl et al., 2011) and
tends to be greatest in July and August (Rovansek et al.,
1996). The entire Kuparuk River watershed is snow covered
for seven to nine months of the year, and approximately 50%
of the precipitation falls as snow (Zhang et al., 1996).

One unique trait of Arctic rivers is the extreme sea-
sonality of flow. During the long winter months, the Kupa-
ruk River is frozen and limited discharge (if any) occurs
from groundwater springs that form isolated aufeis (Kane
et al., 1991; Yoshikawa et al., 2007). Spring runoff is the
major hydrologic event of the year, as a snowpack that has
accumulated for eight to nine months rapidly melts (Kane
et al., 1997, 2000, 2003). The ablation period typically lasts
for 7—14 days (Kane et al., 1997). McNamara et al. (1998)
found that snowmelt provides up to 80% of the annual run-
off from the Kuparuk River. Summer precipitation is also
important in causing increased runoff from the Kuparuk
River because the underlying permafrost limits the poten-
tial subsurface storage of water (Kane et al., 2003, 2008).

DATA SOURCES

This study is based on 61 spring and summer
(May—July) SAR images from 2001 —-10 (data from the
year 2002 were later removed from the analysis because
of low temporal resolution) (Table 1). Data were collected
from the Alaska Satellite Facility’s RADARSAT-1 and
ERS-2 archives. Both sensors are singularly polarized,
RADARSAT-1 in HH polarization and ERS-2 in VV, and
both sensors operate in C-band with microwave wave-
lengths of approximately 5.6 cm and 5.3 cm, respectively.
Images from both sensors were calibrated and converted to
Geotiff images with 12.5 m? pixels.

Hourly wind speeds were collected by the climate station
located at the airport of Deadhorse, Alaska (station identi-
fier PASC). Discharge information published by the USGS
as daily measurements (USGS, 2012) were used for this
study. A National Elevation Dataset digital elevation model
provided by the USGS was also used.

METHODS
SAR Sensitivity to River Ice Conditions

In a SAR image, smooth open water surfaces act as
specular reflectors: they scatter microwaves away from the
sensor so that little backscatter is returned, which causes
calm open water to have a dark appearance in SAR images
(Weber et al., 2003). Ice can give either a bright or a dark
response in SAR depending on the surface smoothness,
dielectric constant, and water content (Rees, 20006).

If the ice surface is wet and rough, diffuse surface
scattering occurs, and the ice surface will look relatively

TABLE 1. List of the 65 SAR granules used for analysis of the
Lower Kuparuk River. Alaska Satellite Facility granule name and
date of satellite acquisition are listed. R1 refers to RADARSAT
1 images and E2 refers to ERS 2 images. A = ascending and D =
descending.

Granule Date Look angle A/D
R1_29057_ST2_F273 5/29/01 27.2 D
E2_31961_STD_F273 5/31/01 229 D
R1 29249 ST3 F177 6/12/01 33.6 A
E2_32276_STD_F272 6/22/01 23.1 D
E2 32462 _STD F273 7/5/01 229 D
E2_36785_STD_F273 5/3/02 23.1 D
E2 37292 STD F177 6/8/02 23.0 A
E2_37515_STD_F273 6/23/02 229 D
E2 37744 STD_F273 7/9/02 229 D
E2_42024_STD_F273 5/4/03 229 D
E2 42030 _STD_F177 5/5/03 229 A
E2_42488 STD_F177 6/6/03 229 A
E2 42525 STD F273 6/8/03 229 D
E2_42797_STD_F273 6/27/03 23.0 D
E2_47306_STD_F273 5/7/04 229 D
E2_47498_STD_F177 5/21/04 229 A
E2 47764 STD_F273 6/8/04 229 D
E2_47999 STD_F177 6/25/04 229 A
E2 48036_STD F273 6/27/04 23.0 D
E2_48042_STD_F177 6/28/04 229 A
E2 48265 STD_F273 7/13/04 229 D
E2_48271_STD_F177 7/14/04 229 A
E2 52545 STD F273 5/8/05 227 D
E2_52551_STD_F177 5/9/05 229 A
R1_49672_ST6_F176 5/11/05 437 A
R1_49729 FN1_F176 5/15/05 379 A
E2 52817_STD F273 5/27/05 229 D
E2_53052_STD_F177 6/13/05 229 A
E2 53275 STD_F273 6/28/05 229 D
R1_50515_ST3_F176 7/9/05 334 A
E2 53547 STD_F273 7/17/05 229 D
E2_57784_STD_F273 5/9/06 229 D
E2 58013_STD F273 5/25/06 229 D
E2_58285_STD_F273 6/13/06 229 D
E2 58557 STD_F273 7/2/06 229 D
E2_58786_STD_F273 7/18/06 229 D
E2 58829 STD F272 7/21/06 23.1 D
E2_63072_STD_F177 5/14/07 229 A
E2 63295 STD F273 5/29/07 229 D
E2_63338_STD_F273 6/1/07 229 D
R1_60462_ST3 F176 6/5/07 333 A
E2_63530_STD_F177 6/15/07 229 A
E2 63573_STD_F177 6/18/07 229 A
R1_60719_ST1_F177 6/23/07 22.1 A
E2 63796_STD_F274 7/3/07 229 D
E2_68305_STD_F273 5/13/08 227 D
E2 68311_STD F177 5/14/08 23.1 A
E2_68348_STD_F273 5/16/08 227 D
E2 68583_STD F177 6/2/08 229 A
E2_68806_STD_F273 6/17/08 227 D
E2 68812 _STD_F177 6/18/08 229 A
E2_68849 STD_F273 6/20/08 227 D
E2 73550 _STD_F177 5/15/09 23.1 A
E2_73587_STD_F273 5/17/09 229 D
E2 73593 STD_F177 5/18/09 229 A
E2_73816_STD_F273 6/2/09 229 D
E2 73859 STD_F273 6/5/09 229 D
E2_74088_STD_F273 6/21/09 229 D
E2 78826 _STD F273 5/18/10 227 D
E2_ 78869 STD_F273 5/21/10 22.8 D
E2 79061_STD_F177 6/4/10 229 A
E2_79098_STD_F273 6/6/10 227 D
E2 79104_STD_F177 6/7/10 229 A
E2_79327_STD_F273 6/22/10 22.8 D
E2 79370_STD_F273 6/25/10 22.8 D
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FIG. 2. ERS-2 images for the lower Kuparuk River acquired on (a) 27 May 2005, showing a bright river due to high backscatter; (b) 13 June 2005, showing
variable brightness along the river several days after the peak of the spring runoff event; (c) 28 June 2005, showing a typical low backscatter response from calm,

free-flowing water in the river channel.

bright in the SAR image. If the ice is smooth and wet (pos-
sibly from saturated snow or meltwater on the surface), it
behaves as a specular reflector, similarly to open water, and
appears dark in the SAR image (Unterschultz et al., 2009).
Volume scattering occurs when the snow or ice layer is dry
and microwaves penetrate the surface only to be scattered
by discontinuities within the ice matrix, such as cracks,
air bubbles, sediment, and pockets of liquid water. Volume
scattering can lead to significant backscatter, depending
on how inhomogeneous the ice pack is (Unterschultz et al.,
2009). If ice is frozen to the ground, backscatter is influ-
enced by the changes in material properties (particularly
dielectric constant) between ice and rock (Weeks et al.,
1978; Jeffries et al., 2005), though the Kuparuk River likely
does not freeze to the bottom of the channel (Best et al.,
2005). In this study we investigate whether an analysis of
signal variations in a time-series of SAR images can iden-
tify the breakup of river ice, given the dramatically chang-
ing nature of the river’s surficial properties during breakup
and the sensitivity of SAR to these changes.

The radar brightness observed in a SAR image depends
not only on surface properties, but also on a set of sensor
parameters, such as the sensor’s wavelength, incidence
angle, and polarization. To minimize these influences, only
C-band data with similar wavelength are used in this study,
and differences in incidence angles were kept small (see
Table 1). Minor incidence angle—related effects on image
brightness were further mitigated using an existing digital

elevation model (see Brightness in next section). Polariza-
tion effects are also small, as most acquisitions were made
in VV polarization and only a few acquisitions in HH
polarization were added to achieve a higher temporal reso-
lution. While, in principle, a change in backscatter response
is expected in the HH and V'V polarized signal, this differ-
ence is moderate for many surface scattering phenomena
(see Van Zyl and Kim, 2011) and had no significant impact
on the results of our study.

Figure 2 shows a set of three images from the study area
with a variety of backscatter responses. Figure 2a shows
a bright backscatter from large parts of the frozen river,
as anticipated. Figure 2b is an example of spatially varia-
ble backscatter response due to confounding effects, even
though this image was taken several days after the peak dis-
charge on the hydrograph. Figure 2c is a typical backscatter
response from a post-breakup image that is dominated by
free water flow. The images demonstrate that backscatter is
important, but not always the most dependable criterion for
bracketing river breakup.

SAR Data Processing and Statistical Analysis of Breakup
Indicators

Our study included three main steps: preprocessing of
images, wind correction, and statistical analysis.

Preprocessing: Several image-processing steps were
applied during preprocessing. First the ASF software
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FIG. 3. The lower Kuparuk River study area was divided into 10 river
segments for the statistical analysis. The symbols show how each segment is
depicted on the graphs used for analysis.

package, MapReady, was used to geocode the SAR images
to the WGS84 UTM Zone 6N map projection, resample all
data to a pixel size of 12.5 m, rescale the image into sigma
dB scale, and improve geolocation accuracy through Fast
Fourier Transform (FFT) matching (Gens and Logan,
2003). MapReady was also used in combination with the
available digital elevation model to mitigate some of the
incidence angle effects in the observed image brightness
values and to prepare images acquired at slightly different
incidence angles for direct comparison. Then the river cen-
terline was digitized using ESRI’s ArcGIS software pack-
age, and pixels included within a 25 m buffer around the
river centerline were extracted. This step ensured that only
the river pixels were extracted without contamination from
the surrounding land pixels.

Wind Correction: Wind is known to influence the back-
scatter response of water surfaces and has the potential

to affect the radar brightness signature. We therefore
attempted to correct for wind effects by graphing wind
speed against the mean brightness of the entire extracted
river length and identifying the regression model that best
fit the data. This method was adapted from Horstmann et
al. (2003), who used SAR image brightness to measure
global surface winds over oceans. For the regression anal-
ysis, wind measurements taken most closely to the time
of image acquisition were plotted against the mean radar
brightness along the river, and a linear least-squares regres-
sion was performed. We selected a linear regression model
for wind correction since more complex models (quadratic,
exponential) did not significantly improve the correlation
between data and model.

Wind influence was investigated separately for each
hydrological period (pre-breakup, breakup, and post-
breakup), and the coefficients of determination (R?) for
each linear regression were recorded. The regressions were
statistically significant using the Pearson Product-Moment
test at the 95% confidence level in both the pre-breakup
and breakup periods. Hence, the estimated regression mod-
els were subtracted from the data to compensate for wind
influence.

Statistical Analysis: For statistical analysis, the study
area was divided into 10 sections of identical area (Floyd
et al., 2012). Segmenting the river (Fig. 3) allowed local
changes in the river surface to be captured, while still
allowing for enough river pixels per segment to perform a
statistical analysis. Each river segment had at least 30 pix-
els, which provided enough data to carry out a Gaussian
analysis of the calculated mean values. Segments one and
two were removed from the analysis because of possible
deltaic and tidal influences.

We tested the applicability of three different param-
eters—segment brightness, brightness variance between
river segments, and the sum of segment rank order
changes—as indicators for river ice breakup.

Brightness: Radar brightness in images acquired at
rather similar incidence angles is directly related to the
physical properties of an imaged target and is therefore
useful in analyzing changes in physical ice properties over
time. As water and ice typically have different backscatter
response (Mermoz et al., 2009), we used image segment
brightness as the first possible breakup indicator. Mean
river segment brightness in dB was plotted on the y-axis,
and the date of image acquisition on the x-axis. Each of the
eight river segments was labeled with its own unique sym-
bol, so that the response of each river segment was evident
in the plot of brightness values from dates of SAR acqui-
sitions. River discharge data were plotted on a secondary
y-axis, and the breakup flood event is illustrated as the first
peak of the hydrograph curve (Fig. 4).

Variance: The variance reflects the spread of brightness
values of the river segments in a particular image. A low
variance along a river is anticipated when the river is either
completely frozen or freely flowing with no ice. In contrast,
just prior to and during breakup, a variable backscatter
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FIG. 4. Plots of river segment brightness for the years 2001 to 2010. Individual river segments are shown as separate symbols, which are located on the plot
according to brightness (left y-axis). The blue line represents discharge over the time period and refers to the scale on the right y-axis. The year 2002 was omitted

from the analysis.

response is anticipated because complex processes oper-
ating under variable combinations of ice and water in the
river cause the river segments to respond differently. There-
fore, we tested variance as another possible breakup indica-
tor. Variance in the brightness of the river segments in each
image was calculated, and the image date with the highest
variance was highlighted (Table 2).

Sum of Rank Order Change: Following a similar
rationale as in image variance, we established another pos-
sible breakup indicator called the sum of rank order change
(SROC). SROC works on the assumption that the same
river segment will show relatively little change in succes-
sive images during completely frozen no-flow conditions,
or during homogenous full-flow river condition. However,
just prior to breakup or during breakup, when ice is shift-
ing, fracturing, melting, and flooding, significant changes
in image brightness response will occur for the same image
segment in successive images.

We calculated SROC in two steps. First the mean bright-
ness of each segment was ranked on a scale of 1 (brightest)
to 8 (darkest). If two segments had exactly the same mean
brightness, they were assigned the same rank. The change
in rank was calculated as:

|segment,image, — segment,image,| = Arank,penn (1)

where image, is the first date and image, is the second in the
chronological sequence and n is the specific river segment
under consideration.
In the second step, the changes in rank calculated from
equation 1 were summed to determine the SROC:
SROC =

N 1 Arank )

n= segment,,

Accordingly, a higher SROC value was anticipated to indi-
cate a breakup period. As SROC requires an image pair for
meaningful comparison of pre- and post-breakup conditions,
it is important when using this indicator to have at least two
pre-breakup images and two post-breakup images available.

RESULTS AND DISCUSSION

The result of plotting all three breakup indicators for
all river segments for the entire temporal sequence of
SAR images (years 2001 —10, excluding 2002) is shown in
Figure 4. In addition to SAR-related information, the



468 « A.L. FLOYD et al.

TABLE 2. Variance of brightness between river segments for each
SAR acquisition. Date with the highest variance in each year is
in bold.

Year Image date Variance
2001 May 29 0.739
May 31 0.431
June 12 0.782
June 22 0.232
2003 May 4 0.748
May 5 0.797
June 6 0.285
June 8 1.582
June 27 0.081
2004 May 7 0.035
May 21 0.146
June 8 0.391
June 25 0.193
June 27 0.125
2005 May 8 0.507
May 9 0.471
May 11 0.402
May 15 0.350
May 27 1.743
June 13 0.571
June 28 0.352
2006 May 9 0.984
May 25 1.404
June 13 0.270
July 2 0.151
2007 May 14 0.500
May 29 0.163
June 1 0.994
June 5 0.494
June 15 0.198
2008 May 13 0.772
May 14 1.017
May 16 0.496
June 2 0.197
June 17 0.619
2009 May 15 0.464
May 17 0.205
May 18 0.237
June 2 0.704
June 5 0.800
June 21 0.432
2010 May 18 0.554
May 21 0.348
June 4 0.584
June 6 0.314
June 7 0.285
June 22 0.102

hydrograph is also plotted on each graph and its correspond-
ing discharge numbers are shown on the second y-axis on the
right side of each plot (Fig. 4).

Average segment brightness (breakup indicator 1) is
plotted using different symbols for each river segment.
Image brightness varies greatly from image to image,
with no clear relationship to the surficial characteris-
tics of the river (Fig. 4). An example of this is the 2007
breakup sequence, which displays no correlation between

the brightness pattern and the hydrologic period. In most
instances, overall brightness was not an effective indicator
of river breakup. Note that the variation of radar brightness
through the image time series did not correlate with the
geometry of the image acquisition and was large even for
images acquired in identical image geometries.

The variance of brightness along the river per image
acquisition time (breakup indicator 2) can be inferred
from the vertical spread of symbols per time step (Fig. 4,
Table 2). Variance between river segments was frequently
higher in images acquired during breakup than in images of
frozen or completely open water conditions. Variance was
highest during breakup in all years except 2008. This pat-
tern is most clearly depicted in the 2003 and 2006 graphs,
where the spread of brightness values for all river segments
is greatest when the hydrograph shows a steep increase in
discharge. Year 2008 is the only year in which the great-
est variance does not correspond to the breakup event, but
instead to the pre-breakup period. High pre-breakup vari-
ances are likely due to other confounding mechanisms
associated with the breakup period, such as unusual snow
redistribution or possibly a slight melting of surface ice
under extended solar illumination conditions. However, we
do not have field data to validate this interpretation.

The SROC (breakup indicator 3) values (Table 3) indi-
cate that sometimes the segment response dramatically
shifted during and after the breakup event.

SROC results are further highlighted in Figure 5,
which is a close-up view of two days in the 2003 breakup
sequence that is shown in full in Figure 4. As shown in this
figure by the sequence of the symbols, the pattern or rela-
tive brightness response between two pre-breakup images
is very similar. Therefore, this image pair exhibits a very
low sum of rank order change.

To quantify whether or not the sum of rank order change
analysis led to a successful bracketing of river breakup, we
tried to identify significant breakup-induced increases in
the sum of rank order change. For this study, an increase in
the sum of rank order changes was considered significant
if the change was 10 or higher. This was true for four years
of the analyzed time series: 2003, 2005, 2008, and 20009.
These years all have at least two pre-breakup images (one
pre-breakup image pair). This SROC indicator yields useful
results only if there is at least one pre-breakup image pair
to compare to a breakup or post-breakup image pair. For
this reason, the sum of rank order change analysis could not
be performed for the year 2006, for which we were lacking
pre-breakup data.

The combined results of analyses of all three breakup
indicators are summarized in Table 4, which shows the
overall success of each indicator for each year.

Brightness was not an effective breakup indicator for
any year. This result indicates that there are likely several
factors such as winds, wetness, and snow accumulation that
can cause changes in brightness values and confound the
backscatter analysis. Variance and SROC, however, do not
measure absolute backscatter response, but are parameters



TABLE 3. Sum of rank order change for each image pair in all
years in the temporal stack.

Year Image pair Sum of rank order A
2001 May 29/May 31 27
May 31/June 12 13
June 12/June 22 31
2003 May 4/May 5 7
May 5/June 6 7
June 6/June 8 30
June 8/June 27 22
2004 May 7/May 21 19
May 21/June 8 10
June 8/June 25 24
June 25/June 27 12
2005 May 8/May 9 8
May 9/May 11 0
May 11/May 15 2
May 15/May 27 12
May 27/June 13 10
June 13/June 28 20
2006 May 9/May 25 26
May 25/June 13 30
June 13/July 2 8
2007 May 14/May 29 22
May 29/June 1 22
June 1/June 5 30
June 5/June 15 30
2008 May 13/May 14 4
May 14/May 16 4
May 16/June 2 26
June 2/June 17 26
2009 May 15/May 17 20
May 17/May 18 16
May 18/June 2 26
June 2/June 5 24
June 5/June 21 6
2010 May 18/May 21 8
May 21/June 4 12
June 4/June 6 14
June 6/June 7 24
June 7/June 22 12

that measure relative changes in backscatter response either
along the river or over time. Our results show that these
relative parameters are more useful for monitoring pur-
poses and bracketing the time of river breakup. The vari-
ance parameter (breakup indicator 2) was successful as a
breakup indicator eight out of nine times. SROC served as
an effective breakup indicator four out of eight times. In
2008, when variance was not useful in bracketing breakup
timing, SROC turned out to be successful. Hence, combin-
ing breakup indicators 2 and 3 may increase the robustness
of SAR-based river breakup analysis.

CONCLUSIONS

Though a satellite-based monitoring system is not a sub-
stitute for site-specific, field-based observations, we con-
clude that time series analysis of SAR images can provide
an alternative means of broadly bracketing river breakup.
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2003 Breakup Sequence (zoom)
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FIG. 5. Enlarged portion of the 2003 breakup sequence to reveal the similarity
of the river segment brightness patterns in the SAR acquisitions from 4 May
and 5 May. No river discharge was recorded on either day.

Use of SAR images is particularly suitable for large remote
Arctic rivers that are often obstructed by clouds, which
restrict the availability of usable optical remote sens-
ing images for monitoring. In high latitudes, SAR images
acquired from multiple satellites provide a sufficient tempo-
ral resolution even at a medium spatial resolution (~30 m),
which makes them useful for monitoring narrower rivers
that cannot be monitored using the coarse (500 m to 1 km)
spatial resolution of MODIS and AVHRR images. The use
of SAR data was most effective in bracketing the breakup
period when sufficient SAR images were available to
define the pre-breakup, breakup, and post-breakup periods.
SAR brightness (backscatter) value, or change in bright-
ness value over time, was not in itself a reliable indicator
of breakup. However, combined use of mean backscatter
variance within different segments of the river and the sum
of rank order change provided a good way to bracket the
breakup period.

River ice breakup is a highly complex process. For this
research, river breakup was defined as the swift initial rise
in discharge forming a distinctive large peak on the hydro-
graph after a period of dormancy during the winter months.
This hydrographic peak is difficult to correlate accurately
with breakup interpreted from SAR images. SAR is very
sensitive to changes in the dielectric constant and to surface
geometry, and it may capture changes in the surficial ice
cover before any discharge is recorded on the hydrograph.
This fact may lead to a discrepancy between the definitions
of river ice breakup made using SAR and those made using
discharge data.

Recommendations for future studies include the use of a
minimum of six images per year: two pre-breakup images
(ideally taken within 10 days of first recorded discharge),
two acquisitions during the breakup event (based on a rapid
rise in discharge recorded by the hydrograph), and two
post-breakup images. More images acquired within this
narrow time span are preferable and will likely result in a
more refined determination of breakup onset. Additionally,
wind can variably affect the overall backscatter values on
the SAR images. Therefore, a general wind correction is
recommended.
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TABLE 4. Table showing variables used to identify the start and
end dates of river breakup from 2001 to 2010. For each year,
variables marked with (v)) were successful indicators, and those
marked with (X) were unsuccessful. N/A indicates insufficient
data for an analysis.

Year Brightness Variance Sum of rank order change
2001 x v x

2003 X 4 v

2004 x v x

2005 X 4 v

2006 x v N/A

2007 X v x

2008 x x v

2009 X 4 v

2010 x 4 x

ADVANTAGES AND LIMITATIONS OF STUDY

The greatest advantage of SAR is its all-weather capa-
bility, which assures data acquisition regardless of cloud
cover. Between ERS-2 and RADARSAT-1 satellites, there
was enough data coverage for most of the years to generate
a temporal sequence of images. A time sequence of more
closely spaced image acquisitions would obviously be pref-
erable. With such a sequence, we might be able to define the
breakup period more precisely, rather than broadly bracket-
ing it as this study does.

A limitation in this study was the low spatial resolution
of the SAR sensors compared to the dimensions of the river.
A finer spatial resolution would probably have resulted in a
more robust statistical analysis.

We recommend carrying out similar studies on other
gauged Arctic rivers to add to the present state of knowl-
edge. Supplementing the satellite image data sets with
carefully timed airborne image acquisitions close to the
breakup time will help us tremendously both to understand
the breakup process and to refine the data processing and
analysis strategy for determining breakup timing.
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