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Determination of a melt-onset date for Arctic sea-ice regions
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ABSTRACT. Although the formation and melt of sea ice are primarily functions of
the annual radiation cycle, atmospheric sensible-heat forcing does serve to delay or
advance the timing of such events. Additionally, if’ atmospheric conditions in the Arctic
were to vary due to climate change it may have significant influence on ice conditions,
Therefore, this paper investigates a methodology to determine melt-onset date distribu-
tion, both spatially and temporally, in the Arctic Ocean and surrounding sea-ice covered
regions.

‘Melt determination is made by a threshold technique using the spectral signatures of
the horizontal brightness temperatures (19 GHz horizontal channel minus the 37 GHz
horizontal channel) obtained from the Special Sensor Microwave Imager (SSM/I) pas-
sive-microwave sensor. Passive-microwave observations are used to identify melt because
of the large increase in emissivity that occurs when liquid water is present. Emissivity
variations are observed in the brightness temperatures due to the different scattering, ab-
sorption and penetration depths of the snowpack from the available satellite channels
during melt. Monitoring the variations in the brightness temperatures allows the determi-
nation of melt-onset dates.

Analysis of daily brightness temperature data allows spatial variations in the date ol the
snowmelt onset for sea ice to be detected. Since the data are gridded on a daily basis, a
climatology of daily melt-onset dates can be produced for the Arctic region. From this

climatology, progression of melt can be obtained and compared inter-annually.

INTRODUCTION

Scientific interest in the potential effects of climate change
on the polar regions has increased since computer simula-
tions have shown that high latitudes are likely to experience
enhanced warming. The response of sca-ice regions to a pro-
jected warming has been of particular interest. 1o decide
how snowmelt on the sea ice responds to climate variations,
surface snowmelt must be examined. This project is a new
approach to determine the date of snowmelt onset for the
Arctic sea-ice region using passive-microwave data from
the Special Sensor Microwave Imager (SSM/I) platform.
Previous work has shown strong variations in the date of
the onset of snowmelt on sea ice [rom passive-microwave
remote sensing (Anderson, 1987a, b; Anderson and others,
1985) for dilferent locations and from year-to-year. More
recent research using similar passive-microwave tcthniquvs
on the Greenland ice sheet has determined variations in the
date of melt onset and spatial coverage of the melting snow
cover (Abdalati and Steffen, 1995; Mote and Anderson,
1995). Results from these studies are used here to produce a
new algorithm that detects the onset date of snowmelt on sea
ice. This is possible because of the large increase in emis-
sivity that occurs when liquid water is present in the snow-
pack. The algorithm is suited for the entire Arctic Basin
since it works regardless of ice type (ice type was found to
he an important factor in detecting melt). Melt onset is cor-
related with albedo changes. A better understanding of the
albedo changes during the early spring and summer will
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allow computer models to give better estimates for surface
energy balances.

ALGORITHM DEVELOPMENT

Several locations in the Arctic Basin, including first-year
and multi-year ice regions (Table 1) were used to develop
an algorithm that would represent the onset date of snow-
melt. These locations are the same as those used in previous
research (Anderson and others, 1985; Anderson, 1987a, b)
allowing comparison with prior results. 1o develop an algo-
rithm, SSM/I passive-microwave brightness temperature
(T'B) data were obtained [rom the National Snow and Ice
Data Center (NSIDC). These data are gridded into 25 x
25 km grideells and archived on CD-ROM. In the develop-
ment of the algorithm, time series of the T'B were analyzed,
although an algorithm was not developed solely using an
individual passive-microwave channel. For example, the
algorithm that detects melt onset on the Greenland ice sheet
using a 37 GHz horizontal T'B threshold technique (Mote
and Anderson, 1995), could not be used because sea-ice T'Bs
vary too much due to the presence of different ice types and
open water. In contrast, on the Greenland ice sheet, the
snow cover is thick enough that T'B signatures are of snow
only, and do not reflect the underlying surface.

Time series of total ice (7'7) and multi-year ice fraction
(MYT), calculated using the NASA Team Algorithm
(Cavalieri and others, 1984), were also examined to detect
the onset of melt. As previous research has shown (Ander-
son and others, 1985; Anderson, 1987a, b) monitoring these
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Table 1. Location sites and melt-onset dates

Anderson: Sea-ice melt and passive-microwave data

Point iif Lal Long Location Melt-onset date

1989 1990 1991
1 154, 160 20N 135°E Laptev Sea (FYI 143 123 129
2 113, 163 NN 165" E East Siberian Sea (FY1 99 G2% ]+
3 85,171 69° N 176" W Chukchi Sea (FYT) 14 101 142
4 80,188 70° N 167°W Chukchi sea (FYT 96 115 111
5 160,193 80°N 1207 E Laptev Sea (MY 169 149 147
6 230,212 72°N 62° L Barents Sea (FYI 104 103 94
i 132, 213 83°N 180" I Arctic Ocean (MY 174 138 158
8 132, 214 83° N 177°W Arctic Ocean (MY] 174 138 185
9 124, 234 83°N 136" W Arctic Ocean (MY1 173 157 186
10 132, 319 70°N 607 W Baffin Bay (FY1) 108 115 122
11 63, 330 60.5° N 88" W Hudson Bay (FYI 104 93 97"
12 66, 340 597N 8 W Hudson Bay (FYI 17 92" 111
13 65, 351 57" 825°W Hudson Bay (FYI 134 93" 111

First date of analysis

parameters gives an indication of melt-onset dates. How-
ever, advection of different ice types into the location might
give similar results. Therefore, use of T'T and MY I would
help define melt onset, but could not be used in a new algo-
rithm.

Several different published ratios, as well as a new ratio,
were calculated to assist in detecting the melt-onset date. For
example, the polarization ratio (PR) and gradient ratio
(GR) from the NASA 'leam sea-ice-concentration algo-
rithm (Cavalieri and others, 1984) were examined. The
expressions for PR and GR are:

 [TB(19V) — TB(19H)]

e [TB(19V) +TB(19H)] 1)
[TB(37V) — TB(19H))

O = TBETV) + TB(19T)] @)

Analysis of the PR and GR time series showed that these
ratios were sea-ice-type dependent In addition, the cross
polarization gradient ratio (X PG R) used by Abdalati and
Steffen (1993)to show melt on the Greenland ice sheet was
also investigated. The X PG R is defined by:
[TB(19H) — TB(37V)]
[TB(19H) + TB(37V)]

XPGR= (3)
The X PG R reduces the dependence of the spatial variabil-
ity of physical temperatures compared to the single-channel
approach of Mote and Anderson (1995). However, the
X PG R algorithm, when applied to sea ice, was also found
to be ice-type dependent. These factors were determined to
be important deficiencies; therefore these ratio algorithms
were not pursued in the new algorithm development.
Another ratio was calculated using the difference hetween
the horizontal channels 37 and 19 GHz (XHGR) given by:

[TB(37H) — TB(19 H)]
[TB(37H) + TB(19H)]

XHGR = (4)
Similar results were found for the X HG R as were observed
with the X PG R algorithm: the X HG R was dependent on
ice type.

For all of these passive-microwave methods, 1t was [airly
casy to determine visually the onset of melt because the
parameters would start behaving differently. A threshold
value for each technique could be set that determined melt
onset, allowing the process to be automated. However, the
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problem with these techniques and their thresholds was that
sca-ice type was needed to determine the direction of the
parameter change.

Tlu' 01'ig‘i11;11 TBtime K("I"l(“: were scrutinized further to

the data 1hal nnghl suggest the me 11 onset and not b( depen-
dent on the sea-ice type. A new melt algorithm using the
dilference between the 19 GHz and 37 GHz horizontally
polarized channel (HG algorithm) was generated and is
given by the following:

HR=TB(19H) — TB(37TH). (5)

The horizontal channels reflect a strong dependence on
snow conditions during melt. Rapid changes in snow condi-
tions are observed in the T'B. During melt conditions, the
T'B first increase from liquid water within the snowpack,
then a decrcase occurs because of [reeze/thaw cycles
increasing the snow grain-size (i.e. Mitzler, 1987; Onstott
and others, 1987), allowing the HG algorithm to detect these
variations.

A single threshold value was determined by examining
regions in the Arctic Basin ('lable 1) for three years (1989-91)
when the HG algorithm exhibited a change in the T'B. Time
series of the T'B, T'T and MY I concentrations, various ratios
and the HG algorithm were analyzed for all sites. However,
only two locations representing different ice types will be
discussed. These two sites were chosen because they rep-
resent locations where variations with the algorithm existed
and could be analyzed, compared to other sites where the
algorithm was more consistent in determining the melt-on-
set date,

The first location is a [irst-ycar-ice region located in the
Laptev Sea. The three time series for this location show gen-
eral trends in T B and ice concentrations that would be
expected during the late-winter through summer for a
first-ycar-ice region (Figs 1-3). The 7'B for all four channels
(19 H,Vand 37 H,V) average about 250 K during the winter
period, with little separation between horizontal and verti-
cal channels. After a spring/summer melt period where T'Bs
vary greatly, the temperatures are indicative of open-water
conditions (i.e. Cavalieri and others, 1984). This 1s observed
in all three years, though large variations take place in the
uming of the melt periods. The ice concentrations and ratios
also exhibit variations during the melt period. The HG al-
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Fig. 1. Time-series analysis for a first=year-ice location in the
Laptev Sea (72° N, 135 °E ) for 1989. The triangle represents
the onsel of melt as detected by the HR melt algorithm.
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Fig 2. Time-series analysis for a first-year-ice location in the
Laptev Sea (72° N, 135°E) _for 1990. The triangle represents
the onset of melt as detected by the HR melt algorithm.
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Fig. 3. Time-series analysis for a first-year-ice location in the
Laptev Sea (72° N, 135°E) for 1991. T he triangle represents

the onset of melt as detected by the HR melt algorithm.

gorithm shows that during the winter period before melt
takes place, the difference between the 19 and 37 GHz chan-
nels is fairly consistent between 4-7 K. Once melt takes
place, the variations in the difference become quite large.
However, in all three years the initial change was to increase
the 37 H GHz T'Bs, resulting in a decrease in the [1G values.

Similar patterns were found for multi-year ice locations,
For discussion purposes, one site only will be presented,
although others were analyzed. The site, a multi-year-ice
location found in the central Arctic Ocean ('lable 1), also
exhibits general seasonal trends in the parameters for the
three years (Figs 4-6). The T Bs exhibit three distinet peri-
ods: winter conditions with generally consistent temper-
atures; a melt period where large variations are observed;
and summer conditions followed by winter conditions. The
multi-year-ice concentrations and various ratios (PR, GR,
XPGR and XHGR) also exhibit fluctuations during the
melt period. The HG algorithm also shows variations in
the T'B difference taking place during melt. The HG temp-
erature variations are larger than the ones observed for the
first-year-ice regions (Figs 1-3).

Using all sites (Table 1) it was determined that a melt
threshold would be assigned when the HG was <2 K with
ice concentrations >15%. When snowmelt takes place the
snow cover should become nearly a perfect black-body emit-
ter and the difference between the 19 and 37 GHz channels
should be very small. A 2 K threshold was chosen because
of the large SSM/I grid size and inhomogeneities within
any grid.

To help determine whether the HG algorithm is detect-
ing the onset of melt, air temperatures have been obtained
from the Polar Exchange at the Sea Surface (POLES) data-
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Fig 4. Time-series analysis for a multi=year-ice location in the
central Aretic Ocean (83° N, 180° TV ) for 1989. The trian-
gle represents the onset of mell as detected by the HR mell
algorithm.
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Fig. 5. Time-sertes analysis for a multi-year-ice location in the
central Aretic Ocean (83° N, 180° W) for 1990. T he trian-
gle represents the onset of melt as detected by the HR melt
algorithm.
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Fig. 6. Time-series analysis for a multi-year-ice location in the
central Arctic Ocean (837 N, 1807 W) for 1991 The triangle
represents the onset of mell as detected by the HR mell

algorithm,

sel. The POLES temperature data are derived from Arctic
buoy data, AVHRR surface temperatures and land obser-
vations and averaged over a 24 hour period to correspond
to the microwave data. When comparing the HG algor-
ithm’s determination of the melt-onset date with the nearest
gridpoint of the POLES temperature data, there is a strong
association. The HG algorithm indicates melt onset when
the POLES data approach or reach the freezing point (Figs
1-6). The best relationships between the air temperature
and the HG algorithm are for the multi-year-ice location.
It should be noted that multi-year-ice locations might he
better depicted by the POLES data because of the way the
air temperatures are generated: the POLES data arc a com-
bination of buoy, satellite and land surface observations.
POLES temperatures are not as reliable for first-year-ice
regions, generally located along the coastline, since land-
surface temperature observations included in the calcula-
tion may not be representative of sea-ice conditions (per-
sonal communication from J. Maslanik, 1996).

Generally speaking, whenever a global threshold is
applied to a dataset, there will be times and locations when
a single threshold will not represent all situations. For
example, at the first-year-ice location discussed (Figs 1-3)
the HG threshold captures the start of the melt period two
out of the three years (1990 and 1991). In the third year
(1989), the HG algorithm indicates the melt onset while the
temperatures are still well below [reezing. However, there is
an increase in the POLES temperature during that period,
although the air temperatures do not approach the freezing
point as closely as in the other years. In 1991, the HG algo-
rithm produces a melt onset that appears too early. The al-
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gorithm indicates melt, but the other microwave para-
meters do not display melt characteristics until later. The
POLES air temperatures show a [airly strong increase
during that time period, although they are still below freez-
ing, The discrepancies between the HG algorithm and the
POLES air temperatures may be in the way the air temper-
atures arc calculated, not representing sea-ice conditions,

The HG algorithm also captures melt two out of three
years for the multi-year site (Figs 4-6) compared to the
POLES air temperatures. In this case, an earlier melt onset
is missed in 1989 by the HG algorithm. The time series in
1989 shows a distinct melt event that the HG temperature
difference did not meet or exceed the chosen threshold while
air temperatures are very close to freezing, In the other two
years, the G algorithm indicates the melt onset when the
air temperatures would also indicate melting in the snow-
pack.

To determine if these missed years could be detected bet-
ter by the HG algorithm, the 4G melt threshold was var-
ied. If the threshold was increased (raised to 3 and then
I K) the first-year-ice locations usually showed earlier
melt-onset dates to the order of several weeks to months,
although melt conditions were not observed in the other
microwave parameters and considered not to have taken
place. The earlier melt-onset dates were indicated by the
HG algorithm because first-year-ice regions usually varied

between 3 to 7K throughout the winter. Increasing the
threshold does not differentiate melt occurrences from
winter conditions at the frst-year-ice location. When the
HG threshold was increased for the multi-year-ice location,
an earlier melt date was also indicated, but only in 1989 (Iig.
1. In this case, the earlier melt-onset date was probably jus-
tified. The H({ threshold was also decreased (1K) to deter-
mine a lower sensitivity. Very little variation was observed in
the melt-onset dates for the sites analyzed compared to the
2 Kvalue, since the 37 H GHz T Bs were observed to become
larger than the 19 HGHz T'Bs during melt episodes, produ-
cing a negative HG value. If there was a difference in onset
date, the onset date was usually delayed only a day or two.
In summary, increasing the threshold mainly affected first-
year regions in a negative manner, although it might
slightly benefit the multi-year location. Decreasing the
threshold had little effect on onset dates for either ice-type
location. Therefore, to maintain a global threshold indepen-
dent of ice type, the 2 K threshold was retained.

Using the 2 K threshold, dates of initial melt onset for
the entire Arctic Basin were produced from the three year
dataset by the HG algorithm to show the spatial distribu-
tion of melt (Fig. 7). Several generalizations can be made
from this analysis. The first shows the substantial nature of
the algorithm. In each year, the melt-onset dates are spa-
tially consistent, and show the poleward progression of melt
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Fig. 7 Initial melt-onsel dates as detected by the HR mell
algorithm for (a) 1989, (b) 1990 and (c) 1991.


https://doi.org/10.3189/S0260305500014324

taking place from the southern first-yecar-ice locations to
later multi-year locations. However, linear features were
observed for several locations among the years analyzed.
These were further explored to determine a cause for the
linear nature of the dates. For example, one of these [eatures
is located along the 135th meridian from the pole to the
coast in 1991 (Fig 7¢). At several locations along this linear
feature, perpendicular transects were made to analyze the
melt-onset dates and their 7' time series.

Examining the grideells on either side of the linear fea-
ture, it was casy to determine why the feature existed. The
grideells to the west of the feature (later onset dates) exhib-
ited changes in the T Bs but these did not surpass the G
threshold criteria. It was not due to missing data, but to the
region not meeting the HG threshold. Similar situations
were found for the other years examined. The other major
generalization would be that the HG algorithm is consis-
tent [rom year-to-year in its determination of melt-onset
dates for the entire Arctic Basin. There are small variations
within regions between the years analyzed, but this would
be expected.

The spatial analysis also demonstrates, however, that at
many locations in the ocean region that do not have an ice
cover, the algorithm still analyzed a melt date. These points,
usually south of 607, need to be filtered and removed from
the dataset. It was originally thought that these points were
removed through weather filters applied to the concentra-
tion dataset before the HG algorithm was applied. How-
ever, the spatial analysis gives a different picture. New
filters will have to be developed and applied to ensure an
accurate melt dataset in open-ocean regions.

'To show that the variation in the threshold was mainly a
first-year-ice problem and not a result of the initial locations
mvestigated, spatial maps of the Arctic Basin were produced
using the different threshold values for the three years
studied. The first-year-ice region onset dates were generally
the most affected by the variation in the threshold value. In
summary, using a global threshold value will not always
give the most accurate response for all locations. However,
using the 2 K threshold appears to be the best value for the
entire Arctic Basin.

MELT-ONSET VARIABILITY

To show the capabilities of the melt algorithm to produce a
melt chimatology, the two example sites will be further dis-
cussed, although other locations have been investigated
('lable 1). Again, these sites were chosen because they rep-
resent both first-year and multi-year ice conditions. The
analysis was completed for 1989-91. The HG algorithm
determined that the initial melt occurred between Julian
Days 123-134 for the three years (Table 1; Figs 1-3), an 11
day variation.

The time series for the multi-year-ice location, found in
the central Arctic Ocean (Table 1),
(Figs 4-6). The initial melt occurrences showed a greater
range than at the first-year-ice location. The HG algorithm
indicated that melt occurred between Julian day 138 and 174,
a 36 day variation among the three years analyzed.

It can be assumed that the actual range in dates among

shows similar results

years for most locations is relatively small, although varia-
tions do exist. Again, this would enhance the current think-
ing that melt occurrence in the Arctic Basin is mainly
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regulated by the radiational changes that take place in the
Arctic throughout the spring period. However, the varia-
tions in initial date for each location are going to be driven
by local annual variations controlling the amount of solar
radiation received and the atmospheric sensible heat
advected into the region to initiate melt.

SUMMARY

A study was launched to develop a new melt algorithm that
would detect the onset of melt for the entire Arctic sea-ice
basin with no dependence on ice type. The HG melt algo-
rithm developed produces initial melt-onset dates when the
sea-ice snowpack begins to show melt in the passive-micro-
wave remotely sensed data, The melt algorithm was then
applied to three years of data to show the nature of the algo-
rithm for different ice-type locations. The results from this
investigation show that the entire passive-microwave TB
dataset can be analyzed to produce a melt-onset date clima-
tology. The climatology can be derived from passive micro-
wave T'Bs from SMMR and other SSM/T platforms. Once
the climatology is produced, a more complete understand-
ing of the relationships between atmospheric effects and ice
conditions, especially considering modeled climate varia-
tions, can be investigated.
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