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ABSTRACT. Timing of snowmelt and freeze-up was estimated for glaciers in the Coast
and St Elias Ranges of Alaska, U.S.A., and British Columbia, Canada, using twice-daily
brightness temperatures (Tb) from the U.S. Defense Meteorological Satellite Program’s
Special Sensor Microwave/Imager (SSM/I). Melt and freeze-up were determined for a
37 GHz vertically polarized time series using changes in the average daily Tb and high-
amplitude Tb diurnal amplitude variations (DAV). DAV are the running difference
between the early-morning (usually minimum) and late-afternoon (usually maximum)
Tb observations.Year-round temperatures taken at 2 hour intervals on theJuneau Icefield
(58³4’ N, 134³15’ W) validated the microwave response to melt. A bimodal distribution of
Tb corresponding to frozen or melting snow helped estimate the Tb at which the transition
from frozen to melting snow occurred on pixelswithout groundobservations.Thresholds of
Tb (4246 K) and DAV (4þ10 K) were used to refine the selection of melt and refreeze
timing for southeast Alaska. Melt timing correlates with stream discharge. In general, melt
onset occurred progressively earlier and refreeze later in the seasonbetween1988 and1998.
It is not knownwhether this is related to regionalwarming or to one of the shorter decadal-
scale oscillations in the Gulf of Alaska.

INTRODUCTION

Special Sensor Microwave/Imager (SSM/I) passive-micro-
wave data in the 37 GHz (0.81cm) vertically and horizontally
polarized channel are useful for surface snow observations in
the remote, cloudy and dark conditions found in high-
latitude, glacierized regions. Passive-microwave data have
low spatial resolution, but because of the twice-daily
coverage at high latitudes, they are useful for regional views
of a rapidly changing surface material such as snow. Snow-
melt algorithms are based on the fact that at 410 GHz
frequency there is a large difference in brightness
temperature (Tb) for dry vs wet snow (Stiles and Ulaby,
1980; Ulaby and others,1986). By the Raleigh^Jeans approxi-
mation, Tb is the product of the material’s surface physical
temperature (Ts) and emissivity (E): Tb ˆ ETs. The
presence of about 1% liquid water in the snowpack causes
an abrupt increase in the emissivity, causing the wet snow to
emit almost as a black body (Ulaby and others,1986).

Algorithms have been developed for determining the tim-
ing and extent of snowmelt on the Greenland and Antarctic
ice sheets, continental snow cover and sea ice (e.g. Hall and
others, 1991; Mote and others, 1993; Ridley, 1993; Zwally and
Fiegles,1994; Abdalati and Steffen,1995,1997; Anderson,1997).
Each of these algorithms was designed for use in regions with
extensive ice and snow and few occurrences of winter melting,
and gives inconsistent results for southeast Alaska, U.S.A.We
show how passive-microwave satellite data can be used to
understand snow-cover dynamics in mountainous regions.
This algorithm uses the diurnal contrast between frozen and

unfrozen snow to detect the transition period from winter to
summer. The new algorithm enables distinction between dif-
ferent regionalpatterns of seasonal snowmelt style and timing.

In southeast Alaska, stable winter Tb ranges from 220 to
240K. Melt^refreeze cycles occur early in the season when
only the surface snow gets a little wet (51%) and the whole
snowpack refreezes between cycles. Even small amounts of
liquid water in the snowpack attenuate scattering by snow
grains. The emissivity and therefore the Tb increase
significantly upon melting. When the snowpack first melts,
however, it refreezes to nearly the same winter condition,
and the night-time Tb is close to the winter value (Hofer and
MÌtzler,1980; MÌtzler,1987).

After repeated diurnal melting, the snow grains
metamorphose until the larger, refrozen grains become effi-
cient scatterers (MÌtzler,1987), causing the emissivity of the
night-time snowpack to drop considerably lower than
during the winter condition. This contrast to daytime Tb

causes high diurnal amplitude variations (DAV) through-
out transitional periods. The contrast in day and night Tb

is typical of areas that melt during the day and form a
refrozen snow crust at night.

The Coast and St Elias Mountains in southeast Alaska
together make up an extensive ridge system parallel to the
northeast coast of the Pacific Ocean (Fig. 1). Both are cov-
ered extensively by glaciers. Much of the region has had
recent negative mass balance.TheJuneau Icefield is located
in the southeast part of this region. Pixels can experience
unseasonably warm, wet weather in the winter. In the St
Elias Mountains farther north on the southern Alaska
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coast, the topography is even more high-relief and high-
altitude, and glaciers are larger and more extensive. SSM/I
captures snowmelt dynamics in both these regions.

Maritime snow-covered regions such as the Juneau Ice-
field (Fig. 1) have a prominent annual melt onset that is
characterized by high DAV superimposed on increasing
average daily Tb. After the initial period of melt onset, snow
cover on the wholeJuneau Icefield is observed to be melting
based on surface observations.The Tb stabilizes near 265K,
and the DAV decrease to 5þ10 K. The small summer DAV
is due to the fact that the surface does not completely refreeze
each night so liquid water that remains in the surface snow-
pack keeps the Tb and emissivity uniform. Onset patterns
are similar on higher icefields, but the DAV remain high
throughout the melt season. Melt onset correlates well with

stream discharge, an indication that the methods described
below are capturing real transitions in the melt cycle.

DATA

SSM/I data

Passive-microwave data come from three U.S. Defense
Meteorological Satellite Program (DMSP) SSM/I instru-
ments (F08, F11, F13) that have a collective record back to
August 1987 (Table 1). Nominal SSM/I pixel resolution for
the 37 GHz channel is 37 £28 km2 (Hollinger and others,
1990). Nominally 25 km by 25 km data in the Equal-Area
SSM/I Earth Grid (EASE-Grid) Northern Hemisphere
projection were provided by the U.S. National Snow and Ice

Fig. 1. Location map showing study area and SSM/I pixels discussed in this paper (white circles).The inset map shows the region
for which snow-covered pixel data have been extracted for analysis of melt-season parameters in Alaska. Pixels1^4 are theJuneau
Icefield; pixels 5^8 are in the St Elias Mountains.

Table 1. SSM/I acquisition times (in UTC and local times) for southeast Alaska for each sensor. Dates are those used in this
paper and are not exact dates of sensor operation

DMSP SSM/I sensor Dates Pixels Time of ascending orbit*UTC (local) Time of descendingorbit*UTC (local)

F08 Jan.1988^Dec.1991 1^4 13.7^14.9 h (4.7^5.9 h) 3.9^4.8h (18.9^19.8 h)
5^8 13.5^15.5 h (4.5^6.5 h) 3.5^5.5h (18.9^20.5h)

F11 Jan.1992^May1995 1^4 0.2^0.3h (15.2^1.8 h) 14.2^17.0 h (5.2^8.0h)
5^8 0.4^3.4h (15.4^18.4h) 14.6^17.5 h (5.2^8.5 h)

F13 May1995^Dec.1998 1^4 0.9^2.5h (15.9^17.5 h) 15.0^16.4 h (6.0^7.4 h)
5^8 1.3^2.8 h (16.3^17.8 h) 15.3^16.9 h (6.3^7.9 h)

* Times are given in decimal hours starting from midnight (0.0).
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Data Center (NSIDC). EASE-Grid data keep the ascending
and descending orbit observations separate, a feature critical
for calculating DAV. Data for this region were rarely acquired
on the descending orbit from February 1994 to November
1994.Thus, DAVcalculations are not available for1994.

Each sensor acquisition time cycles through about a
2 hour period.The time of acquisition caused the greatest Tb

differences, but is largely factored outby the DAVcalculation.
The F11 sensor has a drift of about 1hour over several years.
There is a time change of approximately 2 hours from sensor
F08 to sensor F11, and a1hour change from sensor F11 to F13.
Tb distributions are similar for each sensor (Fig. 2).

The atmosphere is generally transparent at these
frequencies. In this humid area precipitation could,
however, be a complicating factor. Although the effect of
rain and cloud liquid water cannot be eliminated, Tb is
similar for dry and very wet periods and is not correlated
with precipitation records in nearby Juneau. The effects of
seasonal melting vs frozen snow dominate the signal, so we
infer that the cloud liquid-water effects are small.

Perennially snow-covered pixels in southeast Alaska
were determined by overlaying EASE-Grid pixel centers
with 37 km diameter circular regions over a 1986 late-
summer Landsat Thematic Mapper (TM) mosaic of the
region created from Earth Remote Observation Systems
(EROS) Data Center browse images. Thirty-seven kilo-
meters exceeds the EASE-Grid pixel dimensions, but more
realistically approximates the satellite footprint. Four
Juneau Icefield pixels are all mostly snow-covered even at
the minimum snow extent, and with the possible exception

of pixel 2, do not include nearby fiords. Mean elevations and
ranges are shown inTable 2.Topography, ground cover and
melt state in this region vary substantially within a single
pixel and imply heterogeneous emissions.

Ground data

Near-surface air temperatures were acquired at1191m on the
Juneau Icefield at Camp 10 (58.64³N, 134.20³ W) using a
Tempmentor instrument, which automatically recorded air
temperature every 2 hours. Tempmentors were calibrated
annually using an ice-water bath (personal communication
from A. Pinchak, 1999). Each instrument was housed in a
standard white meteorological shelter about1.5 m above the
nunatak surface.

BRIGHTNESS-TEMPERATURE CHARACTERISTICS
FOR SNOW-COVERED PIXELS

A sharp difference between melting and not-melting snow-
covered pixels is apparent by looking at histograms of the
combined ascending- and descending-orbit Tb data for the
37 GHz channel (Fig. 2). The Tb distribution includes each
of the DMSP SSM/I sensors used in this study (F08, F11
and F13) and the sum of all observations between 1988 and
1998 (All). The bimodal distribution shows that there is a
distinct difference between the Tb of two groups of data,
interpreted as melting and non-melting snow-covered
pixels. Because liquid water in the snowpack dominates the
Tb characteristics, the Tb for melting snow is uniform even
among pixels that differ widely in elevation and snow
properties. There is significantly more variation in the
coldest (non-melting) snow Tb. Because it is limited to the
near-surface, the 37VGHz channel is a sensitive indicator
of melt^refreeze cycles. The emissivity becomes fairly
uniform when there is liquid water in the snowpack; how-
ever, in a cold, dry snowpack, many factors, such as depth
inhomogeneities and grain-size, also affect the emissivity.

A plot of Ts at Camp 10 vs Tb for pixel 1 on the Juneau
Icefield is not linear (Fig.3). Rather, there is a rapid step-like
change in Tb when the air temperature is near 0³C and the
snow can start to melt.This Tb increase is primarily due to a
small percentage of liquid water in the snowpack, as well as
real changes in surface temperature. Because liquid water
causes a significant increase in emissivity, there are few
intermediate Tb values between those representing `̀ melt-
ing’’and `̀not-melting’’.

Fig. 2. Histograms of the 37 GHzvertically polarized brightness-
temperature distribution for each of the DMSP SSM/I sensors
used in this study (F08, F11 and F13), and the sum of all obser-
vations, 1988^98 (All). Pixels shown are 1and 5.

Table 2. Pixel coordinates and elevations for southeast
Alaska. Pixels are ordered by mean elevation

Pixel Latitude Longitude Mean
elevation

Min.
elevation

Max.
elevation

³ N ³ W m m m

2 58.51 ^134.11 849 0 1950
1 58.68 ^134.40 1217 30 2146
4 59.01 ^134.40 1520 80 2440
3 58.84 ^134.10 1524 405 2282
5 60.55 ^140.02 1810 20 4635
6 60.42 ^139.06 1893 1149 4339
8 60.73 ^139.73 2229 1398 3716
7 60.58 ^139.39 2330 1184 4339
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Twice-daily Tb values (Fig. 4a) were used to calculate
DAV (Fig. 4b). DAV were captured using a moving difference
between ascending and descending orbits, giving a difference
between `̀night’’ (early morning) and `̀day’’ (late afternoon)
Tb observations for each date. For most of the year, these occur
just after the daily minimum and maximum near-surface air
temperatures, respectively. The magnitude but not sign of
DAV is important. Synoptic weather can superimpose
temperature variations irrespective of time of day (Fig. 4c).

The DAV for southeast Alaska range from 0 to 4þ40 K.
Pixel 1 shows low (cold) Tb in winter, increasing with high
fluctuations in spring (April); high (warm) Tb in summer;
and then moderate fluctuations followedby a rapid decrease
back to winter Tb (Fig. 4a). Important points to note about
the Tb and DAV signals are the strong annual cycle and the

abrupt increase in the magnitude of DAV when the average
daily Tb starts to increase (Fig. 4c).

Snow-covered pixels have a bimodal distribution of Tb,
with the minimum number of occurrences apparently
corresponding to the point at which liquid water causes the
emissivity and Tb to increase. The melt threshold is in this
minimum range. There are few intermediate Tb values
because the temperature is increasing and the emissivity
increases greatly with only small increases in moisture. The
melt threshold was chosen to be a good representation of the
change from frozen (dry) snow to melting snow for all types
of snow-covered pixels. The 37V threshold of 246 K was
selected for applicability in several regions, including the
Juneau Icefield, the St Elias Mountains and western
Greenland (not shown).

MELT^REFREEZE CYCLES ON THE JUNEAU ICE-
FIELDAND RELATION TO SURFACETEMPERATURE

We use pixel 1 on theJuneau Icefield as the primary calibra-
tion site to examine the annual, seasonal and diurnal cycles.
A complete year (1998) of twice-daily Tb and DAV data (Fig.
4a and b) is compared to temperatures at Camp 10, located
within the pixel (Fig. 4c). The running daily average Tb is
superimposed on all the observations of the 37VGHz Tb

(Fig. 4a). Average Tb does not show diurnal variations but
does show the effect of short-term temperature fluctuations
throughout the year. The running difference (DAV) between
night and day observations emphasizes the diurnal vari-
ations. Only DAV magnitudes are shown (Fig. 4b).

The strong annual Tb cycle is approximately parallel to
the temperature cycle. Between days 80 and 140 the surface
temperature and the average Tb both increase. This is the
transitional period when refreeze cycles are active, so DAV
(Fig. 4b) are also high. In addition to seasonal changes,
there are synoptic and diurnal changes. By summer (days
145^200), the DAVare small again, in particular at the time
when the surface temperatures are highest.

The DAV can be as large as the annual variations, but
they are concentrated in certain time periods, particularly
during early spring and early autumn. Average daily Tb

increases throughout the spring, as do actual Tb and Ts

curves. The melt onset occurs when temperatures are near
0³C. The Tb reaches a stable value of about 265 K during
the summer (after day130). (Due to emissivity 51, Tb never
reaches 273 K.) The high summer Tb is coincident with a
decrease in DAVonJuneau Icefield pixels, a strong indicator
that the surface snow stays wet. This is consistent with field
observations on theJuneau Icefield. Snow-wetness measure-
ments were made at several times of day during summer
1997, including an all-night observation sequence on a cold,
clear night. Evening and night observations of snow wetness
showed that although the snow surface wetness decreased,
the surface did not refreeze completely at these elevations.
Surficial freezing is possible at higher elevations, but the
area of refreeze may be too small to have an effect on the Tb.

Large DAV occur during transitional seasons and are
largest during the spring melt onset. This observation is con-
sistent with the idea that the snowpack is starting to melt and
that the total liquid-water content by volume is increasing,
causing higher daytime Tb values, but the surface refreezes at
night (Foster and others, 1984). The emission depth of the
37 GHz channels is very shallow, so it is particularly sensitive

Fig. 3. Scatter plot comparing Juneau Icefield (Camp 10)
near-surface air temperatures (³C) with 37 GHz vertically
polarized brightness temperatures (Tb) for SSM/I Juneau
Icefield pixel 1.

Fig. 4. 1998 (a) 37 GHzV Tband (b) DAV forJuneau Ice-
field pixel 1, compared to (c) 2 hourly near-surface air tem-
peratures measured on theJuneau Icefield at Camp 10.
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to these fluctuations. During these melt cycles the night-time
Tb observation is lower than the pre-melt night-time Tb, due
to the formation of a refrozen surface crust (Ulaby and others,
1986). This strong day^night difference is captured by the
large increase in DAVand indicates frequent melt andrefreeze
cycles (Fig. 4c).

During the winter, when the maximum surface
temperature is 50³C (days 1^40), the DAV are small,
though the Tb does exceed 246 K (the Tb threshold) on
occasion.The parallel surface and Tb curves can be seen in
winter 1998 (Fig. 4) for the whole year and in synoptic-scale
fluctuations during all seasons.

High-amplitude DAVare also common in the fall during
the freeze-up (Fig. 4). Some of the same physical mechanisms
also affect the coolingand refreezing of the surface in autumn.
The summer average Tb plateau starts to decrease gradually
in August (days 210^235) and at the same time the surface
temperature decreases and stays close to 0³C. In September
(days 250^275), the surface temperature drops to 0³C and
there is a large decrease in Tb accompanied by a period of
high DAVat days 250^280. The DAV in the fall are of smaller
magnitude and often occur over a shorter period than in
spring (the 1998 refreeze is longer than many). The Tb

signature is complicated by accumulation of new snow in the
fall. October^November is the wettest period of the year.
After the freeze-up, the surface temperature stays 50³C but
continues to have daily and synoptic variations.The winter Tb

values fluctuate aroundatypical (pixel-specific) winter value.
This value is about 240K for theJuneau Icefield.

MELT^REFREEZE CYCLES IN THE ST ELIAS
MOUNTAINS

There are large differences in Tb signatures between the
Juneau Icefield and other parts of the heavily glacierized
southern coast of Alaska.These are partly due to pixelhetero-
geneity (on the scale of SSM/I data), topographic distribu-
tion, snow cover and the more extreme temperature
conditions in the St Elias Mountains.

The observation that the Tb distribution is bimodal, with
peaks concentrated either aboveorbelow the melt threshold,
makes it possible to establish a method for studying pixels
beyond the Juneau Icefield. Thresholds are channel-specific,
but this method works for all four 19 and 37 GHz channels.
To illustrate the characteristic altitude differences, we com-
pared pixel1 on theJuneau Icefield to a much higher, inland
pixel in the St Elias Mountains (pixel 5). Figure 5a and b
compare annual Tb cycles on the Juneau Icefield and the St
Elias Mountains over 2 years. Because these are raw Tb

values (not daily averages), it is possible to see the large diur-
nal amplitude fluctuations during spring in both regions (see
arrows) and continuing for the whole melt season in the St
Elias region (Fig. 5b). The characteristics of the melt onset

Fig. 5. 1992^93 time series of 37 GHz vertically polarized brightness temperature for pixel 1 (a) and pixel 5 (b), and 1992^93
time series of 37 GHz vertically polarized DAV for pixel 1 (c) and pixel 5 (d).Vertical arrows mark melt onset and cold fall Tb

for each place and year. Horizontal arrows show duration of high DAV. Pixel 1 has a mean elevation of 1217 m; pixel 5 has a mean
elevation of 1810 m.
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are similar; melt onset in high-elevation pixels is denoted by
the increasing Tb and high DAV (Fig. 5c and d). The melt
onset occurs later in the spring on higher pixels such as pixel
5. The transition from not melting to melting is also com-
monly more abrupt on higher pixels. This may be because
there is often liquid water in the snowpack at low-elevation,
maritime sites such as the Juneau Icefield, so seasonal
changes are not as distinct.

Summer characteristics differ. Colder, higher-elevation
pixels maintain high DAV throughout most of the summer
because the surface snowpack is going through diurnal
melt^refreeze cycles. The refreeze in the fall and the stable
winter signature are visible on pixels 1and 5.

There are differences on pixel 5 in both the Tb sequence
and the daily amplitude fluctuations that are related to the
higher elevation and colder climate influencing the snow-
pack.The Tb reflect annual, synoptic and diurnal variations,
but the Tb signatures for the two pixels are distinct because
of the different lengths of periods with melt^refreeze cycles
throughout the year.

Winter Tb is more variable and less extreme on the
Juneau Icefield than in the St Elias Mountains. Tb increases
faster and earlier on the Juneau Icefield. High DAVare the
most prominent marker of melt cycles, but are of shorter
duration on the Juneau Icefield than on the St Elias Moun-
tains. A difference between pixels 1 and 5 is that the large
DAVcontinue throughout the melt season on pixel 5.These

ongoing, strong, persistent DAV are attributed to melt and
refreeze of the surface layer on a daily basis.

Higher-elevation pixels, such as pixel 5, are characterized
by a large decrease in Tb early in winter after the refreeze
(Fig. 5). This is related to minimum surface temperatures
and is probably the result of deeper freezing of the surface.
The Tb recovery is due to burial of the refrozen firn by new
snow accumulation. The Tb recovers by day 300 to a stable
winter value (about 230K). At the time of freeze-up, there
is a second peak in high DAVor, in the case of pixel 5, with
high DAV throughout the summer, an end to large DAV.

The contrasts between high-elevation pixels in the St
Elias Mountains (e.g. pixel 5) and lower-elevation pixels in
theJuneau Icefield (e.g. pixel 1) illustrate the use of the DAV
method for determining which areas go through a daily
melt^refreeze cycle and when the cycles occur (Fig. 5).
Elevation plays a role, as is clear in a consistent timing
difference in melt and refreeze between the Juneau Icefield
and St Elias Mountains.

DETERMINING MELT ONSET, REFREEZE, AND
ABLATION-SEASON DURATION

We developed two methods to capture the beginning and end
of the melt season.The first method (DAV method) signals the

Fig. 6. Interannual variation of (a) melt onset and refreeze on theJuneau Icefield (pixels 1^4), (b) melt onset and refreeze in the
St Elias Mountains (pixels 5^8), (c) ablation-season duration on theJuneau Icefield and (d) ablation-season duration in the St
Elias Mountains. Error bars show the range of values for each region.Trend lines are wide to emphasize caution in interpretation.
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earliest melt and latest refreeze, and the second method (melt
method) indicates when the surface is significantly wetted.

The DAV method uses the transition from small to large
DAV to determine the melt onset (the reverse for the
refreeze). It gives the maximum duration (earlier onset
and later refreeze) estimate of melting because high DAV
occur even when the Tb has not exceeded the melt threshold.
This is especially true at the end of the melt season when the
scattering during refreeze becomes complex. The threshold
used was DAV 4 þ10 K, ignoring isolated occurrences very
early or late in the season.The process of choosing onset and
refreeze dates was aided by curves showing the cumulative
occurrences of DAV exceeding the threshold at a daily
temporal resolution.

The melt method uses the first and last dates onwhich the
Tb and the DAV simultaneously exceed their respective
thresholds. The `̀ melt’’ season is shorter than that derived
from the DAV method. This estimate is more indicative of
extensive surface melting, whereas the DAV method is
sensitive to the slightest liquid water in the snowpack, both
early and late in the melt season. These two methods occur
at the same time for maritime regions such as theJuneau Ice-
field, but on different dates for regions that are colder such as
the St Elias Mountains. Details for each southeast Alaskan
snow-covered pixel are shown in Ramage (2001). Interannual
variation of melt onset, refreeze and ablation-season dur-
ation are shown for the Juneau Icefield region (pixels 1^4)
and the St Elias Mountains (pixels 5^8) (Fig. 6). Error bars
show the spread of dates.The regionalpattern of interannual
variations for southeast Alaska shows a tendency toward
earlier melt onset, later refreeze and longer ablation seasons
in the latter part of the 1988^98 period. It is not known
whether this is related to regional warming or to one of the
shorter decadal-scale oscillations in the Gulf of Alaska.

SNOWMELT TIMING AND DRAINAGE-BASIN
DISCHARGE

Discharge from Mendenhall Glacier on the Juneau Icefield
was gauged (data come from http://waterdata.usgs.gov/ak/
nwis/discharge) for much of the period of satellite record.
The drainage area is 221km2 and includes pixel 1. This
station measures mainly glacial discharge, with a small
component from surrounding mountainsides.

Stream discharge is related to seasonal snowmelt, glacier
melt and precipitation. Annual discharge characteristics are
low winter flow, an initial increase in discharge at about days
100^110, a steep increase near and after day 130, a declining
discharge in the fall (*day 260) and a decrease to a stable,
low winter flow (starting at day 320) (Fig. 7b). Glacier melt
keeps the discharge high until late in the season. The low
winter flow is perturbed occasionally by large precipitation
events recorded at the Juneau Airport (Fig. 7c). Short-lived
discharge peaks above the seasonal curve are related to
precipitation events.

The discharge curves help relate the SSM/I DAV signal
to snowpack metamorphism and release of liquid water to
the hydrologic system. In mid-March 1993 (*day 130) the
discharge on the Mendenhall River started to rise, with
increasing rates reaching a significant and prolonged peak
(or peaks) that was coincident with the end of the high-
DAV period (Fig. 7a). The increase and rate of change was
much greater than from precipitation alone. Pixel1DAVare
compared to the glacierized Mendenhall River basin
discharge (Fig.7a and b). Discharge reached approximately
57 m3 s^1 (2000 cfs) at about the time of the end of the spring
DAV. The significant discharge increases come at the end of
the period of frequent melt^refreeze cycles. This relation-
ship shows that the beginning of the high DAVcorresponds
with the onset of melting, andthe end of high spring DAV (in
maritime areas) corresponds to the time when the snowpack
has started to release a large amount of meltwater. Because
the Mendenhall River has mostly glacier contributions and
not seasonal snow, its discharge continues to rise later in the
ablation season. These characteristics of the river discharge
reinforce the SSM/I snowmelt pattern correspondence with
the physical state of the snowpack. Tb and DAV change in
such a way that they give real information about melt onset,
snowpack ripening and water release to channel flow.

RESULTS AND CONCLUSIONS

This research showed that melt onset and refreeze in snow-
covered alpine regions with complex topography are detect-
ableusinga time series of combinedascendingand descending
(not averaged) EASE-Grid SSM/I Tb values. Early melt was
detected using the DAV threshold (þ10 K) independent of Tb

(DAV method). A later, more developed melt was detected
using both a DAV threshold (þ 10 K) and a Tb threshold
(4246K).

Summer Tb characteristics for maritime pixels, such as
the Juneau Icefield, show a stabilization of night- and day-
time Tb near 265 K after the initial melt-onset period. In
maritime regions, the end of summer is characterized by a
decrease in Tb and a second period of high DAV. During the
fall refreeze period, DAV in maritime regions are of lower
magnitude than those of the spring melt.

In contrast, on high-elevation pixels, high DAV persist
throughthe melt season, and the end of the high-DAV period
is equivalent to the end of the summer melt season. Tb

continues to decrease to stable winter levels. High-elevation
pixels have a dramatic drop to very low Tb levels in the early
part of winter. Tb increases due to burial of the refrozen
surface and stabilizes at a winter level near 230 K.

DAV are important for determining the melt-timing
relationship to river discharge. Discharge curves from the
Mendenhall River have a rapid increase in early spring that

Fig. 7. 1993 pixel 1 DAV (a) compared to Mendenhall River
discharge (b) and daily precipitation at theJuneau Airport (c).
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is close in time to the SSM/I-derived melt-onset dates. The
discharge responds rapidly to the seasonal and glacial snow-
melt.The endof the high-DAV periodcoincideswith the rapid
rise in meltwater. On the Mendenhall River, a drainage basin
that provides almost entirely glacier runoff, there is even more
discharge after the high DAV when the glacier is releasing
meltwater during the day and night, as is evidenced by the
return to small DAV on the Juneau Icefield. Discharge
continues to be high or increase throughout the melt season.
The relationship between DAV and discharge indicates that
these SSM/I melt-onset methods are capturing real trans-
itions in the melt cycle.The SSM/I melt and refreeze time ser-
ies and regionalpatterns, supportedby interannual variations
in stream discharge, are helpful means of determining when
and where there is significant mass loss in glacierized
mountainous regions.

ACKNOWLEDGEMENTS

SSM/I EASE-Grid satellite data come from the NSIDC,
Boulder, CO.We would like to thank M. Miller, A. Pinchak,
R. Asher and theJuneau Icefield Research Program for use
of meteorological data. Discharge data were supplied by the
U.S. Geological Survey. Precipitation data come from the
U.S. National Oceanic and Atmospheric Administration.
This research was supported by NASA’s Graduate Student
Researcher Program/Goddard Space Flight Center grant
NGT5-51 and NASA Land Surface Hydrology Program
grant NAG5-7497.

REFERENCES

Abdalati, W. and K. Steffen. 1995. Passive microwave-derived snow melt
regions on the Greenland ice sheet. Geophys. Res. Lett., 22(7),787^790.

Abdalati, W. and K. Steffen. 1997. Snowmelt on the Greenland ice sheet as
derived from passive microwave satellite data. J. Climate, 10(2),165^175.

Anderson, M. R.1997. Determination of a melt-onset date forArctic sea-ice
regions using passive-microwave data. Ann. Glaciol., 25, 382^387.

Foster, J. L., D. K. Hall, A.T. C. Chang and A. Rango.1984. An overviewof
passive microwave snow research and results. Rev. Geophys. Space Phys.,
22(2),195^208.

Hall, D. K. and 6 others.1991. Passive microwave remote and in situ measure-
ments of Arctic and subarctic snow cover in Alaska. Remote Sensing
Environ., 38(3),161^172.

Hofer, R. and C. MÌtzler. 1980. Investigations on snow parameters by
radiometry in the 3- to 60-mm wavelength region. J. Geophys. Res.,
85(C1), 453^460.

Hollinger, J. P., J. E. Pierce and G. A. Poe.1990. SSM/I instrument evaluation.
IEEE Trans. Geosci. Remote Sensing, GE-28(5),781^790.

MÌtzler, C.1987. Applications of the interactionof microwaveswith the natural
snow cover. Remote Sensing Rev., 2, 259^387.

Mote,T. L., M. R. Anderson, K. C. Kuivinen and C. M. Rowe.1993. Passive
microwave-derived spatial and temporal variations of summer melt on
the Greenland ice sheet. Ann. Glaciol., 17, 233^238.

Ramage, J. 2001. Satellite remote sensing of daily, seasonal and annual
changes on southeast Alaskan glaciers,1986^1998. (Ph.D. thesis, Cornell
University.)

Ridley, J.1993. Surface melting on Antarctic Peninsula ice shelves detected
by passive microwave sensors. Geophys. Res. Lett., 20(23), 2639^2642.

Stiles,W. H. and F.T. Ulaby.1980.The activeand passive microwaveresponse
to snow parameters.1.Wetness. J. Geophys. Res., 85(C2),1037^1044.

Ulaby, F.T., R. K. Moore and A. K. Fung.1986. Microwave remote sensing, active
and passive.Vol. 3. From theory to applications. Reading, MA, Addison-Wesley
Publishing Co.

Zwally, H. J. and S. Fiegles. 1994. Extent and duration of Antarctic surface
melt. J. Glaciol., 40(136), 463^476.

Ramage and Isacks: Melt-onset and refreeze timing on southeast Alaskan icefields

398
https://doi.org/10.3189/172756402781817761 Published online by Cambridge University Press

https://doi.org/10.3189/172756402781817761

