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Abstract

Brightness temperature (7,,) data from the Special Sensor Microwave Imager (SSM/I)
37 V-GHz frequency provides a time series from 1988 to 2010 that enables the as-
sessment of snowmelt timing trends (onset, end of melt-refreeze, and duration) for
the Yukon River Basin. T, and diurnal amplitude variation (DAV) thresholds determine
dates of melt onset and melt-freeze end (end of high DAV), defined as the first date
when thresholds are met for more than three of five consecutive days. Temporal and
spatial trends in melt onset and end of melt-refreeze date are determined with varying
time period intervals and for each sub-basin and elevation class. Earlier melt onset
trends are found in the highest elevations and northernmost sub-basins (Porcupine,
Chandalar, and Koyukuk Rivers). Significant later (>O.75dyr'1) end of melt-refreeze
and longer melt duration trends are found in a majority of the sub-basins. Moving inter-
val trends suggest interannual variability within the time series and a power spectrum
analysis reveals peak frequencies and periods of 5—7 and ~11 years, possibly related
to El Nino- Southern Oscillation and the solar cycle, respectively. Latitude and ele-
vation display the dominant controls on timing variance and spring solar flux is highly
correlated with melt timing in middle elevations.

1 Introduction

Arctic air temperature has increased at twice the global rate for the past several
decades with more recent warming appearing strongest in winter and spring, critical
seasons for snow accumulation and melt and first leaf/bloom (McBean et al., 2005;
Schwartz et al., 2006). Projections for the middle of the 21st century include: in-
creases in average air temperatures of 3°C for the Arctic by 2040, increases in pre-
cipitation in mid to high latitudes leading to overall deeper arctic snow cover, and in-
creases in snowmelt and runoff for cold regions (Adam et al., 2009). The snowpack
integrates effects of changes over several months, resulting in the strongest shifts to the
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hydrological cycle predicted for the early spring melt period; especially since snowmelt
dominated basins are the most sensitive to temperature increases in the winter (Ni-
jssen et al., 2001). It is hypothesized that such shifts will be reflected in the timing of
snowmelt onset in the spring and the end of the melt-refreeze period, a transitional pe-
riod where the snowpack is melting during the day and refreezing at night. The timing
of this high diurnal variation period of melt-refreeze affects the progression of meltwa-
ter through a basin, corresponding to the snow off date (which is usually a few days
to weeks later dependent on maximum snow accumulation), freshet timing, and peak
snowmelt runoff, and is closely linked to green-up and growing season start (Cayan et
al., 2001; Schwartz et al., 2006; Wang et al., 2011). Further, for high latitude drainage
basins, snowmelt, peak runoff, and associated flooding are the most important and sig-
nificant hydrologic event each year (Kane, 1997; Rouse et al., 1997; Yang et al., 2009).
Melt timing has a critical influence on the annual hydrological cycle: with early melt,
the snowmelt period may be longer, snow gradually depleted, and runoff spread out,
but with late melt, the snowmelt is rapid, synchronous, and peak runoff high (Woo and
Thorne, 2006). Thus changes in snowmelt timing and streamflow seasonality impact
the availability of water resources in snowmelt-dominated basins, affecting populations
that rely on seasonal snowpacks for their water supply (Barnett et al., 2005). Snowmelt
timing and related runoff may also affect and be affected by wildfire occurrence whose
frequency, intensity, and associated landscape changes are altered by the changing
climate (Westerling et al., 2006; Shakesby and Doerr, 2006).

Assessment of snowmelt timing trends provides evidence for changes in snowmelt
timing and associated runoff which may be indicative of hydrologic shifts (Serreze et
al., 2000; Yang et al., 2002, 2009). Snowmelt trends for the pan-Arctic as detected
by microwave brightness temperatures (7,,) from the Scanning Multichannel Microwave
Radiometer (SMMR) and the Special Sensor Microwave Imager (SSM/I) have been
previously assessed for 1979-2008 (Tedesco et al., 2009). The melt onset and melt
end dates were found to have significant negative trends with melt starting 0.5dyr'1
earlier and ending 1dyr'1 earlier over the past 30 years, thus showing a shortened
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melt season of 0.6dyr‘1 (Tedesco et al., 2009). Melt onset and snow-off dates for
the pan-arctic were also detected from enhanced resolution SeaWinds scatterometer
QuikSCAT data from 2000-2005 using a melt algorithm that identifies multiple melt
events, their duration and intensity, comparing differences between daily time series
radar data and the previous five day average (Wang et al., 2008). Results from the
QSCAT melt detection revealed that melt onset occurred in the middle to the end of
March for boreal forest areas, increased with latitude, and was later over high elevation
areas and for years with a cold spring season. Melt end dates were later over lake-rich
areas and had more interannual variability than onset dates, while melt duration was
longer for areas with deeper snow cover (Wang et al., 2008). An integrated pan-Arctic
melt onset date dataset from active and passive microwave satellites further elucidated
melt progression over various land types and determined that elevation, tree fraction
and latitude largely explained mean melt onset date in the terrestrial Arctic (Wang et
al., 2011).

Here we investigate spatial and temporal trends in date of snowmelt onset and end of
melt-refreeze detected utilizing passive microwave T, data from the Special Sensor Mi-
crowave Imager (SSM/I). The analysis focuses on the Yukon River Basin (YRB) for the
(combined) years of record 1988 to 2010. The YRB is one of the largest basins in North
America, stretching from northwestern Canada to the Bering Sea through Alaska and
drains 853 300 km“ crossing from northwestern Canada through central Alaska, cover-
ing several ecoregions, and discharging an annual mean discharge of 6400 m3s™" of
water and 60 million tons of sediment at its mouth to the Bering Sea annually (Brabets
et al., 2000). Most of the 13 sub-basins of the Yukon can be characterized by a subarc-
tic nival regime with snowmelt driving runoff, but some have significant glacier runoff,
particularly the White and Tanana River basins (Brabets et al., 2000; Woo et al., 2008).
The large range of elevations, permafrost type, and runoff regime among sub-basin
provides a basis for analyzing factors influencing trends in snowmelt timing. Given the
rising temperature trends and projections for this area, the basin is vulnerable to per-
mafrost degradation, making it ideal for studying its sensitivity to warming temperatures
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(Walvoord and Striegl, 2007). For the YRB, modeling studies suggest earlier snowmelt
timing of longer duration, diminished snow cover, and increased runoff and erosion due
to permafrost thawing (Walvoord and Striegl, 2007; Hay and McCabe, 2010). A water
balance model forced with IPCC climate simulations to project potential hydrological
responses to climate change in the YRB for the 21st century indicate increased runoff
(largest for May to July), later snow accumulation start, and earlier snowmelt start with
the largest temperature changes in the winter (Hay and McCabe, 2010).

This study, focusing on one river basin, as opposed to previous pan-arctic studies,
provides a more detailed investigation of trends and governing factors, especially fo-
cusing on elevation differences. It is hypothesized the most significant differences will
occur between basins based on their range of elevations; as such, the analysis will fo-
cus on elevation classes of 200 m intervals (based on average elevation of each pixel)
within each sub-basin. Elevation was found to relate to snowmelt for the Sierra Nevada
where 1500 to 2100 m elevations contributed 10-15 % of snowmelt, 2100 to 3000 m
elevations 40-60 %, and areas above 3000 m 30—40 % with each higher band of ele-
vation melting out 2 to 3 weeks later than the band below (Rice et al., 2011).

2 Data and methods

Snowmelt detection. Melting snow is detectable by passive microwave sensors be-
cause the presence of liquid water within a snowpack increases its emissivity, thus
increasing T, which is a function of the surface temperature (T) and emissivity (¢) of
the material (T, = €T;). Therefore there is a significant difference in T,, between wet
(emits close to that of a blackbody) and dry snow (Chang et al., 1975; Ulaby et al.,
1986). Wet snow grains result in an increase in loss tangent (quantification of dissipa-
tion of electromagnetic energy of a dielectric material) and thus a scattering albedo of
near zero and emissivity near unity which explains the rapid increase in Ty, for melting
snow (Chang et al., 1976). Higher frequency wavelengths are sensitive to the shallow
depths of snowpack while lower frequencies can penetrate deeper. Here the 37 GHz
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vertically polarized wavelength is used due to its high sensitivity to water in the snow-
pack (Ramage et al., 2006). Previous studies have shown snow cover distribution and
snowmelt timing are adequately measured by passive microwave sensors daily, in all
weather conditions (Hall et al., 1991; Mote et al., 1993; Drobot and Anderson, 2001;
Ramage and Isacks, 2002; Wang et al., 2005; Ramage et al., 2006; Apgar et al., 2007;
Tedesco, 2007; Tedesco et al., 2009).

SSM/I data, provided by the National Snow and Ice Data Center (NSIDC), are in
the form of Level 3 Equal-Area Scalable Earth (EASE)-Grid Brightness Temperatures
gridded data for Northern Hemisphere projection, have a resolution of 37 x 28 km?
gridded to EASE-Grid 25 x 25 km? with two observations per day at overpass times
around 8:30 and 18:30 PST (Armstrong et al., 1994). For a continuous data record from
1988 to 2010, SSM/I data from DMSP F8, F11, F13, and F17 satellites are combined.
Specifically, years 1988—1991 are from F8, 1992—-1995 are F11, 1996-2007 are F13,
and 2007—-2010 are F17. While others have used linear regression equations to correct
data between the different satellites, in general the biases due to a switch in satellites
are minimal and not statistically significant, with regression coefficients affecting data
by generally less than 0.5 percent (Abdalati et al, 1995; Stroeve et al., 1998; Cavalieri et
al., 1999; Meier et al., 2001). There is high consistency among the SSM/Is’ brightness
temperatures suggesting differences are minimal (Dai and Che, 2009). Additionally,
intercalibration is best when there is a long overlap between satellites, preferably at
least a year so that seasonal differences can be accounted for, thus adjustments based
on short overlapping time periods may be less accurate and introduce bias (Stroeve et
al., 1998). Based on these findings and on a manual overview of the data, no correction
was deemed necessary given the risk of introduction of new unknown bias.

SSM/I data and the technique for detecting snowmelt timing has been previously
established in the upper YRB using 37 GHz vertically polarized data (Ramage et al.,
2006) and has been found to correlate well with higher resolution Advanced Microwave
Scanning Radiometer — EOS (AMSR-E) derived snowmelt onset (Apgar et al., 2007).
The twice-daily observations enable the calculation of the running difference between
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the ascending and descending brightness temperature values termed the diurnal am-
plitude variation or DAV, which is a proxy of the dynamism of the snowpack as liquid
water content changes (Ramage and Isacks, 2002). High DAV values, especially for
37 GHz sensitive to the top centimeter of snowpack, indicate when the snowpack is
melting during the day and re-freezing at night (Ramage et al., 2006). Snowmelt on-
set is determined from SSM/I data (37 GHz vertically polarized) when T, is greater
than 246 K and DAV are above 10K, thresholds previously developed and validated
(Ramage and Isacks, 2002; Ramage et al., 2006). Melt onset (and end high DAV/melt-
refreeze) are defined as the first date when at least three of five consecutive days
meet the T, and DAV thresholds described above. Melt transition duration is the length
in days from melt onset to end of melt-refreeze. The three of five day algorithm has
proven accurate based on manual cross checking of observations and correspondence
with estimates from earlier work, and allows the melt onset and melt-refreeze end to
be automatically detected for large regions such as the YRB. A similar approach was
previously utilized with QSCAT where melt onset was identified when the difference
was greater than a threshold for three or more consecutive days and the intensity cal-
culated as the accumulated decrease in radar cross section in relation to the five day
mean (Wang et al., 2008).

It is important to note that there are some limitations and sources of error for this
approach including the coarse resolution of the SSM/I data which does not account
for sub-grid variability. We assume that the same thresholds apply across all sub-
basins, areas, and SSM/I sensors (Ramage et al., 2006). If a pixel has a significant
sub-portion melting (but not all) it will be detected as wet. Additionally, these methods
assume the terrain is relatively homogeneous and the snowmelt signal is not distorted
by land cover and topography, thus there is some uncertainty due to vegetation, mixed
pixels, sub-grid variability, and high relief (Matzler et al., 1998). With regard to snow
water equivalent, Foster et al. (2005) found errors to be highest with deep snow, dense
forests, and fast growing crystals with topography having less of an effect on the pas-
sive microwave retrievals than vegetation. Dong et al. (2005) found errors associated
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with snow pack mass and distance to open water, among other sources. While these
studies focus on SWE, they are illustrative of the sources of error and uncertainty work-
ing with passive microwaves (e.g. Foster et al. 2005, and references therein). In the
present study, pixels close to the coast in the Lower Yukon sub-basin were excluded
from the analysis to reduce errors associated with coastal regions.

Trend Analysis. Trends in the date of melt onset and end of melt-refreeze were calcu-
lated from linear regression with trend significance determined using the p value from
the two-tailed student’s t-test after testing for normal distribution and auto-correlation.
These trends were determined from average dates of melt timing based on sub-basin
as well as elevation class with elevation binned by 200 m intervals (0-200; 3001-3200,
etc.). Pixels were grouped into elevation class based on the average elevation de-
termined from a 30 arc sec digital elevation map (Long and Brabets, 2002). SSM/I
derived melt timing trends were calculated for (1) the whole period 1988-2010, (2) a 7
year moving average within the whole period, (3) an increasing trend length starting at
1988 with trend end years ranging from 1998 to 2010, and (4) the period 2003-2010 in
order to compare to the AMSR-E dataset. The variable trend end year approach was
successfully utilized in previous studies of sea ice extent (Kay et al., 2011) and for in-
vestigating individual streamflow patterns in watersheds (Zhang et al., 2010). While the
Mann-Kendall (M-K) test has been predominately used in previous studies of stream-
flow trends (Burn and Hag Elnur, 2002; Burn et al., 2010), here regression and t-test
analyses were conducted in lieu of the M-K test in order to be able to characterize
the pattern of the trend, its rapidity and when and how the trend changes. Further,
based on trend analysis of annual streamflow in Turkey, the parametric t-test and M-
K test can be used interchangeably, with the t-test being more powerful for normally
distributed datasets (Onéz and Bayazi, 2003).

Signal processing of the dataset was conducted with a discrete Fourier transfor-
mation from which the power spectrum was analyzed to determine peak frequency
and period for each basin and each elevation class. Solar flux at 10.7 cm wavelength
(National Research Council of Canada, 2011) was analyzed against the average melt
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onset and melt-refreeze date for each elevation class. Further, anomalies from the
1981-2010 climatology for air temperature at 850 mb and sea level pressure from the
NCEP/NCAR reanalysis (Kalnay et al., 1996) were used as proxies for atmospheric cir-
culation patterns to compare to temporal trends for correlative and multiple regression
analysis.

3 Results

Various time interval approaches were investigated to assess the trends in melt onset,
end of melt-refreeze, and melt transition duration from the 23 year SSM/I record. First,
to distinguish spatial patterns of trends, the whole time period is shown for each sub-
basin among the range of elevations in 200 m intervals (Fig. 1a, d, g). A distinct pattern
of earlier melt onset (Fig. 1a) occurs in the highest elevations and in the northernmost
sub-basins generally underlain with continuous permafrost, however, the trends are
not significant. The majority of elevations and basins show no significant change in
onset with the exception of slightly later onset in the Lower Yukon, but this may re-
flect the more maritime climate or the prevalence of wetlands which can affect the T,
signature. In contrast to melt onset, end of melt-refreeze trends (Fig. 1d) are toward
later timing, are significant, and have high R? values. The later trends tend to be in the
middle elevations and latitudes such as in the Upper, Stewart, Pelly, White, Teslin, and
Yukon headwater sub-basins. Longer melt duration trends are significant and occur
throughout the YRB with the exception of no change in the lowest elevations (Fig. 19).

To better understand the temporal variability of the detected trends, time intervals
were systematically increased with variable end years, starting with a ten year period
from 1988 to 1998 and extending to a 23 year period from 1988 to 2010 (Fig. 1b, e,
h). Earlier trends (not significant but large R?) occur for melt onset but as the time
interval increases in length these are muted to essentially no change in onset (Fig. 1b),
suggesting alternating sub-trends. In contrast, end of melt-refreeze (and melt duration)
shows a later (and longer) trend for the majority of the basins through most of the time
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intervals investigated which are, in general, statistically significant (Fig. 1e, h). These
trends persist regardless of the length of interval, indicative of robustness.

To get a sense of the sub-trends affecting the longer term trends, a 7 year moving
interval window was used for analysis where each column is the trend for the 7 year
time period starting with each year from 1988 to 2003 (Fig. 1c, f, i). There is a distinct
pattern from earlier melt onset (>0.75dyr'1 earlier) in the beginning of the 23 year
period to later onset in the middle of the period and back to earlier onset at the end
of the period for the majority of the basins (Fig. 1¢). The two main exceptions are
the lower elevation West Central and Lower Yukon sub-basins which have a later onset
trend in the later years. The earlier onset trends are not statistically significant whereas
the later onset trends are, though both tend to have high R? values. The trend for end
of melt-refreeze is earlier (but not significant) in the beginning of the time series which
transitions to a later (and highly significant, high /-?2) trend, then a non-significant (but
high RQ) earlier trend for years 1998-2001, and finally a significant later trend in the
last two periods (Fig. 1f). Stemming from the onset and end trends, the melt duration
trends exhibit a lengthening, then a shortening (non-significant but high RZ), and back
to lengthening towards the end of the time series (Fig. 1i). These alternations suggest
a sub-trend cyclic pattern such as ENSO.

Due to the cyclic pattern reflected in the 7 year moving average time interval analy-
ses, the dataset was processed to extract power spectrum, peak frequency, and period
for each sub-basin (Table 1). The solar cycle (~11 years) is apparent in several of
the basins’ melt onset (Chandalar, Tanana, Upper Yukon, Stewart, and Yukon Head-
waters) while shorter 57 year periods possibly related to ENSO are also apparent in
some basins (Porcupine, Pelly, White, and Teslin), as well as short ~3 year periods.
End of melt-refreeze appears more related to ENSO type 5-7 year cycles as no basin
showed the ~11 year solar cycle period.

Further elucidation of the cyclic nature of the melt onset and end of melt-refreeze sig-
nal was determined by subsetting by elevation class (Fig. 2). Melt onset is dominated
by shorter periods in the lower elevation basins, while the longer ~11 year sun cycle
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is reflected in the higher elevations in the Tanana and in the northern basins Koyukuk
and Chandalar Rivers. The areas that had earlier melt onset trends are those whose
signal has a peak with a period of 11.5 years. The end of melt-refreeze signal is much
less variable with the majority of the YRB reflecting the ~7 year cycle (possibly related
to ENSO). Exceptions are the higher elevations of the Tanana and Stewart which show
the 11.5 year period and the low-lying Upper Yukon and Porcupine which show shorter
3—4 year periods.

Multiple regression with average elevation, latitude, longitude, and composite (Oc-
tober to April for each year) anomalies from NCEP/NCAR Reanalysis (Kalnay et al.,
1996) for sea level pressure and air temperature at 850 mb explain 47.4 % of the vari-
ance for end of melt-refreeze timing, 60.7 % of variance for melt onset timing, and 38 %
of the variance for melt duration. In particular, for end of melt-refreeze, average eleva-
tion was most strongly correlated (0.44), followed by longitude (0.21). For melt onset,
latitude was most strongly correlated (0.32) followed by average elevation (0.29). For
melt duration, the strongest correlation was with latitude (—0.34) followed by elevation
(0.21). All correlations were significant with p-values < 0.0001. These results support
the initial hypothesis that elevation exhibits a dominant control on melt timing (albeit
more strongly for melt-refreeze than melt onset) within the sub-basins. Figure 3 is
further illustration of the strong correlation between solar flux and melt timing. Lati-
tude and elevation were previously found to be important factors influencing mean melt
onset date (Wang et al., 2011).

4 Discussion and conclusions

Trend analysis of snowmelt onset, end of melt-refreeze, and melt duration in the sub-
basins of the YRB from 1988 to 2010 reveals significant lengthening of melt transition
duration throughout much of the basin with earlier melt onset in high elevations and the
northernmost basins (Porcupine, Chandalar, and Koyukuk Rivers) and significant later
end of melt-refreeze in the intermediate elevations and latitudes. Melt onset is most
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strongly correlated with spring solar flux especially in high elevations and northern sub-
basins. The visibility of the effect of solar cycles at middle and high latitudes seen in
periodicities with the ~11 year basic solar frequency was also found by Tomasino and
Valle (2000) in their analysis of multiple historical hydrometeorological datasets.

Varying the time intervals for trend analysis enabled elucidation of inter-annual vari-
ability and sub-trends possibly related to circulation patterns. Power spectrum analysis
reveals peak frequencies and periods of 5-7 and ~11 years, possibly related to ENSO
and the solar cycle, respectively. Differences are most notable among differing eleva-
tions with lower elevations illustrating shorter cycles and higher elevations tending to
reflect longer cycles. These shorter frequency cycles may serve to mute the overall
trend of the basins due to the relatively short time series analyzed (23 years). The
prevalence of snow in high elevations have a buffering effect on changes while lower
elevation snow variability may suggest climate change susceptibility (Rice et al., 2011),
both factors that can influence the timing trends presented here.

The melt timing trend variability for the YRB reflect multiple influencing factors, how-
ever, solar flux and elevation are dominant controls and the overall pattern is toward
longer melt duration for the spring snowmelt transition period which has significant im-
plications for snowmelt runoff and associated flooding, as well as green-up and first leaf
dates. Additionally, the trend analysis highlights the importance of choice of time period
for analysis and the need to investigate varying time intervals in order to understand
the dynamics of trends.
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Fig. 1. Spatial and Temporal Trends. In each panel (a—i) top plots are the direction and magni-
tude of trend (red is earlier melt and blue is later melt timing). Middle plots are the significance
of the trends - p-value of student’s t-test (darker is more significant). Bottom plots are the R?
values (darker is higher Rz). Details described in a, b, and c also apply to all subsequent plots
below. Trends, significance, and R? for (a) melt onset for each basin (columns) and elevation
class (rows). The elevation label on the y-axis is the floor and the ceiling is 200 m higher. Black
indicates no data for that basin and elevation. Basins are arranged from highest to lowest lat-
itude (left to right). (b) Melt onset for each basin (rows) for varying time intervals (columns)
— column 1 is the ten year period from 1988 to 1998 and each subsequent column is a year
longer than the preceding. (c) Melt onset for each basin (rows) for a 7 year moving period
(columns) with starting years 1988 to 2003. (d) End melt-refreeze elevation and basin. (e)
End melt-refreeze variable time interval. (f) End melt-refreeze 7 year moving period. (g) Melt
duration elevation and basin. (h) Melt duration variable time interval. (i) Melt duration 7 year
moving period. Labels for basins are as follows: Po = Porcupine, C = Chandalar, K = Koyukuk,
EC = East Central, WC = West Central, Ta = Tanana, U = Upper, S = Stewart, Pe = Pelly,
Wh = White, L = Lower, Y = Yukon Headwaters, Te = Teslin.
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