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This work evaluates the performance of an empirical inversion model for surface liquid
water fraction (LWF) or melt magnitude, using data from the Moderate Resolution
Imaging Spectroradiometer (MODIS). Estimates of melt magnitude were evaluated
through quantitative comparison to surface melt occurrence and duration derived from
the cross-polarization gradient ratio (XPGR) and diurnal amplitude variation (DAV)
passive microwave melt indices over the 2002 melt season. Longer melt durations
derived from XPGR tend to correspond to higher LWF amounts at lower elevations,
where temperatures are warmer than at higher elevations. DAV indicates melt occurrence at higher elevations, with lower durations in melt corresponding to small amounts
of LWF. The LWF inversion model demonstrates that it is sensitive to both high
melt duration events within the ablation zone, yet capable of capturing greater spatial
variability in melt conditions broadly over the entire sheet.

1. Introduction
Increases in surface temperatures over large ice masses, such as the Greenland ice sheet
(GIS), can affect the rate of ice deformation or basal sliding as well as contribute to a significant increase in the magnitude of melt extent (Zwally et al. 2002; Rignot and Kanagaratnam
2006). The response of the GIS mass balance to increases in melting represents the largest
unknown on predictions of global sea level (Dowdeswell 2006; IPCC 2007). Clear-sky
surface temperatures measured from the Moderate Resolution Imaging Spectroradiometer
(MODIS) from 2000 to 2005 increased over this period, with the highest temperatures
during 2002 (–8.29 ± 5.29◦ C) and 2005 (–8.29 ± 5.43◦ C) relative to the 6 year mean
(–9.04 ± 5.59◦ C). This resulted in increased melting and higher temperatures in the drysnow facies of the GIS (Hall et al. 2006, 2008). Rapid increases in the extent and duration
of surface melt have been detected on the GIS from both active and passive microwave
systems over the last three decades (Jezek, Gogineni, and Shanableh 1994; Ridley 1993;
Zwally and Fiegles 1994; Abdalati and Steffen 1995; Mote and Anderson 1995; Nghiem
et al. 2001; Mote 2007; Tedesco 2007; and several others). On average, there was approximately a 16% increase in melt area from 1979 to 2002 (Steffen et al. 2004). The GIS
has experienced unprecedented melt extent and duration, with extreme events documented
in 2002 and 2008, and with melt occurring over about 98.6% of the GIS surface in July
*Corresponding author. Email: djl22@psu.edu
© 2013 Taylor & Francis
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of 2012 (Steffen et al. 2004; Tedesco, Serreze, and Fettweis 2008; Nghiem et al. 2012).
Most of the melt detection techniques have utilized microwave data, providing qualitative
assessments of melt occurrence and duration. Although these approaches have been useful,
knowledge of the degree or magnitude of melt would provide new insights into how the
GIS responds to warming conditions.
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1.1. Prior work
Many have applied microwave-based single-channel and multi-channel algorithms to track
changes in surface melt over the GIS. Microwave-based techniques rely on the sensitivity of
firn emissivity to the presence of liquid water. The transition from dry to wet snow can cause
a rapid increase in microwave emissivity, when emission shifts from volume- to surfacedominated scattering (Mätzler and Hüppi 1989). The Rayleigh–Jeans approximation for
surface-emitted brightness temperature in the microwave part of the electromagnetic (EM)
spectrum is approximately dependent on emissivity, and the effective physical temperature
(Zwally 1977). During the melt, the effective emission depth can vary by a few centimetres,
with the assumption that the active layers contributing to upwelling emission are at or close
to 0◦ C (Abdalati and Steffen 1995). The change in the emissive behaviour of firn during
melt has been used widely as a metric for evaluating melt extent and duration over the GIS.
Mote, Kuivinen, and Rowe (1993) used the 19 GHz vertically polarized channel to estimate an occurrence of melt when the difference between the daily brightness temperatures
(T b ) and winter mean brightness temperature exceeded a fixed threshold. Steffen, Abdalati,
and Stroeve (1993) used a normalized gradient ratio derived from 19 and 37 GHz horizontally polarized channels. A pixel was designated as melting if the gradient ratio (GR) index
increased beyond a threshold determined by comparing a time series of GR values to
in-situ air temperatures. In an effort to improve melt detection, Abdalati and Steffen (1995,
1997) replaced the 37 GHz horizontally polarized channel with the 37 GHz vertically polarized channel in GR and derived the cross-polarization gradient ratio (XPGR). Abdalati
and Steffen (2001) used XPGR to estimate annual melt extent over the GIS from 1979 to
1999 using data from a special sensor microwave radiometer (SMMR) and a special sensor
microwave/imager (SSM/I). Mote (2007) examined a time series of the melt extent using
data from an electrically scanning microwave radiometer (ESMR), SMMR, and SSM/I,
resulting in an extended analysis period from 1973 to 2007. This author determined that
2007 experienced the largest melt extent by 60% over the previous highest melt extent year
(1998), with melt occurring 30 days earlier than the average over the previous 34 years.
Because XPGR is not sensitive to diurnal changes in melt, Ramage and Isacks (2002)
developed the diurnal amplitude variation (DAV) index to account for daytime melt and
refreezing that occur during the evening. DAV was used to detect melt events on the surface
of glaciers in Alaska. DAV is derived using the difference between brightness temperatures
acquired during ascending (late afternoon) and descending (early morning) passes. Tedesco
(2007) developed a modified DAV, which is sensitive to melt at various depths, and applied
it to SSM/I data over the GIS between 1992 and 2005. Tedesco (2007) determined an
increase in the areal extent of melt over the GIS during the analysis period at a rate of
∼41,000 km2 or ∼2.3%.
1.2. Objectives
A novel algorithm to retrieve estimates of surface melt magnitude was successfully developed to augment existing microwave-based metrics of melt extent and duration. Peng
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(2007) and Lampkin and Peng (2008) developed a retrieval scheme to estimate liquid water
fraction (LWF), as an indication of melt magnitude, using a physical snowmelt model to
calibrate coupled optical and thermal measurements from MODIS. This approach yields
retrieval of surface melt conditions at a spatial resolution (1 km) over 8 day composited
intervals.
The aim of the present study is to evaluate the performance of the MODIS-based LWF
retrieval algorithm through a comparison to a conservative estimate of melt from XPGR and
a more liberal estimate from DAV. The melt state of the ice sheet surface measured from
the microwave part of the electromagnetic spectrum provides slightly different information
from that derived from the optical and thermal parts of the spectrum. Upwelling microwave
emissions come from within the top 1 m of the firn, and less than 1 m when the firn is
wet, whereas optical reflectance and thermal emissions are derived from within the top
few centimetres of the firn. In spite of such differences, the present study can provide a
preliminary assessment of how the degree of melting is related to melt extent and duration
on the surface of the GIS over one of the warmest melt seasons (2002) recorded.

2. Methods
2.1. Effective surface melt magnitude inversion using MODIS
A new approach has been developed to retrieve melt magnitude or LWF using coupled optical and thermal signatures derived from 8 day composited MODIS surface
reflectance and temperature products. A description of the relevant MODIS data products used as inputs into the retrieval is given in Table 1. The LWF was estimated through
calibrating satellite-derived optical/thermal signatures with a physical snowmelt model
(SNTHERM89) forced by meteorological data collected from Greenland Climate Network
(GC-Net) stations (Figure 1) over the western GIS (Lampkin and Peng 2008). A schematic
of the algorithm development process is given in Figure 2. The retrieval of the LWF is an

Table 1.

General characteristics of data and sensors used in this analysis.

Sensor description
MODIS
Input data to retrieve
surface LWFeff

Bands and spatial
resolution
250 m (bands 1–2)
500 m (bands 3–7)
1000 m (bands 8–36)

25 km (19, 22, 37 GHz
SSM/I
vertical and
Input data to estimate
melt occurrence and
horizontal channels)
duration using XPGR 12.5 km (85 GHz,
and DAV melt indices
vertical and
horizontal channels)

Orbit
Altitude: 705 km
Descending node
(Terra): 10:30 am
Sun-synchronous,
near-polar orbit

Data products
Surface reflectance
(MOD09A1-Terra)
band 5, 8 day
composite
Land surface
temperature (T S )
(MOD11A2-Terra),
1 km spatial
resolution, 8 day
composite

Altitude: 851 km
Brightness
Ascending node: (local
temperatures from
time): 21:10
19 and 37 GHz (V, H
Sun-synchronous,
polarization)
polar orbit
channels
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Figure 1. The Greenland ice sheet (GIS) depicting major drainage basins throughout Greenland
(drainage basin map courtesy of D. Hall, NASA Goddard Cryosphere Branch) and the location of
some of the Greenland Climate Network (GC-Net) meteorological stations. The inset also depicts
the Jakobshavn Ice Stream region with elevation contours overlying a Landsat ETM+ panchromatic
greyscale image and, additionally, the location of GC-Net stations from which meteorological data
was used to calculate the firn melt water amount.
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Figure 2. Schematic of the MODIS-based effective liquid water fraction (LWFeff ) retrieval algorithm developed using SNTHERM89. A streamer was used to estimate downwelling clear-sky
irradiance to compute a cloud opacity index to detect the percentage of cloud cover over each GC-Net
station. The snowmelt model was initialized by stratigraphic data and forced using GC-Net meteorological data. Hourly estimates of surface liquid water derived from the top 5 cm of the firn were
aggregated over 8 day intervals consistent with MODIS composite periods. A linear inversion model
was developed and applied to MODIS SWIR ρ and T S grids to produce estimates of LWFeff over the
entire ice sheet, integrated over 8 day periods. For additional details see Lampkin and Peng (2008).
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empirical approach that involves two phases. The modelling phase involves producing estimates of the LWF from SNTHERM89 at specific calibration sites. The calibration phase
involves linearly regressing MODIS shortwave infrared (SWIR) reflectance (ρ) and land
surface temperature (T S ) to the LWF at the same calibration sites where SNTHERM89 was
executed. Retrievals are performed by applying the linear calibration equation to MODIS
SWIR reflectance and T S images over the 2002 ablation season. The modelling and
calibration phases are explained in more detail below.
2.1.1. Modelling phase
The modelling phase relies on SNTHERM89, which is a one-dimensional mass and energy
balance model for estimating mass and energy flux through strata of snow and soil.
It is comprehensive in scope, capable of simulating dynamic processes (Jordan 1991).
SNTHERM89 was executed by initializing with stratigraphic data and forcing the surface–
atmosphere boundary with meteorological data at two-hourly intervals over the analysis
period (Figure 2, stages (1)–(3)). Air temperature, relative humidity, incoming and outgoing shortwave radiation, and wind speed measured from three GC-Net stations were used
to force SNTHERM89. JAR1, JAR2, and Crawford Point (CP) are three GC-Net stations
used in the modelling phase (Figure 1) and were selected because they are distributed over
a broad range of elevations, spanning from 962 to 2022 m. Melt conditions across the
three sites represent low and high degrees of melting across the ablation zone of the GIS.
Given the impact of cloud cover on the net surface radiation balance, it was necessary to
take into account the cloud amount at the GC-Net stations; therefore a cloud opacity index
developed by Box (1997) was applied. The cloud opacity index is a quantitative estimate
of percentage radiative depletion of downwelling solar radiation by clouds and requires an
estimate of clear-sky downwelling solar radiation flux derived from the radiative transfer
model Streamer (Figure 2, stage (1)). Streamer can be used to estimate radiance (intensity)
or irradiance (flux) for a variety of atmospheric and surface conditions (Key and Schweiger
1998).
SNTHERM89 outputs a range of state variables for each layer in the simulated stratigraphy at JAR1, JAR2, and CP GC-Net stations. The surface LWF only within the top 5 cm
was used because it is the depth from which upwelling radiation contributes to measured
SWIR and T S measured by MODIS (Figure 2, stage (2)). SNTHERM89 LWF output was
aggregated over the same 8 day periods covered by MODIS composites (Figure 2, stage
(3)). Cloud cover is a major limitation when using data collected in the visible and thermal
parts of the electromagnetic spectrum and can reduce spatial coverage on a daily basis, particularly over the GIS (Klein and Stroeve 2002). MODIS 8 day composites have less cloud
cover than daily images because each pixel represents a measurement from the ice sheet
surface during the 8 day interval. There are a total of six 8 day composite scenes during
this study, covering the period from 25 May (ordinal day number or day 153) to 12 July
(day 193) 2002. Composited MODIS products allow for cloud-free estimates of melt
magnitude.
2.1.2. Calibration phase and retrieval of LWF
The calibration phase involves applying a best-fit linear model to SNTHERM89-derived
estimates of LWF8-day and corresponding MODIS SWIR reflectance, and T S values
measured at GC-Net locations, where SNTHERM89 was run, were extracted from each
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8 day composited image over the melt season (Figure 2, stage (4)). The linear empirical retrieval model provides an estimate of effective melt magnitude (LWFeff ) by applying
Equation (1) to MODIS SWIR and T S grids over the entire ice sheet (Figure 2, stage (5)).
LWFeff represents a measure of temporally integrated LWF over an 8 day period at 1 km2
within the top 5 cm of the glacial firn at a relative accuracy of ∼±2%. The relative accuracy of LWFeff represents a maximum relative error, as a function of the combined error
from MODIS SWIR reflectance (ερ ), which is ∼0.1–0.2%,
√ and T S (εT S ) is ∼1.1–2% for
the 8 day composited products. Relative error is given by (ερ 2 + εT S 2 ) . For more details
of model derivation, see Lampkin and Peng (2008). The derived linear inversion model to
estimate LWFeff is given by

Downloaded by [University Of Maryland] at 20:47 26 March 2014

LWFeff = −0.136 × ρ + 0.011×TS −2.822.

(1)

This equation is applied to each pixel within the MODIS reflectance and land surface temperature 8 day composites. LWFeff values are valid between 0% and 12%, as these are
the minimum and maximum melt amount estimated at the highest- and lowest-elevation
GC-Net stations over the melt season during the modelling phase. Each 8 day LWFeff grid
was spatially resampled to 25 km using a nearest-neighbour routine to match the spatial
resolution of passive microwave-derived melt occurrence grids estimated over the analysis
period.

2.2. Melt occurrence and extent estimation using passive microwave indices
Daily, binned, and gridded Equal-Area Scalable Earth-Grid (EASE-Grid) brightness
temperature grids at a spatial resolution of 25 km measured by the SSM/I satellite
system aboard the Defense Meteorological Satellite Program (DMSP) platform, are
archived at the National Snow and Ice Data Center (NSIDC) (http://nsidc.org/data/docs/
daac/nsidc0032_ssmi_ease_tbs.gd.html) (Armstrong et al. 1994, updates to 2005).
These grids were used to compute daily surface melt indices (Table 1). Both ascending
and descending orbit observations were acquired at 19 and 37 GHz frequencies. Brightness
temperatures from these channels were used to estimate melt extent using the XPGR index
(ψ xpgr ) given by
ψxpgr = (Tb19H −Tb37V )/(Tb19H +Tb37V ),

(2)

where an ψ xpgr value exceeding –0.0158 is designated as a melt event.Additionally, we used
the modified DAV metric (ψ dav ) prescribed in Tedesco (2007) given by
ascending

ψdav = Tb

descending

− Tb

> 18K and Tb19 or 37 GHz > 258K,

(3)

where both a T b difference test and a single-channel test (19 or 37 GHz) exceed their
respective thresholds to indicate a melt event. In this analysis, we calculated ψ dav using the
37 GHz channel for the single-channel test, primarily because at this frequency brightness
temperature is dominated by surface emission (Ulaby, Moore, and Fung 1982), and so
provides a comparable estimate of melt with that derived from the MODIS-based approach.
Daily ψ xpgr and ψ dav maps were summed over the same MODIS 8 day composite periods
to produce melt duration maps.
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3. Results
3.1. Spatio-temporal variability of XPGR and DAV
The spatio-temporal variability of melt occurrence derived from ψ xpgr and ψ dav exhibits
large differences in extent and occurrence derived from Figures 3(a)–(f ). The ψ xpgr melt
index consistently exhibits far less melt extent than ψ dav over the same period, even though
both show an increase in extent and occurrence as the melt season progresses. ψ xpgr demonstrates a much more conservative assessment of melt, with most melt detected along the
margins of the ice sheet. The ψ dav index tends to capture a greater range of melt occurrence
throughout the entire ice sheet, with higher instances of melt along the ice sheet margins
and some variability in those events occurring at higher elevations. Higher-elevation ψ dav
melt occurrences are far less frequent than those along the margin throughout the melt
season. Both ψ xpgr and ψ dav demonstrate frequent melt events along the southwestern and
northeastern edges of the ice sheet. These differences are partially dependent on single
thresholds used to categorize output from Equations (2) and (3).

3.2. Comparisons of melt duration from XPGR, DAV with LWFeff
Comparisons of the spatial distribution between MODIS-retrieved LWFeff and passive
microwave-derived surface melt extent/occurrence for each of the six 8 day composite periods demonstrate some similarities and differences. The similarities include a higher LWFeff
at the ice sheet margins, where both ψ xpgr and ψ dav demonstrate higher occurrences of melt.
The retrieved LWFeff along the ice sheet margins tends to be high (in the order of ∼12%)
relative to LWFeff in the interior of the ice sheet. This tendency is most pronounced during the early part of the melt season (day 153, Figure 3(a)), and is consistent with surface
temperatures derived from the ETH GC-Net station, which are above 0◦ C (Figure 4) early
in the melt season. Additionally, the spatial distribution of high LWFeff retrieved for day
153 is consistent with that derived using ψ dav , which demonstrates higher melt occurrences
in locations having higher melt fractions.
Throughout the rest of the melt season, retrieved LWFeff values are lowest (∼0%) in the
vicinity of the ice sheet summit at elevations upwards of 2700 m, where temperatures at the
SUMMIT GC-Net station remain below freezing, but with a sharp spike around day 177
(Figure 4). This is consistent with a marked increase in melt occurrence from both ψ dav
and ψ xpgr during the same composite period at higher elevation near the SUMMIT station.
An increase in melt extent derived from both ψ xpgr and ψ dav occurs along the ice sheet margins on day 161 (Figure 3(b)). Additionally, an increase in melt extent within the southern
saddle region, near the SADDLE GC-Net station is evident on day 161 as well (Figure 1).
This is coincident with a marked, short-duration increase in surface temperatures, which
are well above freezing measured from SADDLE station (Figure 4). A cooling period
occurs in the southern tip of Greenland during composite period 177 (Figure 3(d)), evident
by reduced melt fractions as low as 2–5%, and is consistent with fewer melt occurrences
according to ψ xpgr and ψ dav . These relationships are further supported by a short-duration
decrease in temperature around day 177 as measured from SOUTH-D GC-Net station
(Figure 4).
ψ dav and ψ xpgr demonstrate increased melt area in the northeastern part of the ice sheet
commensurate with higher LWFeff . This region shows a spatially coherent melt anomaly in
composite period 193 (Figure 3(f )), with high melt occurrence lasting almost for 8 days as
measured from both ψ dav and ψ xpgr . MODIS-derived LWFeff amounts tend to be high over
this region during this period. This feature corresponds to increasing temperatures starting
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Figure 3. Spatio-temporal variability of surface melt occurrences composited over 8 day intervals
derived from SSM/I passive microwave brightness temperatures using XPGR and DAV algorithms
compared to estimates of liquid water fraction (LWFeff ) integrated over 8 day periods derived from
MODIS during the 2002 ablation season for composite periods spanning from 25 May (153) (a) to
12 July (193) (f ). Key (ordinal days): (a) 153, (b) 161, (c) 169, (d) 177, (e) 185, and (f ) 193.

around day 188 and continuing through the end of the time series as measured from the
NASA-E GC-Net station (Figure 4).
The northwestern part of the ice sheet demonstrates a gradual increase in temperature
during the 161 composite period, as measured by the GITS GC-Net station (Figure 4).
During the same composite period, ψ xpgr and ψ dav demonstrate a slight increase in both the
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Figure 4. Time series of surface temperature during the analysis period measured from Greenland
Climate Network (GC-Net) stations with elevations: (a) ETH (1149 m), (b) GITS (1887 m), (c)
SUMMIT (3208 m), (d) SADDLE (2559 m), (e) SOUTH-D (2922 m), and (f ) NASA-E (2631 m).
Locations of each station are presented in Figure 1.

extent of the melt and melt occurrence. During the time interval from the 153 to 161 composite periods, there is a sharp increase in LWFeff over the northwestern part of the GIS
commensurate with increases in measured temperature. Later in the melt season, a period
of cooling is observed, as measured at the GITS GC-Net station. This drop in temperature
is followed by a reduction in both the extent and occurrence of melt derived from ψ xpgr and
ψ dav . Retrieved LWFeff estimates demonstrate a decline in the vicinity of GITS from 185 to
the 193 composite periods.
The primary difference between the spatial distribution of melt duration and melt magnitude is that higher melt magnitudes generally are more spatially consistent with the
distribution of melt occurrence determined from ψ dav than the ψ xpgr index. There are clear
inconsistencies between melt occurrences derived from ψ xpgr and melt magnitude. The
ψ xpgr index, at the beginning of the season, shows far less melt extent, with close to 8 days
of melt occurrence only along the western margin of the ice sheet at elevations of less than
1000 m (Figure 3). Retrieved LWFeff within the interior of the ice sheet is significant, where
ψ xpgr indicates little-to-no melt for most of the analysis period, with the exception of the
177 composite period.

D.J. Lampkin and U. Wade

3.3. Relationships between melt duration and LWFeff
We further evaluate how MODIS-derived LWFeff varies with melt duration (the total number of days melt was detected) through calculating mean LWFeff (<LWFeff >) of all pixels
corresponding to each melt duration day from ψ xpgr and ψ dav within each 8 day composite
period (Figures 5(a)–(f )). Throughout the melt season, ψ xpgr demonstrates consistent and
sharp breaks in the relationship between melt duration and <LWFeff >. These breaks tend
to occur between days 0 and 1 and are less pronounced between days 5 and 7. Figure 5(a)
shows a monotonic increase in <LWFeff > with ψ dav melt duration; while the relationship between <LWFeff > and ψ xpgr melt duration is non-monotonic during the 153 day
composite interval. During the day 161 composite periods (Figure 5(b)), a sharp increase
occurs in <LWFeff > for both ψ xpgr and ψ dav , corresponding to higher melt fractions
with close to 13% for occurrences of melt for all 8 days. Although ψ dav and ψ xpgr both
demonstrate monotonic behaviour, ψ xpgr durations are even more monotonic. A monotonic relationship between melt magnitude and melt duration is characteristic for composite
periods 169 to 185 (Figures 5(c)–(e)). A non-monotonic relationship between melt magnitude and duration derived from both ψ xpgr and ψ dav appears in composite period 193.
During the 193 interval, there is a sharp decline in <LWFeff > for pixels that experience
7–8 days of persistent melting according to ψ dav and ψ xpgr (Figure 5(f )). Interestingly, pixels that demonstrate 8 days of consecutive melt occurrence during the 193 composite period
correspond to low <LWFeff > values relative to earlier composite periods.
3.4. Temporal comparisons of XPGR, DAV, and LWFeff over the GIS major drainage
basins
Finally, we examine the temporal relationship between melt occurrences and melt magnitude. The means and standard deviations of melt fractions (Table 2) and passive
microwave-derived melt occurrence over six major drainage basins throughout the melt
0.16

<LWFeff> (%)
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Figure 5. Plot of <LWFeff > per melt duration days estimated from ψ xpgr and ψ dav indices for composite periods 153 (a) to 193 (f ). Key (ordinal days): (a) 153, (b) 161, (c) 169, (d) 177, (e) 185, and
(f ) 193.
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Table 2. Mean and standard deviations of effective melt fractions (LWFseff ) (%) over six major
drainage basins.
Drainage basins
Basin 3

170
180
Ordinal day

190

9
8
7
6
5
4
3
2
1
0

160

170
180
Ordinal day

190

Melt duration (days)

4.37 ± 0.04
7.06 ± 0.04
4.71 ± 0.04
7.81 ± 0.04
8.19 ± 0.04
5.16 ± 0.04

2.08 ± 0.03
3.79 ± 0.04
2.97 ± 0.04
9.37 ± 0.04
5.40 ± 0.04
3.13 ± 0.03

160

170
180
Ordinal day

190

8
7
6
5
4
3
2
1
0

160

170
180
Ordinal day

190

200

8
7
6
5
4
3
2
1
0

200

14
12
10
8
6
4
2
0

150

160

170
180
Ordinal day

190

200

14
12
10
8
6
4
2
0

150

160

170
180
Ordinal day

190

Melt duration (days)

LWFeff (%)

14
12
10
8
6
4
2
0

(f)
12
10
8
6
4
2
0

150

2.73 ± 0.04
9.12 ± 0.04
6.85 ± 0.05
4.66 ± 0.04
9.99 ± 0.04
7.48 ± 0.04

(d)

200

(e)

9
8
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6
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2
1
0

Basin 6

150

200

14
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8
6
4
2
0

150

9
8
7
6
5
4
3
2
1
0

Melt duration (days)

Melt duration (days)

(c)

Basin 5

(b)

Melt duration (days)

160

LWFeff (%)

150

LWFeff (%)

Melt duration (days)

8
7
6
5
4
3
2
1
0

LWFeff (%)

14
12
10
8
6
4
2
0

(a)

Basin 4

LWFeff (%)

Basin 2

1.77 ± 0.01 3.12 ± 0.03 5.32 ± 0.05
3.89 ± 0.02 6.75 ± 0.04 7.89 ± 0.05
4.17 ± 0.03 3.44 ± 0.04 5.96 ± 0.06
11.12 ± 0.02 10.86 ± 0.03 10.77 ± 0.04
7.26 ± 0.03 8.45 ± 0.04 9.09 ± 0.05
5.65 ± 0.02 7.92 ± 0.04 5.05 ± 0.05

153
161
169
177
185
193
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Figure 6. Time series of mean and standard deviations of melt occurrence derived from ψ xpgr (),
ψ dav (•), and liquid water fraction (LWFeff ) () over 8 day composite periods. Key: (a) basin 1, (b)
basin 2, (c) basin 3, (d) basin 4, (e) basin 5, and (f ) basin 6.

season were calculated. The temporal behaviour of areal averages of LWFeff correlates
well with those melt occurrences derived using ψ xpgr and ψ dav (Figure 6). Generally, each
basin shows similar relationships between basin areal mean LWFeff and melt occurrence,
particularly early in the melt season.
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The early part of the season is characterized by intermittent and small increases in
occurrence and magnitude around composite period 160, with sharp increases at or around
composite period 180. There are variations in the timing of this increase from basin to basin.
Basins 1, 2, 3, 5, and 6 demonstrate this marked increase before composite period 180,
while basin 4 indicates this during or just after this date. The anomalous behaviour in the
timing of occurrence and magnitude in basin 4 may be due to the fact that basin 4 occupies
a higher elevation region relative to the other basins. Both ψ xpgr and ψ dav indicate that
northern basins (1 and 2) have gradual changes in melt occurrence through time. Generally,
ψ xpgr demonstrates fewer occurrences than ψ dav . ψ dav seems to follow changes in retrieved
LWFeff throughout the melt season. Basins in the south tend to show dramatic fluctuations
in both melt frequency and magnitude, particularly in melt events derived from the more
sensitive ψ dav index.
4. Discussion
The above results indicate that melt occurrences derived from ψ dav are more consistent
with melt magnitude than ψ xpgr throughout the analysis period. Both microwave-based
techniques show comparable increases in melt occurrence with MODIS-derived estimates
of surface LWF, particularly during the middle of the melt season (day 153; 3 June).
Differences in how ψ xpgr and ψ dav compare to LWFeff are due to differences in the level
of sensitivity to melt between ψ dav and ψ xpgr . Although both melt indices use microwave
frequencies sensitive to surface-emitted radiation, ψ dav accounts for melt and refreezing
events. Additionally, upwelling passive microwave emissions are determined by the magnitude |εeff | of the dielectric constant, which is frequency dependent (Ulaby, Moore, and
Fung 1982). Tedesco (2007) compared melt extent and occurrence derived from ψ xpgr ,
ψ dav , and QSCAT backscatter measurements and demonstrated that ψ xpgr was less sensitive to melt onset. This is likely due to the use of the 19 GHZ channel in the ψ xpgr
index, which has high penetration depth resulting in reduced sensitivity to the presence
of liquid water. Tedesco (2007) showed a higher correlation of ψ dav with National Centers
for Environmental Prediction National Center for Atmospheric Research (NCEP/NCAR)derived estimates of ice surface temperature than ψ xpgr . Given that our MODIS-derived
estimates of LWFeff fraction include TS as a primary input, it seems reasonable that ψ dav is
more consistent with LWFeff .
Comparing both ψ xpgr and ψ dav , there is evidence that the category of no-melt, or
zero days of occurrence, consistently exhibits melt fractions between 0% and 2% and
can be slightly higher for a single occurrence throughout the melt season. Abdalati and
Steffen (1997) specify that the ψ xpgr threshold will register a pixel as melting when surface LWFs by volume exceed 1%. The results of this comparison are within the margin of
error assessed for the MODIS-based LWFeff retrieval approach (∼±2%). The duration of
ψ xpgr melt occurrences (number of melt days) corresponds to higher mean (<LWFeff >)
amounts. This relationship between ψ xpgr and <LWFeff > mainly holds for pixels that
are restricted to lower-elevation regions of the ice sheet, where air temperatures tend to
be higher. Non-monotonic behaviour in the relationship between microwave-based melt
indices and <LWFeff > demonstrates some important differences in how these indices
detect melt (Figure 5). Days 185 and 193 exhibit non-monotonic behaviour between
<LWFeff > and ψ xpgr , while the rest of the season shows monotonic behaviour for both
indices. A non-monotonic relationship between <LWFeff > and ψ xpgr for these days is
characterized by lower mean effective fractions of melt for regions indicated by ψ xpgr
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as having the highest duration of melt (melt occurring at these locations for eight consecutive days) (Figures 5(e) and (f )). The non-monotonic relationship between ψ xpgr and
<LWFeff > corresponds to locations that experience frequent melting, and a small degree
of melt, which are likely zones that melt and refreeze. The regions that experience frequent melt and refreeze events indicate intermittent increases in measured air temperatures
(GITS and NASA-E) at GC-Net stations, during the 185 and 193 composite periods that
slightly exceed 0◦ C (Figure 4). Both GITS and NASA-E stations are in regions where ψ xpgr
reports high duration of melting at lower elevations (Figure 3). Spatially, southernmost
basins tend to show higher LWFeff and melt durations, particularly those derived from the
ψ dav index. Melt patterns within the southern basins, although constrained by the 2002 melt
season, are more broadly consistent with mass balance evaluations derived from the Gravity
Recovery and Climate Experiment (GRACE), where Greenland mass loss has more than
doubled during the period from 1996 through 2005 (from 90 to 220 km3 year−1 ). The
largest proportion of the increase in mass loss is driven by accelerated mass discharge from
southern basins at 161 ± 24 km3 year−1 as compared with 83 ± 18 km3 year−1 for northern basins evaluated using GRACE from April 2002 to April 2006 (Velicogna and Wahr
2006).
Generally, the ψ dav index records higher occurrences of melt that are spatially more
widespread than ψ xpgr . Given that ψ xpgr represents a more conservative estimate of melt
extent, our results indicate that LWFeff is highest in regions where ψ xpgr detects higher
durations of melt. Retrieved LWFeff demonstrates spatial variability consistent with melt
occurrences detected by the ψ dav index. The ψ dav metric detects melt events at higher elevations than ψ xpgr , where LWFeff exhibits values greater than zero. Therefore, LWFeff is
able to capture intermittent melt events that are low-magnitude melt and spatially variable
consistent with ψ dav , while detecting high-magnitude melt along lower elevations zones
where ψ xpgr demonstrates the highest duration of melt.
Admittedly, an important limitation in such a comparison as that conducted in this
study is the different radiative information responsible for satellite-derived signatures in
the microwave parts of the EM spectrum versus those measured in the visible and thermal. We attempted to account for the depth-dependent nature of surface thermal emission
and reflectance, but microwave brightness temperatures can represent different information about the polar firn. Surface reflectance can vary due to several factors such as
grain size, emission angle, snow density, surface impurities, and liquid water content
(Dozier and Warren 1982). The MODIS-derived LWFeff technique relies on structural
changes in surface reflectance due to an increase in the effective optical grain size.
Wet snow, with high liquid water content, produces large grain clusters due to entrainment of smaller grains by larger grains (Colbeck 1982, 1989). An incident photon in
wet snow will have a high probability of being scattered when it transverses the air–
ice interface, but a greater chance of absorption while passing through the ice grain.
The increase in scattering and absorption probability results in increasing the mean photon path length, subsequently reducing reflectance (Warren 1982). The MODIS-derived
retrieval of LWFeff uses not only the changes in SWIR reflectance due to this process, but surface temperature as well. Refreezing events, where surface melt percolates
to deeper layers, may have a greater impact on microwave emissions while driving the
retrieved LWFeff to lower values. Additionally, the LWFeff retrieval algorithm is limited
by the use of 8 day composites, which results in the inability to capture refreeze events
adequately.
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5. Conclusion
The present study has used two microwave-based melt indices to evaluate the performance
of a novel melt magnitude retrieval algorithm. Results from this effort indicate that the melt
magnitude retrieval algorithm has demonstrated the ability to capture important patterns in
surface melt dynamics through the ablation season. Retrieved melt magnitude patterns are
consistent with the duration and extent of melting relative to the two microwave-based
indices used as benchmarks in this analysis. Comparisons between the MODIS-based
LWFeff and the more conservative index of the two microwave-based metrics (XPGR)
demonstrate that the melt magnitude algorithm retrieves large melt amounts within the
ablation zone of the ice sheet where ψ xpgr indicates high melt durations. The melt magnitude retrieval scheme also demonstrates sensitivity to the spatial extent of melt across the
entire ice sheet, as it captures similar spatial variability in melt over locations where ψ dav
shows extensive melt occurrences, particularly at high elevations.
The results derived from this analysis establish that the MODIS-based melt magnitude
algorithm can, at minimum, resolve the spatio-temporal variability of surface melt and be
used as an effective approach to augment existing metrics for monitoring melt dynamics.
A hybrid melt retrieval algorithm can be developed through the use of microwave-based
metrics to identify regions experiencing a melt event reliably, within which the melt amount
or magnitude will be retrieved using the MODIS-based approach evaluated in this study.
Additional work will be conducted to refine errors in liquid water estimates as well as
performance evaluation over multiple melt seasons.
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