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A B S T R A C T   

Increasingly larger portions of the Greenland ice sheet are undergoing seasonal melting-refreeze cycles due to 
global climate warming. The cycle begins with the arrival of high temperatures and increased solar radiation in 
the spring and summer seasons generating meltwater on the ice sheet’s surface. Meltwater percolates to deeper 
ice layers, either refreezing within the firn, creating longer-term meltwater pockets (firn aquifers), or generating 
peripheral runoff. Depending on the location and climate, the refreeze duration, the depth of infiltration, and 
meltwater persistence are temporally and spatially complex. Our recent study showed that multi-frequency 
passive microwave measurements in the 1.4 GHz to 36.5 GHz range effectively distinguished seasonal melt
water between the immediate surface and deeper firn layers at an experiment site in the accumulation zone of the 
southwestern Greenland ice sheet. Here, we further explored the vertically and horizontally polarized multi- 
frequency melt response at the pan-Greenland scale. We employed 1.4 GHz brightness temperature (TB) mea
surements from the NASA Soil Moisture Active Passive (SMAP) satellite and 6.9, 10.7, 18.9, and 36.5 GHz TB 
measurements from the JAXA Global Change Observation Mission-Water Shizuku (GCOM-W) satellite. The re
sults show that the frequency-dependent response was consistent across the ice sheet. The multi-frequency melt 
indications match with lasting seasonal subsurface meltwater with delayed refreezing compared to the surface. 
These results suggest persistent seasonal subsurface meltwater occurrences that are spatially and temporally 
significant but concealed from the high-frequency observations. Retrieving the meltwater evolution in snow and 
firn presents a complex problem; this work represents an initial step toward developing an ice-sheet-wide al
gorithm for more comprehensive retrieval of the meltwater profile.   

1. Introduction 

Passive microwave observations are used for detecting ice sheet melt 
conditions because of their sensitivity to the permittivity changes in the 
ice sheet’s upper layers during seasonal melt events (e.g., Abdalati and 
Steffen, 1995; Colosio et al., 2021). Currently operating spaceborne 
microwave radiometers offer coverage of the polar ice sheets multiple 
times a day regardless of atmospheric conditions due to their low sus
ceptibility to the effects of clouds, aerosols, and solar illumination. 
Consequently, these observations yield reliable time series of melt sig
natures at a spatial resolution of 10–40 km (e.g., Fettweis et al., 2006; 

Tedesco, 2007). The retrieval techniques have traditionally employed 
18.7 GHz and 37 GHz channels (Jezek et al., 1993; Steffen et al., 1993; 
Mote and Anderson, 1995). 

Although the current approaches have helped to make substantial 
advances in observing the ice sheet melt timing and extent, the limita
tions of the current observational methods do not allow us to form a 
complete view of the melt-refreeze dynamics. For example, studies in 
the Greenland ice sheet percolation zone have shown highly variable 
seasonal meltwater infiltration with depths of more than 10 m 
commonplace with spatially variable refreezing timing (e.g., Harper 
et al., 2012; Cox et al., 2015). The products based on the 18.7 GHz and 
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37 GHz brightness temperature (TB) correspond only to the meltwater 
presence in the top layer of the ice sheet (up to 1 m) and do not carry 
knowledge on the meltwater refreeze occurring after the meltwater has 
percolated deeper into the ice sheet (e.g., Tedesco, 2015). This is 
because the radiation emanating from the deeper layers is suppressed by 
overlying layers, and the near-surface snow and firn layers provide the 
dominant satellite signal at these frequencies. Recent studies have 
explored the 1.4 GHz TB sensitivity to snow liquid water content (LWC) 
in glaciers using ESA’s SMOS (Soil Moisture Ocean Salinity) mission 
(launched in 2009; Mecklenburg et al., 2016; Houtz et al., 2019) and 
tower-based measurements (Naderpour et al., 2021) as well as in sea
sonal snow cover (Naderpour et al., 2017; Naderpour and Schwank, 
2018; Schwank and Naderpour, 2018). The studies indicate equivocally 
that despite the transparency of dry snow at the 1.4 GHz band, it is 
sensitive to LWC over a range of depths. Moreover, the signal does not 
saturate with low LWC amounts as it does for the higher frequencies, 
which enables not only the detection of LWC but also its amount. The 
1.4 GHz observations from SMOS and NASA’s Soil Moisture Active 
Passive (SMAP) mission (launched in 2015) (Entekhabi et al., 2010) 
have been introduced for ice sheet-wide detection of meltwater (Ledu
c-Leballeur et al., 2020; Houtz et al., 2021; Mousavi et al., 2021, 2022). 
Furthermore, as the 1.4 GHz radiation penetrates dry snow with little 
effect, the L-band frequency has also been applied for detecting firn 
saturation (Miller et al., 2022b), and meltwater stored in deeper 
perennial firn aquifers (Miller et al., 2020, 2022a). Colliander et al. 
(2022) showed that the 1.4, 6.9, 10.7, 18.7, and 36 GHz frequency bands 
could complement each other for retrieving information on the vertical 
profile of LWC in snow/firn layers over the DYE-2 experiment site in 
Greenland (Samimi et al., 2020; Samimi et al., 2021). The study used 
combined multi-frequency TB measurements from SMAP and the 
Advanced Microwave Scanning Radiometer 2 (AMSR2) onboard the 
Global Change Observation Mission-Water Shizuku (GCOM-W1) satel
lite (Imaoka et al., 2010), along with an LWC model calibrated using in 
situ measurements. 

Most traditional melt detection algorithms using 18.9 GHz and 36.5 
GHz frequency bands are based on change detection classification of the 
increased TB that occurs during melt events relative to frozen winter 
conditions; the approaches vary based on how they define the frozen 
winter reference and the threshold for melt detection (e.g., Tedesco, 
2009). Mousavi et al. (2021, 2022) presented an empirical melt detec
tion algorithm for L-band (1.4 GHz) using a similar change detection 
approach. This study investigated the multi-frequency TB response to 
seasonal surface melting at the pan-Greenland scale. Our objective was 
to clarify the value of combined lower and higher frequency observa
tions for delineating surface melt patterns relative to more traditional 
assessments involving only higher frequency data. We analyzed the 
SMAP and AMSR2 TB measurements with air temperature data from 
selected weather stations. We employed a change detection approach 
across the 1.4, 6.9, 10.7, 18.9, and 36.5 GHz frequencies using the SMAP 
and AMSR2 measurements and compared the extent and timing of the 
melt indications between frequencies. We used the period from 2016 to 
2019, which is too short to systematically analyze interannual variations 
or trends, even if more recent years (2020− 2021) were included. 
Additional L-band data are available from the ESA Soil Moisture and 
Ocean Salinity (SMOS) mission (starting in 2010), and more C- to Ka- 
band data are available from the JAXA Advanced Microwave Scanning 
Radiometer-Earth Observing System (AMSR-E) instrument on the NASA 
Aqua satellite (extending from 2002 to 2011). However, the 2016–2019 
period is adequate for showing the value of the multi-frequency mea
surements, while the exploitation of the longer time series is left to 
future studies. 

2. Data 

2.1. SMAP data 

The SMAP L-band radiometer measures vertical (V) and horizontal 
(H) polarized 1.4 GHz TB with native 38-km resolution sampled from a 
6 AM/PM equatorial crossing sun-synchronous orbit (Entekhabi et al., 
2014; Piepmeier et al., 2017). The conically scanning, 40◦ incidence 
angle, TB measurement results in a 1000-km swath width that allows the 
measurement of the entire Greenland ice sheet twice daily. The SMAP 
mission started science data production on March 31, 2015. Here we 
used the spatially enhanced TB product (L1CTBE, version 3) posted to a 
consistent 9-km Equal-Area Scalable Earth grid version 2 (EASE2) 
(Brodzik et al., 2012, 2014) polar grid (Chaubell et al., 2020). 

2.2. AMSR data 

The AMSR2 instrument provides simultaneous V and H polarized TB 
measurements at 6.9/7.3 GHz, 10.65 GHz, 18.7 GHz, 23.8 GHz, 36.5 
GHz, and 89.0 GHz frequency channels with a 1:30 AM/PM equatorial 
crossing sun-synchronous orbit (Imaoka et al., 2010). The 3 dB footprint 
varies with channel frequency, ranging from ~41 km (6.9 GHz) to ~8 
km (36.5 GHz) and ~ 5 km (89 GHz). The conically scanning, 55◦

incidence angle measurement results in about 1900-km swath width 
that is spatially overlapping with SMAP observations and also allows the 
measurement of the entire Greenland ice sheet at least twice a day. The 
AMSR2 mission has produced science data since May 18, 2012. The data 
were gridded using inverse distance weighting on the same 9-km EASE2 
grid as the SMAP data. 

2.3. Focus transect 

For comparisons with the satellite observations, we used automatic 
weather station (AWS) data collected along the K-transect near Kan
gerlussuaq in west Greenland (Fausto et al., 2021). The transect runs 
from east to west, roughly perpendicular to the ice sheet edge at about 
67◦N (e.g., Smeets et al., 2018). The K-transect was established origi
nally for the Greenland Ice Margin Experiments (GIMEX) conducted 
during the summers of 1990 and 1991 (Oerlemans and Vugts, 1993). 
This study analyzes the satellite TB data along the 67◦N parallel from 
− 50◦E to − 43◦E. Fig. 1 (a) shows the transect overlaid on the digital 
elevation model of the Greenland Ice Sheet (Howat et al., 2014). Surface 
mass balance and ice velocity measurements have been performed at 
nine locations along the K-transect, four of which are equipped with 
AWS measurement sites: two in the ablation zone (annual net loss of 
mass) at approximately 350 m and 670 m above sea level (ASL), one at 
the approximate equilibrium-line altitude (~1270 m ASL), and one in 
the lower accumulation zone (annual net gain of mass) (~1840 m ASL) 
at distances of 5, 38, 88, and 140 km from the ice edge, respectively. We 
used the air temperature measurements from these four AWS sites 
(Table 1). Fig. 1 (b) shows the transect’s elevation profile with the sta
tions’ locations. 

3. Approach 

3.1. Brightness temperature response to melt 

To analyze the SMAP and AMSR2 observations along the focus 
transect, the TB measurements were extracted from the grid pixels 
closest to the latitudinal parallel at 67◦N. The in situ AWS sites provide 
local measurements of the near-surface air temperature at four points 
along the regional transect and its evolution over time, while the TB 
measurements have a continuous coverage along the transect (at about 
9 km intervals). We investigated the correspondence of the change of the 
different TB channels (from the fully frozen winter reference values) 
with respect to the thermal evolution established by the AWS air 

A. Colliander et al.                                                                                                                                                                                                                             



Remote Sensing of Environment 295 (2023) 113705

3

temperature measurements. The winter reference values were computed 
using the measurements just before the start of the melt season from 
April 1 to April 6. 

3.2. Approach for retrieving the profile of snow status (wet/dry) 

We investigated the difference between the 1.4 GHz to 36.5 GHz melt 
indications to identify temporal and spatial trends of subsurface melt
water evolution. As was shown in Colliander et al. (2022), all frequency 
bands in the 1.4–36.5 GHz range respond clearly to the seasonal melt 
events on the ice sheet. The snow status (wet/dry) was compared to 
identify cases when the lower frequencies indicate melt conditions (wet 
state), but the higher frequencies show frozen conditions (dry state). In 
these cases, the lowest frozen channel indicates the thickness of the 
frozen layer and how deep the seasonal meltwater has percolated within 
the firn. Identifying these cases is particularly important for under
standing the melt processes affecting the ice sheets. 

We used a saturation fraction (SF) similar to what was used in Col
liander et al. (2022) to determine whether the emissions were affected 
by meltwater with respect to winter conditions. We chose a uniform 
approach across frequencies for consistency, although there are melt 
detection approaches explicitly developed for Ka-band (such as Tedesco, 
2009) and L-band (such as Mousavi et al., 2022). These approaches are 
also based on the change of the TB values from winter reference con
ditions, with some refinements. SF is defined here as: 

SFp(f ) =
TB,p(f ) − Tfrozen

B,p (f )
Tmax

B,p (f ) − Tfrozen
B,p (f )

(1)  

where SFp(f) is the frequency-dependent saturation fraction and TB,p(f) 
represents TB with the subscript p indicating the polarization; Tfrozen

B,p (f)
and Tmax

B,p (f) represent TB during reference fully frozen winter conditions 
and the maximum TB during the melt season, respectively. Cases having 
saturation fractions less than zero from (1) are reported as saturation 
fraction zero. The period used to compute the winter reference value 
was January and December of each water year, before and after the melt 
season. The threshold for detecting binary snow/firn status (wet/dry) 
was set as Z times the average standard deviation of the winter refer
ence. The smaller the value of Z, the more sensitive the detection is to 
deviations from the reference value, but also more prone to false in
dications of melt. Conversely, the larger the value, the less sensitive the 
detection is to deviations from the winter reference value but also less 
prone to making false melt indications (Mousavi et al., 2022). A value of 
Z = 6 generally gave a balanced response to SF variations for all 
frequencies. 

The melt detected with different frequencies was assigned to five 
layers so that the 36.5 GHz channel corresponded to the first layer and 
the 1.4 GHz channel to the last layer. We did not attempt to characterize 
the depths and thicknesses of the layers, but their order is unequivocal 
and serves the study’s objective to explore the meltwater response of the 
different frequencies in the surface and subsurface layers of ice sheets. 
Conversely, to assign an estimate at which depths these snow status 
(dry/wet) changes occur would require an additional modeling step. To 
compute the emission propagation at different frequencies, information 
on parameters such as snow density, temperature, and grain size would 
be needed, in addition to the snow status information, for all pixels. Each 
channel has its characteristic sensing depth in snow depending on these 
parameters, varying from tens of centimeters for 36.5 GHz to hundreds 
of meters for 1.4 GHz. Estimation of the depth profiles of these param
eters is not a trivial task, especially at the pan-Greenland scale; partic
ularly, the variable and largely unknown extent of structures like ice 
pipes and lenses significantly complicate the depth calculation. Making 
these estimates is the next obvious step in exploring multi-frequency 
retrieval, but it is outside the scope of the presented work. 

To spatially visualize the vertical distribution of snow status, the 
different melt scenarios were color coded. Fig. 2 shows the different 
scenarios. The cases vary from only the first layer in wet snow status 
(Scenario 1) to all layers potentially in wet snow status (Scenario 5) to 
only the last layer in wet snow status (Scenario 11). To keep the number 

Fig. 1. (a) The digital elevation model (DEM) of the Greenland Ice Sheet 
(Howat et al., 2014) and the focus transect with the station locations. The map 
is plotted in polar stereographic coordinates (Snyder, 1987). (b) The elevation 
profile along the focus transect based on (Howat et al., 2014) and the locations 
of the stations (the westernmost station is just outside of the ice sheet) with 
their recorded elevations. 

Table 1 
K-transect automatic weather stations (AWS) used in this study.  

Station 
Name 

Latitude 
(◦N) 

Longitude 
(◦W) 

Elevation [m] (Above Sea 
Level) 

KAN_B 67.1252 50.1832 350 
KAN_L 67.0955 49.9513 670 
KAN_M 67.0670 48.8355 1270 
KAN_U 67.0003 47.0253 1840  
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of cases reasonable but at the same time informative, in scenarios 
involving multiple layers, the layers between the highest and lowest are 
allowed to be either in a wet or dry state. For example, in case 3, Layers 1 
and 3 are wet, while Layer 2 may be wet or dry. The snow status profile 
was also analyzed along the focus transect. The status of each layer was 
plotted with the saturation factor (SF) and its thresholds along the 
transect. 

3.3. Computation of seasonal melt and refreeze timing differences 

The daily AM and PM overpass melt indications at each frequency 
were calculated to analyze the overall differences in the meltwater 
presence detected by each frequency. The number of days when the first 
layer was frozen, but the deeper layers still had meltwater, was 
compared to the number of days when at least the first layer was frozen. 
This shows the significance of accounting for the lower frequencies for 
tracking the ice sheet melt evolution. Similarly, the last day of melt 
detected at each frequency was compared to other frequencies to 
analyze the differences in the refreeze timing. 

4. Results 

4.1. Brightness temperature response to snow status (wet/dry) profile 

Fig. 3 shows the TB measurements at 1.4, 6.9, 10.7, 18.9 and 36.5 
GHz along the focus transect (Section 2.3) averaged over April 1–6, 
2019, which represents winter conditions just before the start of the melt 
season. The variation from the low-elevation edge of the ice sheet to
ward the high-elevation interior decreases systematically with fre
quency for both polarizations. The values are higher in the ablation 
zone, decrease rapidly over the percolation zone, and increase again 

approaching the dry snow line. The variation is likely caused by dif
ferences in the internal structure of the ice sheet in these different zones 
affecting the lower frequency measurements that see emissions origi
nating from deeper in the ice sheet than the higher frequencies (e.g., 
Jezek et al., 2018). Fig. 4 shows a similar TB trend from the ice sheet’s 
edges toward the interior over much of Greenland. 

Fig. 5 shows the difference between the V and H polarized TB mea
surements with respect to the winter reference values at 1.4 to 36.5 GHz 
along the focus transect (Section 2.3) for seven days during the 2019 
melt season. The plots show the evolution of the TB difference from a 
frozen condition on April 25, 2019 (A) to a refrozen condition on 
September 25, 2019 (G). The plots indicate the AWS temperatures with 
bars whose locations correspond to stations along the transect. At step B 
(May 28), the melt is starting from the west (lower elevation, see Fig. 1 
(b)) as indicated by air temperature measurements from stations KAN_B, 
KAN_L, and KAN_M. At steps C and D (June 9 and August 8), the melt 
spreads further east to higher elevations. At step E (August 10), the 
refreeze starts and the easternmost station (KAN_U) indicates below- 
freezing temperatures. Step F (August 17) indicates the progression of 
refreeze, while the AWS temperatures are similar to step E. Step G 
represents the refrozen condition, as KAN_L, KAN_M, and KAN_U are 
below freezing, although KAN_B at the edge of the ice sheet is slightly 
above freezing. 

The TB measurements in Fig. 5 correspond to melt and refreeze 
trends indicated by the AWS measurements. Here a positive ΔTBV or 
ΔTBH (referred to as ΔTB here for brevity because they are very 
consistent) for 6.9 to 36.5 GHz and any deviation of ΔTB from zero for 
1.4 GHz is considered an indication of melt conditions. Starting with 
Step B, the ΔTB for all frequencies deviates from zero starting from the 
west to about halfway between KAN_M and KAN_U (correspondingly, 
KAN_M is above freezing and KAN_U is below freezing), which corre
sponds to melt progressing up to this point. At step C, ΔTB deviation 
extends up to KAN_U for all frequencies except for 1.4 GHz (KAN_U is 
changed to above freezing), corresponding to melt now extending up 
this point. The fact that the 1.4 GHz channel is still close to zero is likely 
due to the insensitivity of the long wavelengths to small meltwater 
amounts. At Step D, the 1.4 GHz ΔTB is non-zero at KAN_U along with 
the other frequencies, and the deviation extends up to about − 44◦

longitude, suggesting further spreading of melt up to this point. At step 
E, the 36.5 GHz ΔTB drops below zero on the transect’s eastern side, 
indicating refreezing (and corresponds to KAN_U changing to below 
freezing). The positive deviation of ΔTB at the lower frequencies east of 
KAN_U suggests that there is still meltwater in the deeper layers. At step 
F, 36.5 GHz and 18.9 GHz ΔTB are close to or below zero further west 
but are still above zero west from KAN_M (which is above freezing). 
Also, the ΔTB deviation for the lower frequencies is smaller and now 
extends only up to about − 45◦ longitude, indicating the progress of 
refreezing of the subsurface layers toward the west. Finally, at step G the 
refreeze is complete. The 1.4, 6.9, and 10.7 GHz ΔTB return very close to 
zero (their winter reference values), but the 18.9 and 36.5 GHz channels 
exhibit variable deviation from the winter reference along the transect, 
which is likely due to the effect of snow morphology in the surface layers 
during the melt season altering the TB for the frozen conditions. The 
lower frequencies are less sensitive to these changes. The V and H 
polarized signatures are generally similar. The results indicate that the 
spatio-temporal response of the multifrequency TB measurements to 
snow status (wet/dry) changes consistent with what Colliander et al. 
(2022) observed over a single site. 

Notably, the 1.4 GHz TB change behaves differently between the 
ablation and percolation zones, while the other frequencies show a 
similar response over the two zones, which was also reported by 
Mousavi et al. (2021). Over the ablation zone and approaching the dry 
snow line, the TB during melt becomes smaller than the winter refer
ence, a deviation of the response from the other frequencies. Over the 
percolation zone, the TB becomes larger during the melt. Increased TB 
during melt is generally explained by increased emission when liquid 

Fig. 2. Meltwater profile classification for up to five snow layers of relative, 
undefined depths ranging from the surface layer (1) to the deepest layer (5). 
Each row represents a different layer associated with a frequency (GHz) iden
tified in the left columns, while the rest represent the different melt scenarios. 
The color coding is used in Fig. 7. 

Fig. 3. V and H polarized brightness temperatures for 1.4, 6.9, 10.7, 18.9, and 
36.5 GHz along the focus transect (Section 2.3) averaged for April 1–6, 2019. 
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water is present in the snow and firn (e.g., Mote and Anderson, 1995). 
The ablation zone is characterized by higher TB for the lower fre
quencies during winter conditions, with the 1.4 GHz channel having the 
highest TB level (Fig. 3 and Fig. 4). The effects of meltwater in the snow 
and firn reduce the emission for 1.4 GHz in this case but not for the other 
frequencies. The reason for this is likely the smaller absorptive effect of 
the meltwater at 1.4 GHz compared to the higher frequencies, combined 
with the higher background emission emanating from the deeper layers 
that are not visible to the higher frequencies. 

4.2. Snow status (wet/dry) profile retrieval results 

Fig. 6 shows the meltwater retrieval for the focus transect (Section 
2.3) using the approach explained in Section 3.2. The top panels of the 
plots show the saturation factor (SF) along the transect for each fre
quency and the associated threshold, and the bottom panel shows the 
snow status (wet/dry) projected to different layers based on the fre
quency. The blue coloring indicates melting. The left-hand column 
shows the snow status (wet/dry) for the same PM overpasses as Fig. 5, 
and the right-hand column shows the snow status (wet/dry) for the 
overpass immediately after the first one. These are AM overpasses, and 

the differences between the left and right plots demonstrate the diurnal 
cycle of the melt-refreeze dynamics. The plots are generated using the V 
polarized TB – the result is very similar to the H polarized TB based on 
Section 4.1. 

The plots show the different levels of threshold values for each fre
quency. Generally, the higher frequencies have higher thresholds 
because of their higher TB variance during the winter reference period 
(the variances were 1.6, 2.6, 3.3, 4.9, and 8.4 K for the V polarization 
from lowest to highest frequency). This is caused by the increased 
propagation effects of the shorter wavelengths to temporal variations in 
surface temperature and structural changes in the surface snow. The 
bottom panels illustrate the evolution of the melt during the melt- 
refreeze cycle in different layers. Over the season, the melt front pro
gresses toward the east, and meltwater persists in deeper layers, while 
the surface layer typically refreezes during the AM overpasses. Later in 
the season, the surface refreezes first, and then the deeper meltwater 
refreezes, progressing toward the west. 

Between the ablation and accumulation zones, there is a region with 
a minimal difference between the frozen condition and melt-affected TB 
at 1.4 GHz, which makes detecting melt difficult and may introduce 
artifacts in the melt retrieval. In this zone, the TB remains relatively 

Fig. 4. V and H polarized brightness temperatures (K) for 1.4, 6.9, 10.7, 18.9, and 36.5 GHz averaged for April 1–6, 2019. The focus transect. (Section 2.3) is marked 
with a black line. The maps are plotted in polar stereographic coordinates (Snyder, 1987). 
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stable regardless of snow status (see also Fig. 5). The effect is particularly 
notable in the PM plots (D, E, F) in Fig. 6, where there is a “hole” in the 
bottom layer melting around − 48◦ longitude. 

Fig. 7 shows the snow status profile using the classification described 
in Section 3.2 for the entire Greenland Ice Sheet for the exact dates as in 
Fig. 5 and Fig. 6. The evolution of the melt and refreeze cycle across 
Greenland follows a similar pattern as along the focus transect. Early in 
the season, the melt spreads toward the higher elevation interior, 
experiencing diurnal refreeze cycles on the surface and persistent melt 
deeper within the firn. Later in the season, the refreeze starts from the 
surface and interior and spreads toward the lower elevation edges, with 
the surface remaining largely frozen. On September 25, 2019 (G), the 
transect was almost entirely frozen, although some meltwater was still 
slowly refreezing in eastern Greenland. By October 31, 2019 (H), most of 
the melt is refrozen, and there are only some residual indications of deep 
subsurface meltwater in the southeastern edge of the ice sheet, which 
correspond to contributions of depth-integrated emissions from peren
nial firn aquifers, locations of which were mapped in Miller et al. (2020) 

using 1.4 GHz TB. 

4.3. Seasonal melt and refreeze timing differences between frequencies 

Fig. 8 shows maps for the number of melt days for AM and PM 
overpasses at 1.4 GHz, 6.9 GHz, and 36.5 GHz V polarization for 
2016–2019. There are significant differences between the frequencies, 
which remain relatively consistent from year to year. The difference 
between AM and PM is relatively small for the 1.4 and 6.9 GHz obser
vations but more substantial for the 36.5 GHz observations. The number 
of melt days at the 1.4 GHz and 36.5 GHz channels are generally lower 
than for the 6.9 GHz channel, but likely for different reasons. The 1.4 
GHz observations are less sensitive to small meltwater amounts, to 
which 36.5 GHz observations are particularly sensitive (Colliander et al., 
2022). The 6.9 GHz channel is affected by persistent subsurface melt
water, even in smaller amounts. However, as our results showed, the 
36.5 GHz observations are more sensitive to the surface refreeze 
throughout the melt season than the lower frequencies, reducing the 

Fig. 5. V (left-hand side column) and H (right-hand side column) polarized 1.4 GHz to 36.5 GHz brightness temperature (TB) change with respect to the winter 
reference values (in K) for the east-west focus transect (Section 2.3) and air temperature measurements (in ◦C) indicated with vertical bars for four automatic weather 
stations at their respective locations along the transect during the 2019 melt season. The plots show the PM overpass TB evolution from a frozen state on April 25, 
2019 (A) to a refrozen state on September 25, 2019 (G). 
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Fig. 6. Snow status (wet/dry) retrieval along the focus transect (Section 2.3). The top panel of each plot shows the saturation factor (SF) and its thresholds (dashed 
lines) for each TB frequency channel; the bottom panel shows the snow status projected to each layer based on the frequency (the layers are populated top-down with 
the snow status derived from 36.5 GHz to 1.4 GHz channels). The blue color indicates melt. The left-hand column shows the results for the same (PM) overpasses as 
Fig. 5, and the right-hand side shows the results for the next (AM) overpass. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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Fig. 7. Maps of the melt profile for the exact dates as in Fig. 5 and Fig. 6. The left panel of each image pair shows the PM overpass, and the right panel shows the AM 
overpass. The focus transect (Section 2.3) is highlighted with a red line. The color coding is explained in Fig. 2. The maps are plotted in polar stereographic co
ordinates (Snyder, 1987). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Number of melt days for AM and PM overpasses at 1.4 GHz, 6.9 GHz, and 36.5 GHz for 2016–2019. The maps are plotted in polar stereographic coordinates 
(Snyder, 1987). 
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number of overall frozen days. This is also the reason for the substantial 
difference between AM and PM results. The persistent meltwater in 
deeper layers indicated from the lower frequency observations is less 
impacted by diurnal refreeze cycles relative to the higher frequency 
observations that are primarily sensitive to surface conditions. Both 6.9 
GHz and 1.4 GHz retrievals show a smaller extent of sporadic melt 
events occurring toward the colder northern interior of Greenland than 
the 36.5 GHz retrievals. The 1.4 GHz retrievals are also affected by 
spatial differences in ice sheet structure between the ablation and 
percolation zones. The 2019 result for the 1.4 GHz observations is 
affected by the SMAP outage from June 20 to July 22. 

Fig. 9 illustrates the number of days when the 36.5 GHz band indi
cated the surface was frozen in contrast with meltwater persistence 
within the ice sheet indicated by the 6.9 GHz band. The 1:30 AM 
overpasses observe this consistently during diurnal surface refreeze cy
cles throughout the melt season. The 1:30 PM overpasses observe this 
condition on fewer days than the AM overpasses because the surface 
melt is more common during the afternoon hours; the condition of a 
frozen surface with meltwater deeper in the layers occurs only during 
the refreeze after more significant melt events. 

The results suggest that the high-frequency retrievals do not capture 
the spatially and temporally significant subsurface meltwater refreeze 
processes. 

Fig. 10 shows the refreeze timing for 2016–2019 at each frequency. 
The largest difference is between the 6.9 GHz and 36.5 GHz channels for 
each year except 2017. In 2017, a multi-day melt anomaly in late 
October affected all frequencies (verified with the focus transect AWS 
temperature measurements). As mentioned above, the 36.5 GHz obser
vations indicate the refreeze of the surface layer and are not sensitive to 
the presence of meltwater in the deeper layers, as are the 6.9 GHz ob
servations. Two factors are expected to affect the difference between the 
1.4 GHz and 6.9 GHz measurements. First, the 1.4 GHz observations are 
less sensitive to small surface melt events than the 6.9 GHz measure
ments. The 1.4 GHz observations are also less sensitive to small residual 
melt amounts that may be found in the subsurface. Fig. 11 shows the 
differences in refreeze timing between 1.4 GHz and 36.5 GHz melt de
tections and 6.9 GHz and 36.5 GHz melt detections. There are some 
substantial areas where it seems the 36.5 GHz channel detected melt 
later than the 1.4 GHz channel, which may be driven by the higher 
sensitivity of 36.5 GHz to small melt events and/or the earlier PM 

overpass time of AMSR2, which may be more conducive to capturing the 
warmest conditions of the day. Conversely, there are few areas where 
the 36.5 GHz TB detected melt events later than the 6.9 GHz TB 
observation, which is likely because the 6.9 GHz channel remains sen
sitive to small surface events compared to the 1.4 GHz channel (Col
liander et al., 2022); although there is also an overpass timing difference 
between 1.4 GHz and the other frequencies (see Sections 2.1 and 2.2). 

5. Discussion 

First, the results suggest that melt detected from lower frequency 
(1.4, 6.9, and 10.7 GHz) passive microwave observations is robustly 
linked to meltwater presence deeper in the snow/firn/ice continuum 
than the surface conditions represented from higher frequency (Ku- and 
Ka-band) measurements. These results are based on TB comparisons 
with surface air temperature measurements from AWS stations distrib
uted along a Greenland environmental transect and are also consistent 
with the single location-based conclusion of Colliander et al. (2022). The 
current study extended the multifrequency TB and melt assessment over 
the pan-Greenland domain. Second, the differences between surface and 
subsurface melt-refreeze cycles show large spatial and temporal di
versity, resulting from different climate conditions and ice sheet stra
tigraphy in different ice sheet regions. These differences manifest in both 
the number of melt days during the melt season, and the timing of 
seasonal refreeze, notably in perennial firn aquifer areas in southeastern 
and southern Greenland. 

There are two important aspects regarding how the lower frequency 
measurements add value to satellite detections. While melt onset at all 
frequencies tends to behave relatively uniformly as a result of the 
sensitivity to the emergence of meltwater in the near-surface layers, 
surface and subsurface refreezing reveal new insight regarding climate- 
and stratigraphy-induced ice sheet melt dynamics absent from tradi
tional higher-frequency melt detection algorithms. The lower fre
quencies are also sensitive to larger meltwater amounts, whereas the 
highest frequencies convey mainly a binary condition of the shallow 
near-surface snow status (wet/dry). Therefore, a natural next step is a 
quantified meltwater profile retrieval. Mousavi et al. (2021, 2022) 
demonstrated a total LWC retrieval algorithm using single frequency (L- 
band) TB data. Incorporating complementary information from higher 
frequencies holds the potential for delineating liquid water content 
profiles. This prospect is further supported by the relative consistency in 
the frequency-dependent response across the entire Greenland ice sheet. 
However, in developing such algorithms, the various geographic and 
climate regimes across the ice sheet can nevertheless manifest additional 
uncertainties, especially the differences between the ablation and 
percolation zones and their boundaries. Also, perennial firn aquifer re
gions will require more investigation, as wet firn deep in the ice sheet 
can affect the 1.4 GHz observations (Miller et al., 2020). In principle, the 
change detection approach is less sensitive to these effects because 
spatial changes in the TB level are accounted for using spatially varying 
reference conditions. However, more sophisticated modeling of the 
emission from the entire ice sheet column may be needed to account for 
both the potentially large amounts of liquid water deep in the firn and in 
layers closer to the surface. 

We acknowledge two limitations in the presented study. First, the 
melt detection algorithm used in this study is very simple and consistent 
across frequencies, which may introduce uncertainties. However, as 
shown from prior studies (e.g., Colosio et al., 2021), different melt 
detection algorithms developed for a single frequency can lead to 
different results. Therefore, picking a previously developed algorithm 
for 36.5 GHz would not necessarily represent more accurate results for 
that frequency. The fundamental problem is the lack of validation data 
that could be used to assess the accuracy of the algorithms in a robust 
way, which is related to the second limitation of the presented study. 
Even though the focus transect AWS air temperature-based validation 
demonstrates a high consistency in the frequency-dependent response, 

Fig. 9. Number of days when the surface was frozen based on the 36.5 GHz 
channel, but where there was still meltwater within the ice sheet based on the 
6.9 GHz channel. The maps are plotted in polar stereographic coordinates 
(Snyder, 1987). 
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Fig. 10. Refreeze timing in the day of the year for 2016–2019 based on melt detections from the different TB frequency channels. The maps are plotted in polar 
stereographic coordinates (Snyder, 1987). 

A. Colliander et al.                                                                                                                                                                                                                             



Remote Sensing of Environment 295 (2023) 113705

12

the validation is limited to only four station locations, and the analysis 
does not include subsurface measurements. There are more air tem
perature measurements available over the Greenland ice sheet. Still, as 
they do not represent actual melt conditions, the spatially and tempo
rally consistent evidence provided by the focus transect captures the 
most critical aspects of the melt-refreeze dynamics addressed in this 
study. 

6. Conclusion 

This study represents a first step in understanding the spatio- 
temporal multifrequency TB response to seasonal melt over the entire 
Greenland ice sheet. The results show a consistent frequency-dependent 
response to melt-refreeze events across the ice sheet. The unique melt 
indications derived at different frequencies showed persistent seasonal 
subsurface meltwater and delayed subsurface refreezing of the seasonal 
meltwater. The result indicates widespread seasonal subsurface persis
tent meltwater occurrences missing from the high-frequency retrievals 
commonly used for satellite monitoring Greenland ice sheet melt dy
namics. Additional complementary lower frequency (1.4 GHz, 6.9 GHz, 
and 10.7 GHz) TB observations are necessary to fully capture the vari
able melt-refreeze cycles and meltwater distribution in different ice 
layers. These results provide the basis for developing more compre
hensive algorithms and retrievals of meltwater profiles driven by over
lapping multifrequency TB observations from SMAP, SMOS, AMSR2, 
and other operational satellite radiometers. The next generation ESA-EU 
Copernicus Imaging Microwave Radiometer (CIMR) will provide 
simultaneous multi-frequency (L-band to Ka-band) TB measurements 
from a single platform and nested sampling footprint, offering enhanced 
capability and performance for monitoring ice sheet melt dynamics. 
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