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A B S T R A C T :   

Understanding surface melt over the Greenland Ice Sheet (GrIS) is important for evaluating the effect of the changing global climate on humanity, and for forecasting 
sea level rise. We demonstrate a recently developed L-band passive microwave algorithm for the retrieval of snow liquid water and snow and firn density over the 
GrIS. The retrievals are performed using brightness temperatures from the ESA SMOS satellite. The density retrievals show potential for mapping the equilibrium line 
altitude of the ice sheet by determining where retrieved densities exceed typical seasonal snowpack density, thus indicating the presence of firn. We integrate snow 
liquid water retrievals over area and time to obtain water column maps and daily estimates of the surface liquid water present over Greenland. The integrated annual 
surface liquid water retrieved over the entire ice sheet compares on the same order as modeled estimates of total meltwater available in current literature.   

1. Introduction 

Global sea levels are rising, and current predictions suggest that the 
rate of sea level rise will continue to accelerate (Kopp et al. 2016; Nerem 
et al. 2018). Mass loss of the Greenland Ice Sheet (GrIS) currently con
tributes about 0.72 mm/yr to global sea level rise (Forsberg et al. 2017), 
and along with Antarctica, is predicted to become the dominant 
contributor to global sea level rise within the century (Golledge et al. 
2019). The mass balance quantifies the total mass change of the GrIS and 
is directly proportional to mean global sea level. It has been shown that 
the rate of GrIS mass loss is increasing and could contribute to 7-21 cm 
increase in Global Mean Sea Level (GMSL) by the end of the century 
(Oppenheimer et al. 2019). 

Both the Surface Mass Balance (SMB) and glacier discharge (ice 
deposited from outlet glaciers directly into the ocean) contribute 
significantly to the mass balance of the GrIS, and the two are correlated 
(Rignot et al. 2008). The SMB includes positive mass contributions from 
precipitation as well as loss due to evaporation and sublimation in 
addition to the dominant meltwater runoff loss (van den Broeke et al. 
2017). The mass balance can be summarized by, 

Mass Balance=SMB− DischargeandSMB

=Precipiation− Meltwater Runoff − Sublimation− Evaporation.
(1) 

Current forecasts, which include uncertainties in basal friction, the 
lubrication of discharging ice, suggest large uncertainty in the future 
Greenland mass balance (Gillet-Chaulet et al. 2012). Accurate knowl
edge of the current state of the GrIS SMB is thus imperative to predict the 
possible rate of future global sea level rise. Surface mass loss is expected 
to increase significantly in the 21st century, compared to discharge, and 
the SMB is the dominant contributor to uncertainty in GMSL predictions 
(Oppenheimer et al. 2019). 

One of the most direct methods of measuring mass change is by 
gravimetry from the Gravity Recovery and Climate Experiment (GRACE) 
satellite (Velicogna and Wahr 2005). GRACE-derived estimates have 
their own sources of uncertainty, particularly glacier isostatic adjust
ment or postglacial rebound (Barletta et al. 2008; van der Wal et al. 
2015) and tidal aliasing (Moore and King 2008). Also GRACE mea
surements typically need more than 5 years of integration to achieve 
sufficiently accurate estimates of GrIS mass-change (Luo et al. 2012). 
Mass balance can also be studied from laser or radar altimetry but these 
techniques also have uncertainties introduced by the required knowl
edge on density distribution over the GrIS (Hurkmans et al. 2014). 

Satellite data have been used to map surface melt on the GrIS, 
particularly passive microwave (Abdalati and Steffen 1995; Abdalati 
and Steffen 1997), radar backscatter (Nghiem et al. 2001), and visible 
imagery (Hall et al. 2013). However, these methods only provide maps 
of binary information on melt versus non-melt, and are unable to pro
vide quantitative information about volumetric liquid water. In Houtz 
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et al. (2019) a new method was introduced for the simultaneous 
retrieval of snow/firn mass-density and snow liquid water content from 
passive L-band radiometry. Its suitability was demonstrated for the 
period 2011 – 2018 at the “Swiss Camp” (Steffen 1995) research site in 
the ablation zone, near the Equilibrium Line Altitude (ELA), in Western 
Greenland northeast of the Jacobshavn Isbrae. In this study, we expand 
corresponding retrievals to the entire GrIS, and show: density, liquid 
water column, and integrated surface liquid water estimates. 

Microwave brightness temperatures measured at 1.4 GHz by the 
European Space Agency (ESA) Soil Moisture and Ocean Salinity (SMOS) 
satellite (Kerr et al. 2001) (level 3 gridded (Al Bitar et al. 2017)) are the 
sole input to our retrieval algorithm. We show that liquid water column, 
down to the penetration depth of L-band microwaves, can be calculated 
from SMOS-based retrievals using a physically deterministic Emission 
Model (EM). By integrating retrieved liquid water over time and area we 
estimate the volume of melt water on the GrIS as a function of time and 
as an annual total. We discuss how this quantified total melt water re
lates to the GrIS surface mass loss and thus to the SMB, and we also 
discuss the limitations of the algorithm and uncertainty contributions. 

We first introduce the details of the retrieval approach specific to this 
study, and the satellite datasets used for comparison. Second, we present 
and discuss results of the density retrieval, liquid water column and 
integrated liquid water. Finally, we highlight important conclusions, 
and motivate future research. 

2. Approaches and Datasets 

2.1. Snow liquid water content and density retrieval 

The approach used in this study to retrieve volumetric liquid water- 
content and firn/snow mass-density, WS, ρS respectively, involves the 
two-layer configuration of the L-band Specific Microwave Emission 
Model of Layered Snowpacks (LS-MEMLS) (Schwank et al. 2014). LS- 
MEMLS is used to simulate (sim) brightness temperatures TB, sim

p,θj of the 
firn/snow atop the substrate (represented by an infinite half-space of 
glacial ice) at horizontal and vertical polarization p = {H,V} at nadir 
observation angles θj. The same Emission Model (EM) was used in Houtz 
et al. 2019. Therefore, a detailed outline of the EM is omitted and the 
reader is referred to Houtz et al. 2019 for detailed information on the 
EM. Nevertheless, Fig. 1 sketches the considered configuration of LS- 
MEMLS, and Table 1 recaps the most relevant EM parameters 
including their symbols, units, and values or equation numbers used in 
Houtz et al. 2019. We still assume specular reflections on all interfaces, 
and the dry snow is considered lossless. The EM is incoherent (coher
erent effects are assumed to be averaged out over 25 km pixels (Schwank 
et al. 2014)), such that the dry snow thickness has no impact on the 
simulated brightness temperatures. 

Retrievals (WS,ρS) are derived by optimally matching simulated TB, sim
p, 

θj(WS,ρS) to SMOS Level-3 (L3) Bottom-of-Atmosphere (BA) brightness 
temperatures TB, BA

p, θj by minimizing the Cost Function (CF): 

CF(WS, ρS) =
∑n

j = 1
p = {H,V}

(
Tp,θj

B,BA − Tp,θj
B,sim(WS, ρS)

)2

[
△Tp,θj

B
]2 (2) 

△TB
p, θj is a weighting term, equal to the total uncertainty of each 

SMOS TB, BA
p, θj . △TB

p, θj is the root sum square of instrumental radiometric 
uncertainty (~3 K) and incidence angle dependent standard deviations 
resulting from the angle binning process described in (Al Bitar et al. 
2017), and has values ranging between about 4 K and 10 K depending on 
incidence angle and polarization. This weighting formulation assumes 
that the model uncertainties are negligible compared to the measure
ment uncertainty. Minimization of the CF is achieved using a two- 
dimensional numerical minimization routine. The values of (WS,ρS) 
for which CF reaches its global minimum are considered as the 

retrievals. A detailed investigation of various measurements and 
resulting retrievals showed that the (WS,ρS) pair that minimizes CF are a 
unique solution pair and there is only one global minimum. 

An investigation was also performed, similar to that of Naderpour 
et al., 2017, to determine whether the use of both polarizations p = {H, V} 
is required, or whether a single polarization mode can provide valid re
trievals. The algorithm was run with p = H and p = V only. It was found 
that use of a single polarization greatly increases the overall noise and 
number of false positive WS retrievals and thus the combined p = {H,V} is 
used in the CF calculation. 

This (WS,ρS) retrieval approach was first introduced in Houtz et al. 
2019 and validated over the "Swiss Camp" research site in the western 
Greenland ablation zone including comparisons to in-situ data and the 
cross-polarized gradient ratio (XPGR) method (Abdalati and Steffen 
1995). The approach was further validated using ground-based radi
ometry in Naderpour et al. 2020. We apply the identical retrieval 
approach in this study over the entire GrIS. The resulting SMOS-based 
WS retrievals are used to quantify liquid water over the GrIS resulting 
from surface melt of the uppermost firn/snow layer. The employed 
approach is outlined in the subsequent Section 2. 2. Furthermore, we 
investigate sensitivities of the GrIS melt-water derived from WS re
trievals with respect to twet, the sole non-deterministic parameter. In 
Houtz et al. 2019 only twet = 0.1 m was considered, whereas here we 
investigate twet = {0.1,0.3,0.6,1.0} m. A further difference compared to 
Houtz et al. 2019 is the way in which the upwelling substrate brightness 
temperature T0 is estimated (Tsub in Houtz et al. 2019). Here, T0 is 
computed for each year individually, as opposed to the multi-year mean 
used in Houtz et al. 2019, to demonstrate a more operationally-ready 
algorithm. Single-year averages of near-Brewster angle vertical polari
zation brightness temperatures are used to assess T0, as opposed to the 8 

Fig. 1. Configuration of the L-band Specific microwave Emission Model (LS- 
MEMLS) used in the retrieval of (WS,ρS) over the Greenland Ice Sheet (GrIS). 
Symbols are explained in Table 1. 
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year average that was used in Houtz et al. 2019. The Brewster angle 
between dry snow and ice represents the angle of maximum emissivity 
of the ice. At vertical polarization, and during dry snow periods, the 
impact of the snow is also minimized, as justified in Houtz et al. 2019, 
and discussed in Mätzler 2001. We also only consider a period in the 
assumed dry snow period (the first 90 Days of the Year (DoY)) in which 
we assume the firn/snow to be dry, as surface wetness can significantly 
increase the firn/snow permittivity and therefore change the Brewster 
angle. T0 is given as, 

T0 ≈
〈

TV,θj={52.5◦ ,57.5◦}
B,BA

〉

DoY={1− 90}
. (3) 

where TB, BA
V, θj are the SMOS Bottom-of-Atmosphere (BA) vertical po

larization (p = V) brightness temperatures near the Brewster angle, 

θBrewster = tan− 1
( ̅̅̅̅̅̅̅εsub
√

/
̅̅̅̅̅̅̅εdry

√
)
≈ θj = {52.5◦, 57.5◦} estimated for εdry =

1.5 and εsub = 3.18 (Fig. 1). DoY = {1 − 90} indicates the annual time- 
period for which the snow/firn is considered to be dry. 

2.2. Water column and integrated liquid water calculations 

The penetration depth of L-band microwaves is highly sensitive to 
liquid water but is on the order of decimeters for moist snow with ~5% 
snow liquid water content (Mätzler et al. 1984) and this depth increases 
with decreasing water content and vice versa. L-band penetration depth 
into the snow/ice of the GrIS also varies significantly depending on the 
regions. Ranging from a few to tens of meters in regions experiencing 
melt, due to increased reflectivity of melt facies and density variations 
(Macelloni et al., 2016), up to 60-120 m in the cold and dry Northeast 
regions of the ice sheet (Rignot et al. 2001). The liquid water column 
down to the penetration depth of L-band can be calculated from the 
volumetric snow liquid water content WS (units of m3m-3) and the wet 
layer thickness twet (units of m). For a SMOS orbit i the instantaneous 
water column at a single pixel Wc, i can be calculated as: 

Wc,i = WS⋅twet. (4) 

We then make some simplifying assumptions to proceed with the 
spatial and temporal analyses. We assume, i) that the liquid water 

detected in a single orbit percolates down below the penetration depth 
of L-band, or refreezes, in one day, ii) that all liquid water newly formed 
between two overpasses is detected on the latter satellite overpass. The 
instantaneous water column Wc, i can now be summed over all obser
vations, and normalized by the number of observations, to obtain annual 
(yr) liquid water column Wc, yr, 

Wc,yr =
ndays

nyr
obs

∑n
yr
obs

i=1
Wc,i (5) 

where nobs
yr is the total number of ascending and descending SMOS 

observations over a given pixel in a year (yr), and ndays is the number of 
days in a year (365 or 366 for leap years). nobs

yr can vary from pixel to 
pixel and from year to year depending on SMOS level 3 data processing, 
filtering and gridding. Note that error in above assumption (i) will cause 
multiple detections of the same liquid water volume and thus an over
estimation of Wc, yr, whereas error in above assumption (ii) will miss 
detection of liquid water, and thus cause an underestimation of Wc,yr. 
Assumption (i) is partially justified by Samimi and Marshall 2017 where 
a vertical drainage rate of greater than 20 cm per hour was observed, 
and it is shown that over a 24-hour timescale, all meltwater drains below 
the ~40 cm sensing depth at L-band, even in the early melt season. 
These opposing error effects are discussed in further detail in Section 3. 
The value of Wc, yr is computed for each GrIS pixel on the SMOS Equal- 
Area Scalable Earth version 2.0 grid (EASE-grid 2.0) (Brodzik et al. 
2012). 

We can conveniently use the EASE-grid 2.0 projection to compute the 
total volume (or mass) of liquid water present on the ice sheet, and 
within the L-band penetration depth, on any day or averaged over a 
year. The daily integrated liquid water over the entire ice sheet is given 
as, 

Wday =
Apixel⋅npixels

nday
obs

∑n
day
obs

i=1
Wc,i (6) 

where Apixel is the area of one pixel, or Apixel ≃ 25.025 km × 25.025 
km ≃ 626.250625 ⋅ 106 m2 for the SMOS EASE-grid 2.0, nobs

day is the total 
number of ascending and descending observations over all pixels within 

Table 1 
LS-MEMLS symbols used in Fig. 1, including their units, meaning, and values or equation numbers used in Houtz et al. 2019.  

symbol unit description value/equation 

WS m3m-3 snow volumetric liquid water-content retrieval parameter 
ρS kg m-3 mass-density of dry firn/snow layers retrieval parameter 
p - horizontal and vertical polarization {H,V} 
θj degrees observation angle relative to nadir SMOS level-3 
TB, BA

p, θj K Bottom-of-Atmosphere (BA) brightness temperature (Houtz et al. 2019) Eq. (14) 
TB, TA

p, θj K Top-of-Atmosphere (TA) brightness temperature (Houtz et al. 2019) Eq. (14) 
TB, sim

p, θj K simulated BA brightness temperature (Houtz et al. 2019) Eq. (3) 
εsub - permittivity of substrate (real) 3.18 
εdry - permittivity of dry firn/snow (real) (Houtz et al. 2019) Eq. (9) 
εwet - permittivity of wet snow (complex) (Houtz et al. 2019) Eq. (8) 
εair - permittivity of air/vacuum 1 
ssub
p  reflectivity of upper interface of substrate (Houtz et al. 2019) Eq. (5) 

swet
p - reflectivity of upper interface of wet snow-layer (Houtz et al. 2019) Eq. (5) 

sdry
p - reflectivity of upper interface of dry snow-layer (Houtz et al. 2019) Eq. (5) 

Γwet - transmissivity of wet snow-layer (Houtz et al. 2019) Eq. (7) 
Γdry - transmissivity of dry firn/snow-layer 1 
Γatm - atmospheric transmissivity (Houtz et al. 2019) Eq. (11) 
twet m thickness of wet snow-layer {0.1,0.3,0.6,1.0} 
tdry m thickness of dry snow-layer irrelevant, Γdry = 1 
T0 K upwelling brightness temperature of substrate Eq. (3) 
Tdry K temperature of dry firn/snow-layer irrelevant 
Twet K temperature of wet snow-layer 273.15 
θwet degrees propagation angle in wet snow-layer (Houtz et al. 2019) Eq. (6) 
θdry degrees propagation angle in dry firn/snow-layer (Houtz et al. 2019) Eq. (6) 
Tsky

θj K brightness temperature of sky below atmosphere (Houtz et al. 2019) Eq. (10) 
Tcosmos K cosmic microwave background radiation 2.7 
Tatm K effective temperature of the atmosphere (Houtz et al. 2019) Eq. (11) 
τatm - optical depth of atmosphere (Houtz et al. 2019) Eq. (11)  
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the ice sheet mask observed on a single day, and npixels is the total 
number of SMOS pixels lying fully within the ice sheet mask. Accord
ingly, these daily total liquid water estimates can be summed to calcu
late the annual liquid water detected on the GrIS, 

Wyr =
∑Wday>σ

Wday. (7) 

Note that there is no normalization or nobs
yr required here because 

there are observations of Wday for at least a fraction of the ice sheet on 
every day of the year, and normalization by nobs

day has already corrected 
for this fraction. The factor σ is the mean noise level of Wday for each 
year calculated assuming dry snow during the first 90 Days of the Year 
(DoY) similarly to T0, 

σ =
〈
Wday

〉

DoY={1− 90}. (8) 

The value σ accounts for perennial liquid water detected by SMOS 
during the dry snow period, which could include subsurface firn aquifers 
(Brangers et al. 2020; Miège et al. 2016) or firn-suspended liquid water 
down to the penetration depth of L-band in the GrIS. The spatial vari
ations of σ can also be examined by calculating the dry snow period 
liquid water column Wc, DoY={1− 90} by performing the sum of Eq. (5) 
with nobs

yr replaced with nobs
DoY={1− 90}, total number of ascending and 

descending SMOS observations over a given pixel in the first 90 days of 
the year, and ndays in this case is 90. 

This σ term also aims to remove false positive liquid water retrievals 
from the annual sums. False positives can result from highly reflective 
layered melt facies in the percolation and melt zones. A recent investi
gation has demonstrated the ability of using NASA Soil Moisture Active 
Passive (SMAP) (Entekhabi et al. 2010) L-band radiometer data to 
identify sub-surface perennial firn aquifers (Miller et al. 2020). Initial 
investigations show some potential for our SMOS-based algorithm to 
also detect perennial firn aquifers, but there are some suspected false 
positive liquid water retrievals particularly around the Jacobshavn 
outlet glacier. 

Ws as volume fraction of liquid water is intrinsically unitless, or with 
units of m3m-3. When multiplied by twet, in units of m. we obtain Wc, i, 
also in m. Multiplying the water column in units of m by the total area 
observed in m2 yields liquid water volume in units of m3. We can convert 
liquid water in m3 to mass by multiplying by the density of water, 1000 
kg m-3. Following the convention frequently used in surface-mass- 
balance studies, we present pan ice-sheet liquid water mass in units of 
Gt. 

2.3. SMOS data 

Retrievals (WS,ρS) of snow liquid water-content and snow density are 
derived from multi-angle dual-polarization Level-3 (L3) gridded 
brightness temperatures TB, TA

p, θj measured at the Top-of-Atmosphere (TA) 
by SMOS (Al Bitar et al. 2017). The data used spans the period between 1 
January 2011 and 31 December 2018. These data are provided in 
separate ascending and descending pass NetCDF files and are gridded on 
a global cylindrical 25 km EASE-Grid 2.0 projection. Both ascending 
(morning) and descending (evening) pass data (provided in separate 
NetCDF files) are processed. 

SMOS L3 brightness temperatures are provided at incidence angles in 
the range θj = {2.5 ◦ to 62.5 ◦ by 5 ◦ steps,and at 40◦}. Not all incidence 
angles are provided at all pixels due to the sampling nature of the MIRAS 
radiometer onboard the SMOS satellite (Kerr et al. 2001), but in the 
retrieval algorithm used here we require at least 5 available incidence 
angles in order to generate a retrieval pair (WS,ρS). This number of 
incidence angles was determined in Houtz et al. 2019 to eliminate many 
suspected false positive retrievals. 

The Top-of-Atmosphere (TA) SMOS data is reformulated into 
Bottom-of-Atmosphere (BA) brightness temperatures according to the 
atmospheric correction first presented in Pellarin et al. 2003 and 

described in Houtz et al. 2019. The magnitude of the atmospheric 
correction ranges between about 2 K and 8 K depending on incidence 
angle. 

2.4. Other satellite data products 

We use data from the SSMI/S instrument aboard the Defense Mete
orological Satellite Program (DMSP) F17 satellite, which are free to 
access from J. Mislanik 2004. These data are provided on a polar ste
reographic grid. SSMI/S has effective ground footprint sizes of 70 km ×
45 km and 38 km × 30 km for the passive 19 GHz and 37 GHz channels, 
respectively, well comparable to the spatial resolution of SMOS L3 
brightness temperatures. SSMI/S K- and Ka-band brightness tempera
tures are used to calculate the cross polarization gradient ratio or XPGR 
(Abdalati and Steffen 1995; Abdalati and Steffen 1997; Steffen et al. 
1993), a frequently used freeze/thaw detection algorithm that provides 
a melt or no-melt flag based on an empirical threshold of the XPGR. The 
XPGR quantity is defined as, 

XPGR ≡
T19H

B − T37V
B

T19H
B + T37V

B
, (9) 

where TB
19H is the horizontal polarized brightness temperature 

measured at 19 GHz, and TB
37V is the vertical polarized brightness tem

perature measured at 37 GHz. With the XPGR algorithm, a pixel over the 
GrIS is determined to show melt if the XPGR quantity is above the 
threshold value of -0.0158 as determined in Abdalati and Steffen 1997. 
The period of SSMI/S data considered was from 2012 through 2016 
corresponding to the other comparison datasets used. 

Cryosat-2 surface elevation change data are taken from the CCI 
(Climate Change Initiative) ice sheet product described in Simonsen and 
Sørensen 2017. Cryosat-2 flies a Ku-band Synthetic Aperture Radar 
(SAR)/Interferometric Radar Altimeter instrument called SIRAL. SIRAL 
is capable of detection small changes in surface height with relative 
accuracy on centimeter scale. We use the 2012-2016 five-year average 
data, which are provided on a 10 km grid. The Cryosat-2 data are 
interpolated to the SMOS 25 km EASE-grid 2.0 cylindrical projection 
grid using two-dimensional spline interpolation in order to compare 
spatial patterns at comparable spatial resolutions. 

Greenland mass balance products derived from GRACE satellite 
gravimetry are also obtained from the DTU (Technical University of 
Denmark) Space CCI ice sheet data product (Barletta et al. 2013). 
Though we also interpolate these data to the same SMOS 25 km grid, the 
true effective resolution of GRACE data is much coarser at about 250 km 
(Velicogna and Wahr 2013). We also use the 2012-2016 five-year 
average data from this product. 

2.5. Greenland map and ice sheet mask 

For our plots and mapping we use the Greenland Ice Mapping (GIMP) 
ice sheet mask (Howat et al. 2014) to discriminate ice sheet pixels from 
land or ocean. SMOS pixels are only considered in our analysis if the 
entirety of the EASE 2.0-grid pixel falls within the GIMP ice sheet mask. 
For this analysis the number npixels = 2852 within the GIMP ice sheet 
mask are considered. Pixels with mixed classification area (land/ocean/ 
ice sheet) will likely lead to divergent retrievals, and thus we have 
excluded these pixels from the present study. 

In the presented figures we use the high resolution Greenland coast 
outline provided in Greene et al. 2017. We also use other mapping 
related functions provided in Greene et al. 2017 for our analysis to 
convert latitude and longitudes to a polar-stereographic-north projec
tion with units in meters so that interpolations are done on equi-distant 
units. 
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3. Results and discussion 

3.1. Retrieved substrate brightness temperature and snow/firn density 

The T0 is the upwelling brightness temperature of the underlying 
substrate (glacial ice or layered firn/ice) which is estimated from the 
vertical polarization near-Brewster angle brightness temperatures as 
described in Eq. (3). T0 is not necessarily the physical temperature of the 
ice because physical temperature gradients may exist within the sub
strate, and the permittivity may also be non-uniform if there are firn 
layers within the ice. Layered structures, coherence, roughness, and 
other effects may increase the substrate reflectivity beyond the calcu
lated ssub

p such that T0 becomes smaller. In Fig. 2 we present the (a) mean 
and (b) standard deviation of T0, plotted over all of Greenland during the 
years 2012-2018. The year 2011 has been omitted from this plot because 
of high noise levels during the cold period (this can also be seen in the 
retrievals shown in Fig. 6). Upwelling substrate brightness temperatures 
of up to 260 K are found on the west coast of the southern half of 
Greenland where the standard deviations are also quite low. Low stan
dard deviation of T0 implies that the inter-annual changes of the firn/ 
snow conditions atop the substrate have a small impact on the ice 
temperature. As the elevation increases, moving east from the southwest 
coast of the GrIS, T0 decreases rapidly with nearly a 90 K gradient across 
a distance of a few hundred kilometers. This rapid decrease in T0 is likely 
due to the increasing heterogeneity of the firn/ice transition, causing 
scattering and thus deviation from blackbody emission. As shown in 
Dunse et al. 2008; Harper et al. 2012, the transition from the bare-ice 
ablation zone to the percolation zone and accumulation zone is not a 
trivial, continuous, or smooth, transition in the upper ~10 meters. 
Rather, the firn/ice contains multiple layers of alternating firn and ice of 
varying densities. 

In the percolation zone, liquid meltwater can reach depths down to 2 
m (Samimi et al. 2020), whereas in the bare-ice ablation zone typical 
snowpack depth is less than this and water would sit atop glacial ice after 
percolating through the seasonal snowpack. In reality, the various 

regions of the GrIS are in constant flux, and each region has unique 
hydrological phenomena. The two-layer emission model aims to 
simplify GrIS hydrology by approximating the most common liquid 
water creation phenomenon, surface melt, over a dry snow/firn and ice 
structure. 

The two-layer microwave emission model (LS-MEMLS in Fig. 1) used 
to retrieve (WS,ρS) prescribes the substrate permittivity εsub equal to the 
real part of homogeneous glacial ice. However, reality diverges from this 
idealization as a result of heterogeneities, particularly those in the 
transition between the firn and ice. Accordingly, the interpretation of 
measured vertical polarization brightness temperature close to the 
Brewster angle is not the physical temperature of ice. Rather, it is its 
effective upwelling brightness temperature that accounts for all radia
tive transfer mechanisms associated with its heterogeneity. The stan
dard deviation of T0 in this transition and percolation zone is expected to 
be higher because of the time-varying nature of the vertical firn/ice 
structures. At the higher elevations of the accumulation zone, in the dry 
snow regions, the standard deviation of T0 is also low. This is because the 
vertical firn density gradient is approximately constant in time. Without 
percolating liquid water and various melt/refreeze cycles, the vertical 
structure in this region is spatially more uniform and less time variant. 
The spatial distributions of the cost function (CF) values show similar 
patterns to the standard deviation of T0 suggesting that high values of 
this quantity indicate areas where the two-layer LS-MEMLS less accu
rately represents reality. The Greenland Ice Core Project (GRIP) core 
near the summit of the GrIS (72◦34.74′N 37◦33.92′W) found ice tem
perature of about 241 K (Dahl-Jensen et al. 1998) down to a depth 
beyond L-band sensitivity while our retrieval obtains T0 near the GRIP 
site of 240 K. The largest standard deviations of T0 are seen in the 
northern latitudes above ~76◦N. This could be due to the relatively 
small amount of annual precipitation in this region where there is often 
blue ice at the surface and time-variant surface effects such as hum
mocks. Where the standard deviation of T0 is low, or less than or equal to 
the instrumental noise standard deviation of ~3 K, we expect T0 to 
correspond to the physical ice temperature at a depth depending on the 
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temperature profile and absorption coefficient of the ice. 
Fig. 3 shows the mean and standard deviation of retrieved firn/snow 

density ρS for the first 90-days of each year between 2011 and 2018 in 
subpanels (a) and (b), respectively. As was discussed in Houtz et al. 
2019, the retrieved ρS are more reasonable when considered during the 
dry snow period than during wet snow periods, and when considered as 
temporal averages rather than at instantaneous points in time. We see in 
Fig. 3(a) that in the coastal ablation zones, ρS retrievals are on-the-order- 
of the mean density of a single season snowpack. Densities higher than 
~600 kg m-3 are typically reserved for multi-year firn. The density 
retrieved by inverting the two-layer LS-MEMLS (Fig. 1) is a weighted 
representative density of the firn/snow above the substrate defined as 
pure water ice (εsub = 3.18). The peak of this weighting was determined 
to be in the lowest ~10 cm of the snowpack for seasonal snow over soil 
(Naderpour et al. 2017), but this is a result of the clearly defined 
dielectric interface between snow and soil layers. We expect the case of 
the ablation zone, with a clear interface between ice and seasonal snow 
to be similar to the snow over soil case, but in the accumulation zone, the 
contrast between firn and ice is much less pronounced. Anyhow, a 
thorough sensitivity analysis based on knowledge of firn densification as 
a function of depth is required to determine the representative depth of 
ρS for the various GrIS situations. 

The black contour line at ρS = 600 kg m-3, close to the ice edge, in 
Fig. 3(a) represents roughly the Equilibrium Line Altitude (ELA), or the 
transition from the bare-ice ablation zone, where the seasonal snowpack 
is completely melted each season, to the accumulation zone, where more 
precipitation accumulates than is melted. This is due to the lower mean 
density of a single-season snowpack as compared to firn. We expect to 
see larger relative temporal variations in the density of a seasonal 
snowpack than in the density of a deeper firn layer. This is consistent 
with what we see in the standard deviations std(ρS) of the density shown 
in Fig. 3(b). Investigation of the time variation of the estimated ELA is 
beyond the scope of this study but will be approached in future work. 

The contour plots in this section utilize a black line to indicate the 
land/ocean border of Greenland. The beige area indicates non-icesheet 
pixels, and the contours are plotted only on the pixels fully encapsu
lated by the GIMP ice sheet mask. The contours are plotted on the polar 
stereographic north projection. 

3.2. Retrieved snow liquid water column and integrated surface liquid 
water 

Presented in Fig. 4, are the annual liquid water columns Wc, yr 
calculated from Eq. (5) and plotted as contour maps for years 2011-2018 
for twet = 0.3 m. We see clearly the anomalous extensive melt of 2012. 
Previous works have documented this extreme melt year using a number 
of other satellite-based melt detection algorithms (Nghiem et al. 2012). 
It has been documented that there was even a brief period of melt over 
the entire GrIS, up to 3200 m above sea level (Bennartz et al. 2013). We 
do not see significant retrieved snow liquid water at the summit of the 
GrIS in July 2012, but we do see melt over a large portion of the ice sheet 
corroborating the findings of Nghiem et al. 2012. We can see differences 
in the spatial pattern of melt over different years. For example, in 2015 
there was considerably more melt at the northern latitudes, and in 2011, 
2014, and 2016 the south-eastern coast experienced more melt than 
during other years. 

Fig. 5 shows the liquid water column over the dry snow period Wc, 

DoY={1− 90} for the year 2016. Regions with significant non-zero water 
column during the assumed dry snow period suggests either; perennial 
liquid water storage by suspension in firn or aquifers, or false positive 
snow liquid water retrievals. Some of these regions correspond to loca
tions that are known to have had perennial liquid water in 2016 (Miller 
et al. 2020), such as on the Eastern GrIS near 69◦ N, 33◦ W. The Jacob
shavn ablation area on the West coast, not known to hold perennial liquid 
water, appears to provide some false positive liquid water retrievals 
during this period. This could be due to highly crevassed terrain, near the 

outlet glacier in this region, increasing reflectivity compared to the simple 
horizontal layers considered in the two-layer LS-MEMLS. The sum of the 
values of all the pixels in Fig. 5 is proportional the quantity σ for each 
year, shown in Fig. 6, and provides a visualization of the spatial distri
bution of the contributions to this value. 

Fig. 6 provides the time series of the daily integrated liquid water 
Wday, as well as a bar plot of the annual liquid water Wyr over the GrIS 
calculated from Eq. (6) and (7), respectively. Values derived from re
trievals WS for wet snow layer thicknesses of twet = {0.1,0.3,0.6,1.0} m 
are shown. The value of σ used for computing Eq. (7) is computed for 
each year from Eq. (8), and is also plotted with Wday in Fig. 6. The values 
of Wday and Wyr show a positive correlation on twet suggesting that twet is 
a tunable parameter, allowing calibration of the retrievals. 

The annual liquid water Wyr is the area under the curve of Wday and 
above the annual mean noise value σ (Eq. (8)), as seen in the grey shaded 
areas of Wday (twet = 0.3 m) in Fig. 6. Thus, σ has a significant influence 
on Wyr. σ includes perennial (or at least present in the first 90 DoY) 
liquid water on, or within, the GrIS. The value of Wyr only represents the 
change in L-band detectable liquid water between the first 90 DoY and 
the remainder of the year and thus, should represent the liquid water 
due to seasonal melt only, while neglecting detected perennial liquid 
water and false positive retrievals. 

Uncertainty in model-derived surface mass balance estimates have 
been shown to be at least 60% (Ettema et al. 2009). Thus, accurate 
reference data with which to tune the retrieval algorithm is difficult to 
obtain. The effects of the assumptions, such as the simplified snowpack, 
and the summations (i) and (ii) in Section 2.2, contribute to the overall 
uncertainty of the liquid water estimate. Although, the presented algo
rithm provides advantages over alternative melt detection methods, 
particularly at higher microwave frequencies, where the EM is depen
dent on additional snow properties, including snow microstructure, 
which is difficult to accurately quantify, and spatially heterogeneous. 
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3.3. Multi-satellite comparison 

In Fig. 7 we have plotted 5 year means, from 2012-2016, of the 
following: (a) the average annual liquid water column derived from 
SMOS for twet = 0.3 m, (b) the average total number of annual melt days 
from the XPGR algorithm, (c) the average annual surface elevation 
decrease from Cryosat-2 and, (d) the average annual mass loss from the 
Greenland mass balance product from GRACE. Upon initial comparison, 
the four contours show similar spatial patterns, although there are some 
notable differences between these individual indicators. 

Recent estimates predict that surface melt water runoff contributes 
to about 52% of the total mass loss of Greenland (Andrew et al. 2019). 
The GRACE data product measures total mass balance (accounting for 
losses due to surface losses, glacier discharge, plus gains due to precip
itation) because it is measuring changes in gravity related to mass dis
tribution, while the 19/37 GHz passive-microwave-based methods (such 
as XPGR) are expected to be indicators of surface melt only. Glacier 
discharge can also cause thinning and affect surface height, particularly 
around outlet glaciers, which would also be seen in the Cryosat-2 height 
change data. While gravimetry from GRACE is likely the most direct 
measurement of total mass balance, the spatial and temporal resolution 
of these measurements is quite limited. It is also often desirable, for 
hydrology or glacier dynamics applications, to be able to separate 
discharge from surface mass loss contributions. 

Our SMOS algorithm captures significant melt near the Jacobshavn 
outlet glacier at about 69◦ N near the West coast, also seen in the height 
change signature. The SMOS algorithm shows little to no melt near 
South Dome (~2900 m above sea level, 63◦ N), the highest point on the 
southern part of the ice sheet. The Wc,yr contours then roughly follow the 
elevation isolines indicating that the melt increases with decreasing 
altitude. Both the SMOS and XPGR algorithms detect significant melt 
near the southeast coast that are not seen as significantly neither in the 
height change (Cryosat-2) nor in the mass balance (GRACE) data. 
Although the SMOS and XPGR melt algorithms suggest there is signifi
cant melt in this area, this is also an area of high precipitation, which 
adds both mass and height. 

Due to the simplistic two-layer LS-MEMLS, which assumes the exis
tence of a snowpack, the algorithm may underestimate liquid water 

volume over large areas (on the order of a SMOS pixel) of standing liquid 
water such as supra-glacial lakes. If lakes are much deeper than the 
penetration depth of L-band in water, ~1 cm, then more water below 
this will no longer influence the measured brightness temperature of a 
pixel, effectively causing a brightness temperature saturation. The 
maximum WS retrieved for twet = 0.3 m over 2011-2018 is 0.225 m3m-3. 
This corresponds to a water column Wc, i of about 0.07 m (7 cm). For wet 
snow, it was shown in Mätzler et al. 1980 that brightness temperature 
continues to decrease nearly linearly with increasing water content. This 
suggests that mixed-pixels containing areal fractions of wet snow and 
standing water will result in proportionally higher WS retrievals and 
corresponding larger average water column over the pixel. 

A second effect that leads our SMOS-based algorithm to underesti
mate the liquid water present on the ice sheet is the masking of near- 
coast pixels. Ablation and melt increase exponentially nearer to the 
coasts (Broeke et al. 2008), while up to 25 km of the ice sheet nearest to 
the coasts is being masked out of the SMOS data. While these two effects 
lead to the tendency to underestimate total liquid water, there are two 
opposing effects favoring an overestimation or positive bias. 

Impacts causing the SMOS-based retrievals to overestimate the total 
liquid water are related to multiple detections of the same volume of 
liquid water. By summing up all the SMOS-detected liquid water we are 
introducing two potential biases that would increase the retrieved liquid 
water volume as compared to the true liquid water present on the GrIS. If 
liquid water sits suspended in snow, lakes, or firn, without percolating or 
draining, our SMOS detection algorithm could detect this same volume 
of water multiple times and the column integration (Eq. (5) and Eq. (6)) 
will add it each time it is detected by SMOS. The total liquid water is not 
the same as the meltwater runoff due to refreezing, evaporation and 
sublimation as well as liquid water retention in firn and sub-surface 
aquifers. In order to estimate meltwater runoff, and thus SMB, using 
SMOS-based retrievals, one must have accurate knowledge of these 
terms. While acknowledging the potential biases and error sources, we 
make comparisons of the SMOS-based annual liquid water Wyr with 
model-based estimates of total liquid water or melt. 

There are two additional possible sources of uncertainty. Radiative 
cooling of the snow surface during clear skies could refreeze liquid water 
at the surface and thus reduce the surface reflectivity of the wet snow 

Fig. 6. Daily integrated liquid water Wday on the upper left axis and annual liquid water Wyr on the lower right axis computed from different modeled wet snow layer 
thicknesses twet = {0.1,0.3,0.6,1.0} m from 2011-2018. The mean noise levels σ for the various modeled wet layer thicknesses are also plotted with dotted lines. The 
grey shaded regions indicate the area over which the sum for Wyr for twet = 0.3 m (Eq. (7)) is performed, as an example. 
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due to an impedance matching effect. The radiative cooling effect causes 
an underestimation of snow liquid water content during clear sky 
weather. An additional uncertainty contributor is introduced in the rare 
event of rain on the GrIS. If all liquid water on the GrIS is assumed to be a 
result of melt, then rain water present on the GrIS surface would cause 
an overestimation of melt. 

Separating surface mass loss due to runoff and sublimation/evapo
ration from gains due to precipitation is more difficult when using direct 
gravimetry or height change measurements. The SMOS-based algorithm 
provides an independent measure of the surface liquid water on the GrIS 
which is the dominant term in the SMB due to runoff of this liquid water. 

About 45% of the melt water refreezes, but runoff accounts for 90% of 
the total surface loss, while both evaporation and sublimation account 
for 10% (Ettema et al. 2009). The SMOS-based retrieval algorithm 
provides a direct measurement of liquid water that, thus far, has only 
been accessible by climatological modeling. The state-dependent and 
spatially variable penetration depth of L-band microwaves over the GrIS 
may constrain the practical usability of the retrieval algorithm for direct 
climate assessment, but contributes an important piece of information 
for climate modeling. 

Estimates of the total mass balance change of the GrIS (Eq. (1)), 
based on comprehensive analyses from GRACE and climate modeling, 

60
°

70
°

80
°

Water Column

0

0.03

0.06

0.09

0.12

0.15

0.18

0.21

0.24

0.27

0.3

Melt Days

0

8

16

24

32

40

48

56

64

72

80

-60
°

-30
°

60
°

70
°

80
°

Height Decrease

0

0.06

0.12

0.18

0.24

0.3

0.36

0.42

0.48

0.54

0.6

-60
°

-30
°

Mass Loss

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

(m/yr)(a) (days/yr)(b)

(m/yr)(c) (m/yr)(d)

Fig. 7. Annual average from 2012-2016 of (a) annual liquid water column Wc, yr (twet = 0.3 m) derived from SMOS (m/yr), (b) annual number of melt days from 
SSMI/S and XPGR algorithm (days/yr), (c) surface elevation decrease from Cryosat2 (m/yr), (d) mass loss from GRACE (water equivalent m/yr). 

D. Houtz et al.                                                                                                                                                                                                                                   



Remote Sensing of Environment 256 (2021) 112341

10

range from -239±20 Gt/yr between 2012 and 2017 (Andrew et al. 2019) 
to -286±20 Gt/yr between 2010-2018 (Mouginot et al. 2019). It is also 
estimated that between 52% (Andrew et al. 2019) and 60% (Flowers 
2018) of the total mass loss (neglecting the positive precipitation term) 
is due to increased surface melt and meltwater runoff. It has also been 
calculated from climate modeling that the 1958-2007 average annual 
total amount of liquid water on the ice sheet was 450 Gt/yr (Ettema et al. 
2009), or 480 Gt/yr for the period of 1960-2014 (Steger et al. 2017). 
Other model-based results suggest total melt in 2012 was equal to 1043 
Gt/yr, or the 2007-2012 average was 751 Gt/yr (Van Angelen et al. 
2014). A forecast model predicted in 2010 that the mean of 2010-2019 
total liquid water would have a value of 593 Gt/yr (Mernild et al. 2010). 
The average Wyr for different twet values are presented in Table 2 along 
with the total liquid water/melt values available in the literature from 
climate modeling. 

The SMOS-based retrievals show an underestimation when 
compared to model predictions of total melt water, likely caused by the 
mechanisms discussed above. By applying corrections for the limited 
penetration depth due to saturation, near-coast pixels, percolation rate, 
as well as refreezing and evaporation, SMOS retrievals could potentially 
estimate the meltwater runoff mass loss of the GrIS. The most compre
hensive use of SMOS-based liquid water retrievals will likely be in 
combination with mass-balance models, energy balance models, and 
meteorological reanalysis data. 

The challenge of using gravimetry to estimate mass change is that it 
takes a long time to collect enough data to achieve a meaningful esti
mate of mass change, hence the five-year averages presented here. Using 
surface elevation change to estimate mass balance also has its difficulties 
because snow and firn density is a significant unknown, and additional 
effects, such as isostatic rebound (the tectonic lifting of the bedrock as 
mass is removed) also contribute uncertainty. With sensitivity to liquid 
water column, L-band radiometry provides an important addition to the 
field of GrIS melt and surface mass balance study. 

4. Conclusions 

Our study demonstrated the feasibility of SMOS-based Ws and ρs 
retrievals over the GrIS, and the potential to map the ELA and estimate 
surface mass losses. This was the first use of L-band radiometry to obtain 
melt data over the entire GrIS. The new algorithm was recently intro
duced in Houtz et al. 2019, validated in Naderpour et al. 2020, and 
demonstrated the validity of the retrievals over a single site including a 
comparison to in-situ temperature data, and a comparison with the 
XPGR melt detection algorithm. We have now shown that a simple two- 
layer snowpack, input to the LS-MEMLS forward model, provides an 
approximation of the near-surface physics of the entire GrIS sufficient 
for inversion in the retrieval algorithm. We have demonstrated the 
spatial and temporal trends of retrieved parameters including: the 

effective substrate temperature, mean winter firn/snow density, snow 
liquid water content, water column, and surface liquid water. 

The SMOS-based liquid water (Wday and Wyr) estimates offer a 
unique and new insight into melt water quantification and surface mass 
loss over the GrIS. In contrast to previous passive-microwave-based melt 
characterization techniques, the SMOS-based algorithm allows quanti
fication of liquid water volume instead of only mapping melt extent. We 
found that the SMOS-based Wc retrievals can be tuned by the wet snow 
layer thickness, the only non-deterministic parameter in two-layer LS- 
MEMLS. It was demonstrated that multi-angle L-band brightness tem
peratures are sensitive to liquid water column down to the L-band 
penetration depth, and this can be retrieved from inversion of the 
physical LS-MEMLS. Further analysis will obtain an optimal wet layer 
thickness value, or investigate use of a spatially variable wet layer 
thickness over different regions of the GrIS. A further sensitivity analysis 
will aim to quantify the discussed uncertainty sources, particularly the 
saturating effect due to decreased L-band penetration depth with 
increased liquid water content. 

L-band microwaves (at 1.4 GHz), as opposed to higher frequency 
passive microwaves (such as 19 GHz and 37 GHz), have a deeper 
penetration depth into snow and ice, which suggests that L-band radi
ometry provides different and complementary information. Firstly, 
higher frequencies lose penetration at much lower snow liquid water 
contents, thus why they have only been used for surface melt flagging as 
opposed to liquid water quantification. Secondly, the deeper penetration 
of L-band microwaves in dry snow and firn suggests that SMOS can see 
subsurface water suspended in firn. Use of L-band radiometry for melt 
and liquid water detection over the GrIS is a natural addition to the 
already available methods and will likely lead to improved SMB 
estimation. 

It was demonstrated that it is possible to estimate GrIS surface liquid 
water using L-band radiometry, but this estimate could be improved by 
introduction of percolation and melt water runoff models to better 
describe the path of liquid water and the thickness of the wet snow layer, 
and corrections to near-coastal areas and saturated pixels. A percolation 
model to describe the path of meltwater as a function of time, temper
ature, and snowpack properties would allow more accurate calculation 
of Wday and Wyr from retrieved Ws. A percolation and meltwater evo
lution model would allow theoretical validation of the assumptions 
made in the summations of annual liquid water and water column, and 
allow quantification of the uncertainty terms leading to over- and un
derestimation. We also intend to validate the near-linear decrease of 
brightness temperature, and thus constant sensitivity to liquid water, for 
large values of liquid water content and pixels with mixed contributions 
from wet snow and standing water. 

Investigation of the effect of the imaginary part of ice permittivity, 
and the impact of bedrock at low ice sheet altitudes are two additional 
parameters that need further investigation (Pablos et al. 2015). A future 
study to compare liquid water retrievals with various passive and active 
microwave melt retrieval techniques over all of Greenland is also a 
natural follow-on study. We also anticipate an upcoming study 
comparing the SMOS-based retrievals with snow liquid water calculated 
from snowpack evolution/energy budget models from the many in-situ 
Automatic Weather Stations (AWS) across the GrIS. 

Various unknowns remain relating to the SMOS-based GrIS re
trievals, particularly, the uncertainty and sensitivity to the possible er
rors and assumptions previously mentioned. Further sensitivity analysis 
will investigate mixed pixel (water/snow or bare ice/snow) behavior, 
behavior of retrievals under saturation, and the underestimation impact 
of multiple measurements of the same water volume. Use of a firn model 
would also improve the accuracy and usability of the ρs retrievals in the 
accumulation zone. 
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Table 2 
Comparison of GrIS total melt from SMOS-based retrievals and published model 
values  

source 2012 total melt 
(Gt) 

mean 
period 

mean total melt 
(Gt) 

Model 
Van Angelen et al. 
2014 

1043 2007-2012 751 

Model Forecast 
(Mernild et al. 2010 

- 2010-2019 593 

SMOS 
twet = 0.1 m 

169 2011-2018 49 

SMOS 
twet = 0.3 m 

525 2011-2018 175 

SMOS 
twet = 0.6 m 

1012 2011-2018 301 

SMOS 
twet = 1.0 m 

1800 2011-2018 460  
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