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Abstract. In studying the mass balance of polar ice sheets,
fluctuations in firn density near the surface is a major un-
certainty. In this paper, we explore these variations at loca-
tions on the Greenland Ice Sheet and at the Dome C location
in Antarctica. Borehole in situ measurements, snow radar
echoes, microwave brightness temperatures, and modeling
results from the Community Firn Model (CFM) are used.
It is shown that firn density profiles can be represented us-
ing three processes: “long-scale” and “short-scale” density
variations and “refrozen layers”. Consistency with this de-
scription is observed in the dynamic range of airborne 0.5—
2 GHz brightness temperatures and snow radar echo peaks
in measurements performed in Greenland in 2017. Based on
these insights, a new analytical partially coherent model is
implemented to explain the microwave brightness tempera-
tures using the three-scale description of the firn. Short- and
long-scale firn processes are modeled as a 3D continuous
random medium with finite vertical and horizontal correla-
tion lengths as opposed to past 1D randomly layered medium
descriptions. Refrozen layers are described as deterministic
sheets with planar interfaces, with the number of refrozen-
layer interfaces determined by radar observations. Firn den-
sity and correlation length parameters used in forward mod-
eling to match measured 0.5-2 GHz brightness temperatures
in Greenland show consistency with similar parameters in
CFM predictions. Model predictions also are in good agree-

ment with multi-angle 1.4 GHz vertically and horizontally
polarized brightness temperature measured by the Soil Mois-
ture and Ocean Salinity (SMOS) satellite at Dome C, Antarc-
tica. This work shows that co-located active and passive mi-
crowave measurements can be used to infer polar firn prop-
erties that can be compared with predictions of the CFM. In
particular, 0.5-2 GHz brightness temperature measurements
are shown to be sensitive to long-scale firn density fluctua-
tions with density standard deviations in the range of 0.01—
0.06 gcm™ and vertical correlation lengths of 6-20 cm.

1 Introduction

The mass balance of polar ice sheets is a major topic in
the study of climate change. The most recent assessment
of the mass balance of the Greenland and Antarctic ice
sheets confirmed a loss of ice to the ocean at a rate of
320Gtyr~!, equivalent to 1mmyr~! sea level rise since
2003 (Smith et al., 2020). The quantification of uncertainty in
ice sheet volume change between NASA's first- and second-
generation Ice, Cloud, and land Elevation Satellite (ICESat,
ICESat-2) missions is a testament to the precision of these
laser altimeters. For example, uncertainties for the grounded
Antarctica Ice Sheet (AIS) and Greenland Ice Sheet (GrIS)
are currently ~ 5 and 3km?> yr~!, respectively, as compared
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to volume changes of —111 and —235km> yr—! (Smith et al.,
2020). At present, the largest source of uncertainty in altime-
try measurements of mass balance stems from the volume-
to-mass conversion within which firn processes dominate
(Smith et al., 2020; Shepherd et al., 2019).

When snow falls on the ice sheet, it slowly densifies into
solid ice with increasing depth in a manner that is dependent
on the pressure imparted by subsequent snowfall, the physi-
cal temperature, and any refreezing of infiltrated liquid water.
The resulting transitional material is referred to as firn. Firn
typically ranges in thickness from tens of meters to > 100 m
over ice sheets (Ligtenberg et al., 2011; Kuipers Munneke
et al., 2015). The density of the firn column at a given lo-
cation varies in time in response to short and long timescale
variations. Because the material density of the firn column
is much less than that of solid ice (Smith et al., 2020; Med-
ley et al., 2022), its thickness variations often manifest as
a much larger portion of the total column thickness change
than ice dynamic change. For example, firn density profiles
in depth show fluctuations due to yearly snowfalls (Stevens
et al., 2020). The fluctuation amplitude becomes smaller and
more rapid as depth increases because of densification ef-
fects.

Because of the large spatiotemporal variations in firn col-
umn properties, it can be extremely difficult to measure at the
spatial scales required to support detailed modeling efforts.
In situ measurements of the firn depth-density profile exist
sporadically across both ice sheets in time and space (Mont-
gomery et al., 2018). While these observations provide a
snapshot of firn properties, direct evidence of their evolution
through time at sufficient resolutions applicable to altimetry
studies (seasonally) remains a major challenge. Modeling ef-
forts have attempted to fill in some of these knowledge gaps
(Li and Zwally, 2011; Kuipers Munneke et al., 2015), but
their ability to realistically simulate firn processes remains
incompletely understood in the absence of the extensive in
situ observations.

Active and passive microwave sensors can also inform us
about the scattering and emission properties of the firn over
large scales (Koenig et al., 2007; Brucker et al., 2010; Cham-
pollion et al., 2013; Medley et al., 2015; Jezek et al., 2015;
Lewis and Gognineni, 2010); these properties are ultimately
related to the physical properties of the firn. The strongest
echoes in a radar echogram, for example, show the positions
of abrupt permittivity changes that usually correspond to the
positions of refrozen melt layers (Jezek et al., 1994; Zabel
et al.,, 1995). Several studies have used active microwave
remote sensing to track the internal stratigraphy (radar re-
flection horizons related to density contrasts) of the firn to
infer spatiotemporal variations in snow accumulation rates
(Medley et al., 2013, 2014; Koenig et al., 2016; Dattler et
al., 2019). Although radar echoes are able to position internal
firn layers, using the radar data only to quantitatively study
firn densification remains challenging.
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Passive microwave brightness temperature measurements
in the range of 0.5-2GHz can also reflect the effects of
internal density fluctuations (Brogioni et al., 2015; Tan
et al., 2021). In our previous work, we have used the
Ultra-Wideband Software-Defined Radiometer (UWBRAD)
to sense the subsurface temperature profile, in which case the
reflections caused by firn density fluctuations are nuisance ef-
fects (Yardim et al., 2022; Jezek et al., 2018). Unlike radars
which observe scattered powers only in the backscattered di-
rection, radiometer brightness temperature observations are
sensitive to scattering in all scattering directions within the
firn as shown by Kirchhoff’s law (Tsang et al., 2000).

In this paper, we use co-located snow radar echoes (ac-
quired in Greenland during the Operation IceBridge 2017
campaign; CReSIS, 2021) and 0.5-2 GHz brightness tem-
perature data (the latter collected by UWBRAD in 2017) to
quantitatively evaluate firn density fluctuations in the Green-
land Ice Sheet. The firn density properties derived from mi-
crowave sensor data in Greenland are compared with simu-
lated profiles from the Community Firn Model (CFM) since
high-resolution measurements are not available. The CFM-
simulated profiles are first evaluated by comparison to in situ
measurements. A radiative transfer model with 3D density
variation effects is implemented to interpret the measured
brightness temperature. Unlike the 1D stochastic profiles
used in previously brightness temperature modeling studies
(Tan et al., 2015, 2021), a horizontal correlation length [, is
introduced for the short- (due to temporal effects) and long-
scale (due to yearly snowfall) processes to represent their
variations in horizontal directions. This approach results in
a continuous random medium description of the firn as op-
posed to the past stochastically layered medium description.
Refrozen-layer effects (high- or low-density discontinuities)
were also not included in Tan et al. (2015, 2021) but are in-
cluded in this paper.

The model then shows the effects of the long scale and re-
frozen layers to be significant, while those of the short-scale
process are negligible, and the impact of the long-scale pro-
cess is shown to depend on the microwave frequency. The
number of freezing layers and their positions used in the
model are determined from Greenland radar echo data. The
results also show that freezing layers introduce a frequency
dependence in 0.5-2 GHz brightness temperatures that dif-
fers from that of the long-scale process.

The model developed also suggests a means for combining
active and passive microwave measurements to sense proper-
ties of firn density profiles in areas lacking in situ measure-
ments. The method first estimates the number and location
of freezing layers using radar echo measurements. The im-
pact of these layers is then removed (based on the partially
coherent model), and properties of the long-scale density
fluctuations are estimated by matching model predictions to
0.5-2 GHz measured brightness temperatures. Results sug-
gest that the long-scale vertical correlation length can be es-
timated in this manner.
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We also discuss the H and V brightness temperature mea-
surements over Dome C, Antarctica, where the effects of the
melt event is considered insignificant. By modeling the den-
sity variation as 3D, the polarization dependence of the mea-
surement can be explained. This indicates the ability of pre-
dicting V- and H-channel brightness temperature (TB) at off-
nadir directions.

2 Method

2.1 Ultra-Wideband Software-Defined Radiometer
(UWBRAD) and snow radar data

UWBRAD measures ice sheet 0.5-2 GHz brightness temper-
atures in a nadir-viewing geometry (Andrews et al., 2017).
The cumulative effects of the temperature profile and den-
sity fluctuations and the effects of refrozen layers are all in-
cluded in the sensed brightness temperature. Two measure-
ment flights are taken over Greenland in the years of 2016
and 2017. The 2016 flight path ended near Camp Century,
while the 2017 flight has a much longer patch which covers
not only Camp Century but also the NEEM (North Green-
land Eemian Ice Drilling) and NGRIP (North Greenland Ice
Coring Project) sites.

The University of Kansas snow radar (Panzer et al., 2010)
included in the Operation IceBridge campaigns operates over
the 2-6.5 GHz frequency range. Because the corresponding
4.5 GHz bandwidth enables a 2 cm vertical resolution of firn
echoes, snow radar data can help to characterize near-surface
properties of the firn. Starting in summer 2012, great melt
events occur over the whole of Greenland, creating refrozen
layers in the firn. In particular, high-dielectric-contrast re-
frozen layers that extend over larger horizontal distances pro-
duce significant radar backscatter, enabling their characteri-
zation with radar measurements. Effects of these finite high
frozen layers in the radiometer have never been included.
The depths and number of refrozen layers within the firn can
also be inferred based on the time delay of the associated
radar echo. Radar measurements however are not optimal for
sensing moderate density fluctuations within the firn because
such fluctuations do not produce highly backscattered power
levels due to their low dielectric contrast.

To validate the potential utility of combined active
and passive measurements of firn properties, locations 1
through 4 listed in Table 1, where the snow radar and UW-
BRAD were nearly co-located over Greenland in 2017, were
identified based on the 2017 flight paths shown in Fig. 3. X-
ray tomography data near the first location were compared
with the radar echo to validate the existence of refrozen lay-
ers.
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2795

Table 1. Latitude and longitude for crossover locations of 2017
UWBRAD and snow radar measurements.

Overlapping location index  Latitude Longitude
(north to south)
1 77.266°N  49.121°W
2 76.563° N 44.778° W
3 76.168°N  44.329°W
4 75.535° N 42.7948° W
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Figure 1. Flight paths of UWBRAD and the snow radar in 2017.
SUMup: Surface Mass Balance and Snow on Sea Ice Working
Group.

2.2 The Community Firn Model and in situ
measurements

The locations where active and passive measurements are
both available are presented in Fig. 1. Although lots of in
situ measurements of the snow density are available, they are
spread over a large spatial and temporal scale (Montgomery
et al., 2018). Previous studies have shown that thermal emis-
sion at 0.5-2 GHz is highly influenced by the density fluctu-
ations in the range of the centimeter scale. However, in situ
measurements usually take on the scale of tens of centime-
ters, which does not fit the need of characterizing the density
statistics on the microwave scale. Thus, to evaluate the in-
ferred the density fluctuations from microwave sensor data,
we use the modeled firn profile as a reference.

We use the Community Firn Model v1.1.6 (CFM; Stevens
et al., 2020) to simulate the firn column density profile at
several locations across the ice sheet. The CFM was built
as a resource for the glaciology community and consists of
a modular, open-source framework for Lagrangian model-
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ing of several firn and firn—air-related processes (Stevens et
al., 2020). CFM simulations are set up as detailed in Med-
ley et al. (2022), where the model is forced by a modified
version of the MERRA-2 (Modern-Era Retrospective anal-
ysis for Research and Applications) global atmospheric re-
analysis (Gelaro et al., 2017) at 5 d temporal resolution. The
only difference between the CFM simulations from Medley
et al. (2022) and those presented here is that a time-varying
initial density pg of the firn column is introduced using the
parameterization in Fausto et al. (2018): pg = 362.1+2.787,,
where T, is the atmospheric temperature (in °C) at each
time step. When comparing CFM-generated density profiles
with observations, we use the simulated profile that is most
contemporaneous with the observations. For a detailed de-
scription of the CFM setup, see Medley et al., 2022. The
vertical density profile of the firn can be characterized by
p(2) = pm(2) + pr(z), where py(z) is a mean profile that
gradually increases with depth and p¢(z) is a fluctuating pro-
file which fluctuates around pn(z) and is characterized by
standard deviation Ap(z) and correlation length [, (z).

We selected three locations to compare in situ measure-
ments and CFM simulations. The first profile was collected
at T41 (71.08° N, 37.92° W) along the EGIG (Expéditions
Glaciologiques Internationales au Groenland) line by Morris
and Wingham (2011) in 2004 using a neutron probe. Data
were collected up to 13m below the surface at a vertical
resolution of 1cm and clearly show significant fluctuations
in density in the upper firn. The second and third profiles
are from a 2009 borehole measurement at the NEEM site
(Baker, 2012) with a vertical resolution of ~ 90 cm and from
a 2012 measurement at the NEGIS (Northeast Greenland Ice
Stream; Vallelonga et al., 2016, 2014) site having ~ 1 m in-
crements. The goal is to evaluate whether the CFM simula-
tion can provide a density fluctuation and a mean profile that
are physical compared to the real world.

2.3 Analytical partially coherent model

To interpret the brightness temperature, an analytical par-
tially coherent model is implemented. An illustration of the
ice sheet thermal-emission problem is shown in Fig. 2. A firn
layer of thickness d; (location 1) exists near the ice sheet
surface. The density of the firn layer is modeled as p(r) =
Pm(2) + pr(r) with py (z) as the mean density profile. Due to
the great melt events starting in 2012, refrozen high-density
layers appear in the region, which is typically considered a
dry zone. The effects of these layers are also considered. The
fluctuating profile is described as pg(r) = ps(r)+ o (r). No-
tice that the fluctuating profile varies in three dimensions and
has two scales, short (pgs) and long (pq). The real and imagi-
nary parts of the microwave permittivity of the firn are related
to the firn density using the models in Matzler (1996) and
Tiuri et al. (1984). The correlation function for each scale of
the fluctuating density is described by
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Figure 2. Thermal emission from an ice sheet.
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in which Aeg(z) is the standard deviation, /,(z) is the per-
mittivity vertical correlation length, and [, is the horizontal
correlation length. The correlation function is described as
having a Gaussian form laterally and an exponential form
vertically based on the model used in Tsang et al. (2000).
The exponential form for the vertical correlation function is
adopted based on analyses showing similar properties for the
firn density itself (Tsang et al., 2000). Both Aef(z) and /; are
modeled as functions of depth due to the compaction of the
firn, while /,, is modeled as independent of depth.

Below location 1, the main ice body can be multiple kilo-
meters thick with a temperature profile that varies in depth.
Thermal emission from the main ice body is calculated using
the existing partially coherent model (Tan et al., 2021) and
the temperature profile obtained in Yardim et al. (2022). The
temperature in location 1 is modeled as a constant value Tj.
Although the top 10-20 m of firn experiences seasonal tem-
perature changes, these variations have little effect on bright-
ness temperatures at frequencies less than 2 GHz due to the
limited emission directly from the firn layer.

Applying the radiative transfer theory of microwave emis-
sion and scattering, the upward- and downward-propagating
specific intensities I, and I4 in location 1 satisfy
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In the above equations, I, and I4 are 2 x 1 vectors in
which the upper row is for vertical polarization and the lower
row is for horizontal polarization. «,(z) is the absorption
coefficient determined by the mean density profile, while
Ks(02) is the scattering coefficient due to the randomly fluc-

tuating portion of the density profile. The phase matrices F

and B couple specific intensities from other directions 6’
into the direction of interest 0 in the forward- or backward-
propagating hemispheres. The boundary conditions specify
that the ﬁrn-to-%_i)r interface at z = 0 is reflective with reflec-
tion coefficient r 19(#) and that the compacted firn-to-ice in-
terface at z = —d; with d; =100 m is not reflective. An it-
erative approach is then used to solve the equations. Since
the permittivity variation is small, the first-order solution to-
gether with the zeroth-order solution provides sufficient ac-
curacy. A detailed solution of the equations can be found in
Appendix A. The method is partially coherent because the
phase matrices are obtained using a coherent formulation of
the problem of continuous medium scattering.

High-density refrozen layers are included by incorporating
their additional reflections as

ob Aol
T =(1—r10);/—(1u (6 =0,z=0)

rml

100 =0,z =0)[ ] (1-riefer), @)

where [[(1— r,rf’f“’z) accounts for the transmission from each
n

layer, TbOb is the brightness temperature observed by the ra-
diometer, and ¢/, is the permittivity of the mean profile just
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Table 2. Estimated density standard deviations (SD(p)) and corre-
lation lengths (I;) estimated using 1 m of data beginning at the spec-
ified depth for Summit Station, Greenland, from the neutron probe
dataset of Morris and Wingham (2011) and the CFM.

Depth (z)  Neutron probe data ‘ CFM
SD(p) I; | SD(p) I
(m) (gem?) (em) | (gem?)  (cm)
0 0.028 16 0.03 9.6
2 0.019 17 0.027 12
4 0.01 12 0.029 11
6 0.012 17 0.028 9
8 0.011 12 0.028 7.5
10 0.0086 11 0.023 7

below the snow—air interface. This multiplicative approach is
reasonable because the microwave wavelength between 0.5
and 2 GHz is larger than the typical layer thickness.

The resulting model captures coupling between scattering
in different directions and polarizations through the phase

matrices F and B. The previous “random-layer” 1D formula-
tion of Tan et al. (2021) captures neither of these effects.

3 Results

3.1 Firn density measurements at borehole sites and
the associated CFM profiles

The high-resolution profile (1 cm resolution) at T41 enables
an estimation the standard deviation SD(p) and correlation
length [, of the fluctuating profile every meter in depth (Ta-
ble 2). The coarser profiles (~ 1 m resolution) at locations 2
and 3 do not allow for such an analysis, but information on
the depth at which a “critical” density (i.e., 550kgm™>) is
reached can be obtained.

In Fig. 3, the profiles from T41 high-resolution measure-
ments and CFM simulation is plotted. The standard deviation
of density and its correlation length based on every 1 m seg-
ment is provided in Table 2. Both the in situ and CFM pro-
files at T41 show small and fast variations superimposed on
the larger but relatively slowly varying mean profile. The
1 m density standard deviations (SD(p)) in Table 2 for the
neutron probe and CFM are comparable, with most of the
values around 0.03 gcm™3. Vertical correlation lengths ob-
tained both from the Morris and Wingham (2011) profile and
the CFM simulation are <20cm with mean values of 14.2
and 9.4 cm, respectively. The results from the CFM are usu-
ally used to evaluate the mean firn density.

The comparison here is to show that (1) the CFM is not
generating very large fluctuations (s(p) > mean(p)) since
observed density profile shows an rms density of fluctuation
smaller than the mean profile and (2) the simulated profile is
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Figure 3. (a) Morris and Wingham (2011) density profile measured
near Summit station, Greenland, in summer 2004. (b) Correspond-
ing CFM model simulation.

not changing too slowly compared to the measurements. If
the profile is changing too slowly (I,CMF > 2/, measured),
this means that the simulated CFM profile is not able to char-
acterize the density changes. This shows that CFM results
are reasonable compared to measured data. The comparison
here is performed for the statistics of the “long scale” (I, of
several centimeters), which is mainly due to the yearly snow-
fall. The “short scale” (/; <2 cm), even when we have seen
the fluctuations in the profile, cannot be captured since the
data resolution is comparable to the correlation length.

In Fig. 4, we show the ice core measurement of the NEEM
(Fig. 4a) and NEGIS (Fig. 4b) sites plotted together with the
mean profile generated from the CFM. We fit the ice core
data with an exponential function of depth that was then ex-
trapolated to find the depth at which the exponential function
reached 550kgm™3. The resulting depths from the NEEM
and NEGIS sites and from the corresponding CFM simula-
tions are shown in Table 3. Figure 4 shows reasonable agree-
ment for observing the CFM-simulated mean profile plotted
together with the borehole measurements. The NEEM site
shows a difference of 1.8 m in the position of critical density;
this is due to fitting the two stages of densities with a single
exponential.

The results of this section suggest that the CFM, when run
at a high time resolution, can produce firn density profiles
that are in reasonable agreement with in situ measurements.
The mean profiles, as shown in the comparison, are in good
agreement with the measurements.

The Cryosphere, 17, 2793-2809, 2023
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NEGIS
(b)

Figure 4. In situ and CFM density profiles for the NEEM and
NEGIS sites (blue: ice core data, orange: fitted mean profile from
the CFM simulation).

Table 3. Estimated depth at which the mean density profile reaches
the critical density value of 550 kg m~3 for the NEEM and NEGIS
sites in situ measurements and corresponding CFM simulations.

Site Critical density depth:  Critical density depth:

in situ (m) CFM (m)
NEEM 15.8 14
NEGIS 18.11 18.13

3.2 Refrozen layers in the upper-firn region

As stated earlier, the great melt events create refrozen layers
in the “dry” zone of Greenland. In this section, we compare
the snow radar echogram with the CFM-simulated profiles.
An X-ray tomography profile near location 1 collected in
2015 (Montgomery et al., 2018) is also compared with the
radar echo. Figure 5 plots three example radar echo profiles
near location 1 in Fig. 1 along with an echogram showing
multiple profiles versus the position along the flight path. In-
dividual echo profiles show multiple significant backscatter
peaks in the upper firn, but the echogram demonstrates that
returns can fluctuate significantly from location to location.
CFM profile simulations also account only for large-scale
climate properties in simulating firn profiles so that a spa-
tial average of radar measurements is also reasonable. Be-
sides, UWBRAD measurements also correspond to a foot-
print of 1km diameter. These facts validate the averaging
over 1 km data.

Figures 6 and 7 compare CFM-simulated density profiles
for crossover locations 1-2 (Fig. 6) and 3—4 (Fig. 7) with
the 1km averaged radar echoes as a function of depth. All

https://doi.org/10.5194/tc-17-2793-2023
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Figure 5. (a) Snow radar echogram versus depth in the firn along the flight path. Three selected echo profiles from the echogram positions
are denoted as (b) red, (c¢) yellow, and (d) green. The echogram show bright edges near the surface which can be attributed to the refrozen

layers with higher dielectric contrast.

locations show secondary backscatter peaks at a depth of 2—
2.5 m that corresponds to peaks in the CFM density profiles.
These peaks have an amplitude comparable to the snow—air
interface, which is likely to be caused by the refrozen lay-
ers created in the melt events starting in the year of 2012.
The snow radar also observes backscatter peaks at shallower
depths that do not correspond to similar density features in
the simulated profiles, potentially due to inaccuracies in the
climate forcing used for recent periods. Additional smaller
backscatter peaks appear at 6-8 m depth that in many cases
have matching CFM density peaks, but the lower level of the
backscatter returns makes a direct comparison with CFM in-
formation more challenging.

The 2015 X-ray tomography data from the Surface Mass
Balance and Snow on Sea Ice Working Group (SUMup) pro-
viding a snapshot of the upper 2 m of the firn for a location
near crossover location 1 are shown in Fig. 8. The X-ray pro-
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file was shifted 1 m in depth to compensate for snowfall be-
tween the 2015 tomography and 2017 radar measurements.
The strong radar echo near 2.5 m depth again collocates well
with X-ray density features near this depth related to the 2012
melt event. It is noted that the tomographic profile corre-
sponds only to a single location rather than the 1km aver-
age used in the radar echo so that the detailed features in the
tomography profile are not observed in the averaged radar
measurement, although similar detailed features can be iden-
tified in some individual radar echo profiles. Table 4 presents
a summary of the numbers of peaks detected in the averaged
snow radar echogram at each of the four crossover sites.
The results of this section suggest that strong echoes ob-
served by the snow radar are due to refrozen layers in the firn.
CFM-simulated density peaks are shown to correspond rea-
sonably to high-backscatter echoes, with a melt event likely
having happened in the year of 2012. X-ray tomography data

The Cryosphere, 17, 2793-2809, 2023
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Figure 6. Averaged radar echoes for crossover locations (a) / and (b) 2 and (¢, d) corresponding CFM-simulated density profiles.
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high-resolution tomography density data near crossover location 1.

Table 4. Peaks in snow radar echoes.

Location 1 2 3 4

Number of peaks 3 2 2 2

also show the impact of the 2012 melt event and correlate
well with radar measurements (Schaller et al., 2016).

3.3 Studies of the impact of each density component on
0.5-2 GHz brightness temperatures

In this section, we use the radiative transfer model to study
the frequency response of a different component in the firn.
The reflection is evaluated for the long scale, short scale,
and refrozen layers. The model was first applied to simu-
late the impact of long-scale density fluctuations on 0.5—
2 GHz brightness temperatures. Figure 9 shows example re-
flections resulting from long-scale firn density variations at
the snow—air interface, using the parameter in Table 5. The
maximum and minimum of the reflection within the band-
width is 0.126 and 0.118, a difference of 0.008. The reflec-
tion is unitless as a ratio of reflected power to incident power.
The reflectivity is significant but remains approximately con-
stant in frequency in this case.

A similar study for short-scale variations using the param-
eters in Table 5 is presented in Fig. 10. The parameters of
the SD(p) and [, is from the results of Tan et al. (2021).
We used a small horizontal correlation length for the short
scale since these kind of small variations are hard to obtain
horizontally on the scale of tens of centimeters. We also as-
sume the short scale exists in a shorter vertical range due
to the densification effect. The small reflectivity values ob-
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Figure 10. Reflectivity from short-scale fluctuations in the top 5 m.

tained suggest that the contribution of short scales is negligi-
ble compared to the long scale.

The reflectivity resulting from a single refrozen layer with
a relative permittivity of 2.7 and thickness of 1cm in a
background with a relative permittivity of 1.63 is shown in
Fig. 11. These results show a significant variation with fre-
quency, ranging from 0.002 to 0.025 and from 0.5 to 2 GHz,
suggesting that refrozen layers can be important contributors
to the frequency variation in 0.5-2 GHz brightness temper-
atures. Table 5 provides a further summary of insights ob-
tained from Figs. 9-11 and other similar simulations.

With the understanding that the refrozen layers are con-
tributing to the reflection change within the 0.5-2 GHz range,
we now look at the UWBRAD measurements taken at the
four locations in Fig. 1. Figure 12 plots UWBRAD 0.5, 1.1,
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Table 5. Properties of the short-scale and long-scale variations in density and frozen layers.

Deterministic scales 1, (not Ap (g cm™3),  Extent Number of  Reflection magnitude: Included in Community
or random 3D or modeled by CFM, [; or indepth reflections  each, Firn Model (CFM)?
layered a hypothesis), thickness (m) total
measurements Ip/l; (cm)
Short-scale 2cm, 0.01 gcm_3, 5 250 2.5x%x 10_5, Not modeled because of
(random 3D) ZT’_’ =1 2cm 0.00625 =250 x 2.5 x 107 small variance and small
borehole correlation length
Long-scale 23 cm, 0.05 gcm_3, 30 300 5 x 10_4, Yes
(random 3D) Zlf’f =23 10cm 0.15=300x5x 1074
borehole
Frozen layers lp > 101 0.3 gcm_3, 2 3 [0.002-0.025], Yes
(deterministic 1D), lcm 0.006-0.075
from radar echo
in time domain
.03 reflectivity of single layerlepsr=27 d=1cm 220 Brightness temperature for 4 crossover locations
0.025
215
2 0.02
=
T 0045 210 w 4
= o) »
2 o Z
2205}
o i
a ; : : . : 200 % M
03 0rs 1 123 15 1.73 2
freq (GHz)

Figure 11. Reflectivity of a single layer with a permittivity
of 2.7 and thickness of 1cm in a mean permittivity of ¢ = 163
(0.35 gcm_3 in density).

and 1.8 GHz brightness temperatures at the four crossover lo-
cations. The frequency variations in brightness temperatures
at location 1 (rightmost point in Fig. 12) are larger than at the
other three locations, which can be related to the number of
radar echo peaks at these locations (Table 4).

3.4 Comparisons of modeled and measured brightness
temperatures

In this section, the analytical partially coherent model was
first used to simulate UWBRAD-acquired brightness tem-
peratures. Then the input parameters are compared with the
profiles from CFM simulations.

To simulate UWBRAD brightness temperatures, temper-
ature profiles from the NGRIP to NEEM sites retrieved in
Yardim et al. (2022) (see Appendix B) are used with the
partially coherent model (Tan et al., 2021) to provide the
upward-going brightness temperature at depth z = —d. A
mean profile of pp(z) =0.917 — 0.5748exp(0.02637) is also
used for all four crossover locations based on analysis of

The Cryosphere, 17, 2793-2809, 2023

190 L L L '
75.5 76 76.5 77 77.5

latitude (deg)

Figure 12. Brightness temperature for three channels of 0.5 GHz
(red), 1.1 GHz (yellow), and 1.8 GHz (blue). Crossover locations 1
to 4 are from right to left in the figure.

CFM outputs for the four locations which were found to have
similar mean density behaviors.

An iterative process was used to refine model parameters
in order to obtain a reasonable match to the UWBRAD mea-
surements, as shown in Fig. 13. It should be noted that UW-
BRAD variations at these sites can be approximately 3 K so
that the agreement achieved is comparable to the measure-
ment accuracy.

Table 6 summarizes the parameters obtained; note
that SD(p) and /; were decreased in depth through a mul-
tiplication with the functions exp(z/33) and exp(z/55), re-
spectively, where z is the depth in meters, for the large scale
and with exp(z/5) for the short scale. Numbers in the expo-
nential functions are in terms of meters. The selection of the
exponential decays for the SD(p) long scale is to make sure
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Figure 13. Brightness temperature over the four overlapping positions. The simulated results are plotted together with the UWBRAD data.

that the density fluctuations would disappear when the firn
is very close to ice. For the short scale, the decay is much
faster due to densification, believing the effects are negligi-
ble. A decrease in correlation length is a tuning parameter to
make sure the SD(p) becomes 0 before [, becomes too small
(4k;§l? <« 1). The horizontal correlation length for the long-
scale variations was obtained as [, = 23 cm, which appears
consistent with reports from in situ investigations and is sim-
ilar to the properties of firn surface horizontal variations. The
permittivity and thickness of the high-density layers used in
simulating the brightness temperature are also listed in Ta-
ble 6; the number of high-density layers at each site was se-
lected based on the radar analysis in Table 4.

Long-scale density fluctuation parameters inferred from
the CFM are listed in Table 6 for comparison. For lo-
cation 1, the microwave-estimated SD(p) is 0.058 gcm_3
with [, =11.5cm, while the corresponding values for lo-
cations 2 through 4 are 0.053 gcm™ with a correlation
length of ~9cm. The CFM results show SD(p) val-
ues of 0.036 gem™> with [, =10.5cm for location 1 and
0.033 gcm ™2 with a vertical correlation length close to 7 cm
for the other locations. While the SD(p) used in the forward
model is about 0.02 gcm’3 higher than the CFM, SD(p) val-
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ues in both cases agree in the higher SD(p) and /, values at
location 1. While differences in the microwave-derived and
CFM-derived density fluctuation values are significant, the
relative agreement achieved suggests that 0.5-2 GHz bright-
ness temperatures can provide information on firn density
fluctuations if refrozen-layer effects are accounted for using
radar-derived information.

4 Discussion

Modeling the density fluctuations with horizontal variation
on the scale of wavelength enables the coupling between
the emission of V- (vertically) and H-polarized (horizontally)
brightness temperature. To show this effect, we compare the
forward-modeling results using finite /, and [, = oo with
Soil Moisture and Ocean Salinity (SMOS) data collected
over Dome C, Antarctica, where in situ studies have been
performed (Brogioni et al., 2015; Leduc-Leballeur et al.,
2015). The V- and H-polarized brightness temperature was
modeled in Tan et al. (2015); however the 1D random media
model could not explain the H-polarized TB.

The Cryosphere, 17, 2793-2809, 2023
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Table 6. Parameters used in forward-modeling brightness temperature. The decrease in SD(p) and [ (z) follows exp(z/33).

Location1  Location2 Location3 Location 4
Long scale SD(p) (z=0) (g cm™3) 0.058 0.053 0.053 0.054
l; (z=10) (cm) 11.5 9.1 9.3 9.2
Refrozen layers  Permittivity 26,2.7,2.7 2.6,2.7 2.6,2.7 2.6,2.6
Thickness (cm) 09,1.1,1.1 0.95,0.9 0.95,0.9 0.85,0.9
Table 7. Near-surface long-scale properties from CFM simulation and accumulation rate.
Location 1  Location2 Location3 Location 4
SD(p) (gem™3) 0.036 0.033 0.0325 0.0325
Iy (cm) 10.5 6.2 7.14 7.2
Accumulation (mi.e. yr_l; ice equivalent) 0.293 0.148 0.148 0.193

Forward model predictions were also compared with
brightness temperatures at Dome C measured by the SMOS
satellite. SMOS operates at 1.4 GHz and has both V and
H channels. The synthetic aperture technique in SMOS make
multi-angle observations possible as provided in the SMOS
LIC data product. Firn properties at Dome C are very dif-
ferent from those in Greenland. The accumulation rate of
Dome C is 0.1 myr~! (Brogioni et al., 2015) in contrast to
the higher accumulation rates in Greenland shown in Table 7.
A shorter correlation length therefore should be expected as
compared to Greenland, and temporal effects on the firn will
less significant compared to Greenland. Refrozen layers at
this site are also neglected as significant melt events are not
expected. A comparison of the firn properties used in Green-
land and at Dome C is provided in Table 8 to summarize
these discussions.

Forward model predictions of 1.4 GHz brightness temper-
atures versus angles are shown in Fig. 14 using [, =10cm
and /, = oo, along with SMOS measurements averaged over
a 10-year time period from 2011 to 2021. The SMOS error
bars further indicate the expected accuracies of the SMOS
data shown.

In simulating the results, the density parameters at z =0
are given by Table 4. The surface density fluctuation is se-
lected between the ground measurement data at Dome C
(Brogioni et al., 2015) and the values obtained in Leduc-
Leballeur et al. (2015); note that information on the density
correlation length is not provided in these works. The mean
profile density follows Brogioni et al. (2015), and a Robin
model for temperature is used. We assume that SD(p) and [,
have a dependence of exp(z/30) and exp(z/40), respectively,
to model the process of densification.

The results show that the model predictions with [, =
10 cm provide good agreement with SMOS data in the range
of 22.5-52.5° incidence angle and with rms difference over
an angle of 1.4Kin V and 0.8 K in H. The 1D [, = oo results
in contrast show up to 17K differences in the H-polarized
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Figure 14. The 10-year-averaged SMOS data compared with par-
tially coherent forward model simulations.

simulations. These results show that including the effects of
finite horizontal correlation length allows for the coupling
between angle and polarization effects necessary to repro-
duce SMOS observations.

The analysis of UWBRAD data over Greenland and
Dome C, Antarctica, has shown the strong effects of density
fluctuations over the brightness temperature in the L. band.
This shows that passive microwaves can be used as a tool
to infer the density fluctuations remotely. Previously, density
properties could only be obtained by in situ measurements
(e.g., snow pit), which can only be taken over several places
for a given period of time in a year. Characterizing the density
fluctuation change can help characterize the mass balance of
firn given that the elevation change in firn can be due to the
density change.
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Table 8. Firn properties in Greenland and at Dome C.

2805

Scales Greenland

Dome C

Short scale (z = 0)
Long scale (z =0)

0.01gem™3, 1, =2cm, [,=2cm

Frozen layers

0.05gem™3, 1, = 10em, I, =23cm, £ =2.3
0.3 gcm_3, 1 cm thick, I, > 104, 3 layers

No short scale
0.053gem™3,7, =8.2cm, [, = 10cm

No frozen layers

The radiative transfer model developed here can also be
used to analyze the time series brightness temperature over
the regions where a perennial firn aquifer exists. Resolution-
enhanced time series brightness temperature collected by
SMAP (Soil Moisture Active Passive) over these regions
has shown an exponential-like pattern from the end of the
melting season to the early spring of the next year (Miller
et al., 2020, 2012). Physical modeling work for the V and H
TB data from SMAP has been performed by Bringer et
al. (2017), but the forward-modeled results show a much
larger TB difference in the V and H channels. Based on the
model in this paper, we can try to better interpret the SMAP
observations physically.

As in the previous studies, density fluctuations have also
affected the retrieval of temperature profiles of the ice sheet.
The retrieval can be improved by knowing the density better.

5 Conclusions

The results of the paper suggest a combined active and pas-
sive method for sensing long-scale fluctuations in the firn
density. These fluctuations contain information on accumu-
lation and densification within the firn. The Community Firn
Model was used to generate profiles for comparison and
was shown to produce simulated profiles having reason-
able agreement with in situ measurements provided that ap-
propriate high-resolution forcing data were available. Snow
radar echo measurements were shown to provide informa-
tion on refrozen layers within the firn that could then be ac-
counted for in analyzing 0.5-2 GHz brightness temperature
datasets. The analytical partially coherent model reported
was found to provide reasonable agreement with measured
0.5-2 GHz brightness temperatures by including the effects
of refrozen layers and long-scale density fluctuations. Com-
parisons with SMOS measurements at Dome C in particular
demonstrate the coupling between H and V polarizations that
is captured by the continuous random medium description
used in the model. This work shows that the co-located ac-
tive and passive microwave data can be used to infer the polar
firn properties that can further be compared with predictions
of the CFM.
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Appendix A: First-order iterative approach for firn
emission

In this appendix, we give the details of the first-order solu-
tion of radiative transfer equations with a varying mean and
fluctuating profile. The density profile is defined by

P(2) = pm(2) + p£(2),

where pp () is the mean profile which increases as the depth
increases, pf(z) is the fluctuating profile with the standard
deviation SD(pr)(z), and vertical correlation length /. (z) de-
creases as z decreases. The radiative transfer equations for
the density fluctuating region are given as

d
cos@@h(@, 2) = —ka(2)1u(0,2) + k2 (2)CTo — k5(8, 2)

3
« 14(0,2) + / Sind’ Pa(9,0', ) 1u(0', 2)
0

!

d
0059£Iu(9, 2) = —ka(2)1a(0,2) +Kka(2)CTo — 15(6, 2)

(S

sinf’ Py (8,0, 2)14(0’, 2)

and

%
X Id(9,z)+/ sind’ Pua(0,0’, 2)1u(0', 2)
0

T

7
—i—/ sinf’ Pga (8,0, 2)14(0’, 7).
0

The boundary conditions are given as the following:
14(0,2=0)=r10(0)1,(0z2=0)

and
I,(0,z=—-d)=CT>.

The intensity vectors contain the first and second compo-
nents of the Stokes vector. In the region we consider, which
is tens of meters below the surface, the physical temperature
of the firn is almost a constant number of Tj.

The expressions for the phase functions can be found
in Tsang et al. (2000). To find the solution, we multiply
exp(— [, ka(z")secfdz”) with the equation of upward-going
intensity and integrate the equation from 7' = —d to 7’ = z.
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After some math manipulations, we have the expressions for
upward intensity as

0
1,(0,7) = CThexp (—/ Ka(z”)secedz”>
—d

’

Z Z
+ sec 9/ dz'k,(Z)CTy x exp (—/ Kka(z")sec 0dz”>
—d z

Z
— secQ/ dz'ws(0,2)1,(9,7)
—d

Z
X exp <—/ Kka(z")sec 9dz”>
Z/
Z Z
—}—/ dz’exp( —/ ka(z")sec 9dz”)
—d Z/

%
x / [sinG/Puu(G, 0, )I,(0,7)
0
+sin6’ Py (0,0, 2)14(6, Z/)] .

For the downward intensity, we multiply the downward equa-

tion with exp(— ff JKa(Z")sec6dz”) and integrate from 7’ = z
to z/ = 0. The downward intensity is then obtained as
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1400,2)

0
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0
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0
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V4

0
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d

O 0
X exp (—/ Ka(z”)secedz”> + sec 9/ k2(z)CTy
Z/ Z

Z/
X exp (—/ Kka(z")sec 9dz”> dz’ — ¥ 10(0)
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0
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4

0 0
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The zeroth-order solution for the upward and downward
intensities is given as

0
19(6,2) = CTyexp (— / Ka(z")sec edz”>
—d
Z
+ sec@/ dz'k,(Z)CTy
—d

Z
X exp(—/ ka(z")secOdz”)
Z/

and

0
107(6,2) = 7 10(6)CToexp (— / Ka(2")sec edz”)
—d

0
X exp (—/ Kka(z")sec 9dz”>
Z

0
+ ?10(9)exp (—/ Ka(z")secedz”)
V4

0
X exp <—/ Ka(z”)secedz”>
Z/

0
+ sec@/ Ka(z)CTy
Z

z
X exp —/
Z

The first-order solution of the upward intensity is given as

0
X sec@/ d7'k.(Z)CTy
d

’

ka(z")sec 9dz”> dz’.

Z

I, 7) = —sech f dz'ks(0,2) 100, 7)
d

Zz
X exp (—/ Ka(z”)secedz”)
Z/
0 0
—}—secé/ dz'exp —/ Kka(z")secHdz”
—d z

ps

7
X |:/ sind’ Py (6,60,72)1,(8’, 7))
0
% . / / / / /
+[ sinf’ Pgu(0,0",2)14(0°,2°) |.
0

The specific intensity at z = 0 is then given as

1,0,2=00=190,z=0+1"z=0).
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Appendix B: Robin model parameters for the four
locations

Table B1. Input parameters for the four locations.

Location  Total ice Surface M G
thickness  temperature

1 2656 242.5 0.38 0.0886

2 3155 241.9 0.21 0.06

3 2951 241.5 0.235 0.095

4 3045 241.3  0.295 0.095

Data availability. The Morris and Wingham (2011) density data
can be provided upon request. UWBRAD data can be accessed from
the UWBRAD website http://www?2.ece.ohio-state.edu/~johnson/
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