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ABSTRACT
Ice lens formation, which follows rain on snow events or melt-refreeze cycles in winter and
spring, is likely to become more frequent as a result of increasing mean winter temperatures at
high latitudes. These ice lenses significantly affect the microwave scattering and emission
properties and, hence, snow brightness temperatures that are widely used to monitor snow cover
properties from space. To understand and interpret the spaceborne microwave signal, the modeling
of these phenomena needs improvement. This paper shows the effects and sensitivity of ice lenses
on simulated brightness temperatures using the Microwave Emission Model of Layered
Snowpacks (MEMLS) coupled to a soil emission model at 19 and 37 GHz in both horizontal and
vertical polarizations. Results when considering pure ice lenses show an improvement of 20.5 K
of the root mean square error (RMSE) between the simulated and measured Tb using several in
situ datasets acquired during field campaigns across Canada. The modeled brightness temperatures
were found to be highly sensitive to the vertical location of ice lenses within the snowpack.
Keywords: ice lens, passive microwave, remote sensing, snow, snow modeling.
INTRODUCTION
With increasing mean winter temperatures in many regions of the northern hemisphere (Serreze
and Barry, 2011; Ye et al., 2008), there have been observations of mid-winter melt-refreeze cycles
(Bartsch et al., 2010; Stien et al., 2010) and more frequent winter rain events (Putkonen et al.,
2011; Rennert et al., 2009). These events create ice lenses at the surface or within the snowpack
through drainage (Rees et al., 2010). It is known that ice lens formation increases the mean soil
temperature by releasing latent heat during the freezing process, and ice lenses create impermeable
ice barrier layers. Ice lenses also reduce the mid-winter vegetation respiration and modify the
physical properties of snow (Grenfell and Putkonen, 2008) due to the weak thermal diffusivity of
ice. It has also been reported that the formation of ice lenses within the snowpack affects the
feeding habits of ungulate species in northern regions (Hansen et al., 2011; Miller et al., 1975;
Rennert et al., 2009; Serreze and Barry, 2011). Identifying the formation of ice lenses at the
regional scale and monitoring their spatial extent requires further study.
Microwave remote sensing (both passive and active) has proven useful in the detection of ice
lenses (Bartsch et al., 2010; Lemmetyinen et al., 2010; Rees et al., 2010). However, the coarse
spatial resolution of the microwave signal is not only affected by ice lenses but also by other
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contributions such as the snow properties, bare ground, vegetation, lake ice, as well as topographic
and atmospheric effects (Mätzler, 2006). Microwave radiative transfer models are important tools
for improving our understanding of the effects of the different environmental parameters on the
measured signal (e.g., Grody, 2008; Langlois et al., 2011; Pulliainen et al., 1999; Wiesmann and
Mätzler, 1999). In this study, we focus on analyzing ice lenses but acknowledge that large
uncertainties remain, however, due to the parameterization of the snow grain size (Durand and
Liu, 2012; Langlois et al., 2012; Roy et al., 2012).
Another uncertainty in these radiative transfer models is the soil contribution. Several studies
have been conducted to model soil emissivity at lower frequencies (Prigent et al., 2000; Wigneron
et al., 2011), but it is poorly documented for frequencies above 19 GHz. Wegmüller and Mätzler
(1999) developed a soil emissivity model that is implemented in the HUT radiative transfer model
based on 19 and 37 GHz measurements (Pulliainen et al., 1999). Since this soil model was derived
from in situ measurements of bare soil, it has to be tested on different types of surfaces.
The main objective of this study is to simulate Tb using MEMLS for snowpacks with ice lenses
using measured in situ properties of the ice lenses (depth, thickness, and temperature), assuming
pure ice lenses, and determine the sensitivity of the ice lens parameters on the modelled Tb.
Specifically, we want to a) optimize the characterization of the snow grain size and the soil
roughness for snowpacks without ice lenses and b) validate the simulations with in situ Tb
measurements acquired with ground-based radiometers during winter field campaigns across
Canada to evaluate the performance of this modelling. Refer to Montpetit et al. (2012b) for more
details on this current study.
DATA AND METHODS
Measurements from three field campaigns across Canada in Arctic, sub-Arctic, and mid-latitude
regions were used in this study: 1) Daring Lake, Northwest Territories; 2) Churchill, Manitoba;
and 3) south-eastern Québec (St-Romain and Sherbrooke). The first campaign was in April 2007
near Daring Lake (64° 50’ N, 111° 38’ W), Northwest Territories, Canada. Brightness
temperatures (Tb) using a sled-based passive microwave radiometer system (6.9, 19, 37, and 89
GHz) were measured at 8 undisturbed sites. Measurements were also made after removing a
surface ice lens created by a rain-on-snow event in late winter. A complete description of the
measurements is found in Rees et al. (2010). Figure 1 shows the locations of all the studied sites.

Figure1. A map of Canada showing the location of all the studied sites for this research.
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At the second site, Tb (using the same sled-based radiometer system) and detailed snowpit
physical properties were taken in forest clearings near Churchill (58°46’ N, 94° 11’ W), Manitoba,
at regular intervals during the 2009–2010 winter season as described in Derksen et al. (2012).
During measurement periods in March and April, ice lenses that were the result of melt-refreeze
events were observed and measured in the snowpack.
During the winter of 2011, similar Tb and snowpit measurements were taken at two different
sites in southeastern Québec, Canada. The first site was an open grassy area located in the town of
St-Romain (45° 47’ N, 71° 1’ W) where thick ice lenses (1 to 2 cm) were observed within the
snowpack after a prolonged melt-refreeze event in February 2011. The second site was located at
the Site Interdisciplinaire de Recherche en ENvironnement Extérieur (SIRENE), a research station
of the Centre d’Applications et de Recherches en TELédétection (CARTEL), on the Université de
Sherbrooke main campus (45° 22’ N, 71° 55’ W). This site is also an open grassy area, but the ice
lenses were created artificially by gently spraying water on top of the snowpack on cold days (<
−15°C). This created a thin ice lens at the surface of the snowpack because the water froze
immediately on contact with snow. The gentle spray created a smooth ice surface. When the first
artificial lens was buried by subsequent snowfall, a second surface ice lens was created by
spraying the area once more.
In situ data
To properly optimize the snow grain size parameter and the soil roughness parameter for the
microwave radiative transfer model (MEMLS), sites without ice lenses were chosen. Afterwards,
to test the ice lens treatment with a modified version of MEMLS (see below), sites with ice lenses
within the snowpack were chosen.
For the Daring Lake campaign in 2007, the grain size measurements were made manually using
a gridded reference card and a field microscope (Dmax). The pc were then derived from these
measurements using the non-linear method of Durand et al. (2008). The measurements were taken
in a tundra environment.
Brightness temperature data
Tb measurements were acquired using surface-based radiometers (SBR) on mobile sleds at an
incidence angle of 55°. Calibrations were conducted on a regular basis using warm (ambient
temperature microwave absorber) and cold (liquid nitrogen) targets as described by Asmus and
Grant (1999) and Solheim (1993). Uncertainty in the measurement of the calibration target
temperature was estimated at ± 2 K. The 19 and 37 GHz radiometers were calibrated
simultaneously so that the same target temperature uncertainties for a given calibration applied to
both frequencies. Radiometer stability depended on the frequency and varied somewhat from
campaign to campaign, but the overall precision was estimated at ± 2 K at 19 GHz, and < 1 K at
37 GHz, based on a 3-db width of the main beam.
Models
The passive microwave snow radiative transfer model used in this study was the Microwave
Emission Model of Layered Snowpacks (MEMLS) (Wiesmann and Mätzler, 1999). This model
was used because of its multi-layer design which enabled discrete ice lens treatment for pure ice
layers within the snowpack. Moreover, we added a soil model (Wegmüller and Mätzler, 1999) to
improve the estimation of the soil contribution under the snow.
Snow emission model
The MEMLS snow emission model describes the snow cover as a stack of horizontal layers
characterized by the snow’s temperature, density, thickness, liquid water content, salinity, and
grain size. The radiative transfer parameters (reflection and refraction at layer interfaces and layer
reflection and absorption) are based on physical equations integrated in a six-flux stream
parameterization. A combination of coherent and incoherent superposition is used to calculate the
signal transmission between every layer interface (see Mätzler and Wismann, 1999, and Wismann
and Mätzler, 1999, for a complete description of the model). In this study, the scattering
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coefficient of each snow layer was determined by the improved Born approximation (Mätzler,
1998a).
Durand et al. (2009) showed that the most sensitive parameter in MEMLS is the snow grain size.
The snow grain size parameter used in MEMLS is the correlation length (pc). According to Debye
et al. (1957) and Mätzler (2002), this parameter is related to the snow grain optical diameter (Do)
by the following relationship:

pc =
where

2
Do (1 −ν )
3

(1)

ν is the ice fraction ( ρ snow ρice ). D

surface area of snow grains (SSA):

Do =

o

was derived from measurements of the specific

6
. The SSA parameter can be accurately
ρice SSA

measured in the field by shortwave infrared reflectometry (e.g., Montpetit et al., 2012a). Another
way to define pc is to use the longest diameter of the snow grain (Dmax; Fierz et al., 2009). Durand
et al. (2008) derived the following relationship between pc and Dmax:

ρ snow

for
0.18 + 0.09 ln Dmax ± 0.03
ρice > 0.2
pc = 
and
Dmax > 0.125mm
0.05 ± 0.015
otherwise


(2)

However, recent studies (Brucker et al., 2011; Roy et al., 2012) show that the SSA needs to be
calibrated for microwave radiative transfer models as previously discussed by Mätzler (2002) and
Wiesmann et al. (2000). These studies, however, used different snow emission models or did not
use SSA measurements for the snow grain size parameterization. Hence, it is necessary to validate
the need for this correction factor. A method similar to Brucker et al. (2011) and Roy et al. (2012)
was used in this study to estimate the correction factor. Here, the correlation length was adjusted
with a multiplying factor φ to minimize the root mean square error (RMSE) between the measured
and simulated Tb using MEMLS at 37 GHz.

pc, = φpc

(3)

Among the sites without ice lenses, only those for which the soil did not affect the Tb at 37 GHz
(11 sites) were chosen (the selection was made by a sensitivity study using the measured
snowpack characteristics; see Roy et al., 2012). This ensured that the correction factor φ addressed
the errors due to the snow grain size parameterization and not errors in the soil modeling.
Moreover, since the penetration depth of the microwave signal at 37 GHz is lower than at 19 GHz,
this channel makes it less sensitive to the soil emissivity.
Ice lens modelling
In this study, ice lenses are characterized by their temperature, vertical position in the snowpack,
and thickness. To simulate an ice lens with no scattering using IBA of MEMLS, the density of the
ice lenses was considered constant in this study (density of pure ice = 917 kg m-3). This renders
the scattering coefficient null given by equation 25 of Mätzler (1998b). The ice lens model of
Grody (2008) was also implemented in MEMLS. With this model, the ice lenses were associated
with a non-scattering type (scattering coefficient was null) with attenuation described below. The
dielectric constant of the ice layers was calculated using the equations of Mätzler (1998b) for pure
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ice. The layer interface reflectivity values were calculated using the Fresnel equations. The ice
lens model was defined by the absorption coefficient (αice) and the ice transmissivity (τice), and it
was calculated using the equations of Grody (2008):

α ice =

2π ε ' '
λ ε'

(4)

τ ice = exp(−α ice d ice secθ )

(5)

where ε’ and ε’’ are respectively the real and imaginary parts of the pure ice dielectric constant,
dice is the ice lens thickness (in cm), and θ is the propagation angle within the ice lens. Finally, the
ice emitted Tb was calculated as follows:

Tbice = (1 − τ ice )Tice

(6)

where Tice is the ice physical temperature (K).
Soil model
The soil reflectivity model proposed by Wegmüller and Mätzler (1999) determines the soil
interface reflectivity, at a given frequency, in horizontal polarization (ΓH) and vertical polarization
(ΓV) with the following equations for an incidence angle lower than 60°:

ΓH = ΓHFresnel exp(−(kσ)

−0.1cosθ

)

(7)

ΓV = ΓH cos θ β

(8)

where k is the wave number, σ is the soil roughness parameter, θ is the incidence angle, and β is a
factor which was set to 0.655 by Wegmüller and Mätzler (1999). Here, we consider σ and β as
two unknowns to be determined.
In this study, σ and β were determined by minimizing the biases between the modeled and
measured Tb using MEMLS at 19 GHz V-Pol (19V) and H-Pol (19H) and different values of soil
reflectivity for both polarizations. Only sites where snow had a minimal impact were chosen (9
sites). With this derived optimal reflectivity and the known incidence angle, β was determined
from (8) as the following:

β = log(

ΓV
) log(cos θ )
ΓH

(9)

Having obtained this factor, the roughness parameter for both frequencies was determined by
minimizing the RMSE between the optimal and modeled reflectivity at 19 GHz using MEMLS
with (7).
ICE LENS MODELING VALIDATION
Prior to the ice lens modelling analysis, the snow and soil parameterizations were optimized for
snowpits without ice lenses and snowpits where ice lenses were removed. This allowed us to
minimize the snow model uncertainties, assuming that the snow properties remained similar for
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the corresponding snowpits with ice lenses. Afterwards, an analysis and validation of the ice lens
treatment was conducted on two independent datasets.
Snow and soil optimizations
Based on the method described in the previous section, Tb simulations were performed at 37
GHz using MEMLS with values of factor φ ranging from 0 to 3 with an increment of 0.1 for 11
selected sites where the contribution of the soil was deemed to be negligible as discussed by Roy
et al. (2012) Those sites, without ice lenses, where selected because the brightness temperature
only depended upon the snowpack characteristics (mainly grain size), ensuring that φ was not
biased by hypotheses concerning the soil conditions. Those sites showed a weak variation lower
than 5 K for the modelled Tb for soil reflectivity ranging from 0 to 0.5 (range measured by
Wegmüller and Mätzler, 1999). The RMSE φ (subscript φ is to differentiate the RMSE of the grain
size optimization from the other RMSE) was then calculated with the measured Tb:

∑ [(Tb
N

RMSEφ =

i =1

37 V

sim ;i

37 V
37 H
37 H 2
) 2 + (Tbsim
) ]
− Tbmes
− Tbmes
;i
;i
;i

2N

(10)

where Tbsim;i and Tbmes;i are respectively the simulated and measured brightness temperatures for
the sites “i” and N is the total number of sites used for the snow grain size optimization. Figure 1
shows the relationship between the calculated RMSE φ and the correction factor φ applied to the
snow grain size for each simulation. The range of correction factor presented in Figure 2 was
chosen to make sure the minimum RMSE φ found was not only a local minimum. This shows
strong sensitivity to the snow grain size over the range of φ values; the RMSE φ is 17.6 K for no
correction (φ = 1) and 13.7 K for the best fit obtained with φ =1.3 (Figure 1). While there is a need
to evaluate this factor in future studies using larger datasets and the known uncertainties of the
snow grain size measurements, this factor was applied to all the simulations in this study.

Figure 2. Snow grain size optimization at 37 GHz using MEMLS (root mean square error between measured
and simulated Tb for selected sites without ice lenses or a soil contribution.

The next step in optimizing the simulation was to determine the best β factor (soil contribution)
in (9) using the method described in the previous section. Using the correction factor φ in the Tb
simulations, the optimal reflectivity values were determined by minimizing the biases between the
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simulated and measured Tb for both polarizations (V and H) at 19 GHz. The results of these
optimizations and the reflectivity ratios (ΓV/ΓH) for the polarizations and for 20 sites are available
upon request. There are important variations in the derived ratio values. This is possibly due to the
fact that the residual error introduced by the snow grain size variations between the sites remained
important. Considering only the sites where the snow grain size had little influence on the
modeled Tb, the mean ratio is 0.40 ± 0.23, β = 1.72.
Using (7) and (8) and the β factor calculated previously, the soil reflectivity was calculated by
iterations on the soil roughness parameter. Two types of sites were distinguished: 1) mid-latitude
grassy sites (referred to as “grass”) and 2) tundra sites (“tundra”). The optimal soil roughness
parameters for these two types of sites were determined by minimizing the RMSE (RMSEσ)
between the optimal soil reflectivity and the modeled reflectivity:

∑ [(Γ' −Γ ) + (Γ' −Γ )
N

RMSEσ =

i =1

2

V

V

H

H

2

]
(11)

2N

Figure 3 shows the relationship between the RMSEσ and the soil roughness parameters. The
optimal parameters were found to be σgrass = 1.1 cm (RMSEσ = 0.04) for the grass sites and σtundra
= 0.4 cm (RMSEσ = 0.07) for the tundra sites.

Figure 3. Optimization of the soil roughness parameter using the soil model of Wegmüller and Mätzler
(1999) at 19 GHz for the grass sites (solid line) and the tundra sites (dashed line).

The results for the snow simulations at 19 and 37 GHz and V and H polarizations were then
determined using φ = 1.3, β = 1.72, σgrass, and σtundra for all the sites without ice lenses, including
the sites not considered in the optimization process. Figure 4 shows the comparison between the
measured and modeled Tb (top left), the comparison between the H and V polarizations at 19 GHz
(top right), the comparison between the H and V polarizations at 37 GHz (bottom left), and the
comparison between the 19 and 37 GHz frequencies in V polarization.
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Figure 4. MEMLS simulations with φ = 1.3 and optimized σ for all 20 snowpits without ice lenses for 19 and
37 GHz and two polarizations H and V. (a) modeled Tb compared to measured Tb, overall RMSE is shown;
(b) Tb at 19H vs. Tb at 19V; (c) Tb at 37H vs. Tb at 37V; (d) Tb at 19V vs. Tb at 37V.

The cross-polarization figures show that the soil contribution was adequately taken into account
in the modeled Tb since the modeled and measured Tb are significantly correlated. The scatter in
Figure 3b at 19 GHz comes from variability in the soil reflectivity. The correlation at 37 GHz,
where the soil contribution is less important, is better than at 19 GHz. The modeled spectral
dependency (19V vs. 37V) is also well correlated with the measured spectral dependency. This
shows that using the same correction factor for the snow grain size for both frequencies is
adequate. The overall RMSE between the modeled and measured Tb is 11.6 K, which is
comparable to similar published results (Brucker et al., 2010; Lemmetyinen et al., 2010; Roy et
al., 2012). Table 1 gives the RMSE for the four different channels (19V, 19H, 37V, and 37H)
presented in figure 4. The higher errors in H-Pol could be explained by the increased sensitivity to
stratigraphic variability (i.e., density). The lower errors at 19 GHz can be explained by the lower
sensitivity to the snow grain size.
Since the snowpack conditions at the sites without ice lenses were similar to those with ice
lenses, the optimal parameters (φ = 1.3, β = 1.72, σgrass, and σtundra) previously derived were also
applied to those sites. The next section analyzes the MEMLS simulations including the ice lens
model.
Analysis of the snow and ice emission model
To evaluate the performance of the ice lens treatment described in the previous section, a
preliminary simulation for all 6 sites with ice lenses was performed without a specific treatment
for the ice lenses. Figure 5a shows the comparison between the measured Tb and the modeled Tb
without the ice lens treatment at 19 and 37 GHz and V and H polarizations. The overall RMSE
between the modeled and measured Tb is 34.5 K, mainly due to the Tb values at H polarization.
As expected, the RMSE is significantly higher than was determined for snowpacks without ice
lenses (RMSE = 11.6 K, see Figure 4), meaning that the error is attributable to the presence of an
ice lens.
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Figure 5. MEMLS was used to model Tb without an ice lens (a), with an ice lens at the surface of the
snowpack (b), and with ice lenses at their measured depths within the snowpack (c), with φ = 1.3 and
optimized σ compared to measured Tb for all 6 sites having ice lenses for 19 and 37 GHz and two
polarizations H and V. Overall RMSE are shown for each case.

Grody (2008), Lemmetyinen et al. (2010), and Rees et al. (2010) modeled the effects of ice
lenses on top of a snowpack. Figure 5b shows a comparison of the measured and modeled Tb
when the ice lens was arbitrarily simulated at the top of the snowpack. The overall RMSE (21.4 K)
shows an improvement of 13.1 K (38%) when compared to the simulations without the ice lens
treatment (Figure 5b compared to Figure 5a). However, the RMSE in Figure 5b still remains
higher than the mean level of error for snowpacks without an ice lens (Figure 2). This shows that
the vertical position of the ice lenses within the snowpack must be taken into account.
Figure 5c shows the results with the ice lenses modeled at their measured depth within the
snowpack. Again, an improvement of 7.4 K (35%) in the RMSE (14.0 K) is observed relative to
the results of Figure 5b, and an improvement of 20.5 K (59%) is achieved compared to the results
of Figure 5a. This shows the importance of modeling ice lenses at their exact depths within the
snowpack. Also, the RMSE of Figure 5c is comparable to the RMSE presented in Figure 4 (11.6
K) for snowpacks where no ice lenses were present. This indicates that the error in Figure 5c most
likely comes from the snow modeling rather than the ice lens treatment. Table 1 summarizes the
RMSE between the modeled and measured Tb for all four channels presented in Figures 4 and 5.
Table 1. RMSE between the modeled and measured Tb for four channels for the sites with ice lenses
compared to the reference sites without ice lens.

Channel
19V
19H
37V
37H
All

No ice

Without ice
lens

RMSE (K)
Ice lens on
top

Ice lens
within

Figure 5
9.4
12.1
12.1
12.4
11.6

Figure 7a
10.8
47.7
21.0
43.9
34.5

Figure 7b
10.4
25.3
19.2
26.3
21.4

Figure 7c
12.9
6.9
18.8
13.6
14.0
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Ice lens
within
Grody [18]
equations
12.4
13.0
18.0
12.5
14.3

The ice lenses do not seem to affect the Tb in V-Pol at either frequency (standard deviation of
1.5 K at 19V and 3.9 K at 37V between the results of Figure 4 and 5). The greatest impact of the
ice lenses can be seen in H-Pol. It is known that H-Pol is more sensitive to snowpack stratigraphy.
This explains the major improvement in H-Pol at both frequencies that is achieved by the addition
of a proper ice lens parameterization in MEMLS. Table 1 also gives the results of the ice lens
modeling using the equations of Grody (2008). The differences between both parameterizations
are mainly given by the absorption coefficient calculation which slightly differ (Grody, 2008;
Mätzler, 1998b). Nonetheless, it is fair to say that the IBA theory is valid with a difference of 0.3
K in the overall RMSE.
Ice lens modeling at Daring Lake
To further validate the ice lens model presented in this study, the same analysis was conducted
on another independent dataset provided by Rees et al. (2010). However, the major difference
between the analyses of this dataset is the snow grain size measurements. It was thus necessary to
determine another correction factor φ to optimize the simulations.
The same optimization process was conducted to minimize the errors due to the snow grain size
and soil roughness. To do so, three sites (sites 5, 6, and 7 of Rees et al. [2010]) were selected.
These sites were selected because the snowpack under the ice lens was sufficiently thick to
minimize any soil effects at 37 GHz. The results of the snow grain size optimization at 37 GHz
showed no need for correction (φ = 1) meaning that the parameter Dmax without correction gives
the minimum RMSEφ = 19.3 K. The soil roughness parameter at 19 GHz for all the sites (the sites
were all measured in the same region) was found to be σ = 0.0 cm (minimum RMSEσ = 0.097).
The fact that the soil roughness parameter is null suggests that the soil roughness had a minimal
effect on reflectivity at 19 GHz. Also, the best parameter derived for the soil reflectivity ratio was
β = 2.50.
Figure 6 shows comparisons between the modeled and measured Tb at 19 and 37 GHz and V
and H polarizations for a) the layers of snow under the ice lenses (i.e., without ice lenses), b)
simulations without ice lenses, and c) with the ice lenses modeled at their measured depths. The
simulations in Figure 6a were conducted to determine the errors coming from the snow simulation
(RMSE = 19.8 K). This RMSE (19.8 K) is comparable to the RMSE of the simulations with the
ice lenses at their exact depths (15.9 K). This is a good indicator that the residual error in Figure
6c is more likely due to the snow modeling rather than the ice lens modeling. Also, the RMSE
shows an improvement of 19.6 K with the ice lenses compared to simulations without ice lenses.
The fact that the 19H and 37H channels led to greater overestimates may indicate that the snow
grain size parameter did not adequately simulate snow scattering.
The results for the sites at Daring Lake, characterized by the geometrical diameter (Dmax), appear
to be less accurate than the previous sites, characterized by the optical diameter (Dopt). In fact, the
accuracy of the Dopt measurements is estimated to be of the order of 10% (Gallet et al., 2009;
Montpetit et al., 2012a), which is better than the visual estimate of Dmax (see Langlois et al., 2010).
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Figure 6. MEMLS was used to determine the modeled error on snow for snowpacks without any observed ice
lens (a). MEMLS was used to model Tb without an ice lens (b) and with the ice lenses at their measured
depths within the snowpacks (b), with φ = 1.0 and optimized σ = 0.0 cm, which were compared to measured
Tb for all 8 snowpits taken at Daring Lake with ice lenses for 19 and 37 GHz and two polarizations H and V.
Overall RMSE are shown.

CONCLUSIONS
The main objective of this paper was to improve the brightness temperature simulations of a
snowpack having ice lenses within it and determine the sensitivity of the signal to the different
properties of ice lenses. The Microwave Emission Model of Layered Snowpacks (MEMLS) was
used, and an optimization process was proposed to minimize the errors due to the snow grain size
measurements and to the soil reflectivity parameterization. The use of a unique and detailed
dataset for the physical properties of snow allowed us to minimize the uncertainties due to snow
(without ice lenses) and soil and to accurately estimate the effects of ice lenses.
The vertical location of the ice lens within the snowpack was found to be a key parameter that
has to be precisely determined. This finding has important implications for operational
applications of snow emission models, for instance in snow water equivalent retrieval schemes as
described in Takala et al (2011). These hemispheric scale emission model implementations
currently use only a single snowpack layer. To properly account for ice lenses, it would be
necessary to use up to three layers: one for the lens plus an underlying snow layer and one layer
above the lens if necessary. Given the lack of in situ stratigraphic snow observations at the
hemispheric scale, the vertical location of ice lenses in the snowpack needs to be inferred or
estimated from a physical snow model. Given the challenges in deriving multi-layer inputs for
snow emission models at the hemispheric scale, stratigraphic properties such as ice lenses will
likely continue to be a source of uncertainty in operational applications of snow emission models.
A multiplicative correction factor (φ) was applied to the snow grain size parameter derived from
optical diameter measurements, and the soil parameters were fitted to improve simulations of the
snow brightness temperatures at 19 and 37 GHz. The optimal factor was determined to be φ = 1.3
for the snow specific surface area (SSA) measurements and φ = 1.0 for snow grains defined by the
longest diameter (i.e., geometrical diameter, Dmax) measured manually. Also, a soil reflectivity
ratio parameter β = 1.72 and soil roughness parameters for 2 types of sites (σgrass = 1.1 cm and
σtundra = 0.4 cm) were determined.
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With these optimal parameters, comparisons between modeled and measured brightness
temperatures were performed without the ice lens treatment, with an ice lens modeled on top of
the snowpack, and with an ice lens modeled at its measured depth within the snowpack. An
improvement of 13.1 K for the root mean square error was observed by modeling an ice lens on
top of the snowpack and an improvement of 20.5 K when modeling the ice lenses at their
measured depths within the snowpacks. The simulations presented here give an RMSE of the same
order of magnitude (8–20 K) for snow without ice lenses as for snow with ice lenses.
Another comparison was conducted using an independent dataset (Rees et al., 2010) to further
validate the ice lens treatment. Again, a significant improvement of 19.6 K of the RMSE was
observed by modeling the ice lenses at their measured depths compared to simulations without ice
lenses. The higher RMSE compared to the first dataset was explained by the snow grain size
characterization that was a subjective estimate of the geometrical diameter as opposed to an
objective measurement of SSA.
The next step in testing the ice lens model is to measure the ice lens density to verify if there are
air bubbles within the lenses and to determine if there is any effect on the microwave signal. Also,
a validation with satellite data would be useful. When validated at this scale, this model could be
extremely useful in developing an algorithm to remotely detect ice lenses from satellite
measurements.
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