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ABSTRACT 

In this study, we present a theoretical approach to understand the sensitivity of multi-frequency 

Ku-, X- and C- band microwave scattering and penetration to snow layer salinity of a highly saline 

thin (8 cm) snow-cover on first-year sea ice. First-order microwave backscatter and penetration 

depth models are used to understand the variations in microwave backscatter and penetration for 

all three frequencies. All three frequencies showed reduced penetration and backscatter at higher 

salinities and vice versa.  Results indicate that, Ku-band is more sensitive to salinity perturbations, 

followed by X- and C-bands. The results suggest that our multi-frequency approach could be 

highly capable to accurately resolve snow thickness estimates except on a highly saline  

snow-covered first-year sea ice environment. 
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INTRODUCTION 

Monitoring Arctic sea ice and its snow cover variability is of prime importance in cryospheric 

research. Over the past three decades, Arctic sea ice has shown drastic decline of sea ice extent 

(Comiso et al. 2008; Kwok and Rothrock, 2009). Melting of FYI decreases the overall albedo of 

the Arctic marine environment letting increased absorption of solar energy, further reducing sea 

ice owing to ocean warming. Snow cover thickness measurements are required to understand the 

present condition and future behavior of first-year ice (FYI) in the Arctic owing to thermodynamic 

processes (Maas et al., 2015; Barber et al., 1998; Iacozza and Barber, 2010; Yackel and Barber, 

2007).  
 

Microwave remote sensing provides the most effective means to acquire near-real time 

thermodynamic information about snow cover on smooth FYI. Microwave interaction with  

snow-covered sea ice is a function of both snow and ice electro-thermo-physical properties such as 

shape, size and orientation of scatterers, surface roughness, complex dielectric constant as a 

function of brine volume, and brine volume as a function of temperature, salinity and density; as 

well as microwave parameters such as incidence angle, polarization and wavelength.  

 

Previous studies (Gill et al., 2013, Fuller et al., 2014) show ambiguous penetration depths and 

inaccurate snow thickness estimates, using a single-frequency approach, from snow cover of 

variable thickness. This effect has been attributed to the complex interactions of microwaves due 
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to the presence of large amounts of brine throughout snow volume, caused due to enhanced brine 

wicking process of snow cover from sea ice. These cause complexities in microwave scattering 

mechanisms, and thereby leading to ambiguity in penetration depth estimations. In order to 

understand the complexities of these processes, a multi-frequency approach could be useful. 

OBJECTIVES 

The primary research objective is to understand the sensitivity of Ku- (17.2GHz), X- (9.65GHz) 

and C- (5.5GHz) band microwave backscatter and penetration to snow salinity of a thin (8 cm) 

snow cover on FYI. The study uses a theoretical approach using first-order microwave scattering 

(Rees, 2006; Drinkwater, 1989; Kendra et al., 1998; Kim et al., 1984) and penetration depth 

models (Ulaby et al., 1984; Winebrenner et al., 1992;,), by perturbing snow layer salinities 

(measured salinity ±3 ppt), within a modeling environment. 

MATERIALS AND METHODS 

Study Area 

The study will focus on in-situ snow property measurements sampled during late winter season 

of 2012 (May 19
th

 2012), over a highly saline 8cm snow cover over smooth landfast FYI, near 

Resolute Bay, Nunavut, Canada. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Map of Resolute Bay, Nunavut, Canada depicting the study site location (Camp location shown in 

Red circle). 

 

Snow Property Data 

Snow properties (Figure 2(a) and (b)) show higher salinity gradients and varying complex 

dielectric constants within the snow layers, attributed due to increased brine-wicking from the sea 

ice. The relative brine volume fractions (Drinkwater and Crocker, 1988) (Figure 2(d)) within the 

thin snow volume were modeled to understand its effect on microwave backscatter and penetration 

at all three frequencies. The model inputs used for microwave backscatter modeling include snow 

layer thickness (in meters), density (g/cm3), temperature (°C) and salinity (ppt) at different snow 

layers, snow grain size R (radius in meters), root-mean square height surface roughness (RMS in 

meters) and correlation length (LC in meters). RMS and LC are held constant at 0.005 m and 0.03 m 

respectively. 
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Figure 2. Measured Snow Properties (a) Salinity (original±3ppt) across snow layers (b) Complex dielectric 

constant (original±3ppt) (measured at 50MHz and remodeled to 9.65GHz) (c) Modeled brine volume fraction 

(original±3ppt).  

 

RESULTS AND DISCUSSION 

Ku-band shows the greatest differences in backscatter between negative and positive salinity 

perturbations, at large incidence angles. Backscatter for all three frequencies decreases from initial 

conditions with increased salinity, and increases from initial conditions with decreased salinity.  

Backscatter changes with perturbed salinities can be primarily reasoned due to variations in 

microwave penetration. 

Positive salinity perturbation (+ 3 ppt) (Figure 3, heavy dotted lines) causes brine volumes to 

increase, causing both increased dielectric permittivity and loss.  For Ku-band, penetration is 2 cm 

(Table 1), into the topmost layer; which is less than for initial conditions (3 cm). X-band 

penetrates up to 2 cm, into the topmost layer; this is less than for initial conditions (4 cm). C-band 

penetration is 3 cm, into Layer 3; which is less than for initial conditions (5 cm). For all three 

frequencies, surface scattering increases at small incidence angles, caused by increase in 

permittivity of the topmost layer. However, the increase in the dielectric loss is of more 

significance. This causes decrease in volume scattering. Even though the higher brine volume 

increases scattering from individual brine-wetted snow grains, the degraded penetration results in 
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fewer scattering centers, thus low volume scattering. This is further reduced by the greater 

dielectric loss. Overall the total backscatter is reduced for all frequencies from initial conditions 

(bold lines) beyond incidence angle of 30°.  

 

Figure 3. Modeled VV backscatter (dB) at original and perturbed (±3 ppt) salinity conditions (Ku-band (red), 

X-band (green) and C-band (black) 

 

Negative salinity perturbation (–3 ppt) (Figure 3, light dotted lines) causes the brine volumes to 

decrease, leading to reduced dielectric permittivity and loss. The topmost layer becomes fresh 

snow, with zero salinity. Ku-band penetrates up to 5 cm, into Layer 2, when compared to 3cm for 

initial conditions. For X-band, penetration is 5 cm, into Layer 2; this is more than for initial 

conditions (4 cm). C-band penetrates up to 5 cm, the same as for initial conditions.  Both surface 

and volume scattering shows increase at all three frequencies. This is due increased penetration, 

incorporating more scattering centers, and the lower dielectric loss causes more volume scattering. 

Total backscatter is increased from the initial conditions throughout the incidence angle range.  

Table 1. Penetration depths at initial and perturbed salinity conditions 

 

 

 

 

CONCLUSIONS 

After comparing the three frequencies, Ku-band is the most sensitive to salinity perturbations, 

followed by X-band and then C-band. Reduction in the total backscatter at higher salinities is 

mostly greater than the increase in backscatter at lower salinities. Volume scattering governs 

throughout the incidence angle range, with Ku-band showing substantial proportion of volume 
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scattering, and C-band the least. Overall, the governing factor affecting the backscatter and 

penetration is the dielectric loss associated with salinity perturbations. It controls the penetration 

depth, absorption of volume scattering from grain centers, masking or making available surface 

scattering at interfaces, concealing or producing available greater numbers of scattering centers. 

The results suggest that a multi-frequency approach may not be able to accurately resolve snow 

thickness estimates, especially on a highly saline thin snow-covered FYI environment. Further 

research needs to be investigated on thicker snow cover cases. 

ACKNOWLEDGEMENTS 

The authors would like to thank Carina Butterworth, Mark Christopher Fuller, and 

Grant Gunn from Prof. Dr. Claude Duguay’s research group at University of Waterloo, 

for providing operational, logistic and field assistance for acquiring snow property 

measurements.  

REFERENCES 

Barber DG, Fung AK, Grenfell TC, Nghiem SV, Onstott RG, Lytle VI, Perovich DK, and Gow 

AJ. 1998.The Role of Snow on Microwave Emission and Scattering over First-Year Sea Ice,” 

IEEE Transactions on Geoscience and Remote Sensing 36: 1750-1763. 

Comiso J, Parkinson C, Gersten R and Stock L. 2008.  Accelerated decline in the Arctic sea ice 

cover.  Geophysical Research Letters 35: L01703-1–L01703-6. 

Drinkwater MR. 1989. LIMEX'87 ice surface characteristics: Implications for C-band SAR 

backscatter signatures. IEEE Transactions on Geoscience and Remote Sensing 27:  

501-513. 

Drinkwater MR and Crocker GB. 1988. Modeling changes in the dielectric and scattering 

properties of young snow covered sea ice at GHz frequencies. Journal of Glaciology 34: 274-

282. 

Fuller MC, Geldsetzer T, Gill JPS, Yackel JJ and Derksen D. 2014. C-band backscatter from a 

complexly-layered snow cover on first-year sea ice. Hydrological Processes 28: 4614-4625.  

Gill JPS, Geldsetzer T, Yackel JJ and Fuller MC. 2013. Limitations to estimating snow thickness 

on first-year sea ice using thermodynamics and C-band microwave backscatter", 34 Canadian 

Symposium on Remote Sensing, Victoria, Canada. 27-29 Aug, 2013. 

Iacozza J and Barber DG. 2010. An examination of snow redistribution over smooth land-fast sea 

ice.  Hydrological Processes 24: 850–865. 

Kendra JR, Sarabandi K and Ulaby FT. 1998. Radar measurements of snow: Experiments and 

Analysis. IEEE Transactions on Geoscience on Remote Sensing 36: 864-879. 

Kim YS, Onsott RG and Moore RK. 1984. The effect of a snow cover on microwave backscatter 

from sea ice, IEEE Journal of Oceanic engineering 9: 383-388. 

Kwok R and Rothrock D. 2009. Decline in Arctic sea ice thickness from submarine and ICESat 

records: 1958–2008.  Geophysical Research Letters 36. L15501-1–L15501-5.] 

Maas N, Kaleschke L, Kunze XT and Tonboe RT. 2015. Snow thickness retrieval from L-band 

brightness temperatures: a model comparison,” Annals of Glaciology 56: 9-17.  

Rees WG. 2006. Remote Sensing of Snow and Ice. CRC Press, Boca Raton, FL. 312. 

Ulaby FT, Stiles HW and Abdelrazik M. 1984. Snowcover influence on backscattering from 

terrain. IEEE Transactions on Geoscience and Remote Sensing 22: 126-133. 

Winebrenner DP, Bredow J, Fung AK, Drinkwater MR, Nghiem S, Gow AJ. 1992. Microwave sea 

ice signature modelling. In Carsey F. (Ed.), Microwave Remote Sensing of Sea Ice (Vol. 

Geophysical Monograph Series). 137-171.  
Yackel JJ and Barber DG. 2007. Observations of Snow Water Equivalent Change on Landfast 

First-Year Sea Ice in Winter Using Synthetic Aperture Radar Data,” IEEE Transactions on 

Geoscience and Remote Sensing 45:1005-1015. 

 


