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ABSTRACT. The retrieval of sea ice thickness using L-band passive remote11

sensing requires robust models for emission from sea ice. In this work, mea-12

surements obtained from surface-based radiometers during the MOSAiC ex-13

pedition are assessed with the Burke, Wilheit and SMRT radiative transfer14

models. These models encompass distinct methodologies: radiative transfer15

with/without wave coherence effects, and with/without scattering. Before16

running these emission models, the sea ice growth is simulated using the Cu-17

mulative Freezing Degree Days (CFDD) model to further compute the evo-18

lution of the ice structure during each period. Ice coring profiles done near19

the instruments are used to obtain the initial state of the computation, along20

with Digital Thermistor Chain (DTC) data to derive the sea ice temperature21

during the analyzed periods. The results suggest that the coherent approach22

used in the Wilheit model results in a better agreement with the horizontal23

polarization of the in situ measured brightness temperature. The Burke and24

SMRT incoherent models offer a more robust fit for the vertical component.25

These models are almost equivalent since the scattering considered in SMRT26

can be safely neglected at this low frequency, but the Burke model misses27
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an important contribution from the snow layer above sea ice. The results28

also suggest that a more realistic permittivity falls between the spheres and29

random needles formulations, with potential for refinement, particularly for30

L-band applications, through future field measurements.31

1 INTRODUCTION32

From September 2019 to October 2020, the Multidisciplinary drifting Observatory for the Study of Arctic33

Climate (MOSAiC) expedition presented an exceptional chance to gather data on sea ice characteristics34

over the course of an entire year (Nicolaus and others (2022)). In October 2019, the Polarstern anchored35

itself to an ice floe spanning approximately 2.8 km x 3.8 km in the northern region of the Laptev Sea.36

To perform an extensive range of measurements from various research teams, a dedicated science camp37

was established on the drifting ice floe. This expedition offered a unique opportunity to investigate the38

variability of the sea ice microwave emissivity signature due to seasonal fluctuations, temperature changes,39

and the shift from melting to freezing periods. In this work, the ETH L-Band Radiometer (ELBARA,40

Schwank and others (2010)) and the Ultra Wideband Microwave Radiometer (UWBRAD, Johnson and41

others (2016)) measurements in autumn and winter are analyzed, both being radiometers designed to mea-42

sure statically due to their size.43

44

When considering frequencies below 2 GHz, the electromagnetic waves can penetrate the sea ice column45

to a significant depth (Heygster and others (2014)). This level of penetration permits low-frequency ra-46

diometers to capture emissions from deeper layers of the ice, including emission from the ocean, compared47

to higher frequency radiometers like the Advanced Microwave Scanning Radiometer-2 (AMSR-2). Conse-48

quently, lower frequency instruments can be utilized to measure the thickness of thin sea ice. Specifically,49

at L-band (1.4 GHz), the sensitivity to ice thickness typically is within the range of 50 cm to 1 m, de-50

pending on the salinity and temperature of the ice (Kaleschke and others (2012); Maass and others (2015);51

Huntemann and others (2014); Demir and others (2022b)). The utilization of L-band radiometry proves52

to be an excellent tool for monitoring the thickness of Arctic sea ice due to a significant proportion of the53

Arctic ice being seasonal and relatively thin, amounting to approximately 70% covering in January (Kwok54

(2018)). Several satellites are designed for observing passive microwave emission at L-band, such as the55
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ESA’s Soil Moisture and Ocean Salinity (SMOS) satellite (Mecklenburg and others (2009); Font and others56

(2010); Kerr and others (2010)), the NASA’s Soil Moisture Active Passive (SMAP) satellite (Entekhabi57

and others (2010)), or the Aquarius carried on the Satélite de Aplicaciones Científicas - D (SAC-D) satellite.58

59

Many radiative transfer models can be used to compute the brightness temperature (TB) of sea ice,60

and important differences appear when using one or the other. For instance, for layers of comparable61

thickness to the wavelength, coherence effects between reflected waves may affect the emitted brightness62

temperature. Furthermore, electromagnetic waves propagating in natural media, including ice and snow,63

are affected by scattering and absorption while traveling from where they are emitted to the sensor. In this64

work three different approaches are analyzed: the Burke model (Burke and others (1979)), which neglects65

coherence effects and scattering; the SMRT model (Picard and others (2018)), which neglects coherence66

but considers scattering; and the Wilheit model (Wilheit (1978)), which uses an coherent approach but67

neglecting scattering. Another key parameter that determines the brightness temperature is the selection68

of the sea ice permittivity formulation. The most widely used is the Vant empirical formulation (Vant and69

others (1978)), but another and more theoretical approach which models the brine inclusions as ellipsoids70

is described by Shokr (1998). In this paper, the different model predictions are compared to measured data71

to better understand how improvements to sea ice thickness can be achieved.72

2 DATA COLLECTION AND MANAGEMENT73

ELBARA and UWBRAD data collected during the MOSAiC expedition is analyzed throughout this work.74

These instruments measured during distinct times and at varying locations, which in turn allows analyzing75

various situations. For the sea ice growth simulation ancillary in situ measurements required.76

2.1 ELBARA77

ELBARA is an instrument to measure L-band thermal emission (Schwank and others (2010)). For the78

MOSAiC expedition, it was mounted on a sledge and equipped with a picket-horn antenna and a manual79

elevation positioner. This antenna has a Field of View (FoV) of ˘23˝ at ´3 dB sensitivity relative to80

the boresite pointing at nadir observation angle θ. Because the antenna temperature T p
Bpθq measured at81

horizontal or vertical polarizations deviates from the brightness temperature of the central facet of the82

footprint, a conversion is used to obtain a representative brightness temperature of the observed footprint.83
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The methodology to perform this conversion and the calibration procedures is described by Naderpour and84

Schwank (2021).85

During the MOSAiC expedition, a total of 25904 measurements were collected by ELBARA. They cor-86

respond to observations during various periods, with a nominal off-nadir angle of 60˝ and a temporal87

resolution of 5 minutes. Each day’s data is averaged in order to obtain a day-by-day evolution comparable88

to the sea ice growth simulation models.89

ELBARA observations occurred in the MOSAiC’s Remote Sensing (RS) site over three periods: October90

29th through November 20th, December 2nd to the 13th, and December 22nd to 30th.91

2.2 UWBRAD92

UWBRAD is an instrument that observes sea ice microwave emissions at four different frequencies 540, 900,93

1380, and 1740 MHz (Johnson and others (2016)). To ease the analysis, in this work only the 1380 MHz94

channel data is used. No other frequencies are utilized since the focus is on the emission modeling at95

L-band. Previous works such as Demir and others (2022a) present a thorough study regarding the other96

channels. The instrument operates with right-hand, circular polarization. Each frequency has a bandwidth97

of 125 MHz and 512 sub-channels, with data samples generated every four seconds for 100 ms antenna98

observation time. The lowest frequency is more sensitive to deeper ice layers than L-band radiometers,99

allowing for more accurate thickness estimations (Demir and others (2022a)). Additionally, UWBRAD100

utilizes a Radio Frequency Interference (RFI) mitigation algorithm to remove unwanted signals, allowing101

operation in unprotected bands.102

The instrument was deployed on the ice at the Remote Sensing (RS) site and performed measurements103

over two periods, on December 4 – 13, 2019 (Demir and Johnson (2021a)), and January 17 – 23, 2020104

(Demir and Johnson (2021b)). It monitored the sea ice in configurable oblique angles (35 – 50 off-nadir) to105

measure thermal emission signatures at the different sensor frequencies. The instrument was positioned on106

a stationary telescoping mast, offering the flexibility to manually adjust its height as needed. The antenna’s107

orientation was precisely controlled by a programmable rotator unit, enabling the monitoring of sea ice108

from a specified oblique angle. Additionally, this setup facilitated periodic sky measurements for 5 out of109

every 15 minutes. After the expedition, algorithms for detecting and mitigating RFI were applied to data to110

eliminate undesired signals from the data collected. The Level 1 data underwent both internal calibration111

using a noise diode and external calibration utilizing sky measurements, resulting in the processing of the112
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MOSAiC’s event code Date MOSAiC’s event code Date MOSAiC’s event code Date

PS122/1_4-29 2019-10-24 PS122/1_7-78 2019-11-14 PS122/1_11-11 2019-12-10

PS122/1_5-24 2019-10-30 PS122/1_8-22 2019-11-19 PS122/2_15-12 2019-12-15

PS122/1_6-61 2019-11-07 PS122/1_10-39 2019-12-04 PS122/2_20-92 2020-01-18

Table 1. Overview of the BGC1 ice cores used in the work.

data to Level 2 and Level 3, respectively. In the last phase of data processing, the Level 3 data underwent113

a smoothing procedure by applying a 100-sample running average. As for ELBARA, UWBRAD data of114

each day was averaged in order to obtain the day-by-day evolution in the comparison with the modeled115

outputs.116

Measurements of the sea ice internal temperature and salinity profiles, basal growth rates, and snow layer117

thickness were made by other members of the MOSAiC expedition. The sea ice for the UWBRAD study118

was characteristic of undeformed, low salinity, second-year ice that was potentially a refrozen melt pond.119

The ice was covered by a 5-15 cm thick layer of undisturbed snow.120

2.3 Ice coring and DTC profiles121

In this work, ice cores taken nearby are used, as only a few ice cores were performed in the RS site where the122

radiometers were deployed. Specifically, the cores from the BioGeoChemistry-1 (BGC1) site (Angelopoulos123

and others (2022)) are selected, as they were obtained periodically from a nearby location. An overview of124

the ice cores used in this work can be found in Table 1. The BGC1 site corresponds to a first-year ice zone125

that is suspected to have formed from open seawater around October 2019. This may be distinct in some126

aspects from the mid December RS site ice as described by Demir and others (2022a). However, where127

necessary, the potential impact of this distinction is discussed and addressed.128

Aside from the ice coring profiles, information from digital thermistor chains (DTC) are used to derive129

the sea ice temperature evolution, and also as a check for the sea ice thickness simulation from CFDD.130

Concretely, the DTC12 (Salganik and others (2023a)) is used for the first ELBARA period, and the DTC20131

(Salganik and others (2023b)) for the rest of the periods.132
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3 MODELING133

3.1 Sea ice growth evolution: Cumulative Freezing Degree Days134

The Cumulative Freezing Degree Days (CFDD) model is an empirical formulation (Bilello (1961); Weeks

(2010)) which allows computing sea ice thickness growth, based on the following equation:

dice “ 1.33pCFDDq0.58, (1)

where the obtained ice thickness is in cm. The CFDD variable corresponds to the daily average 2 m air

temperature difference with respect to the seawater freezing point of Tw “ ´1.8˝C.

To simulate the sea ice temperature (Tice) along the time evolution, a linear gradient is assumed as a reason-

able approximation following Huntemann (2015). Therefore, using the 2 m air temperature (T2m) obtained

from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5, Hers-

bach and others (2020)) model, the ice bulk temperature can be computed:

Tice “
T2m ´ Tw

2 . (2)

Regarding the sea ice salinity (Sice), an empirical relation from Nakawo and Sinha (1981) is utilized:

Sice “
0.12Sw

0.12` 0.88e´4.2ˆ10´4v
, (3)

where Sw “ 33 is a typical Arctic seawater salinity, and v is the growth rate computed from the simulation135

itself.136

3.2 Radiative transfer models137

In this section, three radiative transfer models to compute the brightness temperature, given the permit-138

tivity and the conditions of the ice and snow, are presented. The Burke and SMRT models are based on139

an incoherent approach, while the Wilheit model accounts for the phase of the electromagnetic waves, i.e.140

it considers coherence effects. However, while the Burke and Wilheit models neglect scattering, the SMRT141

model does not.142

For all the models only four layers are considered: air - snow - ice - water, with the first and the last con-143
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sidered to be semi-infinite. Various conditions are used as inputs, including sea ice thickness, temperature,144

and salinity. The sea ice temperature and salinity values determine the permittivity, and are also used as145

input parameters. The snow layer is assumed to be isothermal with the underlying ice layer, non-saline,146

and a thickness equivalent to 10% of the ice thickness (Doronin (1971)). Lastly, the seawater is treated147

as a semi-infinite layer and is assumed to have typical Arctic values, with a temperature of -1.8˝C and a148

salinity of 33.149

3.2.1 Burke model150

The Burke model is based on a radiative transfer model initially presented by Burke and others (1979) for151

soil microwave emissivity. This model is based on assumption of incoherent power transfer. Moreover, it152

neglects attenuation and emission within the atmosphere, since it considers that the sky has an isotropic153

brightness temperature of 5 K. Furthermore, it assumes homogeneity within the layers, with constant154

permittivity, temperature, and salinity throughout each layer. It also assumes smooth surface layers.155

Following the derivation described by Burke and others (1979), the modeled brightness temperature in a156

given polarization is a combination of the radiation emitted by the layered structure and the radiation157

reflected by the sky. This approach was already used with ARIEL data by Gabarró and others (2022),158

being successful in studying the instrument sensitivity to sea ice emission.159

3.2.2 Wilheit model160

Another option to model the emission of sea ice at L-band is the one based on Wilheit (1978), also originally161

designed for soil. The main difference with Burke’s is that this model does not neglect coherence effects,162

and also that it naturally considers an infinite number of reflections within the layers. This behavior can163

occur at low frequencies if there are two or more interfaces in a plane-parallel media, as an electromagnetic164

plane wave has the ability to interact with its reflected counterpart interfering between them. As discussed165

by Huntemann and others (2014), coherence can be particularly significant in the presence of a thin snow166

layer above ice. However it is noted that roughness on any interface (air-snow, snow-ice, or ice-water) can167

rapidly reduce coherent interactions, such that many past studies have failed to show evidence of significant168

coherent interactions (Jezek and others (2019)).169
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Fig. 1. Real (upper) and imaginary (lower) parts of the refractive index at 1.4 GHz for the three described

permittivities, Vant, random needles and spheres, as a function of the sea ice temperature and salinity. Reproduction

of Figures 2.1 to 2.3 of Huntemann (2015).

3.2.3 SMRT model170

The Snow Microwave Radiative Transfer (SMRT) thermal emission and backscatter model offers a variety of171

configuration options in computing microwave emission (Picard and others (2018)). This flexibility allows172

choosing between different electromagnetic theories, snow and sea ice microstructure and other parameters.173

SMRT is a radiative transfer model that does take into account reflections at layer interfaces, but considers174

incoherent power transfer. Furthermore, it also considers the layers as plane-parallel, horizontally infinite175

and homogeneous. In this work, SMRT is run selecting the IBA scattering, along with the Polder-von176

Santen mixing formula considering two types of inclusions: random needles or spheres inclusion for the sea177

ice permittivity.178
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3.3 Permittivity modeling179

In Vant and others (1978), a linear relationship between the brine volume fraction and the complex di-180

electric constant is empirically established, and this relationship holds for both first-year and multi-year181

sea ice. These empirical coefficients can be interpolated to the desired frequency band, in this case 1.4 GHz.182

183

A more theoretical approach considers sea ice as a combination of two dielectric materials: ice and brine.184

The configuration and orientation of brine inclusions within the mixture, plays a significant role, as studied185

by Shokr (1998). Two inclusion shapes are examined in this work: spherical inclusions and randomly186

oriented needle-like inclusions. Harsh conditions during ice formation may result in randomly oriented187

needle-like inclusions, while smoother conditions with minimal temperature fluctuations can lead to spher-188

ical inclusions or vertically oriented needles or ellipsoids (Shokr (1998), Vant and others (1978)). As the189

ice gets colder, the brine’s salinity increases. Therefore, in empirical models, the salinity is often repre-190

sented as a polynomial function of temperature (Assur (1960)). Regarding the dielectric mixing formulas,191

the complex dielectric constants of pure ice and brine are necessary. The dielectric constant of pure ice192

is dependent on temperature and frequency and can be modeled using the approach described by Mät-193

zler (2006), even though in the given frequency range of observations, the modeled permittivity does not194

change noticeably based on frequency. On the other hand, the dielectric constant of brine is obtained from195

Stogryn and Desargant (1985). When considering pure ice as the host material and the brine as well as196

the inclusions, the expressions for the two types of sea ice inclusions are derived from Shokr (1998).197

198

Fig. 1 shows the 1.4 GHz refractive index, divided into its real and imaginary parts, as a function of199

the sea ice temperature and salinity, for the different permittivity formulations. It should be noted that200

the refractive index is shown to ease the visualization of the dielectric properties, since it is computed as201

the square root of the complex permittivity. The reason behind the observed contrast can be understood202

by examining the analysis provided by Huntemann (2015). These permittivity models can be categorized203

into three groups based on their levels of absorption: high absorption, moderate absorption, and low ab-204

sorption. The high absorption category is assigned to the random needles model, which exhibits a high205

permittivity, that corresponds to an early saturation and emission primarily influenced by surface condi-206

tions. The Vant formulation falls under the moderate absorption category due to its lower saturation and207

intermediate status, depicted by the low permittivity shown in Fig. 1 in its both real and imaginary parts.208
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Fig. 2. Brightness temperature as a function of the sea ice thickness for the different radiative models, Burke,

SMRT and Wilheit, combined with the permittivity formulations, Vant, random needles and spheres. The assumed

sea ice temperature and salinity is Tice “ ´10˝C, Sice “ 5, respectively.

The spheres model presents an intermediate permittivity’s real part and an extremely low imaginary part,209

and it is classified as having low absorption because it does not reach saturation at high thickness levels.210

211

The real part of the complex dielectric constant for the snow layer is obtained from Mätzler (1996), while212

the imaginary part is derived from Tiuri and others (1984) and Mätzler (2006). The formulation of the213

complex dielectric constant of the snow is dependent on its density, and a typical value of 0.3 gcm´3 is214

commonly used for the Arctic region, as stated by Warren and others (1999). Additionally, the complex215

permittivity of seawater is acquired from Klein and Swift (1977), assuming a standard salinity value of 33216

for the Arctic Ocean.217

3.4 Sensitivity analysis218

To extend the analysis on the permittivity modeling, the sensitivity study of the brightness temperature219

as a function of the sea ice thickness for the radiative transfer models combined with the three presented220

formulations is shown in Fig. 2. An important distinction is evident among the dielectric models regarding221
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Fig. 3. Brightness temperature as a function of the sea ice temperature for the different radiative models, Burke,

SMRT and Wilheit, combined with the permittivity formulations, Vant, random needles and spheres. The assumed

sea ice thickness and salinity is dice “ 0.5m,Sice “ 5, respectively.
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Fig. 4. Brightness temperature as a function of the sea ice salinity for the different radiative models, Burke, SMRT

and Wilheit, combined with the permittivity formulations, Vant, random needles and spheres. The assumed sea ice

temperature and thickness is Tice “ ´10˝C, dice “ 0.5m, respectively.
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the brightness temperature dependence on sea ice thickness, which can reach up to 50 K in some instances.222

These differences match with the absorption behavior described in Section 3.3. Regarding the radiative223

transfer models, the two incoherent models, i.e Burke and SMRT, present a similar behavior, while the224

Wilheit model enables the possibility of reaching much lower and higher intensities and has the oscillations225

due to the coherence effects. Furthermore, no differences are observed between the two polarizations of the226

brightness temperature.227

228

In order to study the intensity dependence on the bulk temperature and salinity of the sea ice layer,229

Fig. 3 and Fig. 4 show its dependency for the multiple models. Again there is a clear distinction between230

the different permittivity formulations, with the Vant and the random needles being more similar while231

the spheres present much lower intensities for all the simulated sea ice conditions. The radiative transfer232

models are more similar overall compared to the dependence with the sea ice thickness. However, again233

higher intensities are reached with the Wilheit model. In this case there is also no differences between the234

behavior of the two polarizations, except for the fact that the vertical polarization is always higher than235

the horizontal.236

4 RESULTS237

ELBARA and UWBRAD data from MOSAiC are analyzed by comparing with model simulations. Prior to238

computing the microwave emission, the CFDD model is used to simulate the sea ice growth evolution. In239

many figures, the different models are named with abbreviations. To clarify it, it is noteworthy to mention240

that the different permittivities, i.e. Vant, random needles and spheres, are depicted by vant, rn and sp,241

respectively.242

The first two MOSAiC legs took place during autumn of 2019. This period corresponds to sea ice con-243

tinuously growing. Therefore, static measurements from the L-band radiometers deployed in the ice floe244

can be compared to the CFDD simulation, which require in situ sea ice conditions derived from ice coring245

activities, combined with a radiative transfer model to compute the emitted brightness temperature. How-246

ever, to double-check the conducted simulation, DTC measurements are used to obtain information on the247

sea ice thickness and temperature evolution during the analyzed periods.248
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Fig. 5. Temporal evolution of the sea ice conditions modeled with the CFDD model during late autumn and early

winter 2019/2020 of MOSAiC, along with in situ conditions extracted from BGC1 ice cores and DTC measurements.

4.1 Sea ice growth simulation: late 2019 and early 2020249

Fig. 5 shows how the modeled sea ice conditions, thickness, temperature and salinity, evolve during the sea250

ice growth period until late 2019, along with data from the BGC1 ice coring and DTC profiles. Hereafter,251

the label CFDD refers to the simulation described in Section 3.1, where the sea ice thickness is computed252

with the CFDD model itself, the sea ice temperature from the linear gradient assumption using the me-253

teorological data, and the sea ice salinity from the Nakawo and Sinha (1981) formulation. The CFDD254

simulation is started, for the first period, from the sea ice temperature and salinity conditions extracted255

from the BGC1 ice core measured on October 24 2019. For the second period, the ice core from December256

4 2019 is taken. Finally, for the last period the ice coring performed on December 15 2019 is used. This257

explains why there is a slight deviation in the sea ice temperature and salinity between the end and the258

start of the next simulated period.259

As expected, the sea ice thickness keeps growing during this time, shown by both the ice coring and the260

DTC data, also well reproduced by the CFDD model. Regarding the temperature, it reproduces a general261

decrease in sea ice temperature as freeze-up advances. However, there is a major deviation of the linear262

gradient assumption taking the 2 m air temperature data from ERA5. This effect can be produced by263
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the snow layer above (Maass and others (2015)), as it insulates the ice preventing it to reach lower tem-264

peratures as those obtained in the CFDD simulation. There is almost no variation through time of the265

sea ice layer averaged salinity reproduced with the Nakawo and Sinha (1981) formulation, despite a subtle266

increase observed in early December. This happens because the used formulation determines the salinity267

of the ice that has grown within a given period, so an stable growth rate such as the observed can produce it.268

269

The sea ice conditions extracted from BGC1 ice cores that were measured throughout these periods,270

and the DTC installed near the RS site, are also shown in Fig. 5. For the latter, the sea ice thickness is271

derived directly from the difference between the snow-ice and the ice-water interfaces provided by Salganik272

and others (2023a) and Salganik and others (2023b). Regarding the DTC sea ice temperature, the bulk273

value is obtained by averaging all the temperatures measured by the thermistor chain sensors within the274

ice layer.275

During November, when sea ice is expected to be growing rapidly, four ice cores and the DTC12 are used276

as ground truth to study the reliability of the CFDD model. It seems to slightly overestimate the sea ice277

thickness compared to the ice cores, around 5 cm, but remains near the DTC-derived thickness with a278

similar general trend. Furthermore, there is a general underestimation compared to the DTC data, com-279

pared to both the DTC12 used in the first period and the DTC20 used in the rest, so the simulation lays280

in an intermediate region between the two in situ sources. Clear conclusions remain difficult because these281

ground truth data were not measured exactly where the radiometers were measuring, so this variable could282

be slightly different throughout the ice floe. However, for the sea ice temperature, the major deviation of283

the CFDD simulation suggests the use of the sea ice temperature from the DTC’s to compute the modeled284

brightness temperature, which remain much near the ice coring profiles. Finally, the in situ salinity mea-285

surements remain almost constant as also does the model, both around 5. This is further supported by286

what is shown by Angelopoulos and others (2022), where a complete study of the MOSAiC’s BGC ice core287

data is presented. The sea ice evolution shown there indicates that the salinity had the typical C-shape288

salinity profile (Cox and Weeks (1988)) in late October, i.e. a higher salinity at the top/bottom and lower289

in the middle, which slowly changed into a less curved and saline profile. The average ice bulk salinity290

remain mostly constant near 5, as also shows the Nakawo and Sinha (1981) model and the ice coring profiles.291

292

Therefore, in this work, the sea ice thickness and salinity from the CFDD simulation are combined with293
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Fig. 6. Left: Temporal evolution of the sea ice conditions modeled with the CFDD model during mid January

2020, along with DTC measurements. Right: Temporal evolution of the sea ice temperature and salinity modeled

with the CFDD model during mid January 2020, along with DTC measurements.

the DTC-derived sea ice temperature to compute the modeled brightness temperature. It it should be294

noted that the gap in the DTC12 data from October 29 to November 5 is filled by subtracting to the295

CFDD-simulated temperature its mean difference with the DTC12 data, as they are shown to reproduce a296

similar trend.297

298

Regarding the second period, during which UWBRAD was operational, Fig. 12 shows the temporal299

evolution of the simulated sea ice conditions, using the BGC1 ice core from the January 18 2020 as initial300

state. Unfortunately, no more ice cores were performed throughout this period, and thus no further insights301

can be extracted. However, and similarly to the previous periods, the CFDD simulation is close to the302

DTC-derived sea ice thickness, but presents a major deviation for the sea ice temperature, in this case303

even showing a different trend. The model reproduces the expected trend for ice thicker than 1 m: a much304

slower growth, less than a centimeter per day. For this period the modeled brightness temperature to be305

compared with the in situ L-band radiometric data is computed using the same input sources: the sea ice306

thickness and salinity from the CFDD simulation, along with the DTC-derived sea ice temperature.307
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Fig. 7. Temporal evolution of brightness temperature, TBV on the upper row and TBH on the lower row, respec-

tively, measured by ELBARA during the sea ice growth period, along with the model simulations.

4.2 Radiometric data analysis308

The three radiative transfer models configured with the different ice permittivities are evaluated for the309

sea ice growth period measurements of ELBARA and UWBRAD.310

The error bars, presented in the subsequent figures’, are computed as the root squared difference between311

the modeled brightness temperature with the DTC-derived sea ice temperature and with the conditions312

from the CFDD simulation, i.e. from the sea ice temperature derived from the 2 m air temperature by313

assuming a linear gradient within the ice. The averaged standard deviation of the error bars resulted in314

around 1.5 K for all the analyzed observations. This low dispersion represents less than 1% of the TB315

range, showing the stability of the simulations.316

4.2.1 ELBARA measurements317

The temporal evolution of the sea ice brightness temperature measured by ELBARA during the different318

periods is shown in Fig. 7, along with the models output with the presented permittivities. The results319

for the vertically-polarized brightness temperature (TBV) are better overall, as all the models considering320
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Fig. 8. Left: Relative difference of the modeled TBV from different models with respect to the in situ ELBARA

measurements during the sea ice growth period. Right: Same but for TBH.

the Vant and the random needles permittivities have acceptable discrepancies with the observations. The321

general trend is well reproduced by the models, although for the first days of the simulation there is a322

deviation: the brightness temperature is slightly reduced while the models show an increase until stabilizing323

around the measured values. This can arguably be because of the uncertainty introduced with the ice cores324

taken as initial state. For the horizontally-polarized brightness temperature (TBH), in early November no325

model is able to reproduce the large values measured by the sensor, which are not physically realistic for326

sea ice with water underneath and may indicate a technical issue of the instrument or just RFI-corrupted327

data. Only the Wilheit model, i.e. the coherent approach, can reach those unusually large measured328

values, particularly with Vant’s permittivity formulation, but not clear evidence of the oscillatory behaviors329

predicted by the Wilheit model are present in the measured data. For the other periods, all the models330

present a similar output, considerably lower than the in situ data. However, again the Wilheit model is331

the closest as it exhibits higher values by including coherence effects.332

Fig. 8 shows the relative difference computed for each model configuration with respect to the ELBARA333

measurements during the sea ice growth period, from late October to late December. The Burke and the334

SMRT models present a similar behavior, as they are both incoherent and the scattering that is considered335

at SMRT can be neglected at L-band. Nevertheless, the Burke model is generally lower than SMRT, as also336
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Fig. 9. Temporal evolution of the UWBRAD brightness temperature modeled with the combination of the CFDD

simulation and the Burke, SMRT and Wilheit models, along with the UWBRAD’s first period measurements.

shown in Fig. 7, particularly when both models consider the Vant or the spheres formulations. Regarding337

the permittivity, the spherical brine inclusions produce a major difference for both polarizations. However,338

it is worth mentioning that the combination of the spheres permittivity with the Wilheit and SMRT models339

result in a better reproduction of the measured data. Focusing on TBV, the three permittivities almost340

sorted by relative difference with ELBARA are random needles, Vant, and spheres respectively, despite the341

radiative transfer model used. For TBH specifically, the relative metrics again indicate that the coherent342

model, combined with the Vant and the random needles models, are the best configurations to reach such343

large values.344

4.2.2 UWBRAD measurements345

A similar analysis can be conducted for the 1380 MHz channel measurements of UWBRAD. It should346

be noted that for every incidence angle at which UWBRAD conducted measurements during this period347

(see Fig. 6 from Demir and others (2022a)), and because of the wideness of the UWBRAD antenna, its348

antenna pattern is projected onto the surface to get a range of observation angles and then the modeled349

sea ice brightness temperatures at the resulting varying incidence angles are integrated over the pattern.350

Fig. 9 shows the temporal evolution of the modeled brightness temperature and the in situ measurements351

from UWBRAD in early December. Every model is able to reproduce the subtle increasing trend on the352

brightness temperature measured by the instrument, although the Burke and the SMRT models are the353

best, except when assuming the spheres permittivity. Here the Burke and SMRT models present again an354

almost equivalent output, even though the latter shows a better agreement with the UWBRAD measure-355

ments, specially when considering the Vant formulation. Furthermore, in this case even the Wilheit model356
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Fig. 10. Relative difference of the modeled brightness temperature from the Burke, SMRT and Wilheit models

assuming different permittivities with respect to the in situ UWBRAD measurements during the first period.

is capable of reproducing the increase on TB, but with more bias compared to the other radiative transfer357

models. It also does not show the oscillations observed in Fig. 7.358

Fig. 10 shows the relative difference of comparing the modeled brightness temperature using different359

models and permittivity formulations with the UWBRAD in situ measurements during late 2019, from360

4th to 13th December. All configurations using the Burke and SMRT models combined with the Vant361

or the random needles formulations present similar metrics, as expected from Fig. 7. However, the Vant362

permittivity is slightly superior compared to the random needles, and the same can be argued for SMRT363

compared to Burke.364

In Demir and others (2022a), a good match is found between UWBRAD measurements in this period and365

a multilayer, incoherent radiative transfer model that includes a snow layer, a second year ice layer (given366

the low salinity of the upper ice column, 0.4), a first year layer to model the measured accretion of ice to367

the base of the column, and the ocean. Ice growth from about 67 cm to 78 cm was observed during the368

coincident DTC observations. Taking advantage of SMRT’s capacity to consider multiple layers, Fig. 11369

shows the approach employed in this study and compares it with the approach suggested by Demir and370

others (2022a). The latter involves the incorporation of a saline first-year ice layer underneath a desalinated371

thicker layer, assumed to be growing up to 8.3 cm during the studied period. The TB increasing trend is372

similarly well reproduced by both approaches, indicating that it can be reproduced either by the increase373
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Fig. 11. Temporal evolution of the UWBRAD brightness temperature modeled with the combination of the CFDD

simulation and the SMRT model considering different permittivities, along with the model approach proposed by

Demir and others (2022a) denoted as multilayer.

in depth of the saline layer, or considering only one ice layer with a salinity approaching the average of374

both the desalinated and growing saline layers.375

376

For the early winter UWBRAD measurements, from 18th to 23rd January, the temporal evolution is377

presented in Fig. 12. In this period the instruments measured at a fixed incidence angle of 35˝C, and the378

modeled TB is also integrated over the whole antenna pattern as done for the first period. The models379

are not able to follow the trend observed by the instrument, although the values are similar. It can be380

hypothesized that, as in January the ice is more consolidated and thus thicker than 1 m, as seen in Fig.381

6, it is out of the sensitivity range of the models at this frequency band. Here again the Burke and SMRT382

models are almost equivalent, except when the sphere permittivity model is used for which the SMRT is383

much better than the others. Fig. 13 shows the relative difference of the different model configurations384

compared to the measured UWBRAD data for this period. The differences remain similar to those for385

early December, as well as the best model configurations, although the results are close between all the386

models assuming pure random needles or the Vant formulation.387

4.2.3 Cross-instrument data analysis388

Ultimately, a cross-instrument analysis is done to obtain an overall impression of how well the multiple389

modeling combinations match with the in situ data. The scatter plots in Fig. 14 show how the radiative390

transfer models combined with the different permittivity formulations agree with all the ELBARA and391
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Fig. 12. Temporal evolution of the brightness temperature modeled with the combination of the CFDD simulation

and the Burke, SMRT and Wilheit models, along with the UWBRAD’s second period measurements.

Fig. 13. Relative difference of the modeled brightness temperature from the Burke, SMRT and Wilheit models

assuming different permittivities with respect to the in situ UWBRAD measurements during the second period.
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Fig. 14. Scatter plots of the brightness temperature modeled with the different configurations as function of

the combined ELBARA and UWBRAD measurements from all the periods, along with their respective correlation

coefficient.

UWBRAD measurements, gathering together all the periods in which they were operating. Even though392

the scatter plots show a quite similar behavior by Vant and random needles, the R2 correlation coefficients393

indicate that random needles is the best permittivity formulation and spheres is the worse. The spheres394

permittivity results in extremely lower brightness temperatures which are not physical for sea ice, specially395

when combined with the Burke model. Regarding the radiative transfer models, although it seemed that396

Burke and SMRT were close, here the metrics suggest the latter as better. Specifically, for lower TB the397

incoherent models are better, while the coherent agrees better with the in situ data at higher intensities.398

5 DISCUSSION399

Starting with the sea ice growth simulation using the CFDD model, there is an overestimation of the400

sea ice thickness compared to the measurements from some ice coring profiles, and an underestimation401

of around 5 to 10 cm compared to the DTC data. These discrepancies can enlarge the difference of the402

posterior computation of the brightness temperature using the radiative transfer models. This is reasonable403

considering the simplicity of the model, as it only accounts for the growing and neither melting nor decrease404
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of the thickness is possible. The CFDD-simulated sea ice temperature is clearly deviated from the ground405

truth observations, presenting a similar trend but much lower bulk temperatures, of around 5 to 10 ˝C less.406

This can be associated to the insulation effect of the snow above ice. The DTC-derived temperature remains407

much closer to the ice coring, justifying its use in the modeled brightness temperature computation. The408

sea ice salinity is slightly deviated, but the trend seems to be well reproduced being constant. Therefore,409

the major source of uncertainty in this case is the sea ice temperature, due to its observed variability. It410

can present a wide range of values producing an important impact in the TB, while the sea ice salinity is411

shown to be almost constant and the thickness is well reproduced by a common growth for that time of the412

year. For these reasons, the error bars are computed as the difference between the model simulation with413

the DTC-derived and with the CFDD-derived sea ice temperatures. This approach considers the spatial414

variability of this variable, whereas sea ice thickness and salinity conditions are generally more uniform.415

Regarding the radiometric data analysis, it is worth mentioning that for almost every period the different416

radiative transfer models obtain similar results when assuming the same permittivity formulation. Namely,417

the permittivity modeling seems to have a greater impact on the output brightness temperature than the418

approach, incoherent or coherent, of the radiative model. Noteworthy, although assuming spherical brine419

inclusions results in an unrealistic permittivity, an important difference between combining it with the420

SMRT model compared to the others is shown. Furthermore, the coherence effects included in the in421

the Wilheit model also lead to better results than the Burke model, probably because greater brightness422

temperatures can be reached with the model’s predicted phase oscillations, as shown in Fig. 2, although423

these oscillations are not evident in the measurements. Despite the fact that the scattering is negligible at424

this low frequency, Burke model predicted brightness temperatures remain lower than those of the SMRT.425

It can be hypothesized that it is because the Burke model misses a fundamental contribution to the emission426

which involves the snow layer. Specifically, it does not account for the radiation coming from the ice being427

reflected from the snow bottom and then re-reflected again at the snow bottom that is finally transmitted428

through the snow top. The effect of neglecting these high order reflections is enhanced when considering429

the spheres formulation, as the difference with SMRT is much higher. This results in an average difference430

between Burke and SMRT of around 30 K when assuming spheres, while is kept below 5 K when random431

needles or Vant is used.432

Fig. 7, Fig. 9 and Fig. 12 suggest that, except for TBH measured by ELBARA during the sea ice growth433

period, where no model is able to well reproduce the in situ data, the in situ values lay within the region434
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between each model’s result when considering spheres and random needles. As one could expect, this435

indicates that the optimal permittivity should be somewhere between these theoretical formulations. The436

situation where the brine inclusions are perfect spheres or randomly-oriented needles, or even homogeneous,437

seems to be unrealistic for the naturally grown sea ice, and thus it could make sense to model them as438

imperfect and heterogeneous. Additionally, although the Vant formulation could be seen as the appropriate439

permittivity to be used as it was empirically derived and presents robust results as shown, its coefficients440

are interpolated to L-band and thus uncertainty is introduced.441

Significant oscillations in the Wilheit model, particularly when paired with the spheres formulation, are442

evident in Fig. 7, but not in Fig. 9 and Fig. 12. For the latter, the oscillations are averaged out by443

integrating the model predictions for the different incidence angles over the UWBRAD antenna pattern.444

These oscillations are because of the coherence effects considered in this model, as illustrated in Fig. 1.445

The choice of permittivity is linked to these jumps, with the spheres and Vant formulations displaying446

oscillations across a wider range of sea ice conditions (see Fig. 2). Again it is noted that no clear evidence447

of oscillatory behaviors in the measured brightness temperatures is observed.448

The modeled brightness temperature for UWBRAD’s first period presents great agreement with the in situ449

observations, following the TB increasing trend when considering almost every model configuration, except450

those with the Wilheit model or the spheres permittivity. This suggests that, even though the models were451

driven by sparsely sampled physical property measurements, the problem of infrequent time sampling is452

partially addressed using frequent DTC temperature sensor strings embedded in the ice, providing frequent453

temperature profile data. Moreover, once the temperature reaches the melting point, the ice thickness can454

be inferred. Salinity measurements over time are less frequent as weekly core data were used. In Demir455

and others (2022a), similarly to this paper’s analysis, the model was applied to the time varying physical456

properties, obtaining also a good agreement between the model and the brightness temperature for the457

period from December 4 to December 14 (see Fig. 10 in Demir and others (2022a)). Therefore, the two458

different approaches to the sea ice layering model lead to similar great results.459

Despite the fact that the middle part of Fig. 7 and Fig. 9 show the same period of measurements,460

the UWBRAD results are increasing, in contrast to ELBARA. Although they could not be comparable461

because of their incompatible incidence angle of observation, this important disparity indicates the spatial462

variability on the sea ice conditions. As shown, these variations are mostly on the sea ice temperature,463

and this could produce the differences observed in the measured brightness temperature, even with both464
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instruments operating nearby. Finally, Fig. 6 indicates that the ice in the UWBRAD’s early winter period465

was thicker than 1 m, for which the models at this frequency may not have sensitivity, as the saturation466

zone (see Fig. 1) may have been reached given the ice conditions. However, the results could be acceptable467

considering that the sample is too small to observe any trend, producing a bias in the correlation coefficient.468

This is enhanced by Fig. 13, which generally shows small relative differences for the modeled brightness469

temperatures, except when considering the spheres permittivity formulation.470

6 CONCLUSIONS471

The MOSAiC expedition was a unique opportunity to gather valuable data about the Arctic environment.472

Specially, the data collected by the L-band radiometers such as ELBARA and UWBRAD, can help to473

improve understanding of sea ice emission modeling which is key for the retrieval of geophysical parameters474

using remote sensing observations. The data from these instruments have been successfully handled to475

perform a comparison with three different radiative transfer models, in combination with three distinct476

permittivity formulations. From this analysis, multiple conclusions can be extracted.477

Regarding the analysis of the different radiative transfer models, it is shown that Burke and SMRT present478

a similar behavior, as scattering can be neglected at a low frequency. Nevertheless, the Burke model is seen479

to be strictly lower as it does not include the contributions to the emission from higher order reflections480

that happen within the snow-ice interface. This is highly enhanced when both models consider the spheres481

permittivity, as a more important difference between them appears, reaching up to 25 K more than when482

random needles or Vant is considered. The coherent approach used in the Wilheit model is the only483

approach capable of reproducing the high TBH values, even the larger than TBV observed by ELBARA484

in the first days of the sea ice growth period. Although it can be argued that this unusual high values485

are not physically realistic, for the other periods where the TBH measurements are nominal and generally486

the models predict lower values, the Wilheit model presents the most similar results. While this may487

suggest the presence of coherent effects, the oscillatory brightness temperatures that would result are not488

clearly observed in the measurements. Nevertheless, when modeling the UWBRAD measurements there489

is no major distinction between the two approaches. It can be said that incoherent models show slightly490

better results for the vertical polarization, with only around 1% less difference with the in situ observations491

compared to the coherent approach. However, they present worse results for the horizontal component and492

so at intensity overall, with approximately 10% more difference with the in situ measurements compared493
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with the coherent model.494

Focusing on the permittivity modeling, the widely used Vant empirical formulation is shown to be a robust495

option, as it presents reasonable results in every period, both for ELBARA and UWBRAD. However, for496

the ELBARA measurements specifically, the random needles formulation has better metrics. Assuming the497

brine inclusions as perfect spherical inclusions results in an unrealistic behavior on reproducing the in situ498

radiometric measurements. Ultimately, this study suggest that the more realistic permittivity lays within499

the range between the spheres and the random needles formulation, for which future field measurements500

can help in order to derive a new empirical formulation specifically for L-band.501

In summary, these findings have implications for sea ice emission modeling and highlight the need for502

more in situ measurements to improve the current permittivity formulations, along with the importance of503

considering the coherence effects that are currently neglected at L-band remote sensing applications.504
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