	CRYOSMOS
ESA contract No.4000112262/14/I-NB











CRYOSMOS




WP200
Scientific Review and Case Studies consolidation
PART 1
WP210 – Scientific review




Requirement Baseline (RB)





 Version 1.1
June 25, 2015




[image: ][image: ]
[image: ]



[image: ]
[image: ]
















This page is intentionally left blank



	ESA STUDY CONTRACT REPORT

	ESRIN Contract No:

4000112262/14/I-NB
	Subject: 

CryoSMOS
Support To Science Elements SMOS+Cryosphere
	Contractor:
IFAC

	ESA CR ( )No:

	Star Code:

	No of volumes: 1
This is volume no: 1
	Contractor’s Ref:
Deliverable D1

	ABSTRACT: 
This is the Task 1 Report (Deliverable D1) of the study CryoSMOS - Support To Science Elements SMOS+Cryosphere (ESRIN Contract No. 4000112262/14/I-NB). It contains the Comprehensive review of the state of the art, relevant current initiatives, algorithms, models and EO‐based products and datasets that are relevant for the project.


	The work described in this report was done under ESA Contract. Responsibility for the contents resides in the author or organisation that prepared it.

	prepared by: 
G. Macelloni, M. Brogioni (IFAC), N. Skou, R. Forsberg (DTU), G. Picard, M. Leduc-Leballeur (LGGE), L. Kaleschke (UHAM), A. Mialon (CESBIO).


	ESA STUDY MANAGER: 
Ola Grabak
	ESA BUDGET HEADING


 















This page is intentionally left blank


	DOCUMENT CHANGE LOG

	Issue/
Revision
	Date
	Observations

	1/0
	03/04/2015
	First issue 

	[bookmark: _GoBack]1/1
	25/06/2015
	English grammar improved 

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	















This page is intentionally left blank




TABLE OF CONTENTS

1	Purpose and structure of document	9
1.1	Purpose	9
1.2	Document Structure	9
1.3	Definitions and Acronyms	10
1.4	Reference documents	12
2	General considerations and analysis of existing activities	15
2.1	Context	15
2.2	SMOS and Cryosphere	15
2.3	SMOS and Antarctica	18
2.4	Background of snow properties studies in Antarctica	22
3	Description of suitable electromagnetic models	25
3.1	Geophysical inputs for model	26
3.2	First Order Model	29
3.3	Incoherent model	31
3.4	Coherent models	33
3.5	Preliminary results of inter comparison models	35
4	Summary of available associated datasets	38
4.1	In situ measurements	38
4.2	Satellites datasets	39
4.3	Derived products	42
5	Current initiatives related to the project	43
6	References	45


[bookmark: __RefHeading__16_1103099381][bookmark: __RefHeading__2375_23106439][bookmark: __RefHeading__33_1401171909]












This page is intentionally left blank


[bookmark: __RefHeading__75_1243551930][bookmark: __RefHeading___Toc287275905][bookmark: _Toc288937104][bookmark: _Toc289595945]Purpose and structure of document
[bookmark: __RefHeading___Toc412021716][bookmark: __RefHeading__18_1103099381][bookmark: __RefHeading__108_23106439][bookmark: __RefHeading__35_1401171909][bookmark: __RefHeading___Toc287275906][bookmark: _Toc288937105][bookmark: _Toc289595946]Purpose

This document is the Requirements Baseline (RB) document for the CRYOSMOS project. Its propose is to consolidate the scientific requirements and information for implementing the project. The RB will represent the basis for all activities to be carried out during the project.
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The structure of the document is the following (and summarized in Table 1‑1 against WPs): 

· Section 2 - Detailed review and assessment of existing literature, datasets, methods, models and algorithms, as well as related range of validity limitations, drawbacks and challenges of existing approaches relevant for the project.

· Section 3 - Description of modeling tools and their appropriateness and relevance to the study as well as their shortcomings or limitations set by knowledge of e-m properties at L-band.

· Section 4 - Survey of all accessible associated datasets (space, airborne, in situ) to be used for scientific analysis, development and validation.

· Section 5 - Survey of current and upcoming initiatives and projects related to the applications.
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	WP
	Subtask
	Section(s) in this document
	Main contributors

	200
	1
	2
	All

	200
	2
	3
	IFAC, LGGE, UHAM

	200
	3
	4
	All

	200
	4
	5
	All
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Table 1‑2 lists the acronyms and abbreviations used within this document.

[bookmark: _Ref280030805][bookmark: _Ref280030778]Table 1‑2: Acronyms and abbreviations
	Acronym
	Meaning

	AMSR-E
	Advanced Microwave Scanning Radiometer for EO

	AMSR-2
	Advanced Microwave Scanning Radiometer

	AMSU
	Advanced Microwave Sounding Unit

	CEOS-WGCV
	Committee on Earth Observation Satellites-Working Group Calibration and Validation

	CESBIO
	Centre d'Etudes Spatiales de la BIOsphère

	CSCR
	Case Studies Consolidation Report

	DMRT
	Dense Media Radiative Transfer model

	DTU
	Danish Technical University

	ECMWF
	European Centre for Medium-Range Weather Forecasts

	ECV
	Essential Climate Variables

	EM
	ElectroMagnetic

	EO
	Earth Observation

	EOEP
	Earth Observation Envelope Program

	EPICA
	European Project for Ice Coring in Antarctica

	ESA
	European Space Agency

	GOCE
	Gravity field and steady-state Ocean Circulation Explorer

	IFAC
	Istituto di Fisica Applicata “N.Carrara”

	IR
	InfraRed

	ITT
	Invitation To Tender

	LGGE
	Laboratoire de Glaciologie et Géophysique de l’Environnement

	MODIS
	Moderate Resolution Imaging Spectroradiometer

	MIRAS
	Microwave Imaging Radiometer by Aperture Synthesis

	ML
	Multi-Layer

	NIR
	Noise Injection Radiometers

	NASA
	National Aeronautic and Space Administration

	QCA-CP
	Quasi Crystalline Approximation with Coherent Potential

	RB
	Requirement Baseline report

	SMAP
	Soil Moisture Active and Passive mission

	SMOS
	Soil Moisture Ocean Salinity mission

	SoW
	Statement Of Work

	SSM/I
	Special Sensor Microwave Imager

	STSE
	Support To Science Elements

	TB
	TB

	UHAM
	University of Hamburg

	WALOMIS
	Wave Approach for LOw-frequency MIcrowave emission in Snow

	WP
	Work Package
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The idea of using an L-band radiometer by satellite dates from the 1970s. An experiment was designed on American space station Skylab to evaluate the feasibility of monitoring the moisture content of the soil and the ocean salinity from space. The high correlations obtained indicate that microwave sensors may be quite useful for such measurements in the future (Eagleman and Lin, 1976; Blume et al., 1978). Due to the technical complexity at this wavelength, the first satellite using L-band was SMOS (Soil Moisture and Ocean Salinity) launched in 2009, followed by the Aquarius mission in 2011 and the SMAP (Soil Moisture Active and Passive) satellite in 2015.

The main objectives of the SMOS mission which was launched in November 2009 were to measure the surface soil moisture over land [RD2] and the surface salinity of the ocean [RD3]. The instrument is a 2D interferometer that measures the microwave emission of the Earth’s surface at L-band (1.4 GHz). The radiometric resolution is about 40km on average, with an ascending/descending orbit at 6am/6pm respectively (solar local time) at the Equator. It covers the entire surface of the Earth within 3 days, thus insuring an interesting time sampling for environmental variables such as soil moisture and ocean salinity. Many applications are being derived from SMOS data, such as a drought index, root zone soil moisture, and assimilation in weather models (ECMWF).

To further exploit and maximise the scientific return of the SMOS mission [RD1], a study of the cryosphere has been clearly identified since the beginning of the mission as a second objective. The cryosphere includes the Earth's surface where water is in solid form, i.e. sea ice, lake ice, river ice, snow cover, glaciers, ice sheets, ice shelves, frozen ground and permafrost. This is an essential element of the global climate system, and requires a detailed understanding and monitoring. SMOS mission offers a new point of view for exploring the cryosphere, thanks to a four-year time series performed at a low microwave frequency that has never used before by a satellite. As observations at microwave frequencies, SMOS gives a very complete time series irrespective of the clouds conditions and without the restriction of daylight (polar nights). However, SMOS differs from higher frequencies by a greater penetration depth in snow (estimated as a few hundred meters at 1 GHz and as a few centimetres at 100 GHz) and a low sensitivity to snow grain size.
Numerous studies have clearly showed the SMOS contribution in obtaining information about sea ice, snow cover, frozen ground, etc. However, studies focused on Antarctica are scarce, and require further investigations. CRYOSMOS project aims to explore the novel capabilities of SMOS to provide innovative observations, new products, and potential future applications within the context of the cryosphere, with special attention to the Antarctic ice sheet, including its floating ice shelves.
[bookmark: __RefHeading___Toc412021722][bookmark: __RefHeading__359_1103099381][bookmark: __RefHeading__45_1401171909][bookmark: __RefHeading___Toc287275912][bookmark: _Toc288937111][bookmark: _Toc289595952]SMOS and Cryosphere

Frozen soil
Changes in the high-latitude annual cycles of soil freezing and thawing and seasonal snow cover have an impact of a highly complex nature on the global hydrological cycle as well as on the release of trace gases and on high-latitude ecosystems. Low microwave frequencies such as L-band have proven to be of interest for frozen areas. Schwank et al. (2004 [RD12], 2014) and Rautiainen et al. (2012 [RD13], 2014) used L-band data to detect the presence of snow and freezing state in the soil. This highlights that the development of freeze–thaw algorithms from current and future L-band satellite missions such as SMOS and SMAP is highly relevant. The Finnish Meteorological Institute (FMI) indicates that the advance of winter can be closely monitored by means of SMOS observations. During the freezing process, TB increases until the top 50 cm of the soil is frozen. During the winter the TB stay relatively constant, even in the presence of deep snow. Thawing in spring then leads to a decrease in the TB. Figure 1 shows that the extent and depth of frozen soil in northern Finland were considerably greater on 30 November 2011 than four days earlier.

[image: ][image: ]
[bookmark: _Ref288346560]Figure 1: Maps of extend and depth of frozen soil in northern Finland on 26 November 2011 (left) and on 30 November 2011 (right). By K. Rautiainen from Finnish Meteorological Institute (available at: http://www.esa.int/Our_Activities/Observing_the_Earth/SMOS/SMOS_detects_freezing_soil_as_winter_takes_grip)

Recently, Schwank et al. (2014) used a modeling approach and suggested that TB at V polarization measured at around 50° could achieve segregated information on soil-frost. Furthermore, they demonstrated a significant sensitivity of L-band emission at H polarization as compared to the density of the lowest snow layer as a result of refraction and impedance matching by the snowpack. For Arctic soils, Mironov et al. (2010) developed a dielectric constant model at L-band that can be useful for modelling L-band surface emission. Furthermore, Mironov et al. (2013 [RD14]) showed the possibility of reconstructing the surface soil temperature and the surface top-soil temperature gradient. The reconstructed temperature profiles deviated from their in situ measurements by no more than ±0.87°C for the 0.15-cm layer for both the V and H polarizations (Figure 2). The proposed method was especially designed for implementation in the SMOS algorithms in order to derive the temperature of frozen soil and to survey the permafrost areas in the Arctic region.

[image: ]
[bookmark: _Ref288346619]Figure 2: Correlation between the retrieved and measured soil temperatures. The linear regression is the dashed curve. Open and closed symbols correspond to the H and V polarizations, respectively. From Mironov et al. (2013).

Ice thickness
The decline of Arctic sea ice has raised increasing interest in Arctic shipping and the need for operational sea ice forecast systems. Sea ice thickness is one of the key parameters needed for the initialisation of forecast models. It can be derived from the freeboard conversion by using altimetry (e.g. from CryoSat-2) or from microwave radiometry at low frequencies (Kaleschke et al. 2012 [RD9], Ricker et al. 2014). Both retrieval techniques are complementary, because the freeboard method has a large relative uncertainty for thin ice, while the radiometric approach is not sensitive for ice thicker than the penetration depth of the electromagnetic waves in the ice medium (Kaleschke et al. 2010 [RD5]). This maximum ice thickness depends on the liquid brine concentration in the ice and, thus, on the ice salinity and temperature. At the SMOS frequency of 1.4 GHz, the maximum thickness is about half a meter for homogenous level ice. An algorithm based on a combined thermodynamic and radiative transfer model which accounts for variations in ice temperature and ice salinity has been used for the continuous production of a SMOS-based sea ice thickness data product (Tian-Kunze et al., 2014). Its validation so far has been limited to a sparsely available ground truth, and considerable uncertainties have remained (Maaß et al., 2015).
Recently, two field campaigns were conducted in the Barents Sea and in the Beaufort Sea, and obtained a significant amount of new validation data over thin ice. A forecast system for ship route optimisation was recently developed and tested in an operational application during an extensive field campaign with the ice-strengthened research vessel Lance in the Barents Sea, in March 2014. The ship cruise was complemented with coordinated measurements from a helicopter based on the R/V Lance and from the research aircraft Polar 5 operated from Longyearbyen airport, Spitsbergen. Sea ice thickness was measured using an electromagnetic induction (EM) system from the bow of the R/V Lance and from another EM-system towed below the helicopter. Polar 5 was equipped among others with the L-band radiometer EMIRAD2. An array of 15 ice drift buoys was deployed from an aircraft before the ship cruise in order to measure the ice movement. About 80 TerraSAR-X wide-swath mode images were acquired for the main area of investigation between Edgeøya and Kong Karls Land. The experiment yielded a comprehensive data set that makes it possible to evaluate both the operational forecast and route optimisation system, and also the SMOS-derived sea ice thickness product that has been used for the initialization of the forecast. Figure 3 shows two Polar 5 tracks on 24 March 2014 with the UHAM SMOS sea ice product color-coded in the background. The ice thickness derived from the sea ice freeboard measured with the airborne laser scanner (ALS, one minute averages) is shown with colored circles. It can be seen that the gradients of the thick ice region at the coast of Edgeøya are well captured. The ice thickness of the SMOS product is underestimated by about 50% as compared with the ALS thickness, but the SMOS and ALS agree well within the range of their uncertainty.
Furthermore, another airborne campaign in the Beaufort Sea yielded three EM tracks that are partly coincident with CryoSat-2. This recently acquired field data will be used in the ongoing ESA STSE study SMOS+ Sea Ice (PI Lars Kaleschke, UHAM) to further improve and validate the SMOS-based sea ice thickness retrieval and to develop methods for a synergetic sea ice thickness product from SMOS and CryoSat2.

[image: Description : LKFig]
[bookmark: _Ref288815269]Figure 3: SMOS sea ice thickness (UHAM product) and ALS ice thickness on 24, March 2014.
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The annual SMOS TB shows that it is possible to identify several main regions (Figure 4): the internal part where the ice-sheet is always dry, the temperature is very low, and the precipitations are scarce; the coast part, where the snow may be wet, the temperature is higher, and precipitations are more intense and frequent; and the ice-shelf region surrounding the continent.

[image: ]
[bookmark: _Ref288346671]Figure 4: Annual SMOS TB (in Kelvin) at V-polarization at 55° of incidence angle in Antarctica. 
Preliminary studies have explored the characteristics of SMOS data with different objectives, and are reported as follows.

Calibration
In recent years, there has been increasing interest on the part of remote sensing community in using the Antarctic area for calibrating and validating data of low-frequency satellite-borne microwave radiometers. Different strategies have been adopted by the various space agencies (Cao et al. 2009) for single missions or sensors, including external calibration and assessment of long-term degradation or drift in sensor performance, which can be determined by using extremely stable natural targets. The identification of suitable calibration and validation (cal/val) sites, the required instrumentation, and long-term deployment and operation provide attractive opportunities for future developments. The Committee on Earth Observation Satellites-Working Group Calibration and Validation (CEOS-WGCV) has identified the need for internationally agreed (CEOS-endorsed) reference sites that should be appropriately instrumented and maintained as a global resource (CEOS-WCGV plan 2011-2016). The ultimate goal for CEOS member agencies would be to agree to collect and provide measurements from all CEOS-endorsed sites in order to facilitate interoperability and to underpin internationally harmonized cal/val activities. Among the possible selections, the East Antarctic Plateau, in particular the area of Dome-C near the Italian-French base of Concordia (located at the top of the dome at 75.06°S, 123.21°E) is being investigated by CEOS as one of the static test sites for a variety of different satellite sensors. The base is located in the middle of the East Antarctic plateau at an altitude of 3280 m above sea level. The site is spatially homogeneous at a 100-km scale and provides extremely limited surface slopes. Moreover, atmospheric conditions are very clear for most of the year, and precipitation is limited. Lastly, the site offers other interesting characteristics that make this area very attractive for the external calibration of remote sensing missions: due to its location, the Dome-C site offers the possibility for observing the area several times per day by means of polar orbiting satellite instruments (depending on sensor characteristics such as orbit, observation mode, swath, observation angle, etc.); detailed information has been obtained from several past campaigns (e.g. bedrock and snow topography, snow accumulation rate, etc.), and several instruments have been installed there for continuous in-situ atmospheric and snow measurements. Thanks to that, cross comparison works by Cabot et al. (2014) have shown that the new versions of SMOS and Aquarius TB are getting close with a bias of less than 1 K. 
For the calibration of low-frequency microwave sensors (e.g. SMOS, SMAP, Aquarius), the Dome-C site presents another important and unique attribute. Penetration of microwaves into the layered Antarctic snowpack was estimated by using Ku-band radar scatterometer data (Long and Drinkwater, 2000) and multifrequency model simulations (Macelloni et al., 2007). At Ku-band, the predicted penetration depth is on the order of a few meters, while at P-band it is estimated to be on the order of several kilometres. At L-band, extinction of ice and snow is hundreds of meters, due to the small imaginary part of the snow permittivity, and is influenced very little by the upper part of the firn. Since only the upper ice sheet layers (i.e. down to 10 meters) experience a seasonal temperature variability on the order of 30°C, (below 15 m, the snow temperature does not exhibit any significant seasonal temperature variation greater than 0.5°C), the expected yearly variability in TB is extremely small (less than 1 K). 
Starting from 2004 different campaigns, named DOMEX-1, DOMEX-2 and DOMEX-3, which are based on the ground based L-band radiometer RADOMEX, have been carried out at Dome C in the East Antarctic Plateau (Macelloni et al. 2006 [RD18], 2013 [RD19]). The latter experiment started in December 2012, and is still on-going. The main aim of these experiments was to measure the TB of the area at L-band at different timescales (from 1 month up to several years) and thus to assess its temporal stability. Moreover DOMEX data were compared with SMOS and airborne data collected in the same area (Søbjærg et al., 2013 [RD21]). The analysis of the temporal trend of DOMEX data, collected at 42° incidence angle, demonstrated the high stability of the TB at L-band, in particular the V polarization, which exhibit an annual standard deviation of around 0.5 K. The H polarization data were more variable, exhibiting a standard deviation of around 1.5 K. The results are similar to reports in other papers at higher frequencies (Picard et al., 2009; Sherjal and Fily, 1994; Surdyk, 2002; Macelloni et al., 2007), and are due to the fact that H polarization is more sensitive to modification of snowpack layering and surface properties.

Snow temperature
A recent paper by Jezek et al. (2015 [RD8]) investigated the possibility of retrieving temperature profile using an innovative technique based on a multi-frequency microwave radiometer. The TB for thick polar ice was modelled by using a first-order model (cf. section 3.2). The results demonstrated that TB are sensitive to relative changes in the average ice sheet internal temperature at depth. Moreover, it was demonstrated that by using dielectric properties of the ice sheet that are consistent with the literature, the emission over the entire depth of the ice sheet, which is about 3000 m thick, can potentially contribute to the integrated signal at lower frequencies (i.e. lower than 1 GHz). At these frequencies, an unfrozen ice sheet base showed a signature associated with the changing electromagnetic boundary condition. Such information, whether it be from the upper tens of meters of the ice sheet or from the deepest regions, is crucial for improving glacier dynamics models.

In the same paper, SMOS data over Lake Vostok were analyzed and related to the ice sheet thickness. SMOS Level 1C product obtained from the Operational Processor (L1OP) version V5.05 was used from January to February 2012. This product is resampled to a fixed grid (ISEA 4H9) with a spatial resolution between the nodes (also called DGG = Digital Global Grid) of about 15 km. The 1.4 GHz vertically and horizontally polarized SMOS data near an incidence angle of 25° and 55° were interpolated using an inverse distance weighting scheme (Figure 5) and were overlaid on a Radarsat C-band image mosaic with a polar stereographic projection. The bright radar regions extending away from the lake location were associated with higher backscattering from the ice divide where the accumulation rate is low. The location of the ice divide is correlated with cooler TB. However, it should be noted that the coldest TB were observed within the known boundary of the lake (Jezek et al., 2012; Brogioni et al., 2013).

Figure 6 illustrates horizontally and vertically polarized TB at incidence angles of 25° and 55° extracted along the south-to-north and west-to-east lines shown in Figure 5. In the same figure, the total ice thickness (Fretwell et al., 2013) is also shown along a transect. As expected, V-polarized TB are warmer than H-polarized TB because of differences in the reflection coefficient. At the low incidence angle, the TB anomaly for each transect is almost the same at V and H polarization and the TB trend shows a good correlation with the ice thickness. The east/west anomaly is about 5 K at 25° incidence angle and around 4.5 K at 55° incidence angle at both polarizations. The south/north profiles trend perpendicular to the ice divide and so traverses changing glacial regimes. Consequently the TB anomaly is larger than in the previous case and reached more than 10 K for all incidence angle and polarization except for V polarization and 55° of incidence angle where it exhibits a value of 5 K. Near surface variability in scattering along the north south profile is evident from SAR imagery which consistently shows the ice divide to be a relatively stronger, more homogeneous scattering region than the surrounding parts of the ice sheet. The west/east line runs more nearly parallel to the ice divide and may be less susceptible to changes in surface physical properties such as firn density and grain size, which change with distance from the divide. Consequently, we suggest that the 4-5 K TB anomaly over the lake and along the west/east line, which was observed by both polarization and both incidence angles better captures subsurface information and ice thickness differences.

These results suggest that there may be a correlation between deep ice sheet physical temperatures and SMOS TB.
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[bookmark: _Ref288985545]Figure 5: SMOS vertically polarized data at 55° incidence angle (left) and horizontally polarized data at 25° incidence angle (right) over Lake Vostok (outlined in black) in early 2012. There is a weak indication of a cold  TB anomaly correlated with the lake location. Red lines depict the locations where TB profiles were extracted (shown in Figure 6). The north/south transect runs from right to left, while the east/west transect runs from top to bottom. From Jezek et al. (2015 [RD8]).



a)
b)

[bookmark: _Ref288987520]Figure 6: SMOS TB at (a) vertical and (b) horizontal polarisations (heavy, black curves) at 25° incidence angle (upper panels) and at 55° incidence angle (lower panels) along transects going from south to north (sn) (left panels) and west to east (we) (right panels) profiles shown in Figure 5. The intersection of the west/east and the south/north profiles occurs at about 320 km along the south to north profiles and about 90 km on the west/east profiles. Ice thickness (Fretwell et al., 2013) is shown by the thinner gray line. After Jezek et al. (2015 [RD8]).


Bedrock Topography
A 350 x 350 km area near the Concordia station on the high plateau of Dome C in Antarctica was in the DOMECair campaign mapped by an airborne L-band radiometer system and a gravimeter. The area was expected to display a rather uniform TB close to the yearly mean temperature – well suited for calibration checks for space-borne instruments such as SMOS, Aquarius, and SMAP. The measured TB shows unexpected variations: for example, the 8 K variation on an East-West profile through Concordia, and in certain cases a slope of almost 1 K per km (Skou et al., 2013). A convincing correlation was revealed when comparing the measured TB map with bottom topography reveals. Simple simulations show that variations in bedrock topography can indeed modulate the TB in a way that is appropriate for explaining the observed variations (Skou et al., 2014). 

[bookmark: __RefHeading___Toc412021724][bookmark: __RefHeading__49_1401171909][bookmark: __RefHeading___Toc287275914][bookmark: _Toc288937113][bookmark: _Toc289595954]Background of snow properties studies in Antarctica

TB acquired at higher microwaves frequencies (6-89 GHz) by SSM/I, AMSU or AMSRE sensors are sensitive to various layers of the snowpack due to their penetration depths, which depend on the wavelength (about 20 m at 6 GHz and few centimetres at 100 GHz). These instruments have been widely used to retrieve information regarding Greenland and Antarctica ice-sheets. The following sections present an overview of the activities performed using these sensors.  

Snow temperature
Microwave measurements are related to the temperature of the observed target, but the conversion from microwave emission to snow temperature is not simple and greatly depends on the emissivity through snow properties. Moreover, since the temperature and emissivity of snow change as a function of depth, the relationship between measured brightness temperature and temperature is thus not simple, and depends considerably on frequency. Surdyk (2001) suggested that TB at 37 GHz and V polarisation can provide a very useful estimate of air temperature changes, because penetration into the ice sheet at this frequency is limited (i.e. less than 1 m). However, these TB cannot be interpreted as a pure surface temperature signal, because the variability in microwave emissivity is not known. Attenuation of surface temperature changes through the penetration depth of the microwave emission— typically a few centimetres to one meter—means that the amplitude is generally smaller for TB variations than for air temperature variations (Picard et al., 2009). Schneider et al. (2004) suggested an approach, that is based on both TB from microwave and on IR frequency. Nevertheless, biases in the IR TB which are associated with cloud cover, and in the microwave TB, which are associated with attenuation and possible emissivity changes, have not been completely removed in this study. The measurement of the snow temperature below 1 m using a passive system has not yet been treated.  

Clear-sky land surface temperatures (LST) are derived from observations of the MODIS instruments. This product was evaluated by Wan (2014) using the radiance-based method, which found a LST error of only -0.5 K for the South Pole site. The accuracy of the MODIS LST depends primarily on the quality of the detection of clouds. However, Fréville et al. (2014) showed that MODIS LST can be used as a precise and accurate reference for testing other surface temperature data sets.

Accumulation rate
Accumulation rates are essentially equivalent to the meteorological ‘‘surface mass balance,’’ i.e. the net mass flux from atmosphere to ice. Maps of accumulation rate have been derived from compilations of data collected in situ from snowpits, snow-stakes, or ice cores, sometimes augmented by satellite observations (e.g. Vaughan et al., 1999). Arthern et al. (2006) mapped the variations in the mean annual snow accumulation across the Antarctic ice sheet by using the AMSR-E on the Aqua satellite. This radiometer operates at 6.9 GHz, which corresponds to a wavelength of 4.3 cm in free space and measures TB at V and H polarisations with an incidence angle of 55°. The authors observed that the polarization varies with the accumulation rate according to an inverse square power law, and provides an accumulation map of Antarctica with an effective resolution about 100km. Magand et al. (2008) showed the limits of this approach in the wet zone.

Grain size
In Antarctica, albedo is a key parameter for following the changes in the polar climate. Surface grain size can be used to estimate albedo, and higher microwave frequencies are thus useful due to their high sensitivity to grain size and low penetration depth in snow. Therefore, to explore the grain size profile in the dry snow area of Antarctica, Brucker et al. (2010) analysed emissivities of 37 and 19 GHz channels at V polarisation from SSM/I satellite. From a modelling study, they showed that an overall increase in the snow grain radius with depth is required in order to match the observed emissivity in Antarctica. Moreover, they were able to retrieve two parameters: the near-surface grain radius (representative of the grain radius in the top few decimetres), and the vertical gradient of the grain radius. In the same way, Picard et al. (2012) obtained information on grain size from a grain index based on TB at 89 and 150 GHz collected by the Advanced Microwave Sounding Unit B (AMSU-B). Grain index is intended to increase as the grain size increases.

Surface state
Hoar crystals episodically cover the snow surface in Antarctica and affect the roughness and reflective properties of the air–snow interface. Champollion et al. (2013) investigated hoar evolution at Dome C in Antarctica using continuous observations of the surface by means of in situ near-infrared photography and of passive microwave remote sensing. The authors defined a daily indicator of the presence/absence of hoar crystals from photography data and found a frequency of hoar presence as high as 40% at Dome C. In addition, they showed a correlation with the microwave polarisation ratio: i.e. high values of polarisation ratio, which theoretically correspond to low snow density values near the surface, are associated with the presence of hoar crystals in the photography data. Satellite data over nearly ten years (2002–2011) have confirmed that a strong decrease in the polarisation ratio (i.e. signature of hoar disappearance) is associated with an increase in wind speed or a change in wind direction from the prevailing direction. 
In the same way, with L-band measurements from DOMEX campaign Macelloni et al. (2013 [RD19]) also observed a significant correlation between the H-polarization variations and the “strong wind” events (wind speed exceeded 7 m/s for several hours) registered by the AWS (Automatic Weather System) at Dome C. It was supposed that these events are capable of modifying the vapor and heat fluxes in the firn and, hence, the top meter of the snowpack. These events were followed by quiet periods during which modifications in the snow structure were by comparison very slow, and the TB signal remained more stable. Another paper (Brucker et al., 2014) related the modification in the TB at H polarization as observed by NASA’s Aquarius sensor to periods of several weeks with hoar on the surface. These aspects could be analysed in depth within this project.
Picard et al. (2014) investigated spatial variations of TB around Dome C at the metre-to-kilometre scale. They found significant variations at 37GHz up to 10K, with a semi-periodic structure that had a scale length of 30-40m. Using modeling and observations, the authors found that snow density was the main factor explaining these variations and that the latter were closely related to snow dunes formed by wind. The variations decreased with the frequency at the investigated frequency (37, 19 and 11 GHz), which suggested that they should thus be negligible at L-band.


Melting
Passive and active microwave remote sensing is sensitive to surface melting, i.e. the presence of liquid water in the first meter of firn. Detection is based on the large difference between the dielectric constants of ice and water in the microwave domain. For the Greenland ice-sheet, Abdalati and Steffen (1997) used 19 and 37 GHz satellite channels (from SMMR and SSM/I) to propose a melt-detection algorithm based on the cross-polarized gradient ratio (XPGR) with an empirical threshold. However, the XPGR seemed to work well for intense melting but did not give good results elsewhere. Thus, in Antarctica, Torinesi et al. (2003) chosen the 19-GHz channel at H polarization to detect onsets of the melt. Given that melt induces large increases in TB, an annually and regionally varying threshold is calculated and all values of TB above the annual mean plus this threshold are associated with melting. This threshold is proportional to the standard deviation of the signal, thus taking into account the spatial variability of its amplitude. Based on Torinesi et al. (2003), the algorithm of Picard and Fily (2006) extended the existing data set of surface melting in Antarctica up to 26 years (1979-2005) with a correction of the overpass-time of the difference sensors. Figure 7 shows the number of days with surface melt during 2012-2013.
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[bookmark: _Ref289082540]Figure 7: Number of days with surface melt in 2012/2013, retrieved from Picard and Fily (2006; http://www-lgge.obs.ujf-grenoble.fr/~picard/melting/).

Since 2011, Aquarius mission has given an L-band TB with a spatial resolution of around 100km (Lagerloef G. et al., 2008), which is greater than that of SMOS (around 44km). However, recent studies have clearly shown the advantages of L-Band TB for retrieving information on snow surface properties in Greenland and Antarctica. Brucker et al. (2014b) explored the 2012 summer during which almost the entire Greenland ice sheet, including Summit, simultaneously experienced surface melt (e.g., Nghiem et al., 2012; Hall et al., 2013). Thanks to the small attenuation of the L-band radiation in dry snow and ice, satellite L-band observations at Summit showed that there was no annual cycle related to seasonal variations in the snow temperature profile (Figure 8). However, observations in the summer are impacted by snow melt. The melt event of the 2012 summer formed a refrozen snow layer, and thus led to a sustained decrease in the L-band TB of about 5 K at H polarization (Figure 8; Brucker et al., 2014b). Such a dramatic change in the L-band TB level revealed the impact of the recently formed near-surface refrozen snow layer on TB. Although melting events do not occur in the inner part of the Antarctic plateau, the above result confirms that, whereas the L-band radiation emanates from deep within the ice sheet, modifications in the snow properties near the surface (e.g. density variation) do indeed influence L-band observations. These aspects could be analysed in depth within this project.
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[bookmark: _Ref289091499]Figure 8: Aquarius time series of TB (radiometer 1, incidence angle 29°) at V (+) and H (o) polarizations, and GC-net air temperature measurements over Summit (Greenland). The grey area corresponds to the weekly TB standard deviation. From Brucker et al. (2014b).
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[bookmark: _Toc288937115]Modelling is a useful means for evaluating the sensitivity of SMOS signal to a given parameter, and will be widely used to explore chosen case studies.
Several models are available for computing the microwave emission from given snow properties, and different approaches have been developed. Nevertheless, these models were developed and tested for simulating the microwave emission of snow on land or, in the case of ice sheets, were validated at higher frequencies only, and their applicability to L-band or lower frequencies has been investigated only recently. (Jezek et al. 2015, Leduc-Leballeur et al. 2015, Tan et al. 2015). In this section an overview of available models described in these and others papers will be provided. An initial section is devoted to the representation of the medium, that is fundamental to provide reliable inputs to the e.m. models. 

















[bookmark: _Toc289595956]Geophysical inputs for model

In e.m. models, the polar ice sheet structure is approximated as a planar layered medium in which each layer is characterized by physical properties such as temperature, density, and grain size (Figure 9).


[bookmark: _Ref288991987]Figure 9: Illustration of the vertical structure of the polar ice sheet. From Tan et al. (2015).

The definition of these input parameters is a key point in the simulation of the L-band TB. They are dependent on geophysical characteristics of the medium, that could be obtained from experimental measurements or glaciological models. Some of these quantities are related to surface and sub-surface characteristics (i.e. surface roughness, characteristics of the layers, snow density and temperature, grain size and shape etc.) that are, in certain cases, available from field measurements, while others depend on physical properties of the ice sheet as a function of depth, and are obtained from other ancillary measurements or derived from glaciological models.

At Dome C (Antarctica), in situ measurements were carried out during the austral summer campaign of 2012–2013, with a focus on long ice-core and high vertical resolution measurements (5cm). Two cores were 80 m long, corresponding to the ice sheet part, where the density is most variable (Figure 10). These measurements gave a very detailed description of snowpack, and were very useful for studying the L-band modelling in this area (Leduc-Leballeur et al., 2015).
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[bookmark: _Ref288346781]Figure 10: Profiles of (a) snow density (kg m−3) and (b) grain size (μm) measured on two ice cores, at Dome C, in Antarctica during the 2012–2013 austral summer. (c) Mean temperature profiles (°C) were measured in January (solid line) and July (dashed line). From Leduc-Leballeur et al. (2015).

However, ice cores are not available over the entire continent and it is usually necessary to use glaciological models in order to estimate snow properties (Jezek et al., 2015 [RD8]).
Ice sheet temperature generally increases with depth, except for the very top layers (about 10 meters) where the seasonal swing in the air temperature alters the ice temperature (Macelloni et al., 2013 [RD19]; Bringham and Drinkwater, 2000; Drinkwater et al., 2004 [RD17]). Since the top layers contribute little to the ice-sheet thermal emission at low frequencies, the near surface seasonal temperature variation can be disregarded (Leduc-Leballeur et al., 2015) and the temperature profile  can be estimated by following Robin (Van der Veen, 1999; Jezek et al., 2015 [RD8]):

	
	(1)



where  and ,  is the error function,  is the surface temperature,  is the ice accumulation rate, measured in meters-per-year ice equivalent, and  is the overall ice thickness.  is the geothermal heat flux,  is the ice thermal conductivity, and  is the ice thermal diffusivity. Two temperature profiles are illustrated in Figure 11(a) for ,  with  set to 0.01 and 0.05. These values are generally representative of the deep interior East Antarctic ice-sheet. The lower ice accumulation rate corresponds to the higher temperature. Moreover, equation (1) is applicable when the ice sheet movement is negligible; otherwise, it must be modified as explained in the D2 report.

The average firn density  increases with depth (Alley et al., 1982; Bingham and Drinkwater, 2000; Drinkwater et al., 2004 [RD17]). By following the measurement of Alley et al. (1982),  can be defined by:
	
	(2)


The near surface density fluctuation  is modeled as the sum of the average density  and a damped noise :
	
	(3)


with  as a damping factor, as previously proposed in Brogioni et al. (2014). Unlike Brogioni et al. (2014), however, since the fluctuation is spatially correlated, the noisy part  is modeled as a Gaussian random process with the Gaussian correlation function given by , where  is the auto-covariance and  is the correlation length (Brogioni et al. (2014) assumed). A random realization of density fluctuations with , , and  is illustrated in Figure 11(b). Leduc-Leballeur et al. (2015), following West et al. (1996), modelled the profile with an autoregressive model of order 1 (AR(1)) in order to representation the local variations.
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[bookmark: _Ref288346422]Figure 11: Illustration of the ice sheet (a) temperature and (b) density profile. In (a), the black solid line corresponds to , and the grey dashed line corresponds to . The small insert in (b) shows the density fluctuations in the top 100 meters modeled by a damped Gaussian random process. The density profile is specified by , , and . From Tan et al. (2015).

The grain radius profile  can be estimated by following Zwally’s (1977) fit to Gow’s (1971) parameterization of Plateau station grain size between 0.5m and 71m:
	
	(4)


with  in meters. The volume scattering is confined to the top 90m of the ice sheet by considering the near-homogeneous ice composition below this depth (Jezek et al., 2015 [RD8]). Brucker et al. (2010) provided an indirect method for estimating grain size profiles in the top 10m from high frequency observations (19 and 37 GHz).

The material beneath the ice sheet can be either frozen rock (relative permittivity 5 + 0.1i; Ulaby et al., 1990) or liquid water (80 + 79i; Stogryn, 1971), depending on the basal temperature. When the basal temperature approaches the melting point of ice, sub-glacial water at 273K is assumed at the basal boundary; otherwise, an isothermal semi-infinite sub-glacial layer of frozen rock at the same temperature as that of the bottom of the ice sheet is assumed (Jezek et al., 2015 [RD8]). 

The above description is applicable to the inner part of the ice sheet although different density, grain size and temperature profiles must be applied when areas near to the coast are considered.  

Moreover ice shelves present a completely different structure. For example, as the ice shelf floats on the ocean, we can assume a well-defined permittivity of sea water for the bottom layer of the radiative transport (Klein and Swift, 1977). The situation is more difficult when there is a possible layer of marine ice below the ice shelf. There are no direct measurements or models of the marine ice layer permittivity but some information is available regarding the salinity, which may be comparable to brackish sea ice. Thus, we will assume the existing parameterizations for Baltic Sea ice in order to describe the marine ice layer (Kaleschke et al., 2010 [RD5]).
[bookmark: _Toc288937116][bookmark: _Toc289595957]First Order Model

The first order RT model is derived from the radiative transfer equation bu disregarding the source term from scattering (Jezek et al., 2015 [RD8]; Zwally, 1977; Tsang et al., 1985; Swift et al., 1985). It also disregards all intermediate reflections inside the ice sheet, including reflections from the top air/snow interface and bottom ice/base interface only. It assumes that the scattering coefficient (ks) is small as compared to the absorption coefficient (ka), which is realistic at L-band in most conditions. The physical temperature in the material beneath the glacier base is assumed to be constant and equal to the temperature of the bottom of the ice. The equation can be applied for either an isothermal, semi-infinite sub-glacial layer of frozen, rock-base, or for a liquid water-base, depending on the basal temperature. 
For the sake of simplicity, the model is described for normal incidence (i.e. nadir) radiometric observations. A more complete formulation, which is described in Tsang et al. (1985), is capable of addressing arbitrary observation angles and polarization effects. 

TB in nadir can be approximated by
	
	(5)



where  is the temperature profile, and , with  and  as the absorption coefficient and scattering coefficient at depth, respectively. The first term in brackets represents the emission from the icy medium. The second term represents the emission from the basal media attenuated by all the ice layers, where  is the physical temperature of the base. and  are the reflectivities between the air/snow interface and ice/base interface, respectively. At nadir,  is typically 0.016 and  is 0.012 for frozen rock base and 0.46 for water base. In equation (5) the last term accounts for the sky radiation reflected by the surface and subsurface, where the solar and galactic radiation  depends on the polar sun elevations, which vary from place to place and day-of-year etc., and the surface reflectivity  depends on assumptions regarding the density profile. 

To compute the absorption and the scattering coefficient, it is necessary to define the effective permittivity of the medium in its real and imaginary parts. The real part of the effective permittivity  of the ice layer is calculated by unsing Mӓtzler’s empirical formula (Wiesmann et al., 1999; Mӓtzler, 1996), while the imaginary part  is calculated by following the Tiuri et al. (1984)’s empirical model for dry snow:
	
	(6)

	
	(7)

	
	(8)


where:
 is the snow/ice bulk density, 
,
,
,
,
 is the imaginary part of the ice permittivity. 

The complex dielectric constant of ice  is calculated by following Mӓtzler (2006 [RD16])’s semi-empirical model, which predicts an increasingly imaginary part of the relative permittivity as the temperature is increased. 
The effective permittivity of the ice layer is then used to calculate the absorption and scattering coefficients by using the QCA-CP of non-sticky spheres (Tsang and Kong, 2001):

	
	(9)

	
	(10)


where  is the grain radius, and  is the free space wave number.

As the density increases, the  tends to 1 and the scattering coefficient is extinguished. For example, at the SMOS frequency, Jezek et al. (2015 [RD8]) computed this term as a function of depth for a density profile typical of the internal part of the East Antarctic Plateau (Figure 12). It could be observed that, from around 90 m, the scattering term is negligible and could be omitted from this depth.
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[bookmark: _Ref288348385]Figure 12: (Left) Density as a function of depth. (Right) Scattering loss (dB/100m) as a function of depth. After Jezek et al. (2015 [RD8]).

By using the above equations and an appropriate temperature profile, it is possible to simulate the TB of the internal part of Antarctica. For example, Figure 13 shows the TB profile (expressed as a cumulative sum of the TB from the bottom to the surface) for different temperature profiles obtained from the Robin model (Van der Veen, 1999) for a given depth (3700 m) and different accumulation rate values that explain the different temperature profiles.

The results show that, for this model, all depths of the ice sheet contribute to the surface TB and confirm that different temperature profiles lead to a different surface TB, as observed in SMOS data. Results obtained from such a simple model demonstrate that this model is reliable for the simulation of static TB in regions where it remains stable in time (i.e. in the  internal part of the plateau), where the scattering and the internal reflections between layers are both negligible and the modification of the physical properties of firn layers near to the surface could be disregarded. The Antarctic firn, however, is generally highly layered.
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[bookmark: _Ref288348488]Figure 13: (Left) Modelled temperature profile for different values of accumulation rates to 3700 m depth. The rightmost (warmest profile) is calculated using the lowest accumulation rate of 0.01 m.yr-1, while the 5 curves represent accumulation rates of 0.02, 0.03, 0.04 and 0.05 m.yr-1 (from right to left), respectively. (Right) Cumulative TB found by totaling emissions from the surface to each depth for the family of temperature profiles presented in the left panel. From Jezek et al. (2015 [RD8]).

This simple forward model (without scattering) could serve as a basis for simulations of ice-shelf areas. For that, inputs will include an ice layer with ocean below and some marine ice in-between. For radiative transfer, only one or two ice layers will be assumed, and Mironov et al. (2013) may be used for the ice permittivites.

[bookmark: __RefHeading___Toc412021726][bookmark: __RefHeading__30_1103099381][bookmark: __RefHeading__120_23106439][bookmark: __RefHeading__53_1401171909][bookmark: __RefHeading___Toc287275916][bookmark: _Toc288937117][bookmark: _Toc289595958]Incoherent model
[bookmark: _Toc288937118]
Two main incoherent models are available and are currently used to study microwave frequencies. Both models are based on the radiative transfer theory and are designed to model the microwave emission of layered snowpacks.

DMRT-ML
One of the models considered will be the DMRT model (Dense Media Radiative Transfer) developed under the QCA-CP approximation (Quasi Crystalline Approximation with Coherent Potential) (Tsang et al., 2000). This approach takes into account the coherence of random scatterers, and satisfies the principle of energy conservation. In recent years, the DMRT theory has been implemented by the LGGE team into a model named DMRT Multi-Layer (DMRT-ML; Picard et al., 2013). The model is written in Fortran90, is well documented, and is available to the snow remote sensing community as an open-source software (http://lgge.osug.fr/∼picard/dmrtml/). A convenient user interface is provided in Python.
DMRT-ML describes the snowpack as a multi-layer medium in which each snow layer is characterized by its thickness, temperature, density, grain size, stickiness parameter, and liquid water content. The dense media radiative transfer equation is solved in the form:

	
	(11)



The effective dielectric constant is solved by using the first-order quasi-crystalline approximation and the Percus-Yevik approximation for non-sticky grains, i.e. grains without aggregates (Tsang and Kong, 2001). The emission and propagation of radiation throughout the snowpack are computed by using the Discrete Ordinate Method (DISORT; Chandrasekhar, 1960), which takes into account multiple scattering between the layers.

DMRT-ML was primarily developed for microwave frequencies higher than L-band. For example, it was used at Dome C with in-situ snow measurements as input, and was compared to satellite observations at 18.7 and 36.5 GHz (Brucker et al., 2011) or ground-based observations at 11, 19 and 37 GHz (Picard et al., 2013). It was also used in Antarctica to retrieve snow properties from 18.7 and 36.5 GHz observations (Brucker et al., 2011). However, even if this model has been widely used for higher frequencies, its applications to L-band are only recent. Thus, we will need to make a careful check of both the sensitivity and the validity of this model for our studies.

[bookmark: _Toc288937119]MEMLS
The MEMLS model is an incoherent model that is also based on the radiative transfer theory (Matlzer and Wiesmann 1999; Wiesmann and Matzler 1999). MEMLS uses the six-flux theory to propagate radiation through the different layers. The radiative transfer equation of the TB is:

	
	(12)



In which the horizontal fluxes , ,  and  are equal and represent trapped radiation due to total reflection, and the vertical fluxes  and  represent downwelling and upwelling radiations within the critical angle, respectively. The absorption coefficient  is derived from the effective permittivity, which is calculated in a similar way to that of equations (6)-(8).

The scattering coefficient  in the backward direction and the coefficient for coupling between the vertical and horizontal fluxes  are related to the total scattering coefficient  through the refractive index n of the layer. It should be mentioned that whereas the DMRT-ML describes the scattering of the media by using the “grain size” parameter, which takes into account the dimensions of particles, MEMLS describes scatterers by using a correlation length parameter so that the snow structure is described by a spatial two-point correlation function. Nevertheless, it has been demonstrated that the exponential correlation length  can be related to an effective grain radius a through  under certain assumptions, where  is the volume fraction (Matzler, 2002).

The six-flux equations are solved by calculating eigenvalues (damping coefficient) in each layer and unknown coefficients are determined by matching incoherent boundary conditions, with the effective propagation direction  of the vertical fluxes being corrected by the volume scattering effects and the intermediate reflectivity being modified due to the polarization mixing of volume scattering.
MEMLS treats a thin layer a with one-way phase delay of less than 3π/4 separating two thick layers as coherent. The thin layer is completely replaced by a coherent reflectivity between the two thick layers, while the volume scattering and absorption of the thin layer are ignored. This option must be used with caution as it was developed for thin ice layers embedded in thick snow layers. As “thin” and “thick” are relative to the wavelength, it is quite common that all layers are thin at L-band on the East Antarctic Plateau, where the snow accumulation is ~10cm par annum. A correct treatment of a multi-layer coherent modeling is difficult within the radiative transfer approach.

The results presented in a recent paper demonstrate that if DMRT-ML and MEMLS are run using the same inputs as in the case of the Antarctic Plateau, the simulated TB are very similar (Tan et al., 2015).
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[bookmark: _Toc288937121]
In radiative transfer theory, only the propagation of the incoherent wave is explicitly taken into account while  the interference phenomena are ignored. However, interferences within the layers are particularly important when the thickness of the layer is of the order of -or less than- that of the wavelength, which is more pronounced at L-band than at higher frequencies. Another way to perform simulation at L-band is to compute the emission and propagation of waves, instead of the energy flux, in order to explicitly account for interference phenomena. This ”coherent approach” is derived from Maxwell’s equation, and requires considerable simplification of the medium description in order to be computationally realistic. This alternative has already been used successfully (e.g. Surdyk and Fily, 1995; West et al., 1996).

The most important simplification in this model is to disregard scattering by snow grains. This assumption is usually valid at low frequencies (about < 10 GHz), since the wavelength is several orders of magnitude larger than grain size; however, but extra verification of this assumption is needed everywhere on the continent. Thus, scattering by grains is insignificant in comparison with the absorption and scattering caused by reflections at the interfaces between the layers (Mätzler, 2006 [RD16]).

If the volume scattering effects in the ice sheet are disregarded, the thermal emission problem of a stratified medium has an exact solution with explicit formulas as expressed in Tsang and Kong (1985, 2001). The fluctuation-dissipation theorem connects the thermal motion inside a dissipative medium, resulting in a fluctuating dipole moment with an equivalent current source  with expectation . The latter is proportional to  at microwave frequencies, following the Rayleigh-Jeans approximation of Plank’s radiation law, where  is the Boltzmann constant, and  is the absolute temperature. The equivalent current source  generates radiation  through the dyadic Green’s function  with multilayer configuration. The TB as a spectral description of the differential radiation power is related to the auto-correlation of the radiation field. By applying a far-field approximation of the dyadic Green’s function, a closed form for the TB is obtained:

	
	(13a)

	
	(13b)



Subscript  denotes the -th snow/ice layer beneath the air/snow interface, while subscript  denotes the bottom half-space of the sub-glacial media.  () and  () are the imaginary part of the permittivity and the physical temperature of the -th (-th) layer, respectively. , , , where  is the observation angle measured in air.  and  are the top and bottom interface of the -th snow/ice layer.  and  are the overall transmission coefficients of the layered media for vertical and horizontal polarizations, respectively. and  are the upward and downward electric field amplitude coefficients in the -th layer for the horizontal pol, while  and  are the upward and downward electric field amplitude coefficients in the -th layer for the vertical pol. , , and  can be determined by using the propagation matrix recursively, as documented in Tsang and Kong (1985, 2001).

With the wave approach, the simulation obtained for a specific snowpack configuration (i.e. a given set of inputs) may differ considerably from those obtained with a slightly different snowpack. This result is due to the high sensitivity of interference phenomena to layer optical depth. To account for the variable nature of the snowpack at the scale of one pixel, it is essential to average a large number of simulations using inputs that represent natural variability. Since thousands of simulations are required, it would be impossible to obtain the input profiles from direct measurements. A stochastic model is used to generate such profiles (examples in West et al., 1996, or in Leduc-Leballeur et al., 2015). The output of the model is the average of TB computed by using all the generated profiles. 

The coherent model treats all the wave propagation and reflections in a fully coherent manner, and is thus subject to strong wave interference in a single realization if a fluctuating density profile is assumed. The interference is sensitive to the thickness and density of each layer in which intermediate reflection is significant. The ice layer effective permittivity model previously mentioned is applied in the coherent model.

Recently, two models have been developed that are based on the wave approach from the Tsang and Kong (1985, 2001) equation. The University of Washington implemented a version (Tan et al., 2015) within the framework of the UWBRAD project (cf. section 5), while the LGGE team implemented another version, called WALOMIS (Wave Approach for LOw-frequency Microwave emission in Snow; Leduc-Leballeur et al., 2015).
[bookmark: _Toc288937123][bookmark: _Toc289595960]Preliminary results of inter-comparison models

Tan et al. (2015) performed an inter-comparison between the electromagnetic models described above: first order model, DMRT-ML, MEMLS, and coherent model. The authors ran models in a ice sheet stratification similar to the one illustrated in section 3.1 for the Dome-C area in Antarctica. Tests were performed at nadir from 0.5GHz to 2.0GHz for four cases of correlation length  of 3cm, 5cm, 10cm and 40cm. In all cases, a water base was assumed with the warmer ice sheet temperature profile specified by , , and  in the temperature profile equation. DMRT-ML and MEMLS results were averages over ~150 realizations, while the coherent model was an average of 1000 realizations (to ensure sufficient averaging of the interference effects captured only by the coherent model). TB at nadir with  had a maximum standard deviation over the 0.5 - 2.0 GHz spectra of 1.1K for DMRT-ML and MEMLS and of 7.3K for the coherent model. This implied a much smaller number of realizations needed in order to achieve reliable stable results. For , however, the standard deviation could be as large as 2.0K for DMRT-ML and MEMLS and 52.5K for the coherent model, and required a sufficiently large number of realizations for the coherent model to reach stability. The results are depicted in Figure 14.
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[bookmark: _Ref288989488]Figure 14: TB of incoherent and coherent models with correlation lengths of density fluctuation of (a) 3cm, (b) 5cm, (c) 10cm and (d) 40cm. The same  and  are applied to each case assuming a water base. The cloud model is run on the average density profile (grey dashed curve); DMRT-ML (grey dotted curve) and MEMLS (fine black dashed curve with red markers) are run on some 150 (100~200) realizations of density profile and then averaged. The coherent model is averaged over on 1000 Monte Carlo simulations (black solid curve). Note that the MEMLS and DMRT-ML results are almost identical, and are difficult to distinguish in the figure. Their RMS differences aggregated across all frequencies are 0.23K, 0.32K, 0.30K and 0.34K for the correlation lengths of 3cm, 5cm, 10cm and 40cm, respectively. From Tan et al. (2015).

As expected, the first order model TB were insensitive to correlation length. The other three models showed that the TB dropped significantly as the correlation length decreased. The DMRT-ML and MEMLS results were almost identical. Indeed, if differences were aggregated across all frequencies, the RMS differences between models were 0.23K, 0.32K, 0.30K and 0.34K for the correlation lengths of 3cm, 5cm, 10cm and 40cm, respectively. The maximum difference was less than 0.5K. Especially for the nadir results presented here, this agreement was perhaps not surprising, since similar permittivity models were used, scattering was unimportant, and the Fresnel reflection coefficients were treated identically in the two models. The models then differed only in their solution to the radiative transfer equation. The results indicate that the six-flux approach of MEMLS was a good analog for the Gaussian quadrature approach, for this case. The coherent results agreed with DMRT-ML and MEMLS for profiles with a large correlation length of 40cm. For the smaller correlation lengths of 3cm, 5cm and 10cm, coherent model results showed quite distinct frequency dependencies from the DMRT-ML (and MEMLS) results. The resonance of the coherent results due to wave enhancement / cancellation depended on the correlation length of the density fluctuation. It is worth noting that, close to the SMOS frequency, the coherent and incoherent models agreed fairly independently on the correlation length.

The angular response of the TB of the ice sheet was also calculated by means of DMRT-ML, MEMLS and the coherent model at 1.4GHz, and are compared in Figure 15 for both polarizations by assuming two sets of correlation lengths of 3 and 10 cm, respectively.
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[bookmark: _Ref288989866]Figure 15: Comparison of TB angular response (left for v-pol and right for h-pol) at 1.4GHz predicted by DMRT-ML, MEMLS and the coherent model. The TB are shown in (a, b) for , and (c, d) for . The coherent model results are shown as thick black solid curve; DMRT-ML results are shown as thick grey dotted curve; the MEMLS results are shown as the fine black dashed curve with red marks. Note that the MEMLS and DMRT-ML results are almost identical, and are difficult to distinguish in the figure.
Also here, the  figures show that DMRT-ML and MEMLS are almost identical for both correlation lengths. The coherent model results agree closely with DMRT-ML and MEMLS for . For , when the coherence effects are significant, the coherent model results in v-pol seem to change more rapidly with respect to the observation angle due to phase-enhanced interference. 
Lastly, the coherent model results and the DMRT-ML results were compared with the L-band SMOS angular data of Dome C. In this case, the SMOS data were averaged over 4 months between November 2012 and March 2013, for a total of 274 images. The coherent model and the DMRT-ML were calculated on ice sheet profiles with a correlation length of 9 cm leading to a mean layer thickness of 11.54 cm, a damping factor , and  leading to a near surface layer density variation with a standard deviation of . These parameters were within the range of the field measurement at Dome C. Again, the coherent and incoherent model results were close as the coherence effects were extinguished at L-band with a correlation length of 9cm. The model predictions also followed the H-pol observations up to 35° with a difference of less than 1.7K. However, as the observation angle continued to increase, the predictions fell below the observations to ~20K at the observation angle of 60°. The higher H-pol TB observed implied an over-estimation of the reflections at large observation angles, which was possibly due to the roughness of the interfaces. The rough interface effects, should this be important, may also disturb the wave phase as it propagates over a long distance.

[image: ]
Figure 16: Comparison of TB model prediction from DMRT-ML and the coherent model with L-band SMOS angular data at 1.4GHz. The ice sheet density fluctuation is quantified by , , and .

The results obtained demonstrate that the models were able to represent the SMOS TB and that, for this particular case, the difference between the coherent and incoherent models are negligible, while in other cases it could be relevant. These results must be considered as preliminary, and additional tests and examples must be performed in order to consolidate them.
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Almost all of the in-situ datasets of measurements are located in the Dome C area, due to the extensive calibration activities for remote sensing missions (e.g. DOMEX or DomeCAir campaign). Several instruments were installed for monitoring atmospheric and snow parameters. This area will be very useful for detailing exploring L-band signals in the Antarctic ice-sheet. However, at the moment, we have very few in-situ measurement in other areas of Antarctica. This is a big gap in the extension of the analyses, in particular to coastal regions and ice-shelves, where snow properties are very different from those in the Dome C area. 

Snow properties in the Dome C area:
Numerous datasets are available, thanks to the in-situ measurements carried out mainly by IFAC and LGGE. Regular temperature, grain size, and density profiles are collected down to a depth of 20 m. Due to the large penetration depth at L-band, snow property measurements in depth are very useful. In this context, LGGE has organised a campaign (with the support of the French polar institute (IPEV)) in order to obtain grain size and density profiles down to a depth of 80 m with a very high resolution of 5 cm. Moreover, a temperature profile has been obtained by LGGE down to bedrock (at 3200 m). 

DomeCAir campaign:
The airborne survey DOMECair 2013 and its instrumentation were designed to obtain calibration and validation data for two different satellite missions of ESA’s Earth Explorer mission: the SMOS and GOCE satellites. This campaign provided TB in V and H polarisations at 1.4 GHz, as well as gravity measurements.

In order to evaluate the homogeneity of the area near Dome-C, a raster pattern was flown. The area around Concordia was covered by a grid of 11 lines, each of which was 350 km long, separated by 35 km. Thus 350 x 350 km were covered. The altitude above the terrain was roughly 600 m. In addition to the 11 grid lines, a tie line that crossed all the other lines was flown (for inter-comparison purposes). The surroundings of Concordia were covered more intensely by the star pattern. The lines were 100 km long and centred in Concordia. Lstly, circle flights were carried out to examine a potential azimuthal signature. See Kristensen et al. (2013) for details.

DOMEX campaign:
Starting in 2004, different campaigns, called DOMEX-1, DOMEX-2 and DOMEX-3, which are based on the ground based L-band radiometer RADOMEX has been carried out at Dome-C in the East Antarctic Plateau where the Italian-French base of Concordia is located (Macelloni et al., 2006 [RD18]; 2013 [RD19]). The third experiment began in December 2012 and is still ongoing. The main aim of these experiments was to measure the TB of the area at L-band at different time scales (from 1 month up to several years), and thus to assess its temporal stability. In addition, DOMEX data were compared with SMOS and airborne data collected in the same area (Søbjærg et al., 2013 [RD21]). DOMEX data are collected at an incidence angle of 42°, near to the Brewster angle (around 50°).

Microwave and infrared data collected during the experiment, as well as other ancillary information such as the temperature measured by different probes inserted in the snow down to 10 m and density measurements collected in the first meter along the seasons, were available at IFAC and could be used in this project.

Table 4‑3: In situ measurements
	Description
	Type
	Provided/Available

	Dome C area
	Temperature, density, grain size
	LGGE, IFAC

	DomeCAir
(airborn campaign)
	L-Band TB, gravity
	DTU

	DOMEX
	L- and C-Band TB
	IFAC
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SMOS
SMOS uses out a 2D interferometer to measure the microwave emission of the Earth surface at L-band (1.4 GHz). The spatial resolution is about 40km on average, with ascending/descending orbits at 6am/6pm, respectively (solar local time), at the Equator. It covers the entire Earth surface within 3 days. SMOS data are available since the beginning of 2010. SMOS TB version 620 with recent calibration improvements is also available, and provides users with better quality L-band TB at full polarizations and over a wide range of incidence angles. 

ESA level1 C products are in X/Y polarisations (i.e. the coordinates in the antenna frame), organized by half orbits. H and V polarisations are recommended for this project and so a rotation has to be applied. For this, an in-house tools from CESBIO is freely accessible (http://www.cesbio.ups-tlse.fr/SMOS_blog/?page_id=749). The data are projected on the isea4h9 grid with a regular inter node distance of 15km.
CATDS (Centre Aval de Traitement des Données SMOS) level 3 TB has also been recently reprocessed (version 2.8), with the last improvements taken into account. These TB are already in H and V polarisations, projected on the EASE Grid version 2 (about 25 km resolution), which is the same grid of SMAP data (http://www.catds.fr/ ; http://www.catds.fr/sipad/startPage.do)



















SMAP
SMAP was successfully launched on 31 January  2015. It is equipped with an L-band radiometer (1.41 GHz) with a 40-km spatial resolution, and withnan L-band SAR (1.26 GHz) with a 1-3 km resolution. Both instruments use a parabolic mesh reflector that has a constant incidence angle of 40°. The radiometric uncertainty of the radiometer is expected to be 1.3K. SMAP has a sun synchronous orbit and an equator crossing at 6 AM (descending orbits) and 6 PM (ascending orbits), local solar time. 
[image: ]
Data are projected on the EASE Grid version 2, which is an equal-area grid, with a resolution of ~36km for the L-band TB products. The following table is extracted from Das et al. (2014) and presents the different products available from the SMAP mission. A complete description of the SMAP data is provided in Das et al. (2014). 

The SMAP data will be delivered by the NASA Distributed Active Archive Center (DAAC) at NSIDC (nsidc.org/data/smap) and also at https://www.asf.alaska.edu/smap/. The release plan is: 
- beta L1 products: 6 months after launch,
- beta L2-L4 products: 9 months after launch,
- validated L1 products: 9 months after launch,
- validated L2-L4 products: 15 months after launch.

Aquarius
Aquarius satellite was launched in June 2011 with the main objective of measuring sea surface salinity. It consists of three L-band radiometers (1.413 GHz) at 3 incidence angles (29.2°, 38.4° and 46.3°), with a resolution of 76 km x 94 km, 84 km x 120 km, and 97 km x 156 km, respectively, and has a radiometric accuracy of 0.2K. Local descending time at the equator is 6 am.

TB H and V are gridded on the EASE Grid version 2, with a spatial resolution of ~36km. Version 4 of the Weekly average TB (level 3) is available on polar grid and is distributed by the NSIDC at http://nsidc.org/data/aq3_tb.html. Also available on the same polar projections are L3 normalized radar cross-section and L3 weekly sea surface salinity.

GOCE
The GOCE mission has provided high-resolution gravity field data at a resolution of 80 km or better (Forsberg et al, 2015). The GOCE data will help to augment the gaps in the current Antarctic BEDMAP2 thickness compilation (Fretwell et al., 2015) by means of an inversion of the gravity field measurements of GOCE to ice thickness. Although this indirect thickness estimate was an official science goal of the GOCE mission, so far no formal update of BEDMAP2 with the final Release-5 GOCE data has been reported. This will be attempted in the present project by using high-resolution GOCE tensor gravity gradient grids for the highest spatial resolution.




MODIS
MODIS (or Moderate Resolution Imaging Spectroradiometer) is a key instrument aboard the Terra (EOS AM) and Aqua (EOS PM) satellites. Terra's orbit around the Earth is timed so that it passes from north to south across the equator in the morning, while Aqua passes south to north over the equator in the afternoon. Terra MODIS and Aqua MODIS are viewing the entire Earth's surface every 1 to 2 days, acquiring data in 36 spectral bands, or groups of wavelengths in the 405-2155 nm (bands 1-19) and 1360-14385 (bands 20-36) ranges.
Surface temperature information will be derived from MODIS data, in particular from the product MOD11C3 V41, which is the land surface temperature obtained by using the most refined MODIS algorithm (https://lpdaac.usgs.gov/products/modis_products_table/mod11c3). The product is ready for use in science applications, and has been already used in Antarctic studies (e.g. Scambos, 2013 NASA Headquarters release No. 13-364).

AMSR-E and AMSR2
AMSR-E instrument (Advanced Microwave Scanning Radiometer – Earth) is a passive microwave radiometer aboard the Aqua satellite. It acquired observation with an incidence angle of 55°, at 6.9, 10.6, 18.7, 36.5 and 89 GHz in vertical and horizontal polarisation from 19 June 2002 to 3 October 2011, and then stopped operating. The National Snow and Ice Data Centre of the United States provided daily TB resampled at different resolution of 12km or 25km. Sea ice concentration and snow depth datasets re‑projected on polar grids are also available.
Launched on 18 May 2012 on GCOM-W1 (JAXA) satellite, the AMSR2 instrument is the successor to AMSR-E. Data are available from January 2013.

Sentinel
The Sentinel 1 ESA mission is a constellation of two satellites that share the same orbital plane. Sentinel 1A was launched in April 2014, and Sentinel 1B will be launched in 2016, which improve the revisit time of the observations. This mission carries a synthetic aperture radar (SAR) in C-band which operates in four imaging modes with different resolution (down to 5 m). These data could be used in the coastal area and ice-shelves, as well as the impacted zones, to follow the beginning and end of melt events. Data are provided by ESA in free and open access (for details, see https://sentinel.esa.int/web/sentinel/sentinel-data-access).

CryoSat
Surface elevation, elevation changes, and the surface slope have been derived from CryoSat2 (Helm et al., 2014). Data are available on a 25 km grid through the PANGEA database. The uncertainty of the digital elevation model is less than 3±15 m for 80% of the data (based on a comparison with ICESat). CryoSat2 data are best suited to the CRYOSMOS study because they had the same acquisition period.











Table 4‑4: Satellite datasets
	Description
	Type
	Provided/Available

	SMOS, Aquarius,
SMAP
	L-Band TB: total time series and monthly, weekly average
	CESBIO, NASA

	AMSRE-2
	MW TB: total time series and monthly, weekly average
	LGGE, IFAC, CESBIO, DTU

	CryoSat
	Products: slope, surface height
	AWI Pangaea

	GOCE
	Gravity field (spherical harmonic expansions or grids of gravity gradient tensor elements at nominal GOCE altitude)
	DTU

	MODIS
	Optical/IR data
	NASA

	Sentinel
	Active MW data
	ESA



[bookmark: __RefHeading___Toc412021732][bookmark: __RefHeading__42_1103099381][bookmark: __RefHeading__1174_23106439][bookmark: __RefHeading__65_1401171909][bookmark: __RefHeading___Toc287275923][bookmark: _Toc288937127][bookmark: _Toc289595964]Derived products

BEDMAP2
Bedrock and surface topography can be obtained from the Bedmap2 database (Fretwell et al., 2013), which can be downloaded from https://secure.antarctica.ac.uk/data/bedmap2/. Bedmap2 provides surface elevation, ice-thickness and the sea ﬂoor and subglacial bed elevation of the Antarctic south of 60◦ S. The Bedmap2 ice thickness grid is made by merging 25 million measurements, which are over two orders of magnitude more than the ones used in the previous Bedmap1 version.

Accumulation map from satellite observations
The Arthern et al. (2006) accumulation map was obtained by performing the continuous-part universal kriging (Kitanidis, 1997) of in-situ measurements from 1950 to 2000 period using a background model based on passive microwave observations (AMSR-E and AVHRR) to guide the interpolation. The dataset is given with a spatial resolution of 25km, but the effective resolution of the map is estimated to be about 100 km. Thus, data variability at a smaller scale should be considered with caution. Moreover, values for locations subject to melt may be unreliable. Data are available online: http://www.antarctica.ac.uk//bas_research/data/online_resources/snow_accumulation/

Daily surface melting in Antarctica from satellite observations
From passive microwave radiometer observations, Picard and Fily (2006) retrieved a dataset of daily surface melting in Antarctica. The microwave data are provided by NSIDC in two datasets: SMMR and SSM/I. The product includes the melted/non-melted status of every pixel on the reduced Southern stereographic polar grid for every day since 1st April 1979 with a spatial resolution of 25 km, but the underlying data are at a resolution of about 60 km. This grid is a cropped version of the Southern stereographic polar grid used by NSIDC. The temporal resolution is 1 day (2 days before 1988), and the records have been almost continuous since 1979. More information and datasets are available online: http://www-lgge.obs.ujf-grenoble.fr/~picard/melting/



Climate models
Glaciological data can be obtained from climate models such as the Regional Atmospheric Climate Model - RACMO (Regional Atmospheric Climate Model) which estimates geophysical data such as precipitation and air temperature, and from the Community Ice Sheet Model – CISM (http://websrv.cs.umt.edu/isis/index.php/Main_Page), which provides information on several parameters such as accumulation and ablation rates, basal heat flux, and surface velocity.
The tri-dimensional meteorological model MAR (Modèle Atmosphérique Régional), which was mainly developed at LGGE (PI: H. Gallée), as well as the one-dimensional snow model CROCUS developed at CEN (Centre National de la Neige, France), can provide geophysical data.

Table 4‑5: Derived products
	Description
	Type
	Provided/Available

	BEDMAP2
	Height, thickness
	Online

	Climate models: MAR, RACMO2, CROCUS
	Snow accumulation, precipitations, etc.
	IFAC, LGGE

	Arthern et al., (2006) products
	Snow accumulation from satellite observations
	Online

	Picard et al., (2006) products
	Days of melt from microwave satellite observations
	LGGE
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UWBRAD – NASA (IFAC)
Starting in 2014 NASA, within the Instrument Incubator Program, founded a new project for the retrieval of the internal ice-sheet temperature using microwave sensors. The project, headed by the Ohio State University (OSU) (PI- Prof. J. Johnson), is entitled Ultra-Wideband Software-Defined Microwave Radiometer (UWBRAD). The UWBRAD concept is the result of extensive modeling studies and research activities, including analyses of ESA's 1.4 GHz SMOS data over Antarctica and Greenland. Research and technology development activities have confirmed that relative changes in ice-sheet internal temperature can be gleaned from multi-frequency emission data over the 0.5 to 2 GHz range, and that a multi-frequency radiometer has the potential to separate temperature and electromagnetic properties in the ice sheet thanks to a model-based retrieval approach. Current radiometers operating in the protected portion of L-band provide only partial ice-sheet temperature information because of their single frequency measurements. In contrast, UWBRAD will provide TB in 15 channels over the ultra-wideband 0.5-2GHz range and in environments containing radio frequency interference (RFI). To enable operations outside the protected portion of the spectrum, UWBRAD incorporates full bandwidth sampling, with software-defined algorithms to provide real-time detection and mitigation of interference and a cognitive radiometry method for locating and utilizing portions of the RFI-free spectrum. A 0.5-2 GHz antenna commensurate with instrumental and scientific requirements and capable of airborne deployment is also under development. The overall project plan includes completion of the instrument in year two, and its deployment in test flights over Greenland ice sheets in year three, for the validation of the scientific performance. UWBRAD data will enhance the research community's ability to determine the ease with which ice deforms internally and the rate at which the ice sheet flows across its base. It will also enhance the community's ability to compile mean annual temperatures and to monitor climate change. The study also includes theoretical studies on the microwave emission of the ice sheet using different models. Different teams participating in the project including IFAC-CNR, and this guarantees a mutual benefit for the two projects that will work on similar topics, and also guarantee that the CRYOSMOS team will be informed on other initiatives in progress in the US.

PolarGAP – ESA/NSF (DTU)
The ESA/NSF coordinated flight campaign for gravity, magnetic and ice-penetrating radar measurements over the GOCE polar gap (83.5-90°S), is planned for the 2015/16 field season, pending formal agreements with NSF for logistics support and coordinated US science flights.

SMOS+Sea Ice – UHAM
The SMOS+ Sea Ice project shares methodological similarities, for the problem of the retrieval of sea ice thickness, with the problem of the investigation of ice shelf signatures. This project concerns the SMOS data processing and the emissivity model. Moreover, during the SMOSIce 2014 campaign there were some flights over glaciated parts of Svalbard with the EMIRAD2 switched on. This data may perhaps be used for comparisons within the CRYOSMOS project.

Surface masse balance : Imbie project 
The ice sheet mass balance inter-comparison exercise (IMBIE) was established in 2011 as a community effort at reconciling satellite measurements of ice sheet mass balance. IMBIE is a collaboration between scientists supported by the European Space Agency (ESA) and the National Aeronautics and Space Administration (NASA), and contributes to assessment reports of the Intergovernmental Panel on Climate Change (IPCC). IMBIE has led to improved confidence in the measurement of ice sheet mass balance and the associated global sea-level contribution. The improvements were achieved through a combination of ice sheet imbalance estimates developed from the independent satellite techniques of altimetry, gravimetry and the input-output method. In going ahead, IMBIE provides a framework for assessing ice sheet mass balance, and has the explicit aim of widening participation in order to enable the entire scientific community to become involved.
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