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Title image:  

 

Summer sea ice edge near Halley Station, Antarctica. The image 

combines the two types of sea ice detectable with WindSat: Melting sea 

ice and the ice edge.
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Abstract: 

The radiations of the 3rd and 4th Stokes components emitted by Arctic sea ice and 

observed by the spaceborne fully polarimetric radiometer WindSat is investigated. Two 

types of analysis are carried out, spatial (maps of different quadrants of azimuth look 

angles) and temporal (time series of daily averages over small selected ranges of azimuth 

angles). The 3rd Stokes component at 37 GHz has shown the highest signal during early 

summer (>2 K). The next highest signals were observed at the 10.7 GHz 3rd and 4th 

Stokes component during the summer months (>1 K). The 37 GHz 4th Stokes component 

has shown the least variability (<1 K). The 10.7 GHz 4th Stokes component has higher 

signal at the ice edge, confirmed from the sea ice concentration maps derived from 

Advance Microwave Scanning Radiometer (AMSR-E) data, and similar to signals 

observed over global coastlines. From the comparison with near surface air temperature 

of the European Center for Medium-Range Weather Forecasts (ECMWF) model data and 

Scanning Multichannel Microwave/ Imager (SSM/I) NASA team ice concentrations it 

was concluded that the microphysical processes during early melting in the topmost sea 

ice layers are responsible for the high 37 GHz 3rd Stokes signal.  

  

1. Introduction 

WindSat is the first spaceborne fully polarimetric radiometer. It has been launched with 

the primary objective to retrieve the ocean surface wind vector from space. As it also 

provides polarimetric measurements over all regions of the earth, we here explore the 

WindSat data over Arctic sea ice for the geophysical information content in the 

polarimetric brightness temperatures.   

 The polarimetric data is provided in the form of the Stokes vector. It consists of 

four components that give the polarization state of the natural microwave emission:  
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Tv and Th are the usually measured vertical and horizontal polarized brightness 
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temperatures. The 3rd and 4th Stokes components, U and V, are the differences between 

the -45º and +45º plane polarized, and the left and right circularly polarized brightness 

temperatures, respectively. They provide the correlation between the Tv and Th. WindSat 

is operated at 6.8 and 23.8 GHz in dual polarization mode, i.e. the brightness temperature 

is available at vertical and horizontal polarization, and at 10.7, 18.7 and 37 GHz in fully 

polarimetric mode, i.e. the measurements are provided in the form of the Stokes vector. 

The U and V components have been extensively studied for sea surface applications [1]. 

The wind roughens the surface in the form of waves periodic in the wind direction. U and 

V are primary function of the magnitude of roughness, and the angle between the 

direction of the roughness (i.e. direction of waves) and the radiometer look angle. This 

dependency is utilized in deriving the wind vector.  

Moreover, the studies performed over land and over the Antarctic ice sheet have 

shown the dependency of U and V on the orientation of the surface features [9, 10]. Over 

land these features include agricultural field rows and sand dunes in the desert. Over the 

Antarctic ice sheet, these features include snow dunes, so called sastrugi, caused by 

katabatic winds and structures caused by erosion. However, the polarimetric data over sea 

ice have attracted little attention until now.  

 

2. Data used and quality management      

In the present work the Sensor Data Record (SDR) version 1.9 over the period of 2003 to 

2004 is used. The behaviour of Tv and Th has been rigorously investigated for sea ice 

targets, and has been utilized for sea ice concentration retrievals [3, 4, 5]. We use AMSR-

E derived sea ice concentration maps [3] and the European Center for Medium-Range 

Weather Forecasts (ECMWF) surface air temperature data as reference information about 

Arctic sea ice. Additionally, ice concentrations are estimated by applying the NASA team 

ice concentration algorithm to data of the Special Sensor Microwave Imager (SSM/I) and 

the results are used in studying the temporal variability of the higher Stokes components. 

The WindSat azimuth look geometry is described by two angles, the scan angle and the 

azimuth angle. The scan angle scanφ  is the radiometer look angle with respect to the flight 

direction, where 0º indicate the satellite ground track. Positive values are to the left and 

negative to the right (Figure 1). The azimuth angle is the radiometer look angle radφ  with 

respect to geographic north. Even though the instrument is conically scanning, only a  
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Figure 1: WindSat data acquisition geometry. 

 

limited range of data in the forward swath and the aft swath is actually acquired. This is 

because the radiometer passes under hot and cold sky calibration targets in some of the 

scan angles. Additionally the data acquisition is also restricted at some scan angles due to 

insufficient instrument calibration [6, 7].  

In order to satisfy the WindSat primary mission goal of estimating the wind vector, 

precise measurements of all Stokes parameters are required. The order of magnitude of 

the U and V parameters is a few Kelvin and, therefore, a small instrument bias can result 

in significant contamination of these measurements. This may result in a shift in the level 

of the retrieved parameters. These effects are more significant near the swath edges. In 

order to reduce the bias contamination of the geophysical signatures of the U and V 

parameters, we have restricted our entire analysis to scan angles between -25º and +25º in 

the forward swath [12]. The 18.7 GHz measurements are more affected by the calibration 

bias [6]. Hence, for the current study we have excluded the 18.7 GHz observations.  

 

3. Spatial variability of U and V 

The analysis of the U and V components is carried out for the period of two years, 2003-

2004. In order to account for the azimuth dependency of U and V, the range of the  
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Figure 2: Map of ASI Sea ice concentration derived from AMSR-E for 15th Feb 2003 

 

radiometer azimuth angle radφ  is divided into four quadrants of 90° interval from 0° to 360°. 

We found that the selected scan angle, scanφ , range of -25° to +25° results in no data in the 

90° to 180° azimuth angle quadrant. Therefore, only the three quadrants from 0° to 90°, 180° 

to 270° and 270° to 360° are considered. The spatial and temporal changes are studied by 

preparing time series of maps of seven day average for each azimuth quadrant over the entire 

year 2003. The averages were made in a 0.25° grid. In Appendix 2, the maps of the U and V 

at 10.7 and 37 GHz from Feb. 2003 to Jan. 2004 are shown. The signals observed are studied 

using the reference sea ice concentration maps derived from AMSR-E data. During most of 

the year, the 10.7 and 37 GHz U and V signals over sea ice is below 1 K (Appendix 2), which 

is small as compared to those observed over ocean surface (>2 K) [8], land surface (~2 K) [9] 

and the Antarctic ice sheet (~7 K) [10] and the Greenland ice sheet (15 K) [13]. The 

information about the sea ice edge is extracted from the previously available radiometers 

operating at dual polarization, such as AMSR-E. During February 2003,  there is high sea ice 

coverage in the Arctic. Figure 2 shows as an example the sea ice concentration on the 15th  

 



 7

 
          Figure 3:   The 10.7 GHz U component averaged over 7 day for Feb. 2003  
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Figure 4: The 37 GHz U component averaged over 7 day from end of June to end of July 2003 
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Figure 5: Map of ASI sea ice concentrations derived from AMSR-E for 27th June 2003 

 

February 2003. The signal observed at 10.7 GHz V, and 37 GHz U and V during this 

period is nearly zero (Appendix 2). The 10.7 GHz U observations are similar, except in 

the area above North of Franz Josef Land, where a comparatively high negative signal is 

apparent in the azimuth quadrant of 270º-360º, Figures 3. However, this signal is still 

around 1 K. Moreover, the standard deviation for the WindSat measurements is 0.25 K 

[13] and therefore, any signal close to this value are not considered for interpretation 

here.  

A similar analysis of the other months was also carried out. During the summer 

months, parts of the Arctic sea ice show higher U and V signals. As an example, the 

37GHz U component shows a high signal over the large area extending from the Beaufort 

Sea to the New Siberian Islands. The data of June 22nd to 27th show this effect, see the 

maps of the first row in Figure 4. However, signals in the other channels of the same 

period are low (Appendix 2).  The melting in the Arctic usually occurs during end of June 

and early July. Figure 5 shows the sea ice concentration on 27th June 2003. It shows that 

in most of the area the ice concentration is above 90%. The 37 GHz U signal reduces 
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Figure 6:   The 10.7 GHz V component averaged over 7 day from end of September to end of October 

2003 
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 Figure 7: Map of ASI sea ice concentrations derived from AMSR-E for 28th Sep 2003 

 

considerably during the next 7 days (Figure 4). Another region of high U signal occurs in 

the map of 25th July, at 85° latitude north of Greenland (last row of Figure 4). This signal 

is also reduced in the next seven day averaged maps (Appendix 2).  Only the 37 GHz U 

has shown a high signal over the closed ice pack during short periods in the summer 

months, while the other components remain below 1 K.  

Another feature of higher Stokes components emerges from the 10.7 GHz V 

signal from the entire analysis. Over the ice edge there is a clear 10.7 GHz V signal of 

typically 6 K (Figure 6), as we see from the comparison with the ice concentration maps 

of AMSR-E (Figure 7). This effect is not pronounced at 10.7 GHz U and also not at 37 

GHz U and V. A global 10.7 GHz V data analysis has shown a high signal also over 

coastlines. For sea surface applications, a filter is applied over the coastlines so that this 

data is not used for the wind vector retrieval [14].  
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Figure 8: The 37 GHz U maps of 180º to 270º and 270º to 360º azimuth quadrants compared with 

ECMWF near surface air temperature map, June 03 to June 16, 2003. 
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Figure 9: The 37 GHz U maps of 180º to 270º and 270º to 360º azimuth quadrants compared with 

ECMWF near surface air temperature map, June 20 to July 06, 2003. 
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4. Comparison with the ECMWF temperature data 

During the analysis of the complete year of 2003 in Section 3, a higher signal at 37 GHz 

U was mainly observed during the early summer period (last week of June 2003). This 

indicates a possible relation between the polarimetric signal and the sea ice surface 

temperature. In order to gain more insight into the involved processes, we compare maps 

of EFMWF near-surface air temperatures with the 37 GHz U signal on a daily basis. As 

the first quadrant (0º to 90º) of the weekly averaged maps has a large gap around the pole 

in the data coverage (Figure 4), but the azimuth quadrants from 180º to 270º and from 

270º to 360º are nearly completely covered by observations, we consider only the 

brightness temperature maps of the second and third quadrants. Figure 8 shows the daily 

averaged maps of 37 GHz U compared with ECMWF surface temperature map of 3rd 

June 2003 in the first row. In the subsequent rows similar plots are shown for 5th June, 

11th and 16th June. On 3rd June, the temperature is below freezing and the U signal is 

between ±1 K. The first melting occurred during 11th to 16th June 2003, when the 

temperature rises above zero in most of the Arctic. However, only few areas within few 

hundred kilometres of the ice edge show a higher signal. The largest closed area of high 

signal appears on the 20th of June (Figure 9, first row). The area of high signal decreases 

after 1st July, 2003 (Figure 9). The maximum is observed on the 24th June 2003 (second 

row of Figure 9). Later the signal reduces to below 1 K over most of the Arctic as shown 

in the third and fourth row of the Figure 9. Moreover, while the temperature rises above 

freezing in the whole Arctic, the high 37 GHz U signal has occurred at least once for 

every area covered by sea ice. In order to better understand the relation between the 

higher U and V signals and the temperature we selected three areas (100 x 100 km) across 

the Arctic, where the maximum signal has occurred in Figure 9, for preparing time series. 

Figure 10 shows the locations of these areas with center coordinates as Arc 1 (74.5 N, 

158.7 W), Arc 2 (75.3 N, 174.0 W) and Arc 3 (77.0 N, 124.0 E). The first two Stokes 

components Tv and Th has been extensively investigated with instruments such as AMSR-

E and SSM/I for sea ice and are used to estimate the sea ice concentration as indicated in 

the earlier section. Figure 11 shows the time series of WindSat measured Tv and Th over 

the study area Arc1. The colors indicate the frequencies. The Gap in the time series is due 

to the unavailability of the data during October 2004. The decrease in the brightness tem- 
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Figure 10: Map of the study area locations. 

 

perature from June to August indicates the melting of the sea ice. The emissivity of the 

sea ice is around 0.9 and that of open water varies with frequency from 0.4 at 6.8 GHz to 

0.7 at 37 GHz. As a consequence, the range of the seasonal cycle decreases with 

frequency from ~150 K at 6.8 GHz to ~80 K at 37 GHz. The scale and variability of the 

Tv and Th agrees well with the pervious studies made at similar frequencies [3, 4]. The 

melting of the sea ice can be verified from the ECMWF temperature time series of the 

first plot of Figure 12, which shows an increase in the surface temperature above melting 

during June. Similar was analysed for other study areas (Appendix 1).  

Figure 12 compares the time series of daily minimum and maximum ECMWF 

surface air temperature (Figure 12a), SSM/I derived ice concentration (Figure 12b) and 

the 37 and 10.7 GHz U for the location Arc 1 for February 2003 to January 2005. The 

ECMWF temperature time series depicts the annual thermal cycle. Continuous melting 

sets on during June, with some isolated daytime melting events already in May. The first 

local maximum around 0.8 K in the 37 GHz U signal (Figure 12c) seems to mark the 

onset of melt. The absolute maximum of the season of over 2 K is reached end of June 
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Figure 11: 6, 10, 23 and 37 GHz Tv (a) and Th (b) time series from February 2003 to December 2004, 

for the location Arc1. 

when the temperatures are continuously above freezing since more than one week, and 

when the ice concentration has reached about 80% during its summer decrease. Here we 

only consider the absolute values of the U signal. The sign is related to the azimuth 

direction of the anisotropic process generating the U signal. The azimuth dependency is 

not considered here. Obviously the higher U signal over sea ice relates to the processes 

that occur after melting of the surface sea ice starts. During the entire summer period the 

U signal is much more variable than during winter (Figure 12) with the highest signals 

occurring during June and during October to November. A sudden and isolated 

temperature rise in January 2004 from -30º C to nearly 0º C gives the clearest evidence of  



 17

 
Figure 12: Time series of daily averaged 10.7 and 37 GHz U shown in (c) and (d) compared with time 

series of daily maximum (black) and minimum (red) ECMWF air surface temperatures in part (a) 

and sea ice concentration derived from SSM/I (b), from February 2003 to November 2004 for the 

study area location Arc 1. In (c) and (d) red means ascending and black descending orbits. 
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Figure 13: Time series of daily averaged 10.7 and 37 GHz V shown in (b) and (c) compared with time 

series of ice concentration derived from SSM/I (a), from February 2003 to November 2004 for the 

study area location Arc 1. In (b) and (c) red means ascending and black descending orbits. 

 

the relation between the temperature and the 37 GHz U signal, which increases from -0.3 

K to -1.7 K. Although the peak in the ECMWF model near surface temperatures already 

reaches only about -2º C, it appears plausible to us that the peak at the same time in the 

37 GHz U component is related to surface melting because in this data spares region 

easily model error can occur, and because it would be difficult to think of processes 

which occurs below melting temperatures generating processes at such large scales. The 

peak also allows estimating the relaxation time of the process: the 37 GHz U signal takes 
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nearly one month to reduce to its original value. Presumably, this short event does not 

reach as deep as the penetration depth of 10.7 GHz because in the 10.7 GHz U channel 

the sudden temperature increase is not reflected. The U signal is more pronounced in the 

37 GHz time series (Figure 12c) than at 10.7 GHz (Figure 12d). At 37 GHz it exceeds 2 

K during the last week of June, when for 10.7 GHz it was below 1 K. As the 37 GHz 

radiation has a lower penetration depth than 10.7 GHz, the higher U signal must be 

produced by processes in the upper layers of the sea ice after melt onset.   

Figure 13 shows the comparison of the sea ice concentration with 10 and 37 GHz 

V. In the last section it was shown that the ice edge produces higher signal mainly in 10.7 

GHz V. During the melting season, the ice concentration in Arc 1 reduces to nearly zero. 

The ice edge moves across the study area. In August and October the high 10.7 GHz V 

signal is clearly related to the ice edge. In contrast to 37 GHz U, the 37 GHz V signal is 

much lower (not exceeding 0.5 K, Figure 13(c)). Therefore, we presume that the 

processes generating the 10.7 V ice edge signal occurs not near the surface, but at the 

penetration depth of the 10.7 GHz signal.  The relation of these processes to those 

generating the 10 V signal at the worldwide coastlines is unclear.  

The similar is observed for the other two areas, Arc 2 and Arc 3, see figures in 

Appendix 1.  

 

Discussion and Conclusion 

Analyses of the WindSat polarimetric U and V signals are carried out over the Arctic sea 

ice. In order to find out the period and location of higher polarimetric signals, maps of the 

year 2003 polarimetric U  and V components are analysed and compared with the sea ice 

concentration maps derived from AMSR-E data. During most of the year, the 10.7 and 37 

GHz U and V signals over sea ice is below 1 K. The exceptions are related to the melting 

period in summer and to the ice edge. All the higher signals in the U and V Stokes 

components occur during the melting period. This is in line with previous studies (e.g. 

[11]), which reported a high variability of the sea ice emissivity also in the Tv and Th 

Stokes components, reflecting the fact that the summer sea ice surface conditions are 

extremely variable in time as well as in space.  

In order to prove the dependency of the polarimetric signal on temperature, time 

series of ECMWF surface temperatures of the three regions of investigation were 
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prepared. During the entire summer the U and V signal is more variable than during 

winter. The highest signal of up to 2 K occurs in the 37 GHz U channel. It can be very 

clearly related to the melting processes. The next highest signals are observed in the 10.7 

GHz U and V channels. They reach up to about 1.7 K. One of the sources of the 10.7 

GHz V signal is the ice edge. In contrast, the 10.7 GHz U signal seems to be related to 

melting processes of longer duration so that they reach the penetration depth of 10 GHz. 

The U signal at both 37 and 10.7 GHz suggests some geophysical anisotropic process 

during the melting season. They are present in both the top and the lower layers of Arctic 

sea ice. The reduced signal level at 10.7 GHz could be explained by attenuation of the 

signal by the uppermost sea ice layers. 

The nonzero V signal seems to be related to the ice edge. The signal generating 

process could be similar to the one generating the V signals along the worldwide 

coastlines. Obviously, a reasonable assumption explaining both phenomena would be a 

misalignment of the left circular and right circular feedhorns for 10.7 GHz. This has been 

confirmed by the WindSat PI, Peter Gaiser (private communication, 2008), and a new, 

corrected  data release is currently being prepared. A nonzero U signal requires quantities 

distributed anisotropically in azimuth within the footprint of the sensor. Currently we 

only can speculate on them. Plausible candidates could be unevenly distributed ice 

concentrations (e.g. the left half footprint completely ice covered, the right half open 

water), or microphysical properties influenced by vector quantities like wind or ice drift. 

However, in order to relate the higher polarimetric signature to the geophysical quantities 

of sea ice, more microphysical data of sea ice is required. It could be obtained from field 

campaigns on sea ice during early summer to shed more light on this topic. 

Even without a full understanding of the mechanisms generating the signals  in 

the U and V components, we can already devise potential applications: The highest 

occurring values which appear in the 37 GHz U channel is clearly related to melting 

processes at the surface. So this channel can be used to identify surface melting 

processes. This is important because under melting conditions the ice concentration 

retrieval is less reliable. The ice concentrations may be reduced up to 10 %. Figure 12b 

shows an example in January 2004, where a sudden temperature rise in the austral winter 

(around Jan. 5, Fig. 12a) is clearly accompanied by an increase of the 37 GHz U signal 

(Fig. 12c) and a reduction of the retrieved ice concentration by over 10 % (Fig. 12b). As a 
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temperature rise to just 0°C cannot cause a large-scale melt of ice in winter, the reduced 

ice concentration must be artefact. It can be identified from the 37 GHz U signal. As a 

first guess threshold we identify from Figures 12b, A1.1b and A1.3b the condition 

abs(TB37U)>0.7 K. If this condition is fulfilled, in all examined situations the ice 

concentration is less reliable and can be marked as such. For climate time series, a 

correction can easily be developed from the brightness temperatures observed before and 

after the event.  

Such a correction can easiest be applied to the WindSat derived ice concentrations which 

are routinely calculated by the National Ice Center (Washington DC, USA). However, 

also the much wider used NASA Team 2, Bootstrap and ASI ice concentrations, based on 

the AMSR-E and SSM/I data, the additional knowledge can be applied. 
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Appendix 1 

Time Series of the Study Area Locations Arc 2 and Arc 3 
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Figure A1.1: Time series of daily averaged 10.7 and 37 GHz U shown in (c) and (d) compared with 

time series of daily maximum (black) and minimum (red) ECMWF air surface temperatures in part 

(a) and sea ice concentration derived from SSM/I (b), from February 2003 to November 2004 for the 

study area location Arc 2. In (c) and (d) red means ascending and black descending orbits. 
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Figure A1.2: Time series of daily averaged 10.7 and 37 GHz V shown in (b) and (c) compared with 

time series of ice concentration derived from SSM/I (a), from February 2003 to November 2004 for 

the study area location Arc 2. In (b) and (c) red means ascending and black descending orbits. 
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Figure A1.3: Time series of daily averaged 10.7 and 37 GHz U shown in (c) and (d) compared with 

time series of daily maximum (black) and minimum (red) ECMWF air surface temperatures in part 

(a) and sea ice concentration derived from SSM/I (b), from February 2003 to November 2004 for the 

study area location Arc 3. In (c) and (d) red means ascending and black descending orbits. 
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Figure A1.4: Figure A1.2: Time series of daily averaged 10.7 and 37 GHz V shown in (b) and (c) 

compared with time series of ice concentration derived from SSM/I (a), from February 2003 to 

November 2004 for the study area location Arc 3. In (b) and (c) red means ascending and black 

descending orbits. 
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