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1. Introduction

As a candidate of the Earth Explorer Programme, Eoeopean Space Agency
proposed the (CoReH20) mission, consisting of aelde mission for the

monitoring of snow, glaciers and surface water,edasn a dual frequency SAR
sensor at Ku- and X-band frequencies, VV and VHaposétions [Ref. 1].

Following the proposal, in the last few years thevelopment and testing of
algorithms for retrieval of Snow Water EquivaleBWE) characterized the efforts of
the scientific community. Many dedicated field esipeents have been performed in
different snow-cover type environments over differeegions of the World. In

particular, between January 2011 and April 2013yr fairborne campaigns were
accomplished with the SnowSAR instrument, the ESARSsensor designed,
manufactured and operated by MetaSensing BV anoh@ar GmbH for collecting

airborne backscatter data with the CoReH20 chaiatibts. Repeat pass
measurements have been executed in scientificaligrasting areas of Finland,
Austria, Canada and Alaska, concurrently with otparallel airborne and ground
surveys based on different technologies.

The delivery of SnowSAR products has been recdmtbfized, consisting in a total
of nearly 40 GBytes of calibrated polarimetric irmagt X- and Ku-band. The present
report, together with the referenced documentapoovides end users with additional
means for assessing SnowSAR data quality. The sismu is focused on the
achieved radiometric results of the SnowSAR dali@ction during 3 winter seasons,
from 2011 to 2013. The main calibration steps ef phocessing chain are discussed,

and several examples taken from the delivered estase given.

The document has been structured also taking omsideration the fruitful questions
which have been raised from end users and scieetfinmunity following the initial
release of SnowSAR datasets. Each chapter addressasdifferent step of the
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processing phase with the intent of contributing tmirther insight in SnowSAR data

interpretation and usage.

1.1 Outline

After this introductory part, Chapter 2 pays ati@mtto the raw data processing for
the generation of dual polarimetric images at the $nowSAR X and Ku frequency
bands. In particular, the robustness of the pracdssdemonstrated by showing that
no artefacts are introduced in the images genelateprocessing Gaussian random
raw data with no yaw variation.

Chapter 3 focuses on the internal calibration phtéetracking of transmitted power
and the noise levels estimation procedures aresied in detail.

Chapter 4 deals with the external calibration ph&s®rmation is given about the
corner reflectors deployment during the performedngaigns, about the Gray
algorithm used for the RCS estimation of the reflex; and about the uncertainty
deriving by the use of such algorithm for the R@8ieval. Additionally, details of
the calibration factor and of the optimal antenomfing angle are also discussed.

In Chapter 5 a radiometric performance analysiprissented for the SnowSAR
measurement campaigns in Finland, Austria and Ganlag comparing processed
images from data acquired twice over the same area.

In Chapter 6 a comparison is performed between SWdvdata and TerraSAR-X
images acquired in quasi-coincidence dates.

Conclusions and potential improvements are drawrClvapter 7 and Chapter 8,
respectively.

10
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2 Processor robustness

The processing of SnowSAR images is performed nmeethmain steps, turning

acquired raw data into SAR images:

Range compression
Doppler filtering
Ground Back Projection (GBP) algorithm

The overall processor gain is given by the gaimf{@nloss) contribution of each step.

The range compression introduces a gain due totanowmalized Fast Fourier

Transform (FFT) which is equal to the root squaréhe number of samples, plus the
windowing loss.

The Doppler filtering introduces a windowing loss.

Since the GBP algorithm implemented by MetaSensiognalizes the gain of the

azimuth windowing used during the projection, tilyaesulting gain is given by the

range dependency correction (equal to the rangendis to the power of 4).

An analysis of the processing gain of differentpsten the SnowSAR focusing
algorithm is presented in this chapter. The ainthef analysis is to show that the
processing gain of SnowSAR processor is constadt @edictable, therefore no
inaccuracy is introduced during the focusing stepach presummed image when no
yaw variation is considered. Each presummed imageesponds to the focusing of
fixed Doppler bandwidth centred at specific Doppentroid. A number of Doppler
centroids are selected so that the whole cluttectspm is processed, with 50%
overlap of each presummed Doppler bandwidth. Adl presummed images are then
incoherently added to generate a SnowSAR calibriatede, as further illustrated in

this report.

11
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2.1 Random raw data

In order to demonstrate the robustness of the psoce Gaussian random data have
been generated (see Figure 1) and given as inghet8nowSAR processor together
with the navigation data of an actual airborne &itjan. The chosen track belongs to
the AIpSAR campaign, Mission 1, X band, VV pol, cka M2 (ref file

20121121115611). It is to be noted that any otlefopmed track could be chosen
without loss of validity of the achieved resulthieTused navigation data are referred

asnavigation data in the following plots.

Example of simulated raw data
400 T T T T T
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x10° Histogram of generated random data
4 T T T
3+ —
s
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Digatal value

Figure 1 - Raw data generated with a Gaussian distributiortiptied by 100 (top), corresponding to a
single chirp (4000 samples), and the correspondistgibution (bottom).

2.2 Range compression

Each simulated deramped chirp (AIpSAR data haven la@guired with an FMCW
system) contains 4000 samples, corresponding tAlSAR PRF of 2.5 KHz and
the sampling frequency of 10 MHz. During the rarmgecessing, the first 100

12
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samples of each chirp are set to zero; on the rengaB900 a Hanning windowing is
applied before performing the FFT for the range prassion. Having in mind that the
loss of a Hanning window is 4.26 dB, a gain of B0ROO0 - 4.26 = 31.65 dB is

expected.

Figure 2 shows the mean power value of the datairsdd after the range
compression step, and of the raw simulated data.tWb curves differ according to
the theoretical value.

Range processing gain
85 T T | I

1
: Mean power of raw data
B8 s e e e s A mean power of range compressed data
; ] —— difference

(=2}
(=]
T
|

Power - [dB]
{8,
)]
T
1

40 , - _ - : ]

30 i i L L i I
0 1000 2000 3000 4000 5000 6000 7000
Chirp number - []

Figure 2 - Mean values of the power for raw data and for rasayapressed data and their difference.
The correspondence between expected and achieirediang the range compressing step is verified.
A block of 6144 chirp has been simulated for theppse.

2.3 Doppler filtering

After range compression, the presumming step idopeed with a constant

presummed Doppler bandwidth, centred on adjaceppl@o frequencies, spaced half
of the presummed Doppler bandwidth. A presummingofaof 8 is used in the

present analysis, like for the processing of acdllgEAR data.

13
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The first step of the Doppler filtering consiststiansforming the range compressed
data into the Doppler domain. A Hamming window cedtat the Doppler centroid of
interest and with an extension equal to the PRiédd/by the presumming factor is
applied to the range-Doppler data. After this step,data are transformed back in the
range compressed time domain. For the Dopplerifijegain, the same steps for the
calculation of the range compressed data gaingseton 2.2) are applied, leading to
a theoretical value of -10.29dB. By applying theppler filtering to the generated
random noise data the same value can be foundr(gere 3).

Presumming processing gain
76 T T T T T T
: : mean power of range compressed data

: : mean power of presummed range compressed data
T | R T ST e e s T —

Fower - [dB]
(2]
@
!
1

e e o]

60_ ..................................... e gl G 2 -

58 i i I I 1 i
0 1000 2000 3000 4000 5000 6000 7000

Chirp number - []

Figure 3 -Mean power of the range compressed data and presdmdata, showing a loss of 10.29dB.

Once the data are filtered in Doppler, the rangepressed data are decimated along
the chirp number dimensions with a factor equahepresumming factor. Following,
the presummed data are processed with a Dopplembdin equal to the presummed

PRF reduced of 10% as margin factor. Each presummade is processed with a

14
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Doppler filter centred at the specific Doppler e¢eid. Therefore, the whole Doppler
spectrum due to the antenna azimuth pattern iepsed.
Figure 4 shows the statistical distribution of flnesummed range compressed data.

x 107 Histogram of the intensity of mean power of presummed range compressed data
25 T T T T

1.5+ =1

Distribution
__f

IV |

o I i i
60 60.5 61 61.5 62 625
Intensity - [dB]

Figure 4 - Distribution of the intensity values of the imagefdre the GBP focusing step.

2.4 GBP of the presummed range compressed data

The random data (see section 2.1) used in thequewimulation have been inserted
into the MetaSensing SnowSAR GBP processor togetftbrthe relativenavigation
data 1and Digital Elevation Model (DEM) of the area.

Within the GBP algorithm the presummed range cosy@mé data are scaled by the
factorR*, whereR is the slant range. However, in the present armlyss step is
omitted in order to show that the only contributitonthe gain introduced during the
GPB focusing is represented by the range dependsaregction. In fact the random

data do not contain any range dependency.

The image generated by the MetaSensing GBP pracesssbown in Figure 5. The
range dependency contribution is plotted in Figérand then removed from the
detected image. The result is illustrated in Figarand the statistical distribution is

reported in Figure 8.

15
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Detected image - Intensity - [dB]
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200
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Figure 5— Intensity of random data processed with ranged@gncy (track M2, X-VV pol, Mission 1
ref file 20121121115611).

R to the power of 4 - [dB]
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Figure 6 - Range dependency contribution.
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Figure 7 - Intensity of the detected image (Figure 5) scalethk range correction (Figure 6).

Distribution of the intensity of the image with the range correction removed
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Figure 8 - Intensity distribution of the image scaled by thage dependency contribution (Figure 7),
processed withhavigation data 1
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By comparing Figure 4 and Figure 8, it is possibl@ppreciate the good stability of
the GBP processor as implemented by MetaSensinfactnthe distributions of the
intensity of the range compressed data and of tdmmalized focused SAR images

match very well.

In Figure 9 is shown the normalization factor ctdted by the GBP. This

normalization factor takes into account the contitn of the azimuth and range
variation of the integration time, due for instartceaircraft squint or to velocity

variation during the acquisition.

In the overall image the normalization factor vara few dBs, due to the different
number of range profiles used during the focusirtgs number is directly related to
the integration time, which varies in the image duehe range (influenced also by
the topography), by the velocity and the attituéi¢he aircraft, each varying during a
single acquisition.

Normalization performed by the processor during back projection - [dB]

E 600

o 800

§ 1000

= 1200

€ 1400

o . i

Q -2000 -1000 0 1000 2000 3000

Azimuth - [m]

Figure 9 - Normalization factor calculated by the GBP and usestale the output image so that no
gain is introduced by the focusing step.

In order to demonstrate that the processor doesimtobduce any ‘temporal’
radiometric inaccuracy, the same analysis illusttado far has been performed by
using the same Gaussian random raw data with erelift navigation dataset relative
to the same acquisition track performed during &erlamission (ref file
20130124124947, AlIpSAR, Mission 2, X band, VV pobferred asavigation data

2. The resulting detected image, the range depegdmndribution and the intensity
image scaled by the range dependency are showiguineF10, Figure 11 and Figure
12 respectively.

17
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Detected image - Intensity - [dB]
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Figure 10 —Focused image generated by the processor, trackdfiflle 20130124124947), Mission 2

R to the power of 4 - [dB]
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Figure 11 — Contribution of range equalization performed durihg processing.
Intensity scaled to the power of 4 - dB
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Figure 12 — Intensity of the focused image scaled by the rategendency contribution.
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The intensity distributions of the images scaledh®/range dependency contribution
(Figure 7 and Figure 12) are compared in FigureSkatistically speaking, the two
curves (normalized to the unity to facilitate themparison) match very well
(differences below 0.02 dB). Therefore, the processes not introduce any artefact,

even on a ‘temporal’ basis.

Distribution of the intensity of the image with the range correction removed

I I T
—Navigation data1
Navigation data2

Distribution
o o o o = e o o
i w ES o o ~ ® ©

o

i i
%1 61.1 61.2 61.3 614 615 616
Intensity - [dB]

Figure 13 —Comparison among normalized histograms relatithéaandom dataset processed with
navigation data Jandnavigation data 2

The histograms of the intensity of the presummetjeacompressed data shown in
Figure 4 and of the intensity SAR image shown iguFé 8 are compared in Figure
14. It is evident how the distributions of the imtéty of the resulting images are well
aligned. The two histograms are normalized to umityorder to facilitate the
comparison.

The MetaSensing GPB processor is stable and daestrazluce any artefact.

19
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Figure 14 —Intensity distributions comparison (see Figure d Bigure 8).

2.5 Co- to cross-pol ratio of SnowSAR images

During preliminary review of the SnowSAR datasetisumal features were noticed in
some images of the AIpSAR campaign. In partic.cdame areas were pointed out in
which the extracted mean co- to cross-pol ratialtesn around 0 dB, regardless the
frequency band and/or the considered period of¢tae, see Figure 15 [Ref. 2].

i Mission 3

Figure 15- Geotiff SnowSAR images showing the mean co+tss-pol ratio (grey scale, black
meaning 0 dB) during the three AIpSAR missionsXdsand (up) and Ku band (bottom) [Ref. 2].

20
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The mentioned features are always located overs#me areas and they can be
noticed in data acquired during different missiombe processor stability and the
accuracy of the used DEM have been investigategpasential causes for this

unexpected mean co- to cross-pol ratio value.

This chapter has eventually shown that the processiable in terms of radiometric
accuracy. Additionally, since the discussed feaare seen in images processed with
different DEMs (Digitales GelandeModell , DGM andhuitle Radar Topography
Mission, SRTM [Ref. 3]), it means that neither #eeuracy nor the resolution of the

adopted DEM has significant influence on this issue

As a conclusion, the unexpected co- to cross-pid et ~ O dB in certain areas
cannot be adduced to the processor stability tne¢aaccuracy of the used DEM. It is
opinion of the authors of the present document po&tntial reasons should be rather

investigated in the physical characteristics ofdhserved areas.
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3 Internal Calibration

The radiometric calibration is a necessary ste@fquantitative use of acquired data.
It can be divided into internal and external caltion [Ref. 4]. The present chapter
addresses the potential sources of radiometricrtaoges deriving from the internal

calibration.

3.1 Transmitted power

The SnowSAR power levels have been tracked dunegyemission by logging the
transmitted power values of each acquisition trdeko dedicated power meters with
0.13 dB accuracy have been used for the two sulerags(X and Ku frequency
bands). Transmitted power is measured through pleowith 30 dB attenuation for
the X band and 27 dB for Ku band.

In Figure 16 an example is given of the power teackluring a mission of the

Canadian campaign: the two curves, blue and rgatesent the measured power
respectively at X and Ku band as a function of tiliéer an initial warming up phase

(up to ~1500 time samples) in which the systenorisstantly on, the acquisitions slots
alternate with “non transmitting” intervals in whidhe aircraft is aligning for the

following track.

The X band amplifier shows a very stable output @owvhile the Ku band exhibits a
larger fluctuation which is however tracked withl®.dB accuracy and finally

corrected during the focusing of the data.

To better appreciate the dynamics of the transchpt@wver, the same data at X band
of Figure 16 are plotted in Figure 17, without lk®ain between following
acquisitions. The spikes which can be noted cooms$po the beginning of each

acquisition.

23
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Figure 16 —Transmitted power levels tracked during the Camatassion 2 (13 March 2013), as a
function of time.

Figure 17 —Transmitted power tracked during Canada Missioh3 March 2013) at X band.

Figure 18 shows the occurrences of the plots imr€id.6. The power remains stable
over repeated acquisitions.

24
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Figure 18 —Occurrences of measured transmitted power levelagiCanadian mission of f3arch
2013 at X and Ku band.

For convenience, instead of the measured power dditing curve is used during
the calibration phase. Figure 19 shows an exanfgleeditting curve relatively to the

tracked power at X band of Figure 16.

Figure 19 —Transmitted power tracked during Canada Missioh3 March 2013) at X band.

The error resulting by using the fitting curve gt of the measured values is plotted

in Figure 20. It is less than 0.02dB, thus neglib
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Figure 20 —Approximation error due to the adoption of theijtcurve instead of measured values.

In addition to the analysis on the transmitted pow&hin the same mission, a

temporal analysis relative to an entire campaiggiven. As example, the Finnish

campaign is considered, in which 10 distinct missiavere performed in a 4 months

period span.

The mean TX power level relative to each acquisitrack has been extracted and the

values over the whole mission are averaged. Inr€iga the average power levels are

shown, from mission 1 to mission 10, together whit relative standard deviation.

The power variation all along the missions is leditand still accurately tracked.

Figure 21 -Averaged transmitted power levels (top) for eacksion of whole Finnish SnowSAR

campaign at X and Ku band, and relative standavéatien (bottom).
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3.2 Noise levels

The noise levels and therefore the receiving gamehbeen estimated for each
acquisition track of any SnowSAR mission directlgni the range — Doppler map,
during the processing of the images. A rectangatlea is set in a zone in which there
is no clutter, and the noise values are trackedHerwhole acquisition (see Figure
22).

Figure 22 —Range—Doppler map example relative to an acquisétoX band of the Finnish campaign.
Within the black rectangular area the noise lewasl been tracked.

Figure 23 shows an example of tracked receivinqigyaif the four SnowSAR
channels. All the channels are stable, but the X8hdnnel. In fact, the estimated
noise levels (not normalized values in the figuoé)X-VV channel are unstable

within the overall mission and for any performedsnon.

The problem is present in all the missions and #ffecting only the X-VV channel
This issue has been solved in the second generaftibtte SnowSAR instrument by
changing the design of the circulator device atibducing a switching of the supply

power of the transmitting amplifier and of the reagg LNA.

Similarly to what done for the transmitted powdsoafor the noise level a temporal
behaviour is extracted for the overall campaige, Sigure 24. Once again, the higher
variation of the X-VV channel can be noticed (dgrithe first mission there was a

component failure).
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Figure 23-Example of noise levels estimated for SnowSAR Ehmission 6.

Figure 24 —Example of noise levels estimated over an enti@&AR campaign (mission 1 to

mission 10 of the Finnish one).

A receiving gain equalization function is appliedthe X-VV channel to compensate

for the unstable behaviour. A reference receiviagndevel is extracted from the

estimated gain over the entire campaign. For eactuisition track a gain
compensation factor for X-VV is calculated and aggpl[Ref. 4]. The set of the

estimated factors are listed in the Appendix Bhig teport.
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4 External Calibration

The antenna pattern and receiving gain contribatiare compensated during the
external calibration phase. In order to estimagedalibration factor and to optimize

the antenna elevation pointing angle, corner reghscwith known RCS are deployed

and then imaged with dedicated calibration acqarsst

It was planned to use trihedral and dihedral canerspectively, for co- and cross-
pol image calibration. However, most of the timewas not possible to use the cross-
pol corners during the post processing calibragibase, because of their very narrow
response, which leads to unreliable RCS values vdssociated with the aircraft

attitude motion.

The antenna patterns have been re-measured fobaadhand polarization in order to
confirm the patterns measured by the manufactaranechoic chamber.

In the remaining of the chapter, corner deploymentshe different missions are
illustrated in section 4.1, while the estimatiortlod corner RCS from the multilooked
SAR images through the Gray algorithm is descriledection 4.2. Successively
section 4.3 illustrates the measured antenna pattdrereas section 4.4 describes the
antenna pointing refinement steps carried out dutie SnowSAR data processing in
order to improve the antenna pattern correctiorcti®® 4.5 concludes the chapter
addressing the calibration factor retrieval.

4.1 Corner deployment

Without loss of generality, the AIpSAR mission lhisreby used as example to show
the corner deployment procedure. In that occadenr¢flectors have been deployed
on the Leutasch site. The starting and stoppingpwiays of the ideal calibration track

are given in Table 1, corresponding to track L2 (Segure 25).
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Table 1- Calibration track waypoints - track L3.

. Latitude  Longitude Flight altitude
Track Waypoints
Decimal degrees On average sea leve
L3 Al 47.343562° 11.121700° 7700 ft
Bl 47.378566° 11.188350° (2347 m)

Figure 25-Flight trajectory relative to the track L3 (Leuthssite). The corners have been deployed
along the ideal swath (in yellow) of this track.

The flight direction for the acquisitions over theutasch site was set to be 52°,
parallel to the main valley direction. Since thenso reflectors on the ground have to
be azimuthally oriented in the orthogonal directtonthe flight track, these have a
nominal pointing angle in azimuth of 142°.

In elevation, the maximum response of the squareefdrihedral corner is at= 35°
from the lower face: since more corners are depl®leng the swath, the aircraft
antennas see the corners under different elevatigles. Therefore, in order to
maximize the reflector response, they have to bedtiby different angles on the
ground depending on their distances from nadirFsgere 26.
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Figure 26-Corner deployment along the swath. Each corneattierent nominal tilt angle,
depending on its distance from nadir.

In general, for any SnowSAR campaign the cornexse Heeen deployed and tilted
considering a nominal flight altitude of 1200 m owlee ground and a nominal look
angle of 40° and an antenna aperture of 20°. Tpokoorners are trihedral reflectors
with square faces with 30 cm side.

4.1.1 AIpSAR campaign

The designed distances of the corners during th&AR campaign are 1135 m, 1051

m, 935 m, and 843 m from the nadir, starting frowa c¢orner in far range (corner 4).
For the orientation in elevation, a digital inclmeter was used. Figure 27 shows an

example of angle measurement using a tilt metéative to corner 3). The designed

tilt angles from far to near range are 11.6°, 13.2° and 19.9°.
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Figure 27 —Corner reflector deployment (left) and relativevaliion angles measured with a digital
inclinometer (right).

Table 2 summarizes the information of the deployedlectors: geographic

coordinates, nominal and measured elevation angle.

Table 2-Corner details for AIpSAR mission 1.

Corner Latitude Longitude Nominal Measured
elevation elevation

1 (farrange) | 47.376380f 11.159247F 35.1° 35.4°

2 47.376108°| 11.160650 38.0° 37.9°

3 47.375188°| 11.161312 41.8° 40.9°

4 (near range) 47.374670° 11.162400° 43.4° 43.0°

Placemarks were left on the ground after the finggsion and the location of the

corner reflectors has not been changed in thevitig two missions.

4.1.2 Finnish campaign

The table in Figure 28 [Ref. 5] summarizes thenmiation of the deployed reflectors
for the whole SnowSAR Finnish campaign reportinggggaphic coordinates and
measured pointing angles. It is to be noted thatfizsion 1 to 5 the reflectors were
put in place in the morning of each acquisition @ removed after the flight;
instead, from mission 6 to 10 (intensive measurereriod) they were left in place,
and just cleaned from snow before acquisitions.

Only one corner has been used for Tundra and ®eaiksions.
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Figure 28 —Table with geographic coordinates (decimal degresinuth and elevation orientation
angles (degrees) of corners used during SnowSARidfirtampaign [Ref. 5].

4.1.3 Canadian - Alaskan campaign

Unlike the other campaigns described in the prevparagraphs, the corner reflectors
have been positioned on a dedicated area clodeetaitport instead than deploying
them over the main acquisition field. This choices theen led by logistic reason.
More than 50 km divide the town of Inuvik (hostitige airport, base for operations)
and the chosen acquisition site. Covering thisadist at such latitudes in winter
period is not a trivial task, requiring snowmobilasd skilled teams. Since the
corners need to be clean and their position medsitrévas been considered more
practical to deploy them on a more accessible site.

In Figure 29 the nominal tracks are shown, togethéh the designed corner

positions.
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Track C2 represents the ideal track for ‘seeing’ tlorners. Acquisition C1 and C3

are performed as additional tracks. Table 3 repiiswaypoint and coordinates of

each track.
Table 3 - Calibration tracks waypoints
Track W int Lat (N) Lon (W) Allitude
rac aypoin a on
P MSL
c1 C_Al 68° 23.081 133° 46.914'
C_B1 68° 23.173' 133° 44.160'
4000 ft
C_A2 68° 23.003 133° 46.907'
Cc2 ~1220
C_B2 68° 23.092 133° 44.140
m
c3 C_A3 68° 22.925' 133° 46.881
C_B3 68° 23.012 133° 44.126'

Figure 29 - -Calibration tracks and designed corners deployment.

Table 4 summarizes the information of the deplogeftectors for the second day
(14" March 2013) of acquisitions for the Canadian nois<.
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Table 4 —Corner reflector info for Canadian mission 2, dgptbon 14' March 2013 (courtesy of EC).

Similarly, Table 5 summarizes the information of tiheployed reflectors for the first

day (8" April 2013) of acquisitions for the Canadian missB. Corner reflectors have

been deployed over the same area of mission 2.

Table 5 -Corner reflector info for Canadian mission 3, dgptbon &' April 2013 (courtesy of EC).
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For the Alaskan mission, the corner reflectors hbgen placed on a frozen lake.

Track C2 represents the optimal track for ‘seethg’ corners. Acquisition C1 and C3

are performed as additional tracks (Figure 30). Whagpoints shown in Figure 30 are

summarized in Table 6.

Figure 30 -Corner disposition for Alaskan missions, and desiljimajectories.

Table 6 -Calibration tracks waypoints.

Track Waypoint Lat (N) Lon (W) Altitude MSL
C_Al 68° 37.563' 149° 38.205
“ C B1 68° 37.375 149° 34.333
C_A2 68° 37.439 149° 38.224 6400 ft
© C B2 68° 37.256 149° 34.375 (1950 m)
C_A3 68° 37.339 149° 38.240
© C_B3 68° 37.159' 149° 34.405

The following two tables give the corners inforroatifor the two acquisition days

(18" -19" April 2013) of the Alaskan mission.
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Table 7 -Corner reflector info for Alaskan mission, deployet18" April 2013 (courtesy of EC).

Table 8 -Corner reflector info for Alaskan mission, deployat19" April 2013 (courtesy of EC).
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4.2 Reflector response estimation with Gray algorithm

The Gray algorithm [Ref. 6] is applied for the gstion of the RCS of the corner
reflectors from SAR focused images and used tanesti the calibration factor and
fine tune the elevation antenna pointing.

The algorithm is robust because it is not a purotéséimation of the RCS, but it
performs an average of the energy around the targkincluding the target. In order
to remove the contribution of the clutter, its \alis calculated by neighbour
homogeneous area. The backscattering of cluttex &ré¢hen subtracted from the
backscattering of the target area to retrieve t8& Rf the corner. An example of the

target and clutter area is reported in Figure 31.

Figure 31-Zoom in of the calibration track L3 (ref file 201221135502, Mission 1 AlpSAR) with the
corner reflectors. The two rectangular areas reptete target and clutter squared area used in the
Gray algorithm.

The contribution in the uncertainty of the RCS restion by the Gray algorithm is
analysed in the remaining of the section.

Without loss of generality, an AIpSAR mission ixemered (mission 1); the corners

can be seen within track L3 (ref file 2012112113855@Gnd L3-2 (ref file
20121121141212), see Figure &3.Table 9 the target (corner) and clutter posgion
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are given in terms of image pixels, where eachtpepresents the central point of the

relative square (target and clutter areas).

Table 9 —Corner and clutter positions given in terms of pixihin the calibration SnowSAR image
(track L3 — ref file 20121121135502 and L3-2, iif £0121121141212). X band, VV polarization.

Track L3, X band, VV pol. - Leutasch, Mission 1ef file 20121121135502

Target Clutter
Reflector 1 (near range) (2433, 155) (2453,155)
Reflector 2 (2417, 204) (2437 204)
Reflector 3 (2429, 255) (2449 255)
Reflector 4 (far range) (2394, 302) (2414 302)

Track L3-2, X band VV pol.- Leutasch, Missionrgf

file - 20121121141212

Target Target
Reflector 1 (2392, 190) (2412, 190)
Reflector 2 (2377, 240) (2397, 240)
Reflector 3 (2391, 291) (2411, 291)
Reflector 4 (2357, 338) (2377, 338)

It could be argued that the extension of the choseas has an impact on the

estimated RCS value, mainly because of the nontaoheomogeneity of the clutter.

Table 10 reports the results obtained by applyhmg Gray algorithm for different

extension of the target and clutter areas.

Table 10-Target and clutter values relative to the corngia@eed within track L3, Mission 1. The

values are expressed in [dBsm].

X band, VV pol. - Leutasch, Mission 1 - file 201211135502
Pixel area 5 x 5 Pixel area 7 x 7 Pixel area 10 x 10
Target Clutter Target Clutter Target Clutter
Reflector 1 23.32 -11.36 23.22 -11.21 23.12 -11.21
Reflector 2 23.78 -11.75 23.76 -11.77 23.78 -11.80
Reflector 3 23.69 -12.60 23.62 -12.51 23.62 -12.53
Reflector 4 23.41 -13.50 23.44 -13.41 23.51 -13.34

By comparing the RCS values of the corner for ddifeé area extension, it can be seen

how the variation is limited to 0.2dB.
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In the remaining of the analysis, the areas usethocorner RCS estimation with the
Gray algorithm have an extension of 10x10 pixetckepixel has a 2x2 meter pixel
spacing), the corner area is centred in the pikehaximum RCS, the centre of the

clutter area is on the same row of the centre ®tdhget area, 20 pixels far from it.

4.3 Antenna pattern

The radiation patterns of the SnowSAR antennas hbgen measured by
MetaSensing in order to verify the patterns presipuneasured by the manufacturer
in anechoic chamber, used in the previous calimaghase of SnowSAR images.
Both 1-way and 2-ways antenna patterns have bdanatsd by indoor and outdoor

measurements.
The results from the two measurements are consigtiéim each other, and with the
patterns measured by the manufacturer (originaskydufor calibration purposes of

SnowSAR data).

Figure 32 shows the measured patterns, which haee bsed for the antenna pattern
removal of the SnowSAR data.

Figure 32 —Antenna patterns measured (indoor) by MetaSen3ing . measurements are performed in
the £21° range with resolution of 1°.
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4.4 Antenna pointing estimation

Once the antenna pattern has been defined (segra@ina4.3), it is important to
estimate the optimal antenna pointing angle (irvatlen) to correctly remove the
antenna pattern contribution in the focused SARgesaand therefore minimize the
radiometric inaccuracies in the resulting calibdataeage.

The nominal elevation pointing of the antenna isasueed on the ground with a tilt
meter every time a new installation is performedokee the acquisition flight.
However, the measurement can be affected by unagrtéor example due to uneven
terrain and/or asymmetric distribution of the wegybn board the aircraft. Therefore,
the measured angle represents only a first stédeiestimation of the optimal antenna
elevation pointing value. A finer refinement of tlestimation is then performed

analysing the actual data collected over an ardaaerner reflectors.

4.4.1 Estimation example 1

As an example, the estimation step is illustrateth van actual antenna pointing
refinement carried out for AIpSAR mission 1, X bacase (the same procedure is
applied at Ku band). The two tracks under analgséstrack L3 and track L3-2. The
positions of the clutter and the target areas avengTable 9, while Figure 33

illustrates the whole area.

The optimal antenna pointing angle is the one ¢gatalizes the RCS of the observed
corners. Images are calibrated by removing the naatepattern calculated with
different antenna elevation pointing angle. The R&E$he corner reflectors is then
extracted for each image. In Figure 34 the RC3efcorner reflectors are plotted for
antenna pointing elevation angles in between [33°}, extracted from the SnowSAR
image acquired along track L3. The elevation ardepointing which equalizes the
RCS of the corners is 40.5°.
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Figure 33 —Calibration track L3 (up) and L3-2 (down), X basy/ polarization. The yellow
rectangular areas gives an indication of the coposition within the calibration image.

Figure 34 -RCS corner values as a function of the antennatipgielevation angle from SnowSAR
image acquired along track L3 during mission 1 if$AR campaign, X-VV.

It is now verified that the value of 40.5 degree floe elevation pointing angle is
optimal also for the rest of the AlpSAR campaigrssion 1. This is done by checking
that the radiometric stability of the corner RCSwio separate images calibrated with

the same antenna pattern is below 0.5dB.
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In Table 11 a few deployment parameters of the eroreflectors are listed: the
distance of each corner to the aircraft nadir,rtteasured corner tilt angle, the ideal
illumination angles (meaning the angle under whicls expected the maximums
RCS for a flight altitude of 1200 m and a look angf 40°) and the actual
illumination angles of the two tracks under anaysithis paragraph.

The corners are optimally deployed for an acquisialong track L3. In fact, as seen
from Table 11, actual and ideal illumination angtatch well for all but corner 3,

which has been misplaced by circa 20 m in grounigea This misplacement
translates in an actual illumination angle différsom the ideal one (0.9° difference).
From simulated corner RCS, this misplacement I¢adsdifference of 0.1 dB in the
RCS (see Table 16).

With respect to the ideal calibration track, tracB-2 was flown less precisely.
Therefore the corners are not optimally seen from $AR antennas, as it can be
observed from Table 11, which shows the differenbesveen ideal and actual

illumination angles leading to a RCS gap of 0.14dB.

Table 11 —Corner deployment parameter and acquisition inféiona

. Nominal Measured tilt| . Id_eal_ Actual angle Actual angle
distance from illumination
; angle Track L3 Track L3-2
nadir angle

Reflector 1 843 m 19.9° 35.1° 35.4° 37.8°
Reflector 2 935 m 17.0° 38.0° 37.9° 40.9°
Reflector 3 1051 m 13.2° 41.8° 40.9° 43.3°

Reflector 4 1135 m 11.6° 43.4° 43.0° 45.4°

From the simulated RCS of the corners as a funaifaazimuth and elevation angle
(Table 15 and Table 16), together with the infoioratrelative to the corner
deployment it is possible to compare the RCS valuthe same corner when seen
from the two different tracks (L3 and L3-2).
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Figure 35 shows the variations of retrieved RCSuates in the two tracks as a
function of the antenna pointing elevation anglethia [37°- 45°] range. The RCS
values of corner 1, its relative clutter area, #meir difference are reported in the

following plots.

Figure 35 —RCS of corner 1 and relative clutter for tracksdri®l L3-2, and differences.

The same analysis is repeated for the other troeeec reflectors appearing in both
the tracks (see Figure 33) and results are givéigare 36, Figure 37 and Figure 38.

The RCS values of the corners extracted from Sndw$hages processed with the
optimal pointing angle are reported in Table 1Zuleng in a difference between
homologous corners (radiometric stability) lessntita5dB for corner 2, 3 and 4.
Corner 1 is not conformed to the radiometric stBbilequirement due to azimuth
undulations localized in the area where the coraegsdeployed which influence the

target estimation (see section 5.2).
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Figure 36 —RCS of corner 2 and relative clutter for tracksdr®l L3-2, and differences.

Figure 37 —RCS of corner 3 and relative clutter for tracksdr®l L3-2, and differences.
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Figure 38 —RCS of corner 4 and relative clutter for tracksdri®l L3-2, and differences.

Table 12 -Target and clutter RCS relative to the corners s@thin track L3 and L3-2 images

X band, VV pol. - Leutasch, Mission 1 — Pointinggn40.5° - [dBsm]
Track L3 Track L3-2
Target Clutter Target Clutter
Reflector 1 22.95 -11.20 23.68 -10.88
Reflector 2 23.26 -12.11 23.76 -12.16
Reflector 3 23.08 -13.13 23.42 -13.07
Reflector 4 22.99 -13.97 23.10 -13.86

A further check is performed by extracting a rapggfile from a homogeneous area,

as done in Figure 3@r track L3 of mission 1, AIpSAR: a descendinghtteof ~2 dB

is noticeable along the swath (35°-45°). Valuethaliterature confirm this kind of

behaviour [Ref. 7].
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Figure 39 -Range profile extracted over a homogeneous argack L3, Mission 1, AIpSAR, X -VV.

4.4.2 Estimation example 2

An example from the Canadian campaign, mission Amil 13™ 2013 is given.

Corners deployment was designed for an optimaliaitoun along track C2 (ref. file

20130314105545).

Figure 40 shows the corner RCS values extractezhliyrating the image by varying

the elevation antenna pointing angles from 37° 50 degree. The image under

analysis is track C2. It can be seen that the aeglalizing the corner responses is

40.5°.The resulting RCS values of the corners ap&nd are reported in Table 13.

Figure 40 -RCS corner values as a function of the elevatigieaftom SnowSAR image acquired

along track C2 during mission 2 of Canadian campa@-VV.
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Table 13 -Target values relative to the corner deployed witrack C2 (ref file 20130314105545).

Ku band, VV pol. — Canadian mission 2 — Pointing
angle 40.5° - [dBsm]
Target Clutter
Reflector 1 28.73 -3.15
Reflector 2 28.69 -3.46
Reflector 3 28.46 -3.74
Reflector 4 28.60 -4.19

4.4.3 Estimation example 3

As last example, the Finnish SnowSAR mission 1@assidered next. A larger

number of corners were deployed, including bothased (nrl, nr3, nr4 and nr6) and

triangular (nr2, nr5 and nr7) faced trinedral refftes.
The corners are placed within track nr5 (ref. #8@130324104455). The optimal

elevation pointing angle is 42° as confirmed byhbthe triangular and squared

corners, see Figure 41 (only corner nr2 represemtsutlier).

Both the X and Ku band SnowSAR antennas are mouatedhe same frame,

therefore the optimal antenna pointing elevatiogl@estimation found for the co-pol

channels is used also for the cross-pol ones.

Figure 41 -RCS corner values as a function of the elevatigieaflom SnowSAR image acquired

along track 5 during mission 10 of the Finnish caigp, Ku-VV.
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4.4.4 Accuracy

For any SnowSAR mission the optimal elevation pomtangle has been found
minimizing the sum of the distances between theesiderived by the variation of
the corner RCS in the range 37° to 45°. In orddmtb the pointing angle accuracy,
the standard deviation of the intersection poirds different curves has been
calculated. A statistical analysis done on sevBrelwSAR missions determinates an
accuracy in the optimal elevation antenna poinbh@.6°. The antenna gain errors
introduced by an antenna pointing inaccuracy of @& given in Table 14 for a
nominal pointing error of 40°.

The effects of antenna’s mispointing are discussethe following. By using the
measured antenna pattern the radiometric errottirggirom antenna mispointing is
derived and reported in Figure 42. For each frequérand and polarization scheme,
the radiometric error is shown for pointing errofs0.5°, 1° and 1.5°. It can be seen

how the error grows monotonically towards the exes of the elevation angle range.

Figure 42 —Antenna gain error for different frequencies anthfzation as function of the elevation
angle for different antenna pointing errors
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Table 14- Radiometric errors in SnowSAR images for an mmée(elevation) pointing angle

llllll

inaccuracy of 0.6°.
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4.5 Calibration factor

The calibration factor corrects for the overall stamt processing gain, from the
acquisition of raw data to the generation of SARges. Besides the processor and
receiver gains, the nominal antenna gains anddhstant losses in the hardware are

the main contributions to the calibration factor.

The calibration factor has been estimated by usktigrnal sources as TerraSAR-X
images (only for X band) and scatterometer data amalysing the RCS of the
deployed corner reflectors. This section explains procedure followed for the

analysis based on the corner reflectors.

The RCS of the corner has been simulated usingn@encal solver based on the
Finite-Difference Time-Domain (FDTF) method for féifent observation directions.
The simulation has been done at both X and Ku &eqy band. The adopted angle
definition is represented in Figure 43. The simedatRCS values for different
observation angles at X band are reported in Thbland Table 16. The RCS values
simulated at Ku band for the used corner reflectmesgiven in Table 17 and Table
18.The maximum RCS value at X band is 23.71 dBm#, ia achieved for = 45°
and = 55°. It is to be noted that the maximum theoatti@lue of 25 dBmz2 is not
reached by simulations. From the simulated datzantbe seen that the reflectors are
less sensitive to a misalignment in the azimutleaion than a misalignment in the

elevation direction.

Figure 43-Squared trihedral corner reflectors on the gro{left) and in the relative coordinate system
(right). is the elevation angle,is the azimuth angle and subscript CR means Céta#iector.
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Table 15RCS of the corner reflector at X band, V pol, chagghe azimuth angle.

Angle [deg] X band
Phi Theta RCS [dBsm]
39.0 55.0 23.43
41.0 55.0 23.56
43.0 55.0 23.67
45.0 55.0 23.71
47.0 55.0 23.68
49.0 55.0 23.56
51.0 55.0 23.42

Table 16-RCS of the corner reflector at X band, V pol, cliagdhe elevation angle.

Angle [deg] X band
Phi Theta RCS [dBsm]
45.0 43.0 22.01
45.0 45.0 22.47
45.0 47.0 23.02
45.0 49.0 23.34
45.0 51.0 23.54
45.0 53.0 23.65
45.0 55.0 23.71
45.0 57.0 23.63
45.0 59.0 23.51
45.0 61.0 23.31
45.0 63.0 22.99
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Table 17RCS of the corner reflector at Ku band, V pol, adiag the azimuth angle.

Angle [deg] Ku band
Phi Theta RCS [dBsm]
39.0 55.0 28.05
41.0 55.0 28.18
43.0 55.0 28.22
45.0 55.0 28.27
47.0 55.0 28.22
49.0 55.0 28.19
51.0 55.0 28.04

Table 18-RCS of the corner reflector at Ku band, V pol, ajiag the elevation angle.

Angle [deg] Ku band
Phi Theta RCS [dBsm]
45.0 43.0 26.97
45.0 45.0 27.40
45.0 47.0 27.64
45.0 49.0 27.99
45.0 51.0 28.16
45.0 53.0 28.23
45.0 55.0 28.27
45.0 57.0 28.22
45.0 59.0 28.14
45.0 61.0 27.96
45.0 63.0 27.62

The simulated RCS values together with the infoiomatrelative to the corner
deployment are used to retrieve the calibratiortofadn [Ref. 11] is stated that,
considering an area containing the point target,ctlilibration factor can be found by

using equation Edl
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Eq. 1 J]E{P(x.y]}dx dy = K, - oL+ HK“ .o, (x, Y)dx dy

where the first integral on the left is the RCS swad from the area containing the

point target X is the calibration facto€za is the known RCS and the last integral is
the background contribution estimated from an atese to the point target, but not
including it.

The expression Ed. could be simply rewrite as Eq. 2

Eq. 2 HE[P&'FEH dy - Hﬁﬂ o, (. y)dx dy 2 K, - ol

According to Eq. 2, the measured RCS is retriew@dutating the RCS of the corner
and subtracting the “noise” contribution (area notluding the target). The
calibration factor is estimated by considering ttieg measured RCS is the sum of
different parameters: the expected RCS calculatedidering the simulated data and
the information relative to the corner orientatitre transmitted power contribute, the
gain of the transmitting and receiving antennas thedcalibration factof’: (see Eq.
3)

Eq 3 RES'I‘H.EE!.S - Rﬂsgimul + gﬂ'inf::lv + gﬂ'inﬂ'vv + Kg + PT.'('
The calibration factor is the mean value obtairenfthe different targets (Eq. 4),

wherek: is the RCS associated with the target i Birid the total number of deployed

corners [Ref. 12].

2| =

N
K=< DK
Eqg. 4 1
The explained procedure is applied for the calibrafactor retrieval at X and Ku
band for the co-pol channels. Due to the narrowmrbed the corner and aircraft
motion, the calibration factor for cross-pol chanhas been estimated through a

comparison with TerraSAR-X data acquired in quasncidence days of the airborne
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acquisitions. Additionally, when possible otherezrial references have been used, as

for example within the Finnish campaign the Snow8esa for the Ku-VH channel.

4.5.1 X band example

In the following of this section, two examples aj@en regarding the calibration

factor retrieval at X and Ku band. Without lossgeherality, the Canadian mission 2

is herewith taken as example at X band. The caidratracks C2-1 (ref file
20130314105545) and C2-2 (ref file 2013031410593% considered in the

following. The azimuth orientation, tilt angle, mleand real illumination angle of the

deployed corners relatively to these two calibratiacks are in Table 19.

Table 19 -Corner deployment parameter and acquisition infeiona

Ideal

A_zimut_h Measured tilt illumination Actual angle Actual angle

orientation angle angle Track C2-1 Track C2-2

Reflector 1 151° 16° 390 35.04° 36.50°
Reflector 2 151° 14° 41° 37.71° 39.03°
Reflector 3 151° 120 43° 39.70° 40.85°
Reflector 4 150.5° 10° 45° 41.33° 42.26°

The actual elevation angle of the reflector anddineulated RCS values for both the

tracks are in Table 20.

Table 20 —Simulated RCS values and actual elevation anglbeofeflectors.

Actual Simulated Actual Simulated
elevation RCS Track elevation RCS Track
Track C2-1 C2-1 Track C2-2 c2-2
[dBsm] [dBsm]

Reflector 1 51.04° 23.54 52.5° 23.62
Reflector 2 51.71° 23.58 53.03° 23.65
Reflector 3 51.70° 23.58 52.85° 23.64
Reflector 4 51.33° 23.56 52.26° 23.61

The RCS of each reflector is measured accordinggo?2 from the multi-looked

image. The elevation antenna pattern has been ehioem the multi-looked image
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to obtain the correct estimation of the calibratiactor. The retrieved RCS values are
listed in Table 21.

Table 21 —Measured RCS of the reflectors from the non-catéatanulti-looked image.

Measured RCS| Measured RCS
C2-1[m2] C2-2 [m2]
Reflector 1 249.4307 249.4249
Reflector 2 249.2220 249.0393
Reflector 3 249.3465 249.8833
Reflector 4 249.2831 249.5437

The calibration factors for both tracks are in BaBR. The calibration factors have
been found considering the mean transmitted powéreotracks and the gain of the

TX and RX antennas.

Table 22 —Calibration factors calculate considering the Eq. 3

K, K,
Track C2-1 Track C2-2
Reflector 1 182.71 182.42
Reflector 2 182.46 182.04
Reflector 3 182.59 182.89
Reflector 4 182.54 182.58

The mean calibration factor is 182.53 with a statidieviation of 0.2.

4.5.2 Ku band example

As an example at Ku band, the Austrian mission dniglysed in the following. The
calibration tracks L3 (ref file 20121121135502) dr&i2 (ref file 20121121141212)
are examined. Table 23 contains the informatiomndigg the corner deployment at
Ku band, whereas in Table 24 the actual elevatimgleafor each reflector and the
simulated RCS are given. The measured RCS valasstfie multi-looked image are
in Table 25.
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Table 23 -Corner deployment parameter and acquisition inféiona

A_zimut_h Measured tilt iIIurI::ﬁglcion Actual angle Actual angle

orientation angle angle Track L3 Track L3-2
Reflector 1 142° 19.9° 35.1° 35.08° 38.07°
Reflector 2 142° 17.0° 38.0° 37.69° 40.73°
Reflector 3 142° 13.2° 41.8° 40.65° 43.48°
Reflector 4 142° 11.6° 43.4° 43.30° -

Table 24 —Simulated RCS values and actual elevation anglbeofeflectors.

Actual Simulated Actual Simulated
elevation RCS Track elevation RCS Track
Track L3 L3[dBsm] Track L3-2 L3-2 [dBsm]
Reflector 1 54.98° 28.27 57.97° 28.18
Reflector 2 54.69° 28.26 57.73° 28.19
Reflector 3 53.85° 28.25 56.68° 28.23
Reflector 4 54.90° 28.27 - -

Table 25 —Measured RCS of the reflectors from the non-catéatanulti-looked image.

Measured RCS| Measured RCS
L3 [m2] L3-2 [m2]
Reflector 1 237.5138 237.1568
Reflector 2 236.6450 237.4006
Reflector 3 236.6705 237.3726
Reflector 4 236.9867 -

The derived calibration factors are listed in Tab&e The mean calibration factor is
163.34 with a standard deviation of 0.3.

Table 26 —Calibration factors calculate considering the Eq.

K, K,
Track L3 Track L3-2
Reflector 1 163.67 163.50
Reflector 2 162.81 163.73
Reflector 3 162.85 163.67
Reflector 4 163.15 -

The same analyses for the calibration factor netfiare performed for any SnowSAR

missions.
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5 Radiometric performance

Datasets acquired during two distinct flights otrex same area have been processed
and compared in order to evaluate the radiomearéopmance of SnowSAR images.
Examples of such analysis are given in the nexdgraphs for the Austrian, Canadian

and Finnish campaigns.

5.1.1 AIpSAR

During AIpSAR mission 1, multiple flights have beerecuted over the nominal
track L3, as the two here discussed, L3 (ref fdda21121135502) and L3-2 (ref file
20121121141212). In Figure 44 the two images avergitogether with their co-
registered intensity difference.

Figure 44 —Calibrated SAR image L3 (top) and L3-2 (middle) dinelir difference (bottom).

The statistical cumulative distribution of the diénce image is calculated for three
cases:
1) by taking values of whole difference track withanty restriction;

2) by taking values relative to similar look anglesfétence within 2°);
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3) by taking values relative to similar look anglesffe@ence within 2°) and

elevation angles (difference within 1°).

Considering similar look and elevation angle, tH8680f the backscattering values
processed from two different flights have a diffexe below 0.5dB, at X band, VV

polarization (see Figure 45). Other cases are suinathin Table 27 together with

the statistical values for 0.8 and 1 dB of differen

Table 27 —Radiometric performance obtained by comparing taldbcation tracks L3 and L2-2,
AlpSAR campaign, Mission 1 (see Figure 45 to FigtBeor different band and polarization scheme).

Difference X-VV [%] X-VH [%] Ku-VH [%)] Ku-VV [%]
0.5dB 84.0 83.1 85.6 83.5
0.8dB 97.3 95.2 96.9 97.1
1 dB 99.3 97.6 98.5 99.1

Figure 45-Cumulative distribution function of the differenimeage in Figure 44, X band, VV pol.
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Figure 46- Cumulative distribution function of the differencéband, VH pol.

Figure 47- Cumulative distribution function of the differend€, band, VH pol.
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Figure 48-Cumulative distribution function of the differend€, band, VV pol.

5.1.2 Canadian — Alaskan campaign

5.1.2.1 Canadian Mission 2

The same analysis is performed for the Canadiasionis2 (18 and 14' March
2013), using the calibration tracks C2-1 (ref 2@130314105545) and C2-2 (ref file

20130314105935).

Figure 49 shows the two calibrated images and iéfierence, while in following

figures the extracted cumulative distributions atetted.

Because of the good

matching of the two flown tracks during acquisiBpimages have similar observation

angles, and the radiometric performance can bagoiated relatively to similar look

and elevation angle.
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Figure 49 —Calibrated SAR image C2-1 (top) and C2-2 (middig) their difference (bottom).

The cumulative distribution at X band, VV polaripat is plotted in Figure 50:

considering the full image, the 86.4% of the difece values are below 0.5dB. Other

cases are summarized in Table 28, reporting bptdormances at the other bands

and polarization. In Table 28 are also listed @@iametric performance also for 0.8

and 1 dB of difference.

Table 28 —Radiometric performance obtained by comparing talbcation tracks C2-1 and C2-2,
Canadian campaign, Mission 2 (see Figure 50 torEi§@ for different band and polarization scheme).

Difference X-VV [%] X-VH [%] Ku-VH [%)] Ku-VV [%]
0.5dB 86.9 93.2 97.8 99.0
0.8dB 98.3 97.3 98.4 99.3
1 dB 99.0 97.4 98.5 99.3
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Figure 50 -Cumulative distribution function of the differeniteFigure 49, X band, VV pol.

Figure 51 -Cumulative distribution function of the differencéband, VH pol.
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Figure 52 -Cumulative distribution function of the differend€y band, VH pol.

Figure 53 -Cumulative distribution function of the differend&y band, VV pol.
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5.1.2.2 Canadian Mission 3

The calibration tracks C2-1 (ref file 2013040910282and C2-2 (ref file
20130409103513) acquired during the second acmuisitlay of the Canadian

mission 3 (§ April 2013) are analysed in the following. Figusé shows these two

coregistrated tracks and their relative differeac® band, VV polarization.

Figure 54 —Calibrated SAR image C2-1 (top) and C2-2 (middte) their difference (bottom).

The radiometric performance has been extracted thencoregistrated difference and

given in Figure 55 to Figure 58. Additionally Tab®® reports the statistics for

different radiometric accuracy when consideringilsimook and elevation angle.

Table 29 —Radiometric performance obtained by comparing talbcation tracks C2-1 and C2-2,
Canadian campaign, Mission 3 (see Figure 55 torEi§8 for different band and polarization scheme).

Difference | X-VV [%)] X-VH [%] Ku-VH [%] | Ku-VV [%]
0.5dB 84.3 67.6 96.7 88.4
0.8dB 93.6 88.3 99.7 98.7
1 dB 95.7 94.8 99.8 99.4
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Figure 55 - Cumulative distribution function of the differenceFigure 54, X band, VV pol.

Figure 56 -Cumulative distribution function of the differencéband, VH pol.
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Figure 57 -Cumulative distribution function of the differendéy band, VH pol.

Figure 58 -Cumulative distribution function of the differend&y band, VV pol.
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5.1.2.3 Alaskan mission

Regarding the Alaskan campaign performed ofi Agril 2013, the calibration tracks
C2-1 (ref file 20130418100954) and C2-2 (ref fil@130418102043) are here

discussed. The coregistrated difference at X bafd, polarization, is shown in

Figure 59.

Figure 59 —Calibrated SAR image C2-1 (top) and C2-2 (middte) their difference (bottom).

The cumulative distributions for the four channate in Figure 60 to Figure 63 and

the percentages of difference values below 0.5a0d8 1dB are listed in Table 30,

considering similar look and elevation angle.

Table 30 —Radiometric performance obtained by comparing talbcation tracks C2-1 and C2-2,
Alaskan campaign (see Figure 60 to Figure 63 fiferdint band and polarization scheme).

Difference X-VV [%] X-VH [%] Ku-VH [%)] Ku-VV [%]
0.5dB 73.0 62.9 55.2 58.6
0.8dB 88.0 85.3 85.2 84.7
1 dB 92.5 90.1 92.4 91.9
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Figure 60 - Cumulative distribution function of the differemin Figure 59, X band, VV pol.

Figure 61 -Cumulative distribution function of the differencéband, VH pol.
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Figure 62 -Cumulative distribution function of the differend&y band, VH pol.

Figure 63 -Cumulative distribution function of the differendéy band, VV pol.
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5.1.3 Finnish campaign

During the Finnish campaign, a dedicate mission dalibration purposes was
performed on 20 March 2012. Several acquisition flights were perfed over an

area with corner reflectors. The track 100_3 (ref 20120320102449) and track
98 2 (ref file 20120320104202) are shown in Figadke together with their co-
registered difference.

Figure 64 —Calibrated SAR image 100_3 (top) and 98_2 (middie) their difference (bottom).

The radiometric performance for the 4 channelssai@vn in the following figures
(Figure 65 to Figure 68) and summarized in Tablef@&10.5, 0.8 and 1 dB of

difference values, considering similar look andraten angle.

Table 31 —Radiometric performance obtained by comparing taldcation tracks 100_3 and 98-2,
Finnish campaign, Mission Calibration (see FigusadFigure 68 for different band and polarization

scheme).

Difference X-VV [%] X-VH [%] Ku-VH [%)] Ku-VV [%]
0.5dB 86.1 84.1 91.3 96.4
0.8dB 97.1 94.9 98.4 99.3
1 dB 98.8 97.5 99.3 99.7
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Figure 65 —Cumulative distribution function of the differenceFigure 64, X band, VV pol.

Figure 66 —Cumulative distribution function of the differencé pand, VH pol.
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Figure 67 —Cumulative distribution function of the differendé) band, VH pol.

Figure 68 -Cumulative distribution function of the differend€y band, VV pol.
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5.2 Azimuth undulations

The aircraft motion is accurately corrected dutting focusing step in terms of phase

compensation and therefore focusing performancéhefimage. However, a yaw

variation causes a not homogeneous antenna weighbfinhe radar returns as for

instance illustrated in the red squares in Fig@e 6

Figure 69 — Calibrated track L3 (top), L3-2 (middle) and théifference (on the bottom) limited to the
same common area. The red rectangles indicate ameas in which the difference is more marked due

to an unequal azimuth antenna pattern modulation.

In Figure 70 the mean values along the azimuthctime extracted for the two

calibration tracks, their difference and its measlue are shown. The azimuth

amplitude undulations are highlighted.
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Figure 70 — Overlappedmean valuegxtracted from the coregistrated images in Fig@¢o® the

top), coregistrated difference (middle) and its mealue (on the bottom).

Track L3 (ref file 20121121135502) and track L3ref (file 20121121141212) of the
AlpSAR campaign are investigate in the followingtbis chapter. In Figure 71 and

Figure 72 these two tracks are shown together #igdir mean values along the

azimuth direction.

Figure 71 — Calibrated track L3 and its mean value.
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Figure 72 — Calibrated track L3-2 and its mean value.

In order to highlight the azimuth undulations, at @ver a homogeneous area
(meadow area) is done for both tracks (Figure 78 &gure 74). Azimuth
undulations with amplitude ranges of ~1dB are V&sib

Figure 73 -Homogeneous area within track L3 and relative medine along azimuth.
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Figure 74 -Homogeneous area within track L3 and relative medine along azimuth.

Azimuth correction can be calculated by focusingd@an noise data modulated by a

very strong smoothed Doppler amplitude factor estéd directly from the acquired

data transformed in the Range Doppler domain. Ran@ev noise data are first range

compressed and then transformed in the Range Doplolmain. The smoothed

pattern of the Range Doppler spectrum relative ® acquired data is used to

modulate the noise simulated data in the Range Bommmain. The modulated

Range-Doppler noise data are normalized to unitythan further normalized by the

Doppler spectrum width calculated at -20dB. Sinedatlata are then transformed

back to time domain and focused.

The focused azimuth corrections for the two traskder analysis (L3 and L3-2) are

coregistrated and shown in Figure 75.
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Figure 75 —Coregistrated azimuth corrections relatively takra3 and L3-2.

To verify that the calculated corrections follove tazimuth undulations visible in the

coregistrated difference, the latest has been coedpaith the difference between the

coregistrated azimuth corrections (Figure 76)ah be seen as the azimuth correction

“follows” the azimuth undulations in the SnowSARage.

Figure 76 —Coregistrated difference between track L3 and lt®fdre azimuth correction (on the top)
and coregistrated difference between the azimuttections (on the bottom).

Track L3 and L3-2 have been corrected for the d¢aled correction. The two tracks

azimuth corrected have been coregistrated ancethgve difference recalculated (see

Figure 77). By comparing the coregistrated diffeestvefore and after the azimuth

correction, it is possible to see as the azimuttulations have been removed.
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Figure 77 — Coregistrated difference before and after the attimarrection, X-VV.

In order to check that the azimuth undulations a@tenuated in the coregistrated
difference, the two mean values for track L3 anelL&fter the azimuth correction are
shown together with the coregistrated difference igsrelative mean value in Figure
78. By comparing Figure 78 with Figure 70, it candeen as azimuth undulations are

not evident in the mean extracted over the conegest difference.

Figure 78 — Overlappedmean valuegxtracted from the coregistrated track L3 and L@+2the top),
coregistrated difference (middle) and its mean &dtn the bottom) after azimuth correction.

The radiometric performance, considering similaokloand elevation angle, are
improved, passing from 84% to 89.3% of differenakuies under 0.5dB (Figure 79).
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The four deployed corners for the two tracks (FegBB) are re-measured after the
azimuth correction. The values are listed in Té8f#eand Table 33 for track L3 and
L3-2 respectively, before and after the azimuthrexiion. It must be noted as the
corner RCS values, especially within track L3-2/éhbeen influenced by the azimuth
antenna pattern. In fact, as mentioned before,athisnuth undulations are more

evident over the area where corner reflectors \weptoyed.

Figure 79- Cumulative distribution function of the differemamage in Figure 77, X band, VV pol.

Table 32 -Target and clutter RCS values relative to the asreeen within track L3 before and after
azimuth correction.

X band, VV pol. - Leutasch, Mission 1 — Track LRIBsm]
Before azimuth correction After azimuth correction
Target Clutter Target Clutter
Reflector 1 22.95 -11.20 22.91 -11.24
Reflector 2 23.26 -12.11 23.23 -12.15
Reflector 3 23.08 -13.13 22.94 -13.16
Reflector 4 22.99 -13.97 22.83 -14.00
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Table 33 -Target and clutter RCS values relative to the asreeen within track L3-2 before and after
azimuth correction.

X band, VV pol. - Leutasch, Mission 1 — Pointinggbn40.5° - [dBsm)]
Before azimuth correction After azimuth correction
Target Clutter Target Clutter
Reflector 1 23.68 -10.88 23.28 -10.88
Reflector 2 23.76 -12.16 23.36 -12.34
Reflector 3 23.42 -13.07 23.07 -13.08
Reflector 4 23.10 -13.86 22.81 -14.20

The azimuth correction has been calculated andeapp the other channels with the
same methodology above explained. In Figure 80 dbeegistrated differences
calculate before and after the azimuth correctianehbeen compared at X band, VH
polarization. It can be seen as the azimuth unidmsthave been removed. In fact,
after performing the azimuth correction, the petage of difference values below
0.5dB increases from 83% to 85.6%, consideringlaimook and elevation angle
(Figure 81).

Figure 80 — Coregistrated difference before and after the attimarrection, X-VH.
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Figure 81- Cumulative distribution function of the differemamage on the bottom of Figure 80, X

band, VH pol.

The coregistrated difference before and after thenath correction are shown in
Figure 82 and Figure 84 for Ku-VV and Ku-VH respeely. The cumulative

distributions recalculated after applying the azimoorrection are in Figure 83 and

Figure 85.

Table 34 summarizes the radiometric performanceiogd before and after the

azimuth correction application, considering thecpatage of difference values below

0.5dB. An improvement in terms of radiometric pemfiance is noticeable for each

band and polarization scheme.

Figure 82 — Coregistrated difference before and after the attimarrection, Ku-VV.
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Figure 83- Cumulative distribution function of the differemamage on the bottom of Figure 82, Ku
band, VV pol.

Figure 84 — Coregistrated difference before and after the attimarrection, Ku-VH.
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Figure 85 Cumulative distribution function of the differemamage on the bottom of Figure 84, Ku

band, VH pol.

Table 34 —Radiometric performance obtained by comparing talcation tracks L3 and L2-2,
AIpSAR campaign, Mission 1 before and after azimeghrection. The performance are listed for
0.5dB of difference.

Radiometric performance before azimuth correction
X-VV X-VH Ku-VH Ku-VV
84% 83% 85% 83%
Radiometric performance after azimuth correction
X-VV X-VH Ku-VH Ku-VV
89.3% 85.6% 90% 87%

5.3 Radiometric performance overview

The coregistrated difference between tracks flowice over the same area has been

calculated to extract the radiometric performanidee analysis has pointed out the

presence of azimuth undulations along the fligheation.

5.3.1 AIpSAR

Regarding the AlpSAR campaign, the azimuth coroecthas been calculated and

applied to the two calibration tracks (L3 and L3-Zhe azimuth corrected tracks
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exhibit an improvement in terms of radiometric pemiance for the four channels.

Considering similar look and elevation angle, timalfradiometric results obtained for
AlpSAR mission 1 are listed in Table 35 and Tal@e 3

Table 35 —Final radiometric performance relative to AlpSARsgion 1 considering the 95% of

difference values.

Channel Percentage of difference valug Difference value [dB]
X-wW 95% 0.70
X-VH 95% 0.80
Ku-VH 95% 0.70
Ku-vVv 95% 0.71

Table 36 —Final radiometric performance relative to AlpSARssion 1 considering difference of 0.5,

0.8 and 1dB.

Difference X-VV [%] X-VH [%] Ku-VH [%] Ku-VV [%]
0.5dB 84.0 83.1 85.6 83.5
0.8 dB 97.3 95.2 96.9 97.1
1 dB 99.3 97.6 98.5 99.1

5.3.2 Canadian campaign

The coregistrated difference calculated for the &gan mission 2 has given high
radiometric performance, especially for the Ku cteds. This is mostly due to the
absence of azimuth undulations and to the good mmajcof the two flown tracks

during acquisitions (see Figure 49). The final oadgtric performance considering

similar look and elevation angle are in Table 3@ @able 38.

Table 37 —Final radiometric performance relative to Canadrassion 2 considering the 95% of

difference values.

Channel Percentage of difference valug Difference value [dB]
X-wW 95% 0.62
X-VH 95% 0.56
Ku-VH 95% 0.35
Ku-vVv 95% 0.40
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Table 38 —Final radiometric performance relative to Canadmassion 2 considering difference of 0.5,

0.8 and 1dB.

Difference X-VV [%] X-VH [%] Ku-VH [%] Ku-VV [%]
0.5dB 86.9 93.2 97.8 99.0
0.8dB 98.3 97.3 98.4 99.3
1 dB 99.0 97.4 98.5 99.3

The calibration tracks relative to the Canadiansiois 3 acquired during the second

acquisition day (8 April 2013) were also investigated. From the cisegted
difference between two tracks C2, it is evidenthesworst radiometric performance

is relative to the channel X-VH (see Table 29). Tihal radiometric performances for

the second acquisition day of Canadian missiore3rafable 39 and Table 40.

Table 39 —Final radiometric performance relative to Canadiassion 3 (§ April) considering the
95% of difference values.

Channel Percentage of difference valug Difference value [dB]
X-wW 95% 0.92
X-VH 95% 1.01
Ku-VH 95% 0.45
Ku-vVv 95% 0.61

Table 40 —Final radiometric performance relative to Canadfassion 3 (8 April) considering
difference of 0.5, 0.8 and 1dB.

Difference X-VV [%] X-VH [%] Ku-VH [%] Ku-VV [%]
0.5 dB 84.3 67.6 96.7 88.4
0.8 dB 93.6 88.3 99.7 98.7
1 dB 95.7 94.8 99.8 99.4

5.3.3 Alaskan campaign

In the example with the Alaskan tracks azimuth Uaiilons are noticeable,

particularly in the area close to where cornersewsployed (see Figure 59). This

undulation affect the radiometric stability. Thersuary of the achieved performance
is reported in Table 41 and Table 42.
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Table 41 —Final radiometric performance relative to Alaskaission 3 considering the 95% of

difference values.

Channel Percentage of difference valug Difference value [dB]
X-W 95% 1.20
X-VH 95% 1.30
Ku-VH 95% 1.20
Ku-vVv 95% 1.20

Table 42 —Final radiometric performance relative to Alaskaission 3 considering difference of 0.5,

0.8 and 1dB.

Difference X-VV [%] X-VH [%] Ku-VH [%] Ku-VV [%]
0.5dB 73.0 62.9 55.2 58.6
0.8dB 88.0 85.3 85.2 84.7
1 dB 92.5 90.1 92.4 91.9

5.3.4 Finnish campaign

The dedicated mission calibration is a reasonablssion to derive the final

radiometric performance for the Finnish campaighe Tatest are in Table 43 and
Table 47.

Table 43 —Final radiometric performance relative to the Falmcampaign considering the 95% of
difference values.

Channel Percentage of difference valug Difference value [dB]
X-W 95% 0.70
X-VH 95% 0.81
Ku-VH 95% 0.60
Ku-vVv 95% 0.45

Table 44 —Final radiometric performance relative to the Falmcampaign considering difference of

0.5, 0.8 and 1dB.

Difference

X-VV [%] X-VH [%] Ku-VH [%] Ku-VV [%]
0.5dB 86.1 84.1 91.3 96.4
0.8 dB 97.1 94.9 98.4 99.3
1 dB 98.8 97.5 99.3 99.7
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6 Comparison with satellite data

When possible, the SnowSAR results have been caudpaith external references,
such as satellite data. In this chapter some exasrgdlcomparison with TerraSAR-X
data acquired during the same time period of SnowSAissions are given for

AlpSAR and Finnish campaigns.

6.1 AIpSAR campaign

For the AIpSAR campaign, two TerraSAR-X images aff and 28' January 2013
have been acquired during the same period of AlpSAgion 2 (24 January 2013).
More details about TSX images are in Table 45. TegaSAR-X data delivered to
MetaSensing have been calibrated with NEST (nexA B&R toolbox) tool and

georeferenced.

Table 45 —Details relative to the TSX images acquired duguogsi-coincidence dates with AlpSAR
mission 2 (24 January 2013)

$% & ' ( )% . $,
( %- . oy 0, #e
( %- . o 0,

6.1.1 Leutasch site

The TerraSAR-X image on $QJanuary covers the Leutasch site. Two sample areas
(Area 1 and Area 2) have been chosen within thewS#dR track L3 (ref file
20130124111850) acquired during AlpSAR mission Re Extracted backscattering
values have been compared with RCS values extracedTerraSAR-X data in the
same two areas. Both TerraSAR-X and SnowSAR image geo-referenced,
therefore no inaccuracy is introduced in the comspar with TSX data due to a
geographical mismatch of the area.

Area 1 is located over a quite flat meadow area lzel an extension of 20 x 10
SnowSAR pixels (40 m x 20 m). Area 2 is a forestawith an extension of 80 x 20
SnowSAR pixels (160 m x 40 m).
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Figure 86— Google Earth image (top); TSX image acquire@@th January 2013 (bottom). The
yellow placemarks show the plot areas: meadow @eza 1) and forest area (Area 2).

Figure 87 displays the two sample areas withinhewSAR image, whereas Figure
88 shows the same two areas of Figure 87 within tegaSAR-X image. The

extracted backscattering values are given in Téb)evith a difference around 0.3dB.
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Figure 87 —SnowSAR image acquired at X band over track L3rdpAlpsaR mission 2. The red
rectangles are the sample areas chosen for theacmmp with TerraSAR-X data.

Figure 88 —TerraSAR-X image acquired on'20anuary 2013. The red rectangular areas are the sa
sample areas in Figure 87.
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Table 46 -SnowSAR and TerraSAR-X backscattering values etdcaover the areas indicated as plot

1 and plot 2 in Figure 87 and Figure 88.

SnowSAR backscattering — Leutasch Mission 2

X-VWV X-VH Inc. angle [degree]
Area 1 -8.66 -17.14 36.65°
Area 2 -8.42 -13.65 42.03°
TSX backscatteringo— 20" January 2013
Area 1 -8.26 -16.75 37.67°
Area 2 -8.15 -13.91 43.8°

6.1.2 Mittelbergferner site

The TerraSAR-X image acquired on™January 2013 covers the Mittelbergferner
site. Two study areas have been chosen within tkéZKref file 20130124125641).
Both the areas have an extension of 20 x 10 Snow@A& (40 m x 20 m). The two

areas are shown in Figure 89, while the TerraSARXge is in Figure 90.

Figure 89 —SnowSAR image acquired at X band over track M2rdpAlpsaR mission 2. The red
rectangles are the sample areas chosen for theacmop with TSX data.
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The extracted backscattering values over the twigpkaareas are given in Table 47:
a difference between 1.5 - 2dB is visible for bpkbts, mostly due to the difference in

the local incident angle (around 10-12 degreeseasribed in Table 47).

Figure 90 —TerraSAR-X image acquired on 17th January 2013.r€teectangular area gives an
indication of the Mitterlbergferner site within tA&X image.

Table 47 -SnowSAR and TerraSAR-X backscattering values etdchover the areas indicated as Area
1 and plot 2 in Figure 89.

SnowSAR backscattering —Mittelbergferner Mission 2
X-VV X-VH Inc. angle [degree]
Area 1 -8.02 -13.73 34.09
Area 2 -11.34 -13.79 44.80
TSX backscatteringo— 17" January 2013
Area 1 -10.09 -15.55 43.73
Area 2 -10.20 -12.38 32.97

Another area with an extension of 60 x 30 SnowSARIp (120 x 60 m) has been
taken within track M1 (ref file 20130124124947) arcqd during AIpSAR mission 2
(see Figure 91). The SnowSAR backscattering vahsge been compared with
TerraSAR-X data shown in Figure 90: the extractatles in Table 48 show a
difference of ~1.5 dB at X band, VV polarization.
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Figure 91 —SnowSAR image acquired at X band over track M1rdpAlpsaR mission 2. The red
rectangle is the plot area chosen for the compamgth TSX data.

Table 48 -SnowSAR and TerraSAR-X backscattering values etdchover the area indicated as plot 1

in Figure 91.
SnowSAR backscattering — Mittelbergferner Mission 2
X-VWV X-VH Inc. angle [degree]
Area 1 -7.80 -14.47 30.95
TSX backscatteringo— 17" January 2013
Area 1 -9.28 -13.78 38.48

6.2 Finnish campaign

Different TerraSAR-X images have been acquired rduthe same time period of
Finnish missions. The TerraSAR-X image are SSC gI8irLook Slant Range
Complex) with a local incident angle between 33.B4°44°,

The comparison with TerraSAR-X data is done by ehup several areas within the
same track and repeating the analysis for diffeteatks flown during the same

acquisition day.
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6.2.1 SnowSAR Mission 5

In this paragraph TerraSAR-X data of*2Eebruary 2012 are compared with the

SnowSAR data acquired during mission 5"{@zbruary 2012).

Table 49 contains the information relative to theosen study areas within the

SnowSAR images: the track number, the filenamethadxtension given in term of

row and columns (pixel).

Table 49— Details relative to the sample areas chosen g@mwSAR mission 5.

Track number Filename Pixel area [col] | Pixel area[row]
51 20120222104141 1120:1140 190:200
1 20120222105103 1155:1175 215:225
15 20120222125657 1570:1590 190:200

Figure 92 shows an example of a chosen study athawhe SnowSAR track 15 (ref
file 20120222125657or the comparison with TerraSAR-X data showifrigure 93.

Figure 92 —SnowSAR track 15 acquired at X band, VV pol., dgrviission 5, SnowSAR II. The red
rectangle is the sample area chosen for the coagrawith TerraSAR-X data.
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Figure 93 —TerraSAR-X image acquired on2Eebruary 2012, X band, VV polarization.

Table 50 reports the radar backscatter valuesa@gttdor SnowSAR and TerraSAR-
X data.

Table 50— Radar backscattering values extracted over thesthsample areas. The values are given
for SnowSAR and TerraSAR-X images.

Track number| X-VV X-VH TSX-VV | TSX-VH | Inc. Angle ShowSAR
51 -14.95 -24.21 -14.41 -24.95 39.95°
1 -7.80 -15.95 -7.45 -14.75 39.8°
15 -8.45 -16.22 -7.89 -15.92 41.2°

6.2.2 SnowSAR Mission 6

After SnowSAR mission 5, the measurement campawee intensified (almost
every four days). The SnowSAR mission 6 was peréatrmon 28 February 2012, so

4 days later than mission 5. A TerraSAR-X image weguired on '8 March 2012.
Therefore, SnowSAR mission 6 is in the “middle” tbe two TerraSAR-X images
acquired on 2% February and '8 March and for this reason the extracted radar
backscattering values have been compared with thathlrerraSAR-X acquisitions.

The extracted values are given in Table 52.
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In Table 51 the track number, the relative filenaand pixel extension of the chosen
plot areas within the SnowSAR images are given.ekample of sample area is in

Figure 94. In Figure 95 the TerraSAR-X image acepiion ¥ March is shown.

Table 51— Details relative to the sample areas chosen g8imowSAR mission 6.

Track number Filename Pixel area [col] | Pixel areaJrow]
5.1 20120226102402 2820:2860 165:175
2 20120226104115 2610:2650 190:200
52 20120226110451 1850:1880 185:195
11 20120226115237 2160:2200 170:180
16 20120226123416 375:415 190:200

Figure 94 -SnowSAR track 5_1 acquired at X band, VV pol., dgmission 6, ShnowSAR Il. The red
rectangle is the sample area chosen for the cosgrawith TSX data.
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Figure 95 -TerraSAR-X image acquired off' 34arch 2012, X band, VV polarization.

Table 52— Radar backscattering values extracted over theethsample areas. The values are given
for SnowSAR and TerraSAR-X images acquired ofiPdbruary and'3March.

Track TSX-VV | TSX-VV | TSX-VH | TSX-VH | Inc. Angle
X-VW | X-VH : :
number 21%February | 39March | 21%February| 39March | SNOwSAR
51 -14.26 -24.26 -14.13 -14.11 -24.96 -23.21 38.6
2 -16.07 -26.49 -15.32 -14.71 -25.45 -26.45 39.2
52 -15.67 -25.73 -14.81 -14.23 -25.17 -24.18 39.4
11 -14.35 -23.26 -13.07 -13.62 -23.34 -22.73 38.5
16 -12.56 -20.02 -12.08 -11.94 -19.11 -19.14 41.7

6.2.3 SnowSAR Mission 7

The SnowSAR Mission 7 was performed ol March 2012, therefore two days

earlier than TerraSAR-X image orf®arch. An example of sample area chosen

within the SnowSAR image is given in Figure 96. Th®rmation relatively to the

study areas selected for a comparison with TSX datén Table 53 and the

backscattering values are in Table 54.
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Figure 96 -SnowSAR track 11 acquired at X band, VV pol., dgivission 7, SnowSAR Il. The red
rectangle is the sample area chosen for the coasgrawith TSX data.

Table 53— Details relative to the sample areas chosen g8imowSAR mission 7.

Track number Filename Pixel area [col] | Pixel area[row]
11 20120301200016 2780:2800 190:200
12 20120301200953 1470:1500 145:155
13 20120301201850 3717:3737 170:180
30 20120301215853 760:790 210:220

Table 54— Radar backscattering values extracted over tbserhplot areas. The values are reported

for SnowSAR and TerraSAR-X image acquired 8h\Barch.

Track XVV X-VH TSX-VV | TSX-VH Inc. Angle
number SnowSAR
11 -14.18 -25.50 -13.80 -24.67 41.6
12 -8.33 -14.83 -8.03 -14.61 39.3
13 -8.88 -17.17 -8.23 -16.20 41.7
30 -9.93 -16.47 9.11 -15.96 39.1
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6.3 Remarks

In this chapter calibrated SnowSAR images have lweempared with TerraSAR-X
data acquired during the same period. In the coisgrarthe different acquisition
geometry in between SnowSAR and TerraSAR-X andlifierent the local incident

angle have to be considered.

For the AlpSAR campaign, the comparison betweerptaareas extracted within the
SnowSAR and TerraSAR-X image shows a differenc@.8€B for similar incident
angle and radiometric differences ranging from #052dB in cases where the

difference in incident angle (~10°) is not negligib

For Finnish missions several sample areas have ta@&m almost at SnowSAR
middle swath (~40°) and compared with TerraSAR-Xadecquired in close dates.
The difference between the local incident angldsds than 7°, but it has to be noted
that the difference in the radar backscattering tdug difference in the local incident

angle is not absolute and can be varying with tetsgoe and polarization scheme.
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7 Potential improvements

The radiometric calibration is the final and the sha@lemanding phase of the
processing chain. Based on the long experienceiradqwith the execution of the
SnowSAR campaigns and the processing of the achuil@a, a number of

improvements can be suggested.

7.1 Three-axis stabilization

The main difficulty in generating airborne radiometcalibrated SAR images is the
proper correction of the antenna pattern both imath and elevation. Roll variation
of the aircraft causes the elevation pattern tongbawithin the acquisition. More
difficult to correct is however the yaw variatiohtbe antenna pattern, which causes
an azimuth dependent amplitude modulation of thegen Especially when the
complete Doppler spectrum is processed for thergéna of the whole presummed
SAR images, the stationary pointing in azimuth bé tantenna would be very

important.

MetaSensing is currently testing a three axis btaifrom Soameg-AG (Figure 97).
A three axis stabilizer remove the influence of yamd roll variation in the antenna
pattern. Additionally, the aircraft pitch effect e antenna polarization is also
removed. 3-Axis stabilizers have become very papaihd accessible due to the high
demand of pointing stabilization in the airborngelaand optical mapping.

Figure 97 —Three axis stabilizer from Soameg-AG.
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7.2 Larger Swath

One of the main reason for a long delivery time&sabwSAR images was the limited
swath of each track and therefore the high numlbemages to be generated and
calibrated. MetaSensing has been working on a segameration of SnowSAR
instruments composed by highly integrated RF wati%s and Ku band with at least 13
dB higher transmitted power, leading to a nominaats of 4 km flying at 2 km
altitude. The larger swath would drastically redute number of flights and

consequently also the processing time.

7.3 Polarimetric antennas

SnowSAR has been operated with different physicaeramas for the V and H
polarization. MetaSensing has developed in the tmaanintegrated polarimetric
antennas, therefore a single antenna can opertitesbw and H polarization, limiting
the required space for the installation of the amés and allowing a proper use of
pointing stabilization devices. In the followingcpire polarimetric X band antennas

currently available at MetaSensing are shown ife@®8.

Figure 98 —Dual linear pol antennas at X band.
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7.4 Corners and transponders

The estimation of optimal pointing angle could b&proved by deploying a larger
number of corner reflectors within the antenna bemith. Detailed information
about corners deployment and orientation is funaaate

The dihedral corner reflectors used for cross-palibcation are inherently
characterized by a scattering matrix which is v&epsitive to their own orientation
with respect to the line of sight to the radar ange For this reason, when possible,
they should be replaced with active transpondehgyThave a wide beam in both
azimuth and elevation, are compact and easy tamgephe availability of affordable

accurate radiometric transponders is however loite

7.5 CUDA based processor

Processing time of each image has been a limitagpf. A completely developed
CUDA based processor is now available at MetaSgnsiarrently allowing a 20
times improvement in the focusing speed. CUDA i&k€ language which can exploit

the benefit of the parallel computing speed of Nvigraphic cards.

7.6 Accurate DEM

Eventual inaccuracies introduced during the foaysihthe raw data can affect the
radiometric results. Having an accurate DEM duthgprocessing phase is important
to limit radiometric errors. For instance an impement of radiometric performance
have been observed in the processing of the Alp8ata when using the laser DSM
model instead of the SRTM elevation model. SRTM/&tien data should therefore

be avoided when possible.
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8 Conclusions

The present document reports the results of thétgwata analysis performed by

MetaSensing and Sarmore on the data acquired dilmen§nowSAR campaigns.

The campaigns have been executed in the framewatkeatechnical assistance for
the development of an airborne system operatingatd Ku band commissioned by
the European Space Agency as integral part ofesudr the CoReH20 mission. The
measurement campaigns took place in winters froird 20 2013 in Finland, Austria,

Canada and Alaska.

The SnowSAR sensor has been developed to mongorathar backscattering of the
snow for different terrain type during extended dirperiod, to test theoretical
backscattering model and to validate retrieval @lgo. A highly accurate

radiometric calibration was required for SnowSARages, to allow for comparisons

with data acquired by other sensors and over l@nggs of time.

From the analysis performed in Chapter 2 aboutgs®ar robustness it results that
the overall gain of the processor is constant aediptable. Therefore, the focusing
phase of each presummed image does not repressmiree of inaccuracy in the

overall radiometric stability of SnowSAR images.

The potential sources of radiometric uncertainteeriving from the internal
calibration have been discussed in Chapter 3. Aigiklg inaccuracy is introduced by
considering a fitting curve instead of the measwades for the transmitted power.
The receiving gain is generally stable for eachquency band and for each
polarization scheme, but for the X band VV polatizaa which was more sensitive to
the LNA gain variation. The source of the problermswdentified and solved in the
hardware. Nevertheless, the receiving gain vanatiare tracked and compensated
during the calibration phase of the data.
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Chapter 4 deals with the external calibration phdsdas been shown how the
antenna pattern and receiving gain contributiorss @mpensated, and how the
calibration factor is estimated. Additional infortioa is given about the optimization
of the estimation of the antenna elevation poinangle and about results from new
antenna pattern measurements. The antenna pa#eroval represents the major

source of error in the radiometric calibration bedgrror of the SnowSAR data.

The radiometric performance of SnowSAR images ialuated in Chapter 5 by

considering two acquisition flights over the sameaaand comparing the radiometric
results for different campaigns. For the AIpSAR pamn for any band and

polarization, ~85% of values show a radiometridedénce below 0.5dB. Better
radiometric results are obtained in the Canadianpaégn, especially for mission 2,
where at Ku band ~98% of radiometric differenceueal are below 0.5dB. For the
Finnish campaign, the analysis of the radiometeidgymance points out an 85% at X
band and more than 90% at Ku band. Azimuth undiiatidue to the yaw variation
are analysed by comparing two tracks flown over shene area. Correcting the
images for the azimuth antenna pattern, the radrengerformances are improved
for Mission 1 AIpSAR and the corner values respd#a requirement of the

radiometric stability of 0.5dB. The final radiometperformances for each mission

have been listed in the chapter.

In Chapter 6a comparison between SnowSAR and satellite datair@cgduring the
same time period of SnowSAR missions is given, shgva very good comparison
between TerraSAR-X and SnowSAR data when viewiegsdime areas under similar

incidence angles.

Chapter 7 reports about improvements suggestechéwery valuable experience
accumulated during three years of SnowSAR campalgost of the improvements
have already been implemented by MetaSensing orStloevSAR sensor and data

processaor.
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Finally, a list of the delivered SnowSAR imagegyigen in the Appendix A, while
Appendix B consists of a list of the gain compeiosatactors used during the Finnish

campaign, X band, VV polarization.
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Appendix A — Delivered SnowSAR images

In this appendix an overview is given about theivéeéd SnowSAR images
concerning the different campaigns. In particulddigonal information is given for
those missions which have not been well documeméare (or even not at all).

Finnish campaign
Concerning the Finnish campaign, more details abmitaicquisition can be found in
[Ref. 8]. In this section the complete SnowSAR ied dataset is listed. Following

each table, an overview of the SnowSAR tracks av@pbogle Earth images is given.

Table 55— Delivered SnowSAR images relative to Mission @"(December 2011).

FileName Track Number
20111219120746 51
20111219122724 1
20111219123621 2
20111219124449 3
20111219130212 6
20111219131053 7
20111219132940 10
20111219133916 11
20111219134808 12
20111219140556 14
20111219141450 15
20111219142323 16
20111219144014 18
20111219144845 19
20111219145711 20
20111219150631 21
20111219151351 22
20111219152321 52
20111219153132 53
20111219153946 54
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Figure 99 -SnowSAR tracks acquired during the Finnish misdigX band, VH polarization).
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Table 56— Delivered SnowSAR images relative to Mission 2 J&nuary 2012).

FileName Track Number
20120109110442 51
20120109111330 52
20120109112256 1
20120109114644 4
20120109120225 6
20120109121100 7
20120109121917 8
20120109122737 9
20120109133607 54
20120109124416 10
20120109125249 11
20120109130212 12
20120109131037 13
20120109131909 14
20120109132648 15
20120109133448 16
20120109134232 17
20120109135049 18
20120109135841 19
20120109140645 20
20120109142312 21
20120109143219 30
20120110153555 22
20120110154426 23

Figure 100 -SnowSAR tracks acquired during the Finnish mis&d@K band, VV polarization).

111




Final report 16" March 16

Table 57— Delivered SnowSAR images relative to Mission 8"(2anuary 2012).

FileName Track Number
20120128114132 1
20120128124034 6
20120128131525 10
20120128132358 11
20120128133425 12
20120128134249 12 2
20120128135143 14
20120128140032 15
20120128140932 16
20120128141806 17
20120128142648 18
20120128143600 19
20120128144433 30
20120128145246 31
20120128150248 20
20120128151102 21
20120128151924 22
20120128152741 53
20120128153612 23

Figure 101 -SnowSAR tracks acquired during the Finnish misSigku band, VH polarization).
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Table 58— Delivered SnowSAR images relative to Mission % f&bruary 2012).

FileName Track Number
20120207134959 51
20120207135803 1
20120207140658 2
20120207141444 3
20120207142249 4
20120207143045 52
20120207143823 6
20120207144550 7
20120207145416 8
20120207150205 9
20120207151013 10
20120207151832 11
20120207152616 12
20120207153454 13
20120207154310 14
20120207155139 15
20120207155922 16
20120207160739 17
20120207161601 18
20120207162344 19
20120207163148 20
20120207163929 21
20120207164718 22
20120207165507 23
20120207170239 24
20120207171027 25
20120207172500 31
20120207173221 53
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Figure 102 -SnowSAR tracks acquired during the Finnish misdigu band, VH polarization).
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Table 59— Delivered SnowSAR images relative to Mission 3'{Eebruary 2012).

FileName Track Number
20120222104141 51
20120222105103 1
20120222110216 2
20120222111100 3
20120222112947 52
20120222115558 8
20120222120443 9
20120222121304 10
20120222122245 11
20120222123118 12
20120222123944 13
20120222124834 14
20120222125657 15
20120222130524 16
20120222131319 17
20120222132110 18
20120222132901 19
20120222133710 20
20120222134748 21
20120222135515 22
20120222140250 23
20120222140837 30
20120222141653 31
20120222142237 53
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Figure 103 -SnowSAR tracks acquired during the Finnish mis&igku band, VV polarization).

Table 60— Delivered SnowSAR images relative to Mission 6"(Eebruary 2012).

FileName Track Number
20120226102402 51
20120226104115 2
20120226104856 3
20120226105706 4
20120226110451 52
20120226111247 6
20120226112053 7
20120226112905 8
20120226113643 9
20120226114421 10
20120226115237 11
20120226120049 12
20120226120849 13
20120226121637 14
20120226122515 15
20120226123416 16
20120226124138 17
20120226124936 18
20120226125715 19
20120226132103 22
20120226132931 23
20120226134506 25
20120226135305 53
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Figure 104 -SnowSAR tracks acquired during the Finnish mis§igi band, VH polarization).

Table 61— Delivered SnowSAR images relative to Mission ¥ Nlarch 2012).

FileName Track Number
20120301194331 9
20120301195212 10
20120301200046 11
20120301200953 12
20120301201850 13
20120301205237 17
20120301210055 18
20120301210853 19
20120301211722 20
20120301212527 22
20120301215035 25
20120301215853 30
20120301220759 31

Figure 105 -SnowSAR tracks acquired during the Finnish misgigu band, VH polarization).
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Table 62— Delivered SnowSAR images relative to Mission 8 iarch 2012).

FileName Track Number
20120305115114 1
20120305120000 2
20120305120821 3
20120305122458 52
20120305123337 6
20120305124209 7
20120305125052 8
20120305130014 9
20120305130844 10
20120305131811 11
20120305132704 12
20120305134001 13
20120305134912 14
20120305135807 15
20120305140706 16
20120305154721 17
20120305155557 18
20120305160442 19
20120305161325 20
20120305162220 21
20120305163040 22
20120305163933 23
20120305164733 24
20120305170152 30
20120305171855 53
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Figure 106 -SnowSAR tracks acquired during the Finnish misS§igku band, VH polarization).

Table 63— Delivered SnowSAR images relative to Mission @(March 2012).

FileName Track Number
20120310081538 51
20120310083317 2
20120310085022 4
20120310085856 6
20120310091538 53
20120310092447 7
20120310093322 8
20120310094159 9
20120310095011 10
20120310100719 12
20120310101611 13
20120310102445 14
20120310103255 15
20120310104109 16
20120310105813 18
20120310110632 19
20120310111455 20
20120310112254 21
20120310113107 22
20120310113855 23
20120310115411 31
20120310120107 54

Figure 107 -SnowSAR tracks acquired during the Finnish misSigX band, VV polarization).
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Table 64— Delivered SnowSAR images relative to Mission 24"(March 2012).

FileName Track Number

20120324101305 1
20120324102053 2
20120324102843 3
20120324103628 4
20120324104455 5
20120324105308 6
20120324110925 8
20120324111730 9
20120324112541 23
20120324113356 22
20120324114237 21
20120324115021 20
20120324115824 19
20120324120615 18
20120324122256 16
20120324123108 15
20120324124824 13
20120324125649 12
20120324130510 11
20120324132057 30
20120324133044 31
20120324133659 52
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Figure 108 -SnowSAR tracks acquired during the Finnish misgiorfX band, VH polarization).

Table 65— Delivered SnowSAR images relative to Tundra 1"(@@cember 2011).

FileName Track Number
20111220111725 50
20111220112631 51

Figure 109 -SnowSAR tracks acquired during the Finnish mis3iondra 1 (X band, VH
polarization).

Table 66— Delivered SnowSAR images relative to Tundra 2"(@8bruary 2012).

FileName Track Number

20120229123037 52
20120229123910 53
20120229124815 50
20120229125644 51

Figure 110 -SnowSAR tracks acquired during the Finnish misiondra 2 (X band, VH
polarization).
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Table 67— Delivered SnowSAR images relative to Sea Ice idis&" March 2012).

FileName Track Number
20120308131222 62
20120308133524 60 2
20120308135031 63

Figure 111 -SnowSAR tracks acquired during the Finnish misslea Ice (X band, VV polarization).
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AlpSAR campaign

The AlpSAR campaign and details are reported irf.[Ble The delivered data for the
three missions are given in the following tableal{fé 68 to Table 70). An overview
of the SnowSAR tracks is in Figure 112 for Leutasite, in Figure 113 for

Mittelbergferner area and in Figure 114 for Rotmsits.
Table 68— Delivered SnowSAR images relative to AIpSAR Missll (2£' November 2012).

FileName Track Number
20121121114937 M1
20121121115611 M2
20121121120329 M3
20121121123855 MO
20121121125321 R1
20121121125711 R3
20121121131722 R2_North_South
20121121132336 R2_South_North
20121121135502 L3
20121121140410 L4
20121121141212 L3 2

Table 69— Delivered SnowSAR images relative to AIpSAR Miss® (24" January 2013).

FileName Track Number
20130124110354 L1
20130124111120 L2
20130124111850 L3
20130124124947 M1
20130124125641 M2
20130124134336 R1
20130124134743 R2_North_South

Table 70— Delivered SnowSAR images relative to AIpSAR MissB (2£' and 28 February 2013).

FileName Track Number
20130221145412 M2
20130221150143 M3
20130223084048 R2_North_South
20130223091414 L1
20130223092115 L2
20130223092832 L3
20130223104251 L3 2
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Figure 112 —SnowSAR tracks acquired over the Leutasch areagléipSAR mission 1 (X band, VV
polarization)

Figure 113 —SnowSAR tracks acquired over the Mittelbergfermeaaluring AIpSAR mission 2 (X
band, VH polarization).
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Figure 114 —SnowSAR tracks acquired over the Rotmoos area glédipSAR mission 2 (Ku band,
VH polarization).
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Canadian campaign

Details about Canadian campaign can be found ih [F3. Besides for the dataset
already delivered, also data acquired over thebilon tracks (not part of the
acquisition site like in the other campaigns) haveen added. In sake of
completeness, the complete lists are given in #id@el 71 and Table 72. An overview
of the SnowSAR tracks acquired during Canadian ions® and 3 is given

respectively in Figure 115 and Figure 116.

Table 71 —DeliveredSnowSAR images relative to Canadian mission 3' @&l 14' March 2013).

FileName Track

20130313143956 0
20130313144720 1
20130313145216 2
20130313145912 3
20130313150420 4
20130313150923 5
20130313151452 6
20130313152041 7
20130313152602 8
20130313153331 9
20130313153836 10
20130313154432 11
20130313155043 12
20130313155633 13
20130313160146 14
20130313160647 15
20130313161321 16
20130313162142 19
20130313163439 18
20130313164547 17
20130314110928 23
20130314111426 24
20130314111912 25
20130314112445 21
20130314105545 Cc2
20130314105935 Cc2
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Table 72 —DeliveredSnowSAR images relative to Canadian mission"3a& 9" April 2013).

FileName Track

20130408145551 0
20130408150325 1
20130408150711 2
20130408151051 3
20130408151444 4
20130408151840 5
20130408152312 6
20130408155344 7
20130408155817 8
20130408160309 9
20130408160744 10
20130408161214 11
20130408161707 12
20130408162155 13
20130408162638 14
20130408163110 15
20130408163545 16
20130408164346 19
20130409104613 23
20130409105042 24
20130409105457 25
20130409110321 26
20130409112026 20
20130409112731 22
20130409113409 21
20130409115210 27
20130408171459 Cc2
20130408172345 Cc2

127




Final report

16" March 16

Figure 115 —Overview of the SnowSAR tracks acquired during @éeraMission 2 (18— 14" March
2013, X band, VV polarization).

Figure 116 —Overview of the SnowSAR tracks acquired during @éaraMission 3 (8 — 9" April
2013, X band, VV polarization).
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Alaskan campaign

Acquisition details (acquisition geometry, caliloat targets, processing, etc.)

concerning the Alaskan campaign can be derived tr@rCanadian one [Ref. 10], as

they can be considered as two parts of a joint esgnp

Figure 117 shows an image of Google Earth with i@nitored area during the

Alaskan campaign: the main acquisition site is €lts the Galbraith lake where

around 20 lines were flown (Figure 118 gives a zaomn that area). Data were also

acquired over two long tracks northwards in the pyaygalley.

Details about corner deployment and trajectory ways can be found in the

paragraph 4.1.3 of this document.

Figure 117 —Alaskan study area.

Figure 118 —Flight trajectories relative to the tracks acquirethe Imnaviat Creek area.
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The delivered SnowSAR dataset for the Alaskan cagnpia given in Table 73 and
Table 74. An overview of the all the SnowSAR traeksjuired during the first and
the second acquisition day is given in Figure 14@ kigure 120.

Table 73— Delivered SnowSAR images relative to Alaskansiois (18" April 2013).

FileName Track

20130418102814 1
20130418103152 2
20130418103557 3
20130418103922 4
20130418104415 5
20130418104816 6
20130418105216 7
20130418105613 8
20130418110612 10
20130418111229 11
20130418111603 12
20130418112034 13
20130418112453 14
20130418112954 15
20130418114225 17
20130418114651 18
20130418115408 19
20130418120320 20
20130418121308 21
20130418124515 23
20130418125416 24
20130418131152 16
20130418131854 9
20130418100954 Cc2
20130418102043 Cc2
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Table 74— Delivered SnowSAR images relative to Alaskansinis (19" April 2013).

FileName Track

20130419100420 23
20130419101249 24
20130419103341 6
20130419104141 2
20130419104446 1
20130419104913 8
20130419105347 7
20130419105904 4
20130419110325 3
20130419110811 10
20130419111144 9
20130419112019 5
20130419112629 13
20130419113145 X
20130419113623 17
20130419114104 18
20130419114546 11
20130419114945 12
20130419115913 16
20130419120708 19
20130419121657 20
20130419122612 21
20130419123730 22
20130419093823 Cc2
20130419094907 Cc2
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Figure 119 -Overview of the SnowSAR tracks acquired duringskkn mission (18 April 2013, Ku
band, VH polarization).

Figure 120 -Overview of the SnowSAR tracks acquired duringskin mission (19 April 2013, X
band, VV polarization).
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Appendix B — X-VV gain compensation factors

For each acquired track of the Finnish campaiga,Mean Noise Level (MNL) and
the relative Gain Compensation Factor (GCF) areergiin the following tables,
mission by mission, for the acquired X-VV pol data.

Note due to a component failure at the X-VV chartheging the first missions (1 and T1), the X-VV
pol data has not been delivered for these missiand, therefore they are not mentioned in this

appendix

Mission 2

File Name Track MNL [dB] GCF [dB]
20120109110442 51 87.21 -6.61
20120109111330 52 88.51 -4.39
20120109112256 1 89.79 -2.93
20120109114644 4 90.03 -2.64
20120109120225 6 90.73 -1.89
20120109121100 7 90.66 -1.96
20120109121917 8 90.90 -1.70
20120109122737 9 90.84 -1.81
20120109133607 54 90.74 -1.89
20120109124416 10 91.15 -1.44
20120109125249 11 90.72 -1.91
20120109130212 12 90.48 -2.21
20120109131037 13 90.36 -2.32
20120109131909 14 90.03 2.68
20120109132648 15 90.80 -1.86
20120109133448 16 89.25 -3.01
20120109134232 17 89.19 -3.07
20120109135049 18 89.07 -3.21
20120109135841 19 89.06 -3.22
20120109140645 20 88.99 -3.29
20120109142312 21 88.84 -3.49
20120109143219 30 89.38 -2.82
20120110153555 22 93.49 0
20120110154426 23 93.27

133




Final report

16" March 16

Mission 3

File Name Track MNL [dB] GCF [dB]
20120128114132 1 92.87 0
20120128124034 6 88.62 -3.71
20120128131525 10 89.60 -3.71
20120128132358 11 89.44 -3.89
20120128133425 12 89.46 -3.86
20120128134249 12 2 89.88 -3.38
20120128135143 14 89.58 -3.72
20120128140032 15 89.69 -3.60
20120128140932 16 89.69 -3.60
20120128141806 17 89.61 -3.71
20120128142648 18 89.67 -3.62
20120128143600 19 90.00 -3.28
20120128144433 30 89.37 -3.96
20120128145246 31 89.38 -3.94
20120128150248 20 89.75 -3.53
20120128151102 21 89.55 -3.78
20120128151924 22 89.33 -4.00
20120128152741 53 89.25 -4.10
20120128153612 23 89.08 -4.30
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Mission 4
File Name Track MNL [dB] GCF [dB]
20120207134959 | 5_1 93.52 1.01
20120207135803 | 1 93.60 1.08
20120207140658 | 2 93.71 1.18
20120207141444 | 3 93.11 0.61
20120207142249 | 4 92.84 0.34
20120207143045 | 5_2 93.31 0.83
20120207143823 | 6 92.65 0.10
20120207144550 | 7 90.88 -1.74
20120207145416 | 8 88.81 -4.10
20120207150205 | 9 87.33 -5.84
20120207151013 | 10 86.41 -6.98
20120207151832 | 11 86.38 -7.02
20120207152616 | 12 86.31 -7.07
20120207153454 | 13 84.14 -7.30
20120207154310 | 14 86.26 -7.14
20120207155139 | 15 86.16 -7.26
20120207155922 | 16 86.31 -7.03
20120207160739 | 17 86.37 -7.02
20120207161601 | 18 86.47 -6.90
20120207162344 | 19 86.59 -6.85
20120207163148 | 20 86.33 -7.12
20120207163929 | 21 86.19 -7.32
20120207164718 | 22 86.07 -7.47
20120207165507 | 23 86.17 -7.39
20120207170239 | 24 86.56 -6.99
20120207171027 | 25 86.06 -7.52
20120207172500 | 31 85.71 -7.85
20120207173221 | 5_3 85.73 -7.86
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Mission 6

File Name Track MNL [dB] GCF [dB]
20120226102402 51 93.44 0
20120226104115 2 93.09 0
20120226104856 3 93.06 0
20120226105706 4 92.79 0
20120226110451 52 89.37 -3.98
20120226111247 6 88.38 -5.10
20120226112053 7 87.33 -6.41
20120226112905 8 86.58 -7.37
20120226113643 9 86.42 -7.58
20120226114421 10 86.09 -8.04
20120226115237 11 86.22 -7.89
20120226120049 12 86.13 -7.99
20120226120849 13 86.39 -7.63
20120226121637 14 86.72 -7.20
20120226122515 15 87.41 -6.30
20120226123416 16 87.88 -5.72
20120226124138 17 88.26 -5.29
20120226124936 18 88.76 -4.70
20120226125715 19 89.47 -3.95
20120226132103 22 90.31 -2.98
20120226132931 23 90.68 -2.56
20120226134506 25 91.02 -2.15
20120226135305 53 90.50 -2.71
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Mission 7

File Name Track MNL [dB] GCF [dB]
20120301194331 9 87.38 -7.66
20120301195212 10 86.64 -8.66
20120301200046 11 86.83 -8.38
20120301200953 12 86.98 -7.11
20120301201850 13 87.39 -6.96
20120301205237 17 91.96 -1.09
20120301210055 18 92.02 -1.04
20120301210853 19 91.96 -1.10
20120301211722 20 91.92 -1.14
20120301212527 22 92.03 -1.03
20120301215035 25 92.10 -0.95
20120301215853 30 94.07
20120301220759 31 93.91
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Mission 8

File Name Track MNL [dB] GCF [dB]
20120305115114 1 91.86 -1.76
20120305120000 2 90.02 -3.80
20120305120821 3 88.36 -4.57
20120305122458 52 86.57 -8.07
20120305123337 6 86.16 -8.62
20120305124209 7 86.21 -8.56
20120305125052 8 86.79 -7.78
20120305130014 9 86.91 -7.60
20120305130844 10 86.82 -7.71
20120305131811 11 86.68 -9.32
20120305132704 12 86.39 -9.78
20120305134001 13 86.54 -9.54
20120305134912 14 86.40 -8.29
20120305135807 15 86.71 -7.86
20120305140706 16 86.94 -7.56
20120305154721 17 93.65 0.15
20120305155557 18 93.56 0.07
20120305160442 19 92.22 -2.45
20120305161325 20 89.49 -5.58
20120305162220 21 87.32 -8.43
20120305163040 22 86.85 -9.11
20120305163933 23 87.66 -7.30
20120305164733 24 88.17 -6.63
20120305170152 30 87.90 -6.95
20120305171855 53 88.53 -6.16
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Mission 9

File Name Track MNL [dB] GCF [dB]
20120310081538 51 92.05 -1.54
20120310083317 2 88.89 -6.34
20120310085022 4 86.30 -10.72
20120310085856 6 86.53 -10.36
20120310091538 53 87.37 -9.05
20120310092447 7 87.50 -8.42
20120310093322 8 87.68 -8.17
20120310094159 9 87.38 -8.59
20120310095011 10 86.83 -9.40
20120310100719 12 86.51 -9.90
20120310101611 13 86.92 -9.27
20120310102445 14 87.47 -8.46
20120310103255 15 87.88 -7.91
20120310104109 16 87.92 -7.85
20120310105813 18 87.64 -8.24
20120310110632 19 87.65 -8.23
20120310111455 20 87.57 -8.36
20120310112254 21 87.42 -8.56
20120310113107 22 87.08 -9.04
20120310113855 23 86.62 -9.73
20120310115411 31 86.78 -9.48
20120310120107 54 86.96 -8.92
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Mission 10

File Name Track MNL [dB] GCF [dB]
20120324101305 1 91.79 -0.75
20120324102053 2 91.65 -0.89
20120324102843 3 90.68 -1.93
20120324103628 4 89.75 -2.98
20120324104455 5 88.47 -4.42
20120324105308 6 87.29 -5.83
20120324110925 8 85.97 -8.47
20120324111730 9 85.69 -8.88
20120324112541 23 85.62 -8.98
20120324113356 22 85.53 -9.10
20120324114237 21 85.59 -9.02
20120324115021 20 85.58 -9.05
20120324115824 19 85.66 -8.95
20120324120615 18 85.68 -8.90
20120324122256 16 86.03 -8.40
20120324123108 15 85.85 -8.64
20120324124824 13 85.82 -8.69
20120324125649 12 85.76 -8.79
20120324130510 11 85.83 -8.68
20120324132057 30 86.03 -8.39
20120324133044 31 85.84 -8.66
20120324133659 52 85.49 -8.17
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Mission Sea Ice

File Name Track MNL [dB] GCF [dB]
20120308131222 62 110.14 -3.61
20120308133524 60 2 106.90 -5.72
20120308135031 63 106.92 -5.67

Mission Tundra 2

File Name Track MNL [dB] GCF [dB]
20120229123037 52 93.20 0
20120229123910 53 91.07 -1.83
20120229124815 50 90.54 -2.44
20120229125644 51 88.46 -4.77

Mission Calibration

File Name Track MNL [dB] GCF [dB]
20120320101901 99 1 93.03 0.06
20120320102441 100_3 92.67 -0.32
20120320103034 101 1 92.30 -0.72
20120320104202 98_2 91.46 -1.60
20120320104719 99 2 91.00 -2.14
20120320105814 100_4 89.85 -3.42
20120320110355 102_2 88.52 -4.85
20120320110906 98_3 88.09 -5.45
20120320111453 99 3 87.79 -5.85
20120320112102 100 5 87.39 -6.34
20120320112656 101 3 87.70 -5.96
20120320113848 100_6 88.27 -5.24
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