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Abstrat

In the TU Wien soil moisture retrieval model the estimated standard de-

viation (ESD) is a measure for the di�erent error types of the baksatter.

This parameter is onsidered as a noise estimate, inorporating spekle and

residual azimuthal e�ets, based on di�erenes between fore- and after beam

of the Advaned SCATterometer (ASCAT) on board the meteorologial oper-

ational satellite METOP-A. However, for a robust estimate of the estimated

standard deviation ESD, time series baksatter data of long period of time is

neessary. This an be even up to several years. Thus in this work, the rela-

tionship of the urrent estimation of the standard deviation of the baksatter

(ESD) with the standard deviation information (Kp) inluded in the Metop

ASCAT Level 1b baksatter produt is analyzed. For a omparison of ESD

and Kp a new type of ESD is de�ned based on the radiometri resolution

Kp, denoted as ESDKp. The elaborate analysis of the two ESD types reveals

a nonlinear relation between the ESD and ESDKp, with muh less impat of

the azimuthal noise on the ESDKp. In partiular, for arid regions with large

azimuthal noise a substantial di�erene is observed, whereas for rain forests

the values of the two ESD quantities are almost equal. As a ontrast to the

ESD, the value the ESDKp reahes steady value within a period of few weeks.
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Kurzfassung

Im Bodenfeuhte Bestimmungsmodell der TU Wien ist die geshätzte

Standardabweihung (ESD) ein Maÿ für die vershiedenen Fehlerquellen des

Radarehos. Unter anderem, werden im Modell das Raushen der Rükstreu-

ung und Speklemuster berüksihtigt. Weiters werden kleine Ein�ussgröÿen

wie die Azimuth Winkelabhängigkeit der Di�erenz zwishen dem Radarstrahl

der vorderen und hinteren Antenne des ASCAT Satterometers berüksihtigt.

Dieses Satterometer ist Teil der Instrumentenausstattung des meteorologis-

hen Satelliten METOP-A. Für eine stabile Fehlerabshätzung werden Mess-

daten über lange Perioden, bis zu mehreren Jahren, benötigt.

Daher wird in der vorliegenden Diplomarbeit der Zusammenhang und

Untershied der übliherweise verwendeten geshätzten Standardabweihung

der Rükstreuung (ESD) mit der radiometrishen Au�ösung Kp aus dem

Metop ASCAT 1b Produkt erarbeitet. Für einen Vergleih der ESD und Kp

wird ein neuer ESD Wert auf der Grundlage der radiometrishe Au�ösung

Kp de�niert ist, bezeihnet als ESDKp. Eine genaue Analyse der beiden

ESD Werte zeigt eine nihtlineare Beziehung zwishen ESD und ESDKp, mit

einer viel geringeren Auswirkung des azimuthalen Fehlers auf den ESDKp.

Insbesondere wird für trokene Regionen mit groÿem azimuthalem Fehler

ein groÿer Untershied festgestellt, während für Regenwälder die Werte der

beiden ESD Werte sind fast gleih. Im Untershied zum ESD, erreiht der

ESDKp Wert ein konstantes Niveau innerhalb weniger Wohen.
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Chapter 1

Introdution

1.1 Motivation

Water plays a ruial role for all organisms on earth. It ats as solvent in bio-

logial ells. Without water metabolism and protein synthesis in ells would

be impossible. Also on marosopi sale water plays an important role, it

shapes the topology of the Earth's surfae, allows e�etive transportation

needed for many tehnologial proesses and enables agriulture. The water

on earth exists in di�erent physial states, and is present in di�erent forms

in for instane air, oeans, glaiers and ie shields. Water is in�ltrated at

the soil on earth surfae and this resulted soil moisture is ruial for the life

on earth. At the areas with very low soil moisture, only very few speies are

able to survive in suh these areas. These organisms are highly adapted to

suh harsh onditions. Other extreme to these are the rain forests, where the

quantity of speies is order of magnitude larger.

Global warming leads to a further extend of deserts and steppes, thus

the investigation of moisture on earth's surfae is of mayor importane. The

on site based measurements are only available for limited loations on the
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Motivation INTRODUCTION

Earth's surfae. Therefore, the need for a method with global disposability

of soil moisture data is substantial. Preferably suh a method should have

the ability to estimate the temporal variability of the soil moisture. Now

for several years, this requirement is ahieved by spaeborne satterometer,

observing the Earth's surfae. Suh satterometer send an eletromagneti

pulse towards the Earth and measures the eho sattered from the Earth's

surfae. Sophistiated models are then applied on the data measured with

the satterometer signal in order to derive soil moisture. Using spaeborne

satterometer for soil moisture estimation has the advantage of aessing the

whole Earth's surfae.

The baksatter data provided by the ASCAT satterometer depends on

di�erent fators, suh as measurement geometry, vegetation anopy, surfae

roughness and soil moisture. The impat of these fators on the baksatter

measurement is of di�erent magnitude and time sales. This noise level of

the baksatter ontains information on the Earth's surfae. However, this

estimation is a stati value, whih does not re�et temporal e�ets. In this

work the so far unused Kp value is inorporated in the omputation of the

overall baksatter variane. This master thesis represents a �rst proof of

onept study utilizing the Kp value in the unertainty estimation.

2



Objetive and struture of thesis INTRODUCTION

1.2 Objetive and struture of thesis

In the TU Wien soil moisture retrieval model the estimated standard devia-

tion (ESD) is an estimate of the unertainty of the measuresed baksatter

value. This parameter onsidered noise, spekle and the residual azimuthal

e�ets, based on di�erene between for- and aft-beam of the Advaned SCAT-

terometer (ASCAT). The idea and researh question of this master thesis was

to investigate the relationship and di�erenes of the urrent estimated stan-

dard deviation (ESD) of baksatter in the TU Wien soil moisture retrieval

with the standard deviation information (Kp value) inluded in the Metop

ASCAT Level 1b baksatter produt. Maybe in the future the unertainty

estimation of baksatter an be enhaned by inorporating the Kp value

in the omputation of the overall baksatter variane. This master thesis

shows a way how the Kp value an be utilized in the unertainty estimation.

The work is strutured as follows: In hapter 1 a brief indution about

the ASCAT soil moisture produts is given. In hapter 2 the working prin-

iples of the MetOp ASCAT instrument and its measurement geometry are

explained in addition to the de�nition of the ASCAT produts. Furthermore,

a detailed desription on the radiometri resolution Kp is given followed by

a summary on the noise model used by the TU Wien soil moisture retrieval

method. Finally, a new type of the estimated standard deviation of the

baksatter is introdued, based on the Kp-value. Moreover, haraterisits

of the study areas are presented in detail. In hapter 3 detailed analysis of the

baksatter and radiometri resolution data are presented. This is followed

by the onluding remarks in hapter 4.
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Chapter 2

Methology

2.1 MetOp ASCAT

2.1.1 Introdution

MetOp is a series of three polar orbiting meteorologial satellites, represent-

ing the spae segment omponent of the EUMETSAT Polar System (EPS).

MetOp-A (launhed on 19 Otober 2006) and Metop-B (launhed on 17

September 2012) are in a lower polar orbit. They are loated at an altitude

of 817 km to provide more detailed observations of the global atmosphere,

oeans and ontinents. MetOp-C is due to be launhed in 2017 [1℄. The

Advaned Wind Satterometer (ASCAT) is a radar instrument with six fan-

beams and it is arried on board the EUMETSAT MetOp (meteorologial

operational) series of satellites. It is designed to aurately measure the sur-

fae baksatter allowing the retrieval of wind �elds over the oean [2℄. The

data provided by ASCAT is also used by a number of other appliations

inluding sea ie monitoring and soil moisture retrieval [3℄, [4℄.
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MetOp ASCAT METHOLOGY

Figure 2.1: The three antenna assemblies of the ASCAT Instrument.

The following setion desribes the ASCAT system and gives an overview

of the instrument, the geometry, the ASCAT data produts and the resolution

of the satterometer measurements.

2.1.2 Instrument desription

The ASCAT instrument has been primarily designed to operationally pro-

vide oean wind vetors. Wind satterometer already �own on ESA's ERS-1

and ERS-2 satellites have demonstrated the worth of suh instruments for

global determination of sea-surfae wind vetors. The suessor of the ERS-

1/2 satterometer, the Advaned SCATterometer (ASCAT) is the result of

developments of more than twenty years. The ASCAT instrument is a real

aperture radar, operating at 5.255 GHz (C-band) and using six vertially

polarized antennas. There are two antenna assemblies eah ontaining three

antennas. The ASCAT instrument operates in two di�erent modes: Mea-

surement and Calibration mode. The nominal instrument mode, and the
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MetOp ASCAT METHOLOGY

Figure 2.2: Viewing geometry of the ASCAT instrument onboard

METOP [5℄.

only one that generates siene data for the users, is measurement mode. In

this mode all six antennas are ativated in sequene. The eho, internal ali-

bration and noise samples are reorded from eah of them. In ontrast to the

satterometer used on ERS, ASCAT transmits a long pulse with Linear Fre-

queny Modulation. After de-hirping the reeived eho from the ground, the

baksattered signal is spetrally analyzed and deteted. These methods rely

on a Fourier transformed signal whih is used to produe a power spetrum

as a funtion of range. This is then averaged along trak and transmitted to

the ground along with anillary data.

The instrument was developed under ESA/EUMETSAT ontrat by EADS

Astrium in Friedrihshafen, Germany.

2.1.3 Geometry

Measurement geometry is a very important fator in the further data pro-

essing. The ASCAT system geometry is based on the robust and well-

6



MetOp ASCAT METHOLOGY

Figure 2.3: Measurement geometry of METOP-A ASCAT [5℄.

understood onept of the ERS satterometer. It overs two 500 km swaths

whih are separated from the satellite ground trak by about 336 km for the

minimum orbit height of 822 km (see Figure 2.3). The ASCAT inidene

angle ranges from 25° to 65° (see Figure 2.3). For eah swath, three an-

tennas illuminate the surfae at three di�erent azimuth angles, measuring

the baksattered signal. At suh inidene angles, the main baksatter-

ing mehanism over the oean is onsidered to be Bragg resonane, whih

desribes the interation of the radar signal with short sea surfae waves

having a wavelength of few entimeters [6℄.

7



MetOp ASCAT METHOLOGY

Figure 2.4: Daily over ERS-1/2 (a) and METOP-A (b) [7℄.

2.1.4 ASCAT data produts

Compared to the predeessors on ERS-1 and ERS-2 the advaned measure-

ment geometry of ASCAT allows twie the over and, thus the daily over

inreases from 41% to 82% (see Figure 2.4). The spatial resolution was

improved from 50 km to 25 km, with the same radiometri auray as the

ERS-1/2 satterometer. Three baksatter measurement, orresponding to

the for, mid and aft antenna, are obtained from eah point on the Earth's

surfae inside one of the two swaths within a short time delay [8℄ , alled

in the following as, triplet. The radar eho signal of the satterometer is

transmitted to the ground station , where it is transformed into baksatter

oe�ients.

Some of the key parameters driving the instrument design are related to

the desired radiometri harateristis of the normalized baksatter deter-

mination [9℄: (1) radiometri resolution (Kp) desribes the unertainty in

8



MetOp ASCAT METHOLOGY

a σ0
estimate due to spekle and thermal noise; (2) radiometri auray

desribes the maximum unertainty in the σ0
estimates, one the statistial

noise has been averaged out.

Global data produts are lassi�ed in di�erent levels aording their pro-

essing progress. ASCAT provides the following produt levels [10℄.

� Level 0: Unproessed raw instrument data from the spaeraft. These

are transmitted to the ground stations in binary form.

� Level 1a: Reformatted raw data together with already omputed sup-

plementary information (radiometri and geometri alibration) for the

subsequent proessing.

� Level 1b: Calibrated, georeferened and quality ontrolled baksatter

oe�ients σ0
in full resolution or spatially averaged. It inludes also

anillary engineering and auxiliary data.

� Level 2: Georeferened measurements onverted to geophysial pa-

rameters, at the same spatial and temporal resolution as the Level 1b

data.

� Level 3: Geophysial produts derived from Level 2 data, whih are

either resampled or gridded points.

The �rst produt of the intermediate level 1 in the ASCAT data proess

hain is the so alled full resolution produt. The main geophysial parameter

of the level 1b is the normalized baksatter oe�ient σ0
. Eah antenna

projets 256 σ0
values on the Earth'ssurfae. The Doppler pattern over the

9



MetOp ASCAT METHOLOGY

7

around the nodes is performed. The integration area is a square with a sidelength of approximately 85
km (Pierschel et al., 1988). The weighting function is a two-dimensional Hamming window and is given
by

)()(),( ywxwyxw . (2.1)
The function w( ) is the one-dimensional Hamming window which is defined by

Lw 2cos)1()( 2
L (2.2)

and = 0.54 (Figure 2-2). The parameter L is the width of the Hamming window and is approximately
85 km. The Hamming window is designed to have a Fourier transform with low sidelobes (Harris,
1978).

Figure 2-2: The Hamming window with
a sidelength of 85 km. The dashed lines
explain the definition of the spatial
resolution l

According to Pierschel et al. (1988) the spatial resolution is defined by the width of the impulse response
function where the function reaches fifty percent of its peak value. For the Hamming window used the
spatial resolution is 45 km. The antenna gain patterns, the complex frequency response of the on-board
instrument, and the on-ground processor function (except, of course, the spatial filtering stage) further
decrease the resolution to about 50 km. In the processing chain described in Chapter 6, the data are
interpolated to a regular grid using either a box window with a radius of 36 km or a Hamming window
with a width of 72 km. The final spatial resolution of the data is approximately 80 km if the box window
is used, and 60 km when the Hamming window is used (Wagner, 1996).
Because a spatial resolution of 50 km is a constraint in land application it has been investigated if the
resolution of the ERS Scatterometer images can be improved by means of resolution enhancement
techniques. Long et al. (1994) describe an algorithm to enhance the resolution of ERS Scatterometer
images which was originally developed for use with the Seasat Scatterometer (Long et al., 1993). The
Seasat oceanographic satellite was launched in 1978. Its scatterometer operated at a frequency of
13.9 GHz (Ku-band) at both horizontal and vertical polarisations. The resolution enhancement technique
for the Seasat Scatterometer data takes advantage of the spatial overlap of scatterometer measurements
taken at different times, and, by using an indirect reconstruction formulation, the effective resolution is
improved (Long et al., 1993). Walker (1997) reviewed the technique developed by Long et al. (1993)
and found that while this algorithm is appropriate for use with the Seasat Scatterometer, it is not
appropriate for use with the ERS Scatterometer. The reason is that the Seasat Scatterometer images are
substantially undersampled, whereas the ERS Scatterometer data are not. Walker (1997) concludes that
in the ERS Scatterometer data there is virtually no information existing at frequencies above that
corresponding to the sampling rate of 25 km.

Figure 2.5: Hamming window funtion used for spatial �ltering. Dashed

lines marks the spatial resolution [13℄.

surfae result in a footprint size of about 10 × 20 km with various shapes

and orientations. The radiometri auray and the inter-beam radiometri

stability is expeted to be less then 0.5 dB peak-to-peak [11℄.

In addition, the level 1b produt o�ers averaged baksatter oe�ients

σ0
at two di�erent spatial grids. For spatial �ltering a two dimensional

Hamming window funtion H(x,y) = H(x)H(y), entered at every grid node,

is used. The window funtion in one dimension is given by

H(x) = 0.54 + 0.46 cos(
πx

L
) (2.1)

where x is the distane to the enter of the window and L is the radius of

the window. The full resolution data is averaged over a square with a side

length of approximately 85 km [12℄. The spatial resolution is de�ned as the

distane where the Hamming window funtion reahes 50% of its maximum

intensity (see Figure 2.1).

After the generation of the swath nodes and the spatial averaging two

produts are o�ered by the ASCAT level 1b. The so alled nominal produt

with a grid spaing of 25 km and 21 nodes in eah line per swath, resulting

10



Soil moisture retrieval at the TU Wien METHOLOGY

Figure 2.6: Overview of ASCAT level 1 produts [5℄.

in a spatial resolution of 50 km for eah grid point. In addition, a researh

produt is provided with a spatial resolution ranging from 25 to 36 km and

a grid spaing of 12.5 km resulting in 41 nodes per swath line.

The ASCAT level 2 ground proessing produts are generated from

baksatter values by applying geophysial models. Over oean surfaes the

near-surfae wind vetors are retrieved by relating the wind speed and di-

retion to the σ0
values. The inverse algorithms used for the omputation

of the wind vetors yield in ambiguities of the solutions, whih is di�ult to

solve exatly. On land surfaes the σ0
values an be used to derive to soil

moisture data based on a geophysial model developed by the Department

of Geodesy and Geoinformation of the Vienna University of Tehnology.

2.2 TU Wien Soil moisture retrieval method

The baksatter signal measured by ASCAT over land is in�uened by various

fators like surfae roughness, vegetation struture, vegetation water ontent,

11



Soil moisture retrieval at the TU Wien METHOLOGY

and soil moisture on di�erent time sales. The surfae roughness is onsidered

as time-invariant. The time-sale of surfae soil moisture variation is hours

or days, whereas the vegetation struture and the vegetation water ontent

hanges within several days or weeks.

Various models have been proposed to alulate σ0
from vegetated surfae

based on Radiative transfer theory [14℄ [15℄ [16℄. Radiative transfer theory

desribes the interation of eletromagneti waves with matter, propagating

through a medium. In general, absorption, emission and sattering proesses

have to be onsidered. A problem of these omplex theoretial models is that

many parameters are required [17℄ in order to solve the basi equations.

In 1998 Wagner et al. [13℄ presented the TU-Wien soil moisture retrieval

method whih is basially an empirial model based on hange detetion.

The model parameters of the TU-Wien soil moisture retrieval method are

determined from long baksatter time series, whih greatly simpli�es the

problem ompared to the physial inversion models.

The baksatter σ0
depends on the look geometry of the ASCAT antenna

desribed by the azimuth and inidene angle, whih varies from aquisition

to aquisition. This intensity of the baksatter signal inreases strongly with

dereasing inidene angle. To ompare the baksatter oe�ients diretly

they have to be normalized to a referene inidene angle. However, the in-

idene angle dependeny of baksatter is not proportional to soil moisture.

The vegetation density has an impat on the shape of the inidene angle

dependeny of baksatter depending on the type and density of vegetation

as well as the orientation of vegetation elements, as illustrated in Figure 2.7.

A seond order polynomial is su�ient to desribe the baksatter - ini-

dene angle behavior of suh a urve. A Taylor polynom with an expansion
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Figure 2.7: Inidene angle dependeny of baksatter a) soil moisture

hange b) vegetation hange.

point at 40° leads to:

σ0(θ, t) = σ0(40, t) + σ′(40, t)(θ − 40) +
1

2
σ′′(40, t)(θ − 40)2 (2.2)

where σ′
and σ′′

denotes the �rst and seond derivative of σ0(θ, t) with respet

to θ. The σ′
and σ′′

are sensitive to the vegetation and surfae struture,

whereas it is assumed to be independent of the dieletri properties [18℄. The

multi-inidene angle apability of ASCAT is used to determine the slope σ′

and urvature σ′′
from the loal slope values extrated from simultaneous

observations. The loal slope an be derived individually by linear �tting,

using the σ0
triplet:

σ0
L(θL) =

σ0
m(θm)− σ0

f,a(θf,a)

θm − θf,a
, (2.3)

where

θL =
θm + θf,a

2

The indies f , m and a denote the for- mid- and aft-beam of the instrument.

To determine the temporal behavior of slope σ′
and urvature σ′′

, the loal

slope values σL are alulated for eah individual σ0
triplet using neighboring

13
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measurements in a given period τ entered on a seleted day t. A linear �t

through all loal slope values σ0
L in this time window τ reveal the slope

σ0(40, t) and urvature σ0(40, t) parameter at a 40° inidene angle.

The e�et of hanges in soil moisture and vegetation on the baksatter-

inidene angle dependene σ0(θ) is illustrated in Figure 2.7. It is assumed

that, soil moisture hanges do not alter the baksatter shape. More dense

vegetation inreases the baksatter intensity for far and mid inidene an-

gles, whereas for near inidene angles the intensity dereases due to the

attenuation of volume sattering from the vegetation anopy. This behavior

is illustrated in Figure 2.8. At the two harateristi angles θdry = 25,° and

θwet = 40° the two urves orresponding to dormant and fully developed

vegetation show a rossover for dry and wet soil, respetively. This allows to

ompensate the vegetations e�ets, as at these two angles vegetation growth

has more or less no in�uene on the baksatter oe�ient.

The result of the TU Wien soil moisture retrieval method is relative soil

moisture, whih is saled between the lowest σ0
dry and highest σ0

wet of the

available baksatter time series.

For a robust estimation of the dry and wet referene, an aurate removal

of outliers is important. In the improved algorithm the number of observa-

tions, whih are used for the determination of the dry and wet-referene,

is seleted with respet to an expliit unertainty range, de�ned as a 95%

2-sided on�dene interval of the measurements. This is done by separating

the extreme low values in σ0
dry and the extreme high values in σ0

wet. The on�-

dene interval of the extreme low and high values are obtained by onsidering

the noise of σ0
dry and σ0

wet:

Con�dene Interval = ±1.96× (Noise of σ0(θ)) (2.4)

The value in the Equation 2.4 represents the 97.5 perentile of the standard
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Figure 3-4. Illustration of the crossover angle concept. 

Figure 2.8: Crossover.

normal distribution. The dry and wet referenes at the rossover angles are

given by the mean values of the separated extreme values:

σ0
dry =

1

Nlower

Nlower∑

j=1

σ0
j (θdry), (2.5)

σ0
wet =

1

Nupper

Nupper∑

j=1

σ0
j (θwet), (2.6)

where N

lower

and N

upper

are the number of low and high extreme values sep-

arated aording the on�dene interval. Only the dry referene σ0
dry has

to be transformed bak to the normalization angle aording Equation 2.2.

By saling the values σ0(40, t) between σ0
wet(40, t) and σ0

dry(40, t) the relative

surfae soil moisture is given by:

ms(t) =
σ0
wet(40, t)− σ0

dry(40, t)

σ0
wet(40, t)− σ0

dry(40, t)
. (2.7)
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Figure 2.9: The estimated soil moisture in mid of; a) January and b) July

averaged over the long-term satterometer observations from August 1991 to

May 2007 [18℄.

Figure 2.9 shows the estimated soil moisture for (a) mid of January and (b)

July averaged over the long-term satterometer observations from August

1991 to May 2007.
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2.3 Kp - the radiometri resolution

2.3.1 De�nition of Kp

The performane of satterometer systems, i.e., their radiometri resolution,

is given by the Kp parameter [19℄. The Kp value of the instrument desribes

the ability of the sensor to di�erentiate the variability of the baksattered

power. It is de�ned as the normalized standard deviation assoiated to the

σ0
measurement in the linear domain. Thus, the unit of the radiometri

resolution Kp is [%℄. In partiular, the Kp value is alulated for all three

beams b ∈ (for, mid, aft) of the ASCAT instrument by

Kpi,b =

√
V ar[σ0

i,b]

σ0
i,b

(2.8)

where σ0
i ,b is the baksattering oe�ient, its mean is denoted as σi,b

0 =

mean (σi,b
0) and the i labels the individual measurement in a resampling

window. The integration area of σi,b
0
is de�ned by the two dimensional

window funtion H(x, y), were H(x) is given by Equation 2.1. The Kp value

is an engineering parameter re�eting the instrument e�ieny.

2.3.2 Noise haraterization of baksatter measurements

When performing baksatter measurements, the satterometer transmits a

mirowave pulse and the baksattered signal power P̂R , whih is re�eted
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from the surfae is measured. In addition, a noise-only power measurement

P̂N is performed, as P̂R is a�eted by instrument noise as well as noise indued

by geophysial phenomena due to the surfae anisotropy, as well as other error

types, for instane errors aused by spekle [20℄. Subtrating the noise-only

measurements form the measured signal results in the baksattered signal

power P̂S i.e., P̂S = P̂R−P̂N . The baksattering oe�ient σ
0
are alulated

from the signal power P̂S, using the radar equation

σ0 = XP̂S (2.9)

where

X =
(4π)3R4Gp

PTλ2LsG2Ac

(2.10)

where R is the range from the satterometer to the observation ell, Gp is the

system gain, PT is the transmitter power, λ is the radar wavelength, LS, is

the system loss, G is the antenna gain, and Ac, is the resolution element (ell)

area. In general, σ0
is a funtion of the inidene angle of the measurements,

with larger inidene angles generally produing smaller σ0
values.

Noise only measurements are performed routinly by ASCAT in an internal

loop.

Any error in the baksattered signal power and the noise-only power

measurement, as well as in the radar equation parameters, result in an error

in σ0
. The total variability of σ0

may be desribed by theKp parameter whih

is de�ned as the normalized standard deviation of the measurement [21℄.
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2.3.3 Spekle

One soure of error in the radar baksatter signal is alled spekle. The

phenomenon spekle is aused by interferene e�ets of oherent radar sys-

tems due to surfae roughness on the sale of the transmitted eletromagenti

waves. For the hypothetial ase of of an radar illuminating only two re�et-

ing points separated by a small distane d, the reeived �eld strength E at

the radar with a muh larger distane to the points as their separation is

given by [22℄.

|E| = 2

∣∣∣∣E0 cos

(
2πd

λ
sin θ

)∣∣∣∣ (2.11)

where λ denotes the wavelength of the eletromagenti wave and θ is the

angle of radar beam with respet to the surfae normal.

As the wave interats with a target, eah satterer ontributes a baksat-

tered wave with a phase and amplitude hange. The total returned modu-

lation of the inident wave is the summation over the number of satterers

illuminated by the beam. Hene, the observed signal will be a�eted by in-

terferene e�ets as a onsequene of the phase di�erenes between the sat-

terers. In fat, spekle an be understood as an interferene phenomenon in

whih the prinipal soure of the noiselike quality of the observed data is the

distribution of the phase terms [22℄.
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2.4 Error haraterization of the TU Wien soil

moisture model

2.4.1 Introdution

The TU Wien soil moisture retrieval method in setion 2.2 inludes an er-

ror model to quantify unertainties related to measurements in the retrieval

algorithm. Naeimi [18℄ ategorizes the error soures in the TU-Wien soil

moisture retrieval algorithm as:

� unertainties linked to the data aquisition inluding baksatter noise,

unertainty of the gain parameters, geometry, and data resampling;

� unertainties assoiated with the geophysial model funtion.

These error soures are propagated through the retrieval algorithm by simple

error propagation. Therefore, the estimated standard deviation is exploit as

an unertainty estimate of the baksatter to initialise the error propagation

of the soil moisture retrieval algorithm. This allows the determination of the

noise of the soil moisture.

2.4.2 Azimuthal anisotropy

The intensity of the baksattered signal from an rough surfae depends

on the azimuthal look angle. Two of the three antennas of ASCAT have

the same inident angle but di�er in the azimuthal look angle (for - and

aft-antennae). The di�erene in the for - and aft-baksattering oe�ient
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depends on the di�erent azimuthal angle and the noise level of the individual

σ0
measurements [23℄ , given by

δ = σ0
aft − σ0

for (2.12)

where σ0
for and σ0

aft denote the for - and aft-beam baksatter. If a large

number of baksattering pairs (for and aft beam) are available, then the

average of δ is an indiation of surfae anisotropy. The baksatter σ0
for and

σ0
aft are supposed to be normally distributed variables [24℄, therefore their

di�erene δ is also normally distributed [25℄ (see Figure 2.12).

2.4.3 Estimated Standard Deviation of the Baksatter-

ing Coe�ient

All three beams of ASCAT observe the same target, and the for - and the

aft-beam share the same inidene angles. Thus, as long as there are no

azimuthal e�ets, the baksatter measurement σ0
for/aft of the for - and aft-

beam, respetively, are omparable, i.e., statistially speaking, they are in-

stanes of the same distribution. We assume that σ0
for and σ0

aft are normally

distributed in the logarithmi range [24℄. Sine both for - and aft-antenna

have the same inidene angle, the expetation of the random di�erene is

δ := E
(
σ0

for − σ0
aft

)
= E

(
σ0

aft − σ0
for

)
= 0 (2.13)

and its variane is twie the variane of one of the beams [25℄. This an be
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Figure 2.10: Global distribution of ESD [26℄.

derived using an inverse error propagation [27℄ on δ(σ0
for , σ

0
aft) as given by [28℄

Var (δ)≈Var
(
σ0

for

)
+ Var

(
σ0

aft

)
= 2·Var

(
σ0
)

(2.14)

Rewriting Equation 2.14 gives the following expression for the variane of σ0

Var
(
σ0
)
=

Var (δ)

2
. (2.15)

Furthermore, the estimated standard deviation an be given as follows:

ESD
(
σ0
)
=

√
Var (δ)

2
(2.16)

The ESD represents an estimate of the real standard deviation of the baksat-

ter intensity.
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Figure 2.11: ESD values averaged for di�erent land over lasses [18℄.

The global distribution of the ESD alulated by Naeimi [29℄ is exem-

pli�ed in Figure 2.10 and Figure 2.11 shows the ESD values determined for

various land over lasses [30℄.

2.4.4 Azimuthal error soures

In the TU-Wien model any kind of residual azimuthal disrepany in baksat-

ter is onsidered as noise. Naeimi [18℄ identi�es di�erent types of error soures

in�uening the azimuthal noise.

Instrumental noise

The instrumental noise of ASCAT is determined by measuring baksatter

oe�ients over rainforest's, as they behave like a volume satterer over a
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wide range of inidene angles. The instrument noise has random behavior

with a Gaussian distribution, and is approximated by an value of about

0.13 dB.

In�uene of Land Cover on the Azimuthal Noise

The topography of the Earth's surfae and the three dimensional arhite-

ture of vegetation have a lear in�uene on the azimuthal noise. Naeimi [18℄

used three global datasets (a) Global Land Cover Classi�ation Data, (GLCC)

[31℄, (b) Global Lakes and Wetlands Database, (GLWD) [32℄ and () Global

Digital Elevation Data, (GTOPO30) [33℄ to determine the in�uene of the

surfae harateristis on the azimuthal noise. The in�uene of the land over

lasses on the ESD is shown in Figure 2.11.

Water

Baksatter from water depends on its surfae roughness. The main on-

tribution to the baksatter di�erene of the for- and aft-antennae do not

ome from large waves, but rather from little water ripples on the surfae [34℄.

Naeimi demonstrated an inrease of the mean ESD with inreasing overage

of water bodies for inland water, open water, herbaeous wetland, �oodplain

and marsh.

Desert-Sand Dunes

The same anisotropy like the one found over the open water is also observ-

able over sand desert areas. But in ontrast, the baksatter is more omplex,

as mirowaves penetrates deeper into soil, whih is inverse proportional to

the wetness ondition. Thus with inreasing moisture amount during the

raining season the baksatter regularly inreases. Like on water surfaes,

the azimuthal response is sensitive to the orientation of small sand ripples.

Naeimi observed a pronouned inrease of the mean ESD with inreasing

sand desert overage.
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Urban and Built-Up Land

Baksatter intensity from urban areas are higher as their surroundings,

as retangular aligned surfaes re�ets the energy bak in the diretion of

the emitter. Due to multiple re�etions an inrease of azimuthal noise is also

observed.

Dense Vegetation

In ontrast the azimuthal noise of dense vegetation dereases with in-

reasing overage. Furthermore, the quantity of biomass as well as three

dimensional arhiteture of the vegetation have an impat on the azimuthal

noise. The minimum value of ESD is observed in ares overed by dense veg-

etation, where the volume sattering is dominant.

Topography

A further azimuthal error soure is the topography of the Earth's surfae.

The baksatter intensity reahes a maximum for surfaes normal to the look

diretion of the satterometer antennas and dereases for more oblique look

diretion in relation to the surfae orientation. This leads to an inrease of

the azimuthal noise in areas with omplex topography. 2

Snow Cover and Frozen Soil

The freezing of soil results in a strong derease of the baksatter intensity.

When the surfae is overed with snow the situation beomes more omplex.

Dry snow is more or less transparent at C-Band, subsequently the re�etions

are a�eted by the soil under the snow over. For wet snow the dominant

mehanism is surfae sattering and the azimuthal noise depends on the

roughness of the snow surfae.
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2.5 Variane and mean of a mixture of normal

distributions

In Equation 2.12 we are onsidering the di�erene of two normally distributed

random variables. Thus a framework to estimate the distribution funtion

of normal distributed random variables and their mixtures is neessary. Fol-

lowing Java Behboodian [35℄, a onnetion between variane and mean of a

mixture of normal distributions is desribed in this setion.

In a mixture of k normal distributions the maximum likelihood estimates

of µi and σ2
i , and for i = 1, . . . , k, an be expressed by a weighted (pi) sample

mean and a weighted sample variane, and the maximum likelihood estimates

of the over-all mean and variane of the mixture oinide with the sample

mean and sample variane. The probability density funtion of a mixture of

k normal distributions is

f (x) =
k∑

i=1

pi·fi (x) (2.17)

where, for i = 1, . . ., k

fi (x) =
1√
2πσi

·e
−(x−µi)

2

2σ2

i

0 < pi < 1,

k∑

i=1

pi = 1

The overall mean µ and variane σ2
of the mixture, say α and β, are

α =
k∑

i=1

pi · µi (2.18)
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β =
k∑

i=1

pi·
(
σ2
i + µ2

i

)
−
(

k∑

i=1

pi·µi

)2

(2.19)

Let x1, . . ., xn be the experimental values of a random sample from a distri-

bution with density f (x) and let

x =
n∑

i=1

xi

n
(2.20)

s2 =
n∑

i=1

(xi − x)2

n
(2.21)

be the sample mean and sample variane.

Behboodian [35℄ gives a proof for the two results:

1. The maximum likelihood of estimates of µi and σ2
i an be expressed by

a weighted sample mean and a weighted sample variane.

2. The maximum likelihood estimates of α and β are x and s2.

Figures 2.12 exempli�es the maximum likelihood estimate of α and β, ap-

plied to the di�erene of the experimental values X

i

of a normally distributed

random sample. In the bottom panel (b) the normally distributed random

variables are shown as histograms (X

i

1

and X

i

2

), as well as the di�erene of

the experimental values X

i

1

� X

i

2

. The di�erene of the normally distributed

random variables X

i

1

� X

i

2

is normally distributed [25℄. The probability fun-

tion of the normal distributions f

i

(X) orresponding to the random samples

in (b) and probability funtion f(X) of the maximum likelihood estimate of
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Figure 2.12: (a) Two normal distributions (f1 und f2) with equal mean and

di�erent variane and their overall distribution f3. (b): Histogram of three

random samples drawn from standard distributions in (a).

the di�erenes of the experimental values are shown in panel (a) by solid

lines. The vertial lines indiates the standard deviation of the orrespond-

ing probability funtion. This exempli�es that the di�erene of two normally

distributed random variables is normally distributed (see Equation 2.12).

Figure 2.12 (b) shows three normal distributed random samples X

i

as

histogram. In the top panel (a) the normal distribution probability density

funtion orresponding to the maximum likelihood of estimates of µi and

σ2
i , indiated by vertial lines, are plotted as dashed lines, whereas the

probability density funtion of the normal distribution f

i

(X) in Equation 2.5
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are plotted as solid lines.

2.6 The relationship between ESD and Kp

The ESD given by Equation 2.16 represents an estimate of the real standard

deviation of the baksatter oe�ient. It is a temporal invariant value,

as it is alulated from long-term time series measurements. If there is an

inidene angle bias the ESD would be underestimated, furthermore the al-

ulation of the ESD in Equation 2.16 neglets the baksatter data provided

by the mid antenna.

To enhane the unertainty estimation of the baksatter the Kp value

is foreseen to be inorporated in the omputation in the overall baksatter

variane. Thus it is useful to de�ne an additional ESDKp , using the radio-

metri resolution Kp of the ASCAT level 1b produt. The full resolution

measurements σk,b
0
are assumed to be normal distributed random variables

with mean σb
0
and variane Var (σk,b

0). The Kp value is omputed for all

three beams b ∈( for, mid, aft) as well as the mean of the full resolution

measurements σb
0 = mean (σk,b

0) in the linear domain. Where k labels the

individual full resolution measurement in the resampling Hamming window.

Rewriting Equation 2.8 allows the alulation of the variane of σk,b
0
by

Var
(
σk,b

0
)
=
(
Kpb·σk,b

0
)2

(2.22)

For every satellite pass we get a new baksatter triplet [i℄ with i = 1, . . .,M

and M = number of satellite passes. We assume a normal distribution with

mean µi and variane σ2
i for eah baksatter oe�ient of the time series.
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Using Equations 2.12, 2.14 and 2.22 the mean µi and variane σ2
i for the ith

satellite pass are given by

µi = δi, (2.23)

σ2
i =V ar

(
σ0
for

)
i
+ V ar

(
σ0
aft

)
i
=

V ar
(
σk,for

0
)
i
+ V ar

(
σk,aft

0
)
i
=

(
Kpi,for ·σi,for

0
)2

+
(
Kpi,aft ·σi,aft

0
)2
. (2.24)

where Kpi,for and Kpi,aft denotes the radiometri resolution and σi,for
0
and

σi,aft
0
the baksatter oe�ient of the ith satellite path, measured with the

for - and aft-antenna, respetively. The maximum likelihood of estimates of

µi and σ2
i an be expressed by a weighted sample mean and a weighted sam-

ple variane as shown in setion 2.5.

For every i = 1, . . .,M we get a normal distribution weighted with pi = 1/M

and µi = δi = 0

α =

M∑

i=1

pi·0 = 0 (2.25)

β =

M∑

i=1

1

M
· σ2

i (2.26)

Under the assumption that every measurement of σi,b
0
is a normal distribu-

tion with individual mean and variane it is possible to alulate the overall
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variane and mean applying to the equations of the Gaussian Mixture Model.

Therefore, equations 2.24 and 2.22, Equation 2.26 are rewritten

β =

M∑

i=1

1

M
σ2
i =

M∑

i=1

1

M

{
Var

(
σ0

for

)
i
+ Var

(
σ0

aft

)
i

}
(2.27)

where the maximum likelihood estimate of β is the variane of the overall

distribution (see setion 2.5). The overall distribution is the time series of

the baksatter oe�ients σ0
and thus rewriting Equation 2.27

ESDKp

(
σ0
)
=

√√√√
M∑

i=1

1

M

{
Var (σ0

for)i + Var (σ0
aft)i

}
, (2.28)

where ESDkp (σ
0) denotes an estimate based on the radiometri resolution

Kp. The radiometri resolution Kp is alulated in the linear domain, sub-

sequently the ESDkp (σ
0) given here is de�ned in the linear domain. For

a omparison of the ommon ESD and the ESDkp we use an expression,

approximating the variane of logarithmi values f of linear data as given by

Harris [36℄:

f = a log10(A), σ2
f ≈

(
a

σA

A ln(10)

)2

(2.29)

where σf denotes the variane of the logarithmi data and σA the variane

of the data in linear units. Aording to equation 2.29 we an alulate the

varianes in the logarithmi range:

Var
(
σ0
b,i

)
[dB] ≈


10

√
Var

(
σ0
b,i

)

σ0
b,i ln(10)




2

(2.30)
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2.7 Desription of Study Areas

In the present work four areas in various limates showing di�erent biomes

are analyzed using the statistial framework evaluated in the setion 2.6. In

this part, the limates of di�erent test-sites are desribed. Figure 2.13 shows

the loations of four sites in four ountries: Niger (A), Western Australia (B),

Wyoming USA (C) and Yakutia lowlands, Russia (d). Table 2.1 portrays the

main harateristis of eah site in terms of loation, and limate (mean

annual rainfall and temperature). For all the sites the limate is dry or very

dry with total average yearly preipitation ranging from 130 mm in Niger to

283 mm in Australian site [37℄ (see Figure 2.16). More spei�ally, the biome

at the site in Niger an be lassi�ed as arid desert. West Australian site is

srubland with low-, but evenly spread rainfall throughout the year and is

lassi�ed as semi-arid desert. The site in Wyoming, USA with below zero

temperatures during the winter months is therefore old semiarid desert. The

Yakutia area an be de�ned as taiga [38℄. Overall, for the soil moisture time

series are haraterized by various seasonalities. The site in Niger has very

little rainfall, from whih 96 % of the total yearly preipitation ours during

the summer with extremely high temperatures and lose to no rain in winter.

At the sites in Wyoming USA and in Western Australian the little rainfall

is somewhat evenly spread throughout the year, May and June being the

rainiest months. During this period approximately one third of preipitation

falls in the site in Wyoming and quarter in the Western Australian site. In
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Figure 2.13: Loations of four sites in four ountries: Niger (a), Western

Australia (b), Wyoming USA () and Yakutia lowlands, Russia (d) [39℄.

Yakutia lowland in Russia, nearly two third of rainfall ours between June

and Otober. There, more than half year between Otober and April the

average temperature stays below freezing point [37℄.

Niger

The study area with GPI 920587 is loated in Niger, 170km east of

Aigadez, where the Sahara desert reahes the Sahel zone. The limate in

Niger is harateristially dry arid desert limate. This limate zone has

very hot summers and mild winter and sare preipitation throughout the

year. The rainfall is little during the summer and next to none-existent from

Otober to May [46℄. The annual average rainfall in the study area is 16

mm/month and the mean temperature of 28 °C, with high annual mean 35

°C and low 21°C. Most of its rain falls between June and September, and

rainfall totals of more than 95 % during this season from average total of

130 mm yearly preipitation (see Figure 2.16 (a)) [37℄. Vegetation at the
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(a) (b)

() (d)

Figure 2.14: Images of study areas, giving an impression of the vegeta-

tion. (a) Sahara, Niger [40℄; (b) Western Australia [41℄; () Bighorn river,

Wyoming [42℄ and (d) Yakutia [43℄;.

site is sparse; mainly srub bushes and atus plants [31℄. The topography is

dominated by longitudinal dunes [47℄, whih are predominately in Western

Shara [48℄ p. 502, on a more or less �at plateau, orientation from north east

to south west (see Figure 2.15 (a)). This is aused by the northeast trade

wind at this site, with a wind diretion of approximately 45° with respet

to the satellite �ight diretion [49,50℄. The azimuthal error of sand is rather

aused by small ripples on the dunes than by themselves. Suh ripples are

aligned transversal to the wind diretion [51℄, thus they are aligned retan-

gular to the dunes.

Western Australia

This study site is loated at Western Australia lose to lake Cowan. It is
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(a) (b)

() (d)

Figure 2.15: Topography (a): Sahara, Niger; (b): Western Australia; ():

Bighorn river, Wyoming; (d): Yakutia; [39℄

relatively dry semi-arid desert limate. This limate zone has hot summers

and mild winter and low preipitation [46℄. The rain is relatively evenly

spread throughout the year and the mean yearly preipitation is 283 mm

(see Figure 2.16 (b)) [37℄. The general soil type is �at and largely laking

of vegetation, whereas the margins of the lake and fringing dunes and plains

have a number of distint plant ommunities [52℄ At this site, the vegetation

is mainly shrubs [31℄. This site is topographially marginally strutured and

more or less �at as shown in Figure 2.15 (b).

Wyoming USA

GPI: 2277126, Wyoming USA is loated lose to the ity of Basin, area
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(a) (b)

() (d)

Figure 2.16: Climate data (a): Sahara, Niger; (b): Western Australia; ():

Bighorn river, Wyoming; (d): Yakutia; [37, 44℄.

of Bighorn river. The annual average rainfall in this area is 16 mm/month

and the mean temperature 7 °C, where high annual mean 16 °C and low

-1°C. The mean temperature is above zero most of the year a part from

winter moths from Deember to February. The yearly rainfall totals 190

mm per year from whih 85 % our during the period from April to June

(see Figure 2.16 ()) [37℄. The limate in this area is ool semiarid desert.

This limate zone is similar to arid limate, but more moderate, experiening

less of the extreme high or low temperatures. It has relatively hot summers

and ool winters and low preipitation throughout the year [46℄. Here, the

vegetation is mainly grasses and shrubs [31℄. The topography at this site is

dominated by the �at Bighorn river valley surrounded by rugged hills as an

be seen in Figure 2.15 ().
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Table 2.1: The main harateristis of the sites used for this study.

Loation Niger Western

Australia

Wyoming USA Yakutia, Russia

GPI 920587 1712495 2277126 2970343

Lat(°) [38℄ 16.50 -31.74 44.25 65.57

Lon(°) [38℄ 9.72 122.15 -108.01 119.15

Elev (m) [45℄ 398.6 317.1 1269.4 194.9

Rainfall (mm/y) [37℄ 130 283 190 270

Mean rainfall

(mm/month) [37℄

11 24 16 23

Mean temperature

(min/max) (°C) [37℄

20/35 10/24 -1/16 -16/-6

land overage type [31℄ Barren or

Sparsley

Vegetated

Srubland Mixed Srub-

land/Grassland

Deiduous

Needleleaf

Forrest

Yakutia lowlands, Russia

This site is positioned in North-East Russia with nearest ity of Zhigansk.

The annual average rainfall is 23 mm/month and the mean temperature of

-6 °C. Here the high annual mean -6 °C and low -16°C. Annual preipitation

mean is 270 mm [37℄. This limate zone is subarti zone, with short, ool

summers and long, extremely old winters. Most of the preipitation falls

during the summer. Freezes are ommon in this area, even in midsummer.

Snow arrives early in the fall and lasts on the ground from November to

Marh [53℄. Vegetation is typial taiga with Siberian larh with a layer of

low shrub beneath, named as deiduous needleleaf forest [31℄. The forest �oor

is overed by mosses, liverworts, and lihens. The growing season de�ned as

the period with at least �ve days with a daily averaged temperature above

5°C [53℄ is form May to September (see Figure 2.16 (d)). The topography at

this site is more or less �at with little surfae roughness. (see Figure 2.15 (d)).
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Chapter 3

Experiments and Analyses

3.1 Baksatter and di�erene of baksatter

In Figure 3.1 on the left panels (a-d) the baksatter σ0
of the for - and

aft-beam is depited as time series ranging from 01.01.2007 to 07.19.2015,

measured for all study areas. The panels aligned horizontally are showing

the baksatter data of one distintive study area, indiated by the GPI in

the left panels (a-d). From top to bottom the panels show the baksatter

data of the study site in following order:

(a) Niger, Sahara desert

(b) Western Australia

() Bighorn river, Wyoming USA

(d) Yakutia lowlands, Siberia Russia

The measurements orrespond to study areas in Australia, USA and Rus-

sia, (see Figure 3.1 (-d)) show a seasonal variation of the baksatter data,
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whereas for the study area in Niger no seasonal variation of the baksatter

is observed (Figure 3.1 (a)). A statistial summary of the baksatter values

σ0
is shown in the right panels (e-h) of Figure 3.1 as histogram and in Fig-

ure 3.2as box plot, respetively. The whisker in the box plot is de�ned as the

maximum of 1.5 times the interquartile range. The median of the baksatter

is signi�antly lower for the study area in Niger ompared to the values of

the other study areas, as this site in Niger is loated in the hyper arid Sahara

desert. Furthermore, the baksatter σ0
from this study area show a signif-

iant higher variation ompared to the other study area. The most intense

baksatter signal is observed from the study area in Yakutia, overed with

Taiga and boreal forest. The baksatter, orresponding to this site, reveals

a lower variation level. In general, the variation level is orrelated with the

median value of the baksatter.

Figure 3.3 shows the baksatter di�erene δ between the fore and after

antenna baksatter σ0
, plotted in the left panels (a-d). orresponding to

study areas in the same order as in Figure 3.1. The baksatter di�erene is

shown separately for signals measured during an asending and desending

path, depited as blue and red symbols, respetively. The baksatter σ0
from

the study area in Niger reveals a pronouned seasonal variability, whereas the

other sites have no (b, ) or weak (d) seasonal variane. A statistial summary

of the baksatter di�erene values δ is given as histogram in the left panels

(e-h) of Figure 3.3 and as box plot in Figure 3.4. The median of the δ values

for the asending and desending paths di�ers for all study areas. This e�ets

is most pronouned for the study area in Yakutia, and is muh lower the other

study ares. Furthermore, the distributions of the δ values orresponding to

this site, revels two distint maxima (see Figure 3.3 (e)). The distributions,
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Figure 3.1: Baksatter measured between 2007 and 2015 for all study

areas.

orresponding to the other study areas, exhibit one maximum. The median

of the asending path values is lager than the median of the desending paths

values the two sites in Niger and Australia, while for the other two sites a

onverse relation is observed. In the distribution of the δ values two maxima

are observed for the data orresponding to the sites in Niger and Australian

study area (see Figure 3.3 (e,f)). For the two sites in USA and Russia the

distribution of the δ values reveal one maximum (see Figure 3.3 (g,h)).

The seasonal variability of the baksatter di�erene orresponding to the

Niger site, is shown more learly, in Figure 3.5 (a), where the baksatter dif-

ferene is displayed separately for the two swath of ASCAT. The baksatter

di�erene of swath 0 exhibit a seasonal osillation with a minimum around

40



Baksatter EXPERIMENTS AND ANALYSES

for aft for aft for aft for aft

σ
° 

(d
B

)

-30

-25

-20

-15

-10

(b) (c) (d)

(a)

Figure 3.2: Statisti of baksatter.

August and September, whih orresponds with the seasonal rain falls be-

tween June and September at this site (see Figure 2.15 (a)). Naeimi [54℄ has

shown an inrease of the ESD value for areas overed with sand dunes. This

inrease of the azimuthal noise is aused by a surfae and volume sattering

of small sand ripples. The observed minimum in the baksatter di�erene

during the seasonal rainfall may be aused by the inrease of soil moisture,

whih prevents the formation of dunes.

In ontrast, the seasonal variability of the baksatter di�erene for the

Yakutia site is seen more learly in Figure 3.3 (d), where the data are dis-

played for asending and desending paths by di�erent olored symbols. Fur-

thermore the baksatter data from this site show a pronouned seasonality,

with a maximum period during the summer month and a smaller maximum

in February 3.1 (d). The summer maximum orrelates with the growing sea-

son (see Figure 2.16 (d)) of the deiduous needleleaf forest at this site. The

dense vegetation during summer month leads to an inrease of baksatter

and a derease of the ESD for this study site. From November to marh
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Figure 3.3: Di�erene of baksatter data measured during an asending

or desending path.
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Figure 3.4: Statisti of delta values.
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Figure 3.5: Di�erene of baksatter data, orresponding to the di�erent

swath of ASCAT.

this site is overed with snow, whih orresponding to the winter maximum

of the baksatter. Frozen soil leads to a derease of the baksatter [55℄,

and dry snow is more or less transparent at C-Band. This is in ontrast to

the observation of an winter maximum of the baksatter. For wet snow the

dominating sattering mehanism is surfae sattering and the baksatter

intensity depends on snow surfae roughness [55℄. Maybe this auses the

winter maximum of baksatter. The seasonal variation of the baksatter

di�erene is aused by the dense vegetation during the the growth season

(summer minimum) and the azimuthal e�et of the surfae roughness (win-
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Table 3.1: ESD for all study area sites

study area (a) (b) () (d)

land over Ref. [31℄ Barren or Srubland Mixed Srubland/ Mixed

Sparsley Vegetated Grassland Tundra

ESD (dB) Eq. 2.16 1.015 0.327 0.287 0.303

ESDKp (dB) Eq. 2.28 0.257 0.204 0.17 0.149

ESD/ESDKp 4.0 1.6 1.7 2.0

ter maximum) (see Figure 3.3 (d)).

In Figure 3.3 (b-d) the baksatter di�erenes have equal absolute values

but opposite signs orresponding to the asending or desending path. This is

aused by the reverse alignment of the ASCAT antennas with respet to the

observed point on Earth's surfae, during an asending path ompared to a

desending path. The baksatter di�erene of the Niger site in Figure 3.3 (a)

orresponding to the asending or desending path, split in patterns of the

data with opposite variability, one orresponding to swath 0 and the other

to swath 1 of ASCAT, resulting in the two maximum of the distributions.

In Figure 3.5 the data orresponds to both swaths of ASCAT are plotted by

di�erent olored symbols reveal a more or less mirror like seasonal variability.

This fat auses the opposite sign of the baksatter di�erene values beause

of the asending and desending orbits (see Figure 3.5 (a)).

Using Equation 2.16 the ESD(σ0
) value is alulated for all study areas

(see Table 3.1). The alulated ESD(σ0) values of the study areas are within

the ESD range of the orresponding land over type in Figure 2.11. The

land over type was determined by the Global Land Cover Classi�ation

(GLCC) database [31℄. The images in Figure 2.14 gives an impression of

the land over type of the study areas. The �gures where found on the

internet [40℄, [41℄, [42℄, [43℄ taken at loations lose to the study areas.

44



Radiometri resolution Kp EXPERIMENTS AND ANALYSES

3.2 Radiometri resolution Kp

In Figure 3.6 (a-d) the Kp values of the fore, mid and aft beam, labeled by

for, mid and aft, are plotted as time series measured between 01.01.2007 and

07.19.2015, orresponding to study area in Nigeria (a), Australia (b), USA ()

and Russia (d). In panels (e-h) the histograms of the Kp values are shown.

The panels (i-l) show the distribution of the square root of the variane,

alulated by Equation 2.22 and onverted into the logarithmi range using

Equation 2.29 for the for -, mid and aft-beam. Using Equations 2.28 and

2.29 the ESDKp value is alulated in the logarithmi range and is marked

as vertial line in Figure 3.6 (i-l), respetively. In addition, the ESD given

by Equation 2.16 is marked in the panels (i-l). Note the di�erent saling of

the panel (i). It is obvious, the Kp values of the for - and aft-beam displays

a similar distribution for all study areas, whereas the distribution of the

mid -beam is di�erent.

In ontrast to the baksatter di�erene the radiometri resolution Kp

does not show any seasonal variability. A statistial summary of the Kp

values is given in Figures 3.7 and 3.6 (e-f). The median and the interquartile

range of the Kp values dereases for the partiular study areas, going from

left to right orresponding to the Kp values in Figure 3.6 (a-d), respetively.

3.3 Impat of azimuthal noise on ESD and ESD

Kp

In Figure 3.8 (a-d) the distribution of the δ = σ0
for − σ0

aft values is shown

as histogram where the mean value and the standard deviation are marked

by vertial lines. These distributions are ompared to the standard devia-

tion whih is alulated as the square root of the variane V ar[σ0] by using
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Figure 3.6: Kp data of the three antennas (for, mid and aft) in a time

period ranging from 2007 to 2015.

for mid aft for mid aft for mid aft for mid aft

K
p 

(%
)

2

4

6

8

10

12
(a) (b) (c) (d)

Figure 3.7: Statisti of Kp data.
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Figure 3.8: (a-d): Histogram of δ = σ0
for − σ0

aft values. The mean value

and the standard deviation are marked by vertial lines. (e-h): Histogram of

the square root of the variane given by Eq. 2.22, the red vertial line marks

the ESDKp(σ
0) and the blue vertial line the ESD(σ0).
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Table 3.2: Di�erent ESD values alulate for various sites. In the last

olumn the ratio of ESD(σ0)/ESDKp(σ
0) is given, showing an value grater

then 3 for the arid sites.

GPI site Lon (°) Lat (°) ESD ESDKp ESD/ESDKp

1104677 Madagasar 46.8 -19.9 0.187 0.162 1.156

1158929 Saudi Arabia 50.9 20.9 3.297 0.416 7.933

1455307 Australia 137.7 -26.5 0.528 0.236 2.239

1503065 South Afria -21.9 27.6 0.292 0.169 1.727

1511629 China, Hunan 113.3 27.7 0.176 0.190 0.929

1749480 Alabama USA -87.3 32.5 0.154 0.156 0.985

2076073 China, Tarim basin 83.9 39.6 2.882 0.259 11.118

2395539 Salzburg, Austria 12.6 47.4 0.257 0.178 1.444

2691807 Mosow, Russia 55.7 37.6 0.237 0.302 0.786

2874617 Norway 8.3 61.9 0.293 0.211 1.391

2945077 Western Siberia, Russia 61.3 64.6 0.169 0.160 1.059

3158140 Greenland -48.1 75.4 0.614 0.157 3.910

376668 Basil, rain forest -68.1 -6.7 0.129 0.140 0.922

6831 Sumatra,rain forest 101.7 -0.1 0.140 0.146 0.960

Eq. 2.22, shown in Figure 3.8 (f-h). In Figure 3.8 the panels aligned horizon-

tally, orrespond to one distintive study area identi�ed by the label (a-d) in

the left panels. In panels (e-h) the red vertial line marks the ESDKp(σ
0)

and the blue vertial line the ESD(σ0). Note the di�erent saling of the

x-oordinate of panel (e) ompared to panels (f-h). Figure 3.8 illustrates the

di�erene between the ommon ESD and the ESDKp, panel (a) show the

broad distribution of the baksatter di�erene δ of site (a) with the two

distint maxima lose to the standard deviation. Also in panel (b) the two

maxima, resulting from the of residual azimuthal e�ets depited in the dif-

ferent overpasses, of the for - and aft-beam are visible. The high ESD value

in (e) re�ets the broad distribution of δ, whereas the ESDKp has a muh

smaller value. This di�erene between ESD and ESDKp is observed also for

the other sites (b-d).
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The values of di�erent ESD quantities ESD(σ0) and ESD(σ0)Kp) used

in this work are summarized in Table 3.1. It is obvious that the ESD(σ0)

and ESDKp(σ
0) quantities di�er in their values. Thus we ompare the ratios

between the ESD(σ0) and ESDKp(σ
0) values. The ratios, orresponding to

the sites in Australia, USA and Russia, have similar values (1.6-2), but for

the site in Niger this ratio is at least twie as large (4.0).

From the previous analysis of the ESD and ESDKp it is obvious that both

quantities have a di�erent dependene on azimuthal e�ets. The ommon

ESD is strongly a�eted by azimuthal noise, whereas for the ESDKp no

in�uene of the azimuthal dependene is observed.

This is on�rmed by the ESD(σ0) values in Table 3.2 of various loations.

For these areas no detailed desription is given in setion 2.7, however it is

obvious that the arid sites in Saudi Arabia, the site loated in the Taklamakan

and in Greenland have values greater than 3, as sand-dunes and snow show

a pronouned azimuthal e�ets. In omparison the areas overed with rain

forest in Basil and Sumatra and the wetland areas in Alabama and Hunan in

China reveal ESD ratios smaller than 1. The dense vegetation overage at

this sites leads to a strong volume sattering of the mirowaves whih result

in small or negligible azimuthal e�ets.

3.4 Time dependene of ESD and ESD

Kp

In Figures 3.9 and 3.10 a short period ESD values is plotted, alulated

by averaging 20 data points, whih orresponds approximately to 12 days.

This period is seleted as it drastially smoothing the original time series,

whereas the seasonal behavior is not a�eted. The averaged ESD varies

distintively with a periodiity of a year for the study areas loated in Niger
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Figure 3.9: Averaged ESD value alulated for 20 data points.

and Yakutia in Figure 3.9 (a) and (d) and the averaged ESD orresponding

to the study area in Wyoming in Figure 3.9 () show peak-like features,

with no temporal periodiity. The azimuthal e�ets desribed in setion 3.1

auses the pronouned seasonality of the short period ESD in Figures 3.9

(a,d). In addition, the area in Yakutia reveals a long time variation during

a period of several years. The averaged ESD values are summarized in the

histograms on the right panels in Figure 3.9 (e-h) together with the ESD

value marked as vertial blak line. For the averaged ESDKp value only

weak seasonal variability is observed for site (a), for the other sites (b-d) no
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Figure 3.10: Averaged ESDKp value alulated for 20 data points.

temporal variation is observed. This behavior additionally highlights the low

impat of the azimuthal e�ets on the ESDKp quantity.

Figure 3.11 show the umulative alulated ESD (a-d) and ESDKp (e-h)

values, for all study areas in the usual order, respetively. The values are

alulated with an inreasing length of the time series used Equation 2.16 and

2.28, ranging from three measurements to the entirely available baksatter

data. The horizontal blak line marks the ESD values alulated with all

data point. The data shows that the ESDKp value reahes muh faster the

long term value ompared with the ESD values. For the ESDKp, a reliable
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Figure 3.11: Cumulative alulated ESD (a-d) and ESDKp (e-h) values.

The horizontal blak line marks the ESD values alulated with all data

points.

value is alulated with data of at least one year, while for the ESD value

data of several years is required.

Comparing the two ESDKp quantities reveals a di�erene in several as-

pets. Firstly the ESD parameters alters on di�erent values and it is depen-

dent on the azimuthal e�ets of the orresponding study area. Seondly the

two di�erent ESD parameters have a diverging temporal dependene. The

ESDKp reahes an robust value within month, as for the ESD, data from

several years is neessary for a robust estimation. Thus, this ESD parameter
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show a pronouned seasonal variation for a averaging over some twelve days

whereas the averaged ESDKp varies muh less with time.
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Chapter 4

Conlusion & Outlook

In the analysis of the relationship and di�erenes of the urrent estimation

of the standard deviation of baksatter ESD and the standard deviation

information Kp a new expression ESDKp was given, de�ning a relationship

between ESD and Kp. Comparing the two ESD quantities reveals a low

impat of the azimuthal e�ets on the ESDKp, whereas the ESD strongly

depends on the azimuthal e�ets. Subsequently the ESD values di�er from

the ESDkp values. In this work a ratio of approximately 1.8 was found be-

tween the ESD and ESDKp values for areas with moderate azimuthal e�ets.

For a hyper arid study area revealing an intense azimuthal e�et this ratio

was found to be twie as high. The ESDKp value an bee onsidered as dy-

nami estimated standard deviation of the baksatter, as it is alulated for

all individual measurements of a time series. For the urrent ESD quantity

long time measurements of several years are needed for a robust estimation.

In the present work ESD values of four sites were studied. For a more

reliable omparison of the di�erent ESD types a larger group of study areas

needs to be analyzed. Thus no analytial expression ould be found desrib-

ing the relationship of the two ESD quantities. Nevertheless, a rough trend
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CONCLUSIONS & OUTLOOK

an be seen as a result of this researh. The researh in this work reveals a

�rst insight on the new ESDKp, espeially the disparity among the ommon

ESD and the new ESDKp has been elaborated. It is up to further researh

ativities to demonstrate the usefulness of the new ESDKp to enhane the

unertainty estimation of baksatter.
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