Methods for Atmospheric Correction in INSAR Data
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ABSTRACT

Atmospheric effects are an important error source influentie interpretation of interferometric products in terofis
topography and displacement. These effects and severhbdwefor correcting them in SAR and in INSAR data are
currently investigated in the framework of the ESA Cat. ljpod ACID (Atmospheric @rrection of hSAR Data). In
this contribution, work in progress is reported, in paricuelated to the benefit of Kriging interpolation for segtémg
atmospheric signal from noise for the application of PégsisScatterer Interferometry (PSI). In addition, the uke o
MERIS data for mitigating atmospheric influences in intesfeetric ENVISAT ASAR data is investigated.

1 Introduction

A focused SAR image contains information on both, the beatksred amplitude and the two-way signal travel time
between the radar antenna and the resolution cells on tivadiré\s the radar signal is traversing the earth’s atmospher
twice, the signal path as well as the signal’s propagatidocity is affected by the presence of the atmosphere. Skevera
studies have shown that the predominant part of the atmdsygignal in interferometric products is caused by the wate
vapor distribution in the lower troposphere [Hanssen, 20@epending on the air temperature and the air humidity,
the one-way delay due to atmospheric water vapor can reath 2ipcm (for PWV = 3cm andé;,. = 20°), which
corresponds to several phase cycles. Additionally, watpowis characterized by a high spatial and temporal fluiciuat
Hence, its influence on the phase of a focused SAR image aférdgram is highly unpredictable in space and time.

Several approaches for mitigating atmospheric effect®\R Biterferograms have been proposed within the last years.
Most of them use the spatio-temporal properties of wateovégr separating the atmospheric signal from other phase
contributions. In this paper we propose to use Kriging ipdéation for distinguishing between atmospheric contidns
and noise in Persistent Scatterer Interferometry (PSI).

The sensor systems ASAR and MERIS on board of the ENVISATIgatepen up new possibilities in INSAR data
processing. MERIS is capable to measure tropospheric wapsar with high spatial resolution and high accuracy. As
both sensors are on the same platform, these observatmoaured simultaneously. In this paper, the theoretiaéfit
of MERIS for INSAR applications and limitations of such ampegach are described.

2 Theoretical covariance of the atmospheric phase screen

The atmospheric signal observed in a repeat pass SAR irdgréam is governed by turbulent processes in the atmosphere
if sufficiently flat terrain is observed (topographic diffece smaller than, say, 1 km). These turbulent processes cau
heterogeneities in the refractive index during both SARu&gitions used to generate the interferogram. The atmo&phe
signal in an SAR interferogram is expected to be a zero measstan processes with a standard deviation that depends
on the weather conditions during the two acquisitions. Tétealior of the atmospheric signal in the phase of radar-inter
ferograms can be mathematically described by measurethiéqmower spectrumthe covariance functionthe structure
functionand the fractal dimension [Hanssen, 2001].

Turbulent processes cascade down from large scales toesreadles until the energy is dissipated. The spatial vari-
ation of the refractivity can be described by Kolmogorowtuence theory, which assumes a specific structure function
Dy (p), depending on the distange This structure function predicts decorrelation of theaefivity with distance ac-
cording to a*/3 law for distances smaller than 2 km, and an increased déatorefor larger distances following&/?



slope. Comparison of this theory with real data acquiredndua variety of weather conditions show good correspon-
dence. Figure 1 shows examples of a comparison of InSARtateuéunctions (bold lines) with the theoretical slopes
(dashed lines).
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Figure 1: (Taken from [Hanssen, 2001].) Comparison of eirgdiistructure functions (bold lines) of the tropospheric
signal derived from ERS data with the theoretical modell{dddines). Each line corresponds to a separate interf@mogr
of the same area. Note that more severe weather conditioreaise the power of the signal, but do not affect the slope of
the structure function.

3 Separating atmospheric signal from noise in PSI

PSI allows to estimate topographic height and surface atigphent at the persistent scatterers position with vety hig
accuracy. The baseline dependence of the topographydghéses,,, and the temporal dependence of the deformation
phasepq. r, enables their separation from the remaining phase cotitits) which are governed by a noise p@agt,;..

and the atmospheric phase scregp,,. If the real surface motion fits the used deformation modhs,residual phase
after subtracting the estimates can be written as:

(bres = d)noise + ¢atm (1)

By separating noise from atmosphere in Equation 1 the ath@wgpcondition during observation can be reconstructed
and monitored. As the signal of both components is spegtoairlapping, distinguishing between noise and atmospher
is a non-trivial problem, and has already been treated iaraépublications. We propose to use Kriging interpolatimn
both separate atmosphere from noise and interpolate thesptrare to a closed phase screen.

3.1 Kriging

Kriging is a regression technique used in geostatisticppraximate or interpolate data. Kriging can be understesod a
linear prediction or a form of Bayesian inference. It stavith a prior that takes the form of a Gaussian process: N
samples from a function will be normally distributed, whéne covariance between any two samples is the covariance
function (or kernel) of the Gaussian process evaluatecdeadjphtial location of two points.

Besides the prior, a set of observations, each associatkéwpatial location, is needed as input information. Now, a
new value can be predicted at any new spatial location, bybaing the Gaussian prior with a Gaussian likelihood func-
tion for each of the observed values. The resulting postdigtribution is also a Gaussian, with a mean and covariance
that can be computed from the observed values, their vajamd the kernel matrix derived from the prior.

The goal of Kriging is to obtain the conditional expectatama best estimate for all unsampled locations in a field
and consequently, a minimized error variance at each mtalihe conditional expectation minimizes the error varéan
when the optimality criterion is based on least squaresluass. The Kriging estimate is a weighted linear combimatio
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Figure 2: a) Example of a residual phase screen after stibimaaf the topography and displacement estimates. The
example is taken from the PSIC4 study b) Structure Funcfimné different residual phase screens. The red dashed line
corresponds to estimates of the slope exponent of the stauiztinctions. Note the logarithmic scale on both axes.

of the data. The weights are determined by solving the Kgigipstem of linear equations, where the weights are the
unknown regression parameters. The optimization critewiged to arrive at the Kriging system, as mentioned above, is
a minimization of the error variance in the least-squaresese A detailed mathematical description of Kriging can be
found in [Deutsch and Journel, 1998].

Thus, Kriging is the optimal method for the purpose at hanil, 8ie a priori covariance function of the atmospheric
phase screen has to be known. There are two ways to obtaimfbimation: i) derive the covariance from theory of
turbulent mixing;ii) estimate the covariance from real data.

3.2 Application of Kriging for atmospheric correction

In order to study whether or not reliable structure funciioan be derived from real data we calculated structureifumrst

of residual phase screens and compared them to their tleedrepponentsD (p). The area around Marseille was
used as a test site. The data has been provided by ESA for ti& Bgidy and processed with PSI-GENESIS system
[Kampes, 2006]. Figured& shows a typical example for residual phase values of aesimj¢rferogram. Large scale
phase fluctuations indicate atmospheric contributionsir Bgpical empirical structure functions are shown in Feydb)

in a log-log scale, exemplified for the test data set. Fronethpirical structure functions the slope exponent is esgtha
using an exponential model for a range interval ranging fB®®m to 2000 m. The estimated slopes are indicated by the
red dashed lines.

An analysis of the estimated slope values shows a bias teveandller exponents, meaning that the decorrelation of
the residual phase screens with distance is more pronouhaedxpected from theory. This slope bias results from the
influence of white receiver noise on the estimated strudiumetions. Figure 3 shows the results of a simulation where
atmospheric signal has been superimposed on white seniser. nkhe structure function of the simulated atmospheric
signal follows the theoretical®/? law and is represented by a red line. Three different retiiza of the atmospheric
signal are presented, with increasing signal magnitude. Wthite noise is shown as a green line. The slope of the noise
termis zero. The blue line shows the structure function efttixed signal. By comparison of the three resulting stmectu
functions, it can be easily seen that the slope bias is aiimof the ratio between atmospheric signal and system noise
and decreases with increasing signal-to-noise ratio.drirtterferograms, the superposition of the noise and athes&p
signal is observed (blue line), and it is not possible taeste the correct slope of the atmospheric signal withouivikmg
the noise power.

This results suggests, that the covariance estimate defriom real data is biased depending on the signal-to-noise
ratio. To come up with a more realistic covariance estimtiie biased measure needs to be corrected. However, if the
correct covariance function is derived, Kriging intergima is the method of choice for separating atmosphere froisen
and for interpolating a full resolution atmospheric phaseesn.



4 On the benefit of ENVISAT MERIS

ENVISAT is a multi-purpose earth-observation platform ipged with a wide range of instruments dedicated to moni-
toring our planet. Among them there is the Medium Resolutivaging Spectrometer (MERIS), a multi-spectral camera,
operating in the visible and near infrared part of the spmetr Based on MERIS observations of reflected sun irradi-
ance the integrated precipitable water vapor content (PW¥) cloud free land surfaces can be derived. The derivation
method has been developed at the Institute of Space SciehitesFree University Berlin and is described in more detail
in [Fischer and Bennartz, 1997, Albert et al., 2001]. Theli(af the MERIS water vapor product has been estimated
and validated by comparison with Radio Sounding data [Albeal., 2002], and GPS measurements [Li et al., 2003].
For comparison with radio sounding data the mean water vapatent of cloud free pixels within a 15 km radius has
been calculated and compared to the radio sounding dataan#élatd deviation of = 0.13 gem~2 and a bias of about

u = 0.05gem ™2 has been identified. Simultaneous GPS measurements caafiniseresult. The intercomparison of
GPS and MERIS resulted in a standard deviation ef 0.17 gem ™2 and a bias of: = 0.02 gem™2. The results of the
comparison with GPS data are shown in Figure 4. In both chsestandard deviation showed no pronounced dependency
on the viewing angle of the MERIS sendty;..;s and thus, on the position of the pixel in the MERIS scene. Thé F
Resolution Water Vapor Product of MERIS has a ground resolwf about 300< 300 m.

4.1 Error propagation to the SAR phase

If precipitable water vapor is defined as
PWV = pl / pudh 2
]

wherep; is the density of liquid watell 0°gm —3] andp, is the density of water vapor, we can relate the precipitailer
vapor to the slant delay,?_v for resolution cellk of a single SAR image acquired at timeusing the equation of state

e=pR,T, as
1 k 1
t; ! 3 ~
Sy = 105 cos 6, p Ry <k2 + ) p /pvdh 3)

with R, = 461.524 [JK ~'kg~1], andT,, is the mean temperature of the column containing the wagsrvé&Equation
(3) holds if the contribution of liquid water to the phaseloé SAR image can be ignored. The physical unit of pecipitable
water vapor (PWV) isgm 2] but it is usually given irfmm]. Equation (3) can be rewritten as

. o1 R, (k‘é + 7’34) m!

Sy = ———=——"—2-PWV = ——PWV 4

kv 106 cos 0y, €0s bine @
wherell is a dimensionless factor of proportionality that maps tredelay measurements on values of precipitable
water vapor. Laboratory measurementgldfiave been conducted by various scientists and a numberufsrase listed

in literature. Usually, the resulii =~ 0.15 published in [Bevis et al., 1992, Bevis et al., 1996] is cdeséd the most
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Figure 3: Change of the slope exponent of empirical strectumnctions dependent on signal magnitude and noise floor.
The dependence of the slope change on the signal-to-ndisésrelearly visible. Note the logarithmic scale on botleax
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Figure 4: Scatter plot of columnar water vapor measured b8 &Rtions vs. MERIS estimates in g/cm2. Measurements
are taken over Germany between October 2002 and Septentr 20

reliable. In [Bevis et al., 1992] it is suggested that thepprtionality factor is not constant but depends on the nediase
temperaturd’ at time and position of the measurement as well as on the ggbigrlatitude of the test area. They give a
linear regression for calculating the mean temperdtyy®f the column containing the water vapor being

Tn ~ 70.2+0.72- T, (5)

According to [Bevis et al., 1992, Bevis et al., 1996]can be estimated with an error of less than 2% using thisdinea
regression.
Considering Equation 4 the error of a measufd#'V values can be propagated to an error of a phase value in a SAR
image by
dr TI71

o,y =———0 6
Ui, A €08 O;pe Pwv (©)

Considering a typical parameter setogfy v = 1.7mm, 6;,,. = 30°, andIl = 0.15, the calculated standard deviation of

the SAR phase is,, = 2.9rad (about 0.46 phase cycles). Due to the high resolutioheoMERIS Water Vapor Product
of 300x 300 m an averaging of 8 3 pixels can be done without loosing atmospheric signal. Staadard deviation of

the averaged phase resultsﬁﬁui = % Oy = 0.97rad. A propagation of the error to the interferometric phaseilts
k,v k,v
in Ogi = V205, =137 rad. An averaging of the MERISWV over an area of 18 10 pixels would lead to a
k,v k,v
standard deviation of the corrected interferometric plasiee order of the noise |eVG|T$ti = 0.41rad). As a trade-off

the resolution of the MERIS product would be reduced to3kn?. It has to be considered in this context that ergodicity
of the signal in a neighborhood of 3010 pixels has to be guaranteed.

4.2 Analysis of the MERIS atmosphere

As the MERIS water vapor product contains high resolutidorimation about the spatial distribution of water vapor
in the troposphere, an analysis of this data allows to chesckansistency with theory. Cloudless MERIS scene were
selected out of the data base and tiled into image chipsxo8 Bm? size. Structure Functions were calculated for each
of this image chips and compared to the theoretical funstidfigure &) shows an example of a MERIS water vapor
product acquired during cloudless conditions. The PWV \&hre given ircm unit. Figure B) shows four examples of
structure functions, which are calculated for every imalge The red dashed lines represent the slope values estimat
from the data, while the black dashed lines indicate therét@al exponents. A comparison between the theoretiahl an
the empirical slopes shows quite good correspondence fst ofithe image chips. The’/3-law for large scale variations

is well represented in most of the tiles. The exponent forllssoale structures is usually too small when estimated from
MERIS data. Again, this effect can be explained by the infbeeof the noise component in the MERIS water vapor
product on the estimated structure functions. All in al§ thtercomparison shows good correspondence between MERIS
data and turbulence theory.
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Figure 5: a) Example of a full resolution MERIS water vapooguct acquired during cloudless conditions. The PWV
values are given in [cm]. b) Structure Functions for 4 défarimage tiled. The red dashed line corresponds to estmate
of the slope exponent of the structure functions. The bladhdd lines indicate the theoretical slope values. Note the
logarithmic scale.

4.3 Pros and cons of MERIS

ENVISAT MERIS is a valuable tool to measure atmospheric wadg@or on a global scale. The derivation approach is
robust and accurate and allows to estimate precipitablerwapor with an accuracy sufficient for mitigating partstod t
tropospheric influence in the phase of SAR images and SARféntgrams. However, the combined use of ENVISAT
MERIS and ASAR has some major limitations.

As MERIS is a passive optical sensor, it is hampered by clav@rage and is sensitive to illumination conditions.
Especially in the area of central and eastern Europe, wheraverage sunshine duration is very low, cloudless data ove
your area of interest is hard to get. This is a severe linoitaifi periodical observations are necessary (e.g. in Rergis
Scatterer Interferometry). As ASAR and MERIS observationsst be acquired simultaneously, additional problems
occur due to user conflicts.

Thus, combination of MERIS and ASAR for atmospheric coitecis not a promising method if data should be
acquired in a regular manner and independent on geograpdtesion. Still, the sensor combination is very usefulata
can be selected carefully and if areas with high sunshinatidurare observed.

5 Conclusions

Since radar remote sensing has matured to a geodetic spghoéige that is capable to measure surface topography and
surface motion with very high accuracy as well as high teralamd spatial resolution, studying the atmospheric infleen

on SAR and InSAR has become an important field of researchorizty to our investigations, Kriging is the optimal
method to estimate atmosphere from the phase residuals®f#alek. However, defining the a-priori covariance matrix
is a problem that still has to be investigated in more defflle MERIS water vapor product is an high-resolution and
accurate measure for the precipitable water vapor in thpsehere. Combined with its simultaneous observatios,at i
good tool to correct the phase of ASAR images for atmospleertributions. Still, frequent cloud coverage over Europe
and the illumination dependence of the MERIS sensor araadiveitations to the technique. The spatial properties of
PWYV measured by MERIS largely corresponds to theoreticadidenations.
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