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The main limiting factor on the accuracy of Interferometric SAR measurements (InSAR) comes from phase
propagation delays through the troposphere. The delay can be divided into a stratified component, which
correlates with the topography and often dominates the tropospheric signal, and a turbulent component. We
use Global Atmospheric Models (GAM) to estimate the stratified phase delay and delay-elevation ratio at
epochs of SAR acquisitions, and compare them to observed phase delay derived from SAR interferograms.
Three test areas are selected with different geographic and climatic environments and with large SAR archive
available. The Lake Mead, Nevada, USA is covered by 79 ERS1/2 and ENVISAT acquisitions, the Haiyuan Fault
area, Gansu, China, by 24 ERS1/2 acquisitions, and the Afar region, Republic of Djibouti, by 91 Radarsat
acquisitions. The hydrostatic and wet stratified delays are computed from GAM as a function of atmospheric
pressure P, temperature T, and water vapor partial pressure e vertical profiles. The hydrostatic delay, which
depends on ratio P/T, varies significantly at low elevation and cannot be neglected. The wet component of the
delay depends mostly on the near surface specific humidity. GAM predicted delay-elevation ratios are in good
agreement with the ratios derived from InSAR data away from deforming zones. Both estimations of the
delay-elevation ratio can thus be used to perform a first order correction of the observed interferometric
phase to retrieve a ground motion signal of low amplitude. We also demonstrate that aliasing of daily and
seasonal variations in the stratified delay due to uneven sampling of SAR data significantly bias InSAR data
stacks or time series produced after temporal smoothing. In all three test cases, the InSAR data stacks or
smoothed time series present a residual stratified delay of the order of the expected deformation signal. In all
cases, correcting interferograms from the stratified delay removes all these biases. We quantify the standard
error associated with the correction of the stratified atmospheric delay. It varies from one site to another
depending on the prevailing atmospheric conditions, but remains bounded by the standard deviation of the
daily fluctuations of the stratified delay around the seasonal average. Finally we suggest that the phase delay
correction can potentially be improved by introducing a non-linear dependence to the elevation derived from
GAM.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The main limitation of differential radar interferometry (DInSAR)
in measuring centimeter ground displacements, apart from coherence
loss, comes from unaccounted electromagnetic phase propagation
delays in the atmosphere (Zebker et al., 1997; Hanssen, 2001).
Atmospheric propagation delays are a geophysical signal affecting
every pixel of the radar scene and masking ground motion, and can
potentially be modelled and corrected. They limit the measurement
accuracy of post- and inter-seismic deformations in the seismic cycle,
RS UMR 8538, École Normale
nce.
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transient creep along some fault segments, volcanic deflation or
inflation, subsidence induced by mining or fluid extraction, or ground
motion due to loading or unloading of the lithosphere by the
hydrosphere. Therefore, it is particularly important to devise techni-
ques to improve our understanding of electromagnetic delays in the
atmosphere and to mitigate their effects on SAR measurements.

Propagation delays are caused by dispersive effects in the
ionosphere and by air refractivity gradients in the neutral troposphere.
Ionospheric effects in SAR interferograms have mostly been observed
in auroral zones and are more important in L-band than in C-band.
They are revealed by azimuth distortions or shifts in SAR images with
characteristic distances generally larger than 100 km, except for
kilometer scale azimuth streaks (Gray et al., 2000; Mattar and Gray,
2002; Meyer et al., 2006). Air refractivity gradients in the troposphere
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are first due to the dry air pressure and temperature and, to a lesser
extent, to air moisture and condensed water in clouds or rain. The dry
air temperature and pressure can be considered as mostly vertically
stratified, and thus lead to a large phase delay varying only with
elevation in a radar scene. On the contrary, the air water vapor varies
both vertically and laterally over short distances, resulting in random
patterns in the interferometric phase in addition to a component
correlated with elevation. The delay due to clouds amounts to about a
millimeter in excess path length, except for cumulonimbus where it
can reach half a centimeter (Hanssen, 2001). The total tropospheric
delay is often divided into a stratified delay and a turbulent delay for
InSAR applications (Hanssen, 2001).

Numerous studies have focused on the quantification and mitiga-
tion of tropospheric delays using various approaches. One type of
approach is to characterize the statistical properties of phase delay
patterns (Goldstein, 1995;Williams et al., 1998; Emardson et al., 2003;
Lohman and Simons, 2005), which are used to construct covariance
matrices of observables and to separate stochastic noise from ground
motion signal. Alternatively, if tropospheric delay patterns are random
in time, stacking independent data (Peltzer et al., 2001; Wright et al.,
2001; Schmidt et al., 2005) or applying temporal low-pass filtering or
smoothing in time series analysis (e.g., Ferretti et al., 2001; Berardino
et al., 2002; Schmidt and Bürgmann, 2003) are effective methods to
reduce the noise on the observed phase, provided that the ground
motion is stationary during the averaging periods. However, these
approaches neglect biases due to data sampling and temporally
correlated stratified tropospheric delays, as will be demonstrated in
this paper.

Other approaches consist in direct corrections of tropospheric
delays, either empirical, based on the analysis of the delay to elevation
relationship observed in interferograms away from the main defor-
mation areas (e.g., Remy et al., 2003; Taylor and Peltzer, 2006; Cavalié
et al., 2007; Elliott et al., 2008), or based on external data. Such data
can be collected by ground meteorological stations (pressure,
temperature, and humidity) and extrapolated at higher elevations
(Delacourt et al., 1998). However, the extrapolation does not take into
account strong boundary layer phenomena near the surface, particu-
larly for the humidity. MODIS (MODerate resolution Imaging Spectro-
meter, Li et al., 2005) or MERIS (MEdium Resolution Imaging
Spectrometer onboard ENVISAT, Li et al., 2006a,c) or large network
GPS data (Webley et al., 2002; Li et al., 2006b) have also been
successfully used to map the lateral heterogeneities in integrated
water vapor content from ground to satellite. However, the main
limitations of these external data are the often sparse spatial
distribution for GPS, the non simultaneity of SAR acquisition with
MODIS, and calibration and cloud coverage for MODIS and MERIS.
Finally, meso-scale atmospheric dynamic modelling provides a
complete mapping of dry and wet tropospheric delays (Wadge et al.,
2002; Foster et al., 2006; Puyssegur et al., 2007), but are still limited
by weather underpredictability and sensitivity to model boundary
conditions.

In this paper, we focus on the quantification and validation of the
total stratified tropospheric delay. Turbulent patterns in air moisture
are prevalent at some acquisition dates, with the occurrence of
peculiar atmospheric events. Their effects on InSAR measurement can
be decreased by data stacking or time series analysis with appropriate
data selection or weighting (Cavalié et al., 2007; Cavalié et al., 2008).
Variations in air stratification have a first order effect on all radar
acquisitions, with a single path LOS delay reaching ~10 cm/km in
some areas. Furthermore, unlike turbulent effects, the sign and
amplitude of stratified delays are not random in time due to
seasonality, and their spatial patterns are always the same. Stratified
delays are therefore less attenuated by stacking or temporal smooth-
ing than turbulent patterns, even when working with a large InSAR
data base in the case of a non stationary deformation. Here, we
compare the observation of the phase delay stratification in InSAR
data to its prediction from global atmospheric models. These models
have the advantage of being available anywhere and at anytime and
allow a complete formulation of the dry and wet component of
stratified delays. We focus on three study sites in various tectonic and
climatic environments (Lake Mead, Nevada, USA, Haiyuan fault,
Gansu, China, Afar, Djibouti), where a large SAR data collection is
available. After a presentation of the main equations necessary to
compute total propagation delays, we demonstrate the feasibility and
importance of correcting interferograms from global atmospheric
models. We then discuss sampling biases and errors associated with
the correction strategies of tropospheric stratified delays.

2. Delays in electromagnetic wave propagation

2.1. Refractivity and zenith total delay

The air refractivity, N, can be expressed as (Smith and Weintraub,
1953; Bean and Dutton, 1968; Thayer, 1974; Hanssen, 2001; Puyssegur
et al., 2007):

N = k1
Pd
T

+ k2
e
T

+ k3
e
T2 + k4Wcl + k5

ne
f 2

ð1Þ

where Pd is the dry air partial pressure in Pa, e is the water vapor
pressure in Pa, T is the temperature in K,Wcl is cloud water content (in
kg/m3), ne is the electron density in the ionosphere and f is electro-
magnetic wave frequency. The first term corresponds to the effect of dry
air on refractivity, the second and third terms are related to airmoisture,
the fourth is due to the liquid water within clouds and the fifth term is
the dispersive effect of ionosphere. The constants in the above formula
are k1=0.776 K Pa−1, k2=0.716 K Pa−1, k3=3.75×103 K2 Pa−1,
k4=1.45×103 m3 kg−1 and k5=−4.03×107 s−2 m3.

The zenith excess path L is computed from the integral between
the surface elevation z0 and the atmosphere top (at z~∞) of the air
refractivity N:

L = 10−6
Z∞
z0

k1
P
T

+ k2 − k1ð Þ e
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� �
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where the dry air pressure Pd in Eq. (1) has been replaced by P−e, P
being the pressure of moist air. Note that k2−k1 is often referred to as
k2″=−0.06 K Pa−1. In this paper, we focus on the first three terms of
Eq. (2) without further discussing both the delay associated with the
cloud liquid water content and the delay due to the ionosphere.

Eq. (2) can then be rearranged, using the state equation for the
density of moist air, ρ:

ρ =
Pd
RdT

+
e

RvT
=

P
RdT

+
1
Rv

− 1
Rd

� �
e
T

ð3Þ

where Rd is the specific gas constant for dry air (Rd=287.05 J/kg/K) and
Rv is the specific gas constant forwater vapor (Rv=461.495 J/kg/K), and
the hydrostatic equilibrium:

dP = − ρgdz ð4Þ

leading to (Baby et al., 1988):

L = 10−6 k1Rd
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P z0ð Þ +

Z∞
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k2 − Rd
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� �
e
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e
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dz
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where P(z0) is the surface pressure, gm is the gravitational acceleration g

averaged over the troposphere and k2 − Rd
Rv
k1

� �
is often named k′2=

0.233 K Pa−1. The first term of Eq. (5) is then called the zenith
hydrostatic delay (ZHD, ~3.5 m), whereas the zenith wet delay (ZWD,
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~30 cm) includes the last two terms that depend explicitly on thewater
vapor partial pressure e (Davis et al., 1985). This decomposition of the
zenith total delay (ZTD) into two terms (ZHD and ZWD) is classically
used for GPS tropospheric corrections (Askne and Nordius, 1987; Bevis
et al., 1994), where ZHD is assumed to bewell constrained from surface
pressure measurements and where ZWD is estimated during GPS
processing.

In Eq. (5), the surface pressure P(z0) depends on the local surface
elevation z0. It has sometimes been estimated from the pressure at
zero elevation, P(0), using a formula of the type (e.g., Delacourt et al.,
1998):

P z0ð Þ = P 0ð Þ 1−2:26×10−5z0
� �5:225

: ð6Þ

However, this extrapolation of P at higher elevation is not accurate,
in the sense that it does not include the effect of temporal temperature
variations. A better approximation of P(z0), assuming hydrostatic
equilibrium and dry air density, depends on the surface temperature,
Ts, and on the temperature lapse rate, β, in the following way:

P z0ð Þ = P 0ð Þ 1− β
Ts

z0

� � g
Rdβ

: ð7Þ

The temporal variability of β and Ts (neglected in Eq. (6)) has a
stronger impact than the temporal variability of P(0) on tropospheric
corrections for InSAR studies, as shown below. Due to the dry air
density approximation, the elevation dependence of P given in Eq. (7)
does not include e/T. Therefore, using expression (7) to compute the
hydrostatic delay in Eq. (5) results in a slight approximation. Note,
however, that in all cases (Eqs. (1), (2) and (5)), the term in e

T is very
small relative to the term in e

T2.

2.2. Tropospheric signal in InSAR data

Atmospheric delays affecting a SAR interferogram are measured as
a double difference, both in time and space, of propagation delays
from satellite to ground then back to satellite. There is no absolute
delay measured by SAR interferometry. It is useful to decompose the
atmospheric delays into those due to atmospheric stratification and
those due to a laterally variable, “turbulent”, atmospheric state
(Hanssen, 2001):

N x; zð Þ = N zð Þ + δN x; zð Þ ð8Þ

where N
_
(z) is the vertical stratification averaged across the image,

δN(x,z) is the deviation from the average profile, and x is a location
on the radar scene.

The single path “turbulent” delay between dates i and j (Δij) and
two locations x0 and x1 can be written as a double difference:

ΔijL
t x1ð Þ− ΔijL

t x0ð Þ = 10−6ð Z ∞

z0 x1ð Þ
δNj x1; zð Þ− δNi x1; zð Þ
� �

dz

−
Z ∞

z0 x0ð Þ
δNj x0; zð Þ− δNi x0; zð Þ
� �

dzÞ
ð9Þ

where z0(x1) and z0(x0) are the surface elevations at locations x1 and
x0, respectively. The phase delay measured by InSAR (in radian) is
projected along Line Of Sight (LOS), and is obtained by multiplication
by (4π/λcosθ), where λ is the radar wavelength and θ is the local
incidence angle. The spatial patterns in interferograms due to δN(x,z)
show, on average over the whole image, no correlationwith elevation,
because the horizontal mean has been removed from δN(x,z).
However, the delay associated with δN(x,z) may produce some local
correlation with elevation, positive and negative in different parts of
the radar scene, if, for example, the atmosphere has different water
vapor saturations on the winward and leeward sides of a mountain.
One can consider that, due to the high variability of turbulent patterns
in the atmosphere, the spatial pattern of the turbulent delay is mostly
random at each acquisition date and can be removed efficiently by
stacking interferograms (Zebker et al., 1997; Peltzer et al., 2001;
Lasserre et al., 2007) or in InSAR time series (e.g., Ferretti et al., 2001;
Cavalié et al., 2007).

The single path “stratified” delay between dates i and j (Δij), and
two locations x0 and x1 at elevations z0(x0) and z0(x1), reduces to:

ΔijL
s x1ð Þ− ΔijL

s x0ð Þ = − 10−6
Zz0 x1ð Þ

z0 x0ð Þ

Nj zð Þ− Ni zð Þ
� �

dz: ð10Þ

The “stratified” delay is therefore not sensitive to the total
integrated phase delay from satellite to ground between two radar
acquisitions. Temporal variations in the vertical stratification N

_
(z)

lead to a delay varying with surface elevation (Delacourt et al., 1998;
Beauducel et al., 2000). Due to a varying amplitude and sign, the
stratified delay should also be attenuated by stacking interferograms
or by smoothing InSAR time series. However, it is clearly less efficient
than for turbulent delays, as it is not random in time but seasonal, and
its spatial pattern always mimics elevation.

In the following, we focus on themitigation of the “stratified” delay
expressed by Eq. (10). Using Eqs. (2) or (5) and (10), the LOS single
path atmospheric delay, δLLOSs (z), neglecting refractive bending, varies
with elevation for each acquisition date as:

δLsLOS zð Þ = LsLOS zð Þ− LsLOS zrefð Þ

=
10−6

cos θð Þ
k1Rd

gm
P zð Þ−P zrefð Þð Þ−

Z z

zref

k2−
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� �
e
T
+k3

e
T2

� �
dz

 !
:

ð11Þ

Here gm is a weighted average of g between zref and z and is very
close to g. zref is a reference elevation in the scene, usually the average
scene elevation if the interferogram unwrapped phase has been
defined with a zero mean. By analogy with ZHD and ZWD defined
above for GPS applications, we name in the following the first term
hydrostatic delay and the second termwet delay. Relation (11) can be
estimated directly from global atmospheric models. We can also
define the average delay/elevation ratio S between the minimum,
zmin, and maximum, zmax, elevation in the SAR scene as:

S =
δLsLOS zmaxð Þ− δLsLOS zminð Þ

zmax − zmin
: ð12Þ

2.3. Input from global atmospheric models

Global Atmospheric Models (GAM), that include assimilation of
surface and satellite data, provide meteorological values (such as
temperature, water vapor content, winds, …) at the surface and along
pressure levels. They allow us to predict the function δLLOSs (z) (Eq. (11))
and the ratio S (Eq. (12)) at anyacquisition date. In this study,we include
data from three meteorological models, the ERA40 reanalysis (Uppala
et al., 2005) and the operational analysis (hereafter called OPERA) from
the European Centre for Medium-Range Weather Forecasts (ECMWF),
and the North American Regional Reanalysis (NARR, Mesinger et al.,
2006) from theNational Centers for Environmental Prediction /National
Center for Atmospheric Research (NCEP/NCAR).

The ERA40 meteorological reanalysis covers the 1961–2001 time
period with 4 time steps per day and a spatial resolution of 1.125°. It
includes a stratification based on 23 pressure levels (the lowest levels
are 1000, 925, 850, 775, 700, and 600 hPa). Note that some pressure
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levels are below the local model surface elevation, in which case the
values given by ECMWF are extrapolations.

We include data from the OPERA analysis after 2001, when ERA40
in unavailable. The spatial and temporal resolution are the same, with
a stratification based on 21 pressure levels (the lowest levels are 1000,
925, 850, and 700 hPa).

The NARR model is restricted to North and Central America with a
grid spacing of 32 km, and covers the time period from 1979 to the
present day with 8 daily time steps. It has 29 pressure levels, with a
relatively dense stratification at low elevation (1000, 975, 950, 925,
900, 875, 850, 825, 800, 775, 750, 725, 700, and 650 hPa).

We extract from GAMs vertical profiles of temperature, specific
humidity, and geopotential height on pressure levels at a given GAM
grid point located in the radar scene (chosen at the lowest elevation
possible). We assume that the extracted vertical profile N(z)
represents the average stratification above the radar scene, N

_
(z). The

LOS delay in Eq. (11) and the ratio in Eq. (12) are computed for all days
during the acquisition period, between maximum and minimum
elevations representative of each SAR scene. Note that their temporal
variability might differ from the variability of the zenith total delay
(ZTD) integrated from ground to the satellite, because the humid and
hydrostatic height scales vary temporally.

3. Study areas and SAR data sets

3.1. General framework

Three study areas, Lake Mead (Nevada, USA), Haiyuan (Gansu,
China), and Afar (Djibouti), have been chosen to compare the
“stratified” atmospheric delays observed in interferograms and its
prediction based on global atmospheric models. In these three areas,
the arid or semi-arid conditions allow a good preservation of
interferometric coherence (Cavalié et al., 2007; Cavalié et al., 2008;
Doubre and Peltzer, 2007). However, these areas differ by their
topography and climate and by the type of ground displacement. For
the Lake Mead and Haiyuan sites, we use the available ESA archive,
Fig.1. Acquisition dates for (a) 53 ERS and 26 Envisat SAR scenes in the LakeMead area, (b) 11
94 Radarsat SAR scenes in the Afar area.
which does not provide a continuous acquisition on every pass of the
ERS and ENVISAT satellites (Fig. 1). For the Afar site, we use the
Radarsat archive which includes data for almost all passes of the
satellite. The interferograms have been produced using the JPL
processing software package ROI-PAC (Rosen et al., 2004). The
topographic component of the phase has been removed by using
the Shuttle Radar TopographyMission (SRTM, Farr and Kobrick, 2000)
digital elevation model corrected for the geoid height.

In the case of ERS and Envisat data for the Lake Mead and Haiyuan
sites, orbital fringes are removed by using precise orbits provided by
DEOS (Scharroo and Visser, 1998). Residual orbital errors and the
stratified component of the tropospheric delay (approximated by a
linear relationship with a ratio k) are separated by adjusting the
interferometric phase to:

Φ = ax + by + cxy + d + kz ð13Þ

where x and y are range and azimuth coordinates and z is the local
surface elevation. The joint evaluation of a, b, c, and k allows to account
for trade-offs between residual orbital errors and the stratified tropo-
spheric delay.

For the Afar study area, large inaccuracies in the Radarsat satellite
state vectors required the use of the ROI-PAC procedure which
estimates the baseline (orbit separation) from the unwrapped
interferometric phase. The phase-elevation ratio k is evaluated on
the unwrapped interferogram already corrected from residual orbital
fringes.

3.2. Lake Mead area

The Lake Mead is a large reservoir lake located between Nevada
and Arizona, in the Central Basin and Range close to the Colorado
Plateau. The ground deformation in this area is related to water level
fluctuations in the reservoir. A previous ground motion measure
extracted from InSAR time series analysis showed that sedimentary
areas directly adjacent to the lake are inflating as water level increases
ERS SAR scenes on Track 333 and 13 ERS SAR scenes on Track 61 in the Haiyuan area, (c)
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and are deflating as water level decreases, probably due to the ground
poroelastic response to water infiltration (Cavalié et al., 2007).
Furthermore, the water level changes act as a time-varying load on
the lithosphere that deflects the ground downwards as water level
increases (and inversely), at a wide spatial scale of tens of kilometers.
In both cases, peak to peak deformation retrieved from InSAR time
series analysis is on the order of 2–3 cm. Because the lake fills a
depression, we expect an important correlation between surface
deformation and elevation.

The SAR data used in this study include 53 acquisitions by ERS-1
and ERS-2 on descending orbits during the 1992–2007 time period
and 26 acquisitions by ENVISAT between 2003 and 2007 (Fig. 1). The
acquisition is inconsistent in time, with large gaps between 1993 and
1995 and between 2001 and 2003, and includes several 1-day
Fig. 2. Examples of correlation between interferometric phase (corrected from residual orb
stratification. (a): Lake Mead area; (left) SRTM DEM inwrapped colorscale, superimposed on
between 2005/02/27 and 2005/09/25, superimposed on the radar backscatter amplitude; (ri
333. The tandemERSdifferential interferogram is between1996/01/03 and 1996/01/04. (c): A
2002/09/09.
intervals during the ERS Tandem Mission (from August 1995 to June
1996), and a few 30-minute intervals between ERS2 and ENVISAT
passes in 2006. The best seasonal sampling occurs in 2005 with 9
acquisitions. We have formed 413 differential interferograms with
perpendicular baselines smaller than 300 m, separately for the two
data sets (320 ERS-ERS interferograms and 93 ENVISAT/ENVISAT
interferograms). The elevation in the area covered by the data varies
from about 300 m on the lake shores to 2000 m on the Colorado
plateau on the eastern part of the acquisition scene (Fig. 2a). In many
interferograms corrected from residual orbital errors, the phase delay
and elevation show a strong linear correlation, as illustrated in Fig. 2a.
For all interferograms, we compute the single path LOS delay-
elevation ratio k (expressed in cm/km, Eq. (13)) excluding from the
fit the main deformation area around the lake.
ital error) and SRTM Digital Elevation Model due to temporal changes in atmospheric
a simulated radar amplitude image; (center) Differential Envisat interferometric phase
ght) Plot of LOS delay as a function of elevation. (b): As (a) for Haiyuan area along track
s (a) for Afar area. The Radarsat differential interferogram spans the period 2001/07/04 to
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The Lake Mead area is characterized by a hot and arid climate
affected by wet monsoon episodes during Mid-June to September.
Surface (at 2 m) temperature, specific humidity and pressure, together
with the total content inwater vapor (TCWV) andpressure level data are
extracted fromNARRat 18 hGMT(whereas the acquisition times for ERS
and ENVISAT are 18h18 and 17h50, respectively), at a point of
coordinates (−114.25 W, 36.375 N) and of model elevation 680 m.
The surface temperature varies seasonally from about 8 °C in January to
39 °C in July/August. The surface pressure presents some fluctuations
around a seasonal signal of about 12 hPa with a peak in winter. As a
result, the ratio P/T, which controls the elevation dependence of the
hydrostatic delay at low elevation (Eq. (7), Fig. 3a), varies by about 11%,
mostly due to temperature variations. In contrast, the ZHD (integrated
from ground to satellite) only varies with surface pressure, by ~1.2%
(Eq. (5)). The total column water vapor (TCWV), which is the main
contribution to the zenithwet delay (ZWD), varieswith a relatively clear
seasonal signal from about 7.4 kg/m2 in December/January to 30 kg/m2

during the monsoon period. Variations in TCWV can be related to the
specific humidity qs and density ρs at 2m elevation by the humid height
scaleHv=TCWV/ρsqs. Thehumidheight scale shows seasonal variations
from 2000 m in winter to 3700 m in summer. Due to the change in
humid height scale, a secondary peak in specific humidity appears in
February/March, thatdoesnot appear clearly inTCWV. In InSARdata, the
wet delay (Eq. (11), Fig. 3b) is dominated by variations of specific
humidity (proportional to e/T) at low elevation.

Fig. 3 shows the yearly variations of the hydrostatic, wet, and total
phase propagation delays integrated between 300 m and 2000 m. To
highlight the annual and biannual components of the signal, the
following function is fitted to the delays:

δLs zminð Þ− δLs zmaxð Þ = A + B cos 2πt + /0ð Þ + C cos 4πt + /1ð Þ ð14Þ

where t is the time in years. Peak to peak amplitude of the hydrostatic
delay is consistent from year to year and reaches 3.7 cm. This value is
larger than the deformation signal observed in the Lake Mead area
((Cavalié et al., 2007)) and cannot be ignored in analyzing InSAR data.
The wet delay shows short-term fluctuations of about 7 cm, super-
imposed on a seasonal signal of amplitude ~3.5 cm, with a maximum
during the July/October monsoon period and a secondary peak in
February and March (Fig. 3b). Part of the hydrostatic and wet delays is
out of phase, thus partially cancelling each other. The total delay
Fig. 3. Single path vertical propagation delay from an elevation of 300 m to an elevation of 2
Mead area. (a) Hydrostatic delay, (b) wet delay, (c) total delay. Thick gray lines correspond
presents a peak to peak seasonal amplitude of 3.4 cm with large,
short-term fluctuations due to the wet component of the delay. The
minimum delay occurs in May and is followed by a period of larger
delay from July to March, with a maximum in February (Fig. 3c).

3.3. Haiyuan area

The Hayiuan fault is located along the northeastern edge of the
Tibetan plateau. It is a part of a long fault system, which allows the
eastward movement of large crustal blocks (Meyer et al., 1998). The
Haiyuan fault accommodates the relative motion between Tibet to
the South and the Gobi Ala Shan platform to the North (Gaudemer et al.,
1995; Lasserre et al., 1999). The present-day motion is estimated by a
previous InSAR study (Cavalié et al., 2008) to be in the range of 4.5 to
8.5 mm/yr, with a deformation concentrated in a narrow, ~20 km-wide,
corridor along the fault. In the analysis of the SAR data covering the fault,
the trade-off between tectonic motion and phase delay through a
stratified atmosphere is expected to be small as the relief across the fault
does not correlate with the deformation, although the northern block
has, in overall, a slightly lower elevation than the southern block.

ERS data have been acquired on two adjacent, 300 km-long tracks
(T061 and T333) (Fig. 1). On track 333,11 images span the period 1995
to 1998, whereas for track 61, 13 images sample the period 1993 to
1998. The small quantity of data does not provide an even sampling
through seasonal cycles. On track 333 the elevation varies between
1500 m and 3500 m. The 25 interferograms computed for this track
show an approximately linear phase-elevation dependence, with a
negative slope for 20 out of 25. For 14 out of the 25 interferograms, the
phase-elevation correlation coefficient is larger than 0.8 (see example
in Fig. 2b). On track 61, the elevation varies between 1400 m and
2800 m. The interferograms used for this track show a balanced
distribution of positive and negative phase-elevation ratios, but with
only 4 interferograms presenting a correlation coefficient larger than
0.8. Such apparent differences for both tracks only result from peculiar
SAR sampling and baseline configuration (used to choose small
baseline interferograms). For all interferograms across the Haiyuan
fault, a model of the ground deformation signal is estimated jointly
with the phase-elevation ratio k and the orbital error by including an
additional term in expression (14) (Cavalié et al., 2008).

ERA40 model variables, at 2 m and at pressure levels, are extracted
at 6 h GMT and at the point of coordinates (37.125 N,104.625E), for
000 m (L(zmin)−L(zmax), Eq. (5)) computed using NARR (solid black lines) in the Lake
to seasonal adjustments from 1992 to 2006 using Eq. (14).
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which the model surface elevation is 1750 m. The model surface
temperature, T, increases seasonally from −3 °C in January to ~27 °C
in July, while the surface pressure, P, decreases by approximately
12 hPa between November and July, with large short-wavelength
fluctuations around the seasonal curve. The anticorrelation between P
and T, and more importantly the large T fluctuations, produce large
seasonal variations of the hydrostatic delay (Eq. (14), Fig. 4a), which is
controlled by the ratio P/T. The zenith wet delay, ZWD, is proportional
to the integrated water vapor content, TCWV, which has strong
seasonal variations peaking around 27 kg/m2 in July and decreasing to
around 3 kg/m2 fromDecember toMarch. The seasonal fluctuations of
the InSAR wet delay (Fig. 4b), which is proportional to the specific
humidity at the base of the troposphere, are slightly attenuated with
respect to ZWD seasonal fluctuations, as the humid height scale Hv

varies moderately from 1200 m in winter to 1800 m in summer.
The 3.3 cm, peak to peak seasonal variations in the hydrostatic

delay, are in opposite phase with the 6 cm variations of the wet delay,
partly canceling each other in the total delay (Fig. 4c). As for the wet
delay, the total delay seasonal variations have amaximum in July, with
a reduced seasonal amplitude of 4 cm. Large, short-wavelength
fluctuations around the seasonal curve, mostly due to the wet
component, still remain in the total delay.

3.4. Afar area

The third study area covers the eastern part of the Afar depression
across the plate boundary between Arabia and Somalia (Fig. 2). East of
Lake Asal, the 15–17 mm/yr diverging plate movement is essentially
accommodated by normal faulting and opening fissures and dykes
across the Asal Rift and continuing into the Gulf of Goubbet (Vigny
et al., 2006). The elevation across the rift does not exceed 300 m and
remains below sea level around Lake Asal. The relief increases up to
1700 m away from the deforming zone. Therefore, we do not expect
any trade-off between tectonic movement and phase delay in
interpreting the interferograms, as it may be the case across a
strike-slip fault bordering a mountain range (Lasserre et al., 2007).

Radarsat SAR data in standard mode 3 have been acquired since
1997 on almost every descending passes of the satellite. The present
data set includes 91 images covering 100 km by 200 km along track
324. In standard mode 3, the LOS incidence angle is 34° in the middle
Fig. 4. Single path vertical propagation delay from an elevation of 1400 m to an elevation of
Haiyuan area. (a) Hydrostatic delay, (b) wet delay, (c) total delay. Thick gray lines corresp
acquisition times for Track 333 (red stars) and Track 61 (green squares). (For interpretation o
this article.)
of the swath, larger than that of ERS data (23°) or ENVISAT data in the
acquisitionmodewe used for the LakeMead area. The return period of
Radarsat is 24 days, providing a dense sampling of seasonal changes of
the atmospheric phase delay between 1997 and 2006 (Fig. 1). Herewe
use the series of 427 interferograms processed by Doubre and Peltzer
(2007), after averaging them 4 times in range and azimuth. Doubre
and Peltzer (2007) inverted the low-resolution interferogram series
using the small baseline subset approach (Berardino et al., 2002),
applying some temporal smoothing to reduce phase oscillations
between epochs of acquisition due to atmospheric propagation delays.
In the Asal rift area, phase changes depict the signal from fault
movement, rift opening, and volcanic inflation. Away from the rift, the
temporal series of the interferometric phase show clear seasonal
oscillations, which are interpreted as seasonal atmospheric signal. In
many interferograms, the phase shows a strong correlation with
elevation (Fig. 2c) but the trend over the full range of elevation is often
not as clear as in the other two study areas, probably due to the
presence of large bodies of water in the Goubbet Gulf and Lake Asal,
defining coastal conditions different from the conditions prevailing
inland. Furthermore, the phase-elevation plots show a large disper-
sion around the stratification trend that can be associated with
turbulent atmospheric conditions. Although turbulent atmospheric
patterns are also observed in the Lake Mead area data during the
monsoon period and in the Haiyuan area data in summer, they are not
as large as those observed in the Afar data.

ERA40 model variables, completed by OPERA model variables after
2001, have been extracted at 6 h GMT for a point located at longitude
11.25Nand latitude 42.75E, corresponding to amodel elevation of 504m
in ERA40 and of 481 m in OPERA. The surface temperature fluctuations
from 24 °C in January to 36 °C in June (with a secondary peak in
September) are much lower than for the two other sites, while surface
pressure varies seasonally by ~10 hPa, peaking inwinter. As a result, the
ratio P/Twhich controls the hydrostatic delay varies by only 5% (Fig. 5a).
The total column humidity content, TCWV, shows a complex seasonal
patternwitha low inDecember/January (at 17kg/m3) andahigh around
45 kg/m3 during August, with a few secondary humid/dry oscillations in
spring and fall. The humid height scale,Hv, varies strongly fromas lowas
800 m in winter to 2200 m in summer. This completely changes the
seasonal pattern in the near surface specific humidity with respect to
TCWV. As a result, seasonal trends in InSAR wet delays are hardly
3000 m ((L(zmin)−L(zmax), Eq. (5)) computed using ERA40 (solid black lines) for the
ond to seasonal adjustments from 1992 to 2001 using Eq. (14). Symbols are drawn at
f the references to color in this figure legend, the reader is referred to the web version of



Fig. 5. Single path vertical propagation delay from an elevation of 0 m to an elevation of 1500 m ((L(zmin)−L(zmax), Eq. (5)) computed using ERA40 followed by OPERA (solid black
lines) for Afar area. (a) Hydrostatic delay, (b) wet delay, (c) total delay. Thick gray lines correspond to seasonal adjustments from 1998 to 2007 using Eq. (15).
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defined, with a pronounced dry period in June, and a few humidity
peaks in October, March, and May (Fig. 5b).

To summarize, the hydrostatic delay (in P/T) varies only by 1.5 cm
peak to peak, whereas the wet delay seasonal fluctuations are of
3.8 cmwith large, short-term fluctuations around the smooth seasonal
variations (Fig. 5). To account for the complex seasonal phase delay
pattern in Afar, we adjust a time function including 12 months,
6 months, 4 months, and 3 months temporal dependences:

δLs zminð Þ− δLs zmaxð Þ = A + B cos 2πt + /0ð Þ + C cos 4πt + /1ð Þ
+ D cos 6πt + /2ð Þ + E cos 8πt + /3ð Þ: ð15Þ

The total delays shows awell defined low in June, also present both
in the hydrostatic and wet delays, and a few highs and lows of lower
amplitude between August and May. The amplitude of the seasonal
variations of the total delay (~4.2 cm) and of daily fluctuations are
higher in Afar than for the two other study areas.

4. Stratified atmospheric delays: observations, model predictions
and sampling bias

In this section we first compare the stratified atmospheric delay
observed in InSAR data with the same quantity estimated using global
atmospheric models. This comparison then allows us to discuss and
validate various approaches employed for correcting the atmospheric
phase delay in radar interferometry data.

4.1. Phase / elevation ratio at acquisition dates

The estimated phase-elevation ratio, kl, for a given interferogram l
between dates i and j, can be written as the difference of ratios SiSAR and
Sj
SAR characterizing atmospheric conditions at dates i and j. We solve for
Si
SAR by inverting the following system of equations for the N

interferograms:

SSARj − SSARi = kl; for 1 V l V N

SSAR1 = 0 :
ð16Þ

A solution can be found provided that any pair of acquisition dates
can be connected by a chain of interferograms. This condition is met
with the three data sets used in this study, as the few acquisitions that
could not be connected to others due to spatial baseline constraints
have been discarded from the analysis. Note that ratios Si

SAR actually
represent the difference between atmospheric conditions at epochs i
and condition at epoch 1, since we set arbitrarily S1

SAR=0 in the
calculation. Therefore, when compared to values estimated from
atmospheric models, groups of ratios can be shifted by an arbitrary
constant.
4.2. Comparison of phase/elevation ratios

We compare the relative quantification of stratified atmospheric
delays obtained by InSAR, SiSAR, with the absolute delay/elevation ratio
predicted from global atmospheric models, SiMOD. To compute Si

MOD

(Eq. (12)), we choose the maximum and minimum elevations that
bracket the most represented elevation range in the coherent part of
the SAR scene.

The comparison is displayed on Fig. 6 separately for the hydrostatic
and wet delay for the ERS data set at the Lake Mead area. Neither the
hydrostatic nor the wet delay alone well represents the delay/elevation
ratios derived from InSAR, as also found in theAlthynTagh area by Elliott
et al. (2008). On thecontrary, the total ratios computed fromNARRare in
very good agreementwith SAR derived ratios (Fig. 7a). Therefore, in the
Lake Mead area, due to large seasonal temperature fluctuations, the
variations in hydrostatic delays cannot be neglected with respect towet
delay variations. The correlation coefficient between Si

SAR and Si
MOD is

0.92 for the ERS data set and 0.86 for the ENVISATdata set. The predicted
trend, SiSAR=Si

MOD+cst, falls well within the scattered data points,
without any specific adjustment, using the NARR model variables and
theelectromagnetic constants introduced in Eq. (1). Deviations from the
predicted trend can be due to biased estimations of ratio k using SAR
data because of turbulent atmospheric conditions, lateral variations in
the atmospheric stratification, and trade-off with deformation signal or
residual orbital terms. Deviations can also originate in NARRmismodel-
ling of atmospheric processes, in particular in errors in the distribution
of the total water vapor content into successive atmospheric layers.

The agreement between SAR derived ratios, Si
SAR, and ERA40

derived ratios, SiMOD, is also very encouraging for the two Haiyuan
tracks (Fig. 7b). The correlation coefficient is 0.95 for Track 333 and
0.74 for Track 61. The SAR derived ratios, SiSAR, align well along the



Fig. 6. Comparison between delay/elevation ratios derived from InSAR data with those derived from NARR atmospheric model, for all ERS acquisition dates on Lake Mead area:
(a) hydrostatic delay prediction. (b) wet delay prediction.
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predicted trend, SiSAR=Si
MOD+cst, except for three acquisitions on

Track 61. The agreement between SAR derived ratios and ERA40 or
OPERA derived ratios is not as good for the Afar study area (Fig. 7c),
Fig. 7. Comparison between delay/elevation ratios derived from InSAR data with those derive
the hydrostatic and the wet terms. The dashed lines y=x+cst correspond to the prediction b
are integrated between 380m and 1300m. ERS and Envisat data sets form two separate group
The constant for Envisat data is adjusted to follow the same prediction line as ERS data. (b) Ha
and between 1400m and 2400 m for track 61. The constant for track 61 is adjusted to follow t
integrated between 0 m and 1100 m.
although the range of delay/elevation ratios is larger in this case
(±4.5 cm/km) than for Lake Mead (±2.5 cm/km) or Haiyuan
(±3 cm/km). The correlation coefficient between SAR and modeled
d from atmospheric models, at SAR acquisition dates. The modeled delay includes both
y atmospheric models with an adjusted constant. (a) Lake Mead area. NARR predictions
s of delay/elevation ratios which can each be shifted uniformly by an arbitrary constant.
iyuan area. ERA40 predictions are integrated between 1500m and 3000m for track 333
he same prediction line as for track 333. (c) Afar area. ERA40 and OPERA predictions are
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ratios is 0.64 for the Afar data. However, it is important to note that
even with these noisier data, the predicted trend falls well within the
scattered data points. In Afar, the larger deviation between observa-
tions and model predictions compared to the two other studied sites
comes partly from the more turbulent atmosphere prevailing at low
latitude, resulting in a poor phase delay-elevation correlation. The
ERA40/OPERA models in Afar area may also be less constrained by
meteorological data than the NARR model in the Lake Mead area. The
Afar climate, due to turbulences and sea proximity, might also bemore
difficult to model than the Haiyuan area climate.

4.3. SAR data sampling biases and interferograms corrections

In this subsection we show that InSAR measurements of ground
motion shouldbe corrected fromstratified atmospheric delays or at least
be accompanied by error estimations. This is particularly important
when themagnitudeof the signal is small ormay spatially correlatewith
topography or when the temporal sampling of a SAR data set produces
aliasing of atmospheric fluctuations into a low frequency component
that could be misinterpreted as ground displacement.

Several approaches are commonly employed to mitigate atmo-
spheric errors in a series of InSAR data. The choice of the approach
depends on the sequence of available radar acquisitions and on the
ground motion temporal behavior, either linear, or slightly non-linear,
or presenting intra-annual or inter-annual fluctuations. These
approaches include InSAR data stacking (for linear ground motion
and a reduced data set, e.g., Haiyuan site) and temporal smoothing of
time series, either over irregular time intervals (for inter-annual
ground motion variations and irregular sampling, e.g., Lake Mead
site), or over short time intervals (for intra-annual ground motion
variations and monthly data sampling, e.g., Afar site). Note that
methods applying a low-pass filtering in the time domain (e.g.,
Ferretti et al., 2001; Berardino et al., 2002) are closely related to
smoothing approaches. In all three cases, we first quantify below how
the temporal sampling of a SAR data set, that misrepresents daily and
seasonal atmospheric fluctuations and may result in an aliased signal
at low frequency, biases the retrieved ground motion. Therefore, the
extracted ground motions using these approaches are perturbed by
Fig. 8. Delay/elevation ratios plotted as a function of time for Haiyuan area. The time series o
and 2400 m for track 61) (light gray line) together with enveloppes of monthly minimum a
and black crosses, as in Fig. 9. Links between black crosses show the computed interferogram
to the web version of this article.)
significant residuals in the stratified atmospheric delays, should no
stratified delay correction be applied.

We then compare different corrections strategies in removing
sampling biases and seasonal effects due to stratified atmospheric
delays, depending on the turbulent condition of the atmosphere in the
study area: (a) Evaluation of the phase-elevation relationship directly
from SAR data, masking off the zones of ground deformation, and
correction of the observed phase from the elevation dependent signal.
(b) Evaluation of the phase-elevation relationship using atmospheric
models, and correction of the interferograms. We show that applying
phase delay corrections prior to employing data stacking or temporal
smoothing approaches is successful for biases mitigation. Error estima-
tions of the correction applied at each acquisition date will be discussed
in Section 4.4.

4.3.1. InSAR data stacking: Haiyuan
In the case of the Haiyuan fault, the inter-seismic velocity

(~0.3 cm/yr in LOS) shows a steep gradient across the fault. Due to
the small quantity of data acquisitions and in some cases significant
turbulent tropospheric delays, Cavalié et al. (2008) chose to stack a
selection of interferograms with the largest signal to noise ratio and
corrected from stratified tropospheric effects.

Should no stratified delay correction be performed on the interfer-
ograms before stacking, what would be the error on fault-slip measure-
ment? To answer this question, we stack the phase-elevation ratios of all
interferograms displayed in Fig. 8 and divide by the cumulated duration.
Using the phase/elevation ratios derived from InSAR, we obtain 0.07 cm/
km/yr for Track 61 and −0.94 cm/km/yr for Track 333. It is strongly
negative in the second case asmost interferograms have a negative ratio.
Therefore, stacking numerous interferograms on Track 333 does not
significantly reduce the amplitudeof stratifiedatmosphericdelays,which
reach ~2 cm/yr for a 2 km elevation range across the stacked velocity
map. As, on average, the northern block is ~500 m lower than the
southern block, stacking uncorrected interferogramswould lead to a bias
in the LOS estimated relative block velocity of−0.04 cm/yr for Track 61
and of +0.47 cm/yr for Track 333.

In the Haiyuan study area however, it is relatively easy to estimate
separately the deformation from stratified tropospheric delay, as both
btained using ERA40 (between 1500 m and 3000 m for track 333 and between 1400 m
nd maximum values (dark grey lines) are displayed in the background. Open red circles
s. (For interpretation of the references to color in this figure legend, the reader is referred



Fig. 9. Delay/elevation ratios plotted as a function of time for LakeMeadarea. The time series obtained usingNARRbetween380mand1300m(light gray line) togetherwith enveloppes of
monthly minimum and maximum values (dark grey lines) are displayed in the background. Open red circles and black crosses are the NARR predictions and the InSAR delay estimates,
respectively. Aliasing due to an uneven sampling through time of high/low delay/elevation ratios is outlined by a 4th degree polynomial adjustment to the sampledNARR predicted values
(black line) and InSAR data (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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fields are largely spatially uncorrelated. This is a posteriori validated
by the very good agreement between ERA40 predictions and
measured SAR ratios (Fig. 7). The difference between the stack of
ERA40 predicted ratios and the stack of InSAR derived ratios amounts
to−0.19 cm/km/yr for Track 61 and to 0.06 cm/km/yr for Track 333. In
this case, performing atmospheric corrections using either predicted
or measured delay-elevation ratios yields consistent results as the
estimated fault velocities would differ by less than 0.1 cm/yr.

4.3.2. Temporal smoothing over long time intervals: Lake Mead
In the Lake Mead area, during the period 1992–2007, the inter-

annual water level fluctuations, with peak to peak amplitude of
~20 m, are expected to induce ground movement fluctuations with
peak to peak amplitude of ~3 cm. These fluctuations are irregularly
Fig. 10. Delay/elevation ratios plotted as a function of time for Afar area. The time series
enveloppes of monthly minimum and maximum values (dark grey lines) are displayed in
(Eq. (15)) of estimated ratios from InSAR (black line) agrees well with the seasonal delay p
seasonal curves are equally consistent to that derived from the atmospheric model data sub-s
to color in this figure legend, the reader is referred to the web version of this article.)
sampled by SAR acquisitions. In this case, the chosen approach is to
separate ground motion from atmospheric delays by temporal
smoothing of InSAR time series (Cavalié et al., 2007). However, as
the deformation is expected to present some correlation with
elevation, we must quantify how the stratified atmospheric delay is
effectively removed by smoothing.

Fig. 9 shows the aliasing of the stratified delay due to an
incomplete sampling by the ERS and Envisat satellites. In this figure,
we display how SAR acquisitions sample days of high or low delay-
elevation ratio: Between 1992 and 1996, the majority of acquisitions
occurs on days with high delay-elevation ratio; Between 1997 and
1999, more acquisitions occurs on days of low ratio; The sampling
appears to bemore balanced between days of high and low ratios after
1999 although unevenly distributed in time. As a result, when we fit
obtained using ERA40 followed by OPERA (between 0 m and 1500 m) together with
the background. Open red circles and black crosses, as in Fig. 9. Seasonal adjustments
attern predicted by the complete ERA40/OPERA time series (red line). Note that these
ampled at radar data acquisition dates (not shown). (For interpretation of the references
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the sampled ratios with a 4th order polynom in time, roughly
representing the effect of a strong temporal smoothing or low-pass
filtering of the data series, we obtain inter-annual fluctuations of 2 cm/
km in peak to peak amplitude. The fit is consistent whether using the
SAR derived ratios or those estimated from the NARR model. We
conclude that in the case of the Lake Mead data, the ground motion
retrieved from uncorrected interferograms, after temporal smoothing
and even for a long smoothing time interval, would be affected by an
error larger than 2 cm in LOS between the lake border and the
surrounding mountains (~1 km higher). This error would blur the
deformation signal associated with loading.

In the analysis reported in Cavalié et al. (2007), the phase-
elevation ratios are estimated from interferograms away from the
main deformation area and then used for interferogram correction
before being included in the time series analysis.

This stratified delay correction strategy is validated by the good
agreement between the smoothed -long-term- trends in phase/
elevation ratios derived from InSAR or from NARR (Fig. 9). This
shows that correcting interferograms from stratified delays derived
from InSAR data or from NARR is sufficient to remove aliasing bias in
time series analysis.
4.3.3. Temporal smoothing over short time intervals: Afar
In the Afar study area, the smoothed InSAR time series inverted

from uncorrected interferograms show a seasonal signal with an
amplitude scaling with the elevation (Peltzer and Doubre, 2007). This
can be explained by residual stratified atmospheric delays, that are not
removed by temporal smoothing. Indeed, Fig. 10 shows that the
seasonal fluctuations of the delay-elevation ratio, modeled by function
(15) adjusted either to InSAR data or to GAMs data, are consistent. This
Fig.11. Statistical error analysis of phase/elevation ratios, estimated from InSAR data, SiSAR, or d
respectively: Delay/elevation ratios plotted as a function of month. The daily prediction avera
σ(s) is the standard deviation of daily predicted ratios over half-month. Open red circles and
elevation ratios normalized byσ(s) (see text).We compare PDF2 of daily predicted ratiosmin
average (black line), and PDF3 of InSAR derived ratios minus the predicted ratio at acquisiti
suggests that the 24-day repeat sampling along the time axis is
sufficient to capture the seasonal atmospheric signal despite the large
short-term fluctuations observed is this sub-tropical region. Further-
more, although InSAR observations do not fit well the atmospheric
model predictions of the stratified delay at acquisition dates (Fig. 7c),
seasonal climate variations estimated from SAR data are consistent
with those derived from atmospheric models. We conclude that
correcting interferograms from stratified delays derived from SAR data
or atmospheric models should remove the seasonal atmospheric
signal observed in smoothed InSAR time series, together with possible
aliasing bias.
4.4. Error analysis on delay/elevation ratios

We discuss below the errors on delay/elevation ratios, either
observed from InSAR data or predicted from atmospheric models. The
aim is to provide insights on the choice of interferogram correction
strategies and to give an error distribution of the stratified delay
correction. The correction errors applied at each acquisition date could
then be combined to determine the error on the ground motion final
result, obtained after data stacking or temporal smoothing.

The quantification of delay/elevation ratios from interferograms is
prone to errors, due to (a) trade-offs with residual orbital errors or
deformation, (b) lateral variations in stratification, and (c) turbulent
atmospheric delays. These errors may influence differently the
interferograms, depending on the coherence distribution with eleva-
tion (in mountainous areas, for example), or on the SAR data
combination (images with or without strong turbulent atmospheric
patterns). As a result, the delay/elevation ratios inverted at each
acquisition date, Si, do not perfectly fit the redundant set of delay/
erived from atmospheric models, SiMOD. (a, b, c), for LakeMead, Haiyuan, and Afar areas,
ged over half-month (thick black line) is bracketed by the 2⁎σ(s) lines (in gray), where
black crosses: as in Figs. 9 and 10. (d, e, f): probability distribution function for phase/

us the seasonal average (grey line), with PDF1 of InSAR derived ratiosminus the seasonal
on date (dark red line).
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elevation ratios estimated from individual interferograms, kl. The
overall misclosure of system (16) provides a minimum error on InSAR
derived delay/elevation ratios. That is ~0.2 cm/km for the Lake Mead
and Haiyuan test sites and ~0.4 cm/km for the Afar test site. This
minimum error is lower than the standard deviation between
observation and prediction (~0.55 cm/km, ~0.77 cm/km, and
~2.0 cm/km, for Lake Mead, Haiyuan and Afar test sites, respectively,
Fig. 7). One important observation is that, for the three study areas, all
InSAR derived ratios fall within or close to the monthly enveloppes of
the predicted ratio daily fluctuations (Figs. 8–10).

Errors in the delay/elevation ratios predicted from global atmo-
spheric models may also result from the mismodelling of the water
vapor stratification, which may be in part related to the lack of data
used for assimilation. Water vapor is indeed one of the most difficult
variable to model in atmospheric dynamic simulations. The misfit
between InSAR and atmospheric models ratios can also be explained
by lateral variations of troposphere stratification. The point chosen for
the atmospheric model prediction may not be representative of the
average troposphere stratification in the radar scene.

With these sources of errors in mind, we first need to validate the
interferogram correction with the InSAR derived delay/elevation ratios.
We define the seasonal average ratio, SavgMOD(s), as the average over 10
consecutive years of the daily ratio prediction computed on 15-days
slidingwindows (black line on Fig.11a, b, and c). The associated seasonal
standard deviation is σ(s). Fig. 11a–c shows that all InSAR derived ratios
(crosses) fall within the interval [SavgMOD(s)−2σ(s); Savg

MOD(s)+2σ(s)]
Fig. 12. Examples of single path LOS delay versus elevation plots for a few interferograms (blac
Haiyuan (columnb), andAfar (column c) areas. Below themodel surface elevation (680m,1750
in the case of Afar. (For interpretation of the references to color in this figure legend, the reade
(grey lines), with a few exceptions, even during periods of low daily
variability (inwinter forHaiyuanorAfarareas). Thedistribution (or PDF)
of InSAR derived ratios around the seasonal average, after normalization
by σ(s), PDF1[(SiSAR−Savg

MOD(s)) / σ(s)] (black line on Fig. 11d–f), is only
slightly larger (by less than 10%) than the distribution of the predicted
daily variability around the seasonal average, PDF2[(SMOD−Savg

MOD(s))/
σ(s)] (grey line on Fig. 11(d–f)). Therefore, the variability of InSAR
derived ratios can almost be completely explained by the daily climate
variability alone, and is not clearly increased by errors on the estimation
of InSAR derived ratios. This suggests that InSAR derived ratios are
relatively well constrained and can be used to correct interferograms if
they are not biased by deformation.

When InSAR derived ratios cannot be estimated due to a trade-off
with the deformation pattern, shall we correct interferograms with
the delay/elevation ratio predicted at acquisition dates, SiMOD, or with
the seasonal average Savg

MOD(s)? In other words, do global atmospheric
models provide, beside the seasonal trend, a good estimate of the
water vapor stratification for the daily fluctuations around the
seasonal average? To answer this question, we also compute the
distribution of InSAR derived ratios minus the delay/elevation ratio
predicted at acquisition dates, PDF3[(SiSAR−Si

MOD)/σ(s)] (dark red line
on Fig. 11d–f). For the LakeMead test site or for the Haiyuan area, PDF3
has a larger peak and a smaller width (decreased by a factor 1.3 and
2.5, respectively, Fig. 11) than PDF1 comparing Si

SAR with the seasonal
average Savg

MOD(s). This suggests that using the predicted ratio at the
acquisition date is more efficient than using the average seasonal
k dots) and predicted by global atmospheric models (red line), in Lake Mead (column a),
m, and 500m, respectively), the red curve is extrapolated. Note themuch larger dispersion
r is referred to the web version of this article.)
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value. In Afar, PDF1 and PDF3 have the same width, suggesting that in
this case ERA40/OPERA mostly predict the seasonal trend but hardly
the daily fluctuations around it (Fig. 11f).

Finally, we can check on InSAR delay/elevation plots whether the
stratified delay prediction at acquisition dates remains within the
InSAR data scatter for all elevations. In a few cases (10 to 15% of
interferograms covering the Lake Mead area), delay versus elevation
relationships from interferograms arewell definedwhile the stratified
delay predicted by the global atmospheric models clearly deviates
from them (see a few extreme examples on Fig. 12a1 and b1).
Therefore, in such particular cases, we would tend to trust more InSAR
derived delay/elevation ratios than atmospheric model predictions.
However, in most cases, these models provide a good prediction of the
delay/elevation relationship.

5. Non-linear phase to elevation relationships

We have shown above the good agreement between delay/
elevation ratios from atmospheric model predictions and InSAR
derived ratios. The simple parameterization, based on the average
delay/elevation ratio representative of the radar scene, allows a more
robust estimate of the stratified delay from interferograms than using
quadratic, cubic or exponential delay-elevation laws. The latter are
indeed more sensitive to trade-offs between parameterized variables
(e.g., between z and z2), turbulent delays, residual orbital errors or
displacement field. Here, we first check the validity of the linear
approximation by plotting the delay versus elevation derived from all
available interferograms in the three test sites. The linear trend is most
oftenwell defined in the LakeMead or Haiyuan areas (Fig. 2a and b). It
is less frequently observed in Afar (Fig. 2c). Examples of clear non-
linear delay to elevation relationships are displayed on Fig. 12. In Lake
Mead area, a slight curvature can often be detected when turbulent
atmospheric patterns have a small amplitude (Fig. 12a2). The
curvature is seldom more pronounced (Fig. 12a3). Exceptionally, we
observe a sign change in delay/elevation ratios between low and high
elevation ranges (Fig. 12a4). In Haiyuan area, the curvature is often
quite subtle (Fig. 12b2), with a few cases only displaying a clear
change in delay/elevation ratios from low to high elevation ranges
(Fig. 12b3 and b4). The small curvatures observed on Haiyuan plots
may appear surprising given the high elevation and the large elevation
range. In Afar, despite strong turbulent patterns and a limited
elevation range, curvatures are detected in numerous interferograms.
The InSAR delay/elevation ratio often changes importantly above
~900 m (Fig. 12c2, c3, c4). At low elevation, below 300 m, diverging
trends are often present (Fig. 12c1, c4) which suggest a complex
vertical stratification with large humidity concentration at low
elevation at some acquisition dates, together with strong lateral
heterogeneities.

The complete delay/elevation relationship for each interferogram
can also be computed from global atmospheric models and Eq. (11) as
δLLOSs (z)ij=δLLOSs (z)j−δLLOSs (z)i, and is superimposed on InSAR delay-
elevationplotswith anadjusted constantdelay shift (red lines in Fig.12).
The vertical resolution is low as there are only few ERA40 and OPERA
pressure levels at low elevation. Furthermore, below the model surface
elevation, curves are extrapolated using the values provided by the
atmospheric models (note the trend below 680 m in Fig. 12a4).
However, the difference between two dates i and j still evidences non-
linear, more or less complex, shapes of δLLOSs (z)ij (Fig. 12). In overall, the
comparison between the predicted delay/elevation relationship and the
observed one is satisfactory, in the sense that the presence or absence of
a significant curvature and its sign are well predicted for all three sites
(Fig. 12a2–a4, b2–b4, c2–c4).

The curvature in delay to elevation relationships in interferograms
is due to changes in the shape of this relationship from one acquisition
to the other. Both the hydrostatic and the wet delay curvatures change
with time. However, the amplitude of temporal hydrostatic curvature
variations, of ~4 cm/km2, is relatively low and only explains a small
part of the non-linear shapes observed at our three test sites. When
the humid height scale, Hv, presents strong seasonal variations (as for
Afar), non-linearities in the delay to elevation relationship are mostly
controlled by the wet delay and are seasonal. In Afar, one can thus
observe and predict an upward concavity for delay to elevation plots
with a summer master date and a winter slave date, and inversely for
interferograms between winter and summer (Fig. 12c2–c4).

6. Discussion and conclusion

In this paper, we recall the main equations useful to derive the
stratified tropospheric delays in InSAR. We emphasize that the
sensitivity of this delay to atmospheric variables differs from that in
GPS. InSAR stratified delays are integrated from the minimum to the
maximum elevations in the radar scene, while GPS delays are
integrated from ground to satellite. We also clarify the expression of
the hydrostatic delay, that must be taken into account when surface
temperature varies by more than 10 °C during the year.

The delay-elevation ratio derived from InSAR at each acquisition
date is validated by the predictions of global atmospheric models,
without further need of calibration of electromagnetic constants or
atmospheric models variables. Both predicted and observed delay/
elevation ratios show the same seasonal signal and the same daily
climate variability around the seasonal curve. Discrepancies between
predictions and observations remain large in the Afar test site, in
which case the vertical water vapor distribution seems to be rather
complex and partly heterogeneous in space. We suspect that the sea
proximity and the large daily climate fluctuations make water vapor
stratification modelling rather difficult there. Turbulent patterns,
quantified by deviations from the delay/elevation trend, are also
particularly large in Afar with respect to the Lake Mead or Haiyuan
sites. However, global atmospheric models in Afar predict very well
the seasonality of delay-elevation ratios.

When ground displacement must be retrieved with a subcenti-
meter accuracy, it appears essential to correct beforehand the
interferograms from the stratified tropospheric signal. In particular,
in the case where a limited number of uncorrected interferograms is
stacked to obtain a ground velocity map, sampling bias could result in
a residual, non negligible relationship between phase and elevation as
in the Haiyuan study area. Also, when the ground motion presents a
non-linear temporal evolution, its measurement from an uncorrected
InSAR time series may be biased if the acquisition dates irregularly
sample days with low or large delay-elevation ratios (Lake Mead
case). Finally, because the stratified delay is not random in time but
presents seasonal fluctuations, atmospheric seasonal signals remain
in smoothed, uncorrected InSAR time series (Afar case).

The stratified delay correction may be applied either using InSAR
derived delay/elevation ratios or using global atmospheric models
predictions. Both kinds of correction allow to remove the sampling
biases in the Haiyuan and Lake Mead cases and the seasonal curve in
the Afar case. The standard deviation of the error, σe, associated to
this correction at each acquisition date, may be set equal to the
standard deviation, σ(s), of daily climate fluctuations around the
seasonal average. The correction error, σe, would thus depend on the
time of the year, andwould be conservative. However, it is lower than
σ(s) in areas of relatively simple vertical water vapor stratification,
and of moderate turbulent atmospheric patterns, such as in the
Haiyuan area.

From our work, it appears more accurate to correct interferograms
with InSAR derived delay/elevation ratios than with global atmo-
spheric models predictions. However, the latter can be the only one to
be used if the correlation between elevation and displacement is large,
as expected on volcanoes (e.g., Etna, Beauducel et al., 2000), on some
fault segments (e.g., Altyn Tagh, Lasserre et al., 2007), or in subsident
basins (e.g., Mexico City, Lopez et al., 2008). When the coherence is
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bad, it might also be useful to correct wrapped interferograms from
the stratified tropospheric delay before unwrapping, to reduce
unwrapping errors (Pinel et al., 2008). Finally, it appears that global
atmospheric models provide on overall a good prediction and thus a
possible correction of non-linear delay-elevation relationships, which
might be difficult to obtain in a robust way from the interferograms
themselves.

Further improvements in the correction of stratified atmospheric
delays should occur in the near future. A new global atmospheric
reanalysis with improved model physics and humidity analysis will be
released by ECMWF. A combination of global atmospheric model
predictions with MERIS total water vapor estimates might also be
particularly useful for correcting ENVISAT interferograms. Finally,
meso-scale atmospheric simulations will improve as well, and could
help understanding the origin of complex vertical stratification and
systematic lateral heterogeneities. Combined with data assimilation,
they appear as the most promising tools for correcting interferograms
of atmospheric delays.
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