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Abstract In radio signal-based observing systems, such
as Global Positioning System (GPS) and Interferometric
Synthetic Aperture Radar (InSAR), the water vapor in the
atmosphere will cause delays during the signal transmis-
sion. Such delays vary significantly with terrain elevation.
In the case when atmospheric delays are to be eliminated
from the measured raw signals, spatial interpolators may be
needed. By taking advantage of available terrain elevation
information during spatial interpolation process, the accu-
racy of the atmospheric delay mapping can be considerably
improved. This paper first reviews three elevation-dependent
water vapor interpolation models, i.e., the Best Linear Unbi-
ased Estimator in combination with the water vapor Height
Scaling Model (BLUE+HSM), the Best Linear Unbiased
Estimator coupled with the Elevation-dependent Covariance
Model (BLUE+ECM), and the Simple Kriging with vary-
ing local means based on the Baby semi-empirical model
(SKIm+Baby for short). A revision to the SKIm+Baby
model is then presented, where the Onn water vapor delay
model is adopted to substitute the inaccurate Baby semi-
empirical model (SKlm+Onn for short). Experiments with
the zenith wet delays obtained through the GPS observa-
tions from the Southern California Integrated GPS Network
(SCIGN) demonstrate that the SKIm+Onn model outper-
forms the other three. The RMS of SKIm+Onn is only
0.55 cm, while those of BLUE+HSM, BLUE+ECM and
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SKIm +Baby amount to 1.11, 1.49 and 0.77 cm, respec-
tively. The proposed SKIm + Onn model therefore represents
an improvement of 29-63% over the other known models.
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1 Introduction

When radio signals such as those of Global Positioning
System (GPS) and Synthetic Aperture Radar (SAR) travel
through the atmosphere, they will suffer from propagation
delays due to atmospheric refraction. The hydrostatic com-
ponent of the atmospheric delay, primarily due to dry gases
in the troposphere, can be fairly accurately estimated using
surface atmospheric pressure measurements. Such delays can
reach up to 2.3 m in the zenith direction. However, the wet
component of the atmospheric delay, up to a few decimeters
in magnitude, is difficult to be accurately modeled due to the
lack of means to map the dynamic structure of the moisture
field with sufficient temporal and spatial resolutions. With
the advent of GPS technology, the delays caused by water
vapor can be measured very accurately at high temporal res-
olution. In the applications where atmospheric effects need
to be eliminated, such as, interferometric synthetic aperture
radar (InSAR), the tropospheric zenith delays derived from
GPS measurements can significantly contribute to the elimi-
nation processing in terms of calibration (Dodson et al. 1996;
Li et al. 2007). However, the spatial distribution of contin-
uously operated GPS stations is often quite poor. Thus, an
efficient spatial interpolation model of water vapor is of great
interest (Williams et al. 1998).

New methods have recently been introduced in the
GPS-related literature for interpolating water vapor data
using GPS observations at relatively isolated stations.
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Jarlemark and Emardson (1998) presented three different
strategies, i.e., the gradient method, the turbulence method
and the linear regression in time, to interpolate the wet tropo-
spheric delays. Among them, the turbulence method has less
root mean square (RMS) errors than the other two. Janssen
et al. (2004) discussed the applications of Inverse Distance
Weighted (IDW), Ordinary Kriging (OK) and spline interpo-
lation methods for GPS zenith wet delays interpolation and
concluded that IDW and OK are better than spline interpo-
lation. Janssen et al. (2004) also demonstrated the practical
use of the models in potential InSAR atmospheric correction.
However, all these models do not consider the terrain eleva-
tion dependence of water vapor. As a result, the interpolation
outcome may contain large errors in the regions where the
topography is highly varying.

The first elevation-dependent water vapor interpolation
method was given by Emardson and Johansson (1998). They
propose to: (1) use a Height Scaling Model (HSM) to scale
the water vapor data of different sites to a uniform height;
(2) perform interpolation with the scaled water vapor using
the Best Linear Unbiased Estimator (BLUE); (3) scale the
interpolated water vapor back to its original height. We shall
use BLUE+HSM to abbreviate it hereinafter. This model
has been assessed by cross-validation analysis and its accu-
racy is found to be about 1 cm. However, it should be noted
that the maximal height difference in the studied case is
only 214 m and its performance in areas of highly vary-
ing topography has not yet been reported. More recently,
Lietal. (2006b) proposed an elevation-dependent GPS water
vapor model, also based on the BLUE method. That model
differs from the previous model by employing an Eleva-
tion-dependent Covariance Model to determine the BLUE
weights. For simplicity, we call it BLUE+ECM (i.e., Ele-
vation-dependent Covariance Model). However, the model
needs a large number of GPS water vapor measurements to
establish a reliable elevation-dependent variance/covariance
function, which limits the practical use of the model. Li et al.
(2006a) proposed another elevation-dependent atmospheric
water vapor interpolation model based on the estimator of
Simple Kriging with varying local means (SKIm), which is
a geostatistical method that can incorporate secondary infor-
mation such as elevation, and the Baby tropospheric semi-
empirical model (Baby et al. 1988), which is used to model
the varying local means in SKIm. For convenience, we will
call it SKIm + Baby hereinafter. Compared to BLUE + ECM,
this model does not need any GPS water vapor measurements
and can be easily implemented. However, it does need ground
meteorological data at a reference station.

In this paper, we will present a modified version of the
SKIm + Baby model, by substituting the Baby semi-empirical
model with the Onn model, which is an exponential law
model of water vapor with the elevation as adopted by Onn
and Zebker (2006). What motivates us to do this is that
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the Baby semi-empirical model assumes the relative humid-
ity remains constant up to a certain height while the water
vapor actually has great variability at different heights. This
may lead to errors in modeling the varying local means in
SKIm. The Onn model can better model the varying local
means, thus improves the accuracy of the SKim model.
A comprehensive comparison among SKIm+Onn and the
previous three elevation-dependent water vapor models will
be presented in the following sections.

The paper is organized as follows. In Sect. 2, three existing
elevation-dependent water vapor models, i.e., BLUE + HSM,
BLUE+ECM and SKIm + Baby, are reviewed, followed by
the modification of SKIm+Baby in Sect. 3. The different
elevation-dependent models are compared in Sect. 4.

2 Existing elevation-dependent water vapor models
2.1 BLUE +Height Scaling Model

The zenith wet delay at a given location can be estimated by
a linear estimator

Z*u) = > w;i - Z(up), ()
i=1

where Z(u;) denotes the measured zenith wet delay at loca-
tion u;, and w; is the weight of Z(u;) which will be deter-
mined through different optimization rules.

By minimizing the mean square differences between the
estimated and the true zenith wet delays, the BLUE estima-
tor of zenith wet delays can be constructed, whose weights
can be expressed in vector form (Emardson and Johansson
1998):

(1=cl,-Cc,l-s)-Cl ws
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where C,, ,, is the covariance matrix between measured
zenith wet delays, C, . is the covariance matrix between the
measured and the estimated (interpolated) zenith wet delays,
and s is a unit vector, with its size equal to the number of
measured zenith wet delays.

The covariance of zenith wet delays at two locations sep-
arated by L can be estimated by (Emardson and Johansson
1998)

1
C(L) =02 — EcL", 3)

where o2 is the variance of the zenith wet delays, ¢ and n
are constants of water vapor turbulence (Treuhaft and Lanyi
1987), withc = 4.5x 10> cm?/m, n = l and o2 = 20 cm?
as quoted from Emardson et al. (1998). These constants are
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optimized mainly for Sweden area and need to be adjusted
when applied to other areas.

Equations (1) and (2) form the BLUE estimator of
zenith wet delays. The estimator does not consider the
elevation-dependent nature of water vapor. To account for
this, Emardson and Johansson (1998) suggest scaling the
zenith wet delays from nearby sites (i.e., elevations) into a
reference elevation prior to the BLUE interpolation based on
Elosegui et al. (1998)

Ziet () = Z(u) - M= ee)/H 4)

where Z(u) is the measured zenith wet delay at height
h, Zws(u) is the zenith wet delay scaled to the reference
height hrf, and H is the averaged water vapor scale height
that is usually 1-2 km.

After the BLUE estimation, the interpolated zenith wet
delay is then scaled back to its original height 4 with the
inversion of Eq. (4). Cross-validation results show that the
model can reach an interpolation accuracy of about 1 cm,
even with a sparse GPS network (Emardson and Johansson
1998). However, as noted earlier, the maximal height differ-
ence between the GPS stations in the network is only 214
m. Therefore, its performance over the areas with greater
varying topography should be checked.

2.2 BLUE +Elevation-dependent Covariance Model

This model was originally designed to interpolate the dif-
ferential water vapor delays between SAR acquisitions in
order to correct the tropospheric effects in InSAR (Li et al.
2006b). The model is generally known as GPS Topography-
dependent Turbulence Model (GTTM).

This model also uses the BLUE estimator where the
covariance function adopted to derive the BLUE weights is
(Li et al. 2006b)

1
C(L) =C(0) = 5D(L). &)

where D(L) is the structure function of zenith wet delays.
D(L) may be calculated from the variance of water vapor
delays ojy in a SAR interferogram when the two SAR acqui-
sitions are sufficiently separated in time (e.g., longer than
1 day)

1 2
D(L) = Eoim (6)
with
Oint = kH +cL", 7

where L and H are, respectively, the distance and the height
differences in km between any two locations considered,
c,n and k are empirical constants that may be estimated
from available datasets. For example, using GPS water vapor

measurements at 126 stations over the Southern California
Integrated GPS Network (SCIGN) and during the period of
January 1998 to March 2000, Emardson et al. (2003) simu-
lated the potential effects of water vapor delays in interfero-
metric measurements and found that c = 2.8, n = 0.44, and
k = 0.5 for observation intervals of 1 day.

2.3 SKlm+ Baby semi-empirical model

The basic equation of SKIm is (Goovaerts 1997; Li et al.
2006a)

Zikm@) = D wik[Z(u) — m§e )] +mig @), ()
i=1

where Z§ ., (1) is the interpolated zenith wet delay at loca-
tion u, Z(u;) is the measured zenith wet delay at location
u;, n is the number of measured water vapor delays used for
the interpolation, wls K are the kriging weights to be deter-
mined, mG, (u;) and m3, (u) are the varying local means
at locations u; and u, respectively. The varying local means
are used to distinguish the stationary means in geostatistics.
They are calculated through their correlations with other vari-
ables (e.g. elevations) that may be easily obtained (Goovaerts
1997). Here, the varying local means (i.e. zenith wet delays)
are calculated through terrain elevations. The relationship
between zenith wet delay and terrain elevation will be dis-
cussed below.

In the scheme of SKlm + Baby, the Baby semi-empirical
model (Baby et al. 1988) is used to model the varying local
means, i.e., the elevation-dependent component of the atmo-
spheric delay by (Li et al. 2006a)

m?]{ (u) = 0.0022768 P, + uUhlo)’Th’ ©)

where v and y are site- and season-specific constants, respec-
tively. The atmospheric pressure Py, temperature 73, and
relative humidity Uj, are calculated by their vertical gradient
models:

Py = Py(1 —22.6 x 107%(h(u) — ho))>2° (10
Ty = To — k(h(u) — ho) (11)
U, = Uy, (12)

where Py, Ty and Uy are meteorological observations at a
reference station, k is the temperature elapse constant, kg is
the elevation of the reference station, and % (u) is the eleva-
tion of location u. The first term in Eq. (9), which depends
on atmospheric pressure, is known as the hydrostatic compo-
nent while the second term, which depends on temperature
and relative humidity, is known as the wet component. As this
paper discusses only the interpolation of zenith wet delays,
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the first term in Eq. (9) should be excluded and thus it reduces
to

m g (u) = vU, 107 Th (13)

The kriging weights wis K 'in Eq. (8) can be obtained by solv-
ing the following system

n
Zw;gKCR(Mi_uj)ZCR(ui_u)’ j:l,...,l’l,
i=1

(14)

where Cp is the covariance function of the residual water
vapor delays R(u) = Z(u) — m’gx (u). Cr(u; — uj) can be
estimated by (Li et al. 2006a)

Cr(uj —uj) = yr(o0) — yr(d), (15)

where d = u; — u; and yg(d) is the semivariogram (as a
half structure function) model of residual water vapor delays
that can be fitted with available datasets. Li et al. (2006a) pro-
posed a power law model for yg (d),i.e., yr(d) = g0+Cd3/5,
based on the fact that water vapor turbulence follows a power
law. This makes yr(d) not converge at infinity. It is physi-
cally implausible and must be flattened beyond some satu-
ration length. Following Treuhaft and Lanyi (1987), Li et al.
(2006a) take a saturation length of 3,000 km.

3 Revision of the SKIm + Baby semi-empirical model

The accuracy of SKlm is strongly dependent on the accuracy
of the varying local means. The SKIm+Baby interpola-
tor uses the Baby semi-empirical model, the meteorolog-
ical data at a reference station and the vertical gradient
models of atmospheric pressure, temperature and relative
humidity to model the varying local means, i.e., the ele-
vation-dependent component of water vapor delay. As the
meteorological data at a sole reference station is used and
the Baby semi-empirical model itself has an uncertainty
up to several centimeters (Li et al. 2008), the elevation-
dependent component of water vapor delay is difficult to
be modeled accurately with SKlm+Baby (see Sect. 4.2).
We therefore propose to use a more straightforward eleva-
tion-related regression function (Onn and Zebker 2006) to
model the elevation-dependent component of water vapor
delay,

Z*(h) = mg (i) = Ce " 4 haCe™" 4+ Zypin,  (16)

where Z*(h) is the regressed zenith wet delay at height /2, C
is proportional to the amount of zenith wet delay measured
at sea level, « is the delay rate of the vertical water vapor
profile, and Z;, is the zenith wet delay value at the high-
est location. C, o and Zp, can be estimated by regression
analysis.

@ Springer

The difference between this revised model and SKIm+
Baby lies in the way of modeling the varying local means
(namely the elevation-dependent component of wet delay),
i.e., the Onn model for the former and the Baby model
for the latter. The implementation of the revised model is
as follows: (1) determining the elevation-dependent model
of zenith wet delays (Eq. 16) through regression analysis,
(2) calculating the varying local means based on the regres-
sion model and the covariances of residual wet delays based
on Eq. (15) and (3) determining the Kriging weights by
Eq. (14) and then calculating the interpolated zenith wet
delays through Eq. (8). As the revised model is the inte-
gration of SKIm and Onn model, we called it SKIm+Onn
hereinafter.

4 Model evaluation
4.1 Data

SCIGN is one of the densest GPS networks worldwide,
with more than 250 continuously operated GPS stations.
The received GPS data can be freely downloaded and have
been analyzed by well-established research facilities such
as Scripps Orbit and Permanent Array Center (SOPAC),
University of California San Diego (UCSD), Jet Propulsion
Laboratory (JPL), and many others. In addition, Southern
Californiais a tectonic active region. The calibration of zenith
wet delays for geodetic measurements like InSAR in this
region is of great scientific interest. 120 GPS stations of
the SCIGN network operating over the greater Los Ange-
les metropolitan area will be used in this study. Their dis-
tribution is illustrated in Fig. 1 The data recorded at the
GPS stations have been analyzed by the SOPAC, where
the daily three-dimensional position data series and hourly
GPS total zenith delays at each SCIGN site are routinely
produced (http://sopac.ucsd.edu). The hydrostatic delays at
each SCIGN site are estimated using surface meteorolog-
ical data and then subtracted from the total zenith delays
to generate the zenith wet delays (Liu 2000). We will use
these zenith wet delay measurements to evaluate the interp-
olators discussed above in Sects. 2 and 3. Considering that
one of the main goals of developing water vapor interpo-
lation models is to mitigate water vapor effects on InSAR,
we first choose the zenith wet delay measurements at 18:00
UTC on 25 May, 3 August and 12 October 2002, which
are only half an hour earlier than the ERS-2 SAR acquisi-
tions, to conduct detailed interpolation comparisons among
the interpolators in Sect. 4.2. Then we use 6 months’ zenith
wet delay measurements, spanning from 1 May to 31 Octo-
ber, 2002, to evaluate the accuracy of the interpolators in
Sect. 4.3.
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Fig. 1 Distribution of SCIGN GPS stations used in this study, as super-
posed on the Shuttle Radar Topography Mission (SRTM) DEM. Zenith
wet delay measurements at the GPS stations indicated by blue triangles
will be used as “validation samples” for the cross-validation analysis
in Sects. 4.2 and 4.3. Meteorological data at station JPLM marked by
a blue square will be used as reference data for the BLUE+HSM and
the SKIm + Baby interpolators

4.2 Detailed interpolation comparisons at three epochs
4.2.1 Elevation-dependent component of zenith wet delay

The accuracy of an elevation-dependent water vapor model
depends primarily on the modeling accuracy of the eleva-
tion-dependent component of zenith wet delays. The four
elevation-dependent models use different strategies to model
this component. We will in this section compare the perfor-
mances of the models in determining the elevation-dependent
component of zenith wet delays. As the BLUE + ECM inter-
polator models the elevation-dependent component as part
of the covariance modeling, this model will not be included
in this comparison. Figure 2 shows the elevation-dependent
components of the zenith wet delays from the BLUE + HSM,
the SKIm + Baby and the SKlm+ Onn interpolators, as cal-
culated from the inversion of Egs. (4), (13) and (16). In the
calculations, GPS zenith wet delay measurements and mete-
orological data at station JPLM are used as reference data
for the Height Scaling Model and the Baby semi-empirical
model. The station JPLM is chosen because it has simulta-
neously recorded meteorological data, and is located nearly
in the center of the network with moderate altitude, and with-
out any data gaps. The parameters in the Onn model are deter-
mined by regression from the available GPS zenith wet delay
samples.

It is obvious that in all the subplots of Fig. 2 the zenith
wet delays are negatively correlated with elevation. The Onn
model fits the observation samples best, followed by the
Height Scaling Model, while the Baby semi-empirical model

shows significant systematic deviations from the observation
samples. These systematic differences can be explained by
the fact that the Onn model is regressed from the observations
at all available GPS stations, while the Height Scaling Model
and the Baby semi-empirical model are only referenced to
the observations at station JPLM.

4.2.2 Semivariogram

A semivariogram of atmospheric water vapor reflects the
spatial variability characteristics of the water vapor distribu-
tion. It is crucial to build accurate individual semivariograms
for the four elevation-dependent interpolators in order to con-
struct the covariance model required in the models. Assuming
that the spatial water vapor field is homogeneous, isotropic
and ergodic, we calculate the semivariogram models of the
GPS zenith wet delays, and the de-trended GPS zenith wet
delays (i.e., after removing the elevation-dependent compo-
nents) by the Baby and the Onn models for epoch 18:00
UTC of 25 May, 3 August and 12 October 2002, respectively.
Figure 3 shows the calculated semivariograms, where the left
column gives the models calculated from the GPS zenith wet
delays while the middle and right columns give the mod-
els calculated from the de-trended GPS zenith wet delays
by the Baby semi-empirical model and the Onn model. The
first to the third rows of Fig. 3 correspond to the dates of
25 May, 3 August and 12 October 2002, respectively. Please
note that the scales of Y axis are different among the three
columns in Fig. 3 This spatial variability analysis shows that
the semivariograms (a), (¢), (d), (g) and (i) in Fig. 3 follow the
spherical model while the rest are in the power law model. By
incorporating these half structure functions with Eq. (15), the
covariance of residual zenith wet delays can be constructed.
Since the power law model does not converge at infinity,
it needs to be flattened with a saturation length as discussed
in Sect. 2.3.

4.2.3 Comparison of the interpolation results

The method of cross validation is adopted to evaluate the
performances of the four interpolators at the three chosen
epochs. For each epoch, the GPS zenith wet delay measure-
ments at 20 GPS stations (c.f. Figs. 1 and 4 for those GPS sta-
tions) are removed from the dataset, and the zenith wet delays
from the other stations are used to interpolate the zenith wet
delays at the removed (validation) stations. The maximum
and minimum altitudes of the total 120 GPS stations are
2,227.2 and —28.5 m, while those of the 20 GPS stations
used for validation are 1,705.3 and —23.5 m, respectively.
Of all the 120 GPS stations, six are located above 1,705.3 m
and three below —23.5 m. In the interpolation, the covar-
iances of zenith wet delays utilized in the BLUE+HSM,
the SKlm + Baby and the SKIm+Onn models are calculated
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Fig. 2 GPS zenith wet delays versus elevation-dependent compo-
nents of zenith wet delays calculated by different models at three
chosen epochs. The black dots show the GPS zenith wet delays,
plotted as a function of elevation. The red solid lines indicate the

based on Eq. (15) and the semivariogram model fitted in
Fig. 3, while that in the BLUE+ECM model is calculated
from Egs. (5)—(7). Mean absolute error (MAE) and root mean
square (RMS) between the measured zenith wet delays Z (u;)
and the interpolated ones Z*(u;) at the 20 GPS stations are
used as evaluation criteria:

20
1
MAE = - > [1Zw) = 2" @))]| an
i=1
1 20
RMS = | =5 3" [Z () — Z*w))P as)

i=1

Figure 4 shows the differences between the measured and
the interpolated zenith wet delays from the four elevation-
dependent models for epoch 18:00 UTC, 25 May 2002. Also
shown is the elevation of each of the GPS stations. It can be
seen from the results that the trends of the zenith wet delays
interpolated by the BLUE + HSM, the SKlm+ Baby and the
SKIm+Onn models are similar and close to the measured
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Elevation (m)

Elevation (m)

elevation-dependent components of zenith wet delays, as scaled from
the Height Scaling Model (left column), calculated from the Baby semi-
empirical model (middle column), and regressed from the Onn model
and available GPS zenith wet delay samples (right column)

values, while those by the BLUE + ECM model show sig-
nificant differences. Closer examination of the results shows
that the zenith wet delays interpolated by the SKlm+Onn
model are on the whole closer to the values measured by
GPS.

Table 1 lists the statistical results of the cross-validation
analysis for the three epochs. It can be seen from the
results that the SKlm+Onn interpolator has the lowest
MAE and RMS errors, followed by the BLUE+HSM and
the SKIm+Baby models, while the BLUE+ECM model
shows the largest errors. In addition, the RMS errors of
the BLUE+ECM model, ranging from 1.26 to 1.58 cm,
are significantly larger than those of the other models.
The reasons for the poorer performance may suggest cer-
tain deficiencies in the formulation of this model, where
the elevation-dependent nature is only considered in the
stochastic (covariance) model. The averaged RMS errors
for the SKim+Onn, the SKlm+ Baby, the BLUE + HSM,
and the BLUE+ECM models are 0.48, 0.83, 0.83, and
1.38 cm, respectively. This statistics clearly indicates that
the SKIm+ Onn interpolator outperforms the other models.
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(middle column) and the Onn model (right column). The semivario-
grams in a, ¢, d, g and i follow the spherical models, while b, e, f and
h follow the power law models

Table 1 MAE and RMS differences between the measured and the
interpolated zenith wet delays for the three epochs (unit: cm)

Wet delay (cm)

576

276

Model 25 May 2002 3 August 2002 12 October 2002
MAE RMS MAE RMS MAE RMS
BLUE+HSM 0.42 0.55 0.51 0.74 0.91 1.19
BLUE+ECM  0.94 1.30 1.16 1.58 1.00 1.26
SKIm+Baby  0.43 0.57 0.68 1.00 0.68 0.92
SKIm+Onn 0.34 0.43 0.36 0.43 0.42 0.59
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Fig. 4 Comparison between the measured and the interpolated zenith
wet delays at 18:00 UTC, 25 May 2002. The red line shows the mea-
sured GPS zenith wet delays; the yellow, green, light blue, and dark blue
lines denote the interpolated zenith wet delays by the BLUE + HSM, the
BLUE +ECM, the SKIm+Baby and the SKIm+Onn models, respec-
tively. Also shown are the elevations of the GPS stations (dashed line).
The abscissa indicates the station name. The left axis of ordinates
denotes the GPS zenith wet delays in cm while the right axis of ordinates
the elevations of GPS stations in m

Although the Height Scaling Model performs better than
the Baby semi-empirical model in terms of modeling the
elevation-dependent component of the zenith wet delays
(Fig. 2), the BLUE+HSM does not appear to be superior
to the SKIm + Baby on the ground of mean RMS errors. This
may be attributed to the fact that the deviations between the
Baby semi-empirical model and the observation samples are
somewhat systematic while the final interpolation accuracies
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Fig. 5 Comparison of the MAE errors of the interpolations with the
four interpolators. The abscissa is the number of days from 1 May 2002.
The yellow, green, light blue, and dark blue lines denote the interpolation
MAE errors by the BLUE + HSM, the BLUE + ECM, the SKIm + Baby,
and the SKIm + Onn interpolators, respectively

are not affected too much by these deviations. Therefore,
any systematic offset out of modeling the elevation-depen-
dent component of zenith wet delay is not very critical for
the interpolation. What is really important is its correlation
with the height. The other contributing factor is the forms of
the models, one is based on the best unbiased linear estima-
tor and the other is on Simple Kriging (SK) to calculate the
weights.

4.3 Accuracy evaluation with 6 months’ zenith
wet delay data

To better evaluate the accuracies of the four interpolators, we
expand the above cross-validation experiment using the GPS
zenith wet delay measurements at 18:00 UTC of 1 May to
31 October, 2002. The epoch is chosen because it is closest
to the ERS-2 SAR acquisitions over the region as noted ear-
lier, while the time span is chosen because the weather is hot
and the water vapor motion is somewhat more active during
that period. Figures 5 and 6 show the MAE and RMS differ-
ences between the measured and the interpolated zenith wet
delays for dates from 1 May to 31 October, 2002. It is very
obvious from these two figures that the SKIm+Onn inter-
polator has the lowest MAE and RMS errors, followed by
the SKlm+ Baby, while those of the BLUE + HSM and the
BLUE +ECM are very large and with much greater variabil-
ities.

Table 2 lists the monthly averaged MAE and RMS errors
of the four interpolators. From the table, it can be seen that
for all the months we studied, the MAE and RMS errors
of the SKim+Baby and the SKIm+Onn interpolators are
lower than 1 cm. In comparison, the MAE and RMS errors
of the BLUE+ECM interpolator are over 1 cm in nearly
all months. The MAE and RMS errors of the BLUE+HSM

@ Springer

RMS (cm)

110 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Days from 1 May 2002

BLUE + HSM -&-BLUE + ECM = SKlm + Baby -8 SKIm + Onn

Fig. 6 Comparison of the RMS errors of the interpolations with the
four interpolators. The abscissa is the number of days from 1 May 2002.
The yellow, green, light blue, and dark blue lines denote the interpolation
RMS errors by the BLUE + HSM, the BLUE + ECM, the SKIm + Baby,
and the SKIm+ Onn interpolators, respectively

interpolator are over 1 cm in nearly half of the months.
For each interpolator, the greatest MAE and RMS errors
appear in July consistently. Other months that also show large
MAE and RMS errors are August and September. This is
certainly as expected because these 3 months belong to sum-
mer season when the water vapor distribution is much more
active and dynamic. The 6- month averaged RMS error for
the SKIm+ Onn interpolator is only 0.55 cm, while those of
the SKIm+ Baby, the BLUE+HSM, and the BLUE+ECM
interpolators amount to 0.77, 1.11, and 1.49 cm, respectively.
Thus the SKlm+ Onn outperforms the other interpolators by
about 29-63%.

5 Discussions and conclusions

Atmospheric water vapor delays are highly correlated with
the elevation of the site. Spatial models that take the terrain
elevation into account can therefore yield better results in
zenith wet delays interpolation. The performance of such
a model relies primarily on how accurately the elevation-
dependent component of zenith wet delays is modeled.
The SKIm + Baby interpolator uses the Baby semi-empirical
model and the meteorological data at a reference station to
model the elevation-dependent component of the zenith wet
delays. The BLUE+HSM interpolator utilizes the Height
Scaling Model and the zenith wet delay at a reference station.
As only the observations at one reference station are used, the
accuracies of the Baby semi-empirical model and the Height
Scaling Model are limited (Li et al. 2006a; Elosegui et al.
1998). The elevation-dependent components of zenith wet
delays can not be well modeled in these two models.

The SKlm+Onn model, however, take full advantage
of the observations at all GPS stations available to deter-
mine the parameters of the Onn model, and to model the
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E =2 R 8 elevation-dependent component of zenith wet delays. The
“l- - e elevation-dependent component is therefore well modeled in
o the SKIm+Onn model. The model is in this sense superior
%D Sl I to the BLUE + HSM and the SKlm + Baby interpolator.
z|sl&E=22 3 The BLUE +ECM interpolator only models the elevation
dependence of zenith wet delays in the stochastic (covari-
ance) model. This makes the zenith wet delays interpolated
E 2SS by the BLUE + ECM model less variable than those from the
e - <9 other three models, i.e., the range of the zenith wet delays
g being restricted, and consequently its RMS error tends to be
é 2le = = o larger and more varying.
glsl&z22 3 Cross-validation analysis with GPS zenith wet delays
from the SCIGN network confirms that the SKlm+Onn
model outperforms the other ones compared. The 6-month
E 2 ¢ %A averaged RMS error for the SKlm+Onn model is only
“l-—-<°° 0.55 cm, while those of the SKIm + Baby, the BLUE + HSM
E and the BLUE+ECM models amount to 0.77, 1.11 and
2 % g + s = 1.49 cm, respectively, represe?nting 29-63% improvement
SIZISZ2 =238 3 that the SKim+Onn model is over the other ones. The
g SKIm+Baby and the SKIm+ Onn interpolators can achieve
g " accuracies of better than 1 cm, while the BLUE + HSM and
g S22 33 H the BLUE+ECM interpolators, in particular the BLUE +
§ “l- - e ECM interpolator, are less accurate.
5 In addition to InSAR water vapor correction, the proposed
% %} 2w - = o interpolator can also be applied to some applications within
SlZ|S1&Z &3 and outside geodetic fields. For example, the gridded zenith
S wet delays provided with the Vienna Mapping Function 1
3 (VMF1) can be interpolated to a GNSS site and used as
°;’ E 8 &R a priori information in a (Kalman filter) solution based on
% “l- - S the proposed elevation-dependent interpolator. Also at GPS
S and VLBI co-located sites, using the developed elevation-
g 218l = a dependent interpolator to take into account their height dif-
Té_ Els|Z228 3 ference, one common zenith wet delay can be estimated for
g both antennas.
g " It should however be noted that the SKIm + Onn interpo-
= S8 a2 lator requires at least three zenith wet delay samples to deter-
s “le - =< mine the parameters of the Onn model. More zenith wet delay
§ samples will surely improve the determination of the Onn
g 9 |2 S 2w model and the inte?‘polat.ion Performance of the $K1m+ Onn
EREER RN = model, but further investigations are needed. Besides, except
% for the accuracy of modeling the elevation-dependent com-
E ponent of zenith wet delays, the estimators themselves, i.e.,
é E ISEFSH i BLUE and SK, also affect the accuracy of the zenith wet delay
g “le - =< interpolation. This aspect is not discussed in this paper.
&
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