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Tropospheric delay is one of the main sources of measurement error in global navigation satellite systems. It is usually compen-
sated by using an empirical correction model. In this paper, temporal and spatial variations of the global zenith tropospheric delay
(ZTD) are further analyzed by ZTD time series from global International GNSS Service stations and annual ZTDs derived from
global National Centers for Environmental Prediction reanalysis data, respectively. A new ZTD correction model, named IGGtrop,
is developed based on the characteristics of ZTD. Experimental results show that this new 3D-grid-based model that accommo-
dates longitudinal as well as latitudinal variations of ZTD performs better than latitude-only based models (such as UNB3,
EGNOS, and UNB3m). The global average bias and RMS for IGGtrop are about —0.8 cm and 4.0 cm, respectively. Bias values
for UNB3, EGNOS, and UNB3m are 2.0, 2.0, and 0.7 cm, respectively, and respective RMS values 5.4, 5.4, and 5.0 cm. IGGtrop
shows much more consistent prediction errors for different areas than EGNOS and UNB3m. In China, the performance of
IGGtrop (bias values from —2.0 to 0.4 cm and RMS from 2.1 to 6.4 cm) is clearly superior to those of EGNOS and UNB3m. It is
also demonstrated that IGGtrop biases vary little with height, and its RMS values tend to decrease with increasing height. In addi-

tion, IGGtrop generally estimates ZTD with greater accuracy than EGNOS and UNB3m in the Southern Hemisphere.
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Tropospheric delay is one of the major error sources in sat-
ellite navigation. Global Navigation Satellite System
(GNSS) signal transmission delay caused by the tropo-
sphere can vary from about 2.5 m at the zenith to over 20 m
at lower elevation angles between receiver and satellite (e.g.
below 15°). In most GNSS applications, this tropospheric
delay effect is normally mitigated by empirical prediction
models.

Conventional models, such as Hopfield or Saastamoinen,
which can estimate the tropospheric delay at centimeter to
decimeter level using direct meteorological measurements,
are not suitable for real-time precise positioning and navi-
gation. Using reference atmospheric information will obvi-
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ously reduce the accuracy of those models. So Collins and
Langley [1] developed the UNB3 model for Wide Area
Augmentation System users. In the UNB3 algorithm, a
look-up table of five atmospheric parameters (pressure,
temperature, water vapor pressure, temperature lapse rate,
and water vapor pressure height factor) that vary with lati-
tude and day of year is used to calculate the surface meteor-
ology. The zenith delay errors of UNB3 are basically within
+20 cm for the North American area, and the average is
about 2 cm [2]. The accuracy of UNB3 is comparable to
that of either Hopfield or Saastamoinen models when they
are used with real-time atmospheric parameters. But UNB3
shows greater accuracy than the Hopfield model for stations
above 1 km elevation [3]. A modified version of UNB3,
called EGNOS, is a model recommended by the Interna-
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tional Civil Aviation Organization (ICAO) [4]. It is now
widely used in the Satellite-Based Augmentation Systems
of the USA [1,2], Europe [5,6], and Japan [7]. To accom-
plish a more accurate correction of tropospheric delay,
many new versions of the UNB model have been developed
during the last few years. For example, the UNB3m is cre-
ated by replacing the water vapor pressure in the UNB3
look-up table by relative humidity. This modification im-
proves the accuracy of wet delay modeling and average
model bias is reduced to about —0.5 cm [8,9]. UNBw.na is a
regional model for North America, which adopts a two-
dimensional grid table instead of the UNB3 latitude-band
look-up table [10]. UNBw.na has proven to be a more relia-
ble model and has more homogeneous results for varying
locations than either UNB3 or UNB3m. However, grid gen-
eration is complex.

Models, such as UNB3, UNB3m and EGNOS, which are
based on the latitude-band look-up table of meteorological
parameters, cannot reflect zonal variation of the zenith
tropospheric delay (ZTD). So model errors in some regions
can be much greater than the global average value.
UNBw.na overcomes this problem, but its efficiency is only
suitable in North America. For Chinese researchers, several
localized tropospheric delay models have been built for
certain areas in China [11-13]. However, there are only a
few preliminary studies on building such models for all of
China [14] or for a global scale [15].

In this study, we begin by further investigating compre-
hensive temporal and spatial variations of global ZTD by
GNSS-derived ZTD and National Centers for Environmen-
tal Prediction (NCEP) reanalysis data, respectively. Then, a
new empirical ZTD model called IGGtrop is developed
based on a three-dimensional grid (lat. x long. x height)
through an easily-implemented procedure. Experimental
results show that IGGtrop can estimate the zenith delay at
the centimeter level without real-time meteorological meas-
urements. Furthermore, this grid-based model has more
consistent and relatively less error for different regions,
compared to EGNOS and UNB3m. So IGGtrop may serve
as a reference tropospheric delay correction model for the
satellite navigation and positioning system built by China,
i.e. its GNSS.

1 ZTD characteristics analysis

Since comprehensive knowledge about the characteristics of
ZTD is fundamental to its modeling, in this section the
temporal variation of ZTD is analyzed by a set of continu-
ous GNSS measurements, and ZTD obtained from the
NCEP reanalysis data is used to investigate its spatial dis-
tribution.

Since most tropospheric delay models are based on me-
teorology data from traditional instruments, the GNSS-
derived ZTD with high accuracy and spatial-temporal reso-
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lution has become a new data source for atmospheric re-
search and ZTD modeling. Since 1998, the International
GNSS Service (IGS) has regularly provided a ZTD product
at 2-h time intervals for services based on IGS tracking sta-
tions [16]. The mean uncertainty of the IGS ZTD product is
about 4 mm. Here, we choose ZTD estimates from 125
global IGS sites from 2001-2005 to study ZTD temporal
variation. Figure 1 plots a 5-year continuous ZTD time se-
ries observed at six IGS sites (wuhn, bjfs, lhas, kour, nyal,
and drao). The ZTD time series are analyzed with the Fast
Fourier transform and the corresponding PSD (power spec-
tral density) results are included in the figure. This clearly
reveals peaks for the annual and semiannual periods. The
annual component overwhelms the semiannual one at 5 sites,
except at kour which is near the equator. No obvious in-
ter-annual variation is evident in the 5-year ZTD observa-
tions of the figure. To determine the annual and semiannual
components in ZTDs, equation (1) is used to fit the ZTD
time series from all 125 sites:

ZTD = Mean — Ampl - cos 2n (DOY - D1)
365.25
_ Amp2-cos| —_(DOY - D2) (1)
P 365.25 ’

ZTD = Mean — Ampl - cos 2n (DOoY-D1) |, (2
365.25

where DOY refers to the day of year, and ZTD to the zenith
tropospheric delay. The unknown parameters (Mean, Ampl,
D1, Amp2, and D2) in eq. (1) are estimated using the
method of least squares; Mean refers to the ZTD annual
mean, Amp1(2) and D1(2) are the amplitude and phase for
the annual (semiannual) component, respectively. Statistical
results show the following characteristics. In the equatorial
band (15°S—15°N), Amp?2 is greater than Ampl at four sites,
and the mean of Amp2/Ampl is about 1.4. For the other 7
sites in this region, Ampl is larger than Amp2. Outside the
equatorial band, Ampl is greater than Amp2 at all sites.
According to the foregoing analysis, the ZTD time series for
sites outside the equatorial region are fitted again with a
simpler equation (2), which has no semiannual component.
The annual phase D1 in eq. (2) indicates the time of season-
al minimum. For sites outside the equatorial band, the D1s
(eq. (2)) are in January or February for the Northern Hemi-
sphere (NH), and in July or August for the Southern Hemi-
sphere (SH). This reveals that the ZTD value peaks in
summer and minimizes in winter. For all six sites in Figure
1, it is seen that cosine curve fitting results (the thick solid
line overlapping the ZTD time series) represent ZTD tem-
poral variation very well. The RMS of the ZTD fit residual
is between 1.7 and 6.4 cm for all sites, and the average
RMS is 3.6 cm. Based on multi-year ZTD observations
from 150 IGS sites, Jin [17] reported temporal characteris-
tics of ZTD similar to our study, except for the equatorial
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Figure 1 ZTD time series at six IGS sites (wuhn, bjfs, lhas, kour, nyal, and drao) and the corresponding PSD results. Thick solid line overlapping the ZTD

time series is the result of cosine curve fit.

belt. Our results indicate that unlike at mid and high lati-
tudes, the semiannual component may be important in the
temporal variation of equatorial ZTD, which has not been
previously reported by other researchers.

Because of the uneven coverage and different elevations
of IGS sites, we use the NCEP reanalysis data to illustrate
the horizontal distribution of global ZTD. The NCEP pro-
vides gridded reanalysis data with a horizontal resolution of
2.5°%2.5° at 17 pressure levels [18]. Pressure, temperature
and relative humidity data from NCEP in 2004 are used to
calculate atmospheric refractivity. Then the ZTD is obtained
by integrating refractivity along a vertical path through the
neutral atmosphere [19]:

_k(P=o) ke ke

N =
T T T

3)

ZTD=10"| Ndh,

Iy

“)

where k{(i=1, 2, 3) is a set of known constant parameters, P
is the atmospheric pressure, T is the temperature, e is the
water vapor pressure, N is the atmospheric refractivity, and
h is the height. e is calculated by the following formula
[20]:

e=00IRH ¢, - f, , ()

where RH is the relative humidity, e, is the saturation water
vapor pressure, and f;, is the enhancement factor. Since the
top level of NCEP data only reaches 10 hPa, ZTD above

this level is calculated by the atmospheric parameters
(without water vapor) derived from the Mass-Spectrometer-
Incoherent-Scatter (MSIS00) model (about 0.023 m).

Figure 2 shows the global distribution of annual mean
ZTD at mean sea level, derived from the NCEP data in 2004
via the method described above. Although the global ZTD
distribution is mainly associated with latitude (it tends to
decrease with latitude), there is also clear zonal variation in
some latitude belts. Statistical results show that zonal ZTD
variation ranges from 1.5 to 26 cm with a mean of 9 cm.
Such zonal variation is much more predominant in the NH
than in the SH. In the NH, ZTD spatial distribution is com-
plicated, especially near coastlines, which may be attributed
to the uneven distribution of continents and oceans on the
earth’s surface. For the SH, which is mostly covered by
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Figure 2 Global distribution of annual mean ZTD at mean sea level (m).
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ocean, ZTD contours appear to parallel latitude circles.
Most tropospheric delay models [1,5,6,8] consider the ZTD
to be symmetric between NH and SH. However, this as-
sumption seems too coarse relative to the ZTD spatial char-
acteristics discussed above. This may cause large biases in
certain local areas for those models. In the China region,
ZTD distribution has more zonal structure than around
North America. The horizontal gradient of ZTD is greater in
western China than in its east. Hence, to achieve more real-
istic prediction and correction performance, zonal ZTD
variation must also be taken into account as much as possi-
ble in ZTD modeling.

2 A new global ZTD model—IGGtrop

The ZTD analysis in the above section shows that temporal
ZTD variation is dominated by the annual and semiannual
components, which can be resolved by the fit of a 1-year
cosine curve or the joint fit of a 1.0- and a 0.5-year cosine
curves. The global ZTD spatial distribution shows complex
pattern because of its zonal variation. In view of this com-
plicated spatial structure, a new global ZTD model called
IGGtrop is proposed, based on a three-dimensional grid as
follows.

(1) Define the latitude-longitude-height grid (¢;, 4;, ) (¢:

latitude, A: longitude, A: height) of the model with uniform
horizontal and height resolution (Ag, A1, Ah). Ah determi-
nation depends on the height resolution of the meteorology
data used for creating the ZTD model. For meteorology data
with uniform horizontal resolution (Ag,, Al,), set Ap=Ag,,
AA=AZ,. This means that the horizontal resolution of the
model grid may be somewhat coarser than that of the mete-
orology data when the desired prediction accuracy is rela-
tively low. For meteorology data with uneven horizontal
resolution, Ap and A4 are determined by the spatial density
of data and the desired prediction accuracy.

(2) Calculate ZTD(gp, 4, h, t) from atmospheric pressure
(P(@, A, h, 1)), temperature (T(p, A, h, 1)), relative humidity
(RH(g, 4, h, t)) or water vapor pressure (e(p, 4, h, t)), using
the method in section 1 (¢ refers to time (unit: d)). Then,
interpolate ZTD(gp, A, h, f) to all the grids to obtain the ZTD
time series ZTD(g;, A;, I, £). Spatial interpolation is done in
two steps. First, because ZTD decreases approximately ex-
ponentially with increasing height [17], interpolate the nat-
ural logarithm of ZTD(p, 4, h) to the height grid with spline
interpolation, then obtain ZTD(g, A, k). Second, interpolate
ZTD(p, 4, hy) to the horizontal grid to attain ZTD(g;, 4;, hy)
by bilinear interpolation. However, when Ap=Ag,, Al=Al,
is met, the horizontal interpolation step is omitted.

(3) Fit the ZTD time series ZTD(g;, 4;, hy, t) with eq. (6)
and calculate the IGGtrop model parameters on all grids.
For areas outside the equatorial band, model parameters are
annual mean ZTD (meanZTD(gp; A, h)) and amplitude
(ampZTD(g;, 4;, hy)) of the annual cycle. Phase D is a fixed
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value, 28 for the NH and 210 for the SH. For areas inside
the equatorial band, model parameters are annual mean
ZTD (meanZTD(g;, 4;, hy)), amplitude (ampZTD1(¢g;, 4;, hy))
and phase (D1(g;, 4;, i) of the annual cycle, and amplitude
(ampZTD2(g;, 4;, hy)) and phase (D2(g;, 4, hy)) of the semi-
annual cycle.

meanZTD(¢,,4,,h,)
- ampZTD(¢z ’ ;Lj ’ hk )

X COS 2—ﬂ:(l -D) |,
365.25
15°S < ¢, <90°S or 15°N < ¢, <90°N,
meanZTD(¢p,,4,, /)

ZTID(p, A, by, 1) = —ampZTDI(g,, A, /)

27
t—Dl(p.,A.,h)) |,
XCOS(365.25( (@54, A))j

- ampZTD2(¢z s ﬂ'j H hk )

4n
X COS t—D2(p.,A.,h)) |,
(365,25( (¢)1 j A))j

15°S < ¢, <15°N. (6)

(4) Calculate ZTD at site A(p, A, h). First, identify the
grid (i, j, k) on which A lies. Then, compute ZTDs on the
grids (¢, 4;, li=1.y) (N is the total number of height grids)
with corresponding model parameters of the grids and the
observation time (day of year), using eq. (6). Finally, inter-
polate ZTD (¢, 4;, hy=1.y) to the height of site A by the same
method used in step (2).

The IGGtrop model is generated based on four years of
NCEP data between 2006 and 2009 with temporal resolu-
tion of one day. The model grid is 2.5°%2.5°x1 km, which is
the same horizontal resolution as the NCEP data. The high-
est level of IGGtrop is 25 km. Although the algorithm of
parameters on the three-dimensional grid is relatively sim-
ple for IGGtrop, the model provides high-accuracy estima-
tion of ZTD without real-time atmospheric measurements.

3 IGGtrop model validation

To assess the accuracy and performance of the IGGtrop
model, its ZTD predictions are compared to the actual ZTD
measurements. In this approach, GNSS-derived ZTD values
from 125 global IGS sites during 2001-2005 are used as a
reference (‘true ZTD’). For each site, we compute average
bias (model minus observation) and RMS difference between
the ZTDs derived from model and observation. General sta-
tistics of zenith delay prediction performance of IGGtrop,
UNB3, EGNOS, and UNB3m are shown in Table 1.

As seen in Table 1, ZTD can be predicted at the centi-
meter level by the IGGtrop model. It has a global mean bias
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Table 1 Statistics of global mean bias and RMS for IGGtrop, UNB3, EGNOS, and UNB3m models”

IGGtrop EGNOS UNB3 UNB3m
Bias (cm) -0.8(-5.8,2.7) 2.0(-5.4,12.6) 2.0(=5.4,12.6) 0.7 (-5.6, 11.8)
RMS (cm) 4.0(2.1,7.9) 5.4 (2.1, 14.0) 5.4(2.0,14.0) 5.0(2.0,13.8)

a) Values in brackets show the minima and maxima of both bias and RMS for all 125 IGS sites, 2001-2005.

around —0.8 cm and RMS close to 4.0 cm. Although the
absolute bias of IGGtrop is similar to that of UNB3m, it is
much lower than that of UNB3 and EGNOS. Besides the
improvement in bias, IGGtrop has smaller RMS values than
the other three models. Compared to UNB3, the mean bias
is reduced by about 70% for UNB3m, but RMS improve-
ment is small. Because of the very similar prediction errors
between UNB3 and EGNOS, we only discuss the statistics
of EGNOS in the following analysis. The mean bias of
UNB3m is positive, opposite the results of Leandro et al. [8].
This may be caused by the different geographic locations
where ZTD observations were selected for model validation.
They calculated model error across North America, whereas
our analysis considers the global mean error.

Figure 3 shows the histograms of bias and RMS values
for IGGtrop, EGNOS and UNB3m. The IGGtrop bias is
between —6 and 6 cm, and RMS between 2 and 8 cm. From
Figure 3, we see that histograms of both IGGtrop bias and
RMS are much more centralized than those of the other two
models, which indicates that IGGtrop performs more
homogeneously in localized areas. On the other hand, cal-
culations also show that if zonal ZTD variation is not con-
sidered in IGGtrop, the range of its bias extends to £9 cm
and the mean RMS increases to about 4.6 cm. The above
analyses indicate that a 3D-grid-based model that accom-
modates longitudinal and latitudinal ZTD variation is gen-
erally more realistic than a latitude-only-based model

for various regions.

The mean bias values of IGGtrop at all 125 IGS sites are
shown in Figure 4, where it can be seen that absolute bias
values are smaller at inland sites than at ocean or coastal
locations. In addition, IGGtrop biases are mostly positive at
inland continental locations and negative over oceans and
coasts. It is noticed that all the three sites with absolute bias
greater than 3 cm are in equatorial regions. Since radio-
sonde observation is the main data source for NCEP reanal-
ysis, we check radiosonde data near the three equatorial
sites with large biases, finding that these data are generally
incomplete and of poor quality. This indicates that large
biases may result from inaccurate equatorial NCEP data
used for computing model parameters. Therefore adding
other high-quality meteorology data to the IGGtrop model
may improve its accuracy near the equator.

The six plots in Figure 5 show the distributions of model
bias and RMS with respect to height, latitude and longitude
for IGGtrop and UNB3m. To show more detailed results,
the IGS sites are divided into intervals of latitude or height.
Tables 2 and 3 present the results of IGGtrop, EGNOS and
UNB3m for each height and latitude interval, respectively.
In Table 2, one can see that IGGtrop performs better than
EGNOS and UNB3m for heights below 0.5 km or above 2
km. For heights between 0.5 and 2 km, the performance of
IGGtrop is similar to or a little better than either EGNOS or
UNB3m. The bias of IGGtrop is relatively constant with

Figure 3 Histograms of bias and RMS for IGGtrop, EGNOS and UNB3m.
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Figure 4 Mean bias values for all 125 IGS sites. Symbols designate
locations of IGS sites. Various symbols represent different bias ranges. A,
[0, 1] em; O, [-1, 0) cm; +, (1, 3] cm; —, [-3, 1) cm; ¥, [-6, =3) cm.

heights, whereas its RMS value decreases with same. For
UNB3m, bias clearly decreases with height, which is similar
to the feature of UNB3m error reported by Leandro et al. [8].
Because of the complicated relationship between ZTD and
height, many tropospheric delay models use simplified for-
mulae for ZTD. However, such simplification may result in
systematic error with height. By using a height grid instead
of biased ZTD formulae, IGGtrop performs consistently at
different heights.

From Table 3 and Figure 5, it is seen that the bias of 1G-
Grop is approximately proportional to latitude. Mean bias
values in all latitude bands shown in Table 3 are negative.
The absolute mean bias of IGGtrop near the equator is ap-
proximately twice that in other latitude bands. This is at-
tributed to the three equatorial IGS sites with large biases
mentioned previously. If these three sites are eliminated
from the statistics, the mean bias and RMS values in the
equator band decrease to —1.1 and 4.9 cm, respectively.

June (2012) Vol.57 No.17 2137

IGGtrop generally performs better than EGNOS and
UNB3m in mid latitudes and polar regions, especially in the
SH or around 30°N latitude. In Figure 5, the bias and RMS
of IGGtrop show no systematic differences between NH and
SH. However, both EGNOS (not shown in the figure) and
UNB3m have much lower accuracy in the SH relative to the
NH. Thus it is again shown that the assumption of ZTD
symmetry between NH and SH produces great bias in ZTD
models. For longitudinal variation, IGGtrop biases show a
wave-like distribution in Figure 5, with two crests near 80°E
and 110°W. The previous analysis has shown that IGGtrop
bias is positive over inland continental areas, and negative
over oceans. Hence the distribution of NH continents and
oceans (most IGS sites are in the NH) generate this wave-
like model bias variation with longitude.

Because seasonal variation of atmospheric parameters is
small in the equator area, some tropospheric delay models,
including EGNOS and UNB3m, treat ZTD between
15°S—15°N as constant all the time [1,5-8]. We also find
that ZTD annual variation in polar regions is small, com-
pared to that in mid latitudes. Table 3 presents IGGtrop re-
sults when seasonal variations are not implemented for lati-
tudes below 15° and above 75°. It is evident that although
the model accuracies for the two latitude bands clearly de-
crease, they are still comparable to the results for other lati-
tude bands. Hence, when accuracy requirements are rela-
tively low, one can simplify the IGGtrop model by neglect-
ing the seasonal ZTD variation in both equatorial and polar
regions.

Table 4 shows mean bias and RMS of IGGtrop, EGNOS,
and UNB3m at six IGS sites in China. For all the sites in the
table, IGGtrop predicts ZTD more realistically than EGNOS
or UNB3m.

Table 2  Statistics of bias and RMS for IGGtrop, EGNOS, and UNB3m in different height bands

1GGtrop EGNOS UNB3m
Height (m) No. of sites
Bias (cm) RMS (cm) Bias (cm) RMS (cm) Bias (cm) RMS (cm)
<500 86 -0.8 42 2.6 59 1.1 54
500-1000 18 -1.0 3.7 1.4 4.7 0.2 4.7
1000-2000 16 -0.8 35 0.4 3.8 -04 3.7
>2000 5 -0.6 2.7 -0.6 39 -0.9 3.7
Table 3 Statistics of bias and RMS for IGGtrop, EGNOS, and UNB3m in different latitude bands
1GGtrop EGNOS UNB3m IGGtrop (no seasonal variation)
Latitude (°) No. of sites
Bias (cm) RMS (cm) Bias (cm) RMS (cm) Bias (cm) RMS (cm) Bias (cm) RMS (cm)
0-15 11 24 5.6 -1.0 6.4 -1.2 6.4 24 6.2
15-30 15 -0.9 44 2.9 6.5 24 6.2 - -
30-45 43 -0.8 4.1 2.7 54 1.5 5.0 - -
45-60 35 -0.5 3.6 1.0 44 -0.7 43 - -
60-75 18 -0.6 33 29 53 1.1 4.6 - -
75-90 3 -0.4 3.2 4.7 6.2 33 5.5 -0.4 39
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Figure 5 Distributions of bias and RMS with respect to height, latitude, and longitude for IGGtrop (A) and UNB3m (+).

Table 4 Bias and RMS for IGGtrop, EGNOS, and UNB3m at six IGS
sites in China (cm)

. 1GGtrop EGNOS UNB3m
Site Bias RMS Bias RMS Bias RMS
Wuhn (Wuhan) -0.3 6.2 1.8 7.2 1.0 6.4
Bjfs (Beijing) -2.0 54 39 6.7 2.1 54
Shao (Shanghai) 0.1 6.4 22 7.5 1.1 6.6
Kunm (Kunming) -1.7 34 -35 6.2 -3.8 6.1
Urum (Urumgqi) -0.3 3.0 2.6 4.0 1.5 3.2
Lhas (Lhasa) 0.4 21 =20 43 -2.1 4.1

4 Conclusions

In this paper, temporal and spatial characteristics of global
ZTD were further studied by ZTD observations derived
from GNSS signals and NCEP reanalysis data. A new glob-
al ZTD model (called IGGtrop) was established based on a
multi-year NCEP reanalysis data set. IGGtrop was validated
by comparing zenith delays predicted from model with
those derived from 125 global IGS sites. Furthermore, the
advantages of IGGtrop were demonstrated by comparing
the performance of IGGtrop with the EGNOS and UNB3m
models, which were created for Satellite-Based Augmenta-
tion Systems. Statistical results show that:

Based on a three-dimensional grid (lat. x long. x height),
IGGtrop is capable of modeling the zonal as well as merid-
ional variation of ZTD. The procedure used in the genera-

tion of the model grid is relatively simple.

Statistical results of the IGGtrop bias and RMS. The
global mean bias and RMS of IGGtrop are about —0.8 cm
and 4.0 cm, respectively. The mean bias of IGGtrop is sim-
ilar to that of UNB3m, but it is much lower than that of
EGNOS. The global mean RMS of IGGtrop is lower than
that of EGNOS and UNB3m. IGGtrop has much more con-
sistent modeling performance than EGNOS and UNB3m for
different locations. For the six IGS sites in China, IGGtrop
biases range from —2.0 to 0.4 cm and RMS from 2.1 to 6.4
cm, which shows much better results than EGNOS and
UNB3m. IGGtrop also has much higher accuracy than
EGNOS and UNB3m in the SH.

Distribution of bias and RMS values of IGGtrop. Model
biases are relatively constant at various heights, whereas
RMS values decrease with height. IGGtrop bias is approxi-
mately proportional to latitude. The accuracy of IGGtrop is
lowest near the equator, which is the result of the
poor-quality equatorial NCEP data used for model creation.

This work is intended to promote the research and appli-
cation of the ZTD model for the satellite navigation and
positioning system of China. For its good correction per-
formance, IGGtrop is expected to be used as a reference
ZTD model in the Chinese GNSS.
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