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Abstract. The near-real-time high spatial resolution of atmo-
spheric water vapor distribution is vital in numerical weather
prediction. GPS tomography technique has been proved ef-
fectively for three-dimensional water vapor reconstruction.
In this study, the tomography processing is optimized in a
few aspects by the aid of radiosonde and COSMIC histori-
cal data. Firstly, regional tropospheric zenith hydrostatic de-
lay (ZHD) models are improved and thus the zenith wet de-
lay (ZWD) can be obtained at a higher accuracy. Secondly,
the regional conversion factor of converting the ZWD to
the precipitable water vapor (PWV) is refined. Next, we de-
velop a new method for dividing the tomography grid with
an uneven voxel height and a varied water vapor layer top.
Finally, we propose a Gaussian exponential vertical inter-
polation method which can better reflect the vertical vari-
ation characteristic of water vapor. GPS datasets collected
in Hong Kong in February 2014 are employed to evalu-
ate the optimized tomographic method by contrast with the
conventional method. The radiosonde-derived and COSMIC-
derived water vapor densities are utilized as references to
evaluate the tomographic results. Using radiosonde products
as references, the test results obtained from our optimized
method indicate that the water vapor density accuracy is im-
proved by 15 and 12 % compared to those derived from the
conventional method below the height of 3.75 km and above
the height of 3.75 km, respectively. Using the COSMIC prod-
ucts as references, the results indicate that the water vapor
density accuracy is improved by 15 and 19 % below 3.75 km
and above 3.75 km, respectively.

Keywords. Meteorology and atmospheric dynamics (instru-
ments and techniques)

1 Introduction

The temporal and spatial variation of water vapor is quite
important in numerical weather forecasting especially for
several hours of small-scale disastrous-weather monitoring
and forecasting (Hamill and Church, 2000; Hart and Forbes,
1999; Posada et al., 2012). Accurate and reliable weather
forecasting requires high-accuracy water vapor distribution
information in both horizontal and vertical directions. Tra-
ditionally, the radiosonde sounding, microwave radiometer,
meteorological satellite and laser radar technology are em-
ployed to obtain water vapor vertical distribution (Brettle and
Galvin, 2003). These observation means have some draw-
backs such as low temporal or spatial resolutions, high cost
and weather dependence. In recent years, GPS tomography
technique has been demonstrated as an effective means to ac-
quire the three-dimensional (3-D) distribution of water vapor
and can compensate for these disadvantages (Troller et al.,
2006; Bender and Raabe, 2007; Bender et al., 2011; Cham-
pollion et al., 2009; Lutz et al., 2010; Perler et al., 2011;
Rohm, 2013; Jiang et al., 2014; Benevides et al., 2016).

In the GPS tomography technology, the input observations
are the slant water vapor (SWV). To obtain the SWV, the
zenith troposphere delay (ZTD) is firstly determined using
GPS double-difference methods. The ZTD is composed of
two parts, namely zenith hydrostatic delay (ZHD) and zenith
wet delay (ZWD) (Davis et al., 1985). The ZHD can be ob-
tained by empirical models and then the ZWD is obtained
by removing the ZHD from the ZTD. Afterwards, the ZWD
can be projected to the slant wet delay (SWD) along the line
of sight using a Niell mapping function (Niell, 1996). Even-
tually, the SWD is converted to the SWV with a humidity
transforming factor. In order to reconstruct the 3-D distribu-
tion of the water vapor, the tomography area is discretized
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790 S. Ye et al.: GPS water vapor tomography technique

into voxels in both horizontal and vertical directions. Then,
the SWV can be expressed by an integral of the water va-
por density along the ray path from the receiver to the top
boundary of the grid (Flores et al., 2000; Troller et al., 2006;
Bender and Raabe, 2007; Bender et al., 2011; Perler et al.,
2011).

In the tomography processing, the wet tropospheric de-
lay, humidity transforming factor, grid division and tomog-
raphy model are four crucial aspects affecting the tomog-
raphy results. To obtain the ZWD, the ZHD is essential to
remove from the ZTD. The ZHD is usually computed us-
ing the classical models such as Saastamoinen model, Hop-
field model and Black model (Saastamoinen, 1972; Hopfield,
1971; Black, 1978). However, the classical models are inac-
curate because they require measurements of pressure with
a precision of 0.1 hPa, which can be obtained from local
meteorological stations coupled to GPS stations (Tregoning
and Herring, 2006). However, these measurements are usu-
ally obtained from climatological models such as ERA (Each
Re-Analysis)-Interim and NCEP (National Center for Envi-
ronmental Prediction) with lower precision. As a result, the
accuracy of estimated ZWD will be degraded.

The humidity conversion factor is dependent on the atmo-
spheric weighted mean temperature (Mateus et al., 2014),
which can usually be estimated utilizing the surface tempera-
ture measurements. In the actual calculation of the SWV, the
humidity conversion factor is usually determined using em-
pirical models or even simply regarded as a constant (Shi and
Gao, 2009; Bosy et al., 2012; Shangguan et al., 2013; Adavi
and Mashhadi-Hossainali, 2014; Chen and Liu, 2014). How-
ever, the conversion factor is varied in different areas and
seasons (Jiang et al., 2014).

In the tomography model, the grid is usually divided in
an even vertical height with a constant top height of 10 km
and the water vapor density is considered to be same inside
each voxel (Flores et al., 2000; Hirahara, 2000; Troller et al.,
2006; Nilsson and Gradinarsky, 2006; Bastin et al., 2007).
However, such a grid model does not take into account the
significant difference of actual water vapor distribution in-
side or outside each voxel for the vertical direction.

In this study, an optimized method for near real-time GPS
3-D troposphere tomography is developed using the exter-
nal radiosonde and COSMIC historical data. Specifically,
radiosonde and COSMIC products are utilized to improve
the estimation accuracy of tropospheric ZHD as well as hu-
midity conversion factor. Furthermore, the water vapor layer
top (WVLT) and the dense layer of vapor top (DLVT) are
dynamically determined for the purpose of grid division with
an uneven voxel height and an unfixed grid top. In addi-
tion, a Gaussian exponential interpolation method is pro-
posed to consider the water vapor variations within each ver-
tical voxel. The ground-based GPS observation data from the
Hong Kong SatRef network in February 2014 are used to ver-
ify the feasibility and superiority of the optimized tomogra-
phy method.

The rest of the paper is organized as follows. Section 2
presents the improved methods in the aspects of ZHD esti-
mation, humidity conversion factor, grid division and inter-
polation function. Section 3 analyzes the result improvement
with the proposed tomography methods. Section 4 presents
the validation of the tomographic results. The conclusions
are included in Sect. 5.

2 GPS tomographic approach

2.1 Tomography model

The traditional troposphere tomography model based on dis-
crete voxels was first proposed by Flores et al. (2000). It can
be described by the formula below:

SWV=
1
ρw
·

∫
s

ρ (s)ds

 , (1)

where SWV is the slant water vapor; ρw is the density of liq-
uid water; s is the slant path that GNSS signals pass through
troposphere; ρ(s) is the water vapor density. After being
discretized by the fourth-order Newton–Cotes formula, the
equation can be expressed as (Schwarz, 1997; Stoer and Bu-
lirsch, 1980)

SWV=
1
ρw
·

1
90
·

m∑
i=1

4∑
j=0

C
(4)
ij ρ

(
sij

)
= Sρ+1SWV, (2)

where C(4)ij is the fourth-order coefficients of the j th segment
point within the ith grid; ρ(sij ) is the corresponding water va-
por density values; m denotes the number of the grids which
the signals pass through; S represents the distance that the
GPS signals span the voxels; 1SWV is the noise.

ZWD is obtained using GPS double-difference method
and then is projected to the SWD through the Niell mapping
function (Niell, 1996). Further, the SWD can be transformed
to the SWV using a conversion factor 5 (Song, 2004):

SWV=5 ·SWD, (3)

where 5 is the humidity conversion factor, which is geo-
graphically dependent and varied from location to location.

Due to the nearly cone geometry of the GPS observations,
the GPS signals cannot pass through all voxels (Bender and
Raabe, 2007; Benevides et al., 2016). As a result, the tomo-
graphic system cannot be inverted due to too many zeros in
the design matrix. Therefore, proper constraints have to be
imposed to solve this issue. In horizontal direction, the Gaus-
sian weighted method (Song, 2004) can be used for horizon-
tal constraint. Given that the vertical water vapor is usually
decreased with the increase of the height, the Gaussian expo-
nential model is used to model the vertical distribution as

ρ (h)= ρC · e
−

(
(h−h0)
hz

)2

, (4)
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where ρ(h) denotes the water vapor density at the height of
h; hzrepresents the height index of water vapor; ρC is a con-
stant value of water vapor density; h0 is a constant. ρC and h0
may be determined using radiosonde or COSMIC products.
Based on Eq. (4), Eq. (5) is used as the vertical constraint
to establish the relationship between water vapor density in
adjacent vertical layers:

ρi,j,k+1

ρi,j,k
= e

(
(hk−hk+1)·(hk+hk+1−2h0)

h2
z

)
, (5)

where the subscripts “i”, “j” and “k” denote the index of
voxel in the east–west, north–south and vertical directions,
respectively; hk is the height of the kth voxel.

The a priori water vapor information is necessary to be
used as the initial values of tomography solutions. In order
to obtain more accurate a priori information of water vapor
density, it will be helpful to improve the accuracy of atmo-
spheric elements by assimilating surface meteorological ob-
servations into tomographic system (Perler et al., 2011; Jiang
et al., 2014). Since the synoptic observation products contain
the pressure, temperature and relative humidity of the station,
we interpolate the temperature and relative humidity into all
of the grids. In the beginning, we interpolate horizontal rel-
ative humidity using Gaussian weighted constraint method
and vertical relative humidity using Eq. (5). It is similar to the
horizontal temperature interpolation, but the vertical temper-
ature is interpolated by computing the temperature decay rate
using radiosonde products. After the temperature and rela-
tive humidity are obtained, the water vapor density of all the
voxels can be computed using the temperature and relative
humidity and utilized as the prior values in the tomography
(Hardy, 1998; Song, 2004).

2.2 ZHD computation

As mentioned in Sect. 1, the ZHD is required in order to
achieve the ZWD which is associated with the tomography
input observations of SWV. The computation of ZHD is usu-
ally made using empirical models with input of atmospheric
pressure and temperature. However, the empirical models are
not accurate enough in some areas where there exists signif-
icant height difference (Liu et al., 2000). In these cases, the
radiosonde and radio occultation data products can be uti-
lized to compensate the shortcomings of the empirical mod-
els. Equation (6) shows how to calculate the ZHD using the
radiosonde products and GPS radio occultation products (Liu
et al., 2000):

ZHDd = 10−6
·

I∑
n=I0

(hn+1−hn)
Ndn+1 +Ndn

2
(6)

Nd = k1
Pd

T

(
1+Pd

[
57.97 · 10−8

(
1+

0.52
T

)
− 9.4611 · 10−4 t

T 2

])
, (7)

where I denotes the height of the atmosphere whose pressure
is less than 0.02 hPa; I0 denotes the initial height of com-
puting the ZHD; h is the geopotential height; Nd is the dry
air refractivity; t and T are the temperature in degrees Cel-
sius and kelvin, respectively; Pd denotes the dry pressure.
Via the stepwise regression analysis, we find that the off-
sets of Saastamoinen-derived and radiosonde-derived ZHD
mainly correlate with the temperature and pressure. In or-
der to improve the accuracy of the ZHD, we compensate the
Saastamoinen-derived ZHD with a model at a similar form
to the Black formula (Black, 1978).

1ZHD= c(T − d)
P

T
, (8)

where 1ZHD is the ZHD corrections; P is pressure; c and d
are two parameters of the calibration model to be determined
by radiosonde and COSMIC profile historical data.

2.3 Humidity conversion factor

The humidity conversion factor 5 varies in different areas
and seasons, and it can be expressed as a function of the
tropospheric weighted mean temperature Tm (Bevis et al.,
1994):

5=
106

ρw ·
R
mw
·

[
k3
Tm
+ k2−

mw
md
· k1

] (9)

Tm =

∫
∞

0

(
Pw
T

)
· dh∫

∞

0

(
Pw
T 2

)
· dh
=

∑ (h2−h1)Pw
T∑ (h2−h1)Pw
T 2

, (10)

where ρw is the density of liquid water; k1, k2 and k3
are constants as k1 = 77.6 K hPa−1, k2 = 70.4 K hPa−1 and
k3 = 3.739× 105 K hPa−1 (Bevis et al., 1994); md and mw
are the molar masses of dry atmosphere and water vapor,
respectively; R indicates universal gas constant; Pw means
water vapor pressure whose unit is hPa.

The parameter conversion factor 5 mainly depends on
Tm. Traditionally, Tm is determined by a single means such
as ECMWF (European Centre for Medium-Range Weather
Forecasts), NCEP, radiosonde sounding and so on. Compared
to the radiosonde technique, the accuracies of the ECMWF
and NCEP are relatively lower. However, the temporal res-
olution of the radiosonde is low and the distribution of ra-
diosonde stations is sparse. In this case, we jointly use the
radiosonde and COSMIC products to estimate the Tm for the
purpose of improving its temporal resolution. The conversion
factor 5 is then determined using the Tm.

2.4 Tomography grid division

In general, the lower limit and upper limit of the tomogra-
phy grid is the height from the ground to tropopause. But in
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fact the water vapor is mainly concentrated at a height signif-
icantly lower than the tropopause. If the tropopause is chosen
as the grid top, the solutions of the tomography inversion are
possibly negative as the water vapor is very sparse near the
height of the tropopause (Flores et al., 2000). In this study,
we define a varied water vapor layer top (WVLT) as the up-
per limit of the tomography grid based on the precipitable
water vapor (PWV) variations acquired from the radiosonde
and COSMIC data. Thus, the height of the grid top is de-
creased, conversely increasing the effective number of the
satellite rays. In the tomography, only the rays that penetrate
into the grid from the top boundary are used for the tomog-
raphy processing.

The purpose of GPS tomography is to reconstruct the ver-
tical distribution of water vapor density. The vertical grid di-
vision is vital to affect the tomography solutions. Tradition-
ally, there are two ways to divide the grid. One is uniform
division (Flores et al., 2000; Xia et al., 2013) and the other is
non-uniform division (Perler et al., 2011; Rohm, 2012, 2013;
Chen and Liu, 2014, and Jiang et al., 2014). Considering the
actual distribution characteristics of water vapor density that
is sparse in high layers and dense in low layers, we use non-
uniform division in this study.

2.5 Interpolation function inside each voxel

Perler et al. (2011) proposed a numerical integration model
parameterization (NIMP) tomography method. The basic
idea is that the water vapor within each voxel is considered
to be unevenly distributed and can be calculated by the hori-
zontal and vertical interpolation methods.

In this study, the difference of water vapor density within
each voxel is also taken into account. The horizontal and ver-
tical interpolations are made to obtain the water vapor den-
sity values of interior voxels. In the horizontal direction, the
Barnes interpolation algorithm (Jiang et al., 2014) is nor-
mally used. In the vertical direction, there are many interpo-
lation methods such as linear interpolation and cubic spline
interpolation (Perler et al., 2011). The linear interpolation al-
gorithm is simple but its accuracy is relatively poor. The cu-
bic spline interpolation is complex in implementation. Be-
sides, these traditional interpolation means belong to pure
mathematics methods, without taking into account the inher-
ent characteristics of the water vapor density variations in the
vertical direction. In this study, a Gaussian exponential-based
interpolation algorithm derived from Eq. (5) is proposed for
the vertical interpolation, as shown in Eq. (11).

ρik (h)=
hk+1−h

hk+1−hk
e

(
(h+hk−2h0)(hk−h)

h2
z

)
ρik (hk)

+
h−hk

hk+1−hk
e

(
(h+hk+1−2h0)(hk+1−h)

h2
z

)
ρik+1 (hk+1) , (11)

where ρik(h) denotes the water vapor density in the “kth”
voxel; i represents the “ith” GPS ray; hk and hk+1 denote

the corresponding height of the bottom and top of the kth
voxel, respectively; ρik(hk) and ρik+1(hk) represent the wa-
ter vapor density on the bottom and top of the “kth” voxel,
respectively.

3 Processing results and analysis

3.1 Data description

The COSMIC (Constellation Observation System for Me-
teorology Ionosphere and Climate) occultation is a joint
Taiwan–US science mission for weather, climate, space
weather and geodetic research (Schreiner et al, 2007; An-
thes et al., 2008). The radiosonde sounding technique is an
important means for meteorology study from the ground to
the lower stratosphere. Both COSMIC and radiosonde ob-
servations have been the important data source for weather
research and climate analysis (Kuo et al., 2005; Kishore et
al., 2011).

The COSMIC Data Analysis and Archive Cen-
ter (CDAAC) provides both the real-time and post-processed
data products (www.cosmic.ucar.edu). The post-processed
profiles that are available in 6-week latency are used for
this study. As one type of the post-processed data products,
“wetPrf” profile offers water vapor pressure, temperature
and refractivity, which are almost evenly distributed around
the globe. Radiosonde measurement has a high accuracy,
high vertical resolution, long-term stability and all-weather
capability for obtaining water vapor density, pressure and
temperature in the troposphere and lower stratosphere. How-
ever, these measurements are only distributed in the limited
areas where there are the radiosonde stations. Particularly,
they are rare in the Southern Hemisphere and cannot cover
the oceans.

Radiosonde data was collected at the 45004th radiosonde
station equipped with a Vaisala RS92 sensor, which offers the
world’s highest level of performance in measuring the mete-
orological parameters, including pressure, temperature and
humidity. The atmospheric pressure and temperature mea-
sured by the sensor have accuracies of better than 1 hPa
and 0.5 ◦C, respectively. For the humidity sensor, the total
uncertainties in sounding and repeatability are 5 and 2 %,
respectively (www.vaisala.com). The COSMIC RO uses a
compact, low-power and low-cost sensor, which provides the
high-accuracy meteorological elements with averaged pro-
files temperature of less than 0.1 K. (http://www.cosmic.ucar.
edu/ro.html) .

The ground-based GPS observation data are collected
from the Hong Kong SatRef network, which consists of
a total number of 12 continuous operational stations with
inter-station distance of 10–15 km, as seen in Fig. 1. LEICA
GRX1200+GNSS receivers are equipped at all 12 stations
with a data sampling rate of 5s. One-month GPS datasets on
1–28 February 2014 were collected in Hong Kong. In addi-
tion, the “wetPrf” profiles whose address is the same as Hong
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Figure 1. The GPS station distribution and horizontal grid division
in Hong Kong.

Kong and radiosonde products at the “45004th” station in
February of 2007–2013 were used as historical data to opti-
mize the tomography solutions. There are 81 “wetPrf” pro-
files during this period of time. The quality flags of all “wet-
Prf” profiles are examined and the flags indicate “bad= 0”,
suggesting that these profiles have passed quality control suc-
cessfully.

In order to simulate a near-real-time GPS tomographic ex-
periment, it is good to use a sliding time window strategy
(Foster et al., 2005). We use a 6 h interval time window and
step forward 1 h at a time (Benevides et al., 2015). The ZTD
estimates are obtained using GAMIT software in this study
(Herring et al., 2010; Benevides et al., 2015).

3.2 ZHD calibration

The historical radiosonde data collected at the “45004th” ra-
diosonde station in February from 2007 to 2013 are used to
calibrate the ZHD model. The radiosonde product only pro-
vides the atmosphere element below the height of 30 km.
Therefore, we use the ERA-Interim product (http://apps.
ecmwf.int/datasets/data/interim-full-daily) to obtain atmo-
sphere element above the height of 30km. The radiosonde-
derived ZHD is used as references to obtain the ZHD offsets
for the computation of c and d in Eq. (8). The established
ZHD model can be expressed as

ZHD= ZHDs− 0.0014(T − 0.5009)
P

T
, (12)

where ZHDs is derived from the Saastamoinen model.
In order to assess the feasibility of Eq. (8), the correlation

between the ZHD offsets (1ZHD) and the pressure and tem-
perature are displayed in Table 1, respectively.

As seen in Table 1, the 1ZHD are highly correlated to T ,
P and P/T , which explains why we express the 1ZHD as
a function of the T , P and P/T in Eq. (8). Using the es-
tablished model of Eq. (12), the calibration effect is assessed
using datasets in February 2014.

Figure 2 shows the ZHD offsets before and after calibra-
tions with respect to radiosonde-derived ZHD. The largest

Table 1. Correlation coefficients between the ZHD offset and tem-
perature and pressure.

Parameter Temperature T Pressure P P/T

1ZHD −0.83 −0.79 0.85

Figure 2. ZHD offsets before and after calibrations with respect to
radiosonde-derived ZHD using datasets in Hong Kong in February
2014.

ZHD offsets using the calibrated model are only 5.2 mm, and
the rms of the ZHD offsets is 3.2 mm, which is significantly
smaller than the ones before calibration at 14.1 mm. From the
statistical results, it is concluded that the established ZHD
calibration model by using the radiosonde historical data im-
proves the ZHD accuracy.

3.3 Humidity conversion factor determination

According to Eqs. (3) and (9), if the conversion accuracy is
better than 1 mm, the precision of the weighted mean tem-
perature Tm must be less than 3 K. Since Tm varies with sea-
sons and region, we combine radiosonde product and COS-
MIC “wetPrf” profile to calculate Tm based on Eq. (10) using
measurements in February from 2007 to 2013. Then, we fit
the relationship between Tmand the surface temperature T as
follows:

Tm = 0.73 · T + 71.34. (13)

After obtaining Tm using Eq. (13), the conversion factor 5
can be determined using Eq. (9). In order to examine the im-
provement effect of conversion factor, we compare the PWV
in Hong Kong in February 2014 using the different conver-
sion factors obtained from the traditional method and our
improved method. In the traditional method, we use a con-
stant value of 0.1538 as the conversion factor (Shi and Gao,
2009). The PWV derived from the “45004th” radiosonde sta-
tion (lat: 22.32; long: 114.16), which is close to HKSC sta-
tion (lat: 22.32; long: 114.14), is used as references.

www.ann-geophys.net/34/789/2016/ Ann. Geophys., 34, 789–799, 2016
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Table 2. Derived humidity conversion factor for consecutive 7 days using improved method. Date format is YYYY/MM/DD.

Date 2014/02/01 2014/02/02 2014/02/03 2014/02/04

Time 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00
5 0.161 0.163 0.162 0.163 0.162 0.163 0.162 0.162

Date 2014/02/05 2014/02/06 2014/02/07

Time 00:00 12:00 00:00 12:00 00:00 12:00

5 0.161 0.162 0.160 0.162 0.160 0.158

Table 3. PWV comparison in Hong Kong in February 2014 using
traditional and improved conversion factors (mm).

max min mean rms

Traditional 5 4.97 0.23 1.79 2.22
Improved 5 4.36 0.16 1.47 1.97

As an example, Table 2 displays the derived humidity con-
version factors from 1 to 7 February 2014 using our improved
method. The humidity conversion factors vary around 0.161,
which is different from the constant value of 0.1538.

Table 3 shows the PWV comparison based on datasets in
entire February 2014 in Hong Kong using different conver-
sion factors. From the comparison results, it is found that
PWV rms is significantly smaller using the improved 5

method for humidity conversion factor computation.

3.4 Tomography grid division

It is well known that WVLT varies with regions and sea-
sons. Since the radiosonde product and COSMIC occulta-
tion product provide the vertical distribution of PWV, we
use radiosonde product and COSMIC product to estimate
the changes of the PWV for determining the WVLT. Specific
steps are as follows: (1) use the CPT (cold point tropopause)
method to determine tropopause; (2) estimate the PWV at
different heights; (3) calculate the proportion of PWV at dif-
ferent height over the sum at all heights; and (4) take the
height as WVLT if the proportion is less than or equal to
0.001. Figure 3 shows the obtained WVLT using radiosonde
and COSMIC products, respectively.

From the blue curves in Fig. 3, it can be seen that the
PWV approaches 0 from the height of WVLT to tropopause.
The estimated PWV using radiosonde product and COSMIC
product exhibits an exponential distribution as seen in the
blue curve. We define DLVT (dense layers of vapor top) as
the corresponding height of the blue points whose distance is
the nearest from the coordinate origin, as seen in Fig. 3. From
the ground to the DLVT, the decreasing rate of the PWV be-
comes faster with the increase in height, whereas the decreas-
ing rate of the PWV is slower from the DLVT to WVLT.

Figure 3. The top of the water vapor layer and the top of the water
vapor dense layer obtained by radiosonde and COSMIC products.

Since the GPS network in Hong Kong area is dense, we di-
vide grids into 10 km× 10 km squares in horizon direction,
as seen in Fig. 1. We utilize the radiosonde and COSMIC his-
torical data in February from 2010 to 2013 to determine the
heights of DLVT and WVLT, and they are 3.88 and 3.61 km
for the DLVT and 7.5 and 7.47 km for the WVLT, respec-
tively. Then we take their average values, which are 3.75 and
7.5 km as the final DLVT and WVLT. Thus, we divide the
vertical layers into two stages. The first stage is from the
ground to the DLVT (3.75 km). We divide it into 10 layers
and each layer height is 375 m. The second stage is from the
DLVT (3.75 km) to the WVLT (7.5 km). We divide it into five
layers and each layer’s height is 750 m.

4 Result validations

The same datasets as described in Sect. 3.1 are used for the
result validations. The radiosonde balloon is carried aloft
once every 12 h at the 45004th station, and the configured
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Figure 4. 3-D tomographic water vapor distribution in Hong Kong on 19 February 2014.

sensors on the radiosonde measure profiles of temperature,
pressure, relative humidity and so on. In addition, the “wet-
Prf” profiles provide the water vapor pressure, temperature,
pressure and so on. Thus, the “wetPrf” profiles collocated in
Hong Kong and the 45004th radiosonde products in Febru-
ary 2014 are used to evaluate the accuracy of the tomogra-
phy results. We utilize GAMIT software to obtain the ZTD
based on GPS data from the Hong Kong SatRef network with
IGS (International GNSS Service) ultra-rapid product orbit
file. The Saastamoinen model is calibrated using observa-
tions from the “45004th” radiosonde station and the humidity
conversion factor is determined using the COSMIC products
and radiosonde products in Hong Kong. Then, the ZHD is
obtained using Eq. (12), and the ZWD is obtained by deduct-
ing the ZHD from the ZTD. The SWV is computed using
Eq. (3) with optimized conversion factors. Finally, we esti-
mate the 3-D distribution of atmospheric water vapor using
parameterized approaches in which Eq. (11) is used for inter-
polation in the vertical direction and Eq. (5) is applied as the
vertical constraints. Kalman filtering algorithm is used for to-
mography solutions. In detail, the unknowns are the water va-
por densities at the grid points. The state transition matrix is
a unit matrix. The process noise matrix is acquired from the
statistics of radiosonde-derived water vapor densities. Fig-
ure 4 shows the 3-D distribution of atmospheric water vapor
density with a WVLT height of 7.5 km on 19 February 2014.

Figure 4 describes the water vapor density changes at dif-
ferent heights. It shows that the water vapor density signifi-
cantly changes below 3.75 km and decreases in the latest few
hours. In order to evaluate our optimized method, the tomog-
raphy results are compared with those derived from the tra-
ditional tomography method in which exponential model is
used as the vertical constraint and cubic spline is used for
vertical interpolation. In addition, the ZHD and the humid-
ity conversion factor before optimization are used in the tra-
ditional method. Tomography solutions are compared with

external results derived from the radiosonde and COSMIC
products. As the water vapor density remains stable above
DLVT (3.75 km), whereas it changes significantly below
DLVT (3.75 km), the statistics of tomography-derived water
vapor density are made above 3.75 km and below 3.75 km.

4.1 Comparison of tomography-derived results and
radiosonde-derived results

For the sake of convenient comparison, the tomography re-
sults in grams per cubic meter are transformed into the PWV
in millimeters using Eq. (14) (Esteban et al., 2013):

PWV=
1
ρw

∞∫
0

ρkdh. (14)

Applying Eq. (14), the water vapor densities have been trans-
ferred to PWV. Figure 5 shows the difference of PWV ob-
tained from the radiosonde product and tomography in the
same region (latitude 22.31◦ and longitude 114.16◦).

As can be seen from Fig. 5, the tomography solu-
tions have a good agreement with radiosonde results. Us-
ing our optimized methods, the rms of the difference be-
tween tomography-derived and radiosonde-derived PWV is
1.8 mm, whereas it is 2.3 mm for the traditional method.

Radiosonde products provide 3-D distribution of atmo-
spheric elements, such as temperature, pressure, dew point,
mixing ratio and relative humidity. We can obtain the “wet”
pressure according to the pressure and mixing ratio and fur-
ther use the “wet” pressure to compute water vapor density
(Song, 2004). Figure 6 shows the comparisons of water vapor
densities obtained from tomography and radiosonde products
on 16–17 February 2014.

The changing trends of water vapor density (WVD) be-
tween tomography-derived and radiosonde-derived results
have a very good agreement. Despite a significant differ-
ence between tomography and radiosonde WVD in the lower
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Figure 5. Comparisons of PWV obtained from tomography
and radiosonde product in February 2014. “RadP-ImpP” rep-
resents the difference of radiosonde-derived and optimized
tomography-derived PWV. “RadP-TradP” represents the difference
of radiosonde-derived and traditional tomography-derived PWV.

Table 4. The statistical results between tomography-derived and
radiosonde-derived water vapor density above 3.75 km and below
3.75 km, respectively (g m−3). “RD” represents the relative differ-
ences.

Height Below 3.75 km Above 3.75 km

Bias RD Bias RD

Mean
Rad-Impr −1.18 −15.25 % 0.44 23.47 %
Rad-Trad −1.67 −21.58 % 0.64 34.14 %

rms
Rad-Impr 2.52 32.57 % 0.86 45.88 %
Rad-Trad 2.97 38.39% 0.98 52.27%

height, the result from our optimized method is better than
the results from the traditional method since the blue curve
is closer to the green curve. In addition, we also pro-
vide the statistical results between tomography-derived and
radiosonde-derived water vapor densities above 3.75 km and
below 3.75 km, respectively, using 28-day datasets in Febru-
ary 2014 in Hong Kong (Table 4).

Table 4 provides both the mean and the rms of the differ-
ences between tomography-derived and radiosonde-derived
water vapor density. In terms of the statistical results, the
accuracy of tomography based on our optimized method is
significantly better than the traditional method at heights
above 3.75 km as well as below 3.75 km. Compared with ra-
diosonde products, the rms statistical results indicate that the
water vapor density accuracy from our optimized method is
improved by 15 and 12 % compared to traditional method
below 3.75 km and above 3.75 km, respectively.

Table 5. The rms and mean of differences between tomography-
derived and COSMIC-derived water vapor density above 3.75 km
and blow 3.75 km, respectively (g m−3). “RD” represents the rela-
tive differences.

Height Below 3.75 km Above 3.75 km

Bias RD Bias RD

Mean
Rad-Impr −0.59 −12.90 % −0.55 −29.24 %
Rad-Trad −0.89 −19.46 % −0.77 −40.96 %

rms
Rad-Impr 1.24 26.09 % 0.72 38.28 %
Rad-Trad 1.46 30.72 % 0.89 47.32 %

4.2 Comparison of tomography-derived results and
COSMIC-derived results

COSMIC “wetPrf” profile provides “wet” pressure, temper-
ature and pressure. Water vapor density (WVD) can be esti-
mated using “wet” pressure (Song, 2004). We selected the
COSMIC radio occultation events which occurred near or
inside Hong Kong. Figure 7 depicts the comparisons of wa-
ter vapor densities obtained from tomography and COSMIC
products on 5 and 13 February 2014.

It can be seen that the changing trends of water vapor den-
sity have a good consistency between tomography-derived
and COSMIC-derived results in Fig. 7. The WVD derived
from our optimized method is better than the WVD from
the traditional method since the pink curve is closer to the
grey curve. Total eight COSMIC occultation events occurred
near or inside Hong Kong in February 2014. These results
are used to compare with the results of tomography-derived
water vapor above and below the height of 3.75 km, respec-
tively, as seen in Table 5.

Table 5 provides both the mean and the rms of the dif-
ferences between tomography-derived and COSMIC-derived
water vapor density. In terms of the statistical results, the ac-
curacy of tomography based on our optimized method is sig-
nificantly better than the traditional method. Compared with
COSMIC products, the rms statistical results confirm that the
water vapor density accuracy from our optimized method is
improved by 15 and 19 % compared to the traditional method
below 3.75 km and above 3.75 km, respectively.

5 Conclusions

The tomography technique is optimized in a few aspects
under the help of radiosonde and COSMIC historical data.
Firstly, in order to improve the zenith wet delay (ZWD) ac-
curacy, the regional zenith hydrostatic delay (ZHD) models
are optimized by compensating the estimates from the Saas-
tamoinen model. Secondly, the regional conversion factor of
converting the ZWD to the perceptible water vapor (PWV) is
refined by improving the quality of the tropospheric weighted
mean temperature. Next, we develop a method for dividing
the tomography grid with an uneven voxel height and a var-
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Figure 6. Comparisons of water vapor densities (WVDs) obtained from tomography and radiosonde on 16–17 February 2014. “Rad” repre-
sents the radiosonde-derived water vapor density. “Impr” represents the tomography-derived water vapor density using our optimized method,
and “Trad” represents the tomography-derived water vapor density using the traditional method.

Figure 7. Comparisons of water vapor densities obtained from to-
mography and COSMIC products on 5 and 13 February 2014.
“COSMIC” represents the water vapor density derived from wet-
Prf product. “Impr” represents the tomography-derived water va-
por density using our optimized method, and “Trad” represents
the tomography-derived water vapor density using the traditional
method.

ied water vapor layer top. Finally, we propose a Gaussian
exponential vertical interpolation method which can better
reflect the vertical variation characteristic of water vapor.

GPS datasets collected in Hong Kong in February 2014
are used to assess the optimized tomographic method with
a comparison to the conventional method. The radiosonde-
derived and COSMIC-derived water vapor density values are
used as references to analyze the tomographic results. Using

radiosonde products as references, the test results obtained
from our optimized method indicate that the water vapor den-
sity rms is 2.52 and 0.86 g m−3 below and above 3.75 km, re-
spectively, which is improved by 15 and 12 % compared to
those of conventional method. Using the COSMIC products
as references, the results indicate that the water vapor density
rms is 1.24 and 0.72 g m−3 from our optimized method be-
low and above 3.75 km, respectively, which is improved by
15 and 19 % compared to the conventional method.

6 Data availability

The Survey and Mapping Office of the Lands Depart-
ment (2016), Hong Kong Special Administrative Region,
provides GPS data and meteorological data. These datasets
are from the Hong Kong Satellite Positioning Reference Sta-
tion (SatRef) and can be made freely available for pub-
lic access (https://www.geodetic.gov.hk/). The 45004 Kings
Park radiosonde observations (UWYO, 2016) can be down-
loaded from the following website: http://weather.uwyo.edu/
upperair/sounding.html. In addition, the Constellation Ob-
serving System for Meteorology, Ionosphere and Climate-1
program (CDAAC, 2016) offers the COSMIC radio occulta-
tion data, which can be freely obtained from http://cosmic-io.
cosmic.ucar.edu/cdaac/index.html.
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