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Abstract. Water vapor tomography is a promising technique 1  Introduction

for reconstructing the 4-D moisture field, which is impor-

tant to the weather forecasting and nowcasting as well as

to the numerical weather prediction. A near real-time 4-D In the last decades, GPS water vapor tomography has shown
water vapor tomographic system is developed in this study.its great potential to retrieve the 3-D/4-D distribution of at-
GPS slant water vapor (SWV) observations are derived by anospheric water vapor (e.g., Bastin et al., 2005; Lutz, 2008;
sliding time window strategy using double-difference model Champollion et al., 2009; Rohm and Bosy, 2009). Wet re-
and predicted orbits. Besides GPS SWV, surface water vapaffactivity or humidity fields at high spatiotemporal resolu-
measurements are also assimilated as real time observatiofign can be reconstructed by a tomographic technique with
into the tomographic system in order to improve the distri- C0OMbining numerous tropospheric slant observations from
bution of observations in the lowest layers of tomographic@ dense ground-based GPS network. Information provided
grid. A 1-year term experiment in Hong Kong was carried by these fields is very important for improving the accuracy
out. The feasibility of the GPS data processing strategy i<of modern numerical weather prediction models, especially
demonstrated by the good agreement between the time sdor the quantitative precipitation forecasting (Emanuel et al.,
ries of GPS-derived Precipitable Water Vapor (PWV) and 1995; Bauer et al., 2011). Furthermore, monitoring water va-
radio-sounding-derived PWV with a bias of 0.04 mm and aPor by GPS has the advantages of low-cost and all-weather
root-mean-square error (RMSE) of 1.75 mm. Using Surfacer‘neasu_rement in comparison to other means, e.g., the radio
humidity observations in the tomographic system, the biassounding.

and RMSE between tomography and radiosonde data are de- The classic GPS tomography model, which was first real-
creased by half in the ground level, but such improved effectdzed by Flores et al. (2000), is defined by discretizing the at-
weaken gradually with the rise of altitude until becoming ad- Mosphere space using a spatial grid consisting of several vox-
verse above 4000 m. The overall bias is decreased from 0.1¢lS. Water vapor distribution inside each voxel is assumed to
t0 0.13 g n73 and RMSE is reduced from 1.43 to 1.28 g#n be homogeneous. The input data of the tomographic system,
By taking the correlation coefficient and RMSE between to-the GPS tropospheric slant wet delay (SWD), the or slant
mography and radiosonde individual profile as the statisticaiater vapor (SWV) observation, can then be represented by
measures, quality of individual profile is also improved as the@ summation of separated SWDs/SWVs distributed in each
success rate of tomographic solution is increased from 44.4%ell which the ray passes through. The estimated parameters

to 63.82 % while the failure rate is reduced from 55.56 to are the wet refractivity or absolute humidity values in all of
36.18 %. voxels, and the reference point of each parameter is approx-

imated to be the central point of corresponding voxel. Perler
et al. (2011) presented new voxel parameterized approaches
using trilinear and bilinear/spline interpolations. Instead of
one constant wet refractivity parameter in each voxel, esti-
mated point wet refractivity at grid nodes are the unknown
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parameters in tomographic equation. Adverse effects of thgground-based antenna. It can be expressed by the formula

classical discretization method on tomographic solution can(Miimla et al., 2007)

be reduced by the parameterized approaches especially when 1

the voxels are not small in size (Nilsson, 2005). SWV == / Hyds, (D]
Rohm (2012) studied the error sources and their propa- p s

gation in tomography solution, and the topology of cofactor , o

matrix shows the most significant influence on the final solu-Wherep represents the density of liquid watéf, denotes

tion uncertainty. Meanwhile, research about the distributionsN€ @bsolute humidity (we will refer the absolute humidity as

of signal slant paths and their intersection points (Bender efh® humidity in the following paper) andis the slant path.

al., 2009) demonstrated that the density of slants is maximunptrictly the signal path is bent when passing through the at-

in the boundary layer while the intersection points distribute M0SPhere. However, the contribution of this bending term to

the most sparsely, which leads to poor topology of coefficient>!ant Total Delay (STD) is less than 1 ¢cm, which means about

matrix for the estimated parameters in corresponding tomog-> MM to SWV for elevations greater tharf 18evis et al.,
1992) therefore it is neglected for simplicity. The slant path

raphy level. Therefore it is necessary to introduce the sur- _ ;
face water vapor measurements to overcome aforementiondg€n can be regarded as a line of sight from GPS antenna to

disadvantage. The classic method is to use the synoptic opsatellite. , , .

servations to provide prior information about the water vapor _Ntensive observations of regional atmosphere are avail-
field, e.g., modeling the prior 3-D water field with surface ob- able with a large number of SWVs obtained from a ground
servations or constraining directly the estimated parameter82S€d GPS network. In order to use this type of integral ob-

at the lowest grid level to equal the measured point mois-Servation for reconstructing the humidity field, space above

ture value (Troller et al., 2006; Bender et al., 2011). How- the network is discretized into voxels both in horizontal and
ever, these methods will produce additional errors because ofe'tical directions. We made the hypothesis that all atmo-
the spatial distance between the voxel central points and th&Pheric water vapor is concentrated in the altitude lower than
observation stations. Furthermore, in a classic tomographi¢"€ top height of grid model (10km in our study). Only

processing batch, GPS slant observations observed in a time"V V'S that penetrate into the grid from the top boundary are
period are combined to form the equation, but at the sam&!S€d in tomography. Each SWV is then partitioned into sev-

time, only one prior field is used. The time variation infor- €&l segments in the volumes. Individual SWV part in each

mation of water vapor contained in the surface observationy©X€! €xpressed as Eq. (1) can be solved approximately by
are lost. Newton—Cotes quadrature rules (Forsythe et al., 1977). The

In this study, we develop a near real-time (NRT) water ¢losed Newton—-Cotes formula of degree 4 requires known

vapor tomographic system by applying a bilinear/spline pa_water vapor density at the 5 equally spaced points. Itis a sim-

rameterized method. In the proposed approach, not only GP8!€ Way thatinterpolating the estimated humidity parameters
slant observations but also surface meteorological measurdf 9rid nodes to the interesting points. Bilinear and spline in-
ments are used as real time observations; A Kalman filtef€rpolation formulas, respectively, in the horizontal and ver-

is applied to reconstruct the 4-D humidity fields. An exper- tical directions are adopted in our so!gtion with the_ bilinear
iment over a whole year of 2010 in Hong Kong was carried "€ performed prior to the other. Positions of all points have

out to investigate the performance of our tomographic algo-to be expressed in ellipsoidal coordinates to take the Earth’s

rithm. Due to its location on the edge of the South China Segfurvature into account. Then adding the coefficient vectors
and in the path of the wet Asian monsoon, Hong Kong ex-Of every discrete SWV part, the sum is the final coefficients

periences more rainstorms than most other cities (Liu et al.vector for a whole individual SWV. Combining all SWVs’

2013). The influence of the surface humidity on the tomo- coefficient vectors together, the data set of SWV are corre-
graphic solution is also studied. lated to the humidity field according to the equation:

In the following sections, we present a near real-time wa- gy y — Ax, @)
ter vapor tomography approach. In Sect. 2, the tomographic
algorithm is presented. Section 3 describes our data processthere SWV is the SWV observations vector,is the state
ing strategy in detail. Tomographic results are compared withvector of the humidity at all voxel vertexes, aAds the de-
other data in Sect. 4. Conclusions are given is Sect. 5. sigh matrix containing the coefficients obtained from the bi-
linear/spline parameterized approach.
Besides SWVs, surface synoptic observations can also
be assimilated into tomographic system. It will be help-
2 Tomographic method ful to improve the accuracy of humidity results near the
lower atmospheric boundary layer especially when the SWV
The SWV, one of the important products from GPS remoteobservations distributed inhomogeneously in the ground-
sensing atmosphere, is physically the integrated water valevel voxels. In a ground-based GPS network deployed for
por amount along the curved ray path from GPS satellite tometeorological purpose, there usually are meteorological
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measurement systems located together with GPS station2004) to identify the time variation of the studied humid-
Furthermore, specific surface observing network can providety field. The Kalman filtering method has the advantage of
even more surface observations. Sensors included in sucbbtaining a 4-D humidity field. In detail, it updates the re-
system generally are barometric pressure, temperature armbnstructed field once new data are generated, so that the
relative humidity ones. It means that the atmospheric statdime variation information observed by real observations can
around the GPS receivers can be monitored accurately ite represented better in the final tomography solution. In
high time resolution as well as GPS observations. With datahe filter predict step, the state transition matrix is set to
provided by these systems, humidity at the considered locabe a unit matrix. The process noise matrix is designed as
tion is calculated with the following formula as (Sheng et al., a diagonal matrix of which the diagonal elements are ob-

2003) tained by statistics of surface measurements with assum-
. ing an exponential law in the vertical humidity distribu-
H= =T (3) tion. The details will be described in Sect. 3. In the fil-
\

ter update step, uncertainty of SWV in the zenith direction
is considered to be 1.7mm (Deng et al., 2011). It is re-

for water vaporT is temperature in K and denotes vapor ported that accuracies of surface pressure and temperature

pressure in hPa, which is related to temperature and relr;\tivf,*‘re bettle;.thaEtO.QS_PPa a?dEO'ZOC’ r.esg e;tlvetlr);;r;/d Sl:r'
humidity. Bilinear/spline interpolation of voxel vertexes’ pa- ace refative humidity performance 1S betler °oa

rameters as described previously can also be performed tggﬁc (L\z/ll([))ret Igfr? rmtatlofr|13|nth tlt(p:/ /wv;:v;/hpar050|entlf|c.cc>tm/
construct the observed equation of surface measurements: pdiimetsLatashee -Pd >y laking all the measurement er-
rors into account, a noise level lower than 3% should be

Hsic = Bx, (4) appropriate for surface humidity observation. Weights of
both constraints are designed as small as®16 reduce the

whereH g is the surface humidity measurements vector andsmoothing effect of constraints on the variability of humidity
B is the coefficient matrix. fields in real case.

Due to the limited distribution of SWVs and surface obser-
vations, in the observation matrix there are usually some pa-
rameters of which coefficients are always zero or very small3 Data processing
resulting in the ill-posed equations combined by real ob-
servations. The humidity fields retrieved from such solution3.1 Processing strategy
are unstable because of the probable existence of unreason-
able sharp change. To solve the issue, horizontal and vertil2 continuously operating reference stations are mounted in
cal inter voxel constraints are added as pseudo observatiortdong Kong Satellite Positioning Reference Station Network
to our tomographic system. These constraints are based d$atRef). The distance between two neighboring reference
the assumptions that the humidity at a voxel corner is deterstations is roughly 10 to 15km. Horizontal distribution of
mined by the horizontally and vertically neighbors in differ- these stations is approximately uniform (see Fig. 1). All sta-
ent forms. Horizontally Gaussian smoothing with a control- tions are equipped with Leica GPS receivers and Parosci-
lable width of one voxel's side length and vertically expo- entific Met3/Met3A/Met4A meteorological sensors. Choke-
nentially decreasing assumptions with statistical scale heighting antennas (Leica AT504 +LEIS) are used to minimize
of 2.53km (Song, 2004) is implemented. The constraints ardhe influence caused by the multipath errors in observations.

whereH is humidity in g nT3, Ry is the specific gas constant

introduced as the formula GPS and surface meteorological data in 5 and 60s inter-
vals are collected in real time. These data can be freely
0= [ Chorz i|x' (5)  downloaded afterwards from websitettp://www.geodetic.
Crert gov.hk/smo/gsi/programs/en/GSS/satref/satref.htim our

- . . . roject, a complete data set of the year 2010 was obtained.
Combining all the observations obtained above, the f|nalp ) P y W I

form of tomoaranhic observational tion of h h For GPS data, to simulate near real-time tomographic
form of tomographic observational equation of €ach epoc experiment, a sliding time window strategy (Foster et al.,

IS 2005) was applied with a 6-hour-wide time window and was
SWV A Aswy stepped forward 1h at a time. We employed GAMIT soft-
Hse | B N A, ) ware (Herr_mg et al., 2010) to process the GP_S data_l. The

0 | Chorz x Ac,, atmospheric parameters were estimated by a piecewise lin-
0 Cvert ACyon ear (PWL) interpolation model, together with the site coor-

dinates and orbit parameters in each time window. Obser-
Finally, assuming the time evolution of humidity values is a vations with elevation lower than 1Qvere excluded in the
random walk stochastic process, we apply a standard Kalmaprocessing. Weekly station coordinate estimates were used
filtering (Herring et al., 1990; Gradinarsky and Jarlemark,to constrain the prior values tightly in order to avoid any
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correlation between coordinates and zenith total delay (ZTD)where Py represents surface pressure in hPa, and
estimates. Predicated ultra-rapid IGS orbits from 1&&p{
Iligsws.unavco.oryivere used because of the real time avail- / (0, /) = 1—0.00266-cos? — 0.00028 H. (10)

able and acceptable accuracy @ik and SKivankova, The horizontal dient estimat | tain hvdrostati
2011). Interval of the atmospheric ZTD solution was 1h € horizontal gradient estimates aiso contain hydrostatic

when the gradient parameters were 2 h. However, in the cas%nd wet parts. The hydrostatic part iS. determined_ primarily
of GAMIT software processing data with a double-difference gyptshe tprt(_assuE:e an% te_mp?rr]attutrr(]a hor|zoqtal gtra|d|enj[s at the
model, it is necessary to introduce three or more distant ref- station. -onsidering that the experimental region 1S a

erence GPS stations to form long baselines for estimating al small moist area with highly variable humidity, we are confi-
solute ZTD (Duan et al., 1996). IGS sites include the SHAOdent that the dry gradients account for a rather small propor-

site in Shanghai, the KUNM site in Kunming, and the TWTF EI'_(;]n ?]f t(_)tal gr:lald|er(1jt_s Wh'ch even m:y I(;wer than ;Ze (;10|ser;
site in Taiwan were added to GPS network. e horizontal gradient estimates therefore are added to the

Using double-difference network solution mode can elim- mapping values of PWVs in the path directions without sub-

inate the common satellite and receiver clock errors con'2ctiNg the dry parts. The post-fit residuals are included to

tained in the phase observations and greatly reduce the imcompensate for the higher-order terms of asymmetric slant

pact of orbit errors, especially for a small dense network.de'ay not modeled by gradient estimation scheme. Double-

Consequently the observations are more sensitive to the Sma(ﬁlfferenced residuals have to be transformed to line-of-sight

but important variations in atmospheric delays. On the othelres'du"JIIS using the methpd proposed by Alber et.al. (2000).
hand, the precise point positioning (PPP) solution needs tQ The relational expression between the conversion constant

be given accurate satellite clock and orbit estimates beford ! andTi is (Bevis et al., 1994)
processing. In consideration of the unavailability of real- 106
time high-precision orbit and clock products from IGS at the IT = ; ,
present, the double difference solution is favored for NRT pRy(ky+ (k3/Tm))
practical application in spite of the increasing computationalwherep is the density of liquid waterRy is the specific
costs. o _ __gas constant for water vapap, = (17+ 10) Kmbar, k3 =

The SWV, main input data of the tomographic equation, (3.776+0.014) x 1P K2 mbar 1. Ty, can be estimated using
is not estimated directly in GPS data processing. It can bqhe surface temperature measureni&nBevis et al. (1992)
computed by formula (Braun et al., 2002): firstly studied the linear regression betwelghandTs based
on radiosonde profiles from 9000 sites over the United States.
Varying relationships were derived in different areas to better
fit the local atmospheric features. Empirical linear formula of
T andTs in Hong Kong was given by Wang et al. (2011) as

(11)

SWV = My(e) - PWV 4 T1(Tr) - (ALg(e, @) + R), @)

where PWV is the perceptible water vapor in zenith direc-
tion; M,y is the wet mapping function, we used global map-
ping function (Boehm et al., 2006) as GAMIT software did;
I1 is the scaling factor for mapping wet delay to water vapor.
It is dependent on the atmospheric weighted mean temperayhich was used in our study. The benefit of using a local
ture Try; & and¢ denote the slant path elevation and azimuth; specific formula is shown in Sect. 4.
the horizontal gradienALg and the pOSt-ﬁt phase residual The SWVs were generated corresponding to the sampling
R represent the anisotropic component.q formula varies  nterval of surface meteorological measurements. At the to-
with software. In GAMIT software, it is expressed as mographic epoch, the ZWDs and horizontal gradients were
1 obtained by linear interpolating ZWD and gradient estimates
i -(GN - cosp + Gg -sing), (8) at the nearby knots of time window. It was quite necessary
sinetans +C since the atmospheric delay model used by GAMIT software
was PWL. The SWVs which intersect the discrete grid model
at the lateral boundaries instead of the top should not be in-
PWV is transformed from zenith wet delay (ZWD) also cluded_ in tomographic inpu_t observations, so a pre-judgment
by the T factor. ZWD can be separated using formula of Fhe intersection was carried out before each SWV compu-
ZWD =ZTD — ZHD, since the zenith hydrostatic delay ZHD tation. ) ,
(Zenith Hydrostatic Delay) can be calculated very precisely Humidity at the GPS sites was calculated using Eq. (3)

using surface pressure and the Saastamoinen model (Saastyth surface measurements. A simple data quality control
moinen, 1972). The model is a function of latituti radian method was performed to the observations. It is reasonable

and height above the geofd in km: to regard the atmospheric state around the sensor to be steady
during a very short period of 5 minutes. Before every epoch,
Py the mean values of previous five humidity observations were
6, H) ) stored at all stations. Measurements that differed from the

T = 11329+ 0.58637%, (12)

ALg(e,¢) =

whereC is a constant equal to 0.008,y and Gg are the
north and east gradient parameters.

ZHD = [(0.0022768:0.0000005 m hPa ] x

Ann. Geophys., 32, 911923 2014 www.ann-geophys.net/32/911/2014/
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Figure 1. Distribution of the Hong Kong SatRef sites (blue trian- Oon 05n  1n 15hn  2n 25n  ah 35n  4n  45h
gle) inside the tomography grid (black line) and the KingPark ra- time lag (hours)

diosonde station (red pentagram). The region was discretized into a

6x4x 16 cell grid for the water vapor tomography. Heights of layers Figure 2. Humidity structure functions for the three lowest Hong

are (0, 500, 800, 1200, 1600, 2000, 2500, ..., 9000, 10000m). Kong SatRef stations and their mean value. Altitude of GPS site
HKPC is 18 m, HKSC is 20 m and HKKT is 34 m. Average structure
functions are calculated for the time lags from 30 min to 4 h using 1

corresponding averages by greater than 5% were markeyear of data.

as outliers and rejected in tomographic computation. In our

study, a very limited quantity of deleted data was found . )

at each station, so the stability of surface observations wafime lags. The differences between these structure functions

proved. are very small. The structure function generally follows a

The reconstruction area covered from longitude 113.797 t?OWer law,
114.432 E and latitude 22.157 to 22.58Bl, and the height o
is from 0 to 10000m. The tomography grid is shown in 2T =¢>x 7" (14)

Fig. 1. The horizontal discretization is about 10 km, notmuch, . o 1o represents a constant amds the power-law in-

b_ette_zr than _the mean GPS ir_1terstation diste_mce. 16 layers alfex, with values varying between 1 (Jarlemark and Elgered,
d|str|bu_ted in vertl_cal d|_rect|on,_ anc_zl the thickness of_theselggs) and 2/3 (Treuhaft and Lanyi, 1987). Assuming a value
Iayers increase with height which is max to 1000m in thefor a of 1, we fit a constant to the mean value of the three
high layers. structure functions. A variance rate of 0.005 (gH? min—1

is derived. It is a small value and varies little over our study
region so we believe this value indicates the structure func-
tion of the lowest atmospheric layer. The upper layers’ struc-
In the Kalman filter predicted step of tomographic process-ture functions are derived based on the assumption of water
ing, as described in Sect. 2, the diagonal elements of provapor vertical exponential decrease distribution, so the struc-
cess noise matrix need to be determined. We applied strudure function at altitudé: can be computed using equation
ture functionsD to characterize the temporal variability in

3.2 Characteristic model of temporal variations in
atmospheric humidity

humidity (Jarlemark and Elgered, 1998).is defined as —2(h—hg)
¥4 g ? Dp(t)=e s x 0.005g m~3)2 minL, (15)
_ _ 2
b= <[H(t +7) - H@O)] > (13) wherehy is the altitude of the lowest layer and. is the wet

humidity scale height of 2.53 km. Structure function at each

wheret is the time epoch of the measurements the time hi | h : )
lag, and the angle brackets indicate the expected value Whichom()gra.p IC voxe vertex can t en be determm_ed depe_ndlng
' on its height, which can be used in the Kalman filter predicted

was replaced by the average value in our calculations. Time . . .
. o .. .Step to form the diagonal of process noise matrix.

series of humidity measurements at the three lowest sites in

the year 2010 were analyzed. Although the measurements

were available at intervals of 60 s, structure functions at smaly Result and discussion

time lags are affected by the short term instrumental white

noise badly. This effect can be ignored at larger time lags. Sdn this section, the data processing strategy and tomographic

we selected the time lags from 0.5 to 4h every 0.5h. Fig-algorithm are assessed. Radiosonde is the most accurate in-

ure 2 shows the calculated structure functions at differentstrument we can achieve at present to measure water vapor

www.ann-geophys.net/32/911/2014/ Ann. Geophys., 32, 9923 2014
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Table 1. The differences between surface humidity measurementsTable 2. Divided surface humidity measurements at HKSC site us-
and radiosonde interpolation (or extrapolation) data at all ground-ing different basis of classification and their comparison with ra-

based sites. diosonde data.
Distance from RS  Mean difference  Standard Deviation Observation Time (UTC) Observation Season
; ~3 -3

SITE site (km) @m @m™ Statistics 00:00 12:00 Winter  Summer
HKSC 2.43 —0.00 0.74 ,
HKST 918 0.99 100 (l\/ler:ngfference —0.096 0.088 —0.031 0.094
HKOH 9.94 0.69 0.83 gm—)
HKPC 13.76 0.88 0.82 Standard Deviation 0.715 0.750 0.5259 0.979
HKKT 17.32 -0.35 0.96 (@m3)
HKSS 17.37 0.75 0.99
HKMW 18.23 1.21 1.07
HKFN 19.18 -0.02 0.86
HKLT 21.24 0.10 119 were divided into two sets and compared with corresponding
Eg’f gg'ig’ 8';% é'gg radiosonde data, respectively (see Table 2). The mean dif-
HKNP 30.12 1.40 134 ferences were both almost zero, and the standard deviation

varies little between two data sets. Moreover, the data from
opposite seasons, winter (month January, February and De-
cember) and summer (month June, July and August), were
point by point with high vertical resolution through the entire gj50 investigated (see Table 2). The biases were both rather
troposphere, so radiosonde data of KingPark station (Worldsma)|. The larger standard derivation of difference in sum-
Meteorological Organization, WMO, station number 45004) mer js expected because of the increasing water evaporation
in the year 2010 were used. The data can be freely downzng more air flow in the boundary layer in this season. The
loaded from the internethftp://weather.uwyo.edu/upperair/ accuracy, however, can still be accepted to improve our tomo-

sounding.html The sounding balloons were launched auto- gyaphic solution in consideration of the high humidity value
matically every 12 h at UTC time 00:00 and 12:00 every dayin summer.

and the observation heights were up to higher than 15km.

However, radiosonde data missing are found at 00:00 of Day 2 Comparison of PWV time series

Of Year (doy) 95, 12:00 of doy 103 and 12:00 of doy 210.

The available radiosonde data are obtained to make comparn order to generate SWV, as Eq. (7) shows, PWV need to
isons with the atmosphere products derived from our solutbe mapped to the signal path by mapping function, so that
tions. Except for the missing epochs, our GPS meteorologihe errors of PWV can be amplified in the SWV according
ical products derived from the data processing as describetb propagation of errors. It is important to confirm that the
in Sect. 3 at all sounding balloon launched time are extracteciccuracies of PWVs derived by our approach can meet the

for comparison purpose. accuracy requirement of meteorological application (Shoji,
2009). We compared all of the GPS-derived PWVs with Ra-
4.1 Representativity of surface data diosonde (RS)-derived PWVs at radiosonde launched time.

The GPS site named HKSC was selected for comparison. Its

The representativity of surface measurements should béorizontal distance from the RS site was around 2.4km so
taken into account because they may be greatly influencethe effects of horizontal variations in atmospheric properties
by the surrounding of surface meteorological sensors. Therewere neglected (see Table 1). GPS-derived PWV time series
fore radiosonde data were interpolated (or extrapolated) tavas generated by extracting the PWVs from the end time
the altitude of each surface site and compared with the surknot of each time window. Two time series of GPS-derived
face humidity at balloon launched time. The mean and stanPWYV in the year 2010 were generated using differgnt
dard deviation of the difference at each site were given incomputational equations: Bevig, equation and local spe-
Table 1. Nearly zero bias and the smallest standard deviatiouific 7T, equation as Eq. (12). However, the altitude of GPS
were found at GPS site named HKSC which is the nearessite is lower than that of RS site, which the former is about
one to the radio sounding site. The relative larger difference®20 m and the latter is about 66 m. There would be a PWV
between the other stations and radiosonde are attributed tias between them duo to the water vapor distributed in the
the spatial humidity variations between the sites, so the faraltitude offset part. Therefore corrections to all RS-derived
thest GPS site named HKNP had the largest difference. W&WVs were implemented by regarding the surface measure-
think that the reason for the good representativity is that allment at HKSC site as the bottom measurement for the ra-
surface meteorological stations are located in very open arealiosonde profile. The three time series of PWV and their dif-

Another probable factor that could impact the surface datderences are shown in Fig. 3a. Table 3 shows the statistics of
is the weather situation. We selected the HKSC site to studyhese data. The mathematical expressions of the statistics are
such issues. The data observed at UTC time 00:00 and 12:0@iven in Appendix A. Scatter plot (Fig. 3b) illustrates that the

Ann. Geophys., 32, 911923 2014 www.ann-geophys.net/32/911/2014/
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4.3 Comparison of humidity results

Except for the missing data, a total of 741 radio sounding hu-
midity profiles with nearly 30 000 point observations in the
year 2010 were obtained. As shown in Fig. 1, the RS station
doesn't locate on the intersection of our tomographic grid
lines. Therefore we interpolated the four neighboring tomo-
graphic profiles to retrieve the profile over the RS site. Hori-
zontally bilinear interpolation and vertically spline interpola-

PWV Difference (mm)
s bbb omso o

¥ 1 1 |
Jan-01 Feb-01 Mar-01 Apr-01 May-01 Jun-01 J[l;|-01 Aug-01 Sep-01 Oct-01 Nov-01 Dec-01
ate

tion were performed. The interpolated tomographic profiles
could be compared with RS profiles directly.

(b) 80 GPS‘PWVEMSPWV 4.3.1 Quality of point humidity

0 GPSPWV, vs RSPWV|

o
2

With assimilation of surface humidity observations or not,
two different sets of reconstructed humidity fields could be
achieved as

o
t=3

GPS PWV (mm)
8 8

— TSSH: Tomographic Solution with Surface Humidity
observations assimilated

— TSnoSH: Tomographic Solution with NO Surface Hu-
midity observations assimilated.

% 2

0 40 60 80
RSPWV (mm)

Figure 3. Comparison between PWV derived from radiosonde and Comparing both sets of tomographic reconstruction with ra-
GPS. RSPWV represents the PWV derived from radiosonde datadiosonde data could investigate the impact of such assimila-
GPSPW\g and GPSPWY respectively represent the GPS-derived tjon to the tomographic results. Histogram of the differences
PWV using Bevisim equation and local specifitn equation. between both tomographic solutions and measured values re-
trieved from radiosonde data is shown in Fig. 4. It indicates
Table 3. Statistics of the differences between GPS PWVs and Rsthat the mean value and standard deviation of TSSH-RS dif-
PWVs for 1 year of data in 2010. The difference (BIAS), the relative ferences are both smaller than those of TSnoSH-RS differ-
mean difference (RelativeBIAS), the relative mean absolute differ-ences. However, the vertical structure of atmospheric humid-
ence (RMAD) and the root mean square error (RMSE) are shown. ity is highly related to the altitude and observation time. For
example, a higher tomographic humidity result at low alti-

Compared BIAS Relatve RMAD RMSE tude has better quality than the lower one at high altitude
PWVs (mm)  BIAS % % (mm) even if their differences with corresponding RS observations
GPSPW\/RSPWV  0.41 0.85 3.35 184 Were equal. So quality of tomographic reconstruction can-
GPSPW\Y/RSPWV  0.04 0.10 3.26 1.75 not be fully assessed by such statistics of the whole data set

without regarding the relevant factors.

Therefore, we classified all of the nearly 30000 points’
humidity results into 16 layers which were defined in the to-
GPS-derived PWV, see Fig. 3 and RSPWVs are highly conography grid. In each layer, mean humidity of radio sound-
sistent. The linear expressions between GPS-derived PWVﬁ,g was computed, statistics of the differences between to-
and RSPWV are given as Eq. (16). mography and radio sounding were performed. The results

are shown in Fig. 5. It illustrates that the mean humidity
(16) shows an exponential decreasing gradient. For both tomo-

graphic solutions, there are negative biases in the layers that

are lower than 3500 m except for the bottom layer, while

It can be seen that there is a bias between the RSPW\ositive biases in the layers that higher than 3500 m. The
and GPSPWYV based on Bevi%, equation. Using a local RMSE of TSSH is much smaller than, nearly a half of,
specificTy, equation can remove the bias largely from 0.41 the RMSE of TSnoSH in the lowest layer, and the differ-
to 0.04 mm. The RMAD and RMSE decrease slightly. In ence decreases with altitude to nearly zero above 2000 m.
our following work, the Eq. (12) was selected for all GPS In the upper air higher than 4000 m, the RMSEs of TSSH
sites. The good agreement between GPSPWV and RSPWh¥re slightly larger than TSnoSH. The relative RMSE, ratio
also indicates the feasibility of the time window processing between RMSE and corresponding mean humidity, reduces
strategy that we used to retrieve the water vapor content anffom 0.16 for TSnoSH to 0.08 for TSSH in the lowest level.
makes sure the accuracy of our tomographic solution. However, relative RMSEs are small in the low levels while

GPSPW\4 = 1.015- RSPWV-0.2477
GPSPW\4 = 1.002- RSPWV- 0.0665

www.ann-geophys.net/32/911/2014/ Ann. Geophys., 32, 9923 2014
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Figure 6. Time series of PCCs (upper) and RMSEs (down) be-

tween different tomographic humidity profiles (TSSH blue line and

TSnoSH red line) and the ones derived from radiosonde data.

Figure 4. Histogram of the differences between different tomo-
graphic solution and radiosonde data. Mean value of the differ-
ences is 0.1294 gn® for TSSH and 0.1659 g for TSnoSH,
with standard deviation 1.2797 g for TSSH and 1.4295 g e

for TSnoSH.
the lower layer than that of the upper layer. TSSH has smaller
RMSE than TSnoSH at lower level while slightly larger in
10000 ‘ ‘ 100%0 “rssH-Rs upper level. The results demonstrate that the assimilation of
so0of| 8000 \L(M‘ surface humidity observations can improve the quality of to-
Boooo| Eso00 ’}r* mographic solution near the surface of network. These pos-
§4000 34000 & itive impacts, however, are bound in the lower atmospheric
3 N s L layer and weaken with the rise of height because all of the
2000 T 2°°°%\,, . ground meteorological sites located in low altitude. The cor-
o : e T rections to the only-GPS tomographic profile in low parts
10000 ™Mean humi iy fg/m’) 10000 BIAS (gim’) should be compensated and the compensations are “spread”
o ‘\\ BRECTHRN o ;Ef:sﬁes in all of the higher layers, which leads to a slight increase of
z \ = — differences. Considering that the water vapor is concentrated
i N\ e 7 in the lower atmosphere, which has great impact on weather
%4000 S %4000 4 change, we believe that this influence produced by adding
2000 T 2000 / surface observations to the tomographic solution is positive
A A for the application of tomography in real time weather ser-
80 05 1.0 15 20 25 3.0 8,0 05 1.0 15 20 H
RMSE (g/m®) Relative RMSE vices.

Figure 5. Statistics of the humidity differences between tomo- 4.3.2 Quality of entire humidity profile
graphic solutions and RS data in 16 layers. Statistical measures are
mean humidity (upper left), BIAS (upper right), RMSE (down left) The consistency of the individual humidity profile between
and relative RMSE (down right). tomography and RS data was also investigated. For this
purpose, Pearson’s product moment correlation coefficient
(PCC, see Appendix B) and RMSE of each individual profile
large in high altitudes. It indicates that the humidity in high were selected as the statistical measures. Larger PCC value
atmosphere is difficult to retrieve precisely because of theindicates better consistency between two profiles. Figure 6
small humidity value and the limited accuracy of tomography shows the time series of the PCCs and RMSEs for all ob-
solution (Nilsson et al., 2004). For example, in the two layerstained humidity profiles. Visually most of PCCs of TSnoSH
between 3000 and 4000 m, although the RMSE of TSSH deare lower, while RMSEs are larger, than those of TSSH. For
creased from 1.41 to 1.35 g™, the humidity also declined each profile, the PCCs of both solutions with their difference
from 5.00 to 3.64 g m? leading to the increase of the relative below 0.001 were considered equal as well as the RMSEs
RMSE from 0.28 to 0.37. with difference smaller than 0.01 gTh. Using this criterion,
Furthermore, in order to reveal the effect of surface datab6.23 % of TSSH’s PCCs and 72.90 % of TSSH’s RMSEs,
inclusion more clearly, we divided the atmosphere into twowhich take majority of corresponding statistic’'s amount, are
layers: a lower layer (altitude <4 km) and an upper one (al-better than TSnoSH's (see Table 5). Only 21.41 % TSSH's
titude >4 km). We repeated the comparisons between tomoPCCs are smaller than TSnoSH’s and even no TSSH's RMSE
graphic solutions and radiosonde in the same way as previis larger.
ously described. The results are shown in Table 4. It indi- Itis difficult to define general criteria which can be used to
cates that the accuracy of tomographic solution is better irautomatically check the success and failure of a tomographic
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Table 4. Mean humidity derived from radiosonde in lower and upper layer of atmosphere. The BIAS, RMSE and relative RMSE of tomo-
graphic solutions compared with radiosonde are also computed in two layers.

_3 3 .
Mean humidity BIAS (gm—>) RMSE (gm ) Relative RMSE
Layer (9 m‘3) TSnoSH TSSH TSnoSH TSSH TSnoSH TSSH
Lower (<4 km) 9.27 -0.17 -0.07 1.98 1.72 0.21 0.18
Upper(> 4 km) 1.08 0.36 0.37 0.77 0.78 0.71 0.72

Table 5. Comparison of the PCC and RMSE between individual panel a and the decline rate is slower. The profile a also shows
profiles derived from two tomographic solutions and radiosondesmaller vertical gradients in the high levels than that at low
data. altitudes, which is similar to the radiosonde profile. The Pro-
— file in panel c, differently, shows a nearly linear vertical gra-
Statistics TSSHbetter  Equal  TSnoSH better dient. In panel d, there is an irregular increase of humidity
PCC 56.23% 22.36% 21.41% below 1000 m shown by radiosonde data, and tomographic
RMSE 72.90% 27.10% 0.00% solutions also present the similar features. It demonstrates
that the inversions in low altitude can still be reconstructed.
Panel e shows a profile in which the humidity decrease very
rapidly from 19 g mr2 to nearly zero between 0 and 3000 m.
solution. The statistical measures are sometimes contradicFhe resolvability of different humidity profiles using tomog-
tory. There are several problems in evaluating the tomo+aphy technique is demonstrated by our NRT experiments.
graphic solution by using radiosonde data. The measure prin- This study also indicates the inability of our tomogra-
ciples of tomography and radio sounding are significantlyphy approach to reconstruct the spike layers in upper lev-
different. Radiosonde measures the atmosphere close to thds. As shown in Fig. 7f, there is an apparent humidity in-
sensors point by point when the sounding balloon ascends/ersion structure between 2200 and 5000 m represented by
while our tomographic solutions can merely provide point radiosonde profile. However, the tomographic solution failed
humidity of the grid nodes, which only represent the meanto retrieve it while it was “spread” into the neighbor lay-
state of each atmospheric layer. Radiosonde data can be imrs. The humidity inversion, which means water vapor con-
fluenced by complicated factors which are difficult to esti- centration at higher altitudes, appeared more frequently in
mate using statistics. For example, when radiosonde penghe colder dryer weather during our experiment period. This
trates the clouds, the observations maybe suffer from perturfact induced more failures of tomographic solution in colder
bations (Wang and Rossow, 1995; Chernykh et al., 2001)seasons as illustrated by Fig. 6. Studies from different re-
However, these perturbation factors usually do not occur insearchers (e.g., Flores et al., 2001b; Champollion et al., 2005;
the normal atmosphere. Furthermore, although the accuracifilsson and Gradinarsky, 2006; Perler et al., 2011) also re-
of radiosonde data is good overall, there are still unexpectedealed the same disadvantage. These studies indicated that
errors in RS profiles and sometimes the errors are rather bithe geometry of ground-based GPS network, especially in
(Wang et al., 2002; Ciesielski et al., 2010). In that case, itvertical direction, has great influence on the tomographic
is not appropriate to compare the tomographic solution withability to retrieve the spike layers above the network. Un-
radio sounding. fortunately, the Hong Kong network is a relative flat net-
However, empirical criteria were still established in our work that has deficient geometry in vertical direction. An-
study to provide an overview of the success rate of tomo-other reason for this incompetency may be that we added
graphic solutions. As shown in Table 6, only a tomographicvertical constraints as pseudo observations, as Eqg. (5) ex-
profile with both a high PCC (>0.97) and a small RMSE presses, to the tomographic equation. However, the weights
(<1.3gn?) was regarded as a success. The remaining proef the constraints are much lower than the real observations,
files were categorized into failure set. Apparent increase irso the smoothing effects should not be great. Our studies
the total amount of success was gained by using surface huabout the tomographic solutions without vertical constraints
midity measurements. All of the comparisons listed aboveshowed that in several cases the spikes could be obtained but
obviously demonstrate that surface humidity measurementthe reconstructed magnitudes of perturbations were always
inclusion can also improve the quality of entire tomographic weaker than the radiosonde. In most cases, the accuracy of
profile. tomographic solution declined without humidity inversions
Some profiles successfully retrieved from TSSH arebeing resolved.
shown in Fig. 7. These profiles have different characteris-
tics. Panel a and b show profiles with regular exponential
decrease in altitude, but the profile in panel b is dryer than
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Figure 7. Representative cases of tomographic solution and radiosonde data during our long-term study.

Table 6. Three sets of profiles divided by the quality. all indicate that the significant improvement in tomographic
solutions can be gained by introducing surface humidity ob-

Solutions Success  Failure servations. The distribution of errors is improved by reduc-

TSSH/RS 63.82% 3618% t|on§ in the mean valug and dewapon._Accurames in low lay-
TSNoSH/RS 44.44%  55.56 % ers increase substantially, especially in the bottom layer the

RMSE between tomographic results and radiosonde data is
reduced by near 50 %. However, the positive impacts reduced
quickly with altitude increasing. An assessment of individ-
ual profile quality shows that the percentage of good tomo-

A near real-time water vapor tomography system is de_graphic profiles r_ises from 44.44 to 63.82 % and the propor-
veloped in our study. Sliding time window strategy and tlpn of poorsollutlons. drops from 55.56 to 35.18%, which at-
double-difference network solution are implemented to re-libuted to the inclusion of surface observations. We are con-
trieve the GPS water vapor observations. A tomographic pifident that gssmﬂaﬂ_on (_)f surface observations is con_ducwe
linear/spline parameterized algorithm is applied. With thet,0 the practical _appllcgnon of tomography technique in real
specific advantage of such algorithm, not only GPS swystime atmosphe_rlc m°“'t9”“9-
but also surface humidity measurements with high temporal 1here are still some issues needed to solve. The tomog-
resolution are used as observations to form the tomographif@Py method we proposed in this paper is unable to recon-
equation. struct _the sp|k_e layers in the upper air. One p035|_ble solu-
A long-term tomography experiment in Hong Kong over tionis introducing COSMIQ datainto tqn‘_nography (X_|a et_al.,
the whole year of 2010 is carried out. 4-D humidity struc- 2013). CO_SM!C can provide thg humld.|ty profile W,'th h'gh
ture is reconstructed by using Kalman filter. Good agreemenficcuracy in high altitudes. Besides this, automatic quality
between tomographic solution and radiosonde data demorgontrol without comparison to other mde.pendentdata should
strates the superior performance of our tomography algoP€ developed. Robustness of the real time tomography sys-
rithm. Compared results using different statistical methods€™ ¢an be greater by independent quality control methods.

5 Conclusion and outlook
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Appendix A: Definitions of statistics

>, (OBS™S- 0BS)

BIAS =
Ndata
N OBSPPS-_0BSRS
i=17 opFS
RelativeBIAS= oBS x 100
Ndata
s | 10855%S 0BefS
=1 opFRS
RMAD = —. OBS® 100
Ndata
N PS 2
— / x), (0BSFS— 0B
Ndata

The type of OBS, in this paper, can be either the PWV or

point humidity.
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Appendix B: Pearson’s product moment
correlation coefficient

Pearson’s product moment correlation coefficient is a mea-
sure of the degree of linear dependence between two vari-
ables (Lee Rodgers and Nicewander, 1988). The mathemati-
cal formula is

PCC=

\/vazl(xi —E)Z.\/vazl(y,- _Yi)z.

Ann. Geophys., 32, 9923 2014



922 P. Jiang et al.: Long-term experiment in Hong Kong

AcknowledgementsThis study is supported by National Nat- Champollion, C., Flamant, C., Bock, O., Masson, F., Turner, D. D.,
ural Science Foundation of China (No. 41074008), National and Weckwerth, T.: Mesoscale GPS tomography applied to the
973 Program of China (No. 2012CB957701), Research Fund 12 June 2002 convective initiation event of IHOP_2002, Q. J.
for the Doctoral Program of Higher Education of China  Roy. Meteorol. Soc., 135, 645-662, 2009.

(No. 20120141110025), National 863 Program of China Chernykh, I. V., Alduchov, O. A., and Eskridge, R. E.: Trends in
(No. 2012AA12A202). The authors acknowledge the Survey low high cloud boundaries and errors in height determination of
and Mapping Office of the Lands Department, Hong Kong Special cloud boundaries, B. Am. Meteorol. Soc, 82, 1941-1947, 2001.
Administrative Region for providing GPS data and meteorological Ciesielski, P. E., Chang, W.-M., Huang, S.-C., Johnson, R.
data from the Hong Kong Satellite Positioning Reference Station H., Jou, B. J.-D., Lee, W.-C., Liu, P.-H., Liu, C.-H., and
(SatRef) Network. We also appreciate the Hong Kong Observatory Wang, J.: Quality-Controlled Upper-Air Sounding Dataset for

for providing the radiosonde data. TIMREX/SoWMEX: Development and Corrections, J. Atmos.
Thank the Department of Earth Atmospheric and Planetary Sci- Ocean. Tech., 27, 1802-1821, 2010.

ences, MIT for providing GAMIT/GLOBK software. Deng, Z., Bender, M., Zus, F., Ge, M., Dick, G., Ramatschi,
Topical Editor P. M. Ruti thanks two anonymous referees for M., Wickert, J., Lohnert, U., and Schon, S.: Validation

their help in evaluating this paper. of tropospheric slant path delays derived from single and

dual frequency GPS receivers, Radio Sci., 46, RS6007,
doi:10.1029/2011RS004682011.

References Duan, J. P., Bevis, M., Fang, P., Bock, Y., Chiswell, S., Businger,

S., Rocken, C., Solheim, F., van Hove, T., Ware, R., McClusky,

Alber, C., Ware, R., Rocken, C., and Braun, J.: Obtaining single S., Herring, T. A., and King, R. W.: GPS meteorology: Direct
path phase delays form GPS double differences, Geophys. Res. estimation of the absolute value of precipitable water vapor, J.
Lett., 27, 2661-2664, 2000. Appl. Meteorol., 35, 830-838, 1996.

Bastin, S., Champollion, C., Bock, O., Drobinski, P., and Masson,Emanuel, K., Raymond, D., Betts, A., Bosart, L., Bretherton, C.,
F.: Onthe use of GPS tomography to investigate water vapor vari- Droegemeir, K., Farrell, B., Fritsch, J. M., Houze, R., Lily, D.,
ability during a Mistral/sea breeze event in southeastern France, Shapiro, M., Smith, R., and Thorpe, A.: Report of the first
Geophys. Res. Lett., 32, L0O5808, dd):1029/2004GL021907 Prospectus Development Team of the U.S. Weather Research
2005. Program to NOAA and the NSF, B. Am. Meteorol. Soc., 76,

Bauer, H. S., Wulfmeyer, V., Schwitalla, T., Zus, F., and Grzeschik, 1194-1208, 1995.

M.: Operational assimilation of GPS slant path delay measure-Flores, A., Ruffini, G., and Rius, A.: 4D tropospheric tomogra-
ment into the MM5 4DVAR system, Tellus A, 63, 263-282,  phy using GPS slant wet delays, Ann. Geophys., 18, 223-234,
2011. doi:10.1007/s00585-000-0223-Z000.

Bender, M., Dick, G., Wickert, J., Ramatschi, M., Ge, M., Gendt, Flores, A., Rius, A., Vila-Guerau de Arellano, J., and Escudero, A.:
G., Rothacher, M., Raabe, A., and Tetzlaff, G.: Estimates of the Spatio-temporal tomography of the lower troposphere using GPS
information provided by the GPS slant data observed in Ger- signals, Phys. Chem. Earth A., 26, 405-411, 2001.
many regarding tomographic applications, J. Geophys. Res., 114zorsythe, G. E., Malcolm, M. A., and Moler, C. B.: Computer meth-
D06303, doi10.1029/2008JD011002009. ods for mathematical computations, Vol. 8, Englewood Cliffs,

Bender, M., Dick, G., Ge, M., Deng, Z., Wickert, J., Kahle, H.- NJ: Prentice-Hall, 1977.

G., Raabe, A., and Tetzlaff, G.: Development of a GNSS waterFoster, J., Bevis, M., and Businger, S.: GPS meteorology: sliding-
vapour tomography system using algebraic reconstruction tech- window analysis, J. Atmos. Ocean. Tech., 22, 687—-695, 2005.
niques, Adv. Space Res., 47, 1704-1720, 2011. Gradinarsky, L. P. and Jarlemark, P.: Ground-Based GPS tomogra-

Bevis, M., Businger, S., Herring, T. A., Rocken, C., Anthes, R. A.,  phy of water vapor: analysis of simulated and real data, J. Mete-
and Ware, R. H.: GPS meteorology: Remote sensing of atmo- orol. Soc. Jpn., 82, 551-560, 2004.
spheric water vapor using the global positioning system, J. GeoHerring, T. A., Davis, J. L., Elgered, G., and Shapiro, |. |.: Geodesy
phys. Res., 94, 15787-15801, 1992. by radio interferomtery: the application of Kalman filtering to the

Bevis, M., Businger, S., Chiswell, S., Herring, T. A,, Anthes, R. A, analysis of very long baseline interferometry data, J. Geophys.
Rocken, C., and Ware, R. H.: GPS Meteorology: Mapping zenith Res., 95, 12561-12581, 1990.
wet delays onto precipitable water, J. Appl. Meteorol., 33, 379—-Herring, T. A., King, R. W., and McClusky, S. C.: GAMIT
386, 1994. Reference Manual Release 10.4, Department of Earth, Atmo-

Boehm, J., Niell, A., Tregoning, P., and Schuh, H.: Global Mapping  spheric, and Planetary Sciences, Massachussetts Institute of
Function (GMF): A new empirical mapping function based on  Technology, available altttp://www-gpsg.mit.edu/~simon/gtgk/
numerical weather model data, Geophys. Res. Lett., 33, L07304, GAMIT_Ref.pdf(last access: 1 August 2014), 2010.
doi:10.1029/2005GL02554&006. Jarlemark, P. O. J. and Elgered, G.: Characterizations of temporal

Braun, J., Rocken, C., and LiLjegren, J.. Comparisons of line-of-  variations in atmospheric water vapor, IEEE T. Geosci. Remote,
sight water vapor observations using global positioning system 36, 319-321, 1998.
and a pointing microwave radiometer, J. Atmos. Ocean. Tech.Ka¢maik, M. and SKivankova, P.. Comparison of satellite orbit
20, 606-612, 2002. ephemerides for use in GPS meteorology, Adv. Space Res., 48,

Champollion, C., Masson, F., Bouin, M.-N., Walpersdon, A., Do-  264-269, 2011.
erflinger, E., Bock, O., and Baelen J. V.: GPS water vapour to-Lee Rodgers, J. and Nicewander, W. A.: Thirteen ways to look at
mography: preliminary results from the ESCOMPTE field ex-  the correlation coefficient, Am. Stat., 42, 59—66, 1988.
periment, Atmos. Res., 74, 253-274, 2005.

Ann. Geophys., 32, 911923 2014 www.ann-geophys.net/32/911/2014/


http://dx.doi.org/10.1029/2004GL021907
http://dx.doi.org/10.1029/2008JD011008
http://dx.doi.org/10.1029/2005GL025546
http://dx.doi.org/10.1029/2011RS004687
http://dx.doi.org/10.1007/s00585-000-0223-7
http://www-gpsg.mit.edu/~simon/gtgk/GAMIT_Ref.pdf
http://www-gpsg.mit.edu/~simon/gtgk/GAMIT_Ref.pdf

P. Jiang et al.: Long-term experiment in Hong Kong 923

Liu, Z., Wong, M. S., Nichol, J., and Chan, P. W.: A multi-sensor Shoji, Y.: A Study of Near Real-time Water Vapor Analysis Using
study of water vapour from radiosonde, MODIS and AERONET:  a Nationwide Dense GPS Network of Japan, J. Meteorol. Soc.
a case study of Hong Kong, Int. J. Climatol., 33, 109-120, 2013. Jpn., 87, 1-18, 2009.
Lutz, S. L.: High-resolution GPS tomography in view of hydrolog- Song, S. L.: Sensing three dimensional water vapour structure with
ical hazard assessment, Ph.D. thesis of ETH, 2008. ground-based GPS network and the application in meteorology,
Miidla, P., Rannat, K., and Uba, P.: Some problems in water va- Ph.D. thesis of Shanghai Astronomical Observatory CAS, 80-84,
por tomography, 5th WSEAS Int. Conf. on Environment, Ecosys-  2004.
tems and Development, Tenerife, Spain, 14-16 December, 321Freuhaft, R. N. and Lanyi, G. E.: The effect of the dynamic wet
328, 2007. troposphere on radio interferometric measurements, Radio Sci.,
Nilsson, T.: Assessment of tomographic methods for estimation of 22, 251-265, 1987.
atmospheric water vpor using ground-based GPS, Technical Re¥roller, M., Geiger, A., Brockmann, E., and Kahle, H.-G.: Determi-
port 6L, Dept. Radio Space Sci., Chalmers Univ. Tech. Goteborg, nation of the spatial and temporal variation of tropospheric water
Sweden, 2005. vapour using CGPS networks, Geophys. J. Int., 167, 509-520,
Nilsson, T. and Gradinarsky, L.: Water Vapor Tomography using 2006.
GPS phase observations: Simulation Results, IEEE T. GeosciWang, J. and Rossow, W. B.: Determination of cloud vertical struc-
Remote, 44, 2927-2941, 2006. ture from upper-air observations, J. Appl. Meteorol., 34, 2243—
Nilsson, T., Gradinarsky, L., and Elgered, G.: GPS tomography us- 2258, 1995.
ing phase observations, Geoscience and Remote Sensing Symp@/ang, J., Cole, H. L., Carlson, D. J., Miller, E. R., Beierle, K.,
sium 2004, IGARSS’04, Proceedings, 2004 IEEE International, Paukkunen, A., and Laine, T. K.: Corrections of humidity mea-
4, 2756-2759, 2004. surement errors from the Vaisala RS80 radiosonde — application
Perler, D., Geiger, A., and Hurter, F.: 4D GPS water vapor tomog- to TOGA COARE data. J. Atmos. Ocean. Tech., 19, 981-1002,
raphy: new parameterized approaches, J. Geodesy, 85, 539-550, 2002.
2011. Wang, X., Song, L., Dai, Z., and Cao, Y.: Feature analysis of
Rohm, W.: The precision of humidity in GNSS tomography, Atmos.  weighted mean temperature Tm in Hong Kong, J. Nanjing Univ.
Res., 107, 69-75, 2012. Info. Sci. Tech., 3, 47-52, 2011.
Rohm, W. and Bosy, J.: Local tomography troposphere model oveiXia, P., Cai, C., and Liu, Z.: GNSS troposphere tomogra-
mountains area, Atmos. Res., 93, 777-783, 2009. phy based on two-step reconstructions using GPS observa-
Saastamoinen, J.: Atmospheric correction for the troposphere and tions and COSMIC profiles, Ann. Geophys., 31, 1805-1815,
stratosphere in radio ranging of satellites, in: The Use of Arti-  doi:10.5194/ange0-31-1805-2013)13.
ficial Satellites for Geodesy, Geophys. Monogr., 15, 247-251,
1972.
Sheng, P. X., Mao, J. T., Li, J. G., Zhang, A. C., Sang, J. G., and Pan,
N. X.: Atmospheric physics, Peking University Press, Beijing,
2003.

www.ann-geophys.net/32/911/2014/ Ann. Geophys., 32, 9923 2014


http://dx.doi.org/10.5194/angeo-31-1805-2013

