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Abstract The evident disturbance of global positioning system (GPS) positioning results responding
to the 2017 tropical cyclone (TC) Hato is observed in both Hong Kong and Taiwan regions. The GPS
solutions of 10 baselines, i.e., five from Hong Kong and five from Taiwan, with baseline lengths ranging
from 4.8 to 46.6 km, are analyzed during the TC period from August 16 to 26, 2017. The precipitable
water vapor (PWV) variation in temporal and spatial domains is also investigated in terms of 2-5 h scale-
averaged wavelet power and normalized magnitude of spatial gradient. The results indicate that there

is a close correlation between positioning disturbance and the spatiotemporal variation of PWV during
the TC period. The daily Spearman’s correlation coefficient on TC-impacted day is 0.65 for Hong Kong
baselines, ~1.97 times as large as the mean value 0.33 of the non-TC-impacted period. Furthermore, the
positioning performance started to degrade when the normalized magnitude of the spatial gradient of
PWYV experienced a rapid increase. The degradation lasted for ~7 h, and the degrading trend for Hong
Kong baselines is 9.86 mm/h on average. For Taiwan baselines, the degradation lasted for ~31 h, and the
degrading trend is 1.20 mm/h on average. In addition, the GPS three-dimensional positioning average
accuracy on the TC-impacted day, July 22, 2017, degraded by 255% over the 10 baselines with respect to
that of the other non-TC-impacted days.

1. Introduction

Atmospheric precipitable water vapor (PWV) plays a crucial role in the Earth’s climate (Hanisco et al., 2007;
Hegglin et al., 2014; Zahn et al., 2014). It also has especially important effects on regional weather, such
as precipitation. In weather forecasts, PWV is an essential meteorological parameter, which is often as-
similated into the numerical weather prediction (NWP) models (Andersson et al., 2005; Hoffman & Gras-
sotti, 1996; Lawrence et al., 2018; Mateus et al., 2018; Wang et al., 2018), e.g., the weather research and
forecasting (WRF) model developed by the National Center for Atmospheric Research (NCAR), and the in-
tegrated forecasting system jointly developed by the European Centre for Medium-Range Weather Forecasts
(ECMWF) and Météo-France. Furthermore, PWV content in the atmosphere makes an adverse impact on
the propagation of electromagnetic waves (Gordon, 1987; Smith & Weintraub, 1953), particularly on signal
transmission between satellites and ground stations, such as global positioning system (GPS) satellites.

GPS is a powerful tool to provide the position service in different applications such as navigation (Li
et al., 2019; Zhou & Li, 2017) and subsidence monitoring (Hu et al., 2019; Hwang et al., 2016). The position-
ing accuracy principally depends on the accuracy of the models used to correct the atmospheric delays, in-
cluding the troposphere and ionosphere (Han & Wang, 2017; Macalalad et al., 2016; Vaclavovic et al., 2017;
Zou et al., 2017). Due to the ionosphere’s dispersive property, GPS signals on different frequencies have
different time delays (Garbuny, 1965). As a result, ionospheric delay can be canceled by using observations
of different frequencies (Blewitt, 1989; Dong & Bock, 1989). Unlike the correction of ionospheric delay, the
mitigation of tropospheric effect on GPS signals has to rely on different models instead, such as Saastamoin-
en (Saastamoinen1972), Hopfield (Hopfield, 1969), and UNB3 (Leandro et al., 2006, 2008). The tropospheric
delay of GPS signals is comprised of two parts: One is the hydrostatic component, accounting for ~90%, and
the other one is the wet component mainly caused by the water vapor in the atmosphere, accounting for
~10% (Hopfield, 1971). The hydrostatic component can be modeled with high precision (Tregoning & Her-
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ring, 2006). However, precise modeling of wet delay is difficult, especially in conditions of severe weather
such as tropical cyclones (TCs).

A tropical cyclone is a rapidly rotating storm system with complex weather, such as powerful winds, heavy
rainstorms, and damaging thunderstorms (Marks, 2015). With global warming, the intensity of TCs is show-
ing an increasing trend (Bhatia et al., 2019; Emanuel, 2005; Landsea, 2005; Yamaguchi et al., 2020; Zhao
et al., 2018). This trend has drawn researchers’ attention to study TCs from different aspects, including the
dynamics of the water vapor inside and outside TCs. For instance, the circulation of precipitation and water
vapor in TCs was discussed by Fudeyasu et al. (2008), Makarieva et al. (2017), and Wang and Hankes (2016).
Allison et al. (2018) simulated the vertical transport of water vapor for TC Ingrid (2013). In addition, Won
and Kim (2015) analyzed the evolution of PWV along the path of typhoon Ewiniar (2006) in both temporal
and spatial domains.

The uncertainty of PWV variation in the atmosphere, in turn, makes it hard to model the atmospheric delay
precisely and thus affects GPS precise applications. Dodson et al. (1996), Geiger (1988), and Santerre and
Geiger (2018) discussed the impact of the troposphere on the positioning performance, particularly in the
up component. The performance of GPS precise point positioning (PPP) with different troposphere models
during severe weather conditions was evaluated by Tunali and Ozliidemir (2019). The augmentation of
the PWV-related observations, e.g., in situ and NWP-derived meteorological parameters, can help improve
the performance of the GPS positioning in terms of convergence time and accuracy (Lagler et al., 2013; Lu
et al., 2016; Wang & Liu, 2019; Wilgan & Geiger, 2018; Wilgan et al., 2017). Previous research has paid a
close attention to the refinement of atmospheric modeling in order to improve the GPS positioning preci-
sion. However, in extreme cases such as tropical cyclones, the exact correlation between the PWV variation
and GPS positioning performance is seldom investigated and it is still not understood.

This research aims to investigate the impact of PWV variation on GPS positioning during the 2017 trop-
ical cyclone Hato. First, the data set, including tropical cyclone information, GPS observations, ECMWF
Re-analysis (ERAS), and the temporal and spatial analyzing models, is introduced in Section 2. Then, the
relationships between the PWV temporal and spatial variation and positioning deviation are discussed in
Section 3. The main conclusions are summarized in Section 4.

2. Data and Method
2.1. 2017 Tropical Cyclone Hato

The 2017 tropical cyclone Hato was the thirteenth tropical cyclone over the western North Pacific and the
South China Sea in 2017. It formed as a tropical depression over the western North Pacific about 740 km
east-southeast of Kaohsiung, Taiwan, on the night of August 20, 2017. On 22nd August, it intensified into a
typhoon after moving through the Luzon Strait. On 23rd August, Hato approached toward the Pearl River
estuary, Mainland China and developed into a super typhoon (superT) with winds greater than 185 km/h,
the strongest category defined by the Hong Kong Observation (HKO). It made landfall over the coast near
Macao and Zhuhai at ~04:50 UT on 23rd August. Finally, Hato moved across Guangxi, Mainland China,
on 24th August and dissipated over Yunnan at night (Hong Kong Observatory, 2019). The detailed track of
Hato was retrieved from the International Best Track Archive for Climate Stewardship (IBTrACS) of the
National Oceanic and Atmospheric Administration (NOAA), as depicted in Figure 1 (Knapp et al., 2010).

To validate the accuracy of ERAS5 data used in the following analysis of this study, we retrieved the atmos-
phere pressure in the ocean area at 00:00 UT on the days of 21st August, 22nd August, and 23rd August,
as shown in Figure 2. In addition, the corresponding TC center from the IBTrACS data was displayed. The
results show that the locations with the minimum pressure from ERA5 data set is consistent with those of
TC center (TC centers normally have the minimum pressure) from the IBTrACS data during the 2017 Hato
period. This indicates that the ERAS5 data had a good quality and suitable for this analysis.

2.2. GPS Data and Processing

The GPS data used in this study are obtained from the Satellite Positioning Reference Station Network (Sa-
tRef) operated by the Lands Department of the Government of Hong Kong Special Administrative Region
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Figure 1. The trajectory of the 2017 tropical cyclone Hato. The intensities are classified into seven categories according
to the 10 min average maximum wind speed near the tropical cyclone center. 1. Super Typhoon (SuperT) with wind
speed of 185 km/h and above; 2. Severe Typhoon (ST) with wind speed of 150-184 km/h; 3. Typhoon (T) with wind
speed of 118-149 km/h; 4. Severe Tropical Storm (STS) with wind speed of 88-117 km/h; 5. Tropical Storm (TS) with
wind speed of 63-87 km/h; 6. Tropical Depression (TD) with wind speed of 41-62 km/h; 7. Low (LW) with wind speed
of ~40 km/h. The position of TC center along its track is displayed at a 3 h interval. The location of TC center at 00 UTC
each day is indicated with the date in August 2017. TC, tropical cyclone.

(HKSAR), and the Global Positioning System Network operated by the Institute of Earth Sciences (IES),
Academia Sinica of Taiwan. The spatial distribution of the GPS stations is illustrated in Figure 3. 10 base-
lines were formed from the stations. They are HKMW-HKPC, HKKT-HKST, HKKT-HKOH, HKSL-HKSS,
HKCL-HKWS from the Hong Kong network, and S104-TTSH, ERPN-SHAN, ERPN-TTSH, SHAN-S104,
SHAN-TTSH from the Taiwan network, with baseline length of 4.8 km, 13.3 km, 27.5 km, 35.7 km, 46.6 km,
9.2km, 18.8 km, 21.7 km, 31.9 km, and 40.4 km, respectively. Their reference coordinates were obtained us-
ing the GPS Software Bernese in the PPP model (Dach et al., 2015). Then, the baseline pairs were processed
in the relative positioning mode using the software of RTKLIB (Takasu, 2011). The processing strategy is
summarized in Table 1. It is worthwhile to note that the ionosphere-free combination observations L3 were
used to mitigate the ionosphere effects, because previous studies suggested that the tropical cyclones can
trigger ionospheric irregularities (Ke et al., 2019; Yang & Liu, 2016).

2.3. GPS-Based PWV
2.3.1. PWV Retrieval from GPS Observations

To get PWV with a high temporal resolution, e.g., 15 min, the zenith wet delay (ZWD) at GPS stations is esti-
mated in PPP mode. After error correction on GPS measurements, such as the phase center offset (PCO) and
variation (PCV), phase wind-up, relativistic effect, and site displacements effects (Kouba & Héroux, 2001;
Zumberge et al., 1997), the PPP estimation model can be simplified as:

Bl = pi +c-(dt, —di*) + m} -(ZHD, + ZWD, ) + e )

r

Il = Pl e (dt, - dr“) +m} -(ZHD, + ZWD, ) + A - Nip + &5 @)
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Figure 2. The tropical cyclone Hato’s eye center (pink cross) from the
IBTrACS data set at 00:00 UT on three days i.e., (a) August 21, 2017, (b)
August 22, 2017, and (c) August 23, 2017. The background color represents
the surface pressure retrieved from the ERAS5 data. It shows that the
locations of minimum pressure derived from ERAS data match very well
with those of eye centers derived from IBTrACS data set. The pressure on
the land was not shown for the purpose of clear illustration. ERA, ECMWF
Re-analysis; IBTrACS, International Best Track Archive for Climate
Stewardship.

where P (m) and @ 1k (cycle) are the ionosphere-free combination ob-
servations on pseudorange and carrier phase measurements from the sat-
ellite s to the receiver r, respectively; A is the carrier phase wavelength of
the ionosphere-free combination; p,* (m) represents the geometrical dis-
tance between the satellite and the receiver; c (m/s) is the speed of light in
vacuum; dt, (second) and dt’ (second) are the clock errors of the receiver
and satellite, respectively. ZHD, and ZWD, are the two components of the
tropospheric delay, i.e., zenith hydrostatic delay which can be precisely
obtained from models as mentioned above, and zenith wet delay which
usually is estimated along with the coordinates and other parameters,
above the GPS receiver. m,’ is the mapping function, which project the ze-
nith delay into the slant delay in the line-of-sight direction; Njr represents
the noninteger ambiguity of ionosphere-free carrier phase combination;
err (m) and g (m) are the relevant measurement noise components on
pseudorange and carrier phase measurements, respectively.

Based on the ZWD at the station, the corresponding PWV can be calculat-
ed by the following formula (Yeh et al., 2016):

PWV =ZWD - I1 3)

where II is the PWV conversion factor, and can be expressed as (Yeh
et al., 2016):

10°

= PR, (K + Ky 1T, “

m

where p,, (kg/m?®) is the density of liquid water; R, is the specific gas con-
stant for water vapor; T,, (Kelvin) is the weighted-mean temperature of
the atmosphere; K, and Kj; are two atmospheric refractivity constants.

In detail, the numerical expression of T, can be written as (Yeh
et al., 2016):

5

where H (m) is the height of the station; e(h) (hPa) is the water vapor
pressure at the given height h; T(h) (Kelvin) is the absolute temperature
at the given height h; dh (m) is the increment along the vertical integral
path.

2.3.2. Scale-Averaged Wavelet Power of Differenced PWV

The continuous wavelet transformation (CWT) was herein utilized to analyze the characteristics of the
PWYV differences between two GPS stations of each baseline in the time-frequency domain. A time series
of PWV difference between two stations was generated. Then, the CWT was applied to the time series thus
even small variations can be extracted. The variations revealed by the CWT transformation can help to study
GPS positioning disturbances resulting from the abnormal variation of PWV due to the superT.

CWT is a functional approach to investigate the time-varying frequency spectrum characteristics of non-
stationary signals (Sadowsky, 1994). The transformation has been widely used for numerous studies in
geophysics, including tropical convection (Weng & Lau, 1994), lightning (Larnier et al., 2017), and earth-
quakes (Sinha et al., 2005). The detailed implementation of the CWT has been described in Liu et al. (2007),
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Figure 3. Distribution of the GPS stations in Hong Kong and Taiwan regions. GPS, global positioning system.

Nenadic and Burdick (2005), and Torrence and Compo (1998). The CWT can be simplified as the following

expression:

Table 1

N-1 ,
W, (s) = EO X * (s )e’””‘"ﬁ' (6)

Configuration of GPS Data Processing

Items Models and strategies

Observations Pseudorange and carrier phase on GPS L3 ionosphere-free combination observations
Observation weighting Elevation-dependent weight

Sampling interval 30s

Elevation mask angle 10°

Satellite orbit
Satellite clock
Ionospheric delay
Tropospheric delay
Ambiguity resolve
Receiver coordinates

Filter model

Fixed using the products from the IGS (Dow et al., 2009)
Fixed using the products from the IGS

First-order effect eliminated by ionosphere-free combination
Estimated with the coordinates

Estimated as real number

Estimated in the kinematic mode

Forward and backward

GPS, global positioning system; IGS, International GPS Service.
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where s is the wavelet scale; n is the localized time index; k = 0..N—1 is the frequency index; %, is the dis-
crete Fourier transform (DFT) of the observation sequence; ¥ is the Fourier transform of the wavelet basis,
such as Morlet used in this study; the operator (x) is the complex conjugate; &t is the time step.

Moreover, the power variation over a range of scales was examined by scale-averaged wavelet power, which
is defined as the weighted sum of the wavelet power spectrum over scale s; to s,:

W, (s;)

‘2

W2 = 0jot i (®
n Cﬁ J=1
s; =502/, =01....J 9)
_ Not
J =68 og 2(—] (10)
So

where s, is the smallest resolvable scale and s; is the largest scale; Cs is the reconstruction factor of the wave-
let basis, e.g., 0.766 for Morlet with frequency of 6; dj is the factor for scale averaging; The other terms have
been previously defined.

In addition, a significance test for the scale-averaged wavelet spectrum was applied to determine if the time
series has a mean power spectrum. In other words, if a peak in the wavelet power spectrum is significantly
larger than this background spectrum, then it can be assumed to be a true feature with a certain confidence
coefficient, e.g., the 95% confidence level used in this study (Torrence & Compo, 1998).

2.4. ERA5-Based PWV
2.4.1. PWV Retrieval From ERA5 Product

Although the GPS-based PWV has a high temporal resolution, its spatial resolution is low. Particularly
in the marine area, there is no GPS station. But the PWV above the marine area can be retrieved from
the ERAS5 product (Copernicus Climate Change Service (C3S), 2017), which can facilitate the study of the
spatial variation of PWV in both Hong Kong and Taiwan regions. ERAS is the fifth generation ECMWF
atmospheric re-analysis of the global climate (Simmons et al., 2020). Compared with previous generations,
the accuracy of ERAS has been further improved, e.g., global-mean correlation with monthly mean GPCP
data was increased from 67% to 77% for precipitation (Hersbach et al., 2020). It provides hourly data on a
large number of atmospheric, land, and oceanic climate variables on a global scale. The spatial resolution
is 0.25 ° x 0.25 ° in latitude and longitude with 37 pressure levels in the vertical. In addition, ERAS5 also
provides column-total hourly data, i.e., parameters integrated from the surface to the top of the atmosphere.
The product of ERAS5 hourly data on single level can be downloaded from website (https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form) and the PWV data can be directly
retrieved from the ERAS data set. The ERA5-based PWV data on single level used in this study covers the
area of 15°N to 25°N, and 112°E to 124°E.

2.4.2. Spatial Gradient of ERA5-Based PWV

The spatial gradient of the ERA5-based PWV is used to investigate the spatial variation of PWV during the
TC period in Hong Kong and Taiwan regions. The spatial gradient can be defined as the first-order deriva-
tive along the latitude and longitude at a given location:
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of Hato. The distances from the center of the tropical cyclone to Hong Kong and Taiwan are shown in (a) and (b) of the bottom panel.

PWngd =

[aPWV(lat,lon) 6PWV(1at,10n)‘| (11)

Olat Olon

This formula is derived under the assumption that the PWV has derivatives along the latitude and longi-
tude. The ERA5 data set is generated by a hybrid incremental 4-dimensional variational data assimilation
(4D-Var) system via integrated forecasting system with the version of Cycle 41r2, which was operational at
ECMWEF in 2016 (Hersbach et al., 2019). The linear model in both temporal and spatial domains has been
applied to data processing of integrated forecasting system (Courtier et al., 1994). Therefore, we assumed
the ERAS5-derived PWV has derivatives in the directions of latitude and longitude.

3. Results and Discussions
3.1. Illustration of GPS Positioning Disturbances Responding to the TC

In this section, the performance of GPS positioning during the lifecycle of 2017 tropical cyclone Hato is
evaluated from aspects of positioning error in the directions of east, north, and up as shown in Figure 4.
Significant positioning disturbances can be clearly observed for baselines in both Hong Kong and Taiwan
with the approach of the TC Hato. The disturbance to the baselines in Hong Kong occurred at ~07:00 UT on
August 22, 2017, when Hato was ~500 km far from Hong Kong. The disturbance to Taiwan’s GPS baselines
started at ~00:00 UT on August 21, 2017 and ended at ~07:00 UT on 22nd August. During this period, Hato
was passing by Taiwan at the closest distance of ~300 km. After the TC left far away from Taiwan with a
distance of ~700 km, the positioning error experienced a slight vibration, which can be observed at ~02:00
UT on 23rd August.

In addition, small and periodical disturbances can be clearly observed at ~07:00 UT every day in the base-
line HKSL-HKSS. The periodical disturbances were labeled as A with arrows in Figure 4 (a). Such periodical
disturbances can also be captured in other baselines, even though they are not as obvious as those in the
baseline HKSL-HKSS. They were probably due to the observation of fewer satellites and poorer geometric
distribution (Blanco-Delgado et al., 2017; Meng et al., 2015). The number of observed satellites and the
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geometric dilution of precision (GDOP) of the station HKSL are shown in Figure 5. Around seven satellites
at ~07:00 UT every day were visible at station HKSL for a duration of one hour. The GDOP value was ~4,
two times larger than the normal value in the other time. On 17 August, there is a large positioning bias for
baselines in Taiwan, marked as B with arrows in Figure 4 (b). This bias is not caused by the TC Hato, and
the detailed explanation will be provided in the next section.

Figure 6 demonstrates the three-dimensional (3D) positioning error against the TC distance for GPS base-
lines in Hong Kong and Taiwan. Positive distances indicate that the TC was approaching Hong Kong or
Taiwan, and negative values indicate that the TC was leaving these regions. For baselines in Hong Kong, the
root mean square (RMS) of positioning error started to increase at ~00:00 UT on 22nd August with the TC
distance of ~650 km and reached its peak at ~07:00 UT on 22nd August with the TC distance of ~500 km.
When the TC made landfall near Hong Kong with a distance of ~100 km, the RMS positioning error expe-
rienced another increase again. For baselines in Taiwan, the RMS positioning error started to increase at
~00:00 UT on 21st August when the TC distance was ~500 km far away from Taiwan. The RMS positioning
error reached its peak at ~07:00 UT on 22nd August when the TC was ~ —400 km far from Taiwan. After
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Figure 6. The RMS of positioning error against the distance between
Hato and Hong Kong (a) and the distance between Hato and Taiwan (b).
Positive distances indicate that the tropical cyclone was approaching Hong
Kong or Taiwan, and negative values indicate that the tropical cyclone was

leaving these regions. RMS,

root mean square.

the TC left away from Taiwan, the RMS positioning error showed another
significant increase at the TC distance of ~ —700 km.

3.2. PWV and Differenced PWV Between GPS Stations

To investigate the correlation between the positioning disturbances and
the PWYV variation over the GPS stations, the corresponding ZWD data
were first estimated using the PPP processing model. The estimated ZWD
data had a temporal resolution of 15 min. To convert the ZWD into PWYV,
the weighted-mean temperature in the conversion formula was calculat-
ed from the ERAS hourly pressure level data. Meanwhile, the weight-
ed-mean temperature was linearly interpolated in the temporal domain
to ensure that it has the same sampling rate as ZWD. The resultant time
series of the PWV at Hong Kong and Taiwan stations are provided in Fig-
ure 7 (a) and (b), respectively. It is obvious to note the PWV soared to a
high level immediately before the TC passed by Hong Kong and Taiwan.
The PWV reached the peak value, i.e., ~70 kg/m* when the TC had the
closest distance to Hong Kong and Taiwan. Then, it declined gradually
when the TC was leaving away. In addition, the PWV retrieved from the
ERAS5 data set well matched the PWV calculated from GPS stations in
Hong Kong during the TC period. Although the PWV from ERAS5 was un-
derestimated in the Taiwan region, it followed the same variation trend as
that calculated from GPS stations.

Furthermore, the differenced PWV between two stations of each base-
line was calculated based on the PWV at each GPS station, as shown in
Figure 7 (c)—(1). For the short baselines, i.e., HKMW-HKPC and S104-
TTSH, the variation of differenced PWYV is very small without significant
fluctuation. In contrast, the differenced PWV for long baselines varies
significantly with time. Different fluctuation patterns can be observed in
the time series of differenced PWYV, such as a high-frequency fluctuation
marked as arrow A for Hong Kong GPS baselines, and a rapid increase

marked as arrow B for Taiwan GPS baselines. The abnormal variation of PWV and its impact on the posi-
tioning performance will be further discussed in following sections.

3.3. Scale-Averaged Wavelet Power of GPS-Based Differenced PWV

To further study the PWV impact on the GPS positioning performance under the TC condition, the CWT
operation was applied to the time series of differenced PWV. Before the CWT operation, data preprocessing
on differenced PWYV, including detrending and normalizing, has been carried out to remove the linear trend
and scale effect. The detrending processing can be described as:

PWV, () = PWV (1) — PWV(1) (12)

PWV(i)=a-1+b (13)

where PWV () is the detrended PWV at time t; PWV(¢) is the original observation sequence; P/vﬁ/ (t) is the
linear regression using least squares.

The normalizing formula can be expressed as:

PWV, (1)
S

PWV, (1 ) (14)

YU AND LIU

9of 19



V ad |
AGU

Earth and Space Science 10.1029/2020EA001371
ee® HKCL HKOH HKSS ee®® HKWS
000 HKKT HKPC ®e®e® HKST e®® ERAS ®ee® ERPN SHAN eee® ERA5
HKMW eee® HKSL S104 eee TTSH
g g €
= 2
(0] Q
[&] o
= o
3 S
L R7Z]
o )
- 2000 = - 2000
- 1500 - 30 - - 1500
F1000 257 - 1000
- 500 15 - 500
10 0 1 0

16 17 18 19 20 21 22 23 24 25 26 16 17 18 19 20 21 22 23 24 25 26
August 2017 August 2017

12_: (6) HKMW-HKPC (4.8 km) 12_ (7) ST04-TTSH (9.2 km)

04 0 W mArmerstm Moty o
6 6 1
_12_'|'|'||'|'|'|'|'|'|' _12‘|'I‘I'I'I'I'I'I'I'l'
12 5 } 12

29 + 2 I () ERPN-SHAN (8.8 km)
0 v i 04W i\f‘ B L £
61 -6 1

T E

= d) HKKT-HKST (13.3 km S
g_1Z-V(I)I'II'I('I'I')I'I'I' g_12'I'I‘I'I'I'I'I’I'I'l‘
= %EW s 12' SrEREsass T

o E o E

kel 0 ] o 0

2 ;g; (€) HKKT-HKOH (27.5 km) 8 ;‘;'

S e ————— T T q)—' LA B S B S L S S B S B B S S e s |
S = L

0 I AP
-6 1

—12 +— | BENLE B S M m S e s e m e e _12 T T T T T T T T T T
1%_: (g) HKCL-HKWS (46.6 k) 1% T () SHAN-TTSH/(40.4 km)
0 EVMWMM 0 -MWM
-6 3 -6
_12 . T T T T T ITAI T T T _12 T T T T T T T T T T 1
16 17 18 19 20 21 22 23 24 25 2 16 17 18 19 20 21 22 23 24 25 2
August 2017 August 2017

Figure 7. The PWYV evolution during the TC period as observed by Hong Kong stations (a) and Taiwan stations (b).
The differenced PWV between two GPS stations of each baseline for Hong Kong (c) to (g), and Taiwan (h-1). PWV,
precipitable water vapor; TC, tropical cyclone.

where PWV, (1) is the normalized PWV at time ¢; S is the standard deviation of the detrended PWV.

After data preprocessing, the scale-averaged wavelet power was calculated to investigate the changing pat-
tern of the differenced PWV. The determination of the time scale was made based on the structure of TCs.
The spiral band structure in the vicinity of TCs has a breadth of tens of kilometers on average (Subrah-
manyam et al., 2018; Yu et al., 2018). The bands propagate outward in the form of waves along the radial
direction for a period of several hours (Nolan & Zhang, 2017; Shi et al., 2020). Accordingly, the 2-5 h scale
was herein selected.

In Figure 8, the 2-5 h scale-averaged wavelet power of differenced PWV for 10 GPS baselines is demonstrat-
ed. Different changing patterns for baselines in Hong Kong and Taiwan can be observed. There is a signifi-
cant pulse at ~07:00 UT on August 22, 2017 for baselines in Hong Kong, i.e., HKKT-HKST, HKKT-HKOH,
HKSL-HKSS, and HKCL-HKWS. The peak values of the four baselines are 0.89, 1.04, 0.61, and 1.19, much
larger than the mean power spectrum with the 95% confidence level, i.e., 0.10, 0.14, 0.14, and 0.18. How-
ever, this apparent increase does not appear in the baseline HKMW-HKPC because of its short length
(only 4.8 km), in which the spatial correlation at two GPS stations is strong (Ahn et al., 2006; Lawrence
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Figure 8. 2-5 h scale-averaged wavelet power of differenced PWV between two GPS stations of each baseline in Hong
Kong (a-e), and Taiwan (f-j). The red dot-dashed line denotes a mean power spectrum with 95% confidence level. The
vertical pink line in (a-e) denotes the time of 07:00 UT on 22nd August, when the wavelet power reached the peak. The
pink area from 00:00 UT on 21st August to 07:00 UT on 22nd August denotes the period when PWV experienced the
abnormal variation in Taiwan. In addition, the blue line (f-j) denotes another increase of wavelet power at 02:00 UT on
23rd August in Taiwan. GPS, global positioning system; PWV, precipitable water vapor.

et al., 2006; Wielgosz et al., 2011). This pulse indicates there was a distinct variation of PWV at ~07:00 UT
on 22nd August, when Hong Kong was right in the affected radius of the TC.

In comparison, the scale-averaged wavelet power for baselines in Taiwan has a more stable variation with-
out significant increase. The mean power spectra of the five baselines are 0.06, 0.14, 0.16, 0.23, and 0.28, re-
spectively, slightly larger than those of baselines in Hong Kong. Although there was no significant increase,
the slight fluctuation between 21st and 22nd August could still be observed in the baselines, ERPN-SHAN,
ERPN-TTSH, SHAN-S104, and SHAN-TTSH except the shortest baseline S104-TTSH. In addition, a small
increase of wavelet power for all the baselines occurred at ~02:00 UT on 23rd August.

3.4. Normalized Magnitude of Spatial Gradient of ERA5-Based PWV

To study the impact of the spatial variation of PWV on the GPS positioning performance, the PWV covering

the area of 15°N to 25°N and 112°E to 124°E has been retrieved from the ERA5 data set. Based on the ERA5-

based PWYV, the normalized magnitude of spatial gradient of PWYV is established and defined as:
|PWV(1at,lon)|

orm max(PWV(lat,lon))

PWV(lat,lon)n (15)
where max (PWV(lat,lon)) is the maximum PWV during the whole period at a location with given latitude

and longitude; PWV(lat,lon) is the gradient vector of PWV at the same location; The operator |-| denotes
the norm of a vector.

The normalized magnitude of the spatial gradient of PWV on August 20, 2017 and August 22, 2017 was cal-
culated and shown in Figure 9 and Figure 10, respectively. The first band with strong normalized magnitude
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Figure 9. Normalized magnitude of the spatial gradient of PWV in Hong Kong and Taiwan regions on August 20, 2017. On this day, the tropical cyclone center
was out of the study area thus it was not shown. PWYV, precipitable water vapor.

of PWV spatial gradient started to hit the east coast of Taiwan island at ~18:00 UT on August 20, 2017, when
the TC center was ~600 km far away from Taiwan. The normalized magnitude above the GPS stations was
4.749 on average. Five hours later, it increased considerably to a value of 10.556. When the first band with
large PWYV spatial gradient hit Hong Kong region at ~00:00 UT on 22nd August, the TC was ~650 km far
away from Hong Kong. The normalized magnitude above the GPS stations is 1.936 on average, ~2 times as
large as the average value of 0.999, just three hours before the first band with large PWV spatial gradient hit
Hong Kong. The normalized magnitude in Hong Kong varied afterward as we could see several bands with
strong PWYV spatial gradient hit Hong Kong continuously.

The normalized magnitude in Hong Kong was smaller than that in Taiwan. That was primarily due to the
different terrains of Hong Kong and Taiwan (Bao et al., 2017; Wang et al., 2020; Yeh et al., 2016). The east
coast of Taiwan is mountainous, which blocks most of PWV flux from the sea. Although Hong Kong is also a
mountainous region, the mountains are not as continuous as Taiwan does. Thus, we presume that the PWV
flux cannot be blocked as effectively as over Taiwan, which helps explain these results.
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Figure 10. Normalized magnitude of the spatial gradient of PWV in Hong Kong and Taiwan regions on August 22, 2017. PWYV, precipitable water vapor.

3.5. Relationship Between Scale-Averaged Wavelet Power of Differenced PWV and GPS Baseline
Positioning Error

To investigate the correlation between the 2 and 5 h scale-averaged wavelet power of differenced PWV and
GPS baseline positioning error in the same scale, the scaling function was applied to scale-averaged wavelet
power using the equation as:

power — min ( power)

poweryy = (16)

max(power) - min(power)

POWeEl, e = POWELy X [max(RMS) - min(RMS)J + min(RMS) @17)

where power denotes the 2-5 h scale-averaged wavelet power; RMS denotes the root mean square error of

the three dimensional position; and powergy and power,eq represent the standardized and scaled power,
respectively.

The results for the baselines in Hong Kong and Taiwan are shown in Figure 11. In the Hong Kong results,
one sharp peak in the scaled power of differenced PWYV, denoted as red curve in the plots, is observed
at all the five baselines. Correspondingly, one sharp peak in GPS baseline positioning error, denoted as
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Figure 12. Mean Spearman’s correlation coefficient over the non-TC-
impacted period (August 16-26, 2017, excluding 22nd August) and the
coefficient on the TC-impacted day of 22nd August 2017 for baselines in
Hong Kong and Taiwan. TC, tropical cyclone.

blue curve, occurs at the same time. All the peaks occurred at ~07:00 UT
on August 22, 2017. The scaled power is 0.08, 0.11, 0.10, 0.18, and 0.18
for HKMW-HKPC, HKKT-HKST, HKKT-HKOH, HKSL-HKSS, and HK-
CL-HKWS, respectively. The corresponding RMS positioning errors are
0.068 m, 0.135 m, 0.141 m, 0.215 m, and 0.131 m, respectively.

The same general pattern of the scaled power and positioning error can be
observed in Taiwan baselines at ~00:00 UT on 17th August, at ~07:00 UT
on 22nd August, and at ~02:00 UT on 23rd August. At 00:00 UT on 17th
August, there was a reasonable agreement between the RMS positioning
error and scaled power of the baselines. For ERPN-SHAN, SHAN-S104,
and SHAN-TTSH, the RMS positioning errors were 0.184 m, 0.264 m, and
0.298 m, and the scaled powers were 0.10, 0.18, and 0.21, respectively. It
should be noted that this qualitative association between RMS position-
ing error and scaled power corresponds with the positioning disturbances
marked as B in Figure 4 (b). The second correlated variation occurred at
the end of abnormal variation of PWYV, i.e., ~07:00 UT on 22nd August.
The RMS positioning errors were 0.086 m, 0.089 m, 0.159 m, 0.143 m, and
0.207 m for S104-TTSH, ERPN-SHAN, ERPN-TTSH, SHAN-S104, and
SHAN-TTSH, respectively. The corresponding scaled powers were 0.05,
0.12, 0.05, 0.13, and 0.10, respectively. In addition, the third correlation
can be observed at ~02:00 UT on 23rd August. The value of scaled power
is smaller than those of the other two matches and it corresponds to the
large RMS positioning error at ~ -700 km in Figure 6 (b).

To further investigate the exact correlation between the wavelet power of
differenced PWV and the GPS baseline positioning error, the daily Spear-
man’s rank-order correlation coefficient was calculated using the follow-
ing equation (Zwillinger, 2002):

~ 63d;
= 1_11(n2——1) (18)

where d; is the difference in paired ranks; and » is the number of samples.

The averaged correlation coefficient over the non-TC-impacted peri-
od from August 16 to 26, excluding 22nd August, and the coefficient
on the TC-impacted day of 22nd August are shown in Figure 12. The
classification of the correlation coefficient is provided in Table 2. In the
non-TC-impacted period, the correlation between the wavelet power of
differenced PWV and positioning error is low for both Hong Kong and
Taiwan baselines, with mean coefficients ranging from 0.18 to 0.40. How-
ever, on the TC-impacted day, the Hong Kong baselines had much higher
correlations ranging from 0.39 to 0.85. The daily correlations on 22nd Au-
gust for the Taiwan baselines are very low, with the coefficients ranging
from 0.01 to 0.25.

3.6. Relationship Between Normalized Magnitude of the Spatial
Gradient of PWV and GPS Baseline Positioning Error

The normalized magnitude of spatial gradient of PWV above all the
GPS stations was calculated to investigate the correlation between the
spatial variation of PWV and GPS baseline positioning error. The nor-
malized magnitude is shown as the red curve in Figure 13, and the RMS
of GPS baseline positioning error is shown as the blue curve. The mean
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Figure 13. The RMS of GPS positioning three dimensional error
for baselines for Hong Kong (a—e) and Taiwan (h-1), and normalized
magnitude of the spatial gradient of PWV above all the GPS stations in

Hong Kong (g) and Taiwan (m). The normalized magnitude is represented
as red curves, and the RMS positioning error is represented as blue curves.
The increase trend is represented by the coefficient of the linear regression
function of y = coef - x + b. The vertical pink lines and area have the same
meaning as in Figure 11. GPS, global positioning system; PWYV, precipitable

water vapor;

RMS, root mean square.

magnitude in Hong Kong region during the whole period is 0.785, which
is significantly lower than the mean value 6.690 in Taiwan.

The normalized magnitude started to increase at ~00:00 UT on 22nd Au-
gust and hovered at a high level until ~18:00 UT on 23rd August. During
this period, TC Hato was approaching and made a landfall in Hong Kong,
and the normalized magnitude of spatial gradient of PWV experienced
an unstable variation. The mean magnitude is 1.461, ~2 times larger
than the mean value before and after that period, i.e., 0.607 and 0.751.
In terms of the positioning error, the RMS positioning error started to
increase at ~00:00 UT, and reached the peak at ~07:00 UT on 22nd Au-
gust. The increase trend is 4.9 mm/h, 6.7 mm/h, 5.1 mm/h, 12.9 mm/h,
and 19.7 mm/h for HKMW-HKPC, HKKT-HKST, HKKT-HKOH, HK-
SL-HKSS, and HKCL-HKWS, respectively.

For the Taiwan area, the normalized magnitude in Taiwan began to in-
crease at ~00:00 UT on 21st August, when Hato was hitting the east coast
of Taiwan. It stayed at a high level, i.e., ~10, for the following days with
only a slight decline. The mean magnitude after the sudden increase is
8.169, ~1.67 times as large as the mean value 4.920 before the increase.
After the sudden increase of the magnitude, the positioning performance
continued to be degraded until ~07:00 UT on 22nd August. The degrad-
ing trend is 0.9 mm/h, 1.0 mm/h, 1.3 mm/h, 1.5 mm/h, and 1.3 mm/h for
S104-TTSH, ERPN-SHAN, ERPN-TTSH, SHAN-S104, and SHAN-TTSH,
respectively.

To further evaluate the GPS positioning performance when the normal-
ized magnitude had a high level, the degradation percentage is calculated
using the equation:

RMS,, — RMS

RMS

mean

degradation percentage = x 100

19)

mean

where RMS,q, represents the maximum of the RMS positioning error at
~07:00 UT on August 22, 2017 for both Hong Kong and Taiwan regions;
RMS,;can is the averaged RMS positioning error over the non-TC-impact-
ed period from August 16 to 26, 2017, excluding 22nd August.

The mean and peak RMS of GPS baseline positioning error for baselines
in Hong Kong and Taiwan are shown in Figure 14. The mean RMS po-
sitioning error on the non-TC-impacted days is approximately 44 mm
on average, ranging from 30 to 60 mm. The peak RMS positioning error
on the TC-impacted day has large values ranging from 96 to 215 mm,
approximately 156 mm on average. The averaged degradation percent-
age over these 10 baselines is 255%. This indicates that the TC Hao had
a significant influence on the GPS positioning performance, and the
performance started to be degraded for baselines in Hong Kong and
Taiwan when the magnitude of spatial gradient of PWV experienced a
rapid increase.

4. Conclusions

During the 2017 TC Hato, the PWV and GPS positioning performance
in both Hong Kong and Taiwan experienced significant variations. Our
analysis showed that performance of GPS positioning in both Hong Kong
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and Taiwan was adversely affected by the PWV variations resulting from
the TC Hato.
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When the TC was ~500 km far away from Taiwan at ~00:00 UT on Au-
gust 21, 2017, it brought rich PWV to the east coast of Taiwan. The PWV
above the GPS stations in Taiwan became more unpredictable due to its
high-dynamic variation in temporal and spatial domains, leading to the
performance degradation of GPS baseline positioning. After the TC left
from Taiwan and was ~500 km away, the performance of GPS baseline
positioning came back to normal level.
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Figure 14. Mean and peak RMS of the GPS baseline positioning error
in the three dimensional component for 10 baselines in Hong Kong and
Taiwan. The mean RMS positioning error is calculated by averaging the
RMS positioning error of each baseline over the non-TC-impacted period
from August 16 to 26, 2017, excluding 22nd August. The peak RMS

the PWV showed unstable variations in the both temporal and spatial do-
mains. As a result, the positioning performance started to degrade. When
the TC made the landfall at ~4:00 UT on 23rd August, the PWV varied in
a different pattern, which resulted in the positioning disturbances again.
The positioning performance returned to normal level after the TC left
Hong Kong.

positioning error represented the largest RMS positioning error at ~07:00

UT on August 22, 2017. The degradation percentage of each baseline is
labeled as the red value in parentheses. GPS, global positioning system;
PWYV, precipitable water vapor; RMS, root mean square; TC, tropical

cyclone.

ey

)

In summary, the high-dynamic variation of PWV in temporal and spatial
domains, which was triggered by the invasion of the 2017 TC Hato, led
to significant disturbances to the GPS positioning performance in Hong
Kong and Taiwan regions.

There is a high correlation between wavelet power of time series of differenced PWV and RMS of po-
sitioning error in the three dimensional component for baselines in Hong Kong on 22nd August. The
daily Spearman’s correlation coefficient is 0.50, 0.78, 0.85, 0.71, and 0.39 for baselines HKMW-HKPC,
HKKT-HKST, HKKT-HKOH, HKSL-HKSS, and HKCL-HKWS, respectively. Although the daily coef-
ficient for baselines in Taiwan is small, the instantaneous correlation is strong at ~07:00 UT on 22nd
August

With the approach of the TC toward Hong Kong and Taiwan, the normalized magnitude of spa-
tial gradient of PWV started to increase. At the same time, the positioning performance began to
degrade, and RMS positioning error began to increase. The RMS positioning error increase trend
is 4.9 mm/h, 6.7 mm/h, 5.1 mm/h, 12.9 mm/h, and 19.7 mm/h for baselines HKMW-HKPC, HK-
KT-HKST, HKKT-HKOH, HKSL-HKSS, and HKCL-HKWS, respectively. For the baselines in Tai-
wan, the RMS positioning error increase trend is 0.9 mm/h, 1.0 mm/h, 1.3 mm/h, 1.5 mm/h, and
1.3 mm/h for S104-TTSH, ERPN-SHAN, ERPN-TTSH, SHAN-S104, and SHAN-TTSH, respectively.
The average degradation percentage is 255% for the 10 baselines when compared to the mean RMS
positioning error during the non-TC-impacted period from August 16 to 26, (excluding 22nd Au-
gust) 2017

Data Availability Statement

For feasibility, the data used in this study have been uploaded to the public domain repository, i.e., Figshare,
which is a free data repository open to the public. The daily GPS data in the format of Receiver Independ-

ent

Exchange Format (RINEX) 2.11 during the period from August 16 to 26, 2017 can be download from

https://doi.org/10.6084/m9.figshare.12781808.v1. The GPS satellites’ daily precise orbit (.sp3) and clock
(.clk_30s) products can be downloaded from https://doi.org/10.6084/m9.figshare.12782075.v1. The records
of the tropical cyclone Hato 2017 can be downloaded from https://doi.org/10.6084/m9.figshare.12781820.
v1. The total column water vapor of ERAS hourly data on single level ranging from 15°N to 25 N and 112 E
to 124 E in latitude and longitude during the period from August 16 to 26, 2017 can be downloaded from
https://doi.org/10.6084/m9.figshare.12781778.v1.
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