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Abstract: Homogenized atmospheric water vapour data is an important prerequisite for climate analysis. Compared with other
techniques, GPS has inherent homogeneity advantage, but it still requires reprocessing and homogenization to eliminate
impacts of applied strategy and observation environmental changes where a selection of proper processing strategies is critical.
This paper comprehensively investigates an influence of the mapping function, the elevation cut-off angle and homogenization
on long-term reprocessing results, in particular for Zenith Tropospheric Delays (ZTD) products, by using GPS observations at
44 1GS stations during 1995 to 2014. In the analysis, for the first time, we included the mapping function (VMF3) and exploited
homogenized radiosonde data as a reference for ZTD trend evaluations. Our analysis shows that both site position and ZTD
solutions achieved the best accuracy when using VMF3 and 3 “elevation cut-off angle. Regarding the long-term ZTD trends,
homogenization reduced the trend inconsistency among different elevation cut-off angles. ZTD trend results show that the
impact of mapping functions is very small, with a maximum difference of 0.19 mm/year. On the other hand, the discrepancy
can reach 0.60 mm/year by using different elevation cut-off angles. The low elevation cut-off angles (3<or 7 are suggested
for the best estimates of ZTD reprocessing time series when compared to homogenized radiosonde data or ERAS reference

time series.

1 Introduction

As the most dominant greenhouse gas, water vapour plays a vital role in the global energy and hydrologic cycle (Kiehl and
Trenberth, 1997). According to the Clausius—Clapeyron equation, an increase of 1 K in atmospheric temperature will cause an
increase of about 7 % in water content if the relative humidity is assumed to remain constant, which in turn will further speed
up the warming significantly (Trenberth et al., 2003). A strong positive feedback associated with increased water vapour
significantly affects the Earth’s climate (IPCC, 2023). Monitoring variations of atmospheric water vapour is thus important
not only for detecting the climate change, but also for a better understanding of a water vapour feedback on the global warming.
In recent years, many studies have been conducted to analyze climatic trends in water vapour time series from radiosonde data,
reanalysis data, and Global Positioning System (GPS) data. Radiosonde observations provide the longest water vapour records
which have been used to quantify long-term trends (e.g. Ross and Elliott, 2001; Wang et al., 2003; Rowe et al., 2008; Wang
et al., 2013; Zhang et al., 2017). However, due to changes in station location, instrument, or operation procedures, radiosonde

data suffer inhomogeneity issue, which leads to ambiguities in long-term trends of water vapour (Dee et al., 2011). Reanalysis
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data can provide water vapour data with a global coverage, a higher spatial integrity, and a complete record (Lu et al., 2015).
However, an inhomogeneity issue in radiosonde humidity data was generally not fixed before being assimilated into reanalysis
products (Dee et al., 2011), leading to spurious signals in long-term water vapour trends (Bengtsson et al., 2004; Trenberth et
al., 2005; Qian et al., 2006; Dai et al., 2011). On the other hand, ground-based GPS can provide high-precision, real-time and
continuous water vapour distribution information at low cost, and is almost not affected by weather conditions. GPS water
vapour is therefore identified as one of the reference data (priority 1) for the Global Climate Observing System (GCOS)
Reference Upper-Air Network (GRUAN) (Seidel et al., 2009). Since the early 1990s, GPS has accumulated nearly 30 years of
data, but GPS observations have not been assimilated into reanalyses yet, making GPS data an ideal independent observational
dataset that can be used for climate change analyses.

Although GPS has an inherent advantage in homogeneity, updates of GPS data processing models and strategies as well as
changes in observing environment can still bring inhomogeneities into the resulting time series. Therefore, to get reliable GPS
products for a climate reseach, two procedures are indispensable, namely 1) reprocessing of GPS data by using consistent
strategy, such as EPN-Reprol (Voelksen, 2011) and EPN-Repro2 (Pacione et al., 2017; Dousa et al., 2017), and the three
reprocessing campaigns at IGS (Repro 1/2/3) (Steigenberger et al., 2006; Rebischung et al., 2016; Rebischung et al., 2021),
and 2) homogenization of GPS products for eliminating impacts of changes in observing environment.

Many studies have been performed to study the impact of different strategies on data processing results, in particular the
mapping function and the elevation cut-off angle are two factors that were investigated frequently. For example, Vey et al.
(2006) and Steigenberger et al. (2009) found that using different mapping functions result in differences in ZTD estimates.
Thomas et al. (2011) confirmed that these differences could be translated into precipitable water vapour (PWV). However,
these studies used data for a short period only. For long-term studies, Ning and Elgered (2012) analyzed an influence of eight
elevation cut-off angle settings on PWV trends when using 14 years of data at 12 GPS stations in Sweden and Finland. They
found that correlations between trends of GPS PWV and radiosonde PWV were the highest when the 25<elevation cut-off
angle was used, while the root mean square (RMS) values of PWV errors were the lowest at 10=and 15<elevation cut-off
angles. Baldysz et al. (2018) reprocessed 20 years of data at 20 European stations using eight different strategies. The Precise
Point Positioning (PPP) method, GPT2 mapping function and a high elevation cut-off angle were recommended for GPS PWV
linear trend estimates.

However, a main deficit in current studies is the utilization of raw radiosonde data or reanalysis products as reference time
series, hence introducing additional inhomogeneities to the evaluation of long-term products which makes conclusions
questionable. Dai et al. (2011) proposed a new method for homogenizing radiosonde humidity parameters and generating new
homogeneous radiosonde dataset (referred to as Dai dataset hereafter). The Dai dataset has achieved a better homogeneity and
a better agreement with GPS long-term trends (Zhao et al., 2015). In this study, we will thus use the Dai dataset as a reference
to investigate impacts of different mapping functions and elevation cut-off angles on the long-term GPS tropospheric product.
Considering the fact that most GPS stations do not have collocated meteorological measurements for converting ZTD into

PWV, and the use of other resources such as nearby meteorological stations or numerical weather model (NWM) will introduce
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additional errors to the PWV, this work will pay attention to the ZTD as derived from GPS data processing rather than to the
PWV. This is reasonable because the main purpose of this work is to study the impact of data processing strategies on a long-
term solution. The latest Vienna Mapping Function, the VMF3 (Landskron and B&m, 2018), will be included in this kind of
analysis for the first time. In addition, the latest global reanalysis, the ERAS, the successor of the widely-used ERA-Interim
(referred to as ERAI hereafter), will be compared and taken as a reference in the homogenization of reprocessing ZTD time
series by using a modified penalized maximal t test method (PMTred) (Wang, 2008).

The paper is organized as follows: the datasets, including GPS data, radiosonde data, and reanalysis data (ERA5) and the
method to estimate ZTD trends are described in Section 2. Section 3 will focus on analysing the accuracy of estimated
coordinates and ZTDs. The method for detecting changepoints is introduced in Section 4 together with assessing impacts of

the mapping function and the elevation cut-off angle settings on estimated ZTD trends. The last section concludes our findings.

2 Data and methodology
2.1 GPS data

Altogether 44 permanent stations of the IGS network, as displayed in Figure 1, covering the period from 1995 to 2014 were
selected in this study, considering two factors: 1) first GPS observations before 1999, and 2) collocated radiosonde stations
within 100 km in horizontal and 150 m in vertical. The GPS observations in 300 s intervals were reprocessed on a daily basis
using the Position And Navigation Data Analyst (PANDA) software package (Shi et al., 2008) developed at Wuhan University.
Precise orbits from the second IGS reprocessing campaign in the IGb08 reference frame were used (Rebischung et al., 2012).
Griffith (2019) argued that the 1GS repro2 precise clock products are not ideal, suggesting users to either exploit double
differences of observations or an explicit clock estimation fully consistent with the orbits. In this study, the satellite clocks
were therefore estimated first by fixing IGS repro2 orbits, and then the ZTD and station positions were estimated in the PPP
mode by using the IGS repro2 orbits and the estimated clocks. Altogether 11 experiments, summarized in Table 1 and Table
2, were designed for studying impacts of mapping functions and elevation cut-off angles on reprocessing results. The E5
(experiment 5) solution is used both in the mapping-function comparison and in the elevation cutoff-angle comparison. The

details of the GPS data processing strategy are given in Table 3.
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Table 1: Reprocessing mapping function variants

Solution ID Mapping function A priori tropospheric delay Elevation cut-off angle
El GMF GPT 7°
E2 GPT2 GPT2 7°
E3 GPT3 GPT3 7°
E4 VMF1 VMF1 7°
ES VMEF3 VMEF3 7°

Table 2: Reprocessing elevation cut-off angle variants

Solution ID Mapping function A priori tropospheric delay Elevation cut-off angle
ES VMF3 VMF3 7°
E6 VMF3 VMF3 3°
E7 VMEF3 VMF3 10°
E8 VMEF3 VMF3 15°
E9 VMEF3 VMF3 20°
E10 VMEF3 VMF3 25°
Ell VMF3 VMEF3 30°

Table 3: Data processing strategies for GPS observations

observation
Sampling interval 300 s
Frequency combination Ionosphere-free combination
Elevation cut-off angle See Table2
Elevation weighting strategy p=1,e>30° p=_2sin(e), e <30°
Error correction
Phase center correction igs08.atx
Ocean tide loading FES2014b
A priori tropospheric delay See Table 1.;
Mapping function See Table 1.;
Parameter estimation
Satellite orbits Fixed to IGS repro2 products
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Satellite clocks Fixed to estimated 5 min products

ZTD stochastic model Picce-wise constant (1h), random walk between segments (15mm/+vh )
Station coordinates Daily constant
Receiver clock corrections White noise
Ambiguities Fixed

2.2 Reanalysis Data

The ERAGS is the latest atmospheric reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF)
(Hersbach et al., 2019). It provides a higher resolution and a better performance compared to the ERAI. We will compare GPS
ZTDs with ERA5 ZTDs and use the ERAS5 ZTD products as a reference to detect changepoints in the GPS ZTD time series.
The method described in Haase et al. (2003) was used for calculating ZTD from ERA5. The method for spatial interpolation
from ERADS grids to GPS station was same with the method described by Zhang et al. (2017).

2.3 Radiosonde data

Altogether 19 radiosonde sites collocated with IGS stations were selected in this study and the distances between GPS and RS
stations are presented in Table 4. Dai et al. (2011) detected changepoints first in daily tropospheric dewpoint depression (DPD)
time series, then used the most recent segment as a reference to adjust the time series for eliminating discontinuities. Such
homogenized time series show generally more realistic long-term trends reported in several previous studies (e.g., Zhao et al.,
2012, 2015; Zhang et al., 2019). Therefore, the radiosonde products during 1995 to 2012 homogenized with the method
proposed by Dai et al. (2011) were taken as a reference to evaluate the GPS ZTD trends, while the original radiosonde products
(referred to as Raw hereafter) from 1995 to 2014 were also compared. The method described in Haase et al. (2003) was used

for calculating ZTD from radiosonde observation.

Table 4: List of GPS and RS stations with approximate distance between them and height differences (dh = altitude of GNSS station
— altitude of RS station)

GPS station RS station Distance(km) dh(m)
ALBH USM00072797 94.3 -6.1
ANKR TUMO00017130 12.7 48.2
BRMU BDMO00078016 1.8 18.8
CAS1 AYMO00089611 0.2 -1.5
DAV1 AYMO00089571 0.4 8.7
GODE USM00072403 57.2 -40.4
GUAM GQM00091212 14.9 71.7
HERS UKMO00003882 3.8 -20.5
HOB2 ASM00094975 6.2 40.6
IRKT RSMO00030715 43.2 105.4
JOZE PLMO00012374 34.9 15.6
MAC1 ASM00094998 0.1 8.0
MAW1 AYMO00089564 0.4 20.0
MEDI 1ITM00016144 15.0 -0.3
METS FIM00002963 82.5 -28.2
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POTS GMMO00010393 73.7 -7.9

STJO CAMO00071801 9.6 3.0
TSKB JAMO00047646 6.3 3.1
USNO USM00072403 36.8 -6.4

2.4 Trend estimation

ZTD linear trends at GPS stations were estimated using ZTD monthly anomaly time series and the Sen’s nonparametric method
(Sen, 1968) which has been recognized as more robust than the least-square method (Fan and Yao, 2003). The trend is

estimated as

x]-—
t.

xi
j~t

trend = median(

) 1)
where x; and x; are the ZTD monthly anomaly values at time ¢; and ¢; (t; > t;). The t; and t; are all possible combinations (¢; >
t;). The standard error of the estimated trend is calculated as,

1
T LT x—®)?
2 _n-2 2
Y62 )
where n is a count of data points of the time series, x; is a ZTD monthly anomaly at time t;, and t is the average of all t;. The
X is estimated from the following equation,

% = median(x;) + trend * (t; — median(t;)) (3)

3 Positioning and ZTD error analysis

In this section, the impact of reprocessing strategies on the position and ZTD estimates was studied.

3.1 Station position analysis

We use coordinate repeatability to assess the quality of the processing strategies applied in GPS data analysis. Table 5 and 6
summarize the average RMS of coordinate repeatability in the east, north and up components of all stations. Results in Table
5 demonstrate that different mapping functions have small impact on coordinate repeatability, with maximun difference of
0.02, 0.07 and 0.06 mm in the east, north and up component, respectively, and VMF3 shows slightly better results than other
mapping functions. On the other hand, by increasing the elevation cut-off angle from 3<to 30< we can observe obvious
increases in coordinate repeatability RMS, especially in the up component, with RMS of 5.87 mm for 3 <cut-off angle while
6.64 mm for 30 “as shown in Table 6. Based on the statistics, when the interested product is station position, the cut-off angles

higher than 15<are not recommended in data reprocessing.

Table 5: Coordinate repeatability by using different mapping functions with elevation cut-off angle of 7°(E1-E5) (unit: mm)
Mapping Function East RMS  North RMS Up RMS
GMF 2.40 2.24 5.95
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GPT2 2.39 2.17 5.92

GPT3 241 2.20 5.93
VMF1 2.39 2.18 5.90
VME3 2.39 2.17 5.89

Table 6: Coordinate repeatability by using different elevation cut-off angles with mapping function of VMF3 (E5-E11). (unit: mm)

Elevation cut-off angle East RMS  North RMS  Up RMS
3° 2.37 2.17 5.87
7° 2.39 2.17 5.89
10° 2.38 2.21 591
15° 2.39 2.24 5.94
20° 2.50 2.55 6.11
25° 2.44 2.33 6.27
30° 2.76 2.38 6.64

3.2 ZTD error analysis

In addition to the coordinate repeatability, we also assess the ZTD error by taking ERA5-ZTD as reference. We removed the
GPS ZTD outliers by checking ZTD differences (GPS—ERADb) larger than 3 times of a standard deviation of the differences
before the comparison, with about 5.5 % to 6.3 % of the data removed in different experiments. Table 7 and Table 8 present
the comparisons by using different mapping functions and different elevation cut-off angles, respectively. The bias, STD, and

RMS are calculated as,

¢ (ZTDg:-ZTDg;
m%=2£“1K o) )
N
P Z§=1(dZTDj—m)2
Yim([———
STD = N (5)
I t_ (ZTDg—ZTDg;
azTD = 2= Pe ) %

SN Z}:-:l(ZTDG]-—ZTDE]-)Z)

==t - L

RMS = — ‘ ®)
N

where N is the number of the stations. For each station, t is the number of ZTD observations in the time series. ZTDg; and
ZTDpg; represent the jth GPS and ERA5 ZTD products in the time series, respectively.

We can find a bias of about -0.8 mm in all experiments, indicating a generally larger ZTD from GPS than ERA5. Dousa et al.
(2017) and Pacione et al. (2017) found a bias of about -2 mm in the European GPS reprocessing products from 1996 to 2014
when compared with ERAI ZTD. Similar to the coordinate repeatility, there are much smaller impacts from mapping functions
than from elevation cut-off angles on the ZTD errors. By using VMF3 slightly reduces the ZTD error RMS from 11.34 mm
(using GMF) to 11.27 mm. As for different elevation cut-off angle settings, using 3 “results in the best performance, with ZTD

error RMS of 11.25 mm, compared to 13.95 mm by using 30<cut-off angle, and the 7<cut-off angle setting, which is also
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commonly used at some analysis centers, has almost same RMS with 3<setting. Based on statistics, when the interested
product is ZTD, the cut-off angle 3<=(or 7<) and VMF3 mapping function are recommended.

Table 7: Bias, STD, and RMS of ZTD differences between GPS ZTD and ERA5 ZTD for the different mapping functions. The
elevation cut-off angle is fixed at 7< (E1-E5) (unit: mm)

Mapping Function Bias STD RMS
GMF -0.78 10.73 11.34
GPT2 -0.92 10.67 11.31
GPT3 -0.68 10.67 11.31
VMF1 -0.87 10.68 11.31
VME3 -0.77 10.61 11.27

Table 8: Bias, STD, RMS of ZTD differences between GPS ZTD and ERA5 ZTD for the different elevation cut-off angles. The
mapping function is fixed to VMF3. (E5-E11) (unit: mm)

Elevation cut-off angle Bias STD RMS
3° -0.78 10.59 11.25
7° -0.77 10.61 11.27
10° -0.78 10.67 11.35
15° -0.74 10.86 11.60
20° -0.83 11.23 12.12
25° -0.57 11.84 12.82
30° -0.85 12.97 13.95
4 ZTD Trend analysis

As mentioned above, after the data reprocessing by using consistent models and strategies, the ZTD time series need
homogenization for long-term trend analysis, namely, changepoints in GPS ZTD products should be detected and corrected.
Impacts of different strategies on long-term trends will be investigated in this section, including the homogenization, mapping
function and elevation cut-off angle. After removing the months with less than half of the GPS observations, we selected 17
of the 44 IGS stations with common ZTD time series between GPS and radiosonde longer than 15 years for trend analysis.
The data length is summarized in Table 9, where the length of the data is calculated based on the number of the months. To
avoid the impact of time period on estimated ZTD trends, we used the same time period (1995-2012) for different data sets
(GPS, ERA5, Raw, and Dai) when estimating ZTD trends.

Table 9: The data completeness of stations seleted for ZTD trend analysis. (unit: year)

Station ALBH ANKR CASI DAV1 GODE GUAM HERS HOB2 IRKT
Data length 19.1 15.1 18.1 18 18.6 18.1 18.2 17.8 17.8
Station MACI MAWI1 MEDI  METS POTS STIO TSKB  USNO
Data length 17.7 18.4 16.8 17.8 15.7 18.6 19.3 16.7
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4.1 Changepoint detection and correction

PMTred method proposed by Wang (2008) which can account for a first-order autoregressive noise in time series was used to
detect changepoints by checking ZTD monthly differences between GPS and ERA5 datasets. More details can be referred to
Ning et al. (2016). For each IGS GPS site, there is a log file recorded all-site related changes (i.e., receiver, antenna, radome,
etc). We applied all changepoints in the station log when using PMTred method, but some changepoints were refused. We
noticed that different strategies can result in different detected changepoints. For example, more changepoints were detected
with higher elevation cut-off angle setting, which might be due to the reason that higher elevation cut-off angle could induce
larger systematic errors in ZTD time series. As for each changepoint, the offset can be estimated either from the ZTD difference
series between GPS and ERAS (relative correction, denoted as ‘REL’) or from the GPS ZTD series itself after de-
seasonalization (absolute correction, denoted as ‘ABS’). We only accept the changepoints when Offset 1 and Offset 2 have
the same sign, namely, both positive or negative. An example of the detected changepoints and corresponding estimated offsets
using VMF3 and 7 “cutoff angle setting is given in Table 10. Table 10 also shows the trends and uncertainties before and after
homogenization. It is noting that the homogenization can reduce the uncertainties of trends. The uncertainties are estimated

from equation (2) in section 2.4.

Table 10: Detected changepoints after applying the PMTred test to the monthly mean ZTD difference time series between the GPS
(applying VMF3 and 7 <settings) and ERA5 data. Bold font means that the changepoint is documented in the log of the GPS sites.

Station Detected | Offsetl(GPS- | Offset2(GPS) Before Trend REL Trend ABS Trend
° date ERAS)mm mm mm/year mm/year mm/year
199702 -11.38 -18.11
CASI1 199710 3.59 14.73 0.223£0.094 0.228+0.088 0.17210.088
DAV1 201103 -2.78 -2.99 0.179£0.082 0.250£0.081 0.25340.081
GODE 200010 2.86 4.15 0.309£0.097 0.106%0.096 0.01410.095
GUAM 200004 8.60 11.96 0.32540.131 0.061+£0.127 -0.51140.123
HERS 201008 391 1.50 0.325+0.088 0.184+0.087 0.27340.088
199707 3.21 4.07
MEDI 200602 308 By 0.088+0.073 0.310£0.072 0.227£0.071
POTS 199909 3.72 5.15 0.255£0.088 0.100£0.085 0.04210.085
STJO 200107 -1.49 -4.05 0.360£0.093 0.473£0.092 0.660£0.091

4.2 Impact of homogenization method

Taking ERAS products as reference, we analysed the GPS ZTD trend after ‘REL’ correction and ‘ABS’ correction where an
example of STJO station is illustrated in Figure 2. We can clearly find that all GPS ZTD trends after ‘REL’ correction are
close to ERA5 ZTD trend regardless of processing strategies while this phenomenen is not occoured after ‘ABS’ correction.
Taking the VMF3 and 7°setting as an example, the ZTD trend differences between GPS ZTD and ERA5 products at all
stations are displayed in Figure 3. After ‘REL’ correction, ZTD trend differences at almost all stations are close to zero. We
can therefore conclude that the trend after ‘REL’ correction will be tuned to the trend of the reference product (namely ERA5
in this work). Therefore, in the following sections, only the ZTD time series homogenized by ‘ABS’ method will be discussed.
9
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Figure 2: ERAS trend (Red bar) and GPS ZTD trend derived from different processing strategies after ‘REL’ correction (Green
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Figure 3: ZTD trend differences between GPS ZTD after ‘REL’ correction (Green) and ‘ABS’ correction’ (Blue) and ERAS5 products

at all stations.

4.3 Impact of mapping function

ZTD linear trends estimated from GPS products by applying different mapping functions before (Green Bars) and after ‘ABS’
(Pink Bars) correction, together with ZTD trends from ERA5 and Dai radiosonde are displayed in Figure 4. Figure 4 also
shows the uncertainties (Black error bars) of the estimated trends. We can find that ZTD trends by using different mapping
functions before and after homogenization are both close to each other, with differences smaller than 0.19 mm/year at all
stations. Baldysz et al. (2018) also concluded that the PWYV products estimated by using different mapping functions showed
negligible differences in the trends from 1996 to 2015. After homogenization, 9 stations have positive GPS ZTD trends, 1
station has a negative trend, and the trends of the remaining stations are very small. The trend uncertainties are larger than
GPS ZTD trends in ALBH, GODE, HOB2, IRKT, MAC1, MEDI, and POTS stations while ZTD trends of other stations are
singnificant. It is worth noting that the GUAM station has the opposite GPS ZTD trend after homogenization and becomes
close to the Dai radiosonde trend. In addition, We can clearly see that very often, the ERA5 ZTD and radiosonde ZTD trends
are quite different. However, the ZTD trends estimated from different mapping functions are very consistent.
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Figure 4: ZTD linear trends (mm/year) and their uncertainties (Black error bars) estimated from GPS products applying different
mapping functions before (Green Bars) and after ‘ABS’ (Pink Bars) correction, ERA5 products and Dai radiosonde data.

Taking different data as reference (Dai, Raw, and ERA5), Figure 5 presents the mean value of absolute trend difference for all
stations by using different mapping function settings. The GPS-derived trends generally agree better with Dai than with Raw
data, which is consistent with the findings in Zhang et al. (2019). Different mapping functions show almost same consistency

with references Dai, Raw and ERAS5.
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Figure 5: Average ZTD trend differences (mm/year) for seleted 17 stations between GPS (left: before homogenization; right: after

homogenization) and different references (Dai, Raw, ERAS) by using different mapping functions (E1-E5).

4.4 Impact of elevation cut-off angle

Similarly, Figure 6 presents GPS ZTD trends and their uncertainties by using different elevation cut-off angle settings before
and after homogenization, together with Dai- and ERA5-derived ZTD trends, and statistics of all stations are shown in Figure
7. It can be noticed that elevation cut-off angles have much larger impact on ZTD trends than mapping function, reaching 2.07
mm/year at station IRKT between 20<and 30<before homogenization. After homogenization, the estimated ZTD trends are

close to each other regardless of the elevation cut-off angle, with differences smaller than 0.60 mm/year, which illustrate the
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effectiveness of the homogenization method. This large impact was also reported in previous literatures such as Ning and
Elgered (2012) and Dousa et al. (2017). By taking Raw-derived ZTD as reference, GPS ZTD trends before homogenization
have the best performance by using high elevation cut-off angle (i.e., 20, which agrees with conclusions from Ning and
Elgered (2012) and Baldysz et al. (2018). On the other hand, when comparing with Dai- and ERA5-derived results, GPS ZTD
trends by using low elevation cut-off angles (<15< show better consistency. As for GPS ZTD time series before
homogenization, trends by using 30< elevation cut-off angle have the largest deviations from all refenrences. After
homogenization, the deviations decrease and are close to trends from using other cut-off angles. If taking Dai-derived ZTD

trends as reference, the low elevation cut-off angle settings (3<and 7<) have smaller trend differences.
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Figure 6: ZTD linear trends and their uncertainties (Black error bars) estimated from GPS products applying different elevation

cut-off angles before (Green Bars) and after ‘ABS’ (Pink Bars) correction, ERA5 products and Dai radiosonde data.
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5 Discussions and Conclusions

Ground-based GPS stations have already accumulated nearly 30 years of observations since 1990s, which can provide great
potential for climate analysis. However, long-term homogeneity is a prerequisite where data reprocessing and homogeneization
are necessary to eliminate the impact due to changes of data processing strategies and observation environment. This study
amis to comprehensively investigate the impact of some key factors in data processing on long-term ZTD trends, including the
mapping function, elevation cut-off angle, and homogenization method. By reprocessing GPS data at 44 IGS stations from
1995 to 2014, we firstly evaluated the position repeatability and ZTD error by using different mapping functions and elevation
cut-off angle settings. Results show that the elevation cut-off angle setting has much larger impact than mapping function on
the GPS position and ZTD product. Generally, using the VMF3 mapping function gives slightly better solutions than other
mapping functions, with position repeatability RMS of 5.89 mm in the up component and ZTD error RMS of 11.27 mm,
compared to 5.95 mm and 11.34 mm for using GMF, respectively. As for elevation cut-off angles, both the position and ZTD
errors increase with cut-off angles, with best performance achieved by using 3<setting where position repeatability RMS is
2.37,2.17, 5.87 mm in the east, north and up component, and ZTD error RMS is about 11.25 mm.

We then resorted to the PMTred method to detect and correct changepoints in ZTD time series by using ERA5-derived ZTD
as reference. The offset between segments before and after changepoints can be either estimated by using GPS—ERADb series
(relative method) or by using de-seasonalized GPS ZTD itself (absolute method), and we found that the relative method will
tune the homogenized ZTD time series to the reference, i.e., ERA5, with almost the same GPS ZTD trends with ERA5 ZTD
trends, regardless of the used processing strageties. The impacts of mapping functions, elevation cut-off angles, and
homogenization on long-term ZTD trends and their uncertainties were then evaluated by comparing with different references,
especially, for the first time, including the homogenized radiosonde dataset (Dai) and ERAS5. Results show that the
homogenization can significantly change the ZTD trends. After homogenization, the estimated trends are alomost identical
regardless of the elevation cut-off angle. The maximum difference was reduced from 2.07 to 0.60 mm/year. Different mapping
functions show almost same consistency with references Dai and ERAS5. On the other hand, as for using different elevation
cut-off angle settings, GPS ZTD trends before homogenization have the best agreement with Raw radiosonde data by using
high elevation cut-off angle (i.e., 20, which agrees with conclusions from Ning and Elgered (2012) and Baldysz et al. (2018).
However, for other situations, i.e., taking Dai- or ERA5-derived ZTD trends as references for un-homogenized GPS ZTD
evaluation, or taking any reference for homogenized GPS ZTD evaluation, low elevation cut-off angle settings, especially 3°
or 7< show better performance than high angle settings. The homogenization can reduce the uncertainties of the estimated
trends. One thing we need to notice is that impacts of different factors on the long-term ZTD trends have been discussed in
this work, but how large of these impacts compared to the expected trend itself due to the climate change is still absent because
it is very hard to exactly know the climate-induced trends. The main reason is that we have few observing techniques that can
get reliable ZTD or water vapour trends due to inhomogeneity issue. Some studies have argued that the water vapour content

should change with the temperature following the Clausius—Clapeyron equation if the relative humidity is constant (Trenberth
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et al., 2003). On the other hand, different regions can show quite different scale of CC relationship (Lenderink and Van
Meijgaard, 2008). It is therefore not easy to answer how significant are these impacts within the light of the expected trends
due to climate change.

Author contribution

Yidong Lou and Weixing Zhang proposed the initial ideas. Jingna Bai and Weixing Zhang designed and performed the
specific experiments with the help and support of Yaozong Zhou and Zhenyi Zhang. Jingna Bai, Weixing Zhang and Yidong
Lou were involved in the manuscript writing. Chuang Shi and Jingnan Liu reviewed this paper and provided suggestions. All
authors read and approved the final manuscript.

Data Availability

GPS data are provided by IGS which can be accessed from ftps://gdc.cddis.eosdis.nasa.gov/. The reanalysis data, ERA5
products, is released by ECMWF at https://www.ecmwf.int/. Radiosonde data are archived at
https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive/.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (41961144015); Key Research and
Development Program of Guangxi Zhuang Autonomous Region, China (2020AB44004); the Fundamental Research Funds
for the Central Universities (2042022kf1198). The authors would like to thank IGS for providing GPS data, IGRA for
providing radiosonde station observations data, Junhong Wang from University at Albany, SUNY for providing the
homogenized radiosonde dataset and ECMWF for providing ERAI and ERA5 products. The numerical calculations in this
paper have been done on the supercomputing system in the Supercomputing Center of Wuhan University.

References

Baldysz, Z., Nykiel, G., Figurski, M., and Araszkiewicz, A.: Assessment of the impact of GNSS processing strategies on the
long-term parameters of 20 Years IWV time series. Remote Sensing, 10(4). https://doi.org/10.3390/rs10040496, 2018.
Bengtsson, L., S. Hagemann, and K. I. Hodges: Can climate trends be calculated from reanalysis data, J. Geophys. Res., 109,
D1111. https://doi.org/10.1029/2004JD004536, 2004.

Dai, A., J. W. Wang, P. W. Thorne, D. E. Parker, L. Haimberger, and X. L. Wang: A new approach to homogenize daily
radiosonde humidity data. J. Clim., 24, 965-991. https://doi.org/10.1175/2010JCL 13816.1, 2011.

14


https://www.ecmwf.int/
https://www.ncdc.noaa.gov/data-access/weather-balloon/integrated-global-radiosonde-archive/
https://doi.org/10.3390/rs10040496
https://doi.org/10.1175/2010JCLI3816.1

305

310

315

320

325

330

335

Dee, D. P., Uppala S. M., Simmons A. J., et. al.: The ERA-Interim reanalysis: configuration and performance of the data
assimilation system. Q. J. R. Meteorol. Soc.. 137, 553-597. https://doi.org/10.1002/qj.828, 2011.

Dousa, J., Vaclavovic, and P., Elias, M.: Tropospheric products of the second GOP European GNSS reprocessing (1996-2014).
Atmos. Meas. Tech., 10, 3589-3607. https://doi.org/10.5194/amt-10-3589-2017, 2017.

Fan, J. Q. and Q. W. Yao: Nonlinear Time Series: Nonparametric and Parametric Methods. Springer, 553 pp,
https://doi.org/10.1007/978-0-387-69395-8, 2003.

Griffiths J.: Combined orbits and clocks from IGS second reprocessing. Journal of Geodesy, 93(2): 177-195,
https://doi.org/10.1007/s00190-018-1149-8, 2019.

Haase, J., Ge, M., Vedel, H., and Calais, E.: Accuracy and Variability of GPS Tropospheric Delay Measurements of Water
Vapor in the Western Mediterranean. Journal of Applied Meteorology, 42, 1547-1568, https://doi.org/10.1175/1520-
0450(2003)042%3C1547:AAVOGT%3E2.0.CO;2, 2003.

Hersbach H., Bell B., Berrisford P., Horaayi A., Sabater J. M., Nicolas J., and Dee D.: Global reanalysis: goodbye ERA-
Interim, hello ERA5. ECMWF Newsletters, 159, 17-24. https://www.ecmwf.int/node/19027, 2019.

IPCC, 2023: Climate Change 2021. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental

Panel on Climate Change. https://www.ipcc.ch/report/ar6/wg1/, 2023.

Kendall, M. G.: Rank Correlation Methods. Charles Griffin, 202 pp, https://doi.org/10.1007/978-1-4684-6683-6_9, 1975.
Kiehl, J. T. and Trenberth, K. E.: Earth's annual global mean energy budget. Bulletin of the American Meteorological Society,
78, 197-208, https://doi.org/10.1175/1520-0477(1997)078%3C0197:EAGMEB%3E2.0.CO;2, 1997.

Landskron D. and B&dm J.: VMF3/GPT3: refined discrete and empirical troposphere mapping functions. Journal of Geodesy,
92(4): 349-360. https://doi.org/10.1007/s00190-017-1066-2, 2018.

Lenderink, G. and van Meijgaard, E.: Increase in hourly precipitation extremes beyond expectations from temperature changes.
Nature Geoscience 1, 511-514. https://doi.org/10.1038/hge0262, 2008

Lu, N., K. E. Trenberth, J. Qin, K. Yang, and L. Yao: Detecting long-term trends in precipitable water over the Tibetan Plateau
by synthesis of station and MODIS observations. J. Clim., 28, 1707-1722. https://doi.org/10.1175/JCL1-D-14-00303.1, 2015.
Mann, H. B.: Nonparametric tests against trend. Econometrica, 13, 245-259. https://doi.org/10.2307/1907187, 1945.

Ning, T., and Elgered, G.: Trends in the atmospheric water vapour content from ground-based GPS: the impact of the elevation
cutoff angle. IEEE J-STARS, 5(3), 744-751. https://doi.org/10.1109/JSTARS.2012.2191392, 2012.

Ning T., Wickert J., Deng Z., Heise S., Dick G., Vey S., and Sch&ne T.: Homogenized time series of the atmospheric water
vapor content obtained from the GNSS reprocessed data. J Clim 29:2443-2456. https://doi.org/10.1175/JCLI-D-15-0158.1,
2016.

Pacione, R., Araszkiewicz, A., Brockmann, E., and Dousa, J.: EPN-Repro2: A reference GNSS tropospheric data set over
Europe, Atmos. Meas. Tech., 10, 1689-1705. https://doi.org/10.5194/amt-10-1689-2017, 2017.

Qian, T., A. Dai, K. E. Trenberth, and K. W. Oleson: Simulation of global land surface conditions from 1948 to 2002: Part I:
Forcing data and evaluations. J. Hydrometeorol., 7, 953-975. https://doi.org/10.1175/JHM540.1, 2006.

15


https://doi.org/10.1002/qj.828
https://doi.org/10.5194/amt-10-3589-2017
https://doi.org/10.1007/978-0-387-69395-83
https://doi.org/10.1007/s00190-018-1149-8
https://doi.org/10.1175/1520-0450(2003)042%3C1547:AAVOGT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2003)042%3C1547:AAVOGT%3E2.0.CO;2
https://www.ecmwf.int/node/19027
https://www.ipcc.ch/report/ar6/wg1/
https://doi.org/10.1007/978-1-4684-6683-6_9
https://doi.org/10.1175/1520-0477(1997)078%3C0197:EAGMEB%3E2.0.CO;2
https://doi.org/10.1007/s00190-017-1066-2
https://doi.org/10.1038/ngeo262
https://doi.org/10.1175/JCLI-D-14-00303.1
https://doi.org/10.2307/1907187
https://doi.org/10.1109/JSTARS.2012.2191392
https://doi.org/10.1175/JCLI-D-15-0158.1
https://doi.org/10.5194/amt-10-1689-2017
https://doi.org/10.1175/JHM540.1

340

345

350

355

360

365

370

Rebischung P, Griffiths J, Ray J, Schmid R, Collilieux X, Garayt B: 1GS08: the IGS realization of ITRF2008. GPS Solut
16(4):483-494. https://doi.org/10.1007/s10291-011-0248-2, 2012.

Rebischung P, Altamimi Z, Ray J, et al.: The IGS contribution to ITRF2014. Journal of Geodesy, 90(7): 611-630,
https://doi.org/10.1007/s00190-016-0897-6, 2016.

Rebischung P.: Terrestrial frame solutions from the IGS third reprocessing. EGU General Assembly Conference Abstracts,
EGU21-2144, https://doi.org/10.5194/equsphere-equ21-2144, 2021.

Ross, R. J. and W. P. Elliott: Radiosonde-based Northern Hemisphere tropospheric water vapor trends. J. Clim., 14, 1602—
1612. https://doi.org/10.1175/1520-0442(2001)014%3C1602:RBNHTW%3E2.0.CO;2, 2001.

Rowe, P. M., L. M. Miloshevich, D. D. Turner, and V. P. Walden: Dry bias in Vaisala RS90 radiosonde humidity profiles over
Antarctica. J. Atmos. Oceanic Technol., 25, 1529-1541. https://doi.org/10.1175/2008JTECHA1009.1, 2008.

Seidel, D. J., and Coauthors: Reference upper-air observations for climate: Rationale, progress, and plans. Bull. Amer. Meteor.
Soc., 90, 361-369. https://doi.org/10.1175/2008BAMS2540.1, 20009.

Sen, P. K.: Estimates of the regression coefficient based on Kendall’s tau. J. Amer. Stat. Assoc., 63, 1379-13809.
https://www.tandfonline.com/doi/abs/10.1080/01621459.1968.10480934, 1968.

Shi, C., Zhao, Q., Geng, J., Lou, Y., Ge, M., and Liu, J.: Recent development of PANDA software in GNSS data processing.
In D. Li, J. Gong, & H. Wu (Eds.), International Conference on Earth Observation Data Processing and Analysis (ICEODPA),
SPIE Proceedings (Vol. 7285, 72851S pp.). Wuhan, China: International Society for Optical Engineering,
https://doi.org/10.1117/12.816261, 2008.

Steigenberger P, Rothacher M, Dietrich R, et al.: Reprocessing of a global GPS network. Journal of Geophysical Research:
Solid Earth, 111(B5). https://doi.org/10.1029/2005JB003747, 2006.

Steigenberger, Peter, BOEHM, Johannes, and TESMER, Volker: Comparison of GMF/GPT with VMF1/ECMWF and
implications for atmospheric loading. Journal of Geodesy, 83.10: 943-951. https://doi.org/10.1007/s00190-009-0311-8, 2009.
Thomas, I.D., King, M.A., Clarke, P.J., Penna, N.T.: Precipitable water vapor estimates from homogeneously reprocessed GPS
data: An intertechnique comparison in Antarctica. J. Geophys. Res. 2011, 116. https://doi.org/10.1029/2010JD013889, 2011.
Trenberth, K. E., Dai A., Rasmussen R. M., and Parsons D. B.: The changing character of precipitation. Bull. Amer. Meteor.
Soc., 84, 1205-1217. https://doi.org/10.1175/BAMS-84-9-1205, 2003.

Trenberth, K. E., Fasullo, J., and Smith, L.: Trends and variability in column-integrated water vapour. Climate Dynamics, 24,
741-758. doi:10.1007/s00382-005-0017-4. https://doi.org/10.1007/s00382-005-0017-4, 2005.

Vey, S., R. Dietrich, M. Fritsche, A. Ru’lke, M. Rothacher, and P. Steigenberger: Influence of mapping function parameters

on global GPS network analyses: Comparisons between NMF and IMF, Geophys. Res. Lett, 33, L01814.
https://doi.org/10.1029/2005GL 024361, 2006.

Vdksen, C.: An update on the EPN reprocessing project: Current achievements and status. In EUREF 2011 symposium (pp.
25-28), 2011.

16


https://doi.org/10.1007/s10291-011-0248-2
https://doi.org/10.1007/s00190-016-0897-6
https://doi.org/10.5194/egusphere-egu21-2144
https://doi.org/10.1175/1520-0442(2001)014%3C1602:RBNHTW%3E2.0.CO;2
https://doi.org/10.1175/2008JTECHA1009.1
https://doi.org/10.1175/2008BAMS2540.1
https://www.tandfonline.com/doi/abs/10.1080/01621459.1968.10480934
https://doi.org/10.1117/12.816261
https://doi.org/10.1029/2005JB003747
https://doi.org/10.1007/s00190-009-0311-8
https://doi.org/10.1029/2010JD013889
https://doi.org/10.1175/BAMS-84-9-1205
https://doi.org/10.1007/s00382-005-0017-4
https://doi.org/10.1029/2005GL024361

375

380

385

Wang, J., D. J. Carlson, D. B. Parsons, T. F. Hock, D. Lauritsen, H. L. Cole, K. Beierle, and E. Chamberlain: Performance of
operational radiosonde humidity sensors in direct comparison with a chilled mirror dew-point hygrometer and its climate
implication. Geophys. Res. Lett., 30(16), 1860. https://doi.org/10.1029/2003GL.016985, 2003.

Wang, X. L.: Accounting for autocorrelation in detecting mean shifts in climate data series using the penalized maximal t or
F test. J. Appl. Meteor. Climatol., 47, 2423-2444. https://doi.org/10.1175/2008JAMC1741.1, 2008.

Wang, J., L. Zhang, A. Dai, F. Immler, M. Sommer, and H. V&@nel: Radiation dry bias correction of Vaisala RS92 humidity
data and its impacts on historical radiosonde data. J. Atmos. Oceanic Technol., 30, 197-214. https://doi.org/10.1175/JTECH-
D-12-00113.1, 2013.

Zhao, T., Dai, A., and Wang, J.: Trends in tropospheric humidity from 1970 to 2008 over China from a homogenized
radiosonde dataset. Journal of Climate, 25, 4549-4567. https://doi.org/10.1175/JCL1-D-11-00557.1, 2012.

Zhao, T., J. Wang, and A. Dai: Evaluation of atmospheric precipitable water from reanalysis products using homogenized
radiosonde observations over China. J. Geophys. Res. Atmos., 120, 10 703-10 727. https://doi.org/10.1002/2015JD023906,
2015.

Zhang, W. X., Lou, Y. D., Haase, J., Zhang, R., Zheng, G., Huang, J., et al.: The use of ground-based GPS precipitable water

measurements over China to assess radiosonde and ERA-Interim moisture rends and errors from 1999 to 2015. Journal of
Climate, 30, 7643-7667. https://doi.org/10.1175/JCLI-D-16-0591.1, 2017.

Zhang, W. X., Lou, Y. D., Cao, Y. C., Liang, H., Shi, C., Huang, J. F., et al.: Corrections of Radiosonde-based Precipitable
Water Using Ground-based GPS and Applications on Historical Radiosonde Data over China. Journal of Geophysical
Research-Atmospheres, 124(6), 3208-3222. https://doi.org/10.1029/2018JD029662, 2019.

17


https://doi.org/10.1029/2003GL016985
https://doi.org/10.1175/2008JAMC1741.1
https://doi.org/10.1175/JTECH-D-12-00113.1
https://doi.org/10.1175/JTECH-D-12-00113.1
https://doi.org/10.1175/JCLI-D-11-00557.1
https://doi.org/10.1002/2015JD023906
https://doi.org/10.1175/JCLI-D-16-0591.1
https://doi.org/10.1029/2018JD029662

