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Abstract. Homogenized atmospheric water vapour data are
an important prerequisite for climate analysis. Compared
with other techniques, GPS has an inherent homogeneity ad-
vantage, but it still requires reprocessing and homogenization
to eliminate impacts of applied strategy and observation en-
vironmental changes where a selection of proper processing
strategies is critical. This paper comprehensively investigates
the influence of the mapping function, the elevation cut-off
angle and homogenization on long-term reprocessing results,
in particular for zenith tropospheric delay (ZTD) products,
using GPS observations at 44 IGS (International GNSS Ser-
vice) stations during 1995 to 2014. In the analysis, for the
first time, we included the mapping function (the latest Vi-
enna 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 the 3° el-
evation cut-off angle. Regarding the long-term ZTD trends,
homogenization reduced the trend inconsistency among dif-
ferent elevation cut-off angles. ZTD trend results show that
the impact of mapping functions is very small, with a maxi-
mum difference of 0.19 mm yr‘l. On the other hand, the dis-
crepancy can reach 0.60 mm yr~! using different elevation
cut-off angles. 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 anal-
yse climatic trends in water vapour time series from ra-
diosonde data, reanalysis data, and Global Positioning Sys-
tem (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 from an inho-
mogeneity issue, which leads to ambiguities in long-term
trends of water vapour (Dee et al., 2011). Reanalysis data can
provide water vapour data with a global coverage, a higher
spatial integrity and a complete record (Lu et al., 2015).
However, the 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.,
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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 distri-
bution 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 Cli-
mate Observing System (GCOS) Reference Upper-Air Net-
work (GRUAN) (Seidel et al., 2009). Since the early 1990s,
GPS has accumulated nearly 30 years of data, but GPS obser-
vations 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 inhomo-
geneities into the resulting time series. Therefore, to get reli-
able GPS products for climate research, two procedures are
indispensable, namely (1) reprocessing of GPS data using
a consistent strategy, such as EPN-reprol (Volksen, 2011)
and EPN-repro2 (Pacione et al., 2017; Dousa et al., 2017),
and the three reprocessing campaigns at IGS (International
GNSS Service; repro 1, 2 and 3) (Steigenberger et al., 2006;
Rebischung et al., 2016; Rebischung, 2021), and (2) homog-
enization 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 partic-
ular, the mapping function and the elevation cut-off angle
are two factors that were investigated frequently. For exam-
ple, 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
(PWYV). However, these studies used data for a short period
only. For long-term studies, Ning and Elgered (2012) anal-
ysed an influence of eight elevation cut-off angle settings on
PWYV trends when using 14 years of data at 12 GPS sta-
tions in Sweden and Finland. They found that correlations
between trends of GPS PWYV 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 sta-
tions using eight different strategies. The Precise Point Posi-
tioning (PPP) method, the Global Pressure and Temperature
2 (GPT2) mapping function and a high-elevation cut-off an-
gle were recommended for GPS PWYV linear trend estimates.

Howeyver, 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 and making conclusions
questionable. Dai et al. (2011) proposed a new method for
homogenizing radiosonde humidity parameters and generat-
ing a new homogeneous radiosonde dataset (referred to as
Dai dataset hereafter). The Dai dataset has achieved a bet-
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ter 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 differ-
ent 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 meteorolog-
ical measurements for converting ZTD into PWYV, and the
use of other resources such as nearby meteorological sta-
tions or numerical weather model (NWM) will introduce ad-
ditional errors to the PWYV, 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 Bohm, 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 using a modified penalized maximal ¢ test
method (PMTred) (Wang, 2008).

The paper is organized as follows: the datasets, including
GPS data, radiosonde data, and reanalysis data (ERAS), and
the method to estimate ZTD trends are described in Sect. 2.
Section 3 will focus on analysing the accuracy of estimated
coordinates and ZTDs. The method for detecting change
points is introduced in Sect. 4 together with assessing im-
pacts 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 dis-
played in Fig. 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 sta-
tions within 100 km in the horizontal and 150 m in the ver-
tical. The GPS observations in 300s intervals were repro-
cessed 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 sec-
ond IGS reprocessing campaign in the IGb0S8 reference frame
were used (Rebischung et al., 2012). Griffiths (2019) argued
that the IGS repro2 precise clock products are not ideal, sug-
gesting that users either exploit double differences of obser-
vations or an explicit clock estimation fully consistent with
the orbits. In this study, the satellite clocks were therefore es-
timated first by fixing IGS repro2 orbits, and then the ZTD
and station positions were estimated in the PPP mode using
the IGS repro2 orbits and the estimated clocks. Altogether,
11 experiments, summarized in Tables 1 and 2, were de-
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Figure 1. Geographical distribution of the selected IGS stations.
The stations marked in green are used for ZTD trend analysis.

Table 1. Reprocessing mapping function variants.

Solution Mapping A priori Elevation

ID function  tropospheric delay  cut-off angle
El GMF GPT 7°

E2 GPT2 GPT2 7°

E3 GPT3 GPT3 7°

E4 VMF1 VMF1 7°

E5 VMEF3 VMF3 7°

signed for studying the impacts of mapping functions and
elevation cut-off angles on reprocessing results. The E5 (ex-
periment 5) solution is used both in the mapping-function
comparison and in the elevation cut-off angle comparison.
The details of the GPS data processing strategy are given in
Table 3.

2.2 Reanalysis data

The ERAS is the latest atmospheric reanalysis from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) (Hersbach et al., 2019). It provides a higher res-
olution and a better performance compared to the ERAIL We
will compare GPS ZTDs with ERA5 ZTDs and use the ERAS
ZTD products as a reference to detect change points in the
GPS ZTD time series. The method described in Haase et
al. (2003) was used for calculating ZTD from ERAS. The
method for spatial interpolation from ERAS grids to GPS
station was the same as 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 radiosonde (RS) stations are presented in Table 4. Dai et
al. (2011) detected change points first in daily tropospheric
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Table 2. Reprocessing elevation cut-off angle variants.

Solution  Mapping A priori Elevation

ID function  tropospheric delay  cut-off angle
E5 VMF3 VMF3 7°

E6 VMF3 VMF3 3°

E7 VMF3 VMF3 10°

E8 VMF3 VMF3 15°

E9 VMF3 VMF3 20°

E10 VMF3 VMF3 25°

Ell VMF3 VMF3 30°

dewpoint depression (DPD) time series and then used the
most recent segment as a reference to adjust the time series
for eliminating discontinuities. Such homogenized time se-
ries 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 dur-
ing 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 (re-
ferred 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.

2.4 Trend estimation

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

. Xj—Xi
trend = median | —— ), (D)
1 —1

where x; and x; are the ZTD monthly anomaly values at time
tj and #; (¢j > ;). The t; and #; are all possible combinations
(tj > t;). The standard error of the estimated trend is calcu-
lated as

1 A
s i —X)?
S = n—_2
2hi—1)
where n is a count of data points of the time series, x; is a

ZTD monthly anomaly at time #; and 7 is the average of all
t;. The X is estimated from the following equation:

2

X = median (x;) + trend - (f; — median(;)). 3)

3 Positioning and ZTD error analysis

In this section, the impact of reprocessing strategies on the
position and ZTD estimates was studied.
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Table 3. Data processing strategies for GPS observations.

Observation

Sampling interval 300s
Frequency combination

Tonosphere-free combination

Elevation cut-off angle See Table 2
Elevation weighting strategy

Error correction

Phase centre correction igs08.atx
Ocean tide loading FES2014b
A priori tropospheric delay See Table 1
Mapping function See Table 1

Parameter estimation

Satellite orbits

Satellite clocks

ZTD stochastic model
Station coordinates
Receiver clock corrections
Ambiguities

Daily constant
White noise
Fixed

Fixed to IGS repro2 products
Fixed to estimated 5 min products
Piece-wise constant (1 h), random walk between segments (15 mm/ \/ﬁ)

Table 4. List of GPS and RS stations with approximate distance
between them and height differences (dh is the altitude of the GNSS
station minus the altitude of the RS station).

GPS RS station Distance dh
station (km) (m)
ALBH  USMO00072797 94.3 —6.1
ANKR  TUMO00017130 12.7 482
BRMU BDMO00078016 1.8 18.8
CASI AYMO00089611 0.2 —1.5
DAV1 AYMO00089571 04 8.7
GODE USMO00072403 572 —404
GUAM  GQMO00091212 14.9 71.7
HERS UKMO00003882 3.8 —=20.5
HOB2 ASM00094975 6.2 40.6
IRKT RSMO00030715 432 105.4
JOZE PLMO00012374 349 15.6
MAC1  ASMO00094998 0.1 8.0
MAWI1  AYMO00089564 0.4 20.0
MEDI ITM00016144 15.0 -0.3
METS FIM00002963 825 282
POTS GMMO00010393 73.7 -7.9
STJO CAMO00071801 9.6 3.0
TSKB JAMO00047646 6.3 3.1
USNO  USMO00072403 36.8 —6.4

3.1 Station position analysis

We use coordinate repeatability to assess the quality of the
processing strategies applied in GPS data analysis. Tables 5
and 6 summarize the average rms of coordinate repeatabil-
ity in the east, north and up (vertical) components of all sta-
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Table 5. Coordinate repeatability using different mapping functions
with an elevation cut-off angle of 7° (E1-E5) (unit: mm).

Mapping East North Up
function  rms rms  rms
GMF 2.40 224 595

GPT2 2.39 2.17 592
GPT3 241 220 593
VMF1 2.39 2.18 5.90
VMF3 2.39 2.17  5.89

tions. Results in Table 5 demonstrate that different mapping
functions have small impact on coordinate repeatability, with
maximum difference of 0.02, 0.07 and 0.06 mm in the east,
north and up components, 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 re-
peatability rms, especially in the up component, with an rms
of 5.87mm for a 3° cut-off angle and 6.64 mm for 30°, as
shown in Table 6. Based on the statistics, when the product
of interest is station position, cut-off angles higher than 15°
are not recommended in data reprocessing.

3.2 ZTD error analysis

In addition to the coordinate repeatability, we also assess the
ZTD error by taking ERAS-ZTD as reference. We removed
the GPS ZTD outliers by checking ZTD differences (GPS-
ERAS) larger than 3 times a standard deviation of the dif-
ferences before the comparison, with about 5.5 % to 6.3 %

https://doi.org/10.5194/amt-16-5249-2023
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Table 6. Coordinate repeatability using different elevation cut-off
angles with the mapping function of VMF3 (E5-E11) (unit: mm).

Elevation East  North Up
cut-off angle  rms rms  rms
3° 2.37 217 5.87
7° 2.39 217  5.89
10° 2.38 221 5091
15° 2.39 224 594
20° 2.50 255 6.11
25° 2.44 233 6.27
30° 276 238 6.64

of the data removed in different experiments. Tables 7 and
8 present the comparisons using different mapping functions
and different elevation cut-off angles, respectively. The bias,
standard deviation (SD) and rms are calculated as

ZzN: 1 (Zj-l (ZT]DIGj_ZTDEj)>

Bias = 4
ias N “4)
N > (dZTD;—dZTD)?
SD = 5
N )
dZTD; = ZTDgj — ZTD¥; 6)
_ " (ZTDg; — ZTDg;
dZTD — Z]_l ( t] J) (7)
. \/ é} (ZTDGj—ZTDg;))?
Y |V
= , 8
rms N (8)

where N is the number of the stations. For each station, 7 is
the number of ZTD observations in the time series. ZTDg;
and ZTDg; represent the jth GPS and ERAS ZTD products
in the time series, respectively.

We find a bias of about —0.8 mm in all experiments, indi-
cating a generally larger ZTD from GPS than ERAS. Dousa
et al. (2017) and Pacione et al. (2017) found a bias of about
—2mm in the European GPS reprocessing products from
1996 to 2014 when compared with ERAI ZTD. Similar to
the coordinate repeatability, there are much smaller impacts
from mapping functions than from elevation cut-off angles
on the ZTD errors. Using VMF3 slightly reduces the ZTD
RMSE from 11.34 mm (using the Global Mapping Function
— GMF) to 11.27 mm. As for different elevation cut-off an-
gle settings, using 3° results in the best performance, with
a ZTD RMSE of 11.25 mm, compared to 13.95 mm using a
30° cut-off angle, and the 7° cut-off angle setting, which is
also commonly used at some analysis centres, has almost the
same rms as for the 3° setting. Based on statistics, when the
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Table 7. Bias, SD and rms of ZTD differences between GPS ZTD
and ERAS ZTD for the different mapping functions. The elevation
cut-off angle is fixed at 7° (E1-ES) (unit: mm).

Mapping Bias SD rms

function

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
VMEF3 -0.77 10.61 11.27

Table 8. Bias, SD and rms of ZTD differences between GPS ZTD
and ERAS ZTD for the different elevation cut-off angles. The map-
ping function is fixed to VMF3. (E5-E11) (unit: mm).

Elevation Bias SD rms
cut-off angle

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 1297 13.95

product of interest is the ZTD, the cut-off angle 3° (or 7°)
and VMF3 mapping function are recommended.

4 ZTD trend analysis

As mentioned above, after the data reprocessing using con-
sistent models and strategies, the ZTD time series need ho-
mogenization for long-term trend analysis; namely, change
points in GPS ZTD products should be detected and cor-
rected. Impacts of different strategies on long-term trends
will be investigated in this section, including the homoge-
nization, mapping function and elevation cut-off angle. After
removing the months with less than half of the GPS obser-
vations, 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 pe-
riod on estimated ZTD trends, we used the same time period
(1995-2012) for different data sets (GPS, ERAS5, Raw and
Dai) when estimating ZTD trends.

4.1 Change point detection and correction

The PMTred method proposed by Wang (2008) which can
account for a first-order autoregressive noise in time series
was used to detect change points by checking ZTD monthly
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Table 9. The data completeness of stations selected for ZTD trend analysis (unit: year).

Station ALBH ANKR CAS1 DAVl 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 MAC1 MAW1 MEDI METS POTS STIO TSKB USNO

Data length  17.7 18.4 16.8 17.8

15.7 18.6 19.3 16.7

differences between GPS and ERAS datasets. More details
can be referred to in Ning et al. (2016). For each IGS GPS
site, there is a log file that records all site-related changes
(i.e. receiver, antenna, radome, etc.). We applied all change
points in the station log when using the PMTred method, but
some change points were refused. We noticed that different
strategies can result in different detected change points. For
example, more change points were detected with a higher-
elevation cut-off angle setting, which might be due to the rea-
son that higher-elevation cut-off angles could induce larger
systematic errors in ZTD time series. As for each change
point, the offset can be estimated either from the ZTD dif-
ference 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 change points when Offset 1 and Offset
2 have the same sign, namely, both positive or both negative.
An example of the detected change points and corresponding
estimated offsets using VMF3 and a 7° cut-off angle setting
is given in Table 10. Table 10 also shows the trends and un-
certainties before and after homogenization. It is noted that
the homogenization can reduce the uncertainties of trends.
The uncertainties are estimated from Eq. (2) in Sect. 2.4.

4.2 Impact of homogenization method

Taking ERAS products as reference, we analysed the GPS
ZTD trend after REL correction and ABS correction; an ex-
ample of the STJO station is illustrated in Fig. 2. We can
clearly find that all GPS ZTD trends after REL correction are
close to the ERAS ZTD trend regardless of processing strate-
gies, while this phenomenon does not occur after ABS cor-
rection. Taking the VMF3 and 7° setting as an example, the
ZTD trend differences between GPS ZTD and ERAS prod-
ucts at all stations are displayed in Fig. 3. After REL correc-
tion, 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 prod-
uct (namely ERAS in this work). Therefore, in the follow-
ing sections, only the ZTD time series homogenized by ABS
method will be discussed.

4.3 Impact of mapping function
ZTD linear trends estimated from GPS products by apply-

ing different mapping functions before (green bars) and af-
ter ABS (pink bars) correction, together with ZTD trends
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from ERAS and Dai radiosonde, are displayed in Fig. 4.
Figure 4 also shows the uncertainties (black error bars) of
the estimated trends. We find that ZTD trends using dif-
ferent mapping functions before and after homogenization
are both close to each other, with differences smaller than
0.19mmyr~! at all stations. Baldysz et al. (2018) also con-
cluded that the PWV products estimated using different map-
ping functions showed negligible differences in the trends
from 1996 to 2015. After homogenization, nine stations have
positive GPS ZTD trends, one 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 significant. 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 ERAS ZTD and radiosonde ZTD trends are quite
different. However, the ZTD trends estimated from different
mapping functions are very consistent.

Taking different data as reference (Dai, Raw and ERAS),
Fig. 5 presents the mean value of absolute trend difference
for all stations 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 the
same consistency with references Dai, Raw and ERAS.

4.4 Impact of elevation cut-off angle

Similarly, Fig. 6 presents GPS ZTD trends and their uncer-
tainties using different elevation cut-off angle settings before
and after homogenization, together with Dai- and ERAS-
derived ZTD trends, and statistics of all stations are shown
in Fig. 7. It can be noticed that elevation cut-off angles
have a much larger impact on ZTD trends than mapping
function, reaching 2.07 mmyr~! 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 yr~!, which illustrates the effectiveness of the ho-
mogenization method. This large impact was also reported
in previous literature such as Ning and Elgered (2012) and
Dousa et al. (2017). By taking Raw-derived ZTD as refer-
ence, GPS ZTD trends before homogenization have the best
performance using a high-elevation cut-off angle (i.e. 20°),

https://doi.org/10.5194/amt-16-5249-2023
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Table 10. Detected change points after applying the PMTred test to the monthly mean ZTD difference time series between the GPS (applying
VME3 and 7° settings) and ERAS5 data. Bold font means that the change point 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 yr_1 mm yr_1 mm yr_1
mm
CASI1 199702 —11.38 —18.11 0.223 +0.094 0.228 +0.088 0.172 +£0.088
199710 8.59 14.73
DAV1 201103 —2.78 —-2.99 0.179 +£0.082 0.2504+0.081 0.253 +£0.081
GODE 200010 2.86 4.15 0.309 +0.097 0.106 4 0.096 0.014 +0.095
GUAM 200004 8.60 11.96 0.3254+0.131 0.061 +£0.127 —0.511£0.123
HERS 201008 391 1.50 0.325 +0.088 0.184 +0.087 0.273 +£0.088
MEDI 199707 3.21 4.07 0.088 +0.073 0.310+0.072 0.227+£0.071
200602 —3.28 —242
POTS 199909 3.72 5.15 0.2554+0.088 0.100 +0.085 0.042 +0.085
STIO 200107 —1.49 —4.05 0.360 +0.093 0.473 +0.092 0.660 + 0.091
0.8
REL
0.7
506
Zos
£
g 0.4
E 0.3
Koz
0.1
0 GMF GPT2 GPT3 VMF1 VMF3 3° 10° 15° 20° 25° 30° ERA5 GMF GPT2 GPT3 VMF1 VMF3 3° 10° 15° 20° 25° 30°

Figure 2. ERAS trend (red bar) and GPS ZTD trend derived from different processing strategies after REL correction (green bars) and ABS

correction (blue bars) at the STJO station.

which agrees with conclusions from Ning and Elgered (2012)
and Baldysz et al. (2018). On the other hand, when compar-
ing with Dai- and ERAS5-derived results, GPS ZTD trends
using low-elevation cut-off angles (< 15°) show better con-
sistency. As for GPS ZTD time series before homogeniza-
tion, trends using 30° elevation cut-off angle have the largest
deviations from all references. After homogenization, the de-
viations 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.

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 ho-
mogeneity is a prerequisite for which data reprocessing and
homogenization are necessary to eliminate the impact due to
changes of data processing strategies and the observation en-

https://doi.org/10.5194/amt-16-5249-2023

vironment. This study aims 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 using dif-
ferent mapping functions and elevation cut-off angle settings.
Results show that the elevation cut-off angle setting has a
much larger impact than the mapping function on the GPS
position and ZTD product. Generally, using the VMF3 map-
ping function gives slightly better solutions than other map-
ping functions, with a position repeatability rms of 5.89 mm
in the up component and a ZTD RMSE of 11.27 mm, com-
pared to 5.95 and 11.34 mm when using GMF, respectively.
As for elevation cut-off angles, both the position and ZTD er-
rors increase with cut-off angles, with the best performance
achieved using a 3° setting, with a position repeatability rms
of 2.37, 2.17 and 5.87 mm in the east, north and up compo-
nent, respectively, and a ZTD RMSE of about 11.25 mm.
We then resorted to the PMTred method to detect and
correct change points in ZTD time series using ERAS-
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Figure 3. ZTD trend differences between GPS ZTD after REL correction (green) and ABS correction (blue) and ERAS products at all
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Figure 4. ZTD linear trends (mm yrfl) and their uncertainties (black error bars) estimated from GPS products applying different mapping
functions before (green bars) and after ABS (pink bars) correction, ERAS5 products and Dai radiosonde data.
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Figure 5. Average ZTD trend differences (mm yr—1) for 17 selected
stations between GPS (a before homogenization, b after homoge-
nization) and different references (Dai, Raw, ERAS) using different
mapping functions (E1-ES).

derived ZTD as reference. The offset between segments be-
fore and after change points can be either estimated using
GPSERAS series (relative method) or using de-seasonalized
GPS ZTD itself (absolute method), and we found that the
relative method will tune the homogenized ZTD time se-
ries to the reference, i.e. ERAS, with almost the same GPS
ZTD trends with ERAS ZTD trends, regardless of the pro-
cessing strategies used. The impacts of mapping functions,
elevation cut-off angles and homogenization on long-term
ZTD trends and their uncertainties were then evaluated by

Atmos. Meas. Tech., 16, 5249-5259, 2023

comparing with different references, especially, for the first
time, including the homogenized radiosonde dataset (Dai)
and ERAS. Results show that the homogenization can sig-
nificantly change the ZTD trends. After homogenization,
the estimated trends are almost identical regardless of the
elevation cut-off angle. The maximum difference was re-
duced from 2.07 to 0.60 mm yr~!. Different mapping func-
tions show almost same consistency with references Dai and
ERAS. On the other hand, as for using different elevation
cut-off angle settings, GPS ZTD trends before homogeniza-
tion have the best agreement with Raw radiosonde data using
a 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
ERAS5-derived ZTD trends as references for un-homogenized
GPS ZTD evaluation, or taking any reference for homoge-
nized GPS ZTD evaluation, low-elevation cut-off angle set-
tings, especially 3° or 7°, show better performance than high
angle settings. The homogenization can reduce the uncertain-
ties of the estimated trends. One thing we need to note is
that impacts of different factors on the long-term ZTD trends
have been discussed in this work, but how large these im-
pacts are compared to the expected trend itself due to climate
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Figure 7. Average ZTD trend differences (mm yr™ 1y for 17 selected
stations between GPS (a before homogenization and b after homog-
enization) and different references (Dai, Raw, ERAS) using differ-
ent elevation cut-off angle (E5-E11).

change is still absent because it is very hard to know climate-
induced trends exactly. The main reason is that we have
few observing techniques that can get reliable ZTD or water
vapour trends due to the inhomogeneity issue. Some stud-
ies have argued that the water vapour content should change
with the temperature following the Clausius—Clapeyron (CC)
equation if the relative humidity is constant (Trenberth et al.,
2003). On the other hand, different regions can show quite
a different scale of the CC relationship (Lenderink and Van
Meijgaard, 2008). It is therefore not easy to answer how sig-
nificant these impacts are in the light of the expected trends
due to climate change.

Data availability. GPS data are provided by IGS and can be
accessed from ftp://gdc.cddis.eosdis.nasa.gov/pub/gps/data/daily/
(International GNSS Service, 2023). The reanalysis data from
ERAS products were released by ECMWEF and are available at
https://doi.org/10.24381/cds.bd0915c6 (Hersbach et al., 2023).
Radiosonde data are archived at https://www.ncei.noaa.gov/data/
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