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Studying the seasonal deformation in GPS time series is important to interpreting geophysical contrib-
utors and identifying unmodeled and mismodeled seasonal signals. Traditional seasonal signal extraction
used the least squares method, which models seasonal deformation as a constant seasonal amplitude
and phase. However, the seasonal variations are not constant from year to year, and the seasonal
amplitude and phase are time-variable. In order to obtain the time-variable seasonal signal in the GPS
station coordinate time series, singular spectrum analysis (SSA) is conducted in this study. We firstly
applied the SSA on simulated seasonal signals with different frequencies 1.00 cycle per year (cpy), 1.04
cpy and with time-variable amplitude are superimposed. It was found that SSA can successfully obtain
the seasonal variations with different frequencies and with time-variable amplitude superimposed. Then,
SSA is carried out on the GPS observations in Yunnan Province. The results show that the time-variable
amplitude seasonal signals are ubiquitous in Yunnan Province, and the time-variable amplitude change
in 2019 in the region is extracted, which is further explained by the soil moisture mass loading and
atmospheric pressure loading. After removing the two loading effects, the SSA obtained modulated
seasonal signals which contain the obvious seasonal variations at frequency of 1.046 cpy, it is close with
the GPS draconitic year, 1.040 cpy. Hence, the time-variable amplitude changes in 2019 and the seasonal
GPS draconitic year in the region could be discriminated successfully by SSA in Yunnan Province.
© 2024 Editorial office of Geodesy and Geodynamics. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Global Positioning System (GPS) has been widely used to
study the Earth's crustal deformation. Away of processing GPS time
series for seasonal variations is applying least-squares fitting har-
monic terms with a constant amplitude and phase. These methods
can ultimately play an indispensable role in exploring the
servatory, Chinese Academy

eismology, China Earthquake

vier on behalf of KeAi

dynamics. Publishing services by E
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contributions of seasonal sources, such as mass redistributions,
thermal expansion, etc [1e5]. However, there are varieties of sea-
sonal crustal processes, such as regional precipitation, local
extreme arid climate, are modulated with climate change, i.e., the
amplitude and phase of the seasonal signal vary with time [6e14].

The unmodeled seasonal signal, GPS draconitic year with a
period of 351.4 days and a frequency of 1.04 circle per year (cpy),
can generate beat modulations at 0.04 and 2.04 cpy with the fre-
quency of 1.00 cpy. The two close frequency signals combination
can also induce seasonal modulated amplitude variations in GNSS
time series [15e22]. Those modulated seasonal variations cannot
be measured using the traditional least squares method due to its
constant seasonal amplitude and phase assumption.

The advent of Singular spectrum analysis (SSA) provides an
appealing opportunity to obtain the time-varying seasonal signals
[23e25]. Chen et al. [6] first verified the feasibility of SSA to extract
time-varying seasonal signals fromGNSS time series. Subsequently,
SSA began to be widely used in GNSS data analysis, including the
lsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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applications of SSA to extract trend and periodic signals [26e29],
effective noise reduction and other purposes [30e33]. Klos et al. [7]
further applied different processing methods to extract the mod-
ulation amplitude of GNSS time series under different noises, and
the results show that SSA can effectively capture seasonal defor-
mation. Guo et al. [10] successfully extracted gravitational solid
tides in relative gravity observations based on SSA. Wang et al. [34]
applied SSA to obtain seasonal crustal signals, effectively elimi-
nating the influence of noise and local phenomena specific to a
single site. Hu et al. [28,29] used SSA to study the GPS seasonal
signals caused by hydrological loads in the vertical direction in
Yunnan. The results showed that compared with the least squares
method, SSA can better reflect the actual seasonal deformation of
hydrological loads. Overall, SSA was able to extract the periodic
signal of the crust and the seasonal signal with modulated
amplitude.

Few studies have demonstrated the ability of SSA to obtain the
modulated periodic signals with different frequencies and with
time-variable amplitude are superimposed. In this study, we firstly
apply singular spectrum analysis on simulated modulated seasonal
GNSS time series to demonstrate the abilities of SSA in separating
time-variable seasonal signals. Then, we applied the SSA to
observed GNSS time series in Yunnan Province and explored the
modulated seasonal geophysical process and potential GPS draco-
nitic year.
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2. Method and simulation

2.1. Singular spectrum analysis (SSA)

Singular spectrum analysis is a method for time series analysis,
which does not require any external assumptions and prior infor-
mation. Using the basic idea of spatial reconstruction, the original
signal components can be identified through singular value
decomposition, and the trend, period or quasi-period, and noise in
the time series can be realized. Especially for seasonal signals, it is
not constrained by the sine wave assumption, and it can stably
identify and extract real seasonal signals regardless of the premise
that the phase and amplitude are constant [6,7,10,28e31].

The method mainly consists of two stages: matrix factorization
and sequence reconstruction. The matrix factorization includes
time series embedding and singular value decomposition, and the
sequence reconstruction includes grouping and diagonal averaging.
Suppose there is a period sequence YN ¼ (y1, y2, y3, …yN), where
N > 2, assuming with mean subtracted. Take out the equal-length
subsequence of YN according to the lag-window size L (1<L < N),
and obtain K (K]N e Lþ1) vectors to form a trajectory matrix by
embedding the original sequence, and the trajectory matrix is done
in columns [23,35]:

X¼

2
664

y1 y2 y3 … yK
y2 y3 y4 … yKþ1

«««««
yL yLþ1 yLþ2 … yN

3
775 (1)

Perform singular value decomposition on the trajectory matrix
to obtain L eigenvalues and arrange them in descending order ac-
cording to the eigenvalues (l1 � l2 � l3$$$ � lL � 0) and the cor-
responding eigenvectorsU1;U2;U3;…;UL. Considering that the first r
singular values can reflect the main features of X, a new matrix
ZðrÞðr < LÞ is constructed by selecting its eigenvalues and eigen-

vectors.
Pr

i¼1li=
PL

i¼1li is the contribution rate of the first r vectors.
The purpose of the method is to separate the target component
from other signals. Finally, diagonally average the reconstructed
2

component Z to recovery each component of the original time se-
ries [23,35]:

y¼

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

1
i

Xi

j¼1

Zj;i�jþ1 1 � i � L� 1

1
L

XL

j¼1

Zj;i�jþ1 L � i � K

1
N � iþ 1

XN�Kþ1

j¼i�Kþ1

Zj;i�jþ1 K þ 1 � i � N

(2)

where the signal y recovered by SSA is obtained, that is, the
extraction and separation of the signal is realized.

According to the SSA, when there is periodic component in the
original sequence, SSA will obtain a pair of recovered components
whose eigenvalues are nearly equal, and their corresponding ei-
genvectors are orthogonal respectively. A periodic component of
the original sequence is the sum of a pair of recovered components
that satisfy these conditions. Details of the supplementary can be
found in previous studies [6,23,25], which will not be described in
this paper.

2.2. Simulation test

The modulated seasonal signals are usually caused by the
geophysical processes or similar frequency singles, which are both
involved in the test. In order to verify the feasibility of SSA in
obtaining similar frequency signals, the station coordinate time
series of 10 years and 3653 epochs in a single day were simulated.
The simulated data included the two different periodic signals of
1.00 cpy and 1.04 cpy, as well as the modulation amplitude. The
simulated signals are expressed as follows:

SðtiÞ¼ a sinð2ptiÞþ b cosð2ptiÞþ cðtiÞsinð2ptiÞ
þ cðtiÞcosð2ptiÞþd sinð1:04�2ptiÞ
þ e cosð1:04�2ptiÞ þ εðtiÞ

(3)

where, ti is the decimal point year; a, b are the stable constant
amplitudes with a frequency of 1.00 cpy. Since the global mean
annual amplitude is about 4 mm [1], we set the a ¼ 4, b ¼ 1 in our
simulation. d, e are the stable amplitudes with a frequency of 1.04
cpy. For the GPS draconitic year in the GNSS time series, we know
little about its variation in the time domain, especially the seasonal
amplitude. GPS draconitic year is usually a hidden time series re-
sidual. Thus, we set the d ¼ 2, e ¼ 1 in our simulation. cðtiÞ is the
modulation amplitude of a signal at frequency 1.00 cpy, the
mathematical expression is as follows [6]:

cðtiÞ¼ e0:5 sinðtiÞ (4)

Considering that the GPS station coordinates time series often
contains noise information [36,37], we adopt a flicker noise model
εðtiÞ in simulated time series following the previous study [37]. The
simulated data are shown in Fig. 1a and b.

Using SSA to carry out signal extraction, the lag-window of this
decomposition is 365 days (see Section 2.3 for the selection of the
lag-window), and the extracted modulated amplitude seasonal
signal by SSA is shown in Fig. 1b, black line. The eigenvalues are
represented by the proportion of the data variance (Fig. 2), which
represent the contributor to the original time series, usually related
to the main source time function. The eigenvalue results show that
the first and second components account for 33.91% and 32.99%,
respectively, and the other components account for much less than



Fig. 1. Singular spectrum analysis for amplitude-modulated seasonal signals in simulated data. a) The simulated time series of constant amplitude and time-variable amplitude with
a frequency of 1.00 cpy; b) The time series obtained in a) with a frequency of 1.00 cpy (red line) and the simulated time series with a frequency of 1.04 cpy (blue line), the combined
time series with 1.00 cpy and 1.04 cpy, which also considering the flicker noise (yellow scatter), and the black line is the seasonal signal recovered by SSA; c) SSA residual (red line,
the recovered signal of SSA with the removement of the time series at 1.00 cpy) and the simulated time series of 1.04 cpy (blue line); d) The spectrum analysis of SSA residual. The
black vertical solid line indicates seasonal signals (1.0 cpy), and the green dashed line indicates anomalous harmonics at 1.04 cpy.

Fig. 2. Eigenvalues versus the dominant frequency associated with their correspond-
ing eigenvectors.

W. Tan, J. Chen, Y. Zhang et al. Geodesy and Geodynamics xxx (xxxx) xxx

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

GEOG578_proof ■ 25 May 2024 ■ 3/10

3

2%, indicating that the first two components contain the main in-
formation of the original data. The first two eigenvalues are nearly
equal, which means the sum of the two components contain the
main periodic component in the original sequence [6,23,25]. The
spectral analysis of the components extracted by SSA shows that
the first two components have obvious periodicity, and the peaks of
the periodic spectrum are at 1.00 cpy and 1.025 cpy, respectively,
while the other components do not. Therefore, the first two com-
ponents are applied for data recovery. The results show that with a
lag-window of 365 days, the variance of the data obtained by SSA is
66.90% (Table 1), and the true proportion of the variance for the
periodic signal in the simulated signal is 67.16%. Therefore, SSA can
recover 99.61% of the original data in the simulation test.

The SSA-recovered signal was further processed: the simulated
annual signal was subtracted from the SSA-recovered signal to
obtain the residual (called the SSA residual) (Fig. 1c, red line). The
RMS (Root Mean Square) between the SSA residual and the simu-
lated GPS draconitic year is 0.23 mm. Spectral analysis revealed
(Fig. 1d) that SSA residuals had a significant frequency at 1.050 cpy,
slightly different from the simulated GPS draconitic year (1.04 cpy).
The frequency difference between SSA residual and theoretical
values may be due to the length of time in the data [15,19,21,22] as
well as noise in the time series. The results show that SSA can extract
the modulated amplitude signal with different frequencies and with
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time-variable amplitude superimposed in the simulated time series,
and the recovered seasonal signal by SSA contains the coupled sig-
nals of close frequencies, and finally, the separation of similar fre-
quency signals can be achieved through further processing.

2.3. Selection of lag-window length

In the SSA method, the lag-window L and component selection
for data recovery are crucial. If the window is too large, the
recovered signals will alias; if the window is too small, the signals
cannot be completely separated. Since the singular value decom-
position of the trajectory matrix for window lengths L and K is
symmetric, it is not necessary for the window length L to exceed N/
2 [25]. Vautard et al. [23] demonstrated that SSA can obtain the
periodic signal between L/5 and L. For geodetic applications, Ran-
gelova et al. [24] applied a 3-year window, which is half of the data
length (N/2), to obtain the signals. Chen et al., 2013 demonstrated
that awindow size of 2 or 3 years (less than N/4) can be appropriate
to obtain the annual and semi-annual signals from GPS time series.
In addition, Khan and Poskitt [38] also propose a mathematical
method of window length selection. As we are interested in the
close frequency extraction around the annual variations, we follow
the previously demonstrated results and perform different window
length tests in this work.

Considering the GPS time series are single-day observations, and
we mainly focus on the annual seasonal signal, the lag-window of
90 days, 182 days (1/2 year), 365 days (1 year), and 730 days (2
years) are selected.

When a smaller lag-window of 90 days was selected, the
recovered SSA residual frequency was 1.025 cpy (Table 1), a sig-
nificant deviation from the theoretical value. When the lag-
window was selected as 182 days, 365 days, or 730 days, the fre-
quency of the obtained SSA residual is 1.050 cpy, close to the
theoretical value of 1.040 cpy. On the one hand, because the data
length is 10 years, less than 25 years, there may be deviations in
separating these two similar frequency signals. In addition, there is
obvious noise in the simulated data, which may cause frequency
deviation. The RMS of the difference between the theoretical value
and the SSA residual shows that the larger window guarantees the
recovery of the seasonal signal to the original data (Table 1).
However, the larger window may split part of the main variance
into other artificial long-term variations [6]. Thus, we apply the
data variance to recovery from the desired signal (Table 1). The
recovery variance results show that the larger window did deviate
from the recovery of the desired signal. Therefore, the tests show
that 182 days and 365 days are appropriate window choices. We
apply 365 days as the embedded data lag-window for further work
in this study.

3. GNSS data analysis

3.1. GNSS station coordinate data and research area

We used the GNSS observations from 2011 to 2021 (Fig. 3) of 25
GNSS stations built by the Crustal Movement Observation Network
Table 1
The data variance, frequency of recovered seasonal signals with different lag-window. Th

T

The simulated data 6
The recovery variance
SSA residual frequency (cpy)
the difference between the theoretical value and the SSA residual RMS (mm)

4

of China (CMONOC) in Yunnan Province. The data comes from the
GNSS Analysis Center of Shanghai Astronomical Observatory, Chi-
nese Academy of Sciences (SHA, http://www.shao.ac.cn/shao_gnss_
ac). The Shanghai Astronomical Observatory uses the high-
precision geodetic analysis system iGPOS software to process GPS
observation data. The estimated parameters include station co-
ordinates and tropospheric parameters, satellite orbits, and earth
orientation parameters. The calculated station coordinates are
transformed into the framework of ITRF2008 through Helmert
transformation. The results provided by the analysis center are
consistentwith the accuracy of IGS products. The horizontal accuracy
of station coordinates is 3mm, and the vertical accuracy is 6mm. For
detailed processing methods of GNSS data, see Chen et al. [39].

The GPS time series post-processing applied the known models
and uses the least square method to estimate station trend items,
annual and semi-annual items, and jumps caused by seismic ac-
tivity or instrument replacements. Fig. 3 shows the residuals after
processing using the least squares method. In Fig. 3, a significant
non-linear variation is observed around 2019 in the station coor-
dinate residual time series obtained by using the traditional least
squares fitting method. At the same time, the article by Tan et al.
(2022) pointed out that the station coordinate time series in
Yunnan Province also contains a periodic signal of 1.04 cpy. In this
work, we apply SSA to extract the modulated seasonal signal in the
region. Here, we mainly focus on the seasonal signal in the time
series, so we retain the annual signal information for data pro-
cessing in the residual series.
3.2. The modulated seasonal signals in GPS extracted by SSA

We apply SSA to the GPS seasonal residuals which contain
seasonal deformation signals. According to the selection of the lag-
window in 2.3, the SSA is performed on a lag-window of 365 days
to obtain the seasonal deformation of each station. Since wemainly
focus on seasonal signals, whether the recovered signal contains
obvious periodic changes is a crucial impactor. SSA was performed
on the time series of 25 GNSS stations to obtain the seasonal signals
of each station. Finally, we choose the reconstructed components of
the first two singular spectral components (Themean data variance
contribution is about 41%), which both show obvious periodic
changes. Then, the 25 seasonal signals recovered by SSA in Yunnan
Provincewere further processed using the stackingmethod (Fig. 4a,
red line). Sometimes, data gaps exist in the GPS time series, we fill
time gaps with linear interpolation. At the same time, the tradi-
tional least-squares fitting (lsq) harmonic terms with a constant
amplitude and phase were used to fit the annual signal in the re-
gion. The stacking method is also applied on the seasonal signal
obtained by lsq (Fig. 4a, yellow line).

Compared with the annual deformation obtained by the tradi-
tional method lsq, the modulated-amplitude seasonal signal in the
Yunnan region obtained by SSA changes significantly over time
(Fig. 4a, red line). Its amplitude was slightly smaller than the con-
stant amplitude annual signal fitted by the least square method in
2014 and 2017, and was significantly larger than the constant
amplitude annual signal around 2019. The phases of the seasonal
e RMS between the SSA residual and the theoretical signals.

he real data variance lag-window L（days）

90 182 365 730

7.16%
67.53% 67.00% 66.90% 66.87%
1.025 1.050 1.050 1.050
0.46 0.35 0.23 0.20
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124
125
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127
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Fig. 3. a) and b) The GPS residuals (the linear term, seasonal terms and obvious jumps are removed) in Yunnan Province. c) The GPS sites' location map. Q6
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signals obtained by the two methods are consistent in visual. Since
we mainly concentrate on the modulated seasonal amplitude var-
iations, we leave a detailed discussion about the phase variations
for further study. The difference in amplitude and the basic coin-
cidence of phase indicates that the seasonal deformation in this
region is mainly caused by the mass redistributions [1]. We will
discuss the geophysical contributors to the modulated seasonal
signals in the latter Section 4.1.
5

The residual RMS obtained by SSA is 5.0 mm; the residual ob-
tained by the least squaremethod is 5.9mm. Thus, SSA can improve
the GPS data analysis accuracy to a certain extent. This phenome-
non can be seen more intuitively by subtracting the least-squares
fitted steady-state annual signal from the seasonal signal recov-
ered from SSA (Fig. 4b, yellow line). As discussed before, the
modulated seasonal signals usually contain the time-varying mass
loading variations or the error of the GPS system (GPS draconitic



Fig. 4. a) The seasonal signals in Yunnan Province obtained by SSA and lsq from the GPS seasonal residuals. b) The residual with SSA (GPS e ssa) and lsq (GPS e lsq, the time series is
offset �30 mm to avoid overlap of symbols), and the different of the two residuals (ssa e lsq, the time series is offset �60 mm to avoid overlap of symbols).

Fig. 5. The seasonal deformation of the soil moisture and atmospheric pressure obtained by SSA and lsq, and the difference between the two methods (diff, yellow lines).

W. Tan, J. Chen, Y. Zhang et al. Geodesy and Geodynamics xxx (xxxx) xxx

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

GEOG578_proof ■ 25 May 2024 ■ 6/10

6



W. Tan, J. Chen, Y. Zhang et al. Geodesy and Geodynamics xxx (xxxx) xxx

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

GEOG578_proof ■ 25 May 2024 ■ 7/10
year). We then make discussion in the following sections about the
two aspects.

4. The sources to the modulated seasonal signals

4.1. The geophysical contributors to modulated seasonal signals

Surface atmospheric pressure, hydrologic cycle, and non-tidal
ocean loading are the main source factors affecting vertical sea-
sonal displacements observed by GPS [1,8]. At the same time, the
amplitude of those mass redistributions changes over time, espe-
cially for the displacement caused by water storage [5,12,13]. The
soil moisture and atmospheric pressure are the main factors
affecting the surface load deformation in Yunnan Province; the
snow variation and non-tidal ocean loading induced deformation
are less than 0.5 mm in the region [28,29,40,41]. Thus, we only
calculate the surface deformation caused by the atmospheric
pressure and soil moisture mass loadings in this work.

The atmospheric surface pressure data provided by NCEP (Na-
tional Centers for Environmental Prediction) (http://www.esrl.
noaa.gov) was used to calculate the surface deformation caused
by atmospheric loading. The spatial resolution of the model is
2.5� � 2.5�, and the temporal resolution is 6 h. The NCEP Reanalysis
II single-day soil water model was used to calculate deformation
caused by soil moisture mass loading in Yunnan Province, with a
spatial resolution of 1.875� � 1.875�. We calculate the ground
deformation by Green's function method [42] and the models data
span from 2011 to 2021We firstly calculate the crustal deformation
of each station with a time resolution of one day, and then we use
the same fitting method as the GPS time series to obtain the
Fig. 6. The GPS residual before and after removi
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seasonal surface deformation caused by the two above geophysical
phenomena by using the SSA and lsq, respectively (Fig. 5).

As shown in Fig. 5, the amplitude of the seasonal deformation
caused by soil moisture loading and atmospheric loading varies
significantly with time. Comparing the difference of seasonal sig-
nals obtained by the SSA and lsq (Fig. 5, diff，yellow line), it is
found that the crustal deformation caused by soil moisture has an
obvious modulation amplitude change process around 2019. For
the atmospheric loading induced deformation, no significant
changes were observed in the time. Considering the influence of
the two mass loadings on the station coordinates, we deduct the
atmospheric load and soil moisture induced deformation from GPS
observations, and compare the effects before and after the
deducting of the two mass loads (Fig. 6). In order to highlight the
non-linear variations around 2019, a sliding window of 365 days is
applied on the residuals. It is found that after deducting the
deformation caused by the atmospheric pressure and soil moisture,
the residuals of the GPS station coordinate time series do not have
obvious non-linear variation around 2019, which verifies that the
seasonal amplitude of the GPS over time in 2019 is due to the mass
redistributions.

We also consider the heavy precipitation or extreme climate in
Yunnan Province around 2019. Based on this, we obtain the
monthly average precipitation data provided by the National
Meteorological Science Data Center (http://data.cma.cn/), and its
time span, from 2011 to 2021, is consistent with the GPS observa-
tions. By deducting the average precipitation of each month in the
10 years, the precipitation anomaly data in Yunnan Province from
2011 to 2021 were obtained (Fig. 7). In order to highlight the non-
linear variations of the precipitation, a sliding window of 12
ng the atmospheric load and soil moisture.
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Fig. 7. The anomaly precipitation and the smoothed anomaly precipitation from 2011 to 2021 in Yunnan Province.
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months also applied on precipitation anomaly (Fig. 7, red line).
There was obviously heavy precipitation in Yunnan Province in
2019. At the same time, the region also had obvious heavy pre-
cipitation anomaly in 2011 (Fig. 7), but no abnormal deformation
signal was observed in the GPS station coordinate time series
Fig. 8. a) The GPS residual after removing the mass loadings and the seasonal time series ob
series is offset �30 mm to avoid overlap of symbols), and the different of the two residuals (s
analysis of difference between SSA residuals and lsq residual.

8

(Fig. 6). This is because precipitation is only a part of the hydro-
logical cycle, which continually exchanges through surface runoff,
ground evaporation, transpiration, and terrestrial water storage.
The current results show that precipitation is not directly related to
anomalous crustal non-linear variations in 2019 observed by GPS.
tained by SSA and lsq. b) The residual with SSA (GPS e ssa) and lsq (GPS e lsq, the time
sa e lsq, the time series is offset �60 mm to avoid overlap of symbols). c) The spectrum
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The detailed discussion of the interaction between precipitation
and other hydrological cycle processes needs further study.

4.2. The error source to the modulated seasonal signals

We have demonstrated that the atmospheric pressure and soil
moisturemass loadings are the main contributors to the modulated
seasonal source 2019 of the GPS time series. As we discussed above,
the combination of GPS draconitic year and annual variations can
also cause time-varying seasonal variations. Thus, we deduct the
atmospheric pressure and soil moisture mass loadings deformation
from GPS observations to obtain GPS mass loading removing re-
siduals (Fig. 8a, blue scatter). According to the previous data pro-
cessing method, the seasonal signal is extracted using SSA (Fig. 8a,
red line) and least squaremethod (Fig. 8a, yellow line), respectively.
Comparing the results of the two methods, obvious amplitude
differences are seen visually. Then we obtain the difference time
series of the two methods (Fig. 8b, yellow lines) and perform fre-
quency analysis. The frequency analysis shows that the difference
time series is at frequency of 1.046 cpy, which is close to the GPS
draconitic year frequency compared with the previous studies
[15,16,22]. Based on the results, it is considered that the periodic
mass loading deformation and GPS draconitic year are both
included in the modulation seasonal deformation obtained by SSA.

5. Conclusion

The seasonal variations in GPS time series include the crustal
annual deformation, the GPS draconitic year, other unknown
crustal deformation signals and noise, etc. Simulation tests show
that the seasonal signal extracted by SSA contains seasonal varia-
tions with close frequencies of 1.04 cpy and 1.00 cpy, and with
modeled time-variable amplitude seasonal signals. Applying SSA to
the observed GNSS time series in Yunnan Province, the main results
include: 1) There is a modulated seasonal amplitude in the GPS
station coordinates time series in the region; 2) The obtained
modulation amplitude in 2019 is related to the load deformation
caused by soil moisture loading and atmospheric pressure loading.
3) After deducting the mass loading effects, SSA has obtained the
seasonal variations close to the frequency of the GPS draconitic year
of 1.04 cpy. In conclusion, the SSA obtained the modulated seasonal
signals containing the time-variable amplitude of seasonal mass
loading variations and time-variable amplitude induced by close
frequencies of the GPS draconitic year at 1.04 cpy and annual sig-
nals at 1.00 cpy. However, the processing method in the paper is to
subtract the annual signal with constant periodic amplitude from
the seasonal signal obtained by SSA, which may cause processing
errors; and SSA cannot directly extract periodic signals with similar
frequencies of 1.00 cpy and 1.04 cpy, which means similar fre-
quency signals extraction by SSA needs further study.
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