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Abstract: With global warming, coastal areas are exposed to multiple climate-related hazards. Un-
derstanding the facts and attribution of regional climate change in coastal communities is a frontier
science challenge. In this study, we focus on fact analysis of multi-scale climate changes in the
Guangdong–Hong Kong–Macao Greater Bay area (GBA) and around the Baltic Sea area (BSA). We
selected three Asian stations from the GBA in South China (Guangzhou, Hong Kong, and Macao)
and five European stations around the Baltic Sea (Stockholm, Haparanda A, Vestervig, Poznan, and
Frankfurt) from four countries in the BSA as representative stations, which have more than 100- or
150-year datasets. Based on the ensemble empirical mode decomposition (EEMD) and Mann–Kendall
methods, this study focuses on the multi-scale temperature and precipitation fluctuation and mu-
tation analysis in the past. The multi-scale analyses show that there are four time-scale changes in
both areas. They are the inter-annual scale, inter-decadal scale, centennial scale, and trend, but the
lengths of different timescales vary in both regions, especially the inter-decadal scale and centennial
scale. For temperature, the inter-annual scales show the same results, with 2–4 and 7–9 a in both
the GBA and BSA. In the GBA, the inter-decadal scales are 10–14, 30–50, and 55–99 a, while in the
BSA, they are 13–20, 26–50, and 66–99 a. For centennial scales, there are 143–185 and 200–264 a in
the BSA and about 100–135 a in the GBA. Temperature trends in the GBA reveal that the coastal area
has experienced an upward trend (Hong Kong and Macao), but in the inland area (Guangzhou),
the trend fluctuated. Temperature trends in the BSA have risen since 1756. For precipitation, the
inter-annual scales are 2–4 and 6–9 a in both the GBA and BSA. The inter-decadal scales are 11–29
and 50–70 a in the GBA and 11–20, 33–50, and 67–86 a in the BSA. For centennial scales, there are
about 100 a in the GBA and 100–136 a in the BSA. In the GBA, the precipitation trends show stronger
local characteristics, with three different fluctuation types. In the BSA, most stations had a fluctuating
trend except Haparanda A and Vestervig station, which experienced an upward trend throughout the
whole time range. Overall, there are no unified trends for precipitation in both areas. Temperature
mutation tests show that only Vestervig in the BSA changed abruptly in 1987, while the mutation
point of Macao in the GBA was 1991. Precipitation mutation points of Stockholm and Vestervig were
1878 and 1918 in the BSA, while only Macao in the GBA changed abruptly in 1917. The results reveal
that the regional climate mutation of both areas is not obvious, but the temperature changes with an
upward trend as a whole.

Keywords: climate change; ensemble empirical mode decomposition (EEMD); Baltic Sea; the
Guangdong–Hong Kong–Macao Greater Bay area (GBA)
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1. Introduction

With increasing global warming, losses and damages caused by climate change have
increased and become more serious, especially among poor populations [1–3]. Climate
warming leads to an increase in extreme events, especially in coastal areas, which have more
types of extreme events than inland areas, such as sea level rise, storm surges, saltwater
tides, and typhoons. Extreme events are among the most important causes of economic
losses and casualties in coastal areas [4–6]. For example, there were more than CNY
50 billion in economic losses and 30 deaths caused by typhoons in Guangdong only from
2016 to 2020 alone. Thus, obtaining a clear understanding of the background and facts of
climate change is significant to further study of climate events in coastal areas. As climate
change is a multi-scale phenomenon from a local to global scale, research focusing on facts,
impacts, and adaptations to regional climate change has attracted increasing attention from
scholars [7]. Coastal cities and settlements play a key role in climate-resilient development,
covering almost 11% of the global population and making key contributions to global
economies and inland communities such as the GBA, New York Bay area, San Francisco
Bay area, and Tokyo Bay area [8–12]. Due to their particular geographical location, coastal
areas are usually affected by both internal forces such as continental and marine climate
systems as well as anthropogenic and natural forces. Global warming and rapid economic
development in coastal areas lead to the aggravation of climate sensitivity, which brings
great challenges to sustainable development [13–17]. Therefore, the aim of researchers is to
obtain a clearer understanding of climate change in the past, explore the similarities and
differences between different coastal areas, and then reveal the reasons for climate change
to develop feasible strategies for adaptation. The Guangdong–Hong Kong–Macao Greater
Bay area is the most important economic zone in the South China coastal area. It is located
mainly in the Guangdong province and is surrounded by the South China Sea, the Western
Pacific in the east, and the Indian Ocean in the south. The GBA has a subtropical monsoon
climate and is affected by the mainland, the sea, tropical weather systems, and mid-high
latitude weather systems [18]. The Baltic Sea area (BSA) is an inland sea area surrounded
by nine countries in Northern Europe. The BSA is influenced by systems from the North
Atlantic Ocean, Northern Europe, and polar and subarctic regions, and it is in the transition
zone from temperate marine climate to continental climate [19,20].

The BSA and GBA are representative coastal areas in both Europe and China, with
different climate classifications and geographic positions [21] (Figure 1). Many scholars
have carried out a large amount of work on climate changes in both areas. Thus, we
can learn more about the facts and causes of climate change in both areas. In the GBA,
researchers have mainly studied fact analysis of basic climatic elements and extreme
events, multi-scale or trend extraction of mean temperature and precipitation, and brief
attribution of climate change [22–28]. However, the results of different scholars are different
in individual sites, which may be caused by the length of adopted data or the analysis
method. For the studies in the BSA, scientists focus on the climate element changes of
weather statistics such as temperature, precipitation, wind, humidity, cloud cover, and
sea level in the whole BSA or a certain country. Meanwhile, the climate projection in
the future and the attribution of climate change are also popular research issues in this
region [29–31]. Moreover, some works have explored the results of multi-scale fluctuation
of mean temperature and precipitation and some reasons for these climate changes in part
of the BSA or adjacent areas [32–34]. However, taking the BSA as a whole representative
region, the former multi-scale analyses are insufficient to extract the typical fluctuation
scales. For regional climate, which is related to both large scales such as the global or
hemisphere scale as well as local climate change, the influence factors are more complicated,
and the characteristics of climate may be obvious regionally. In this work, we studied the
similarities and differences of climate change between the two coastal areas. Thus, we
selected the sites with the longest datasets as representative stations in both areas and
adopted a unified analysis method to compare and analyze climate change, especially
in multi-scale changes. Due to the limitation of the length of the data, temperature and
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precipitation were decomposed in this study because only these two elements have long-
term records. In addition, climate data are usually nonlinear and non-stationary and exist as
a mutual superposition of multi-scale signals. Thus, a self-adapting method, i.e., ensemble
empirical mode decomposition (EEMD), was adopted in this study. This method is highly
efficient and applicable to nonlinear and non-stationary signals. In Section 2, we introduce
the data and method of this study. Section 3 gives the detailed results and analyses, and
Section 4 and 5 contain discussion and conclusions.
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Figure 1. New and improved present-day Köppen–Geiger classification map (1980–2016) and areas
we selected (GBA and BSA) (Beck 2020).

2. Data and Method
2.1. Data

ECA&D (European Climate Assessment & Dataset) contains a series of daily ob-
servations at meteorological stations throughout Europe and the Mediterranean. In the
BSA, we selected five stations (Stockholm, Haparanda_A, Vestervig, Poznan, and Frank-
furt) from four countries (Sweden, Denmark, Poland, and Germany) as representative
stations with the longest observed data and with few missing data. Three stations are
located in the coastline area and two stations in the inland area (Figure 2a, Table 1). The
daily datasets of precipitation and temperature used in this study were downloaded from
https://www.ecad.eu/dailydata/index.php (accessedon 31 January 2020). For the daily
series, we chose to use blended date, which means the gaps in daily series of stations
were infilled with observations from nearby stations within 12.5 km distance and with
a height difference of less than 25 m. For continuous missing data of some sites, espe-
cially for more than 8 days in a month, we established a regression equation between
representative sites and several alternative stations to replace missing values, for which
a Euclidean distance method was used to calculate the nearest stations as alternative
stations. To make sure the replaced data were reliable, the sites with correlation coeffi-
cients of the recent five years of nearby missing data passing a 95% significance test were

https://www.ecad.eu/dailydata/index.php


Water 2023, 15, 912 4 of 17

selected as alternative sites. The correlation coefficients (R2) of the regression equation
were all above 0.68, which means the regression data can replace missing data well. Us-
ing daily data, which delete the scattered missing data after regression supplement, we
calculated monthly mean temperature, monthly total precipitation, annual mean temper-
ature, and annual total precipitation (Table 2). In the GBA, Guangzhou (in the inland
area), Hong Kong, and Macao stations (in the coastline area) were chosen as representative
stations (Figure 2b, Table 1). The monthly data of Guangzhou and Hong Kong came
from Guangdong Climate Center and https://www.weather.gov.hk/tc/cis/climat.htm
(accessed on 20 November 2022). The daily datasets of Macao were downloaded from
https://frame.smg.gov.mo/centenary/index.htm (accessed on 20 November 2022). Using
the same method for missing data in the BSA, we obtained monthly and annual data in the
GBA (Table 3).
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Figure 2. Representative stations in BSA area (a) and in GBA area (b).

Table 1. The information of the representative stations in both areas around Baltic Sea area and the
Guangdong–Hong Kong–Macao Greater Bay area.

Areas around Baltic Sea Area (BSA)

Station Name Station ID Country Code (CN) Latitude (◦N) Longitude (◦E) Height (m)

Stockholm 10 Sweden (SE) 59.35 18.05 44.00
Vestervig 107 Denmark (DK) 56.77 8.32 18.00
Poznan 206 Poland (PL) 52.20 18.66 115.00

Frankfurt 4106 Germany (DE) 50.13 8.67 124.00
Haparanda_A 5794 Sweden (SE) 65.82 24.12 16.00

The Guangdong–Hong Kong–Macao Greater Bay (GBA)

Station Name Station ID Country code (CN) Latitude (◦N) Longitude (◦E) Height (m)
Guangzhou 59,287 China (CN) 23.22 113.48 70.70
Hong Kong 45,005 Hongkong (HK) 22.29 114.17 32.00

Macao 45,011 Macao (MO) 22.20 113.53 110.00

Note: Country code (ISO3116 country codes).

https://www.weather.gov.hk/tc/cis/climat.htm
https://frame.smg.gov.mo/centenary/index.htm
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Table 2. Data processing information of the representative stations in areas around the Baltic Sea area.

Temperature

Station ID 10 107 206 4106 5794

Length of original data (daily) 96,424 53,113 25,202 54,786 58,592
Length of correction data (daily) 96,424 53,076 25,202 54,786 58,559

Length of correction data (monthly) 1756.01–
2019.12

1874.08–
2019.12

1951.01–
2019.12

1870.01–
2019.12

1859.08–
2019.12

Length of correction data (year) 1756–2019 1875–2019 1951–2019 1870–2019 1860–2019

Precipitation

Station ID 10 107 206 4106 5794
Length of original data (daily) 58,804 53,325 25,202 54,786 58,608

Length of correction data (daily) 58,804 53,104 25,197 54,786 58,585

Length of correction data (monthly) 1859.01–
2019.12

1874.01–
2019.12

1951.01–
2019.12

1870.01–
2019.12

1859.07–
2019.12

Length of correction data (year) 1859–2019 1874–2019 1951–2019 1870–2019 1860–2019

Table 3. Data processing information of the representative stations in The Guangdong–Hong Kong–
Macao Greater Bay area.

Temperature

Station ID 45,005 59,287 Station ID 45,011

Length of original data (monthly) 1884.01–
2019.12

1908.01–
2019.12 Length of original data (daily) 1901.01–

2019.12

Length of correction data (monthly) 1884.04–
2019.12

1908.01–
2019.12 Length of correction data (monthly) 1901.01–

2019.12
Length of correction data (year) 1885–2019 1908–2019 Length of correction data (year) 1901–2019

Precipitation

Station ID 45,005 59,287 Station ID 45011

Length of original data (monthly) 1884.01–
2019.12

1908.01–
2019.12 Length of original data (daily) 1901.01–

2019.12

Length of correction data (monthly) 1884.01–
2019.12

1908.01–
2019.12 Length of correction data (monthly) 1901.01–

2019.12
Length of correction data (year) 1884–2019 1908–2019 Length of correction data (year) 1901–2019

2.2. Method

Ensemble empirical mode decomposition (EEMD) is a noise-assisted and adaptive
time-space data analysis method [35–37], which has been widely applied for extracting
signals from nonlinear and nonstationary processes. The key algorithm of EEMD is em-
pirical mode decomposition (EMD), which decomposes original data into a number of
characteristic intrinsic mode function (IMF) components with different timescales and
trends. To alleviate a major drawback of mode mixing in original EMD method, a white
noise series of finite amplitude was added to original data to form new signals. By enough
trials of EMD decomposition of new signals, the ensemble means of corresponding IMFs
(Ci,i = 1,2,3 . . . ) are treated as the final results, which have physically meaningful signals
in data [38,39]. As a powerful method, EEMD has been successfully applied to the research
field of climate change, especially in multi-scale fluctuation analysis of climate elements
such as temperature and precipitation [40–43]. For the climate mutation analysis of annual
data, the Mann–Kendall (M-K) method was adopted in this study, and the results passed
the 0.1 significance level.

Based on the standardized monthly data processed by the Z-score method, we ana-
lyzed multi-scale fluctuations characterized with mean periods of temperature and precip-
itation in both the BSA and GBA. In EEMD decompositions, a standard deviation of 0.2
white noise series was added to original data, and the ensemble number of decomposition
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trials was 1000. In addition, we analyzed the power spectrum features of each IMF. The
results show that in each IMF component, the fluctuation period or frequency may be var-
ied throughout the whole timescale. Figure 3 shows examples of power spectrum density
analysis of temperature IMFs at Hong Kong station (C2–C9) in the GBA and Stockholm
station (C3–C10) in the BSA. The period or frequency with the maximum energy density of
each IMF stands for the main period feature of corresponding timescale fluctuation, which
passes the 95% significance test of red noise. Thus, in this study, we focused on multi-scale
analysis of the mean period corresponding with mean instantaneous frequency and the
main period corresponding with maximum density.
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3. Results and Analyses
3.1. Climate Changes in Areas around Baltic Sea Area

The temperature decomposition results of representative stations show that there are
8–10 IMFs and a residual component (trend) in the BSA. For all stations, IMF1 (C1) and
IMF2 (C2) represent fluctuations under one year and annual cycle, which are not given
in the table and figure because we focused on large-scale climate change with a more
than one- year period. As shown in Figure 4, IMF3-5 (C3–C5) represent inter-annual scale,
IMF6-8 (C6–C8) reveal inter-decadal variation, and IMF9-10 (C9–C10) indicate centennial
scale fluctuation and the trend. The residual trend means a mean state of temperature
change after the removal of multi-timescales. Table 4 lists all the results of fluctuation
periods in each station. For the mean period, the timescales of inter-annual fluctuation are
2.0–4.3 and 7.4–8.5 a; the timescales of inter-decadal fluctuation are 13.2–18.0, 25.8–34.8, and
57.7–92.0 a; and the centennial scales are 143.6–184.7 and 264 a. For the main period of each
IMF, the results may be slightly different from the mean period because of the different
calculation methods. The main periods of the inter-annual scale are 1.8–6.1 and 7.7–8.3 a;
the inter-decadal periods are 15.3–20.0, 28.5–50.0, and 66.6–99.0 a; and the centennial scale
is 200–260 a. In order to calculate fluctuation features of different timescales, both mean
period and main period were taken into consideration to obtain the summary results. The
summary results should include as many fluctuation characteristics as possible. As shown
in Table 4, we determined that the inter-annual scales in the BSA are 2–4 and 7–9 a, the
inter-decadal scales are 13–20, 26–50, and 66–99 a; and the centennial scales are 143–185
and 200–264 a.

Table 4. Multi-scale periodic analysis of temperature in areas around the Baltic Sea area (BSA).

Mean Periods of IMFs in BSA Area (Unit: a)

IMFs C3 C4 C5 C6 C7 C8 C9 C10

10 2.0 4.0 7.6 14.0 28.0 57.7 184.7 264
107 2.1 4.2 7.9 14.5 25.8 92 143.4
206 2.1 4.1 8.5 18.0 33.7 71.4
4106 1.9 4.3 7.5 15.6 29.4 77.6 149.8
5794 2.0 3.9 7.4 13.2 34.8 75.0 171.4

2.0–4.3, 7.4–8.5 13.2–18.0, 25.8–34.8, 57.7–92.0 143.6–184.7, 264

Main Periods of IMFs in BSA Area (unit: a)

IMFs C3 C4 C5 C6 C7 C8 C9 C10
10 2.4 3.5 8.0 15.3 28.5 66.7 199.8 260

107 2.4 5.6 8.0 18.2 28.5 99.9 199.8
206 2.4 6.1 8.3 16.6 33.3 66.6
4106 1.8 5.6 7.7 18.2 40.0 99.8 199.8
5794 2.4 3.9 8.3 20.0 50.0 66.6 199.8

1.8–6.1, 7.7–8.3 15.3–20, 28.5–50, 66.6–99 200–260
Summary
Periods

Inter-annual scale Inter-decadal scale Centennial scale
2–4, 7–9 13–20, 26–50, 66–99 143–185, 200–264

The residual components of representative stations in the BSA are shown in Figure 4b–j.
It is shown that all the trends increased during the recorded time periods, but the increasing
rates vary with stations or different time periods. Overall, the temperature change state of
Haparanda_A station is a linear upward trend, and that of other stations shows a nonlinear
increasing trend. To evaluate the mean rate of each site, we decomposed mean annual
temperature by EEMD, and the residual trends show that the mean increasing rates of five
stations (Stockholm, Vestervig, Poznan, Frankfurt, and Haparanda_A) are 0.10, 0.11, 0.40, 0.16,
and 0.17 °C/10 a, respectively, which is very similar to the report on climate change in the
Baltic Sea Area HELCOM thematic assessment in 2013. The mutation test results show that
only Vestervig station changed abruptly in the year 1987, which passed the 0.1 significance
level test. The other stations did not exhibit obvious temperature mutation points (Figure 4k).
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The results of precipitation decomposition revealed 8–9 IMFs (Figure 5). A slight
difference with temperature decomposition is that C1–C3 represent timescales under one
year and annual cycle. As shown in Table 5, C4–C6 represent inter-annual scales with mean
period of 2.1–4.4 and 7.4–9.6 a, and the main periods are 2.0–3.3 and 4.2–8.0 a. C7–C8 reveal
inter-decadal variations with mean periods of 14.4–18.6, 33.1–40.1, and 67.9–85.6 a, while
the main periods are 11.0–20.0, 33–50, and 67–86 a. For the component of C9, fluctuation
periods vary obviously over the whole timescale, especially in Vestervig and Frankfurt
stations, which leads to the part of inter-decadal scale containing C9. Thus, we summarized
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this part of the period in the inter-decadal scale. The remaining scales were treated as
centennial scales. As a result, the centennial scale of the mean period is 101.5–135.8 a, and
that of the main period is 100.0–136.0 a. To summarize the final results comprehensively,
the inter-annual scales of precipitation in the BSA are 2–4 and 7–9 a; the inter-decadal scales
are 11–20, 33–50, and 67–86 a; and the centennial scale is 100–136 a.
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Table 5. Multi-scale periodic analysis of precipitation in areas around the Baltic Sea area (BSA).

Mean Periods of IMFs in BSA Area (Unit: A)

IMFs C4 C5 C6 C7 C8 C9

10 2.1 2.8 7.4 15.0 33.1 135.8
107 2.2 4.4 8.1 18.6 38.1 85.6
206 2.0 4.3 9.6 18.3 35.0 — —

4106 2.0 3.9 9.0 17.0 40.1 67.9
5794 2.1 2.8 8.1 14.4 39.7 101.5

2.1–4.4, 7.4–9.6 14.4–18.6, 33.1–40.1,
67.9–85.6

101.5–
135.8

Main Periods of IMFs in BSA Area (unit: A)

IMFs C4 C5 C6 C7 C8 C9
10 2.2 4.2 6.9 16.7 33.3 100.0
107 2.2 6.4 8.0 18.2 33.3 100.0
206 3.3 5.1 11.0 16.6 44.4 — —

4106 2.0 4.2 11.1 20.0 66.6 100.0
5794 2.5 3.8 11.1 15.3 50.0 100.0

2.0–3.3, 4.2–8.0 11.0–20.0, 33–50,67–86 100–136

Summary
Periods

Inter-annual scale Inter-decadal scale Centennial
scale

2–4, 7–9 11–20, 33–50, 67–86 100–136

As shown in Figure 5b–j, the trends of precipitation in the BSA are quite different from
trends of temperature. The stations with a fluctuating trend are Stockholm, Poznan, and
Frankfurt, which had a decreasing trend in recent decades. The stations with an upward
trend are Vestervig and Haparanda_A stations. For the annual total precipitation, only
Stockholm and Vestervig stations have mutation points in 1878 and 1918, respectively
(Figure 5k,l).

3.2. Climate Changes in the Guangdong–Hong Kong–Macao Greater Bay

The temperature multi-scale changes are shown in Table 6 and Figure 6, with the
elimination of less than one year and an annual cycle timescale. In the GBA, the mean
period of inter-annual scales (C3–C5) are 1.8–3.6 and 8.3–8.7 a; inter-decadal scales (C6–C8)
are 10.3–14.2, 30.0–45.0, and 55.2–92.4 a; and the centennial scale (C9) is 123.6–134.3 a. For
the main period, the inter-annual timescales are 1.9–3.1 and 7.1–9.4 a; the inter-decadal
scales are 13.3, 33.3–50.0, and 66.6–100 a; and the centennial scale is 100–199.8 a. The
longest date length of the GBA is 136 a. Taking all factors (the length of data, the mean
period, and main period) into consideration, we conclude that the inter-annual scales of
temperature in the GBA are 2–4 and 7–9 a, which are the same as those of the BSA. The
inter-decadal scales are 10–14, 30–50, and 55–99 a, which are quite different from those in
the BSA. Perhaps due to the limitation of date length, the centennial scale in the GBA is
100–135 a, which is significantly different from that of the BSA. Figure 6b–h show the trends
of three representative stations in the GBA. The Hong Kong and Macao stations change
with a similar upward trend, but the increasing rate of Hong Kong is larger than that of
Macao. Guangzhou station changes with a fluctuation trend, which means that before 1961,
there was a downward trend, and then, temperature increased obviously, especially after
1980. The mutation test shows that only in Macao station did the mean annual temperature
changed abruptly in the year 1991 (Figure 6g).



Water 2023, 15, 912 11 of 17

Table 6. Multi-scale periodic analysis of temperature in The Guangdong–Hong Kong–Macao Greater
Bay (GBA).

Mean Periods of IMFs in GBA Area (Unit: a)

IMFs C3 C4 C5 C6 C7 C8 C9

45,005 1.9 3.6 8.3 10.3 30.0 92.4 134.3
45,011 1.8 3.5 8.3 13.5 31.9 67.0 123.6
59,287 1.8 3.6 8.7 14.2 45.0 55.2 128.9

1.8–3.6, 8.3–8.7 10.3–14.2, 30.0–45.0, 55.2–92.4 123.6–134.3

Main Periods of IMFs in GBA Area (unit: a)

IMFs C3 C4 C5 C6 C7 C8 C9
45,005 2.1 3.1 8.3 13.3 39.9 74.9 199.8
45,011 1.9 3.1 7.1 13.2 33.3 99.9 199.8
59,287 1.9 3.1 9.4 13.3 49.9 66.6 100.0

1.9–3.1, 7.1–9.4 13.3, 33.3–50.0, 66.6–100 100–199.8

Summary
Periods

Inter-annual scale Inter-decadal scale Centennial
scale

2–4, 7–9 10–14, 30–50, 55–99 100–135
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Guangzhou station (e,f) and temperature M-K test of Macao station (g).

Table 7 provides multi-scales of fluctuation with timescales of more than one year of
precipitation in the GBA. C4–C6 represent inter-annual scales with mean periods of 2.4–5.0
and 8.7–9.3 a and main periods of 2.5–3.4 and 6.0–6.7 a. C7–C8 show inter-decadal scales
with mean periods of 20.2–25.6, 28.1–56.3, and 63.1–69.8 a and main periods of 10.5–11.8,
24.9–28.5, and 28.5–50 a. Adopting a similar data strategy as used in component of C9 in
the BSA, we also extracted part of the inter-decadal period into a group of C7–C8. Thus, in
the combined mean period and main period, the centennial scale is about 100 a, and the
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inter-decadal scales are 11–29 and 50–70 a. The inter-annual scales are 2–4 and 6–9 a, which
are very similar to those of the BSA. As shown in Figure 7b–g, the residual trends of three
stations fluctuated, but the variations are different. The trends of Hong Kong and Macao
increased before 2006 and 1988, respectively, and after that decreased slowly. However,
precipitation in Guangzhou station declined before 1945 and then rose dramatically. The
mutation test also shows that only Macao station has a mutation point in 1917 (Figure 7g).

Table 7. Multi-scale periodic analysis of precipitation in The Guangdong–Hong Kong–Macao Greater
Bay (GBA).

Mean Periods of IMFs in GBA Area (Unit: a)

IMFs C4 C5 C6 C7 C8 C9

45,005 2.6 2.8 9.3 20.3 28.1 69.8
45,011 2.4 3.6 9.2 25.6 54.7 63.1
59,287 2.4 5.0 8.7 20.2 56.3 103.6

2.4–5.0, 8.7–9.3 20.2–25.6, 28.1–56.3,
63.1–69.8 103.6

Main Periods of IMFs in GBA Area (unit: a)

IMFs C4 C5 C6 C7 C8 C9
45,005 2.6 6.0 11.8 25.0 28.5 99.9
45,011 3.4 6.7 11.8 28.5 50.0 99.0
59,287 2.5 6.7 10.5 24.9 50.0 100.0

2.5–3.4, 6.0–6.7 10.5–11.8, 24.9–28.5, 28.5–50 100

Summary
Periods

Inter-annual scale Inter-decadal scale Centennial
scale

2–4, 6–9 11–29, 50–70 100
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4. Discussion

In both the BSA and GBA, we extracted centennial, decadal, or multi-decadal and
inter-annual scales and a general trend from each station. Although the fluctuation period
of each site is slightly different, we still obtained a certain time range for each typical scale.
It is well known that climate change may be influenced by internal and external forcing
factors. Thus, possible forcing factors of a typical scale need to be discussed, and whether
the factors are the same or not in two areas needs to be determined.

4.1. Forcing Factors of Inter-Annual Scale

For the inter-annual scale, both areas have very similar time ranges, mainly 2–4
and 7–9 or 6–9 a, and these results are very consistent with previous research [22–24,40].
Previous investigations have identified that oscillations of the inter-annual scale in the
BSA are associated with large-scale circulation patterns such as the Arctic oscillation (AO)
and the North Atlantic oscillation (NAO), which have a 2–8 a periodicity [33,34], while
in the GBA, inter-annual oscillations have a relationship with ENSO with the same or
one-year- ahead phase variation [22], which has a 2–7 a periodicity. Thus, the forcing
factors of the inter-annual scale in both BSA and GBA are different and are, overall, caused
by inter-annual oscillation of large-scale atmospheric circulation systems (AO, NAO) and
interactions between atmosphere and the ocean (ENSO).

4.2. Forcing Factors of Decadal-to-Multidecadal or Centennial Scales

For the decadal-to-multidecadal timescales or centennial scale, the influence factors
are more variable and complicated and always interact with each other, which usually
influences a larger spatial range. Hence, when it comes to these scales, the uncertainty
of climate change increases, and researchers may tend to investigate the causes of larger-
scale climate change. In the BSA, a warming trend in the Baltic Sea area from 1958 to
2009 (about 51 a) is associated with changes in large-scale atmospheric circulation over
the North Atlantic [19]. The large-scale circulation patterns (e.g., anticyclonic circulation,
westerly winds) in the Baltic Sea region are influenced by the NAO, indicating that multi-
decadal climate change in the Baltic Sea region is partly related to NAO [29]. In the North
Atlantic–European region, decadal fluctuations of climate may be influenced by interactions
between the atmosphere and the Atlantic Ocean [44]. Anthropogenic forcing can explain
a large part of the observed changes from 1973 to 2002 (about 30 a) in temperature and
precipitation over the Baltic Sea region [30,45], while in the GBA, there are few attribution
studies on climate change. We can also investigate possible reasons from the large-scale
attribution research such as studies in East China, the whole of China, and East Asia,
which cover the GBA in space. Annual mean temperature with a quasi-60-year period
in Macao consistently matches the variation of Atlantic multidecadal oscillation (AMO),
and the quasi-30-year and quasi-60-year periods in summer and winter temperature in
Macao have a statistically significant correlation with Pacific decadal oscillation (PDO) and
AMO [19]. Urbanization, incoming solar radiation at the top of the atmosphere, and the
modulated solar radiation reaching ground surface modulate multi-decadal variability in
East China and the whole of China [46,47]. Tropical Indian Ocean sea-surface temperature
(SST) and the Siberian atmospheric circulation systems accounted for at least 80% of total
warming trends in East China during 1909–2010 [48]. For winter temperature, AMO
(always with a period of 65–80 years), the East Asian winter monsoon (EAWM), PDO, and
the Siberian high (SH) are linked to inter-decadal variation of winter temperature in East
China and the whole of China [49–52]. For the East Asian summer rainfall (EASR), the
decadal variation is modulated by Pacific sea-surface temperature anomalies (SSTAs) and
inter-decadal oscillation patterns [53]. Thus, the forcing factors of the inter-decadal scale in
the GBA seem more complex and are composed of atmospheric and ocean systems from
different latitudes.
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4.3. Forcing Factors of Multi-Decadal to Centennial Variation at Global or Hemispheric Scale

Furthermore, the multi-decadal to centennial variations of temperature have a global
or hemispheric scale, while the average variation signal of precipitation at the global
scale is not obvious because changes in precipitation in different regions cancel each other
out. Natural forcing (e.g., changing orbital, solar, and volcanic forcing) increases the
decadal–centennial timescale, and large spatial-scale temperature variability, especially
pre-1850 and anthropogenic forcing (e.g., greenhouse gases, aerosol), has contributed sig-
nificantly to 20th century temperature changes [54–57]. The variability in the Atlantic
is a viable explanation for a portion of multi-decadal variation of Northern Hemisphere
mean temperature [58]. Multi-decadal (65–70) oscillation of global mean temperature is the
statistical result of 50–88-year oscillations for the North Atlantic Ocean and its bounding
Northern Hemisphere continents and low-frequency variations of the thermohaline circula-
tion [59,60]. In addition, decadal modulation factors of global mean temperature, such as
AMO and PDO, also contribute significantly to the rates of decadal temperature cooling
or warming [61,62]. Thus, the forcing factors of decadal–centennial scale for temperature
are complicated and may have both general factors at a large scale and different regional
factors, while the variation characteristics of precipitation are more regional because the
influence factors vary in different regions.

5. Conclusions

Based on the comparison studies in both the BSA and GBA, we conclude that there are
inter-annual-, inter-decadal-, and centennial-scale low-frequency fluctuations in both areas,
but the low-frequency timescales differ. Climate trends and mutation results of temperature
and precipitation vary in both areas.

For temperature, the inter-annual scales show the same results, with 2–4 and 7–9 a in
both the GBA and BSA. The inter-decadal fluctuation has three main timescales in both the
GBA and BSA, which are different and inconsistent. There are two main centennial scales
in the BSA while only one in the GBA, which may be affected by the length of datasets. For
precipitation, the timescales of the inter-annual fluctuation are consistent in both the GBA
and BSA, similar to the temperature scales. The GBA has two main inter-decadal scales,
while there are three in the BSA. For the centennial scale, there is only one main timescale
in both the GBA and BSA.

The temperature trends of the GBA reveal that the coastal area has experienced an
upward trend (Hong Kong and Macao stations), but in the inland area (Guangzhou), the
trend has fluctuated, declining before 1961 and rising after 1961. This means the overall
trend of the GBA increased after 1961 and accelerated obviously after 1980. Meanwhile, in
the BSA, the temperature trends of all stations have experienced a rising trend with different
growth rates. Most stations in the two regions have experienced a warming trend, which is
consistent with the general situation of global warming. For the precipitation in the GBA,
the trends of three stations show stronger local characteristics with different fluctuation
types, while in the BSA, two stations (Haparanda_A and Vestervig) have experienced an
upward trend throughout the whole time range, but the trends of three other stations have
fluctuated, with a declining trend in recent decades. Overall, there are no unified trends
for precipitation in both areas, which reveals that precipitation change is more complex
and regional than temperature. The mutation tests show that there are no obvious regional
temperature and precipitation mutations in both areas except at individual sites, such as
Vestervig and Stockholm in the BSA and Macao in the GBA.
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