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Abstract: Under climate change, the frequency of drought-flood abrupt alternation (DFAA) events is
increasing in Southeast China. However, there is limited research on the evolution characteristics of
DFAA in this region. This study evaluated the effectiveness of the drought and flood indexes including
SPI (Standardized Precipitation Index), SPEI (Standardized Precipitation Evapotranspiration Index),
and SWAP (Standardized Weighted Average Precipitation Index) in identifying DFAA events under
varying days of antecedent precipitation. Additionally, the evolution characteristics of DFAA events
in Fujian Province from 1961 to 2021 were explored. The results indicate that (1) SPI-12d had the
advantages of high effectiveness, optimal generalization accuracy, and strong generalization ability
of identification results, and it can be used as the optimal identification index of DFAA events in
Southeast China. (2) There was an overall increase in DFAA events at a rate of 1.8 events/10a. The
frequency of DFAA events showed a gradual increase from the northwest to the southeast. (3) DTF
events were characterized by moderate drought to flood, particularly in February, July, and August,
while FTD events were characterized by light/moderate flood to drought, with more events occurring
from June to October. (4) DTF event intensity increased in the northern and western regions from
1961 to 2021. For FTD events, the intensity notably increased in the western region from 1961 to 2001,
while a significant increase occurred in all regions except the central region from 2001 to 2021. These
findings emphasize the need for precautionary measures to address the increasing frequency and
severity of DFAA events in Southeast China.

Keywords: drought-flood abrupt alternation; identification index; temporal and spatial evolution;
Fujian province

1. Introduction

Drought-flood abrupt alternation (DFAA) is a natural phenomenon characterized
by the rapid alternation of droughts and floods over a short period, encompassing both
drought-to-flood (DTF) and flood-to-drought (FTD) variations. Given the concurrent
presence of droughts and floods and the swiftness of their transitions, DFAA events
tend to pose a greater level of hazard compared to isolated droughts or floods. In the
context of global warming [1,2], intensified extreme precipitation, and enhanced water—air
interactions, the climate system has exhibited reduced stability [1,3-5]. The uneven spatial
and temporal distribution of precipitation is further exacerbated by the combined effects of
climate change and human activities [6], leading to an increased likelihood and frequency
of DFAA [7-9].

Based on the current understanding, the identification of DFAA can be broadly catego-
rized into two main approaches. The first method is to directly construct the DFAA indexes.
These indexes primarily include the Long-cycle Drought-Flood Abrupt Alternation Index
(LDFAI) [10], the Short-cycle Drought-Flood Abrupt Alternation Index (SDFAI) [11,12], and
the daily-scale Drought and Flood Rapid Transition Index (DWAAI) [13]. Among these
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indexes, the LDFAI and SDFAI predominantly identify drought-flood abrupt transition
events on a monthly or even seasonal scale. The LDFAI generally focuses on selecting
DFAA events occurring between April and September, and the SDFAI narrows down the
time scale from neighboring seasons to neighboring months by keeping the basic structure
of the LDFAL The identification based on the monthly or even seasonal scale has often led
to the neutralization of drought and flood signals, resulting in less accurate identification
of DFAA. Additionally, the LDFAI and SDFALI fail to fully capture the timing of emergent
events and the multidimensional characteristics of DFAA [14-16]. The DWAAI, which
identifies DFAA events on a daily time scale, can assess the difference in intensity between
droughts and floods during early and late stages as well as determine the urgency of transi-
tioning. However, the parameter involved in the DWAAI (i.e., the attenuation coefficient)
needs to be adjusted according to the geographical environment [17,18]. Additionally, the
range of drought and flood values varies across different regions, which lacks consistency.

The second method is based on the combination of drought and flood indexes, such as
the Standardized Precipitation Index (SPI) [8,19], the Standardized Precipitation Evapotran-
spiration Index (SPEI) [7,20-22], the Standardized Weighted Average Precipitation Index
(SWAP) [23], and the concept of travel theory to identify DFAA. It allows for the analysis of
DFAA on a daily time scale. However, it is worth noting that there may be different DFAA
events based on different drought and flood indexes. Their suitability should be evaluated
based on the specific characteristics of the study area. The SPEI has better applicability than
the SPIin assessing drought and flood in Northeast China [24]. Similar results can be found
in [25]. Yang et al. [26] revealed that the SWAP index, combined with the multi-threshold
run theory enables a more accurate identification of DFAA events in the Yangtze River
basin [27-29]. The study found that the SPI and SPEI have strong monitoring ability for
drought in the southern part of northern China. Liang et al. [30] found that the SWAP
index is highly applicable in identifying short-period drought-flood abrupt change events
in the Pearl River Basin by comparing the SPI, SPEI, and SWAP. However, the suitability
evaluation of drought and flood indexes in DFAA identification is limited. The suitability
evaluation of the drought and flood indicators is a prerequisite for the use of the second
method to study DFAA.

In recent years, there has been a gradual increase in the frequency of DFAA in
China [7,31,32]. Studies on DFAA in China are mainly focused on the Yangtze River
Basin, Huaihe River Basin, Pearl River Basin, and Southwest China [12,33-35]. Like other
regions in China, the southeastern coastal region has also been experiencing more frequent
and intense droughts and floods, making the issue of DFAA a significant problem [15,32,36].

We aimed to evaluate the spatial-temporal evolution patterns of DFAA in Southeast
China from 1961 to 2021. Specifically, using Fujian Province as a case study, the objectives of
this study were to (1) evaluate different DFFA indexes involving SPI, SPEL and SWAP under
varying days of antecedent precipitation for the study area; (2) explore the spatial-temporal
evolution characteristic of DFAA in Fujian Province over the past 60 years. The results of
this study will provide a scientific foundation for identifying, diagnosing, predicting, and
warning about regional drought and flood hazards as well as assessing risks.

2. Data and Methods
2.1. Study Area and Data

Fujian Province is located at 23°33/~28°20" N and 115°50" and 120°40" E, with a land
area of 121,400 km?. The climate is characterized as a subtropical oceanic monsoon with an
average annual temperature and precipitation ranging from approximately 17 to 21 °C and
1400 to 2000 mm, respectively. More than 80% of the total area is occupied by mountainous
and hilly terrain, with a highest elevation of 2200 m and an average elevation of 300 m.

Drought and flood disasters are one of the major natural disasters in Fujian Province.
In recent years, under the influence of global warming, the frequency of drought and flood
disasters in the study area has increased, and the transition between drought and flood has
become more frequent in a relatively short time period. Recent DFAA events occurred in
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the study area, such as the 2018-09 drought to flood transition experiences in the coastal
area. The continuous spring and summer drought in 2018 was the most meteorological
drought in the past 15 years. The southern coastal areas and inland areas were severely
affected until the middle of August. Then the study area was continuously affected by the
low-pressure system, and heavy rainstorms occurred in coastal areas. Finally, the heavy
rainstorms ended the long drought (from March to August 2023), and a rapid drought-
to-flood transition event occurred in the coastal area, which resulted in the economic and
environmental impacts from the extremes.

Daily meteorological data (precipitation, relative humidity, atmospheric pressure,
minimum and maximum temperatures, wind speed, and sunshine hours) between 1961
and 2021 was obtained from the National Meteorological Information Center (NMIC) of
China as well as the altitude and latitude of each station. The data were recorded from
63 meteorological stations (Figure 1) in Fujian Province. The original data underwent a
rigorous process of organization, validation, and quality assurance.
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Figure 1. The location of the study area and the distribution of meteorological stations in Fu-
jian Province.

2.2. Methods
2.2.1. Drought and Flood Indexes

In this paper, the SPI, SPEI, and SWAP were used for the determination of DFAA.
The difference lies in the different focuses of construction, where the SPI only focuses on
precipitation, the SPEI adds the influence of evapotranspiration, and the SWAP considers
the factor of precipitation-affecting attenuation.

The SPI is an index representing the probability of rainfall occurrence in a certain
period of time in a region. It has the advantages of simple calculation and stability, and it
eliminates the temporal and spatial difference of rainfall. McKee [37] proposed the SPI in
1993 and used it to assess climate and drought change. A more detailed information can be
found in [25].

The SPEI was proposed by [25] based on the SPI, and it incorporates the effects of
temperature and precipitation on drought. It also considers evapotranspiration compre-
hensively through the introduction of potential evapotranspiration (PET), which combines
the sensitivity of the PDSI to evapotranspiration and the multiscale characteristics of the
SPI [38]. The computational process is described in detail in the literature, where the
potential evapotranspiration (PET) is calculated using the FAO Penman-Monteith formula
recommended by the Food and Agriculture Organization (FAO) of the United Nations.
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The SWAP, proposed by Lu [39], provides a comprehensive assessment of daily
drought and flood conditions across multiple timescales, including daily, weekly, monthly,
and longer durations. It is a weighted average of precipitation (WAP) that considers the
current precipitation, cumulative contributions, and decay effects of antecedent precipi-
tation. While the WAP characterizes relative drought and flood conditions at a specific
location, Lu et al. [40] introduced the non-dimensional SWAP index to compare drought
or flood severities across different areas. The SWAP is derived from the WAP through a
standardization process, transforming the gamma distribution of the WAP into a standard
normal distribution.

Considering that the SPI, SPEI, and SWAP follow a consistent standardization method,
their values should have the same statistical significance. Therefore, a uniform classification
of flood and drought conditions standardized by a cumulative frequency distribution is
used to classify drought and flooding (Table 1).

Table 1. The classification of flood and drought grades by the SPI, SPEI, and SWAP.

Grade Type Index Value

4 Extreme flood >2.0

3 Severe flood 1.5 <index < 2.0

2 Moderate flood 1.0 <index< 1.5

1 Slight flood 0.5 <index< 1.0

0 Near normal —0.5 <index < 0.5
-1 Slight drought —1.0 <index < —0.5
-2 Moderate drought —1.5 <index < —-1.0
-3 Severe drought —2.0<index < —1.5
—4 Extreme drought <-20

2.2.2. Identification of DFAA Events

In this study, the daily-scale SPI, SPEI, and SWAP values were initially computed based
on the daily meteorological data at each meteorological station. Subsequently, drought
and flood conditions were determined based on the dryness/wetness grade classification
(Table 1). Finally, these daily drought and flood conditions were integrated with the theory
of run [41] to quantitatively identify drought and flood events. Referring to the related
studies [42—44], the following criteria were used to identify the DFAA events.

(1) The start and end of flood and drought events: Taking flood events as an example,
the interception level of the flood occurrence is 0.5 (the lower limit of a slight flood). When
the SPI (SPEI or SWAP) value is larger than 0.5 for 10 consecutive days, from a special day,
it is defined as a flood event. When the SPI value is less than 0.5 for 7 consecutive days, it is
defined as the end of this flood event. The flood duration is the period of time between
the start date and the end date of the drought event. Similarly, the beginning and ending
interception levels of drought events are —0.5. The drought event is similar to the flood
event and is not to be described again.

(2) The process for identifying DFAA events:

@ If there successively occurs a drought event and a flood event, and the interval
between the end of the drought and the start of the flood is less than 8 days, it is defined as
a DFAA event. Taking a DFAA event in Fuzhou station as an example, Figure 2 shows a
DTF event. The interval between drought and flood is 3 days.

@ The beginning and ending times of the DFAA event coincide with those of the
overall event. In Figure 2, the beginning time is the 9th and the ending time is the 58th.
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Figure 2. The identification diagram of drought-to-flood events.

(® When the DFAA event is identified, it is necessary to further determine the intensity
of the event. The intensity of the DFAA is calculated according to Equation (1).

ZD index, fter — ZD indexy, fore
. . M)

where P index, fter 18 the cumulative value of the index after the sharp turning point,
YD indexy, fore 18 the cumulative value of the index before the sharp turning point, and D is
the time interval between the occurrence and the end of drought-flood abrupt alternation
events (the sharp turning point is a special day when the drought turns into a flood).
Referring to [23], Table 2 provides a classification of the intensity of DFAA events.

Table 2. The classification of DFAA intensity.

DFAA Intensity K
Slight 1.0<K<20
Moderate 20<K<30
Severe 3.0<K

2.2.3. Optimization of DFAA Indexes

Precipitation has a continuous impact on subsequent dry and wet conditions, which
can be reflected by the days of antecedent precipitation [45,46]. To avoid alternating
between short-term drought and flood events, the appropriate days of antecedent pre-
cipitation were selected as the impact factor for constructing the DFAA index. Therefore,
the DFAA index was determined through the optimization of the number of days for
antecedent precipitation and the drought and flood indexes. The DFAA indexes were
determined through the optimization of the number of days for antecedent precipitation
and the drought and flood indexes.

A comprehensive index weight distribution method [30,47,48] was used to determine
the most appropriate index for identifying DFAA. Among the identification indexes (i.e.,
SPI, SPEI, and SWAP), we calculated the number of DFAA events for the same type (DTF
or FTD) identified by each index for every month and then assigned a weight to each
month. Based on the frequency of occurrence m (0 < m < n) (Figure 3). Finally, the total
weight E serves as the measure of the identification index, and it is calculated as follows in
Equation (2):

E= Ziif mi-(coli)t (2)
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where E represents the weighted sum of DFAA events of the same type. T is the total number
of months in the time series.(col;); denotes the logical value that indicates whether the
method detects DFAA events in month ¢ or not. Generally, a larger E indicates that the identi-
fication index has a greater ability to generalize results from other identification methods.

R IR

0

01/01 01/02 01/03 01/04 01/05 01/06 01/07 01/08 01/09 01/10 01/11 01/12 02/01 date

Figure 3. A schematic diagram of the weighting assignment at the monthly scale.

To avoid the scenario where an identification method with the highest number of
DFAA events and low overlap with the other methods is regarded as the optimal choice,
we compute Ej for the weight threshold, denoted as k (1 < k < ). E; only includes the
weights of the months for which m > k and is the ratio of to the total weight (the sum of the
weights when k = 1). A higher E; indicates that there is a greater portion of DFAA events
that can be jointly identified by multiple identification methods. This also suggests that the
identification results are more accurate.

3. Results
3.1. Optimization of Number Days for Antecedent Precipitation

The standardized precipitation under different accumulation precipitation days shown
in Figure 4. It found that the variability of standardized precipitation under the influence of
antecedent rainfall was significantly flatter than when it was not influenced by antecedent
rainfall (N = 1). Moreover, when the interval between two successive precipitation events
is short, the standardized precipitation under the influence of antecedent precipitation
consistently maintains a high value. This indicates it is more favorable for accurately
reflecting the characteristics of persistent wet conditions and identifying specific flood
events in the study area, considering the impacts of antecedent precipitation.

Different numbers of DFAA events were identified by the SPI, SWAP, and SPEI under
the influence of different days of antecedent precipitation (Figure 5). The number of
recognized DFAA events was relatively stable when the days of antecedent precipitation
were 10-15 days. Therefore, we select the appropriate days of antecedent precipitation
from 10 to 15 days.

The impacts of N values on the DFAA identification were assessed by the precipitation
concentration index (CI) and precipitation coefficient of variation (CV); the results are
shown in Table 3. It found that the minimum value of the CI is 0.48, and the maximum
value of the CV is 11.86%, respectively, indicating that the precipitation events are relatively
concentrated, the variability of precipitation is relatively small, and there is a high level of
effectiveness in the DFAA identification for N values from 10 to 15. For N = 12, a larger CI
and a smaller CV can be found for the SPI, SPEI, and SWAP. Additionally, larger weights
E1 to E6 indicate a superior ability to generalize the identification results found for N =12,
which suggests that the identification results for N = 12 encompass the highest number of
DFAA events that align with the identification results for the other N values. In summary,
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there is a higher level of effectiveness and superior generalization ability to identify results
for the SPI, SPEI, and SWAP for N = 12.
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Figure 4. The standardized precipitation under different accumulation precipitation days.

—

b2

o
|

Number of DFAA events
o0
=
]

.
=
|

T f T
=3 10 15 20 Day

Figure 5. The number of DFAA events under the influence of different prior precipitation-
affected days.

Table 3. The average assessments for different indices based on varying accumulation precipita-

tion days.
Index Number CI CcV K=1 K=2 K=3 K=4 K=5 K=6
of Events

SPI-10 47 0.49 13.40 202 196 182 170 158 138

SPI-11 62 0.51 13.61 265 262 236 221 193 138

SPI-12 59 0.52 13.12 265 263 247 229 193 138

SPI-13 49 0.49 12.50 242 241 235 229 193 138

SPI-14 49 0.51 12.29 239 239 225 222 198 138

SPI-15 49 0.50 11.86 232 229 217 217 193 138
SWAP-10 95 0.49 12.65 467 460 452 422 394 360
SWAP-11 97 0.49 12.07 493 489 481 454 430 360
SWAP-12 102 0.49 12.37 523 521 517 487 435 360
SWAP-13 101 0.49 12.21 518 520 520 485 429 360
SWAP-14 105 0.48 12.14 516 515 495 456 424 360
SWAP-15 102 0.48 12.14 489 485 461 431 399 360

SWAP-10 95 0.49 12.65 467 460 452 422 394 360
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Table 3. Cont.
Index Number CI cv K=1 K=2 K=3 K=4 K=5 K=6
of Events
SPEI-10 95 0.49 13.76 463 452 450 420 404 354
SPEI-11 131 0.51 13.89 633 626 612 570 554 354
SPEI-12 134 0.51 13.39 649 645 629 581 549 354
SPEI-13 124 0.51 13.62 617 614 604 571 539 354
SPEI-14 117 0.52 13.54 606 606 594 570 554 354
SPEI-15 120 0.52 12.86 600 595 581 560 544 354
SPEI-10 95 0.49 13.76 463 452 450 420 404 354

3.2. Optimization of the SPI, SPEI, and SWAP

The statistics of the weights and the corresponding weight ratios under the three
thresholds of k = 1, k = 2, and k = 3 were summarized in Table 3. It can be found that the
identification accuracy is the highest for the SPI, as shown in Table 4. At k = 2, the weight
ratio for the SPI is 0.8, which is higher than that of the SWAP and SPEI. This indicates that
the identification results based on the SPI encompass the largest portion of events that can
be jointly identified by multiple identification indexes, resulting in optimal identification
accuracy of the SPI. Furthermore, when k = 3, the weight ratio for the SPI is 0.54, which
is 1.6 times higher than that of the SWAP and 1.9 times higher than that for the SPEI In
summary, the SPI with 12 days of antecedent precipitation (SPI-12d) is adopted for DFAA
identification in the study area.

Table 4. The detection of abrupt alternation events based on different indices under N = 12.

Index Number of Events CI CVv K=1 K=2 K=3
SPI-12 59 0.52 13.12 116 93 63
SWAP-12 102 0.49 12.37 180 133 63
SPEI-12 134 0.51 13.39 219 148 63

3.3. Robustness of the SPI-12d Index

To evaluate the screening capability of SPI-12d for drought identification, this study
analyzed the data from the Fuzhou meteorological station as an illustrative case. As
shown in Table 5, the top 10 drought events with the largest magnitudes were obtained
and compared with historical disaster records at the Fuzhou station from 1961 to 2021.
By comparing these drought events with the drought events documented in the disaster
records for the same period, it can be observed that the drought events identified using
the SPI-12d method roughly align well with the drought events recorded in the disaster
records for the same time period. For instance, in 1961, a significant drought occurred in
the south-central coastal area from 5 June to 30 June during the summer, and the drought
events identified for the same period were from 16 June to 1 July of that year. Similarly,
in 1986, there was a summer drought from 13 July to 4 August, and the selected drought
events for the same period extended from 24 July to 5 August of that year. These findings
are roughly consistent with the historical records as described in the literature.

It is important to note that the drought events mentioned in the literature have approx-
imate dates, while the drought events identified based on SPI-12d may not precisely match
the documented information. For example, the historical record of late September to early
November in 1999 describes a prolonged period with almost 40 days of no precipitation in
most of the province, characterized by continuous drought in summer and autumn. The
drought events identified based on SPI-12 occurred from 7 October to 8 November, which
aligns with part of the historically documented drought period. Although the onset of
the drought was slightly delayed by about two weeks compared to the recorded period,
it can still be considered a reasonable match. From this analysis, it becomes evident that



Water 2024, 16, 498

90f19

the SPI-12d index, when combined with the multi-threshold tour theory, is effective in
identifying drought events based on SPI-12d and the theory of run.

Table 5. The identification of typical drought events based on SPI-12d and the corresponding historical
records at Fuzhou station from 1960 to 2015.

Start Date

End Date Intensity Historical Records Source

3 September 2009 9 November 2009 -2.3

Continuous drought in

. B
autumn and winter

20 November 2008 4 December 2008 —2.2

Continuous drought in
autumn and winter

[6V]

Continuous drought in

23 September 2006 19 November 2006 —2.2 summer, autumn, and B

winter

16 June 1961 1 July 1961 —22

Major drought from

June 5 to June 30 in

south-central Fujian
coastal areas

Drought in early

24 July 1986 5 August 1986 —2.2 summer from July 13 to A

August 4

15 September 2007 30 October 2007 —22

Drought occurred in
early September and
intensified into autumn
and winter

Drought occurred in
mid-September, and it

5 October 2012 29 October 2012 —2.1 intensified during B

October along the
southern coast of Fujian

Drought began in late

26 October 2017 6 November 2017 -2.1 August and peaked on B

November 4

14 May 2000 28 May 2000 -21

Drought began to
emerge along the coast
and spread from south

to north in late May

10

Drought occurred from

7 October 1979 8 November 1979 -2.0 late September to early A

November

Note: The start date, the end date, and the intensity were identified by using SPI-12d. Sources of historical records
were from (A) China Meteorological Disaster Dictionary: Fujian Volume [49] and (B) Climate Bulletin of Fujian
Province (2000-2022) [50].

To validate the screening capability of SPI-12d for heavy rainfall events, the top 10
corresponding heavy rainfall events with the largest daily precipitation observations from
1961 to 2021 at Fuzhou station were selected. Table 6 displays the 10 typical rainstorm days
along with the start and end dates of flood events identified by SPI-12d during the same
period. Out of the 10 typical storm events, five coincided with the start date of the flood
events, while the remaining five storm days fell within the flood event interval identified by
SPI-12d. It can be concluded that SPI-12d is capable of capturing changes in precipitation
and accurately depicting the progression of flood events.
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Table 6. Rainstorm flood events corresponding to the top ten daily precipitations at the Fuzhou station.

No Preclz/ll)?:ag;:ll }];ate Precli\l/)[?t);tlijoarlllzmm) Flood Start Flood End
1 8 August 2015 244 4 8 August 2015 25 August 2015
2 28 September 2016 241.2 28 September 2016 19 October 2016
3 3 October 2005 195.6 2 October 2005 14 October 2005
4 16 July 2006 187.5 14 July 2006 6 August 2006
5 6 September 1991 170.9 6 September 1991 19 September 1991
6 5 June 1972 167.6 4 June 1972 28 June 1972
7 25 June 1991 165.4 21 June 1991 6 July 1991
8 31 August 1992 164.5 17 August 1992 16 September 1992
9 1 August 1990 163.4 1 August 1990 6 October 1990
10 4 September 1966 159.6 4 September 1966 15 September 1966

3.4. Spatial-Temporal Evolution Characteristics and Variation Diagnosis of DFAA Events
3.4.1. Temporal Evolution Characteristics and Variation Diagnosis of DFAA Events

As shown in Figure 6, there is significant variability in the number of DFAA events
across 63 stations in Fujian Province from 1961 to 2021. The average number of DTF events
was 39 events/a, which was significantly lower than the mean number of 50 events/a for
FTD events. The DTF event number sequence generally showed a slight downward trend
of 1.0/10a, while the FTD event number sequence generally showed a slight upward trend
of 2.0/10a. Additionally, the DFAA event number sequence showed an upward trend of

1.8/10a.
e D'l:E" Annual DTF Trend: —1.0 dec™?
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Figure 6. The number of DFAA events at 63 meteorological stations from 1961 to 2021.

The percentage of DFAA events by type in Fujian Province is shown in Figure 7.
FTD events were primarily characterized by transitions from light and moderate flood
to drought, with the highest percentage being light flood to medium drought events
(15.79%). This was followed by moderate flood to moderate drought, light flood to severe
drought, and moderate flood to light drought, with percentages of 12.59%, 11.87%, and
10.48%, respectively. As for DTF events, four types, including moderate drought to light
flood, severe drought to light flood, light drought to light flood, and moderate drought
to moderate floor, had a notably higher percentage. They accounted for 24.61%, 18.74%,
15.49%, and 12.37% of the total DFA events, respectively. The percentage of events between
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extreme flood and extreme drought was 0.19%. However, it still deserved our attention
due to its significant influence on society, ecology, agriculture, and the economy.

F1TD1 DITF1
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FatDl D3TF1

Figure 7. The percentage of (a) FTD events and (b) DTF events in Fujian Province. The values 1, 2, 3,
and 4 represent light, moderate, severe, and extreme floods or droughts.

As shown in Figure 8, DTF events in the study area were distributed across the year.
There were relatively lower occurrences from April to June, with frequencies of 3.54%,
3.0%, and 1.37%. In contrast, there were relatively more occurrences in February, July, and
August, with frequency of 13.37%, 12.37%, and 12.74%, respectively. Additionally, light,
moderate, and severe DTF events accounted for 27.70%, 62.18%, and 10.12%, respectively.
In terms of DFD events, the percentages of light, moderate, and severe events were 19.58%,
64.57%, and 15.85%, respectively. The majority of these events occurred in July, September,
and October, with October having the highest frequency at 29.68%. Moreover, 37.42% of
the severe FID events occurred in October.

30%
B DTF
B FTD

25% o

[

<
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=
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Figure 8. The intra-annual monthly frequency distribution of DFAA events in Fujian Province from
1961 to 2021.

In Figure 9a, the FTD events in January to May and in November and December
are primarily characterized by light flood to drought, while the FTD events in June to
October are predominantly characterized by light and moderate flood to drought. Severe



Water 2024, 16, 498

12 of 19

and extreme flood-to-drought events mainly occurred from July to November. In Figure 9b,
DTF events are primarily characterized by transitions from moderate drought to flood.
There was a notable presence of extreme drought-to-flood events in October to December
and January. During these months, extreme drought to light and moderate flood events
dominates. However, the frequency in February was the highest, and the transitions were
mainly characterized by moderate and severe drought to light flood (61%).
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Figure 9. The percentage of (a) FTD events and (b) DTF events by month in Fujian Province from 1961
to 2021. The values 1, 2, 3, and 4 represent light, moderate, severe, and extreme floods or droughts.

3.4.2. Spatial Evolution Characteristics of DFAA Events

The frequency of DFAA events at each station from 1961 to 2021 was calculated, and
the spatial pattern of frequency was obtained by IDW interpolation (Figure 10). It can be
seen from Figure 10a that the annual frequency of DTF events at each station primarily
falls within the range of 0.3-1.3/a, with an average value of 0.63/a. The spatial distribution
exhibits a gradual increase from the northwestern to the southeastern part. Coastal stations
such as Chongwu, Jinjiang, and Pingtan have the highest frequency, exceeding 1.0/a, while
stations in the northwestern parts, such as Zhenghe, Guangze, and Wuyishan, have the
lowest frequency, primarily ranging from 0.3~0.6/a. In Figure 10b, the annual frequency of
FTD events at each station primarily falls within the range of 0.4~1.5/a with an average
value of 0.80/a. The spatial pattern shows a gradually increasing trend from northwest to
southeast, the frequency of the stations in the southeast coastal areas, including Chongwu,
Jinjiang, Pingtan, Lianjiang, and Changle, were the largest and were all above 1.2/a, while
the stations in the northwest areas had the lowest frequency, ranging from 0.4 to 0.7/a. In
total, the spatial distribution of the frequency of DTF and FTD events in Fujian Province
showed a similar overall trend. However, in terms of quantity, the frequency of FTD events
is significantly higher than that of DTF events.

The study period was divided into three intervals: 1961-1980, 1981-2000, and 20012021,
and the mean intensity of DTF events for these time periods is shown in Figure 11. In
Figure 11a, the mean intensity of DTF events in Fujian Province from 1961 to 2021 primarily
falls within the range of 2.1 to 2.5, indicating that DTF events are mainly characterized by
moderate intensity. The spatial pattern reveals a gradual increase from the northwest (2.1-2.3)
to the southeast (2.3-2.5). Additionally, the intensity of DTF events exhibits an upward trend
during 1961~1980 and 1981-2021, The most significant change in the intensity of DTF events
was found in the northern, western, and eastern regions, followed by the southern areas. In
the northern and western regions, the intensity of DTF events at most stations ranged mostly
between 2.1 and 2.3 from 1961 to 1980. From 1981 to 2021, it increased to 2.4 in most stations,
and it increased to 2.5 in some specific stations, such as the Changting station in the western
region, and the Yongan and Pucheng stations in the northern region. Among them, the most
significant increase was observed in the Shaowu station in the northern region, increasing
from 1.8 to 2.7. In the eastern and southern regions, the intensity of DTF events increased
from 2.3 to 2.4 between 1961 and 1980 and further increased to a range of 2.4 to 2.6 between
1981 and 2021. The most significant increase was observed in the Shouning, Fuan, Zherong,
and Fuding stations in the eastern region, where the intensity increased from 2.7 to 2.9.
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Figure 10. The spatial pattern of the frequency of DTF (a) and FTD events (b) in Fujian Province from

1961 to 2021.
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Figure 11. The changes in the intensity of DTF events in Fujian Province from 1961 to 2021.
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As shown in Figure 12a, the average intensity of FTD events from 1961 to 2021 falls in
the range of 2.2 to 2.7, with moderate-intensity events dominating. The spatial distribution
revealed that the western region generally had lower intensities, around 2.3-2.4. In the
rest of the region, the intensity was concentrated around 2.5-2.6, with some areas reaching
an intensity of 2.7, such as Fuzhou station in the east and Shaowu station in the north.
Additionally, the intensity of FTD events showed an increasing trend in the western region,
particularly in Longyan City from 1961 to 2021. In Longyan City, the intensity increased
from 2.0~2.3 during 1961-1980 to 2.4-2.5 during 20012021, except at the Zhangping station.
In the northern region, there was a relatively small intensity change from 1961 to 2000,
except for Jianou station where the intensity change was significant, ranging from 1.9 to
2.6. However, the change characteristic from 2001 to 2021 in the northern region the was
opposite, with relatively small changes in Jianou Station, while significant changes in other
regions increased from 2.3 to 2.6 to 2.4 to 2.8. In the eastern region, the intensity change was
minimal, from 1961 to 2000, with the intensity primarily in the range of 2.4-2.7. However,
the intensity changes in the eastern region from 2001 to 2021 were substantial, and Fuding,
Zherong, and Pingtan stations experienced an increase to a maximum value of 2.9. In the
southern region, the intensity has been more stable over the past 60 years, which could be
attributed to the initially higher intensity (2.4 to 2.6) of FID events, during 1961-1980.
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Figure 12. The changes in the intensity of FTD events in Fujian Province from 1961 to 2021.
(a) 1961~2021/(b) 1961~1980/(c) 1981~2000/(d) 2001~2021 mean DTF event intensity.
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4. Discussion

The number of studies to explore the spatial-temporal variations of DFAA events has
increased over the past 7 years. However, the effectiveness of the identification index has
not been validated and thoroughly discussed in the studies. Most studies usually adopted
an index to identify DFAA events. To the best of our understanding, the optimization
of different DFFA indexes has only been conducted by Liang et al. [30]. Liang et al. [30]
discussed the applicability of DFAA identification indexes including the SPI, SPEI, and
SWAP in identifying short-term drought-flood abrupt alternation events in the Pearl River
Basin. The results by Liang et al. [30] are different from ours, and they found that the SWAP
can be used as the optimal identification index of short-term DFAA events. This could be
attributed to the different geographical environments in the research area.

Previous studies have shown that DFAA events predominantly took place in the
central and southeastern of China [31,51]. Particularly, Fujian Province, as a representative
region of southeastern China, exhibited a pattern of increasing droughts and floods, as
observed by Yang et al. [52] and Wu et al. [53]. The results of this study show that FTD
events exhibited an increasing trend and DTF events exhibited a slightly decreasing trend
in Fujian Province during the period 1961-2021, in which the frequency of FTD events
was significantly higher than the frequency of DTF events in general. The study reveals a
consistent upward trend in the frequency and intensity of DFAA in Fujian Province, which
aligns with similar findings in studies conducted in the Yangtze River Basin [26], the Han
River Basin [23], and the Haihe River Basin [54].

DFAA events are triggered by a variety of factors, including meteorological fac-
tors [55,56] and atmospheric circulation [57]. Among them, the change in meteorological
factors leads to the anomaly precipitation and temperatures then induces DFAA events.
The changes in precipitation patterns in the context of global warming play a significant
role [58], particularly the increase in the intensity and frequency of heavy rainfall events,
leading to a higher occurrence of floods. Global warming also results in increased evap-
oration rates [44], which may extend the duration of drought events [59]. Additionally,
drought events can be exacerbated by the overlap of droughts with high temperatures [60].
Previous studies [52,53,61] indicate an increasing trend in both droughts and floods in
recent years within Fujian Province. Therefore, the frequency of DFAA events increased
from 1961 to 2021 due to the frequent occurrence of droughts and floods. According to the
IPCC (2021), global warming and rising temperatures, coupled with prolonged droughts
and heavy precipitation, are expected to result in more frequent and severe DFAA events.
These events typically have detrimental impacts on ecosystems, leading to consequences
such as reduced crop yields [62] and increased water pollution [63].

Moreover, it is important to note that atmospheric circulation, such as El Nifio-
Southern Oscillation (ENSO), is linked to the incidence of DFAA events. Hu et al. [64]
illustrated the amplified impact of ENSO on the climate under global warming and found
that during ENSO warm phases, regions like Latin America and China’s Yangtze River
Basin are prone to floods. Additionally, the coupling of atmospheric circulation patterns
and the anomalous transportation of warm, humid air leads to rapid transitions between
short-term drought and flood occurrences [65].

5. Conclusions

Taking Fujian Province as a case study, this study investigated the robustness of
the SPI, SPEI, and SWAP in identifying DFAA events under varying days of antecedent
precipitation in the southeastern part of China and explored the spatial-temporal evolution
characteristics of DFAA events in Fujian province. The main conclusions are as follows:

(1) When considering a 12-day antecedent precipitation period, the effectiveness
indicated by the CIand CV and the generalization ability indicated by the weight proportion
in the DFAA identification results were superior to other day values. Additionally, the
weight proportion of the SPI significantly outperformed the SWAP and SPEIL SPI-12d is an
effective index for meteorological DFAA event monitoring in Southeast China.
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(2) There was an increasing trend in DFAA events at a rate of 1.8/10a between 1961
and 2021. DTF events showed a decreasing trend at a rate of —1.0 event/10a, while FTD
events displayed an increasing trend at a rate of 2.0 event/10a. The frequencies of DTF and
FTD events demonstrated a gradual increase from the northwest to the southeast.

(3) Both the DTF and FID events were dominated by moderate events, with 62.18%
and 64.57% of occurrences, respectively. DTF events were characterized by moderate
drought to flood, particularly in February, July, and August. FTD events were characterized
by light/moderate flood-to-drought events, with a higher occurrence of moderate flood-to-
drought events observed from June to October. Notably, abrupt shifts from extreme flood
to extreme drought were concentrated from October to December.

(4) Over the past 60 years, there has been a more significant increase in the intensity
of DTF events in the northern and western regions of Fujian province. The intensity of
FTD events showed a significant increase in the western region from 1960 to 2000, while
the intensity showed a significant increase for all regions with the exception of the central
region during 2001-2021.

The findings of this study provide insights into the spatial-temporal evolution charac-
teristics of DFAA events in Fujian Province and highlight the importance of precautionary
measures against DFAA events in Southeast China. Additionally, the optimization index
SPI-12d can be used for the identification of DFAA events in Southeast China and other
similar regions.
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