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Abstract

Drought–flood abrupt alternation (DFAA) has attracted increasing attention because of its
severe compound impacts. This study used a daily SWAP index calculated by the precip-
itation data from 17 meteorological stations in Henan Province from June to September
during the period of 1951–2020 to identify and analyze the spatiotemporal evolution of
DFAA events. The results show that a drought duration of 10 d, together with a transition
interval and a flood duration of 7 d, has a relatively good applicability for identifying DFAA
events in Henan Province. The identified DFAA events were generally consistent with
historical disaster records. DFAA events were characterized by slight decreasing trends in
frequency and duration, with no obvious trend in intensity. The mean annual frequency,
mean intensity, and mean duration of drought-to-flood (DTF) events were 2.19 events, 1.09,
and 66.33 d, respectively, whereas those of flood-to-drought (FTD) events were 1.36 events,
0.36, and 73.82 d, respectively. Spatially, the distributions of DTF and FTD events exhibit
distinct differences in their characteristics of frequency, intensity, and duration. Although
the identification results obtained are based on precipitation as a single meteorological
factor, the findings may provide a scientific basis for improving the understanding of DFAA
evolution in the short term and enhancing regional disaster risk management in Henan
Province, China.

Keywords: drought–flood abrupt alternation (DFAA); SWAP index; quantitative
identification; validation; spatiotemporal evolution characteristics; Henan Province

1. Introduction
Against the backdrop of climate change, the global hydrological cycle is becoming

increasingly unstable and unpredictable, and compound disaster events triggered by
droughts, floods, and their rapid alternation are occurring more frequently [1,2]. In general,
drought–flood abrupt alternation (DFAA) refers to a compound event formed by the rapid
transition between drought and flood, mainly including two types: drought to flood
(DTF) and flood to drought (FTD) [3,4]. Compared with individual drought or flood
events, DFAA usually causes more severe disaster impacts and may further aggravate
adverse consequences such as agricultural yield reduction, urban waterlogging, landslides,
and water-quality deterioration [5]. In the summer of 2023, North China experienced
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below-normal precipitation in the early period, resulting in varying degrees of drought.
Continuous heavy rainfall in early August rapidly alleviated the antecedent drought and
led to pronounced DFAA events across many areas. This DFAA event caused 107 deaths or
missing persons, led to the emergency evacuation and resettlement of 1.434 million people
and resulted in direct economic losses of RMB 165.79 billion [6].

DFAA processes are usually characterized by abrupt onset, rapid stage transitions, and
compounded disaster impacts, making their identification and characterization relatively
complex. However, no fully unified standard has yet been established for the identification
of DFAA events in meteorology and hydrology. At present, the identification methods for
DFAA events can generally be divided into two categories. One is the threshold-based
method, in which thresholds are directly defined according to meteorological or hydrologi-
cal variables and their corresponding climatic indices to determine the occurrence periods
of drought or flood, and adjacent drought and flood stages are then identified as DFAA
events [7–9]. This method is usually based on process variables such as daily precipitation
and daily runoff, and event identification is achieved by setting thresholds for transitions be-
tween dry and wet states [10,11]. It has the advantages of being intuitive, simple, and easy
to apply, but its results are somewhat subjective and its ability to characterize abruptness
and complex evolution processes is relatively limited. The other is the index-based method,
in which DFAA indices are constructed to quantitatively describe event type, transition
intensity, and the characteristics of the abrupt alternation process [12–14]. Compared with
the threshold-based method, the index-based method can describe the transition between
drought and flood states under a unified framework, thereby reducing, to some extent, the
subjectivity associated with single-threshold judgments. Existing indices mainly include
the Long-cycle Drought–Flood Abrupt Alternation Index (LDFAI) [15], the Short-cycle
Drought–Flood Abrupt Alternation Index (SDFAI) [16], the Daily Wetness–Dryness Abrupt
Alternation Index (DWAAI) [17], and the Multi-scale Standardized Drought–Flood Abrupt
Alternation Index (MSDFAI) [18]. These indices are mostly developed from drought and
flood indices such as SPI and SPEI, and they classify DFAA events into different categories
by comparing index values with the corresponding thresholds [3]. However, it is important
to note that different drought–flood indices may yield varying results in the identification
of DFAA events [19]. Among them, the multi-temporal monitoring capability of the Stan-
dardized Weighted Average Precipitation (SWAP) index enables comprehensive assessment
of conditions before and after DFAA events by accounting for the cumulative and decaying
effects of antecedent precipitation [20,21]. Fu et al. [22] validated SPI, SPEI and SWAP
indices for DFAA detection and identified SWAP as the most effective indicator. Some
studies have applied daily-scale SWAP to the identification of DFAA events, and the results
indicate that this index performs well in characterizing precipitation evolution processes
and identifying drought–flood transitions in river basins and regions across China and
other countries [23,24]. With its notable strengths, the daily-scale SWAP index is employed
in this research to identify DFAA events.

Henan Province is located in the transition zone between humid and semi-humid
monsoon climates. Precipitation is unevenly distributed in both time and space, and
drought and flood events occur frequently [25]. According to statistics, during the DFAA
events that occurred in Henan Province in 2024, more than 72,000 people were affected
in Sui County, Shangqiu City, with 1.13 million hectares of crops damaged across the
province and direct economic losses reaching RMB 47.5902 million [26]. Although previous
studies have made some progress in the analysis of typical cases and the characterization of
drought–flood variations at the monthly scale [27,28], there are few studies on short-term
DFAA events. Meanwhile, drought and flood identification parameters and transition-
interval days are still largely determined empirically, and their regional applicability and

https://doi.org/10.3390/atmos17050511

https://doi.org/10.3390/atmos17050511


Atmosphere 2026, 17, 511 3 of 27

rationality have not been fully discussed. In addition, systematic validation of identification
results remains relatively insufficient.

To address these gaps, the present study used a daily SWAP index calculated from
precipitation data at 17 meteorological stations in Henan Province from June to September
during the period of 1951–2020 to identify and analyze the spatiotemporal evolution of
DFAA events. The objectives are to (1) determine appropriate identification parameters for
identifying DFAA events in Henan Province, (2) validate the applicability of the identifi-
cation method by selecting typical DFAA events in combination with historical disaster
records, and (3) analyze the spatiotemporal characteristics of the frequency, intensity, and
duration of DTF and FTD events during the period of 1951–2020. The findings may pro-
vide a scientific basis for improving the understanding of DFAA evolution and enhancing
regional disaster risk management in Henan Province, China.

2. Data and Methods
2.1. Study Area

The study area (110◦21′–116◦39′ E, 31◦23′–36◦22′ N) is located mainly in the southern
part of the North China Plain and covers a total area of 165,500 km2. The Qinling Mountains–
Huaihe River line crosses the study area. The annual mean temperature ranges from 10 to
17 ◦C, and the annual precipitation ranges from 400 to 1300 mm. Figure 1 illustrates
the geographical location of the study area and the spatial distribution of the selected
meteorological stations.

Figure 1. Geographical location and the selected meteorological stations.

2.2. Data

Daily precipitation records from 17 basic meteorological stations in Henan Province
during 1951–2020 were obtained from the Daily Surface Climate Dataset of China (ver-
sion 3.0) through the China Meteorological Data Service Centre (https://data.cma.cn). The
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observations were subjected to strict quality control and homogenization procedures. Basic
information of the selected meteorological stations is summarized in Table 1.

Table 1. Distribution of meteorological stations in Henan Province.

Station ID Station Name Latitude (◦) Longitude (◦) Elevation (m)

53898 Anyang 36.13 114.35 137.2
53986 Xinxiang 35.35 113.83 72.0
57051 Sanmenxia 34.80 111.20 409.9
57067 Lushi 34.00 111.02 568.8
57071 Mengjin 34.83 112.43 321.2
57077 Luanchuan 33.78 111.63 750.1
57083 Zhengzhou 34.75 113.58 80.6
57089 Xuchang 34.02 113.85 66.8
57091 Kaifeng 34.83 114.33 75.0
57156 Xixia 33.30 111.50 250.3
57178 Nanyang 33.03 112.58 129.8
57181 Baofeng 33.88 113.05 136.4
57193 Xihua 33.78 114.52 52.6
57290 Zhumadian 32.98 114.05 83.7
57297 Xinyang 32.17 114.08 74.0
58005 Shangqiu 34.45 115.67 50.1
58208 Gushi 32.17 115.67 56.9

Historical records used to validate the identified DFAA events were mainly compiled
from the Encyclopedia of Meteorological Disasters in China, China Flood and Drought
Disaster Prevention Bulletin, China Water Resources Bulletin, Historical Droughts in China
and Henan Water Resources Bulletin.

2.3. Identification of Drought and Flood Events Based on the SWAP Index

A daily-scale SWAP series is constructed by standardizing weighted average precipita-
tion (WAP). The WAP series is calculated from the daily precipitation and comprehensively
accounts for the precipitation on the target day, the cumulative contribution of antecedent
precipitation, and their temporally decaying effect. The calculation formula for WAP is
expressed as follows:

WAP =
N

∑
n=0

ωn pn, ωn = (1 − α)αn (1)

where Pn denotes the daily precipitation occurring n days before the target day, with n = 0
representing the precipitation on the day being evaluated; ωn is the weighting coefficient
assigned to Pn; α is the decay coefficient describing the influence of antecedent precipitation;
and N is the number of antecedent days considered. In general, α = 0.9 and N = 44 are
adopted [20,29].

WAP series reflect only the relative drought–flood condition at a specific site or within
a given region. Therefore, the multiyear WAP series for the same calendar day is further
fitted to a Gamma distribution and transformed into a standard normal distribution to
derive the SWAP index. For each station and each calendar day from June to September,
the fitting performance of the Gamma distribution was assessed by using the Kolmogorov–
Smirnov (KS), Anderson–Darling (AD), and chi-square tests [30,31].

The SWAP index can be computed by the following formula:

1√
2π

∫ SWAP

−∞
e−z2/2dz =

1
βγΓ(γ)

∫ WAP

0
xγ−1e−x/βdx (2)
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where β and γ are the scale and shape parameters of the Gamma distribution, respec-
tively, and both are greater than 0. Compared with WAP series, SWAP series have a
unified statistical scale, which facilitates comparisons of dry–wet anomalies across different
regions and time periods. In general, a SWAP value of less than 0 indicates relatively
dry conditions, while a SWAP value greater than 0 indicates relatively wet conditions.
Moreover, a larger absolute SWAP value indicates a stronger dry–wet anomaly. The daily
drought/flood condition was determined according to the drought–flood classification
criteria [32] (Table 2).

Table 2. Drought–flood classification criteria based on the SWAP index.

Probability (%) Category SWAP

2.3 Extreme flood SWAP ≥ 2.0
4.4 Severe flood 1.5 ≤ SWAP < 2.0
9.2 Moderate flood 1.0 ≤ SWAP < 1.5
15.0 Mild flood 0.5 ≤ SWAP < 1.0
38.2 Normal −0.5 < SWAP < 0.5
15.0 Mild drought −1.0 < SWAP ≤ −0.5
9.2 Moderate drought −1.5 < SWAP ≤ −1.0
4.4 Severe drought −2.0 < SWAP ≤ −1.5
2.3 Extreme drought SWAP ≤ −2.0

After the daily SWAP series was obtained, the theory of runs was employed to iden-
tify drought and flood events. The theory of runs is an event-detection method based
on extracting consecutive abnormal segments from a time series, and it can be used to
determine the onset time, termination time, duration, and intensity of drought and flood
events [33]. Based on the SWAP index and its classification criteria, individual drought and
flood events were first identified. As shown in Figure 2, R1 and R2 were set to 1 and 0.5,
respectively, as the truncation levels for flood identification, whereas R3 and R4 were set
to −1 and −0.5, respectively, for drought identification. A flood event was considered to
begin when the drought–flood index remained continuously above R1 for D3 days over
one or more periods, and to end when it remained continuously below R2 for D4 days.
Correspondingly, a drought event was considered to begin when the drought–flood index
remained continuously below R3 for D1 days over one or more periods, and to end when it
remained continuously above R4 for D2 days.

Previous studies have shown that in SWAP-based drought identification, a drought
identification duration of 10 d can better reflect actual drought processes [34]. Considering
the uneven intra-annual distribution of precipitation in Henan Province and based on
comparisons between the identified results and historical disaster records, the drought
identification duration in this study was fixed at 10 d. On this basis, the DFAA interval
parameter D was set to 3, 5, 7, and 10 d, respectively, and the flood identification duration
D3 was set to 5–9 d for applicability analysis under different parameter combinations.

2.4. Identification of DFAA Events

Based on the drought and flood events identified from the SWAP index, a DTF/FTD
event was defined when a drought/flood event was followed by a flood/drought event,
and the interval between the end of the former event and the onset of the latter event
was less than D days (Figure 2). The start time of the DFAA event was defined as the
onset time of the preceding drought/flood event, and the end time was defined as the
termination time of the subsequent flood/drought event. The abrupt alternation intensity
was calculated as follows:
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intensity =

∣∣∣∣∑
D

SWAPafter − ∑
D

SWAPbefore

∣∣∣∣
D

(3)

where ∑
D

SWAPafter and ∑
D

SWAPbefore denote the sums of the SWAP values over the D days

after and before the abrupt alternation point, respectively. A larger intensity value indicates
a more intense dry–wet transition and a more pronounced DFAA characteristic.

Figure 2. Schematic diagram of drought–flood event identification.

To evaluate the applicability of the above identification method for screening DFAA
events and quantifying their intensity in Henan Province, typical stations and representative
events were selected for validation. The duration, frequency, and intensity of the identified
DFAA events were then compared with historical disaster records.

2.5. Trend Analysis

The Mann–Kendall (MK) non-parametric test [35] and Sen’s slope estimator [36]
were used to assess the significance and magnitude of temporal changes in the annual
frequency, intensity, and duration series of DTF and FTD events, respectively. A significance
level of 0.05 was adopted, and changes with p > 0.05 were interpreted as statistically
insignificant tendencies rather than significant trends. To reduce the possible influence
of serial correlation on the MK test, lag-1 autocorrelation was examined [37], and the
trend-free pre-whitening procedure was applied when significant lag-1 autocorrelation
was detected.

3. Results
3.1. Validation of DFAA Event Identification
3.1.1. Goodness-of-Fit Assessment of the Gamma Distribution

Before identifying drought, flood, and DFAA events, the goodness of fit of the Gamma
distribution used for WAP standardization was evaluated. A station–calendar day sample
was considered to pass the goodness-of-fit assessment only when it satisfied the criteria of
the KS, AD, and chi-square tests simultaneously [25,38]. Figure 3 compares the empirical
distributions of WAP samples with the fitted Gamma distributions for four typical calendar
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days at Anyang station. The empirical distributions of WAP samples for the four calendar
days generally agreed well with the fitted Gamma curves. The detailed goodness-of-fit
statistics for all stations are summarized in Table 3. As shown in Table 3, at the 0.05
significance level, among the 2074 station–calendar day samples, 1933 passed the goodness-
of-fit assessment, corresponding to an overall pass rate of approximately 93.2%. Most
stations had pass rates above 0.90, indicating generally good fitting performance. Mengjin
and Nanyang had the highest pass rates, both reaching 0.98. In contrast, Lushi and
Luanchuan had relatively lower pass rates of 0.79 and 0.86, respectively. These results
indicate that the WAP series is basically consistent with the Gamma distribution assumption
during the period of June–September in Henan Province.

Figure 3. Comparison between the empirical distribution of WAP and the theoretical Gamma
distribution for typical calendar days at Anyang station.

Table 3. Goodness-of-fit test statistics.

Station Name Total Days Pass Days Fail or Invalid Days Pass Rate

Anyang 122 115 7 0.94
Xinxiang 122 117 5 0.96

Sanmenxia 122 114 8 0.93
Lushi 122 96 26 0.79

Mengjin 122 119 3 0.98
Luanchuan 122 105 17 0.86
Zhengzhou 122 118 4 0.97

Xuchang 122 116 6 0.95
Kaifeng 122 117 5 0.96

Xixia 122 111 11 0.91
Nanyang 122 119 3 0.98
Baofeng 122 113 9 0.93
Xihua 122 112 10 0.92

Zhumadian 122 118 4 0.97
Xinyang 122 114 8 0.93
Shangqiu 122 118 4 0.97

Gushi 122 111 11 0.91
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3.1.2. Determination of the Identification Parameter

The DFAA identification results under different parameter settings are presented
in Table 4. As shown in Table 4, the total number of identified DFAA events generally
increased with increasing interval parameters, while it generally decreased with increasing
flood identification duration, indicating that the identification results are markedly affected
by the parameter combinations. When both the DFAA interval parameter and the flood
identification duration were set to 7 d, a total of 153 DTF events and 95 FTD events were
identified, yielding 248 events, which can better capture the characteristics of DFAA events
in the study area through comparison with historical records [39]. Therefore, the drought
identification duration was ultimately determined to be 10 d, whereas both the interval
parameter and the flood identification duration were set to 7 d.

Table 4. Identification results of DFAA events under different parameter settings.

DFAA Interval
Parameter (d)

Drought Identification
Duration (d)

Flood Identification
Duration (d)

Number of
DTF Events

Number of
FTD Events

Total Number
of Events

≤3

10 5 186 19 205
10 6 160 15 175
10 7 136 15 151
10 8 115 13 128
10 9 95 11 106

≤5

10 5 197 75 272
10 6 141 64 205
10 7 120 58 178
10 8 99 48 147
10 9 83 45 128

≤7

10 5 212 115 327
10 6 180 102 282
10 7 153 95 248
10 8 129 88 217
10 9 108 73 181

≤10

10 5 227 144 371
10 6 198 128 321
10 7 166 117 283
10 8 138 108 246
10 9 97 86 183

3.1.3. DTF Applicability Validation

To validate the reliability of the identified DFAA events, Zhengzhou and Sanmenxia
stations were selected as representative stations, mainly because both stations have rela-
tively complete historical disaster records. The identified DFAA events were compared
with historical records in terms of the start and end dates, drought intensity, and flood
intensity to evaluate whether the identified events were consistent with the documented
drought–flood transition processes and thereby verify the reliability of the identification
method. The intensity of drought and flood events (DI and FI) is defined as the mean
SWAP value during the corresponding event period. Since SWAP values during drought
events are generally negative, the absolute value of the mean SWAP was used to represent
drought intensity, allowing direct comparison with flood intensity.

Figure 4 shows the SWAP evolution processes of the identified DTF events, and
the corresponding event dates and intensity characteristics are presented in Table 5. At
Zhengzhou station, for the 1970 DTF event, the DI and FI values were 1.02 and 1.28,
respectively, corresponding to the historical process that a relatively severe water shortage
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occurred in Zhengzhou in 1970, and an abrupt rainfall event in late July alleviated the
drought and shifted the station toward a mildly wet condition. This event clearly reflected
a pronounced transition from persistent drought to rapid flooding. The 1998 DTF event had
a DI of 1.03 and an FI of 1.37, suggesting that both the antecedent drought and subsequent
wet stage were relatively evident, with the wet stage being stronger, corresponding to the
historical disaster process in which heavy rainfall reoccurred after the drought in mid-July.
For the 2014 DTF event, the DI and FI values were 0.93 and 1.85, respectively, which
corresponds to the historical record of summer drought in Henan followed by multiple
heavy rainfall events in September.

Figure 4. SWAP evolution processes of typical DTF events at Zhengzhou and Sanmenxia stations:
(a) Zhengzhou, 1970; (b) Zhengzhou, 1998; (c) Zhengzhou, 2014; and (d) Sanmenxia, 1975.

At Sanmenxia station, for the 1975 DTF event, around late August, the values of
SWAP rapidly shifted from negative to positive values, rose above 1 (Moderate flood)
in early September, and remained at a high level thereafter. For this event, the DI and
FI values were 1.16 and 1.58, respectively, indicating that both the antecedent drought
stage and the subsequent flood stage were relatively evident, with the flood stage being
stronger. Historical records show that the “75.8” extreme rainstorm occurred in Henan in
1975. Sanmenxia showed relatively evident antecedent drought in late summer, followed
by enhanced precipitation and a transition to a significant flood condition [40]. This is
generally consistent with the identified rapid transition from drought to flood from late
August through September.

3.1.4. FTD Applicability Validation

Figure 5 shows the SWAP evolution processes of the identified FTD events, and
the corresponding event dates and intensity characteristics are presented in Table 6. At
Zhengzhou station, for the 1956 FTD event, the DI and FI values were 1.38 and 1.30,
respectively, indicating that the subsequent drought stage and antecedent wet stage were
both relatively strong, with the drought stage being slightly stronger. This agrees with the
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historical record of regional flooding followed by reduced precipitation and a shift toward
relatively severe drought in early September. The 1991 FTD event had DI and FI values of
1.06 and 1.17, respectively, suggesting that the wet and dry stages had comparable intensity,
with the antecedent wet stage being slightly stronger. This corresponds to the transition
from wet conditions during the Meiyu season to drought as precipitation decreased in
July. The 2007 FTD event had DI and FI values of 1.14 and 1.19, respectively, indicating
comparable intensities between the antecedent wet stage and the subsequent drought stage.
This is generally consistent with short-duration heavy rainfall and local waterlogging in
August, followed by reduced precipitation after mid-September.

Table 5. The identified and documented typical DTF events at Zhengzhou and Sanmenxia stations.

Station Start Date End Date DI FI Historical Record

Zhengzhou
Station

6 July 1970 14 August
1970 1.02 1.28

A relatively severe water shortage occurred in
Zhengzhou in 1970. The antecedent drought

continued to develop, and an abrupt rainfall event
in late July alleviated the drought and shifted the

station toward a mildly wet condition [41].

28 June 1998 2 August
1998 1.03 1.37

Zhengzhou experienced relatively severe
antecedent drought around mid-July 1998, followed
by a marked increase in precipitation and rainstorm
events. The drought was relieved, and the station

shifted toward a wet condition [42].

17 August
2014

30 September
2014 0.93 1.85

Henan experienced a summer drought in 2014, with
evident drought conditions in Zhengzhou during
the early stage. Multiple heavy rainfall events in

September caused a rapid transition to a significant
flood condition [43].

Sanmenxia
Station

19 August
1975

30 September
1975 1.16 1.58

The “75.8” extreme rainstorm occurred in Henan in
1975. Sanmenxia showed relatively evident

antecedent drought in late summer, followed by
enhanced precipitation and a transition to a

significant flood condition [40].

At Sanmenxia station, for the FTD event in 2016, the SWAP values remained above 1
(Moderate flood) in the early stage. After early July, the values of SWAP dropped below
the drought threshold, indicating that Sanmenxia station shifted from antecedent wet
conditions to drought conditions. This event was therefore identified as a typical FTD
event. For this event, the DI and FI values were 1.19 and 1.38, respectively, suggesting that
both stages were relatively evident, with the antecedent wet stage being slightly stronger
than the subsequent drought stage. Wind–hail and flood disasters occurred in many parts
of Henan in early June 2016. Sanmenxia was in a wet condition during the early stage; after
early July, precipitation weakened and the station shifted to relatively evident drought [44].
The identified FTD process was generally consistent with the historical records.

Overall, the identified DFAA events are generally consistent with the major disaster
processes documented in historical records in terms of occurrence time and duration char-
acteristics, indicating that the method has relatively good applicability in Henan Province.
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Figure 5. SWAP evolution processes of typical FTD events at Zhengzhou and Sanmenxia stations:
(a) Zhengzhou, 1956; (b) Zhengzhou, 1991; (c) Zhengzhou, 2007; and (d) Sanmenxia, 2016.

Table 6. The identified and documented typical FTD events at Zhengzhou and Sanmenxia stations.

Station Start Date End Date DI FI Historical Record

Zhengzhou
Station

29 July 1956 30 September
1956 1.38 1.30

An extreme rainstorm-induced flood occurred in the
Hai River Basin in 1956. After being affected by

regional flooding, Zhengzhou experienced reduced
precipitation in early September and gradually

shifted to relatively severe drought [45].

1 June 1991 12 July 1991 1.06 1.17

In 1991, flooding occurred during the Meiyu season
in the Jianghuai region and southern Henan.

Zhengzhou was in a wet state from June to early
July; afterwards, precipitation decreased in July, and

the station gradually shifted to drought [46].

2 August
2007

13 September
2007 1.14 1.19

Zhengzhou experienced short-duration heavy
rainfall and local waterlogging in August 2007.

After mid-September, precipitation decreased, and
the station gradually shifted to relatively evident

drought [47].

Sanmenxia
Station 2 June 2016 14 July 2016 1.19 1.38

Wind–hail and flood disasters occurred in many
parts of Henan in early June 2016. Sanmenxia was in

a wet condition during the early stage; after early
July, precipitation weakened and the station shifted

to relatively evident drought [44].

3.2. Temporal Variations in DFAA Events
3.2.1. Temporal Variations in DTF Events

The temporal variations in DTF events during the period of 1951–2020 in Henan
Province are shown in Figure 6, and the corresponding trend significance test results
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are presented in Table 7. The annual frequency, intensity, and duration of DTF events
showed larger interannual fluctuations; however, none of the three variables exhibited
a statistically significant monotonic trend at the 0.05 significance level. The frequency
decreased slightly at a rate of 0.14/10a (Figure 6a); however, the low R2 value (0.0183)
and the non-significant MK test result (p = 0.29) indicate that this downward tendency
was weak and not statistically robust. Annual frequency ranged from 0 to 8, with a mean
value of 2.19 and a high coefficient of variation (Cv = 0.95), suggesting strong interannual
variability. In contrast, the decreasing slope was nearly zero (−0.004/10 a), indicating that
DTF intensity remained generally stable (Figure 6b). The intensity ranged from 0.67 to 1.62,
with a mean value of 1.1 and a Cv of 0.2. The Cv of duration was 0.27, and the duration
had a weak decreasing trend at a rate of 2.18 d/10a (Figure 6c). It ranged from 41.67 d to
110.50 d, with a mean value of 66.33 d.

DTF events showed no clear long-term trend during the period of 1951–2020. Fre-
quency exhibited pronounced interannual variability, while intensity and duration re-
mained relatively stable.

Table 7. Trend significance analysis results of DTF events.

Variable n Lag-1 Autocorrelation Z Kendall’s τ p-Value Sen’s Slope 95% CI Trend Interpretation

Frequency 70 0.179 −1.045 −0.084 0.296 0 [−0.033, 0.000] No significant trend
Intensity 50 −0.075 −0.226 −0.023 0.821 −0.0004 [−0.0034, 0.0029] Negative but not significant
Duration 50 −0.034 −1.046 −0.103 0.296 −0.11 [−0.367, 0.108] Negative but not significant

At the decadal scale (Table 8), DTF events were most frequent in the 1960s and 2010s,
both with a mean annual frequency of 3.10 events, and least frequent in the 2000s, with only
0.30 events per year. The exceptionally low frequency in the 2000s may be related to the
relatively dry climatic background in northern China during this period [48,49]. Differences
in event intensity among decades were relatively small, ranging from 1.05 in the 1960s to
1.22 in the 1950s. In terms of duration, the 1960s had the longest mean duration (77.14 d),
while the 1990s had the shortest mean duration (57.03 d).

Table 8. Characteristic values of DTF events in Henan Province in decade scale.

Decade Mean Annual Frequency Mean Intensity Mean Duration (d)

1951–1960 (1950s) 2.40 1.22 62.42
1961–1970 (1960s) 3.10 1.05 77.14
1971–1980 (1970s) 2.70 1.06 65.17
1981–1990 (1980s) 1.90 1.16 70.33
1991–2000 (1990s) 1.80 1.07 57.03
2001–2010 (2000s) 0.30 1.08 75.17
2011–2020 (2010s) 3.10 1.11 61.34

Mean 2.19 1.10 66.33

3.2.2. Temporal Variations in FTD Events

Figure 7 shows the temporal variations in FTD events during the period of 1951–2020
in Henan Province, and the corresponding trend significance test results are presented in
Table 9. FTD events showed large interannual fluctuations during the period of 1951–2020,
and none of the three variables exhibited a statistically significant monotonic trend at the
0.05 significance level. The frequency decreased slightly at a rate of 0.17/10a (Figure 7a),
and there was a low R2 value (0.0038) and a non-significant MK test result (p = 0.115). The
Cv of frequency was 0.95, and the frequency ranged from 0 to 7, with a mean value of 1.36,
indicating considerable interannual variability rather than a significant decreasing trend.
The intensity had an almost negligible positive fitted slope of 0.003/10a (Figure 7b) and
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was not significant (p = 0.900). The Cv of intensity was 0.20, and the intensity ranged from
0.25 to 0.52, with a mean value of 0.36, suggesting relatively small variation and an overall
stable pattern. The Cv of duration was 0.22, and the duration also showed a decreasing
trend at a rate of 1.81 d/decade (Figure 7c). It ranged from 39.00 d to 117.67 d, with a mean
value of 73.82 d.

Figure 6. Temporal variations in DTF events during 1951–2020 in Henan Province based on the daily
SWAP index. (a–c) represent the frequency, intensity, and duration of DTF events, respectively.
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Figure 7. Temporal variations in FTD events during the period of 1951–2020 in Henan Province
based on the daily SWAP index. (a–c) represent the frequency, intensity, and duration of FTD events,
respectively.

FTD events show no clear long-term trend during the period of 1951–2020. Frequency
exhibited pronounced interannual variability, while intensity and duration remained rela-
tively stable. These results indicate that the temporal evolution of FTD events in Henan
Province was mainly characterized by year-to-year fluctuations rather than a persistent
increasing or decreasing trend.

https://doi.org/10.3390/atmos17050511

https://doi.org/10.3390/atmos17050511


Atmosphere 2026, 17, 511 15 of 27

Table 9. Trend significance analysis results of FTD events.

Variable n Lag-1 Autocorrelation Z Kendall’s τ p-Value Sen’s Slope 95% CI Trend Interpretation

Frequency 70 0.046 −1.574 −0.122 0.115 0 [−0.017, 0.000] No significant trend
Intensity 38 −0.031 0.126 0.016 0.9 0.0001 [−0.0013, 0.0014] Positive but not significant
Duration 38 0.054 −1.308 −0.149 0.191 −0.154 [−0.368, 0.090] Negative but not significant

Compared with DTF events, FTD events were generally less frequent (Table 10). FTD
events were most frequent in the 1950s (2.50) and least frequent in the 2000s (0.80). The
values of intensity of FTD events varied slightly among decades, which had the maximum
intensity value (0.42) in the 1960s and the minimum intensity value (0.31) in the 1950s and
2000s. In terms of duration, FTD events had the maximum duration in the 1950s (81.49 d)
and the minimum duration in the 1960s (64.12 d).

Table 10. Characteristic values of FTD events in Henan Province in decade scale.

Decade Mean Annual Frequency Mean Intensity Mean Duration (d)

1951–1960 (1950s) 2.50 0.31 81.49
1961–1970 (1960s) 1.10 0.42 64.12
1971–1980 (1970s) 1.30 0.37 78.56
1981–1990 (1980s) 0.90 0.34 73.53
1991–2000 (1990s) 2.10 0.36 73.49
2001–2010 (2000s) 0.80 0.31 80.03
2011–2020 (2010s) 0.80 0.39 64.08

Mean 1.36 0.36 73.82

3.3. Spatial Distribution of DFAA Events
3.3.1. Spatial Distribution of DTF Events

The spatial distribution of the frequency of DTF events during the period of 1951–2020
and the monthly frequency distributions at the 17 meteorological stations are shown
in Figure 8. DTF events were more frequent (>10) in the northern and eastern stations;
Shangqiu station had the maximum frequency (16), whereas Lushi station had the minimum
frequency (2). In terms of monthly distribution, the peak month of DTF frequency differed
among stations (Figure 9). There were 11 stations (65%) with maximum frequency of DTF
events in July, suggesting that July was the most concentrated month for DTF events at
most stations.

Figure 10 shows the spatial distribution pattern of DTF intensity, and Figure 11 shows
the monthly intensity distributions at the 17 meteorological stations. DTF events of greater
mean intensity (>1.14) were identified at six stations, mainly concentrated in the central
and southern stations. Gushi station had the maximum intensity (1.37), while Nanyang
station had the minimum intensity (0.92). In terms of monthly distribution (Figure 11), June
and July each had the maximum monthly DTF intensity at five stations (29%), followed by
August at four stations (24%) and September at three stations (18%). This suggests clear
station-scale differences in the month of peak DTF intensity.

Figure 12 presents the spatial variation of DTF events in duration, and Figure 13
presents the monthly duration distributions at the 17 meteorological stations. There were
nine stations in the short-duration category, six stations in the medium-duration category,
and two stations in the long-duration category. Baofeng station had the longest duration
(77.6 d), while Xihua station had the shortest duration (55.3 d). In terms of monthly
distribution (Figure 13), the longest DTF duration occurred most often in July and August.
Specifically, July and August each accounted for six stations (35%), followed by September
at four stations (24%) and June at one station (6%), indicating that DTF events occurring in
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June generally had relatively shorter durations, and the monthly mean duration of DTF
events generally increased from June to September.

Figure 8. Spatial distribution of the frequency of DTF events during the period of 1951–2020.

Figure 9. Monthly frequency distributions of DTF events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.
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Figure 10. Spatial distribution of the mean intensity of DTF events during the period of 1951–2020.

Figure 11. Monthly intensity distributions of DTF events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.

3.3.2. Spatial Distribution of FTD Events

Figure 14 presents the station-scale spatial distribution of FTD event frequency during
the period of 1951–2020, and Figure 15 shows the monthly frequency distributions at
the 17 meteorological stations. Stations with relatively high frequency (≥7) were mainly
distributed in the eastern, northern, and southwestern parts of Henan Province, and seven
stations had a frequency below 5. Shangqiu station had the maximum frequency (11),
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while Zhumadian station had the minimum frequency (2). In terms of monthly distribution
(Figure 15), the month with the highest FTD frequency differed among stations, with
August and September each being one of the peak months at eight stations (47%). No
station recorded its maximum FTD frequency in June.

Figure 12. Spatial distribution of the mean duration of DTF events during the period of 1951–2020.

Figure 13. Monthly duration distributions of DTF events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.
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Figure 14. Spatial distribution of the frequency of FTD events during the period of 1951–2020.

Figure 15. Monthly frequency distributions of FTD events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.

Figure 16 presents the spatial variation of FTD event intensity, and Figure 17 presents
the monthly intensity distributions at the 17 meteorological stations. The inter-station
variation in intensity was small; relatively higher intensity was observed at stations located
in eastern Henan Province. Lushi station had the maximum intensity (0.48), while Xinyang
station recorded the minimum mean intensity (0.30). In terms of monthly distribution
(Figure 17), the maximum intensity of FTD events occurred in July at 11 stations (65%).
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No station recorded its maximum FTD intensity in September, indicating that the peak
monthly intensity of FTD events was mainly concentrated in July and August.

Figure 16. Spatial distribution of the mean intensity of FTD events during the period of 1951–2020.

Figure 17. Monthly intensity distributions of FTD events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.

In Figure 18, FTD event duration is shown to be generally longer (>70 d) in the western
and southern stations of Henan Province. Gushi station had the longest mean duration
(94.7 d), and Sanmenxia station had the shortest mean duration (49.3 d). In terms of
monthly distribution (Figure 19), the maximum FTD duration occurred most frequently in
July, accounting for seven stations (41%), and least frequently in June, accounting for only
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one station (6%). This monthly pattern was similar to that of DTF duration, suggesting that
both types of DFAA events generally had shorter durations in June.

Figure 18. Spatial distribution of the mean duration of FTD events during the period of 1951–2020.

Figure 19. Monthly duration distributions of FTD events at 17 meteorological stations in Henan
Province: (a) June; (b) July; (c) August; and (d) September.

4. Discussion
The calculation of the SWAP index assumes that the WAP series follows a Gamma

distribution. In this study, the goodness-of-fit test for the Gamma distribution showed
that at the 0.05 significance level, approximately 93.3% of the station–calendar day WAP
samples passed the KS, AD, and chi-square tests. However, the passing rates at the
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Lushi and Luanchuan stations were relatively low (0.79 and 0.86, respectively), which
may be related to their location in the western mountainous area of Henan Province. In
this region, precipitation processes from June to September are frequently influenced by
terrain, summer monsoon rainfall, and local strong convection, resulting in more abrupt
precipitation characteristics and causing the WAP distribution on some calendar days to
show more pronounced skewness or extreme values. Therefore, in areas with complex
terrain and more abrupt precipitation processes, there is still some uncertainty in fitting
WAP with the Gamma distribution and calculating the SWAP index. In addition, in most
previous studies, the values of the SWAP parameters α and N were mainly determined
empirically [29,34,50], and their sensitivity and applicability were relatively less discussed.
To evaluate the influence of parameter selection on the identification results, this study
conducted a sensitivity analysis of α and N (Figure 20). Specifically, α ∈ {0.85, 0.90, 0.95} and
N ∈ {30, 35, 40, 43, 44, 45, 50, 55, 60} were considered. The results indicate that α = 0.9 and
N = 44 are a suitable parameter combination. Meanwhile, the setting of drought and flood
identification thresholds R1 and R3 also involves a certain degree of empiricism [32,51]. This
study compared the event identification results under two threshold combinations: R1 = 1,
R3 = −1 and R1 = 0.5, R3 = −0.5 (Table 11). The results show that when the thresholds were
relaxed from R1 = 1 and R3 = −1 to R1 = 0.5 and R3 = −0.5, more dry–wet fluctuation events
with weaker intensity and less distinct process characteristics were included, resulting in an
approximately 3.5-fold increase in the number of identified events. Therefore, we consider
R1 = 1 and R3 = −1 to be a suitable and relatively conservative threshold choice.

Figure 20. Sensitivity analysis of WAP parameters for α and N.

The identification method based on the daily SWAP index and run theory can bet-
ter detect short-duration and highly abrupt DFAA events in Henan Province. Unlike
previous studies that adopted empirical thresholds or directly applied existing parame-
ter settings [17,32,34], this study determined threshold values more suitable for Henan
Province through comparisons among different parameter combinations and validation
against historical disaster records, thereby improving the reliability and regional applicabil-
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ity of the identification results [52,53]. However, the current identification method still has
certain limitations. Although few studies have attempted to validate DFAA identification
results by comparing the occurrence time, location, and disaster type of identified events
with historical records, and by using matching ratios or accuracy to represent identification
performance [54], the historical records themselves were not established according to a
unified DFAA standard. Overall, there is still a lack of a systematic, complete, and unified
historical record dataset of DFAA events. Therefore, it is difficult to directly match all
DFAA events identified in this study with historical records one by one, and it is also
difficult to construct a unified historical benchmark catalogue that can be directly used
for contingency-table-based validation. In addition, this method is still mainly based on
precipitation as a single meteorological factor and does not yet comprehensively consider
the effects of evapotranspiration, soil moisture, hydrological processes, and human ac-
tivities. Meanwhile, the applicability of fixed thresholds may also vary across different
regions [55,56]. Therefore, a few identified events with relatively weak intensity and short
duration are not found in historical disaster records. Future studies could further incor-
porate multi-factor information on the basis of daily-scale identification [12], establish a
more comprehensive identification framework, and combine hydrological, agricultural,
and socioeconomic data to further reveal the formation mechanisms of DFAA events and
their risk evolution processes.

Table 11. Number of identified DFAA events under different drought/flood thresholds.

Station
Name

DTF FTD Total

R1 = 1/R3 = −1 R1 = 0.5/R3 = −0.5 R1 = 1/R3 = −1 R1 = 0.5/R3 = −0.5 R1 = 1/R3 = −1 R1 = 0.5/R3 = −0.5

Anyang 12 24 6 8 18 32
Xinxiang 8 29 6 5 14 34

Sanmenxia 9 28 7 12 16 40
Lushi 2 23 4 15 6 38

Mengjin 10 27 4 11 14 38
Luanchuan 5 13 7 11 12 24
Zhengzhou 3 25 8 16 11 41
Xuchang 9 28 9 10 18 38
Kaifeng 12 29 5 7 17 36

Xixia 9 30 3 16 12 46
Nanyang 14 29 8 7 22 36
Baofeng 7 23 5 9 12 32
Xihua 11 32 3 16 14 48

Zhumadian 10 21 2 2 12 23
Xinyang 9 40 3 6 12 46
Shangqiu 16 33 11 12 27 45

Gushi 7 23 4 5 11 28
Total 153 457 95 168 248 625

DTF events occurred more frequently than FTD events in Henan Province during the
period of 1951–2020 and were characterized by greater abrupt transition intensity. Tempo-
rally, DFAA events were characterized by slight decreasing trends in both frequency and
duration, with no obvious trend in intensity. Previous studies [57] also showed that DTF
events may show an overall decreasing trend, which is broadly consistent with the results
identified in this study. Spatially, DTF events were mainly distributed in the northern,
eastern, and southwestern regions of Henan Province, whereas FTD events were mainly
distributed in the eastern, northern, and southwestern regions. These findings are generally
consistent with those of Chu et al. [28], who pointed out that DFAA shows pronounced
spatial heterogeneity, with an overall pattern of lower activity in the north and south and
higher activity in the central region. It is noted that Chen et al. [58] reported that both the
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frequency and intensity of early-summer DFAA events in the Huang–Huai–Hai River Basin
have increased since the beginning of the 21st century, with a typical pattern of drought in
June followed by flooding in July. The present study focuses more on characterizing the
rapid dry–wet transitions during the flood season, which may lead to some differences
in the identified DFAA characteristics [25,59]. The spatial distribution differences may
be related to the special topographic conditions, atmospheric circulation anomalies, and
human activities in Henan Province under the background of climate warming. Under
climate warming, enhanced atmospheric moisture-holding capacity may increase the prob-
ability and intensity of extreme precipitation, while enhanced evapotranspiration may also
aggravate antecedent drought conditions, thereby providing a favorable background for
rapid dry–wet transitions [3,24]. Atmospheric circulation and large-scale climate telecon-
nection factors such as ENSO may regulate the East Asian summer monsoon, the western
Pacific subtropical high, and moisture transport processes [2,38], thereby affecting the
location and intensity of precipitation during the flood season in Henan Province and
further promoting the rapid connection between antecedent drought and subsequent heavy
precipitation. Meanwhile, the orographic lifting effects of the Taihang Mountains and
Funiu Mountains may enhance local heavy precipitation processes [60,61], while rapid
urbanization and land-use change may further influence the spatial differences in DFAA
events by altering underlying-surface infiltration, water retention, and runoff generation
and concentration conditions [60,62]. In addition, this study was conducted at the station
scale based on 17 national basic meteorological stations [63,64], which may limit its ability
to fully characterize the continuous spatial distribution of DFAA events. Future studies
need to further integrate denser gridded datasets, spatial interpolation or regionalization
methods to more comprehensively reveal the spatial heterogeneity of DFAA events, and
incorporate multi-source data to strengthen research on the mechanisms of DFAA.

5. Conclusions
This study identified and validated DFAA events occurring from June to September

during the period of 1951–2020 in Henan Province based on the daily SWAP index. The spa-
tiotemporal variation characteristics of DFAA events were analyzed. The main conclusions
are as follows:

(1) A drought duration of 10 d, together with a transition interval and a flood duration
of 7 d, showed relatively good applicability for identifying DFAA events in Henan
Province under the daily precipitation-based SWAP framework. Validation based on
representative historical stations shows that the proposed method can be relatively ef-
fective in characterizing the occurrence and evolution of DFAA events. The identified
results were generally consistent with historical disaster records, indicating that the
established method has relatively good applicability in Henan Province.

(2) In terms of temporal variation, DTF and FTD events were characterized by slight
decreasing trends in both frequency and duration, with no obvious trend in intensity
in Henan Province during the period of 1951–2020. The mean annual frequency, mean
intensity, and mean duration of DTF events were 2.19, 1.09, and 66.33 d, respectively,
whereas those of FTD events were 1.36, 0.36, and 73.82 d, respectively.

(3) The distributions of DTF and FTD events exhibit distinct differences in their char-
acteristics of frequency, intensity, and duration, in Henan Province. In frequency,
DTF events were mainly concentrated in the northern, eastern, and southwestern
regions, while FTD events occurred more frequently in the eastern, northern, and
southwestern regions. The higher intensity of DTF events was mainly concentrated
in the central and southern regions, but that of FTD events was mainly distributed
in the western and central regions. FTD events with longer duration were mainly
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concentrated in the western and southern regions. At the station scale, Shangqiu
had the maximum frequency for both DTF and FTD events. The maximum intensity
was found at Xinyang for DTF events and at Luanchuan for FTD events, while the
maximum duration occurred at Zhumadian and Gushi stations.
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