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Abstract Using the drought and flood grades, the historical co-drought probabilities of the water source
area (i.e., the Upper Hanjiang River or UH) and the receiving area (i.e., North China or NC) of the Middle
Route of the South-to-North Water Diversion project from 1470 to 2017 were analyzed. It was found that

there is relatively high possibility for co-droughts to occur in the UH and NC at interannual to multi-decadal
time scales. When extreme drought occurred in NC, there was a 52% probability that the UH was on the drier
side and even a 40% probability of severe drought. During the three typical severe drought events that occurred
mainly in NC (i.e., 1637-1643, 1877-1878, and 1997-2002), severe droughts also appeared in the UH, with
1877-1878 even more severe than in NC. Among the seven driest years of the study period in NC (i.e., 1640,
1641, 1832, 1920, 1965, 1968, and 1997), only 1832 was wet in the UH, and 1920 even experienced the same
severe region-wide drought as NC did. Furthermore, when severe consecutive droughts occurred in NC, there
was at least a 66% probability that the UH was also experiencing a drought. In addition, there were obvious
cycles of drought and flood variability of around 3—6 years, 10 years, 30 years, and 55-80 years in both the UH
and NC. These findings are of importance to in-depth understanding of the regional drought variability and its
mechanism at varied temporal scales and the effective management of the world-class hydro project.

Plain Language Summary The co-drought probabilities of the water source area (the Upper
Hanjiang River) and receiving area (North China) of the Middle Route of the South-to-North Water Diversion
project at different time scales from 1426 to 2017 were analyzed. It was found that there is relatively high
possibility for co-droughts to occur in both areas at interannual to multi-decadal time scales. Particularly, when
extreme droughts occurred in North China, there was a 52% probability that the Upper Hanjiang River was also
dry and even a 40% probability of severe droughts. When severe consecutive droughts occurred in North China,
there was at least a 66% probability that the Upper Hanjiang River was also experiencing a drought. In addition,
there are similar drought and flood variability cycles on different time scales in North China and the Upper
Hanjiang River.

1. Introduction

Water resources are basic natural resources and strategic economic resources; under the current climate change
context, water scarcity has become a global problem that cannot be ignored (Cosgrove & Loucks, 2015;
Hoekstra, 2014; Xia & Shi, 2016). The IPCC's Sixth Assessment Report (AR6) noted that global climate change
has significantly altered global water cycle processes since the mid-20th century, with an overall increase in
precipitation intensity, but unevenly distributed in terms of temporal and spatial variability, which caused the
intensity and duration of droughts to increase in some regions, such as South Europe, West Africa, and Central
Asia (Portner et al., 2022). As global warming intensifies, the potential for compound extreme heat-drought
events will probably increase in many regions (Portner et al., 2022). China is one of the most affected countries
by climate change and variability; since the early 20th century, China's climate has experienced a remarkable
change, with the surface air temperature increasing at a rate of about 0.10°C/decade (Ren et al., 2012; Wen
et al., 2019). Precipitation in China does not show a significant long-term trend, but in the last half-century, the
occurrence of droughts is expanded in scope, especially increased in frequency and intensity in North China (NC)
and Southwest China, exacerbating the conflict of water scarcity (Chen & Sun, 2015; Zhang et al., 2018a, 2020).

The regional distribution of water resources in China is uneven, with a general trend of decreasing from the
southeast coast to the northwest inland, showing a basic state of more water in the South and less water in the
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North, in which the NC (mainly the North China Plain) owns the least amount of water resources per capita and
the highest rate of water use consumption, and is the most water-scarce region in China (Cheng et al., 2019;
China South-to-North Water Diversion Project Codification Committee or SNWDCC 2018b; Ren, 2007). The
NC includes Beijing, the capital of China, Tianjin, one of China's three major industrial bases, and the famous
industrial cities such as Shijiazhuang, Baoding, and Tangshan, as well as being the base of China's grain, cotton
and oil production and a major wheat producing area (SNWDCC, 2018b). However, with population growth,
rapid economic development, the improvement of people's living standards, and the increased frequency and
intensity of meteorological droughts induced by the decreased annual precipitation in the last two decades of
the 20th century, the water scarcity in the NC is becoming more and more serious (Li et al., 2018; Ren, 2007;
SNWDCC, 2018b; Zhang et al., 2013, 2020).

The South-to-North Water Diversion Project was initiated in 2002. It is the world's largest water diversion project,
with three water diversion zones planned from the upper, middle, and lower reaches of the Yangtze River, respec-
tively, forming three water diversion routes—the Western, Middle and Eastern Lines—and is one of the key
engineering measures to alleviate the severe water shortage in NC (SNWDCC, 2018b). The first phase of the
Middle Route of the South-to-North Water Diversion (MSNWD) project has a total length of 1,432.49 km, with
1,277.21 km of the main trunk canal and 155.28 km of the Tianjin trunk canal, providing water for domestic
and industrial use to 19 large and medium-sized cities and more than 100 counties (cities) in the NC (including
Beijing, Tianjin, Hebei and Henan Provinces) from the Danjiangkou Reservoir in the Upper Hanjiang River (UH;
SNWDCC, 2018a). After 11 years of construction, the MSNWD project was officially opened on 12 December
2014, and the overall water consumption in the Hanjiang River basin (HRB) was expected to exceed 29 billion m3
(Zhen et al., 2019); by 22 July 2022, the project had transferred more than 50 billion cubic meters of water and
benefited more than 85 million people (China Government Web, 2022).

However, climate change and variability have led to an increase in the frequency and intensity of droughts and
a decrease in the runoff in the MSNWD project area, which may have a negative impact on the water diversion
(Qin et al., 2021). Previous studies analyzed the probability of co-drought in NC and the UH from the perspec-
tive of precipitation and runoff (e.g., Ban et al., 2018; Chen & Xie, 2012; Liu et al., 2018; Ren et al., 2011; Yu
etal., 2018). These analyses generally found a positive correlation between the UH and NC, and a higher possibil-
ity for the two areas to concurrently experience a meteorological drought based on observational data. However,
due to limitations of instrumental data length, most of these studies were focused on the modern period, and there
is still great uncertainty in the correlation between precipitation/droughts of NC and the UH at inter-decadal,
multi-decadal and centennial scales. Ren et al. (2011) used historical drought and flood grade (DFG) data in their
analysis, but the proxy data was directly based on the previously published “Yearly Charts of Dryness/Wetness in
China over the last 500 years” (China Meteorological Administration, 1982), and the study scopes had not been
focused specifically on the UH water source area and NC water-receiving area.

In order to better understand and predict change and variability in precipitation and drought, it is necessary to first
reveal the temporal and spatial patterns of precipitation/drought change and variability over historical periods
applying updated data other than instrumental records (Ge et al., 2005; Hao et al., 2016; Yang & Han, 2014; Yang
et al., 2009; Zheng et al., 2006, 2018). Therefore, we used updated DFGs (Zhang et al., 2022, 2023) to analyze
the characteristics of drought changes in NC and the UH from 1470 to 2017, with a hope to provide scientific
reference basis for further understanding decadal to centennial scale variability of precipitation/drought of the
study areas and future water resources scheduling and decision making in the MSNWD project.

2. Study Area, Data and Methods
2.1. Study Area

The UH was selected from the same range as our previous study (Zhang et al., 2022; Figure 1). The Hanjiang
River is the first largest tributary of the Yangtze River, originating in Ninggiang County, Hanzhong City, Shaanxi
Province, and mainly flowing through Shaanxi, Henan, and Hubei Provinces before joining the Yangtze River in
Wuhan City, Hubei Province. The UH is located between the Qinling Mountains and Dabashan Mountains, with
narrow, deep, fast flowing rivers and abundant hydraulic resources. It belongs to the humid monsoon climate
zone on the edge of the northern subtropics, with an overall mild climate and abundant rainfall, the average
annual precipitation is 863.93 mm (1960-2010) (Yin, 2015). However, the seasonal distribution of precipitation
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Figure 1. Study area and study sites distribution.

is uneven, with June to September accounting for about 60% of the annual precipitation and May to October
accounting for about 75% of the annual runoff, making it the largest tributary of the Yangtze River in terms of
runoff variation (1960-2010) (Yin, 2015).

NC is located at the margin of the East Asian summer monsoon with a subhumid warm temperate climate;
rainfall in summer and autumn account for approximately 80% of the annual precipitation in this region
(SNWDCQC, 2018b). It has long been a socio-economically developed region in China due to its privileged loca-
tion, flat terrain, abundant light and heat resources, rich land and mineral resources, as well as favorable water
resources in historical periods (SNWDCC, 2018b). However, after the 1960s, NC began to suffer from water
scarcity, and most of the rivers became seasonal, serving only the function of flood discharge during the flood
season; by the late 1980s, most rivers were even more perennially unnavigable (SNWDCC, 2018b). Meanwhile,
problems such as groundwater overdraft and water pollution are also very serious, and water scarcity has become
a severe constraint on the socio-economic development of NC (Portner et al., 2022; SNWDCC, 2018b). In our
study, the scope of NC is Beijing, Tangshan, Tianjin, Baoding, Cangzhou and Shijiazhuang (Figure 1).

2.2. Data and Methods
2.2.1. Data Sources and Reconstruction Methods

This study used historical drought and flood records and precipitation data from the instrumental period, and
reconstructed the DFGs at three sites (Hanzhong, Ankang, and Yunxi sites; Figure 1) in the UH from 1470
to 2017, using five-grade classification based on The Atlas of Drought and Flood Distribution in China in
the Last 500 Years (this atlas contains yearly distribution of DFG at 120 sites in China from 1470 to 1979;
hereafter referred to as Atlas; Central Meteorological Bureau or CMB, 1981, now the China Meteorological
Administration or CMA). The five-grade classification classifies drought and flood conditions according to their
severity into Grade 1 flood, Grade 2 mild flood, Grade 3 normal, Grade 4 mild drought, and Grade 5 drought.
Meanwhile, taking into account the frequency of occurrence of each grade, the ideal frequency criteria of 10%
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Figure 2. 1470-2017 DFG series in NC (a) and the UH (b), as well as 30-year
(c) and 50-year (d) sliding average series for NC and the UH. For (a) and (b),
the thin gray line indicates the yearly droughts and floods series; the bold black
line indicates the 11-year sliding average droughts and floods series; black
dashed line indicates average of DFG; the bar indicates the average DFG per
decade, with orange representing above-average values and blue representing
below-average values. For (c) and (d), the blue straight line indicates the DFG
average for NC, and the blue dashed line indicates the DFG average for the
UH. The blue vertical line separates the different centuries, with the first one
on left indicating 1500, and the last one on right indicating 2000.

(Grade 1 flood and Grade 5 drought), 20%-30% (Grade 2 mild flood and
Grade 4 mild drought), and 30%—-40% (Grade 3 normal) were used for clas-
sification (CMB, 1981). Compared to the previous reconstruction of DFGs
at Hanzhong and Ankang sites from 1470 to 2000 (CMB, 1981), we used
more abundant historical sources in the reconstruction of each site on the
UH, and used precipitation data from different sources (1951-2017; Yang
& Li, 2014) to extend the time scale of DFGs for the instrumental period.
Moreover, we added the Yunxi site to provide a clearer spatial resolution of
historical drought and flood variability in the UH. The data sources, recon-
struction methods and limitations were described in detail in our previous
study (Zhang et al., 2022, 2023).

The historical DFGs for the six sites (Beijing, Tangshan, Tianjin, Baoding,
Cangzhou and Shijiazhuang sites; Figure 1) in NC from 1470 to 1950 is
derived from the Atlas (CMB, 1981). To analyze the variations of droughts
and floods in NC after the beginning of the 21st century, as well as to ensure
the consistency of the data sources, we used precipitation data from China
National Surface Meteorological Station Homogenized Precipitation Data
Set (V1.0) (Yang & Li, 2014), and reconstructed the DFGs for the instrumen-
tal period 1951-2017 in each site of NC with the five-grade classification
method (CMB, 1981).

2.2.2. Arithmetic Average Method

The arithmetic average method is one of the simplest and most commonly
used methods in statistics (Wei, 2007). We used this method to sum the
DFGs for each site in NC and the UH and then averaged them to visual-
ize the temporal characteristics of the overall drought and flood conditions.
We also used the sliding average method, which is equivalent to a low-pass
filter, to remove the influence of short-term or long-term fluctuations on the
characteristics of droughts and floods to a certain extent (Wei, 2007), thus
providing a more intuitive view of the inter-decadal and multi-decadal scales
of droughts and floods in NC and the UH.

2.2.3. Wavelet Analysis and Ensemble Empirical Mode Decomposition (EEMD)

In this study, we used wavelet analysis and EEMD to analyze the drought and flood cycles in NC and the UH;
both were implemented using Python, but the code was non-public. Wavelet analysis has good local discrimina-
tion in both the time and frequency domains, allowing the cycles of climate change to be analyzed on different
time scales and the local characteristics of the cycle changes in the time series to be determined, thus providing
a clear picture of the details of each cycle over time (Lau & Weng, 1995). The EEMD is an improved algorithm
for empirical mode decomposition (EMD) (Wu & Huang, 2009) which effectively avoids the scale mixing prob-
lem of EMD by introducing white noise in the decomposition process and performing ensemble averaging, thus
keeping the final decomposed eigenmode function physically unique (Huang et al., 1998). EEMD has strong local
characteristics and the ability to extract non-significant weaker signals, allowing the time series to be decom-
posed into several physically meaningful intrinsic mode function (IMF), which is more suitable for analyzing
non-smooth, non-linearly varying time series (Wu & Huang, 2009). The combination of wavelet analysis and
EEMD results enables a more comprehensive capture of the variability of drought and flood cycles in NC and

the UH.

3. Results

3.1. Correlation of Droughts and Floods Between NC and the UH

Based on the 1470-2017 yearly drought and flood series, the 11-year sliding average series, the average of DFGs

per decade, and the 30 and 50 years sliding average series for NC and the UH (Figure 2; the averages of DFG in

NC and the UH are 2.97 and 2.88, respectively), we found that, overall, when NC was relatively drought-prone,
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084 the UH also tended to be relatively drought-prone. It can be seen that during
the drier periods in NC, 1490-1499, 1520-1529, 1610-1649, 1900-1909,
w67 1920-1949, and 1960-1999, the UH was also relatively dry, especially
8 0.4+ during the two most prolonged periods of sustained drought in NC, that is,
0.2 L 1610-1649 and 1920-1949, the UH was also drought-prone. Furthermore, it
0- i is noteworthy that since the late 19th century, the frequency of co-droughts in
the UH and NC was higher than before, and it seems to become a century-scale
02 A C D phenomenon.
Year
To further verify the correlation between historical droughts and floods in
Figure 3. The correlation coefficients (CC) of DFG series between NC and NC and the UH at varied time scales, we calculated the correlation coef-

the UH on a year-by-year basis (a), 10 years (b), 30 years (), and 50 years (d).  ficients on year-by-year, 10-year, 30-year, and 50-year scales for NC and

The error bars on the bar charts refer to the 90% confidence interval, and the
red bars indicate that the test of significance was passed.

the UH, respectively. The calculation was made considering missing values
for the UH (it has missing values in 1496-1500, 1510-1518, 1555-1561,
1574-1577, and 1729-1734) and possible autocorrelation in the time series
(Bretherton et al., 1999; Santer et al., 2000). It was found that NC and the UH
passed the 90% significance test on the year-by-year and 10-year scales (in which the year-by-year correlation
passed the 95% significance test), but the correlations between the 30-year and 50-year scales were not signifi-
cant on the statistical level, though they were higher than those on shorter time scales (Figure 3; See Supporting
Information S1, Table S1).

According to the 30-year sliding correlation coefficient (Figure 4), it can be seen that during the period
1470-2017, the correlation between droughts and floods in NC and the UH is unstable. However, the correlations
for the early 16th century, the second half of the 16th century to the mid-17th century, the late 17th century to the
early 18th century, and the mid-19th century to the first half of the 20th century all passed the 90% significance
test, indicating a relatively high correlation between drought and flood variations in NC and the UH during these
periods. In particular, the second half of the 16th century to the mid-17th century were the periods of the strongest
correlation between droughts and floods in NC and the UH throughout the study period, and the longest period
of positive correlation lasted from the mid-19th century to the first half of the 20th century.

3.2. Probability of Concurrent Severe Droughts in NC and the UH

We calculated the annual occurrence frequency of Grade 5 drought (i.e., severe drought, described in detail in
Zhang et al., 2022) at each site in NC and the UH from 1470 to 2017, as well as the number of years per 50 years
of Grade 5 drought in NC and the UH, 1500-1999. From Figure 5 and Table S2 in Supporting Information S1,
we can see that, overall, in the first half of the 17th century and from the mid-19th century to the present (—2017),
the frequency of the Grade 5 drought in NC was the highest, while in these two periods, the frequency of the
Grade 5 drought in the UH was also relatively high, especially after the mid-19th century, the frequency of Grade
5 drought in the UH was the highest in the whole study period, even surpassing that in NC.

To further verify the probability of concurrent severe droughts in the NC and the UH, we counted the top 10%
of extreme drought years in NC from 1470 to 2017, a total of 50 years (according to the [PCC recommendations,
10% probability of occurrence means extreme events; Solomon et al., 2007).
During these 50 years (Figure 6 and Table S3 in Supporting Information S1),

0.8

0.4

the UH experienced a total of 26 years of droughts above Grade 3 (excluding
Grade 3), including a total of 20 years above Grade 4 (including Grade 4; in
particular, both NC and the UH experienced severe and continuous drought

NC, there was a 52% probability that the UH also be on the drier side, with a
40% probability of severe drought events (i.e., Grade 4 and above). Further-

-0.4 .

Figure 4. Correlation coefficient (CC) of 30-year sliding average DFG series
between NC and the UH. The black straight line is the 90% significance
threshold (the sample sizes were all assumed to be 30 years), and the blue
portion indicates that the CC passed p < 0.10 significance test.

h M Al ﬂwnh”m
8 " r’ W L/‘J W ! W years from 1639 to 1641). It means that when extreme drought occurred in

1470 15|70 1 6|70 17|70 18|70 ' 19‘70 more, as can be seen from Table S3 in Supporting Information S1, although
Year the phenomenon that the UH being relatively drought-prone during severe

droughts in NC existed in every century, this co-drought, however, declined
significantly in the 19th century, with a 25% probability of occurrence, while
it increased significantly in the 20th century, with a 77% probability of occur-
rence. Based on our previous study (Zhang et al., 2022), the 19th century saw

ZHANGET AL.

Sof 13

85U801 SUOLILLOD SA 181D 3|qei|dde au Aq pausenob 8 e o e YO ‘SN JO S3|nJ o} Akeiq1 SUlUO AB|IM UO (SUONIPUOI-PUR-SLULS)AL0D A8 |1 Aleiq 1 jeuljuo//Sciy) SUONIPUOD PUe SwiS 1 8y} 89S *[£202/TT/Z0] Uo AkeiqiTauliuo A8|IM eulydeueIyooD Aq /42680drez0z/620T 0T/10pALoo A3 1m Aleid i jpuljuo sgndnBe//sdny wo.j pepeojumod ‘Tz ‘€202 ‘96686912



~u |
AUV Journal of Geophysical Research: Atmospheres 10.1029/20231D039247
AND SPACE SCIENCES
100 fewer extreme droughts in the HRB, and in the 20th century, the frequency
‘ , of extreme droughts increased significantly and was the highest in the last
= 50 ” ‘ I ’ ” P (a) 592 years.
% Mﬂm”‘ H ]]H ] H\ [}M ‘Hm [ Nm MH ‘ ﬂm i I " I Based on the severity of drought disaster events that occurred in NC during
§ ] 08 ' ' ' o the historical period and considering the completeness of the data from each
g site in the UH, we screened three typical drought disaster events from 1637
i N W ’ |H H ®) to 1643, 1877 to 1878, and 1997 to 2002 (Rong et al., 2008; Tan, 2003);
‘ meanwhile, we identified the seven years with the highest (i.e., driest) DFGs
‘ H ‘ ‘ H H‘ ‘ ” ‘ H “ H H ’H “H’ H’ in NC from 1470 to 2017 and compared the DFGs in NC and the UH in
10470 15&0 16I70 17'70 137'0 19§o the above years, as shown in Tables 1 and 2. It is clear that during the three
Year typical severe drought events in NC (Table 1), the UH was similarly very

Figure 5. The yearly frequency of Grade 5 drought at each site in NC (a)
and the UH (b), 1470-2017 (the number of sites with Grade 5 drought/total

dry, even more so in 1877-1878 than in NC, and the driest years in the UH
and NC were the same, except for 1997-2002. In our previous study (Zhang

number of sites X 100%). The light yellow shading corresponds to 1600-1649 €t al., 2022), we selected other severe drought events in historical periods,
and 1850-2017, respectively.

Grade

Figure 6. Distribution of extreme drought years in NC, 1470-2017. The red
diamonds indicate DFGs above 4 (including Grade 4) in the UH in the same
year as the extreme drought in NC; the yellow squares indicate DFGs above 3
(excluding Grade 3) in the UH in the same year as the extreme drought in NC;
the small yellow dot indicates years when extreme drought occurred in NC

including 1689-1692, 1928-1930, and 1942-1943, and found that the UH

was also basically dry. From Table 2, during the seven driest years in NC

(>i.e., 1640, 1641, 1832, 1920, 1965, 1968, and 1997), only 1832 was wet in
the UH, and 1968 was mildly dry, while the rest of the years had DFGs of 4 and above. In particular, there were
even severe drought events (Grade 5) all over the region in the UH (Hanzhong, Ankang, and Yunxi sites) in 1920,
as in NC.

Furthermore, we counted the consecutive drought years in NC from 1470 to 2017, when the average values
of DFGs in each year were all Grade 4 or above, as well as the years when they were all above Grade 3.5, and
calculated the average values of DFGs for these consecutive drought years. We then compared them with the
average values of DFGs of the UH in the same period. As can be seen from Tables S4 and S5 in Supporting
Information S1, during the study period, consecutive drought years with annual DFGs of Grade 4 or above were
nine times in total in NC, and the UH experienced relative droughts on six occasions during the same period
(1560-1561 had missing values), with the co-drought probability being at least 66.7%. Consecutive drought years
with annual DFGs of above Grade 3.5 occurred with a total of 26 times in NC, and the UH experienced relative
droughts on 18 occasions during the same period (1560-1561 had missing values), with the co-drought probabil-
ity of at least 69.2%. That is, when relatively severe consecutive drought years occurred in NC, there was at least
a 66% probability that the UH was also drought-prone at the same time.

3.3. Drought and Flood Cycles in NC and the UH

Comparative analyses of historical drought and flood cycles in NC and the UH are of great significance for
the water transfer planning of the MSNWD project, the trend prediction of drought and flood, and the rational
development and utilization of water resources (Wang et al., 2002). We conducted cycle analysis of droughts and
floods in NC and the UH from 1578 to 2017 (because there are some missing
data for the UH until 1578, and 1729-1734 gaps are filled in with the average

5 4 values of the 30 years before and after) using EEMD (Figure 7, Table 3) and
. . * wavelet analysis (Figure 8), respectively. The EEMD decomposition resulted
4.5 PSS * ‘ in seven IMFs with different time scales and fluctuation amplitudes from
* * ¢ He high to low frequencies (Table S6 in Supporting Information S1). For a more

L2 4 * * L . . L .
44 , : . : : accurate and intuitive analysis of the cyclical variability characteristics on
1470 1570 1770 1870 1970 different time scales, we removed IMFs 6 and 7 with variance contributions
Year below one, then combined IMFs 1 and 2 (both are interannual scale cycles;

DFGs above 3 (excluding Grade 3) in the UH
@ DFGs above 4 (including Grade 4) in the UH

without drought in the UH.

corresponding to the new IMF1 in Figure 7 and Table 3), 3 and 4 (both are
interdecadal scale cycles; corresponding to the new IMF2 in Figure 7 and
Table 3). And the new IMF3 (i.e., the combined IMF; multi-year intergenera-
tional scale cycles) in Figure 7 and Table 3 corresponds to IMFS5 after EEMD
decomposition.

Combining the results of the above two methods, we found that the vari-
ability of drought and flood cycles in both NC and the UH was relatively
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Table 1 smooth between the mid-18th and the early 19th centuries, and the following
Average of DFGs and the Driest Year in NC and the UH During the Typical cycles of variation on interannual, interdecadal, and century scales can also

Drought Events in NC

be observed:

Extreme drought years

1637-1643 Average
Driest year

1877-1878 Average
Driest year

1997-2002 Average

Driest year

NC UH Interannual scale: Both NC and the UH have long-standing cycles of drought
421 3.67 and flood variability of around 3-6 years. From Table 3, the IMF1 variance
1640, 1641 1640 contribution reached 60.89% (NC) and 69.59% (UH), respectively, with its
e 155 amplitude (Figure 7) and wavelet signals (Figure 8) showed basically a steady
variation over most of the time period. However, there are some differences

ey Loy in the temporal distribution in the strength of the amplitude/signal of the
4.21 3.61 3-6 year cycle in these two regions. NC had a stronger amplitude/signal in
1997 1999  the early 17th century and the second half of the 20th century, indicating a

strong period of the 3—6 year cycle; a weaker amplitude/signal in the 18th

century, indicating a weak period of the 3-6 year cycle. Overall, the ampli-
tude/signal of the 3—6 year cycle in the UH was relatively weak until the mid-19th century but began to strengthen
after the second half of the 19th century.

Interdecadal to multi-decadal scales: According to Table 3, there are interdecadal to multi-decadal cycles of
drought and flood variability of around 12-30 years and 55 years in NC, with variance contributions of 18.1%
and 3.54%, respectively; the UH has cycles of drought and flood variability of around 12-23 years and 55 years,
with variance contributions of 13.32% and 2.88%, respectively. As a whole, the amplitude of the oscillations of
both IMF2 and 3 (Figure 7) in NC is relatively stable, with IMF2 having the smallest amplitude from the mid-18th
century to the early 19th century, indicating a weak 12-23 years cycle; from the second half of the 19th century to
the present, IMF3 has a more intense amplitude than the earlier period, indicating a strong 55 years cycle during
this time. In contrast, the UH IMF2 (Figure 7) has an overall stronger amplitude of oscillation, especially after the
second half of the 19th century, as a period of strong drought and flood cycles of around 12-23 years. In contrast
to NC, the signal of the 55 year cycle in the UH is not apparent (Figures 7 and 8), and only in the 17th century
was the amplitude of the oscillation relatively pronounced.

The results of the wavelet analysis (Figure 8) showed that both NC and the UH have long-standing cycles of
droughts and floods of around 10 and 30 years, but the strengths of the amplitude/signal have some differences
in the temporal distributions. NC experienced weak cycle energies of around 30 years from the second half of
the 18th century to the early 19th century, and significant cycle energies of around 30 years from the mid-17th
century to the mid-18th century and from the mid-19th century to the present. In the UH the drought and flood
cycles of around 30 years were stronger in energy after the mid-19th century, but shortened to around 20 years
between the mid-19th and early 20th centuries, and then lengthened to around 30 years. In addition, there were
significant drought and flood cycles of around 50 years in NC from the late 16th to the early 18th century. Though
the same signal was not detected in the UH, but our previous studies indicated a multi-decadal cycle of around
50 years in the middle and lower HRB (Zhang et al., 2023).

Multi-decadal to century scales: From Figure 8, there is a significant multi-decadal to century-scale cycle of
around 80 years in NC from the late 18th century to the present, and a cycle of around 70-80 in the UH from
the late 16th to the mid-19th century. Although there are drought and flood cycles of around 70-80 years in
both NC and the UH, there is a difference in timing, with those in NC more obvious in the last three centuries.
However, from the mid-16th century to the present, the middle and lower HRB experienced long-term cycles with
80-100 years of drought and flood variability (Zhang et al., 2023).

In conclusion, it is clear that, on interannual and interdecadal scales, there are
good similarities between the cycles of drought and flood variability in NC and
the UH, and to some extent, this reflects the fact that some influential factors

Table 2

DFGs in NC and the UH During the Driest Seven Years of NC, 1470-2017 have common effects on the precipitation and droughts/floods in the two regions.

Extreme drought years NC UH Extreme drought years NC UH

1640 483 467 1965 267 4 4 Discussion

1641 483 4 1968 483 3.33 4.1. Implications for Water Supply of the MSNWD Project

LR S L) el Under the influence of climate change and variability, the intensity of drought

1920 B 5 in NC continues to increase, and, especially in the last 50 years, the frequency
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Figure 7. Results of EEMD decomposition of drought and flood series in NC and the UH from 1578 to 2017.

of extreme and persistent drought events in NC is increasing significantly (Ding et al., 2008; Qin et al., 2021; Ren
etal.,2015; Zhang et al., 2018b); therefore, the MSNWD project is vital to the water supply of NC. However, previ-
ous studies showed that climate change has a negative impact on the water quantity in the UH (Ban et al., 2018);
since the mid-20th century, the co-drought probability in the UH and the Haihe River basin (mainly flows through
Beijing, Tianjin and Hebei Province) in NC were at historically high levels (Qin et al., 2021). Meteorological
and hydrological data (1965-2016) indicated that while there was a weak increase in annual precipitation in the
UH, the average annual temperature and annual potential evaporation also showed an upward trend; since 1990,
the annual runoff depths in the UH and even in the whole HRB began to decline (Ban et al., 2018). Though the
storage capacity of the Danjiangkou Reservoir increased after the early 21st century, the large inter-annual and
seasonal variability in precipitation led to an uneven distribution of precipitation, causing dry spells or cut-offs to
occur from time to time during the dry season (Qin et al., 2021). Based on an analysis of the dynamic changes in
water storage in the Danjiangkou Reservoir from 2000 to 2016, Liu et al. (2018) found that the guaranteed rate of
water supply from January to June was low, with May, in particular, being the most undersupplied, and the total
guaranteed rate of the water supply from 2000 to 2016 only accounted for 17.6%.

According to previous studies (Ma et al., 2018; Ren et al., 2015; Zhai et al., 2017), though precipitation in NC
increased after 2003, soil aridification is still continuing with significant and persistent drought events. Mean-
while, while precipitation in the UH will be on an upward trend in the future, the increase in evaporation makes
the increase in runoff insignificant, runoff increase cannot effectively fill the water demand increase, and the
water shortage in NC remains fundamentally unresolved (Qin et al., 2021). Yu et al. (2018) found that under
RCP (Representative Concentration Pathway) 4.5 and RCP8.5 future climate change scenarios, the probabil-
ity of co-drought in the UH and NC will rise in varying degrees compared to the present under both flood
and non-flood season; especially during the flood season, the probability of experiencing the co-drought will
significantly increase, while during the non-flood season, the probability of experiencing the co-severe drought
will also significantly increase.

It is important to find out whether the co-drought in NC and the UH is simply due to the influence of climate
change and variability in recent decades, or a long-standing phenomenon and regularity throughout history.
Few previous researchers studied the probability of co-drought in the water source and receiving areas of the
MSNWD project during the historical period, and for most of the long-series studies, the historical drought and

Table 3
Corresponding Drought and Flood Cycles for Each IMF (the Combined IMF), and the Variance Contribution (VC) and
Correlation Coefficient (CC) to the Original Drought and Flood Series.

NC UH

IMF1 IMF2 IMF3 IMF1 IMF2 IMF3

Cycle 3.03-6.11 12.57-29.33 55 2.84-5.71 11.89-23.16 55
VC/% 60.89 18.1 3.54 69.59 13.32 2.88
CcC 0.84%* 0.52%* 0.21%* 0.89%* 0.47*%* 0.13%*

Note. **Represents passing the significance test of 0.01.
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flood data were derived directly from Atlas (CMB, 1981). For example, Fang
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et al. (2018) found that the UH and the Haihe River basin were at relatively
high risk of experiencing successive years of co-drought, based on DFGs
from 1470 to 2000 in Atlas (CMB, 1981). In this study, we used the DFGs
which we reconstructed previously with a longer time scale and higher spatial
resolution of the UH (Zhang et al., 2022, 2023) to systematically analyze the
drought and flood variability in NC and the UH from 1470 to 2017 at inter-
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Figure 8. Results of wavelet analysis of drought and flood series in NC
(a) and the UH (b), 1578-2017. Black contours indicate passing the 95%
significance test of confidence, and larger color bar values indicate drier, and

smaller values indicate wetter.

1700

Year

annual, interdecadal and multi-decadal time scales. We found that although
the frequency of droughts in the UH increased significantly since the 19th
century leading to a higher frequency of co-drought with NC, there were
significant co-droughts on interannual, and in less extent on multi-decadal,
time scales in NC and the UH over nearly 600 years, and therefore the corre-
spondence may not be just influenced by climate change and variability in
recent decades.

Therefore, the concurrent droughts in NC and the UH are seeable not merely
at interannual and interdecadal scales, as also shown in previous studies
(Fang et al., 2018; Zhang et al., 2010), but at multi-decadal scales especially
around 20-30 years. The occurrences of the co-droughts are not quite tempo-
ral scale-dependent. Possible causes of the co-droughts will be discussed
below. However, this characteristic would be of importance for the operation
and management of the MSNWD project. The co-droughts between NC and the UH at multi-decadal scales
show that in both short and long time periods when precipitation is low and water shortage is serious in NC, the
UH area will also suffer from droughts, and there is probably little water available in the water source area for
being diverted to NC. The drought-drought encounters at an interannual scale may not cause big trouble, but the
co-droughts may pose a serious challenge if they occur in a prolonged period of a decade or even two to three
decades. Our analysis and findings show that the possibility for such a scenario to reappear cannot be ignored.

An interesting phenomenon is that the multi-decadal scale co-droughts seems to become more frequent in the
20th century. This may have been related to the more frequent occurrences of droughts after the 19th century,
which had been shown in other regions including the middle and lower HRB (Zhang et al., 2022), the upper
Yangtze river (Qin et al., 2020) and north Hubei province (Xu et al., 2010). Whether or not this phenomenon is
caused by anthropogenic climate change needs to be further investigated. However, it indeed occurred under the
background of global and regional warming. If the global warming continue in the future, as mentioned above and
projected in many studies (Qin et al., 2021; Yu et al., 2018), the potential risk of the multi-decadal co-droughts in
the MSNWD project deserves attention.

4.2. Possible Climatic Factors Influencing the Co-Drought in NC and the UH

The precipitation in most parts of China is influenced by the Asian monsoon (divided into two subsystems, the
East Asian Monsoon and the Indian Monsoon), especially the East Asian summer monsoon (Ding et al., 2008). NC
and the UH are located in the main rain bands of the East Asian summer monsoon; the advance and retreat of the
East Asian summer monsoon are accompanied by the movement of the rain bands, which influences the changes in
precipitation, droughts and floods in NC and the UH (Ding et al., 2020). It was found that during the period of the
1950s—1970s, when the East Asian summer monsoon was abnormally strong, China's rain bands moved northwards,
and NC was relatively wet; after the late 1970s, the East Asian summer monsoon weakened significantly, the rain
bands moved southwards, and NC was relatively dry (Gong & Ho, 2002; Zhai et al., 2005). In addition, previous stud-
ies found that there is a positive correlation between precipitation in NC and the Indian summer monsoon (e.g., Ding
& Wang, 2005; Liu & Ding, 2008). Based on several sets of meteorological data and numerical simulation methods
from 1951 to 2005, Liu and Ding (2008) explored in detail the intrinsic connection between the positive, negative,
and positive tele-correlation patterns formed in North-West India through the Qinghai-Tibet Plateau to NC in terms
of the dynamical and the thermal factor, and revealed the mechanism of the influence of the Indian summer monsoon
on the precipitation in NC. They found that, when the Indian summer monsoon is strong, NC is more prone to
precipitation; while in case of the weak Indian summer monsoon, NC is more prone to drought (Liu & Ding, 2008).

By the comparative analysis of the dates and circulation characteristics of the severe floods that occurred in the
UH and the ravine region between Shanxi and Shannxi (located in the middle Yellow River), Yin (2015) found
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that the East Asian summer monsoon and the Indian summer monsoon (i.e., the Asian monsoon) both influence
precipitation in the UH. When the Asian monsoon is strong, the UH is more prone to heavy rainfall and floods;
while the Asian monsoon is weak, the UH is more prone to droughts (Yin, 2015). Ding et al. (2008) analyzed the
variation cycle of the East Asian summer monsoon in detail using 123 years (1880-2002) of precipitation data in
China. They found that the East Asian summer monsoon has a distinct interannual variation cycle of 2-9 years
and interdecadal to multi-decadal variation cycles of 10-14 years, 20-30 years, 40 years, and 60-80 years.
According to the results of this study, there are long-term cycles of droughts and floods of around 3-6 years,
10 years, 30 years and 55-80 years in NC and the UH. Therefore, the co-drought between NC and the UH on
interannual to multi-decadal scales is probably influenced by the strength of the monsoon.

In addition, our previous work (Zhang et al., 2023) found that historical drought and flood variability in the
HRB during 1567-1990 showed relatively significant positive correlations with the Atlantic Multidecadal
Oscillation (AMO) on the interdecadal to multi-decadal time scales. Although there is still lots of uncertainty
about the impact of AMO on climate variability in East Asia (Li et al., 2009), Zhou et al. (2020) found that,
during the Little Ice Age (1450-1850), when the AMO was in positive phases, precipitation tended to be low in
eastern China (including Beijing, Tianjin and Hebei Province), especially in the Yangtze River basin. Further-
more, El Nifio-Southern Oscillation (ENSO) has a significant 2—7 year interannual scale variation (Torrence &
Webster, 1999), and sunspots have a significant 11 year variation (Friis-Christensen & Lassen, 1991), thus these
factors may impact the drought variability of around 3—6 and 10 years, respectively in NC and the UH, as revealed
in this analysis, and also the co-droughts in the two regions at interannual and interdecadal scales.

However, the climatic factors affecting precipitation or drought in eastern China are very complex, and the
co-drought phenomenon in NC and the UH may also be influenced by the interaction of multiple climatic factors;
moreover, the similarity of cycle lengths may not necessarily imply correlations, which requires further in-depth
studies and analyses in our follow-up work.

4.3. Limitations

As proxy data, historical documents are characterized by “concerning only disasters but not normal condi-
tions,”sometimes making drought/flood records incoherent and difficult to distinguish whether unrecorded years
are “normal” or “omitted” (Zheng et al., 2014). Therefore, the reconstructed droughts in history in the UH may
have certain uncertainty though with the droughts close to normal years in magnitude missed, but this uncertainty
will not significantly affect the analysis results when a big sample has been used in the reconstruction. In addition,
historical documents are generally focused on economically developed areas, with relatively few records from other
surrounding areas, and also have a remarkable feature of “the closer to the present day, the more detailed and richer
the record; the further from the present day, the less documented,” which makes for an uneven spatial and temporal
distribution of the historical records (Zheng et al., 2014). According to our previous study (Zhang et al., 2023), the
historical records for the UH are relatively few compared to those for the middle and lower HRB, so some periods
between 1470 and 1950 do not achieve very high confidence, but overall the results remain at high confidence level.

To summarize, it is important that the historical sources used to reconstruct the DFGs be carefully identified and
validated. The primary historical sources for this study were strictly selected by previous researchers and were
highly credible and reliable (Zhang et al., 2022, 2023). There is, of course, an unavoidable subjectivity in the
reconstruction of climate series using historical documents, which cannot be avoided at all, even if we do not
determine the grades simply on the basis of the descriptions of historical documents' statements and use other
methodologies (Yang & Han, 2014). Therefore, the future reconstruction and analysis could be further improved
if the uncertainties in the reconstruction of historical DFGs were to be further removed, with the help of applying
more proxy data of varying accuracy, resolution and source, and cross-checking and analyzing in conjunction
with other proxy data, for example, tree rings, ice cores, sediments, etc.

5. Conclusions

Using the DFGs series reconstructed from historical documents, we analyzed the probability of co-drought in
NC and the UH from 1470 to 2017 on interannual, interdecadal and multi-decadal scales, respectively, and the
results are as follows:

1. Correlation of the DFGs between NC and the UH passed the significance test on year-by-year (p < 0.05)
and 10-year (p < 0.10) time scales. During the drier periods in NC, 1490-1499, 1520-1529, 1610-1649,
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1900-1909, 1920-1949, and 1960-1999, the UH was also relatively dry, especially during the two most
longest-lasting drought periods in NC, that is, 1610-1649 and 1920-1949, the UH was also relatively dry
overall. The 30-year sliding correlation in NC and the UH is strongest from the second half of the 16th century
to the mid-17th century, while the longest duration of positive correlation is from the mid-19th century to the
first half of the 20th century.

2. NC experienced the highest frequency of Grade 5 droughts from the second half of the 16th century to the
mid-17th century and from the mid-19th century to the present, while the UH in the same period also experi-
enced a relatively high frequency of Grade 5 droughts, and especially since the middle of the 19th century, the
frequency of Grade 5 droughts in the UH was the highest in the whole study period.

3. During the three typical major drought events in historical periods in NC, that is, 1637-1643, 1877-1878 and
1997-2002 megadroughts, the UH was also quite dry, with the 1877-1878 drought even more serious than
that in NC. In the study period's seven driest years in NC, i.e., 1640, 1641, 1832, 1920, 1965, 1968, and 1997,
only 1832 was relatively wet in the UH, and 1968 was mildly dry, while the rest of the years were at or above
Grade 4.

4. When severe consecutive droughts occurred in NC, there was at least a 66% probability that the UH was
also drought-prone at the same time, indicating a higher possibility for the simultaneous severe consecutive
droughts to occur in history.

5. EEMD and wavelet analysis indicates that NC and the UH both have distinct cycles of drought and flood
variability of around 3-6 years, 10 years, 30 years, and 55-80 years corresponding to the drought and flood
variabilities at interannual, interdecadal, and multi-decadal time scales.

Data Availability Statement

Part of the data used in the present study is referred in the reference list. Other part of data is not publicly released
due to the rules of data restriction.
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