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ARTICLE INFO ABSTRACT

Keywords: Study region: Northeast China

Snow Study focus: Northeast China is an important region for industry and agriculture in China. In this
Flood region, investigations are lacking on the spatial distribution of snow melt contributions to the
Northeast China . . . . .

GDP spring maximum runoff/discharge, and no studies have compared the spring and summer po-

tential flood risks. Here, for the first time in Northeast China, we investigated the spatial distri-
bution of snow melt contributions to spring maximum runoff/discharge and compared the spring
and summer potential flood risks in terms of their spatial distributions, crop production and
economic exposures.

New hydrological insights for the region: We find that snow contributes approximately three-fourths
of spring maximum floods from 1982 to 2011. On average, potential economic exposures to the
summer and spring floods represent 3.9% and 0.4% of total GDP, respectively. Potentially
exposed production of maize, rice and soybean to summer floods accounts for approximately
2.8% of the total, and potentially exposed wheat production to the spring floods accounts for
0.3% of the total. GDP growth amplifies increasing trends of potential economic exposure, while
changes in potential crop production exposure are dominated by flood variations. This study is
unique in that snow melt contributions to the spring maximum floods are quantified and that
potential GDP and crop production exposure risks to spring and summer floods are quantified and
compared for the first time in Northeast China.

Crop production
Hydrological risk

1. Introduction

There are two types of floods in regions with a cold winter and rainy summer. Because of the cold, precipitation in the winter has
the potential to fall as snow with the snow melting in the spring, causing spring floods; in the summer, these regions suffer from heavy
rainfall which also results in flooding floods. Northeast China is a region with both spring floods and heavy summer rainfall induced
floods (Yang et al., 2020). Because Northeast China is an important region for industry and has a large area of cropland (Yang et al.,
2007; Kent et al., 2017; Xin et al., 2020), floods could cause damage to both economic growth and crop production (Zhang et al., 2015,
2016; Chen et al., 2018, 2019; Fu et al., 2018).

Investigations into the spatial distribution of snow melt contributions to spring maximum runoff/discharge and comparisons be-
tween spring flood disasters and summer heavy rainfall flood disasters are key issues in extreme flood studies in Northeast China.
Currently, studies on the spring snow melt, spring floods and comparisons between spring floods and summer floods remain limited in
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Fig. 1. Locations of Northeast China, main rivers, and water level gauges.
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the region. For example, Tian et al. (2018) studied spring snow melt runoff in the Second Songhua River (accounting for only 1.5% of
the area of Northeast China) based on an empirical approach; Yang et al. (2020) studied flood generation mechanisms in Northeast
China with regards to snow melt influence. Although previous studies have investigated the snow influence on floods, the quantitative
analysis of snow melt contribution to the spring maximum runoff/discharge is limited, let alone the spatial distribution of the spring
flood risk.

In flood risk studies, potential flood risk corresponds to the worst scenario in which there is no flood mitigation infrastructure.
Flood risk management aims to reduce and/or avoid potential flood risk. The spatial distribution of potential flood risk can provide
information on the locations that are vulnerable to floods, and therefore, region-specific measures can be deployed to reduce flood risk.
Therefore, knowing the potential flood risk is the first step for making strategic flood adaptation measures and evaluating the benefits
of deploying flood risk management measures. However, the spring and summer potential flood risk studies have not been conducted
on the entire Northeast China.

Here, for the first time in Northeast China, we investigated the spatial distribution of snow melt contributions to the spring
maximum runoff/discharge and compared spring and summer potential flood risks in terms of their spatial distributions, crop pro-
duction and economic (i.e., Gross Domestic Product, GDP) exposures. This study is unique in which the snow melt contribution to
spring maximum floods is quantified and that the potential crop production and economic exposures to the spring and summer floods
are determined and compared.

2. Study region, datasets and methodology

The study region covers an area of 1.2 million km? (Fig. 1). The Water and Energy Budget-based hydrological model with biosphere
and improved snow physics (WEB-DHM-S) was used after calibration and validation against discharge in the study by Qi et al. (2020).
WEB-DHM-S combined the hydrological model based on geomorphology developed by Yang (1998), the Simple Biosphere scheme
(SiB2) land surface model, and a physically based snowmelt module (Wang et al., 2009a, 2009b, 2009¢, 2017; Shrestha et al., 2010).
This model has been implemented in numerous studies and has shown good performance (Qi et al., 2015, 2016, 2018, 2019; Wang
et al., 2017). More details about the study region, model calibration, model validation, input data and model parameters used can be
found in the study by Qi et al. (2020). The simulated runoff by WEB-DHM-S was used as the input of a 2-dimensional hydraulic model
(i.e., CaMa-Flood) to simulate the water level, flood inundation area and inundation area fraction distribution (Yamazaki et al., 2011,
2013). Methodology regarding economic and crop production exposures to floods and attribution of the exposures to GDP/crop
production variations and climate variations can be found in the Supporting Information. The gridded GDP datasets are available from
1990 to 2015 (Kummu et al., 2018), which have a spatial resolution of 0.08 degrees. Crop yield data of maize, rice, soybean and spring
wheat are from the study by lizumi and Sakai (2020), and the yield data from 1982 to 2011 are used in this study, with a spatial
resolution of 0.5 degrees. The yield is from census statistics of the United Nations and was compiled and published by lizumi and Sakai
(2020). We regridded the GDP dataset and crop yield data into 0.1 degree cells to match the grids in the flood simulation using the
WEB-DHM-S and CaMa-Flood models. In our study region, spring refers to March, April and May. Summer starts in June and ends in
the middle of September, and the annual maximum floods occur in the summer. The main growing season for wheat is the spring, and
exposure to spring floods is calculated only for wheat. Because reservoirs and dikes were not considered, the flood risk and exposures
represent potential values in this study.

3. Results and discussion
3.1. Model evaluation

In the discharge simulation, the Nash-Sutcliffe efficiency coefficient and relative bias are 0.81 and 7.8%, respectively (Qi et al.,
2020), indicating that the model performance is acceptable. The simulation can reasonably replicate the spatial distribution of
satellite-observed water bodies (Fig. S1). There are many saline lakes in the study regions (Zhu et al., 2020). Because saline lakes are
not connected with rivers, model simulations cannot simulate their spatial distribution. However, this does not influence potential
flood risk analysis due to saline lakes being unable to store spilled river water during flooding. Satellite observations include reservoir
and dike influences. The reservoir distribution developed by Lehner et al. (2011) and Messager et al. (2016) could not include all
reservoirs, especially those built in recent years, which could contribute to the differences between model simulations and satellite
observations. In the Liao River, the maximum flood depth is less than 3 m (shown in Section 3.3), and flood dikes are usually
approximately 1.5 m or 2.0 m. The satellite-observed flood inundation area is after the flood dike functions and therefore shows a
smaller water body area than the model simulation.

The simulation can reasonably replicate the seasonal variations in water levels (Fig. S2), with R being at least 0.68. In addition, the
simulation can imitate the average water level well with |RB| <=0.3%. The uncertainty in water level simulation may result from river
bathymetry uncertainty, such as river depth and width. River depth is derived based on empirical power-low approaches in the CaMa-
Flood model because there is no observation; river width is based on empirical power-low estimation combined with satellite ob-
servations since satellite observation availability is limited in regions (Yamazaki et al., 2012, 2013). The input data, especially pre-
cipitation, could influence the simulation. However, we have used the best publicly available precipitation in the region (Qi et al.,
2016). In addition, human activities could change natural river bathometry. For example, river channels were destroyed in some
regions after the 1998 mega-flood and then restored by human activities. Furthermore, there are over one hundred reservoirs in
Northeast China, and the model simulation does not consider reservoir operations, which may also cause the differences. Because the
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Fig. 2. Spring floods. (a) Maximum runoff in spring. (b) Snow runoff corresponding to the maximum runoff. (c) Contribution of snow runoff to
maximum runoff. (d) Maximum discharge in spring. (e) Snow discharge corresponding to the maximum discharge. (f) Contribution of snow
discharge to maximum discharge. (g) Maximum potential flood area fraction (flood area/total area). (h) Maximum potential flood depth. The results
are based on the average data from 1982 to 2011.

Liao River is one of the rivers with the strongest human activity influence in China and discharge in this river is largely influenced by
human activities (Liu et al., 2018), we did not choose water level gauges in the Liao River to validate the model simulation.

After evaluations with satellite-observed water body distribution, in situ gauge-observed water levels and discharge, we considered
that the model can reasonably simulate flood changes and their influences. Therefore, the model framework will be used in the
following sections to study floods, potential crop production and economic exposures to floods.

3.2. Spring floods

The southeast regions have a higher intensity of maximum runoff than the other regions, and the middle and southwest regions
have lower intensities (see Fig. 2a). Similarly, runoff from snow melt has higher intensity in southeast regions and lower intensity in
the middle and southwest regions (Fig. 2b). The contribution of the snow runoff to maximum runoff is higher in the western regions
than in the southern regions (Fig. 2c). The regional average contribution of snow melt runoff to maximum runoff is 76.2%. Northern
and eastern regions have higher discharge than other regions (Fig. 2d), and the snow discharge in the southern region is smaller
(Fig. 2e). The snow discharge contribution to maximum discharge is higher in the western regions and smaller in the southern regions,
which are similar to the results of snow runoff contribution to maximum runoff (Fig. 2¢). The regional average contribution of snow
melt discharge to maximum discharge is 74.3%. The regional average potential flood area fraction of maximum discharge is 0.6%
(Fig. 2g), and the potential flood depth in the northern, eastern and southeast regions is higher than that in the southwestern regions
(Fig. 2h). Overall, snow melt contributes approximately three-fourths of the spring maximum runoff and discharge, and the contri-
bution of snow melt to discharge is higher in the northern and eastern regions than in the southern regions.

3.3. Summer floods

The southern and eastern regions have higher intensity maximum runoff than the western and northern regions (see Fig. 3a), which
is different from the spatial distribution of the maximum spring flood. The maximum discharge in the Songhua River is higher than that
in the Liao River, which is similar to the maximum discharge in the spring. The middle reach of the Songhua River (Region A) and the
lower reach of the Liao River (Region B) are two concentrated regions with large potential flood areas. In Region A, the two largest
tributaries of the Songhua River meet in the plain area, i.e., the Neijiang River and the Second Songhua River, and therefore cause a
large area to be potentially flooded. In Region B, the main reach of the Liao River meets the Hun River and Taizi River, and they cause
the large potential flooding area together.

3.4. Temporal changes of the summer and spring floods

The summer maximum potential flood area is decreasing (Fig. 4a). The decreasing trend resulted from the reduced annual
maximum precipitation (Fig. 4c). The average annual maximum potential flood area is 33,000 km?. The results also show that the
spring maximum potential flood area is increasing (Fig. 4b), which is different from the changes in the annual maximum potential
flood area. The increasing trends may result from the increasing maximum precipitation in the spring (Fig. 4e). However, the snow
runoff ratio is significantly decreasing (Fig. 4d), implying that the potential spring flood risk resulting from snow melt is decreasing.
The average spring potential flood area is 5000 km?. Overall, the annual maximum potential flood risk is decreasing, and the spring
potential flood risk is increasing, but the contribution from snow melt is decreasing.

3.5. Crop production exposure to floods

The potential exposure to summer floods for maize crops is decreasing in the situations of considering and without considering the
increasing maize production (Fig. 5a and Fig. S4a). Fig. 5b clearly shows that flood variations dominate the potential maize production
exposure to summer floods, and the maximum contribution from maize production increase was 39% in 2011. Similarly, potential rice
and soybean production exposure to summer floods decreased as well, although the total production of rice and soybean increased
(Fig. S4b and c). These decreases are also due to summer flood variations (Fig. 5d and f). In contrast to maize, rice and soybean, the
potential exposure of wheat to spring floods is increasing, although total spring wheat production in Northeast China is decreasing
(Fig. S4d), which is due to the intensification of spring floods (Fig. 4b). Fig. S5h also clearly shows that potential spring wheat pro-
duction exposure to spring floods is dominated by flood variations in most years. The multiyear mean potentially exposed production
of maize, rice and soybean to summer floods are 2.8%, 2.9% and 2.8% (equivalent to 4.6 x10° t, 5.7 x10° t and 1.4 x10° t,
respectively), and potential spring wheat production exposure to spring floods is 0.3% (equivalent to 4.5 x10° t).
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(a) Annual maximum runoff (b) Annual maximum discharge
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(c) Annual maximum flood fraction

Fig. 3. Summer floods. (a) Mean maximum runoff. (b) Mean maximum discharge. (c) Mean maximum potential flood fraction. (d) and (e) Mean
maximum potential flood depth with 500 m spatial resolution. The results are based on the average data from 1982 to 2011.
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3.6. Economic exposure to floods

Fig. 6 shows the potential economic exposure to summer maximum floods and spring maximum floods and the attribution of the
potential exposure to GDP growth and flood variations. The potential exposure decreases when only considering climate variations,
which is the same as the trend of summer maximum potential flood area (Fig. 4a). However, the overall potential exposure considering
both climate variation and enlargement of economic volume is increasing, which is different from the trends of the summer maximum
potential flood area, implying that enlargement of economic volume plays a primary role in the increases of the potential economic
exposure. The results in Fig. 6b underpin the contribution of the enlargement of economic volume to the rapidly increasing potential
exposure, indicating that economic development exacerbates potential economic exposure. Fig. 6¢ also shows that potential economic
exposure to spring floods is increasing when considering both climate variation and GDP growth. Different from the potential exposure
to summer maximum flood, the potential exposure to the spring flood is increasing when only considering flood variations, which is
due to the increasing spring maximum runoff, as shown in Fig. 4d. However, the slope of the trend in considering both flood variation
and GDP growth is much greater than that of only considering flood variations. This result indicates that GDP growth plays an
important role in the increases in potential economic exposure, which is also confirmed by the results in Fig. 6d. The potential eco-
nomic exposure to spring floods accounts for 0.4% (equivalent to $1.8 x10°) of the total GDP of Northeast China on average from 1990
to 2011, and it is 3.9% (equivalent to $1.4 ><1010) for summer floods. Overall, enlargement of economic volume exacerbates the
increasing trends of potential economic exposure to both the summer maximum floods and spring maximum floods, potential exposure

(a) Flood area of summer maximum flood (km?) (b) Flood area of spring maximum flood (km?)
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Fig. 4. (a) Potential flood area of summer maximum floods. (b) Potential flood area of spring floods. (¢) Summer maximum precipitation. (d) Spring
maximum runoff and snow runoff ratio of the spring maximum runoff. (e) Spring maximum precipitation. ‘Sig’ = Significant.
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(a) Maize exposure to summer flood inundation (t) (b) Attribution for maize exposure
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Fig. 5. Potential crop production exposures to summer and spring floods and attribution of the potential exposures to crop production and
flood variations.

to summer maximum floods is even decreasing when ignoring enlargement of economic volume, and spring flood influenced GDP is
minor compared to summer flood influence. Therefore, sustainability measures should be taken to develop the economy and reduce the
potential flood influence on development at the same time, and flood management should focus on summer floods.

3.7. Discussion

The total number of large and moderate reservoirs was 217 in 1988 and 343 in 2008, according to the water resources report of
the Songliao River Water Resources Commission, Ministry of Water Resources, the People’s Republic of China (www.mwr.gov.cn/
english/). Operation rules vary with dams, and detailed information on the dam operation rules for flood control is currently not
available. In addition, dike heights vary along river channels, and spatially distributed dike height information is also currently not
available. It is challenging to simulate the influence of such many dams and varying dike heights without detailed information.
Considering the importance of potential flood risk and the limited dam and dike information, we studied the potential flood risk in
this study.

Fig. S3 shows the probability of flooding under various flood depth thresholds. The probability is calculated as the ratio of the
number of days with flood depths greater than the thresholds to the total number of days. The various flood depth thresholds represent
potential flood dike heights. The probability generally decreases with increasing thresholds. When the flood depth threshold is 1.5 m, a
large area in the Songhua River still has potential flooding risk (Fig. S3b). Because there are 1.5 m or higher flood dikes along the lower
reaches of the Liao River, the satellite observed water area (Fig. S1d) is similar to the results of the 1.5 m flood depth threshold in the
Liao River (Fig. S3d).

The global surface water occurrence dataset provides multiyear mean values based on satellite data from 1984 to 2018. Our

(a) Exposure to summer flood inundation ($) (b) Attribution for exposure to summer flood
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Fig. 6. Potential economic exposures to summer and spring floods and attribution of the potential exposures to enlargement of economic volume
and flood variations. GDP units = 2011 international US dollar.
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simulation is from 1982 to 2011. The differences in the time periods may contribute to the disparity in Fig. S1. However, there is no
satellite data product exactly corresponding to the period we investigated. In addition, the comparison is on a multiyear mean scale
(>= 30 years), and the influence of time differences should be minor.

4. Conclusions

As an important area for industry and agriculture, Northeast China suffers from both the spring floods and summer floods. In this
region, investigations are lacking in terms of the spatial distribution of snow melt contributions to the spring maximum runoff/
discharge, and no studies have compared spring and summer potential flood risks. This study presents important progress in snow melt
spring potential flood risk assessment and its comparison with summer potential flood risk in Northeast China. The following con-
clusions are presented based on this study.

First, snow melt contributes approximately three-fourths of the spring maximum floods. The summer potential flood risk decreased
from 1982 to 2011, and the spring potential flood risk increased, but the proportion resulting from snow melt decreased.

Second, potentially exposed food production of maize, rice and soybean to summer floods accounts for approximately 2.8% of the
total production, and potentially exposed wheat production to spring floods accounts for 0.3% of the total. Changes in potential crop
production exposures to summer and spring floods are dominated by variations in floods.

Third, GDP growth exacerbates the increasing trends of potential economic exposure to both summer and spring floods, and the
potential exposure to summer floods is even decreasing when ignoring the enlargement of economic volume. The potential economic
exposure to summer floods accounts for 3.9% of the total Northeast China GDP, and it is 0.4% for spring floods.
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