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Abstract

Abstract

Droughts and water shortage are generally accepted to be one of the most critical problems
faced by worldwide agriculture, and it is so especially in China where agricultural production and
prosperity are largely dependent on the timely, adequate and proper distribution of rainfall. The
analysis of water productivity is becoming very critical in light of population growth, food security
and increasing pressure on water resources. However, there is limited understanding of the
spatio-temporal variation of crop water productivity (CWP) from the rotation system and its key
influencing factors in Huang-Huai-Hai Plain (3H Plain) in which there is an over-exploitation of
groundwater region and where future warmer and drought conditions will intensify crop water
demand. As the largest water user, agricultural sector is facing a challenge to produce more crops
with less water. Consequently, 3H Plain faced the double threat of both making contributions of
high and stable yield to government and improving CWP of winter wheat through reducing water
consumption. The overall ambition of this thesis was to investigate to what extent the grain yield
and crop water productivity for winter wheat can respond to climate change and drought across the
3H Plain.

In our study, a combined dataset composed of a historical 54-year time series and the RCP 8.5
scenario from 40 meteorological stations was provided by the China Meteorological Administration.
Among these 40 stations we selected 12 stations with more detailed information available. The
minimal data sets required for model operation include daily climatic variables, soil information and
management information collected from the China Soil Scientific Database. Finally, we also used
satellite data to estimate water productivity mainly involved in MODIS products including MOD11A1
(land surface temperature/surface emissivity), MOD13A2 (NDVI) and MCD43B3 (surface albedo).
We used SPEI-PM method, DSSAT-CERES-Wheat model and SEBAL model to explore the
characteristics in grain yield and crop water productivity for winter wheat in response to climate

change and drought associated with their improvements across the 3H Plain.

Our work demonstrated the investigation that an increase of ETy was predicted leading to
subsequent drought rise in frequency, duration, severity and intensity under the RCP 8.5 scenario.
The cumulative probability of the simulated yield reduction was detected to be higher during
jointing to heading stage in northern than southern region due to water stress and changes in the
management inputs. The lower CWP was mainly situated in the low plain-hydropenia irrigable land
and dry land (zone2) and the hill-wet hot paddy field (zone6), which suggests that it is an important
issue and opportunity for improving agricultural water management in the water-scarce 3H Plain.
The spatial increase of yield principally controlled increase of water productivity in north
agricultural sub-regions and the spatial increase of water productivity was more governed by



Abstract

increment of yield than the reduction of ET, in other agricultural sub-regions. It will be adopted to
develop feasible straw mulching, regulated deficit irrigation, and soil water storage and preservation

to reduce pressure on groundwater over-exploitation, especially for winter wheat in the 3H Plain.

In our work, major agronomic consequences have been drawn regarding the reform of the common
agricultural policy in Huang-Huai-Hai Plain, China. Researchers are encouraged to further
investigations into how to implement these practices with emphasis of improving the sustainability
of these agro-ecosystems.
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Chapter /. General Introduction

1. General content

Climate change and agricultural production

A global change in the main meteorological variables is observed in the last decades. According to the
IPCC report, the global temperature has raised by 0.74 “C in recent 100 years (1906—2005), and it is likely to
continue in the 21st century, causing changes in the hydrological cycle by affecting precipitation and
evaporation (IPCC, 2013). By the end of this century, the global mean temperature could be 1.8° to 4.0°C
warmer than at the end of the previous century (Solomon et al., 2007). Warming will not be even across the
globe and is likely to be greater over land compared with oceans, toward the poles, and in arid regions
(Solomon et al., 2007). Recent weather records also show that land surface temperatures are increasing
more slowly than expected from climate models, potentially because of a higher level of absorption of CO,
by deep oceans (Balmaseda et al., 2013). Similar to the global trend, China also experienced warming trend,
the average annual temperature rose by 0.5 to 0.8°C during the 20th century, and most of the temperature
increase took place over the past 50 years (Wu et al., 2016). Furthermore, dry areas in the northern China
are warming faster than wet areas in the southern China (Ding et al., 2007; Piao et al., 2010). At the global
scale, precipitation tended to increase in the high latitude regions of the Northern Hemisphere and in the
tropical regions; while in the semi-tropical regions, the precipitation decreased over the past several decades
(IPCC, 2013). In China, the decrease in annual precipitation was significant in most of northern China and the

eastern part of northwest China (Bai et al., 2007).

Although there are many impacts expected from global climate change, one of the largest impacts is
expected to be on agriculture (Cline, 2007; Pearce et al., 1996; Piao et al., 2010; Wang et al., 2013b). Climate
change, especially the increasing risk of extreme weather events and indirect impacts on freshwater
resources, threatens agricultural systems and food security (Barros et al., 2014; Field, 2012; Hertel et al.,
2010; Wheeler and Von Braun, 2013). Climate change will have important implications in regions with limited
water supplies, such as Huang-Huai-Hai (3H) Plain of China, where expected warmer and drier conditions will
augment crop water demand. The Huang-Huai-Hai Plain, one of the largest plains in China, is located in the
north of China. Water shortage in this region has become a serious concern in recent decades (Brown and
Rosenberg, 1997). Excessive exploitation of groundwater resources has resulted in a declining water table
depth at a rate of 1 m-y™ and severe groundwater depression in the past 20 years (Zhang et al., 2015). An
expected reduction of annual precipitation and aggravated drought risk will bring negative effect to
agricultural production and food security in coming decades over the Huang-Huai-Hai Plain. A more detailed
review of climate change impacts on drought and subsequent crop vyields is presented in the following

sections.
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The potential evapotranspiration and drought

Based on observed and modeling data, numerous studies have demonstrated an increase in the
frequency and intensity of droughts (Dai, 2013), which implies a growing threat to food security. Drought
conditions will be aggravated due to climate change by increasing potential evapotranspiration and
augmenting crop water consumption in water-limited regions (Goyal, 2004; Maracchi et al., 2005; Thomas,
2008).

Potential evapotranspiration (ET,) is defined as the amount of water that can potentially evaporate and
transpire from a vegetated surface with no restrictions other than the atmospheric demand (Lu et al., 2005),
and widely acknowledged as a key hydrological variable representing an important water loss from
catchments. According to the predictions of climate change models, ET, is expected to increase over the
coming years due to an expected temperature rise (Goyal, 2004; McNulty et al., 1997). However, decreasing
trends of ET, have been detected in some regions of China (Chen et al., 2006; Thomas, 2000; Wang et al.,
2007), the United States (Irmak et al., 2012), and Australia (Roderick and Farquhar, 2004). Therefore, global
atmospheric temperatures rise will not necessarily give rise to ETy in all cases. For example, an reduction in
solar radiation can compensate for the impact of temperatures on ET, as obseved in many places (Stanhill
and Cohen, 2001; Wild, 2014). Conventionally, aridity is usually expressed as a generalized function of
precipitation, temperature, and ET, reflecting the degree of meteorological drought. Over last decades, the
aridity index (which is defined as the ratio of ET, to precipitation) is expected to have different trends in
different regions. Su et al (2015) found that drought index had a bigger decreasing trend ( at a rate of
-0.313/y) in winter than others in 1961-2012 according to 11 meteorological stations in and around the
Shiyang River basin. Liu et al (2013) also witnessed that annual aridity index decreased significantly by 0.048
y* and was primarily governed by increasing precipitation according to 80 national meteorological stations in
Northwest China from 1960 to 2010.

Given that agriculture in China feeds about 22% of the world’s population, depending only on 7%—8% of its
arable land, food security in China is an urgent issue in the context of climate change (Wang et al., 2016).
Over China, droughts have become more frequent and intense during the last decades, which presents a
direct threat to crop growth in vast areas across the country (Dalin et al., 2015; Piao et al., 2010). Over the
past six decades, very severe droughts hit China in the 1960s, in the late 1970s and early 1980s, and in the
late 1990s (Guan et al., 2015; Zhai and Zou, 2005). Accordingly, there is an urgent demand for effective
monitoring of drought stress, especially in areas of limited water resources. Several techniques have been
developed to quantitatively analyze drought characteristics (Heim, 2002). Some of these are the physically
based indices, such as Palmer drought severity index(PDSI) along with its derivative, and statistically based
indices, such as Standardized Precipitation Index (SPI) and the Standardized Precipitation Evapotranspiration
Index (SPEI) (Vicente-Serrano et al., 2011). These indices have been widely used in detecting long-term
drought trends under climate change at several locations around the world. The general recognition is that

drought severity and duration have been intensifying around the world due to global warming in the past
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decades (Allen et al., 2010; Dai, 2013). However, it has been difficult to understand how droughts have
changed in China, because the findings based on the potential evapotranspiration equations vary among
studies (Sheffield et al., 2012; Trenberth et al., 2014; Xu et al., 2015). Significant drying trends were detected
in northern and southwestern China during the past decades, when ET, was estimated by temperature only
(Wang et al., 2015a; Yu et al., 2014a). However, when aridity index was calculated by the Penman-Monteith
equation taking more climatic variables into account, no evidence of an increase in drought severity was
found across China (Wang et al., 2015b), and even more wetting areas than drying areas were observed in
Northeast China Plain(Xu et al., 2015).

As a major crop production area in China, the Huang-Huai-Hai Plain has experienced serious droughts and
water scarcity problems in recent years (Yong et al., 2013), which has been the limiting factor for agricultural
production (Zhang et al., 2015). Furthermore, water limitations is likely to be accentuated by increased food
demand, soil quality deterioration and over-exploitation of groundwater resources (Yang et al., 2015).
Climate variability, especially extreme climate events such as drought, may cause fluctuation of crop yields
(Lu and Fan, 2013; Yu et al., 2014b). Thus, understanding the potential variations of drought characteristics
under climate change is essential for reducing vulnerability and establishing drought adaptation strategies for
agriculture in 3H Plain. Most previous studies have primarily reported the seasonal and spatial variability of
water deficiency (Huang et al., 2014; Yong et al., 2013) and the long term drought evolutions, including dry
trends, spatial distribution of drought frequency, drought affected areas, and drought duration for historical
periods (Wang et al., 2015a; Wang et al., 2015b; Xu et al., 2015; Yu et al., 2014a). However, few studies have
evaluated the performance of multi-indices (such as SPEI-PM, SPEI-TH and SPI) on estimating drought impact

and assessed drought risk for future climate scenarios.

Water storage

Terrestrial water storage is a key component of the global hydrological cycle and plays a critical role
in Earth’s climate system (Mo et al., 2016). Natural and anthropogenic stresses such as climate change,
drought, increasing water use and agricultural practices will affect both surface water and groundwater
resources globally (Wang et al., 2013a). A small change in the hydrological cycle may have a significant
socio-economic impact, which, for example, has recently been observed in the form of groundwater
depletion in northwest India probably leading to reduction of agricultural output and shortages of potable
water (Rodell et al., 2009). The GRACE (the Gravity Recovery and Climate Experiment) satellite mission has
proved to be an invaluable tool in monitoring such hydrological changes with global coverage and sufficient
spatial and temporal resolution (Ramillien et al., 2008; Rodell et al., 2009) and revealed trends in present-day
continental water storage in many parts of the world. Chen et al (2009) combined GRACE data, hydrological
models, and local in situ precipitation data to study annual variations in terrestrial water storage in the
Amazon basin and noted that GRACE was capable of observing the extreme Amazon drought event of 2005.
In addition, on the basis of the monthly GRACE gravity field, Leblanc et al. (2009) observed changes in surface
water storage caused by severe droughts in South Australia between 2003 and 2006, and Feng et al. (2012)
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used GRACE data to monitor variations in terrestrial water storage in the Amazon basin from 2002 to 2010.

Mo et al.(2016) applied GRACE Tellus products in combination with Global Land Data Assimilation System
(GLDAS) simulations and data from reports, to analyze variations in terrestrial water storage (TWS) in China
as a whole and eight of its basins from 2003 to 2013. As described in Figure 1, from 2003 to 2013, the
southwest rivers region and Huang-Huai-Hai Plain showed significant water storage depletions, and the area
of depletion was largest in spring and summer, respectively. Human activities and climate parameters should
be responsible for the significant water storage depletion in China, while for Huang-Huai-Hai Plain,
agricultural irrigation consumes large amounts of groundwater pumped from deep wells (Kendy et al., 2004).
Usually, the farmers in 3H Plain apply 3-5 times irrigation, sometimes even 6—7 times, through flood

irrigation during the winter wheat growing season to get high grain yield (Li et al., 2010).

The impact of Climate change on crop yield

Drought is a most damaging and widespread climate event, negatively affecting agricultural
production, water resources, ecosystem function and human lives around the world (Dai, 2011; Dilley et al.,
2005; Wilhite et al., 2007). The simulations of Rosenzweig and Parry (1994) showed that there is a large
degree of spatial variation in crop yields across the globe. Both the sign and magnitude of the projected
changes in crop yield varied with alternative climate models and from one country to another. In general,
yields increased by 30% in Northern Europe, but decreased by around 20% across Asia, Africa and South
America between 2050 and 2010 (Rosenzweig and Parry, 1994) (Figure 2). As the first example of global

impacts of climate change on crop production, these simulations are remarkable.

Crop production is affected by climatic variables such as rising temperatures, changing precipitation regimes
and increased atmospheric CO, levels, and also affected by biological variables such as the lengths of the
crop growth periods and the crop cycle. A longer life cycle was one of the most widely observed biological
changes in the response of crops to climatic warming across the Northern Hemisphere during the twentieth
century (Steltzer and Post, 2009). Overall, the yields of wheat and maize have responded negatively to the
recent warming since the 1980s at the global scale, although the yield response signals of other crops (e.g.,
rice) are still unclear (Lobell and Field, 2007). An extensive review of the drivers of climate change impacts on
crop vyields is provided by Gornall et al. (2010) and Rosenzweig and Neofotis (2013). As described in Table1,
direct drivers of climate impacts on crop yields include long-term change in average temperature and
precipitation conditions, and the increasing occurrence of extreme weather events such as extreme
temperatures, droughts, floods and tropical storms. In addition, crop yields are sensitive to indirect effects of

climate change on freshwater resources, pests and diseases, and sea level rise.
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Figure 1 Spatial distribution of trends derived from linear least squares regression for seasonally averaged water storage in 2003—2013 from the scaled GRACE (the

Gravity Recovery and Climate Experiment) data (unit: cm y'l) (Mo et al., 2016); (a) spring (March—May); (b) summer (June—August); (c) autumn

(September—November). Grids with trends significant (F test) at 95 % confidence level are marked by black dots.
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Figure 2 Global impacts of climate change on crop productivity from simulations published in 2010. The study (Mendelsohn, 2010) simulated changes in yields of 11

crops for the year 2050, averaged across three greenhouse emission scenarios and five GCMs.(Reprinted by World Publishers)
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Table 1 Direct and indirect drivers of climate change impacts on crop yields according to the report by numerous

researchers.

Drivers Impacts

Mean climate change Shift in crop growing season (Kucharik, 2008).

Extreme temperatures Heat stress; reduce crop fertility (Semenov and Shewry, 2011).

Droughts Water stress; crop development alteration (Li et al., 2009; Savage, 2013).
Floods Fungal disease; crop failure (Rosenzweig et al., 2002; Schiermeier, 2011).
Tropical storms Loss of cropland area; crop failure (Schiermeier, 2011).
Pests and diseases Crop failure; reduce quality (Rosenzweig et al., 2001).

Enhance photosynthesis rate; reduce stomata transpiration; reduce protein content
CO, increase
(Kimball, 2010; Myers et al., 2014; O'leary et al., 2015).

In recognizing the complex interactions between crop growth and environmental factors, numerical
simulations, or crop models, have become popular research tools for researchers in agro-meteorology in
recent years. Modeling techniques are involved in empirical models (Lobell and Burke, 2010), process-based
crop models representing detailed biophysical process (Jones et al., 2003; Keating et al., 2003; Parry et al.,
2004; Stockle et al., 2003) and large-scale ecosystem models aiming to simulate the terrestrial carbon cycle
(Deryng et al., 2011; Osborne et al., 2007). Bai et al (2016) investigated that using the Agricultural Production
System Simulator (APSIM) model increase in temperature reduced wheat yield by 0.0 %-5.8 % and decrease
in solar radiation reduced it by 1.5%—8.7 % in Jiangsu and Anhui province of China. Jabeen et al (2017) also
observed that the rise in maximum and minimum temperature decreased the wheat yields using DSSAT and
GIS across the Pothwar region, Pakistan. Deryng et al (2011) found that changes in temperature and
precipitation as predicted by PEGASUS 1.0 (Predicting Ecosystem Goods And Services Using Scenarios) for
the 2050s led to a global yield reduction if planting and harvesting dates remain unchanged. Wilcox and
Makowski (2014) documented a meta-analysis of simulated wheat yield from 90 studies to identify the levels

of temperature, precipitation and CO, concentration that resulted in increasing or decreasing wheat yields.

Of these models, the CERES (Crop Estimation through Resource and Environment Synthesis) cereal model
simulated the growth and development of cereal crops including wheat in response to weather and
management factors (Ritchie and Otter, 1985). The successful performance of CERES-Wheat in simulating
wheat growth and grain yield in response to management and environmental factors has been reported
under a wide range of soil and climatic conditions (Attia et al., 2016; Feng et al., 2016; Jabeen et al., 2017,
Thorp et al., 2010; Timsina et al., 2008; Zheng et al., 2016). Hence, DSSAT CERES has been used for climate
change and climate extreme impact assessment for rice, wheat and maize for different zones in China in

historical and future scenarios (Feng et al., 2016; Liu et al., 2012; Xiong et al., 2009; Zheng et al., 2016).
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Crop water productivity

Crop water productivity (CWP) is defined as the amount of yield produced per unit of water involved
in the production, or the value added to water in a given circumstance (Molden et al., 1998; Sakthivadivel et
al.,, 1999; Tuong et al., 2000), which is a quantitative term used to define the relationship between crop
produced and the amount of water involved in crop production and consequently becomes a useful
indicator to quantify the impact of irrigation scheduling decisions with regard to water management
(Igbadun et al., 2006). The threat of climate change is affecting the important water resources (Chatterjee et
al., 2012), and subsequent precipitation variability and changing evaporation rate will lead to variations in
water availability and groundwater recharge (Huntington, 2006). The increased frequency of extreme
weather events such as drought disaster, extreme high temperature and heavy precipitation have started
creating imbalances in hydrological cycle and is resulted in large fluctuations in crop yields and water

productivity in recent years.

The Huang-Huai-Hai Plain faces a serious threat of excessive exploitation of groundwater resources (Jia and
Liu, 2002; Liu et al., 2010). The potential impacts of climate change are expected to reshape the patterns of
demand and supply of water for agriculture, therefore the assessment of the impacts of climate change on
ecological and agricultural water consumption is essential. Understanding the quantity of agricultural water
consumption is a high priority in areas where water is currently scarce and over-exploited (Perry, 2011).
Evapotranspiration (ET) is a useful indicator of crop water consumption; therefore, accurate estimation of
regional ET is essential to achieve large scale water resources management (Rwasoka et al., 2011). Current
estimates of actual evapotranspiration in China are mainly based on plot-scale experiments (Chen et al., 2002;
Zhang et al., 1999; Zhang et al., 2004), from the product of soil moisture and potential ET. However, such
estimates are only useful for a specific area, and cannot be expanded to large-scale areas. The level of water
consumption differs significantly across regions, farming systems, canal command areas, and farms (Molden
et al. 2003).

Development of remote sensing technology has made it possible to estimate land surface evapotranspiration
at the regional or basin scale. Numerous remote sensing methods for modeling crop actual
evapotranspiration (ET,) have been improved in recent years (de Oliveira et al., 2009; Jia et al., 2012; Teixeira
et al., 2009). Li et al (2008) estimated the ET, for winter wheat using the SEBAL (Surface Energy Balance
Algorithm for Land) model and NOAA (National Oceanic and Atmospheric Administration) data for Hebei
province in the North China Plain (NCP). Liagt et al (2015) also investigated the ET, for the Indus Basin
Irrigation System using SEBS (the Surface Energy Balance System) and MODIS (Moderate-resolution imaging
spectroradiometer) products. However, observed phenological data and crop dominance map were not
considered in these investigations, and specific water consumption of winter wheat and summer maize has

not yet been determined in 3H Plain.

Crop water productivity is a useful indicator for quantifying the impact of irrigation management
decisions (Ali and Talukder, 2008) and can be used to assess and compare the effects of water-saving
9
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measures at different scales and under various conditions (Cui et al., 2007). Perry et al. (2009) reported in
their literature review that the relationship between biomass and transpiration is essentially linear for a
given crop and climate - provided nutrients are adequate. Other results, however, suggest the relationship
between ET and yield is not always linear. Most of the above studies reporting on the relationship between
water consumption, grain yield, and CWP obtained over a relatively short period of time, are based on data

obtained in a controlled, experimental environment.

2. Context, objectives and outline of the thesis

Context

As described before, a better understanding of the impact of climate change on different weather
variables and consequently ETy and grain yield is uttermost important to come to a sustainable agricultural
production in the 3H Plain in China, which is the wheat production base of the country (Figure 3). The annual
rainfall concentrates in the summer period, from July to September. However, winter and spring is strongly
characterized by a lack of water for agricultural production (Yang et al., 2013a). Water shortage in this region
has become a serious concern in recent decades (Brown and Rosenberg, 1997). Excessive exploitation of
groundwater resources has resulted in water fallen at a rate of 1 m-y™ and severe groundwater depression in
the past 20 years (Zhang et al., 2015). Furthermore, the yield damage caused by drought tends may increase
in the future, indicated by a pronounced uprising of drought events in terms of magnitude and area (Li et al.,
2015). As a result, questions related to the implementation of soil conservation and alternative tillage
techniques and their impact on the winter wheat yield and evapotransiration are strongly oriented to

developing more sustainable agriculture.

Nevertheless, to what extent the grain yield and crop water productivity for winter wheat responds to
climate change and drought together with their improvement measures across our agricultural region

remains unexplored.

Numerous studies have investigated the effect of climatic drought on the grain yield and water productivity
and used multi-indices to evaluate drought characteristics, but this only for historical climate scenarios (Allen
et al., 2010; Dai, 2013). Crop models have been used to assess the impact of climate change and climatic
extremes on rice, wheat and maize production for the whole growing season in China (Feng et al., 2016; Liu
et al.,, 2012; Xiong et al., 2009; Zheng et al., 2016). Furthermore, most studies addressed the relationship
between water consumption, grain yield, and CWP using data obtained over a relatively short period of time,
or based on data obtained in a controlled, experimental environment (Perry et al., 2009), which leaves us

with questions about the variability on the long term.

Therefore, the impact of climate change and drought on simulated yield and land surface evapotranspiration
estimation in the Huang-Huai-Hai Plain is of primary interest in the context of improving the crop water

productivity for winter wheat while minimizing water consumption in this region. This research can
10
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contribute to the establishment of a policy to realize a more efficient use of water resources and a

sustainable agricultural production in the Huang-Huai-Hai Plain, China.
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Figure 3 The crop dominance map extraction of winter wheat (the green shape) in the Huang-Huai-Hai Plain. The
triangle and round black spots mean agrometeorological and meteorological stations, respectively. The round red

spot means the capital cities. The black line means the boundary of agricultural sub-regions.
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Objectives

In our study, we aimed (1) to identify the most sensitive and primary controlling variables to potential
evapotranspiration and in subsequence projected drought characteristics under the RCP 8.5 scenario, (2) to
establish the potential impact of climate change and drought on the winter wheat yield using CERES-Wheat
Model over 12 selected locations, and (3) to investigate water productivity for wheat using the SEBAL model,
a linear regression equation which integrated remotely sensed images and census data, and the grain yield in

the Huang-Huai-Hai Plain.
To achieve these goals, we aimed to answer the following scientific questions in the context of the 3H Plain

1. What are the characteristics of ET and drought in various climate scenarios and how is it related to water

consumption?
2. How is winter wheat yield affected by climate change and drought?
3. What is the averaged water productivity of winter wheat and its spatial variability in the 3H Plain?

With the projected temperature increase and change in precipitation distribution, the drought risk is
expected to increase further and subsequently make crop production more uncertain through augmenting
crop water consumption in study area. According to the predictions of climate change models, ET, is
expected to increase over the coming years due to an expected temperature rise (Goyal, 2004; McNulty et al.,
1997). The general recognition is that drought has been intensifying around the world due to global warming
in the past decades (Allen et al. 2010; Dai 2013). Dynamic crop models, such as the Erosion Productivity
Impact Calculator (EPIC) model (Williams et al. 1983), APSIM (Keating et al. 2003), and DSSAT-CERES (Jones et
al. 1998), have been tested and used in quantifying responses to water, nitrogen and weather at scales
ranging from fields to regions around the world. Jabeen et al (2017) found that the rise in maximum and
minimum temperature decreased the wheat yields using DSSAT and GIS across the Pothwar region of

Pakistan.

Table 2 Statement of our hypotheses in this research

Drought conditions will aggravate due to climate change by increasing potential
Hypothesis 1 evapotranspiration and augmenting crop water consumption in water-limited
Huang-Huai-Hai Plain.

. The response of winter wheat yield to climate change and drought can be drawn
Hypothesis 2 . .
available throughout the plain.

The relationship between water productivity with ET and grain yield of winter wheat

Hypothesis 3
Ve should be defined at the level of the sub-agricultural zone in the 3H Plain.
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Besides with the development of remote sensing technology, a number of researchers reported the crop
water productivity in China, with varied spatial and temporal resolutions based on model simulation,
estimation from remote sensing data and calculation from collected irrigation district data (Cao et al., 2015;
Huang and Li, 2010; Liu et al., 2007; Rosengrant et al., 2002; Yan and Wu, 2014).

Climate change is widely accepted to be one of the most critical problems faced by the Huang-Huai-Hai Plain,
which is an over-exploitation of groundwater region. Consequently, to answer mentioned scientific questions,

we would test the following hypotheses (Table 2).

Outline

This study is a compilation of scientific papers that have been published or are being reviewed. It is

structured as follows:

e Chapter Il (Hypothesis 1) investigates the spatiotemporal patterns of ET, and primary driving
meteorological variables based on a historical period and RCP 8.5 scenario daily data set from 40
weather stations over the 3H Plain using linear regression, spline interpolation method, a partial
derivative analysis and multivariate regression. Reference: Qin Liu, Changrong Yan, Hui Ju, Sarah
Garré. Impact of climate change on potential evapotranspiration under a historical and future climate
scenario in the Huang-Huai-Hai Plain, China. Theoretical and Applied Climatology, 2o17.
Doi:10.1007/500704- 017-2060-6

e Chapter Ill (Hypothesis 1) addresses the variations in drought characteristics (drought event
frequency, duration, severity, and intensity) for the past 50 years (1961-2010) and under future
scenarios (2010—2099), based on the observed meteorological data and the RCP 8.5 projection.
Reference: Xiangxiang Li, Hui Ju, Sarah Garré, Changrong Yan, William D. Batchelor, Qin Liu *.
Spatiotemporal variation of drought characteristics in the context of climate change in the Huang- Huai-

Hai Plain, China. Journal of Integrative Agriculture, 2017, Doi: 10.1016/S2095-3119(16)61545-9.

e Chapter IV (Hypothesis 2) determines the potential impacts of drought on wheat yield using
CERES-Wheat model at twelve stations representing different locations on the 3H Plain. The
cumulative probability of the yield reduction rate during the jointing to heading stage and the filling
stage will be investigated. Reference: Qin Liu, Changrong Yan, Sarah Garré, Xiangxiang Li. Potential
effect of drought on winter wheat yield using CERES-Wheat model over the Huang-Huai-Hai Plain.

submitted in Journal of Integrative Agriculture (JIA), 2017.

e Chapter V (Hypothesis 2) describes the effects of climate change (including solar radiation,
maximum temperature, minimum temperature, and precipitation) between historical records
(1985—2014) and future climate projections under the RCP4.5 and RCP8.5 pathways (2021—2050)
on winter wheat yield, using the CERES-Wheat model. Reference: Qin Liu, Xiangxiang Li, Changrong
Yan, Sarah Garré. Investigation of the impact of climatic shifts in wheat yield using CERES-Wheat
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model over the Huang-Huai-Hai Plain of China, submitted in Theoretical and Applied Climatology, 2017.

e Chapter VI (Hypothesis 3) documents an attempt to apply a regional evapotranspiration model
(SEBAL) and crop information for assessment of regional crop (winter wheat and summer maize)
actual evapotranspiration (ET,) in 3H Plain. Reference: Jianying Yang, Xurong Mei, Zhiguo Huo,
Changrong Yan, Hui Ju, fenghua Zhao, Qin Liu *. Water consumption in summer maize and winter
wheat cropping system based on SEBAL model in Huang-Huai-Hai Plain, China. Journal of Integrative

Agriculture, 2015, 14(10) : 2065—2076.

e Chapter VIl (Hypothesis 3) describes spatio-temporal characteristics of water productivity of winter
wheat in Huang-Huai-Hai Plain and in subsequent correlation of water productivity to actual
evapotranspiration and grain yield of winter wheat in sub agricultural regions over the
Huang-Huai-Hai Plain, China. Reference: Qin Liu, Changrong Yan, Jianying Yang, Sarah Garré. An
assessment of water consumption, grain yield and water productivity of winter wheat in agricultural

sub-regions of Huang-Huai-Hai Plain, China, will be submitted.

Finally, in Chapter VIl we discuss the main results and also conclude the prospects and potential

improvements.

3. Study region description, data collection

Study region description

Climate change is one of the most critical problems faced by the Huang-Huai-Hai Plain, which is an
over-exploitation of groundwater region and where future warmer and drought conditions will intensify crop
water demand. The 3H Plain is located in the middle and lower of the Yellow River basin, the Huaihe River
plain, and the Haihe River valley plain, extending over 32°00'—40°30'N and 113°00'E to the east coast
(Figure 4). It is surrounded by the south foot of Yanshan Mountain to the north, north foot of Tongbai
Mountain and Dabie Mountain and Jianghuai Watershed to the south, and eastern foot of Taihang Mountain

and Qinling Range to the west, whereas the eastern boundary lies the Bohai Sea and Yellow Sea.

The 3H Plain belongs to the extratropical monsoon climatic region. The annual mean precipitation is 348.5
mm, while the atmospheric evaporative demand is about 1000 mm y™ (Ren et al., 2008). As described in
Figure 5, annual precipitation is concentrated in summer (July through September) and winter is strongly
characterized by a lack of water for agricultural production. Water shortages on the 3H Plain have become of
considerable concern over recent decades (Brown and Rosenberg, 1997). Increasing magnitudes of 0.003,
0.018 and 0.034 °C year™, respectively, were detected for maximum temperature (Tn.x), average temperature
(T,) and minimum temperature (T.,) in past 54 years, which only were statistically significant (p < 0.01) for T,
and T, (Figure 6). The main cropping system is a rotation of wheat and maize with the systematic
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application of irrigation water and fertilizer on the 3H Plain (Liang et al., 2011; Sun et al., 2011; Zhao et al.,
2006), while for this rotation system rainfall can just meet 65% of total agricultural water demand, especially
for winter wheat, from which only 25%—40% of the demand is satisfied with rainfall (Mei et al., 2013b). High
irrigation is necessary to maintain high yield levels under these climatic conditions. The irrigation water is
primarily pumped from groundwater. Usually, the farmers in 3H Plain apply 3-5 times irrigation, sometimes
even 6-7 times, through flood irrigation during the winter wheat growing season (Li et al., 2010); this may
result in a low potential irrigation water use efficiency and inefficient use of nitrogen (Wang et al., 2004).
However, the groundwater level has decreased from a depth of 10m in the 1970s to 32m in 2001, and has

continued to decrease at the rate of 1m per year (Zhang et al., 2015).
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0 125 250

Figure 4 The location of Huang-Huai-Hai Plain (Green shape) in China. The Huang-Huai-Hai Plain is located in the middle and lower of the Yellow River basin, the
Huaihe River plain, and the Haihe River valley plain, covering Beijing, Tianjin, Hebei, Henan, Shandong, Anhui and Jiangsu province. The upper blue line is Yellow

River and the below blue one is Yangtze River.
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Figure 5 Comparison of monthly precipitation and ETj in past 54 years. The monthly area-averaged precipitation

Jul Aug

and ETy were obtained from 40 meteorological stations across the Huang-Huai-Hai Plain.

The plain encompasses around 18 million hectares farmland of which about 61% and 31% are dedicated to
wheat and maize production respectively (Jin et al., 2009), with intensive management characterized by the
application of sufficient irrigation water and fertilizers. Drought is one of the most damage and widespread
climate event facing the 3H Plain, and in subsequence has been the main restriction factor for agriculture
and economy development. Winter wheat is sown in early October and harvested in June of the second year,
and that summer maize is then sown immediately afterwards and harvested in later September. The 3H Plain
(Figure 5) is divided into six agricultural sub-regions: coastal land, a farming-fishing area (including the
northern part, Zone 1, and the southern part), piedmont plain-irrigable land (Zone 2), low plain-hydropenia
irrigable land and dry land (Zone 3), hill-irrigable land and dry land ( Zone 4), basin- irrigable land and dry
land (Zone 5) and hill-wet hot paddy field (Zone 6) in terms of climate conditions and agricultural

management practices.
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Figure 6 Comparison of monthly (A) and yearly (B) maximum (Tmax), minimum (T,in) and average (T,) temperature

in past 54 years. The monthly and yearly area-averaged three temperatures were obtained from 40 meteorological

stations across the Huang-Huai-Hai Plain.
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Figure 7 Location of the Huang-Huai-Hai Plain and its six agricultural sub regions (Coastal land- farming-fishing
area, Piedmont plain-irrigable land, Low plain-hydropenia irrigable land and dry land, Hill-irrigable land and dry
land, Basin- irrigable land and dry land and Hill-wet hot paddy field). The triangle and round black spot mean
agrometeorological stations and meteorological stations respectively. The round spot means the capital cities.

The black line means the province boundary.

Data collection

As mentioned in our study, the first emphasis is to identify the most sensitive and primary controlling
variables of ETy and in subsequent projected drought characteristics under the alternative period or scenario
in Chapter II and III. A historical dataset from 1961 to 2014, composed of data from 40 meteorological
stations, was provided by the China Meteorological Administration (Figure 7). Daily maximum (Tnya, °C),
average (T,, °C) and minimum temperature (T, °C), average relative humidity (RH, %), wind speed (WS,

m-s') observed at 10-m height, and daily sunshine duration (SD, h) data were available.

The 0.5° x 0.5° gridded data of the 3H Plain from 2015 to 2099 simulated under the future RCP 8.5 climatic
scenario and obtained from the National Climate Center, included daily average temperature (T,, °C), daily
maximum (T °C) and minimum temperature (T, °C), daily precipitation (mm), daily average wind speed
(WS, m-s), daily average relative humidity (RH, %), and daily net radiation (RS, MJ-m™-d™). The 0.5° x 0.5°
gridded data was upscaled to 40 meteorological stations using double-linear interpolation method (Yuan et
al, 2012). The RCP8.5 scenario is characterized by high concentration of greenhouse gas with stabilizing
emissions post-2099 (increase by about 120 Gt CO2-eq. by 2100 compared to 2000) (Riahi et al., 2011).

Among these 40 stations we selected 12 stations with more detailed information available. The minimal data

sets required for model operation include weather information (daily global solar radiation, maximum and
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minimum temperature, precipitation), soil information (classification and basic profile characteristics by soil
layer) and management information (e.g., cultivar, planting, irrigation and fertilization information). In this

study, the soil classification and profile characteristics were collected from the China Soil Scientific Database.

Finally, we also used satellite data to estimate water productivity in the framework of this project. The data
is mainly involved in MODIS products including MOD11A1 (land surface temperature/surface emissivity),
MOD13A2 (NDVI) and MCD43B3 (surface albedo). The spatial resolution of the three MODIS products is 1 km.
The temporal resolution of MOD11A1, MOD13A2 and MCD43B3 was 1-d, 16-d, and 8-d, respectively. For
land surface temperature images, cloudy areas were eliminated by replacing the values with the average of

two images in the nearest clear dates.

4. Methods

Calculation of potential evapotranspiration

Potential evapotranspiration is an integrated climate variable that gives a measure of the
evaporation demand of the air. ETy is essentially dependent on four meteorological variables: air
temperature, solar radiation, relative humidity and wind speed (Allen et al., 1998). The main advantage of
the PM approach is that it takes into account the most significant variables, so that the influence of each of
them can be analyzed (Blaney, 1952; Mei et al., 2013a), physically based equations requiring daily data for
temperature and relative humidity of the air, solar radiation and wind speed (Allen et al., 1998). Also, it is
recommended as the standard ET, method, within which the evapotranspiration of a hypothetical reference
vegetated field is explicitly determined (Allen et al., 2006; Cai et al., 2007). Estimate the evolution of ET, and
meteorological variables affecting ET, is necessary (Minguez et al., 2007), and past trends of meteorological
variables and ET, values is still need to establish a solid baseline for future adaptation strategies (Mearns et

al., 2003).

We used the Penman—Monteith formula recommended by the Food and Agriculture Organization (FAO) of

the United Nations to calculate the ET, for both the historical and future conditions:

900
0.408A(R, -G —U -
ET, - (R, )H/T +273 (6 —¢,) Formula 1

A+y(1+0.34U,)

Where ET, is potential evapotranspiration (mm-d™?); A represents the saturation vapor
pressure/temperature curve (kPa-°C™%); G is the soil heat flux (MJ-m™d™); T is the average daily temperature
at 2m height (°C); U, is the wind speed at 2m height (m-s™); e is the saturation vapor pressure (kPa); e, is

the actual water vapor pressure (kPa); e;—e, is the vapor pressure deficit (kPa); y is the psychometric

constant (kPa-°C™); R, is the net radiation from the canopy (MJ-m™2d™), which is the difference between
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net shortwave radiation ( R ; ) and net longwave radiation (R, ). R, is calculated as
R.=(-2)R, Formula2

sWhere R is surface solar radiation (MJ-m2d™*)and A (=0.23) is the albedo of reference grassland. R,

can be calculated from sunshine duration:

S

R :(as+b5%jRa Formula 3

Where N is the maximum possible sunshine duration (h), n/N is the relative sunshine duration, R, is

the extraterrestrial radiation (MJ)-m™d™), and a, and b, are regression constants and are set to be 0.25

and 0.5 respectively. R, is calculated as

R, = MGscdr(ws sin(¢)sin & + cos(¢4)cos Esinw, ) Formula 4
w

Where is the solar constant (=0.082 MJ-m2d™), dr is inverse relative distance Earth-Sun, W, is the
sunset hour angle (rad), ¢ isthe latitude (rad), & is the solar declination (rad).

R

o is calculated as

T4 T4-
R, = U{@}(&m ~0.14,fe, (1.35% - o.35j Formula 5

SO

Where o is the Stefan-Bolzmann contant (=4.903x 10° MJ-k*m™2d™), T is the maximum absolute

max, K

temperature during the 24-h period (K= °C+273.16), T

min.k 1S the minimum absolute temperature during

the 24-h period (K= °C+273.16), €, is the actual vapor pressure (kPa), and R, is the clear-sky radiation

a

(MJ-m2d™).
DSSAT-CERES-Wheat model for yield simulation

Crop models can be used to analyse the effects of various climatic factors on crop growth and grain
yield considering the interactions with edaphic, biotic and agronomic factors. One of them, DSSAT is an
integrated software comprising different computer programs that can simulate crop growth and grain yield
for research and decision-making. The latest version DSSAT ver. 4.6.1.0
(http://dssat.net/downloads/dssat-v46) includes Cropping System Model (CSM), the primary modules of
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which are consisted by weather module, soil module, soil-plant-atmosphere module, management
operation module and 27 individual plant growth modules (Figure 8). Each plant growth is a separate
module to simulate phenology, biomass, growth and yield, based on the soil water and fertility supplement

in response to weather and management (Jones et al., 2003).

Primary Modules

Waather

Land Unit
Module

Soil- Plant - Atmasphere

CROPGRO Plant Template

Flant

s Potato
CERES Rice
Otmer erops

Figure 8 Overview of the components and modular structure of the DSSAT/CSM. The DSSAT-CSM has a main drive
program, a land unit module, and modules for the primary components that make up a land unit in a cropping
system. Each module has six operational steps, as shown in this Figure (run initialization, season initialization, rate
calculations, integration, daily output, and summary output). The application driver communicates with only one
module of the Land Unit module which provides the interface between the application driver (main program) and

all of the components that interact in a uniform area of land. Source: Jones J.W. et al., 2003.

The minimal data sets required for DSSAT model operation consist of weather information (daily global solar
radiation, maximum and minimum temperature, precipitation) (Panda et al., 2003), soil information
(classification and basic profile characteristics by soil layer) and management information (e.g., cultivar,
planting, irrigation and fertilization information). In the CERES-Wheat model, there are seven coefficients
that control the development and growth of wheat (Ritchie et al., 1998), which must be calibrated and
evaluated to meet the observed development and growth process under specific environmental conditions

before being used for climate impact analyses (Hunt and Boote, 1998).

Due to its options to change the irrigation schedule to simulate plausible climatic drought effects on the crop,
the DSSAT CERES-wheat model (He et al., 2013; He et al., 2012) was adopted here to simulate the wheat
yield during 1981-2014 at all 12 locations. Hence, much work has been done on the impacts of climate
change, irrigation scheduling and water and fertilizer conditions on the crop yield using DSSAT in China (Hui

et al., 2005; Jiang et al., 2016; Yang et al., 2013b; Yang et al., 2010).
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Satellite-based actual evapotranspiration estimation using the SEBAL method

In this study, the Surface Energy Balance Algorithm for Land (SEBAL) method from the meteorological
stations and remote sensing data was used to compute the evapotranspiration (ET) rate for in 3H Plain in
China. The SEBAL method has been used in various studies to assess ET rates in European countries,
Southern Asia and China (Bastiaanssen et al., 1998a; Bastiaanssen et al., 1998b; Wang et al., 1995; Zhang et
al., 2016). In addition, Bastiaanssen et al (2002) have compared predictions of ET and sensible heat flux (H)
by SEBAL with measurements made by eddy covariance and scintillometer systems with the determination
in confidence interval. Comparisons with fluxes measured by other methods confirm the robustness of the
SEBAL procedure. A conceptual scheme of SEBAL is presented in Figure 9. Hence, various applications have
demonstrated the ability of SEBAL to accurately estimate daily ET. The SEBAL algorithm can be applied with
little or no ground-based weather data (Allen et al., 2001). When data such as actual measurements for solar
radiation and wind speed on the day of the image are available, the predictions by the procedure are
improved. The regional ET was not always available in the resolution of Landsat TM (Thematic mapper), and

SEBAL should be the best way to fix it up.

Net radiation flux

Visible density
Surface albedo Soil heat flux Bowen-ratio
density 3 tion f n
Near infrared . vaporation fractio
Vegetation index
i D : Conversion Sensible heat flux Priestiey & Taylor coef
Thermal- Surface temperature density Surface resistance
infrared Latent heat flux
density
Satellite Surface parameters Land surface Surface energy Moisture
\radiances parameterization balance indicator /

Figure 9 Principal components of the Surface Energy Balance Algorithm for Land (SEBAL) which converts remotely
measured spectrally emitted and reflected radiance’s into the surface energy balance and land wetness indicators

(Bastiaanssen et al., 1998a).

The SEBAL procedure consists of a suite of algorithms in this case implemented with the ModelMaker

module ERDAS software. The algorithms solve the complete energy balance equation:

R,=G+H+AET  Formula 6

Where, R, (W-m) is the net radiation; G (W m?) is the soil heat flux; H (W m™) is the sensible heat

flux; and AET (W m?)is the latent heat flux associated with evapotranspiration.

The net radiation flux on the land surface, R, (W-m™), was calculated using the following equation:
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R,=0-a)K, +(L, -L,)-Q-¢)L, Formula7

where « is the surface albedo, K;, isthe incoming short wave radiation (W-m?), L_ istheincoming

in

long wave radiation (W-m™), L_. isthe outgoing long wave radiation (W-m?), and & is the land surface

out
emissivity.
The soil heat flux (G )is known to primarily depend on land surface characteristics and soil water content.

The soil heat flux was calculated for the SEBAL model by the following equation:

T -273.16
o

G [(o.ooszx%w.ooezx (%)2}(1—0.98NDV| YR, Formula 8

The sensible heat flux ( H ) was calculated using the following equation:

H :—pa"CPdT Formula 9

r-ah

where p,. isthe air density (kg'm?), and CP is the air specific heat at constant pressure (J-kg™-K™).

Since the evaporative fraction A is constant during a day, the daily ET24 (mm) can be estimated using

the following equations:

A= AET Formula 10
R,-G
ET,, = w Formula 11

where ET,, is the daily net radiation (W-m?); G,, is the daily soil heat flux (W-m?); and A is the latent

heat of vaporization (MJ-kg™).
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outline

As one of the important parameters of the hydrologic cycle, potential evapotranspiration (ET,) plays a key
role in understanding the energy balance of terrestrial systems and in estimating crop evapotranspiration,
water management, establishing irrigation scheme and other practice of agricultural production. The
research presented in this paper had the following objectives: (1) To quantify the characteristics of the
meteorological variables and ETy on seasonal and annual scales on the 3H Plain under a historical
(1961—2014) period and the RCP 8.5 scenario (2) To conduct a sensitivity analysis of ET, on seasonal and
annual scales; and (3) To identify the primary variables controlling changes in ET, changes within the context

of climate change.
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1. Abstract

Climate change is widely accepted to be one of the most critical problems faced by the
Huang-Huai-Hai Plain (3H Plain), which is a region in which there is an over-exploitation of groundwater
region and where future warmer and drought conditions might intensify crop water demand. In this study,
the spatiotemporal patterns of ETy and primary driving meteorological variables were investigated based on
a historical period and RCP 8.5 scenario daily data set from 40 weather stations over the 3H Plain using linear
regression, spline interpolation method, a partial derivative analysis and multivariate regression. The results
indicated a negative trend in all the analysis periods (except spring) of the past 54 years of which only
summer and the entire year were statistically significant (p < 0.01) with slopes of -1.09 and -1.29 mm-y*
respectively. In contrast, a positive trend was observed in all four seasons and the entire year under the RCP
8.5 scenario, with the biggest increment equal to 1.36 mm-y™ in summer and an annual increment of 3.37
mm-y ™. The spatial patterns of the seasonal and annual ET, exhibited the lowest values in southeastern
regions and the highest values in northeastern parts of Shandong Province, probably because of the
combined effects of various meteorological variables over the past 54 years. Relative humidity (RH) together
with solar radiation (RS) were detected to be the main climatic factors controlling the reduction of ETy in
summer, autumn, and the entire year on the 3H Plain. ET, in spring was mainly sensitive to changes in RS and
RH, whereas ETg in winter was most sensitive to changes in wind speed (WS) and decreased due to declining
RH. Under the future RCP 8.5 scenario, the annual ET, distribution displays a rich spatial structure with a
clear northeast-west gradient and an area with low values in the southern regions, which is similarly
detected in spring and summer. The most sensitive and primary controlling variables with respect to the
increment of future ET are in the first place RS and then mean temperature in spring, while turn to be mean
temperature and then RS in summer. In autumn, future ET, is most sensitive to RH changes. WS and RH are
the controlling variables for ETy in winter. Annual future ET, is most sensitive to RH changes and accordingly
RS is responsible for the predicted increment of the annual ET,. Better understanding of current and future
spatiotemporal patterns of ET, and of the regional response of ET, to climate change can contribute to the
establishment of a policy to realize a more efficient use of water resources and a sustainable agricultural

production in the 3H Plain.
Keywords

Potential evapotranspiration; RCP 8.5 scenario; Spatiotemporal trends; Sensitivity analysis; Controlling

variable; Huang-Huai-Hai Plain
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2. Introduction

Potential evapotranspiration (ETy) is widely acknowledged as a key hydrological variable representing
an important water loss from catchments. It is closely related to groundwater recharge, runoff generation,
and soil water movements, some important terms of hydrological processes (Xu and Singh, 2005; Zhang et al.,
2011a), and with which it can be used to estimate actual evapotranspiration (ET,), schedule irrigation and
other agricultural management practices (Dyck, 1985; Hobbins et al., 2001; Xu and Li, 2003). Drought
conditions is anticipated to be aggravated due to climate change by increasing potential evapotranspiration
and augmenting crop water consumption in water-limited regions (Goyal, 2004; Maracchi et al., 2005;
Thomas, 2008). It is recognized to be essential for efficient water resources management and water
productivity assessment to in depth understand the spatiotemporal pattern of evapotranspiration and
accurately estimate its response to climate change (Chen et al., 2007a; Drogue et al., 2004; Han et al., 2014;

Yang et al., 2015).

According to the predictions of climate change models, ET, is expected to increase over the coming years
due to an expected temperature rise (Goyal, 2004; McNulty et al., 1997). However, decreasing trends of ET,
have been detected in some regions of China (Chen et al., 2006; Thomas, 2000; Wang et al., 2007), Korea
(Song et al. 2014), the United States (Irmak et al., 2012), and Australia (Roderick and Farquhar, 2004).
Therefore, global atmospheric temperatures rise might not necessarily give rise to ETy in all cases. For
example, the reduction in solar radiation could compensate for the impact of temperatures on ET, which has
been depicted in many places (Stanhill and Cohen, 2001; Wild, 2014). Chen et al. (2006) concluded that the
reduction of WS was the primary meteorological variable contributing to the observed decline of ET, rates
on the Tibetan Plateau. While, Gao et al. (2006) and Wang et al. (2007) have identified reductions in WS and
RS as the primary contributing factors to decreasing trends of ET,. Atmospheric temperature is probably
thought to be the most widely used marker of climatic change on both regional and global scales. According
to the 2013 IPCC report, over the past 100 years (1913-2012), global temperature has risen by 0.91 °C
(Stocker et al., 2014) and it is expected to continue rising throughout the 21* century, altering the
hydrological cycle by affecting both or one of precipitation and evaporation (Huntington, 2006). The patterns
of the spatiotemporal distribution of climatic variables in response to global warming remain a matter of
active debate and the numbers of related studies are increasing worldwide (Feddema, 1999; Georgia, 2000;
McNulty et al., 1997; Muhs and Maat, 1993). Consequently, analysis of the contribution of the main four

climate factors to changes in the estimated ET, changes is essential.

A sensitivity analysis is essential to capture the importance of the meteorological variables in the
Penman—Monteith formulation, the results from which are of great concern for ascertaining the effects of
climate change on ET, (Zhang, et al., 2010). Several researches have described the sensitivity of ET, to
meteorological factors in selected climate scenarios (Rana and Katerji, 1998; Goyal, 2004; Irmak et al., 2006).
Furthermore, the most effective variables have been reported to be wind speed (Cohen et al., 2002; Todisco

and Vergni, 2008; Wang et al., 2007), solar radiation (Gao et al., 2006; Wang et al., 2007) and relative
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humidity (Gong et al., 2006). Song et al (2009) indicated that for entire North China plain annual ET, has
undergone a statistically pronounced reduction of 11.9 mm decade™ in past 46 years and that reductions of
RS and WS have exerted a greater influence on ET, than the other variables. Although analyses of the
sensitivity of ETy to climatic factors have been performed before, a focus on the ranges of variation of the
variables in the historic record of the Huang-Huai-Hai Plain (3H Plain) are not necessarily all covered. In
addition, few studies have focused on future changes of ET, (especially in the 3H plain), which limits the
potential of the former studies to provide guidelines for more efficient water resources management. To
predict future changes of ET,, climate scenarios are often used to provide future climatic factors for the
estimation of ET,. A few studies have calculated ET, directly using climatic factors from such climate
scenarios. In order to obtain information on future climate change with higher spatial and temporal
resolutions, most studies have generated future ET, through the downscaling General Circulation Models
outputs. Li et al (2012) investigated the spatiotemporal variability of ET, during 1961-2009 and 2011-2099
under two emission scenarios (A2 and B2) on the Loess Plateau of China. Zhou and Hong (2013) investigated
the projected changes of the Palmer Drought Severity Index with ET, under the Representative Pathway 8.5
(RCP8.5). This RCP 8.5 scenario can be considered as a worst-case scenario, since it represents future high

CO,-emission rates (increase by about 120 Gt CO2-eq. by 2100 compared to 2000).

The Huang-Huai-Hai Plain (3H Plain) is a major crop-producing area in China that encompasses 18 million
hectares of intensively farmed arable land (19% of the country's total crop producing land). Water is thought
to be the main factor limiting agricultural production on the 3H Plain, because of its high consumption
through crop transpiration and soil evaporation. Furthermore, water limitations will probably be
accentuated by continuous food demand, soil quality deterioration and also over-exploitation of
groundwater resources (Chen et al., 2003). Moreover, changes in climate have intensified with annual
precipitation decreasing at an average rate of 2.92 mm-y (Suxia et al., 2010). Thus, the regional aggravation
of water scarcity has led to an increased a wareness of the importance of water as an agricultural resource

for crop production in the 3H Plain.

Given this context, the research presented in this paper had the following objectives:

(1) An investigation of the characteristics of the meteorological variables and ETy on seasonal and annual
scales over the 3H Plain under a historical (1961—2014) period and the RCP 8.5 scenario, using linear
regression and spline interpolation. (2) The establishment of a sensitivity analysis for ETy on seasonal and
annual scales using the partial derivative method. (3) To identify the primary variables controlling changes in

ET, within the context of climate change.

3. Materials and methods

Study area

The 3H Plain (31°14'-40°25'N, 112°33'-120°17'E) is known as the largest agricultural production
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region in China. The climate is temperate, sub-humid, and continental monsoon, with average annual
precipitation of 348.5 mm (Ren et al., 2008). Annual precipitation is concentrated in summer (July through
September) and winter is strongly characterized by a lack of water for agricultural production. Water
shortages on the 3H Plain have become of considerable concern over recent decades (Brown and Rosenberg,
1997). The plain encompasses around 18 million hectares of farmland of which about 61% and 31% are
dedicated to wheat and maize production, respectively (Jin et al., 2009). The main cropping system is well
known as the rotation of wheat and maize with the systematic application of irrigation water and fertilizer
on the 3H Plain (Liang et al., 2011; Sun et al., 2011; Zhao et al., 2006).

40° N -

38% N

36° N+

* @ Capital cities
® Meteorological stations

River system

[13H plain

34° N

32° N+

Figure 10 Location of meteorological stations on Huang-Huai-Hai Plain, China. The map on the top left corner
describes the location of Huang-Huai-Hai Plain in China. The upper blue line is Hai River and the middle, below

blue one is Yellow and Huai River, respectively. The round spot means the capital cities.

Meteorological data

A historical dataset from 1961 to 2014, composed of data from 40 meteorological stations, was
provided by the China Meteorological Administrationto (Figure 10). Daily maximum (Tax °C) and minimum
temperature (Tmin, °C), average relative humidity (RH, %), wind speed (WS, m-s™) observed at 10-m height,
and daily sunshine duration (SD, h) data were available. The 0.5° x 0.5° gridded data of the 3H Plain from
2015 to 2099 simulated under the future RCP 8.5 climatic scenario and obtained from the National Climate
Center, included daily average temperature (T,, °C), daily highest (Tmay °C) and lowest temperature (Tmin, °C),
daily precipitation (P, mm), daily average wind speed (WS, m-s™), daily average relative humidity (RH, %), and

daily net radiation (RS, MJ-m™-d!). The RCP8.5 scenario is
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Figure 11 Annual (a) daily mean surface air temperature (Ta), (b) daily net radiation (RS), (c)daily average relative
humidity (RH), (d) daily average wind speed (WS), (e) potential evapotranspiration (ETy) and (f) ETy/ precipitation
in the historical period and under RCP 8.5 scenario. The data was obtained from area-averaged values of

meteorological variables, ETy and ET, divided precipitation from 40 stations in past 54 years and future 85 years.

characterized by high concentration of greenhouse gas with stabilizing emissions post-2099 (increase by
about 120 Gt CO2-eq. by 2100 compared to 2000) (Riahi et al., 2011). We used a bilinear interpolation
method to interpolate the RCP 8.5 gridded data to the historical stations, and the results was then validate
by the observational data during 2005—2014 (Yuan et al., 2012). The annual daily air temperature, net
radiation, average relative humidity, and wind speed of the historical period and RCP 8.5 scenario are
plotted in Figure 11. A remarkable positive trend with a slope of 0.63 °C decade™ can be seen for T,, whereas
WS and RH have significant negative trends with slopes of -0.06 m-s*-decade™ and -0.45 percent-decade™,
respectively. For RS, a slope of -0.37MJ-m2-d™*-decade™ is observed based on the recorded dataset in the
historical period, whereas a significant positive trend with a slope of 0.15 MJ-m2-d™-decade™ can be seen

based on predicted dataset under the RCP 8.5 scenario.
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Estimation of potential evapotranspiration

The Penman—Monteith formula recommended by the Food and Agriculture Organization (FAO) of the
United Nations was used to calculate the ET, for both the historical and future conditions:

900
A408A(R, - -
0.408 ( n G)+}/T+273U2(es ea)

A+y(1+0.34U,)

ET, = Formula 12

Where ETyis in mm-d™%; A represents the saturation vapor pressure/temperature curve (kPa °CY); R, is the
net radiation from the canopy (MJ-m™>d™); G is the soil heat flux (MJ-m™-d™); T, is the average daily
temperature; U, is the wind velocity (ms™); e, is the saturation vapor pressure (kPa); e, is the actual water
vapor pressure (kPa); e.—e, is the vapor pressure deficit (kPa); y is the psychometric constant (kPa °C™). Allen

et al (1998) explains how to obtain the different parameters and variables from meteorological data.

Time series analysis to quantify major trends

Both parametric and non-parametric methods have been widely used to identify trends in climatic
variables. However, recent studies suggest that non-parametric tests are more suitable for non-normally
distributed and censored data, which are frequently encountered in meteorological and hydrological time
series. Among them, the non-parametric Mann-Kendall test (Kendall, 1975; Mann, 1945) is widely accepted
to be one popular method for trend analysis in hydrological and meteorological series (Dinpashoh et al.,
2011; Jhajharia et al., 2012; Kousari and Ahani, 2012; Zheng and Wang, 2014) with little influence by the
presence of outliers in the data. In addition, it is highly recommended for general use by the World
Meteorological Organization (Zhang et al., 2011b). Therefore, we used the Mann-Kennall test for the trend
analysis of our data. Furthermore, the magnitude of the trends in the time series was estimated using the
non-parametric Theil-Sen’s slope (Sen, 1968; Theil, 1992), which is robust because it is resistant to the effect
of outlier values in the observations (Jhajharia et al., 2015; Su et al., 2015; Xu et al., 2003; Yue et al., 2002).
We refer to Jhajharia et al (2015), Su et al (2015) and Kumar et al (2009) for further details on how to apply
these methods. The confidence level used in this study is 95%. In our study, we applied two Mann-kennal
tests recommended in the literature (Kumar et al., 2009; Nalley et al., 2012; Zamani et al., 2016): (i) a MK
test considering all the significant autocorrelation structure (MK3) and (ii) a MK test considering long-term
persistence (LTP) and Hurst coefficient (MK4). The two modified Mann-Kendall test and Theil-Sen’s slope

estimator involved in this study were performed using R software version 3.2.4 (Team, 2011).

Sensitivity analysis and multivariate regression

McKenney and Rosenberg (1993) and Goyal (2004) have carried out sensitivity analysis for ET, where

the relative changes of input meteorological factors were plotted against variations of output ET, as

41



Chapter //. Impact of climate change on ET, under a historical period and future climate scenario

sensitivity curves. Irmak et al. (2006) then reduced the sensitivity coefficients on a daily step by dividing the
amount of increase/decrease in ETy by the increase/decrease of each meteorological factors. However,
Zhang et al. (2010) highlighted that such a sensitivity coefficient is susceptible to the effects of variations in
the magnitudes of ETy and the meteorological factors. To obtain a non-dimensional sensitivity coefficient, it

can be normalized as

_ OET, AET,/ET,
oV ACV/CV

SC

Formula 13

Where SC is the dimensionless sensitivity coefficient, and ET, and CV (air temperature, relative humidity,

solar radiation and wind speed) are base values before the change.

To investigate the major controlling variables of ET, trends, multivariate regression is conducted over the 3H
Plain, which could be treated as the controlling climate factors in the change and variation of ET,(Chun et al.,
2012; Ma et al., 2012).

4. Results

Historical and future trends of meteorological variables

Seasonal trends of Ta, RS, RH and WS during the historical dataset of 1961-2014 and the RCP 8.5
scenario of 2015-2099 are presented in Table 3. The Mann-Kendall test of Ta is characterized by an
increasing trend under both the historical period and the RCP 8.5 scenario. The trend of increase in Ta is 0.38
and 0.36 °C decade™ for spring and winter, respectively, over the past 54 years. Similarly, in autumn, a
significantly increasing trend of 0.25 °C decade™ is detected. The increase in T, is higher in the cooler seasons
than in the warmer seasons. Furthermore, Ta increases by 0.65 and 0.84 °C decade™ for spring and winter,
respectively, under the future RCP 8.5 condition. Similarly, in summer and autumn, a significantly increasing
trend of 0.76 and 0.77 °C decade™ is also detected. Accordingly, the increase in Ta is higher under the RCP

8.5 scenario than for the historical 54 years.

For RS in the past 54 years, a significant negative trend is detected in all seasons and during the entire year,
i.e., 136.3 MJ-m? decade®, whereas under the RCP 8.5 scenario, an increasing trend is observed in all
analysis seasons, only one (winter) of which is not statistically significant. It is noted that RH has a significant
decrease trend over the past 54 years. In spring and winter, RH reduces by -1.12 and -0.46% decade™,
respectively. Similarly, it reduces by -0.47 and -1.11% decade™ in summer and autumn, respectively. Under
the RCP 8.5 scenario, a negative trend can be observed in all analysis seasons, only one (summer) of which is
statistically significant. In all seasons, WS shows a negative trend and the amplitude of reduction can be
observed to be slightly bigger over the past 54 years than under the RCP 8.5 scenario. In general, for annual
RH and WS, significant declining trends of -0.77% decade™ and -0.17 m-s™ decade™can be found over the

historical 54 year, which are slightly stronger than under the RCP 8.5 scenario. The seasonal-scale changes of
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Ta over the historical 54 years and under the RCP scenario show significant increasing trends of 0.28 and

0.75 °C decade™, respectively.

Table 3 Trend analysis of meteorological variables with Mann-Kendall test and Theil-Sen’s slope estimator under
the historical period and RCP 8.5 scenarios. The values described in table were obtained from area-averaged
values of meteorological variables from 40 meteorological stations using Theil-Sen’s slope estimator in past 54
years and future 85 years. In this and in subsequent tables of this chapter, the positive values mean upward trends
and negative values mean downward trends. No star means the significance level exceeds 0.05; * indicates a

significance level of 0.05, and ** indicates a significance level of 0.01.

Ta (°C) RS (MJ-m™) RH (%) WS (m/s)
Historical
Spring 0.41" -23.3" -1.28" -0.19™
Summer 0.07" -65.7" -0.49" -0.12™
Autumn 0.23" -28.9" -1.02™ -0.16™
Winter 0.39™ -23.9 -0.60 -0.20™
Entire year 0.28™ -139.3" -0.73" -0.17*
RCP 8.5
Spring 0.64™ 12.6" -0.09 -0.021*"
Summer 0.76™ 21.7" -0.81" -0.014"
Autumn 0.77" 16.9" -0.47 -0.022™
Winter 0.80™ 1.58 -0.12 -0.012™
Entire year 0.77" 53.1" -0.38" -0.018™

Spatial and temporal characteristics of ETy

Table 4 Trend analysis of ETy, with Mann-Kendall test and Theil-Sen’s slope estimator slope estimator under the
historical period and RCP 8.5 scenarios. The unit of the slopes are mm-y . The values described in table were
obtained from area-averaged ET, from 40 meteorological stations using Theil-Sen’s slope estimator in past 54

years and future 85 years.

Spring Summer Autumn Winter Entire year
Value Value Value Value Value
slope slope slope slope slope
(mm) (mm) (mm) (mm) (mm)

Historical 322.5 0.08 410.4 -1.08" 206.4 -0.21 102.8 -0.11 1042.4 -1.20™

RCP 8.5 388.5 0.82" 473.4 1.35™ 255.1 0.85™ 113.3 0.35™ 1230.3 3.45™

The investigation of the trends of ET, and their persistence using modified Mann-Kendall test and

Theil-Sen’s slope estimator under the historical period and RCP 8.5 scenario gives a better insight in the
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expected seasonal differences of water demand and the evolution of these demands in the future. As shown
in Table 4, average ETj is highest in summer, accounting for 39.4% and 38.5% of the annual ET, under the
historical period and RCP 8.5 scenario, respectively, followed in descending order by spring, autumn, and
winter. Over the past 54 years, a negative trend occurs in all analysis periods (except spring), of which only
summer and the entire year are statistically significant with slopes of -1.09 and -1.30 mm y™’. In contrast, a
positive trend can be observed in all four seasons and the entire year under the RCP 8.5 scenario; the biggest
seasonal increment is 1.35 mm y'1 in summer and the annual increment is 3.45 mm y'l. On average, the
prediction of ET, (RCP 8.5 scenario) is larger than what was observed during the past 54 years: 1042.4mm for
the historical data set and 1230.3mm for the RCP8.5 scenarios.

Seasonal and annual spatial variability of ET, can be observed under the historical period and RCP 8.2
scenario. In the historical dataset of 1961-2014 for the 3H Plain, the regional difference range from 652.1 to
1182.0 mm/year. The coefficient of variation for the average annual ET, of the 40 stations is 0.10, which
signifies rather low spatial variation. Figure 12 shows the spatial pattern for the ET, in four seasons and the
entire year on the 3H Plain for 1961-2014. The lowest ET, values (<950mm) are found in a small region of
the southeast. The annual Ta and RH decrease from the southeast to the northwest, whereas the annual WS
and RS increase from the southeast to the northwest (Liu et al., 2013a; Yang et al., 2011). Low values of Ta,
WS, and RS and high values of RH are the primary cause of lowest ET, values in the southeastern region. The
highest ET, values (>1000 mm) are found in the northeast region of Shandong Province and south region of
Hebei Province, which can mainly be attributed to the low RH, high WS and strong RS. The ET, characteristics
of the four seasons (except summer), follow the spatial pattern of ET, for the entire year. In summer, the
spatial distribution turns to a different pattern in which the highest values are observed in the northeast of

Shandong Province and the south part of 3H Plain.

Figure 12 Spatial patterns of ET, for historical 54 years: (a) spring, (b) summer, (c) autumn, (d) winter and (e) the

entire year. These maps were obtained using the Spline method for interpolation with Geostatistical Analysis
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modual in the software ArcGIS.

Figure 13 Spatial patterns of ETo under the RCP 8.5 scenario: (a) spring, (b) summer, (c) autumn, (d) winter and (e)
the entire year. These maps were obtained using the Spline method for interpolation with Geostatistical Analysis

modual in the software ArcGlIS.

Figure 13 shows the projected (RCP8.5) spatial patterns of seasonal and annual ET, for the 3H Plain. The
distribution of the annual averages has a heterogeneous spatial structure with a northeast-west gradient of
relatively low ET, areas and high areas in southern region, similar patterns are found in spring and summer.
A spatial comparison of RCP 8.5 predicted average ET, values with respect to the historical ET, averages
reveals where the changes are expected to be largest in the 3H Plain. We observed the largest increase with
respect to the past in the southwest with a change in magnitude of 25%—32%, whereas the smallest
increase was located in the northeast (3%—10%). As for autumn and winter, marked areas of low values are
visible in the projected pattern of ETy from the north to central parts of the region, whereas higher values

can be found in eastern and southwestern regions.

The results from the investigation of ET, trends at annual time scale for the historical 54 years and the RCP
8.5 scenario are shown in Figure 14 in order to compare the results of each station according to its location
in the 3H Plain. We also compared the two versions of MK test (MK3/MK4). Nearly 12.5 and 32.5 % of the
stations witnessed significant decreasing trends at the 1 % level of significance using MK3 and MK4 tests,
respectively, while these percentages changed to 50 and 55 % for historical 54 years. Additionally, for the
RCP 8.5 scenario the percentage of significant increasing trends was 100% for both MK3 and MK4 tests.
Comparing the results of the two versions of the Mann—Kendall test, the Z-statistic values of MK3 test were
found to be slightly higher than those obtained from the MK4 test, indicating that the consideration of Hurst

coefficient has led to a decrease in the level of significance, in accordance with the findings in streamflow
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and precipitation for MK3 and MK4 tests in Iran (Zamani et al., 2016). As already mentioned, the historical
data set mainly displays annual decreasing trends, whereas the RCP8.5 scenario results in increasing trends
in general. As for spatial variability in ET, trends for the different stations, a consistent significant increase is
visible all over the plain and stations with relative bigger increment were mainly located in southwest. Some

stations in the North of 3H Plain also show larger increasing trends.
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Figure 14 Z-statistic values of annual ETy and spatial pattern of ETy trends for the entire year using MK test
considering all the significant autocorrelation structure (MK3) and MK test considering long-term persistence and
Hurst coefficient (MK4) for historical 54 years and RCP 8.5 scenario These maps were obtained with the software

ArcGIS with down arrows for descending trend and upward arrows for ascending trend.

Temporal variation of sensitivity coefficients

Table 5 lists annual and seasonal trends of sensitivity coefficients for ETy under historical period and
RCP 8.5 scenario. They show that the most effective meteorological factor impacting ET, varied with season
and scenario. For the historical period, ET, is most influenced by solar radiation (positive relationship) and
relative humidity (negative relationship). Only during winter, wind speed becomes the most influencial

factor. On a yearly basis, Sgs equals 0.4 and Sgy equals -0.93. The trend over time of the influence of T and RS
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on ET, is negative (negative slope of their sensitivity coefficients over time), whereas RH and WS are of
increasing importance (positive slope of their sensitivity coefficients over time). Looking at the results of the
RCP8.5 scenario, we get a different view. Solar radiation is still the variable having a postive impact on
potential evapotranspiration and this relationship becomes more important as we go through the future
scenario. Looking at yearly averages, relative humidity has the highest absolute value of sensitivity
coefficient and a negative relationship with respect to ETy; whereas solar radiation is the most important
factor positively influencing ETo. The trends of the sensitivity coefficients of RS, RH and WS are all positive,

only the influence of temperature seems to decrease with time in the future scenario.

Table 5 Trend analysis of sensitivity coefficients for ETy with Mann-Kendall test and Theil-Sen’s slope estimator
under the historical period and RCP 8.5 scenario. The unit of slopes is y'l. The values described in table were
obtained from area-averaged values of sensitivity coefficients for ETy from 40 meteorological stations using

Theil-Sen’s slope estimator in past 54 years and future 85 years.

St Sks Sku Sws
value slope value slope value slope value slope
Historical
Spring -0.22 -0.016™" 0.45 0.000 -0.44 0.050™ 0.14 0.010™
Summer -0.62 -0.012™ 0.66 -0.005™ -0.69 0.001 0.07 0.007"
Autumn -0.27 -0.012™ 0.37 -0.005™ -0.53 0.033" 0.18 0.009™
Winter 0.08 -0.013 0.12 -0.003" -0.03 0.002" 0.27 0.007
Entire year -0.26 -0.014™ 0.40 -0.003" -0.93 0.006" 0.17 0.008™
RCP 8.5
Spring -0.36 -0.026™" 0.45 0.004™ -0.44 0.042™ 0.18 0.003"
Summer -0.90 -0.048"" 0.58 0.004" -0.07 0.007™ 0.18 0.005™
Autumn -0.43 -0.033™ 0.36 0.007" -0.62 0.071™ 0.23 0.003
Winter -0.03 -0.016™ 0.16 0.001 -0.04 0.006™ 0.22 0.008™
Entire year -0.43 -0.031*" 0.39 0.004™ -0.65 0.002™ 0.20 0.005™

As described in Table 5, the most effective meteorological factor impacting ET, varied with season and
scenario. For the historical period, the ET, in spring is most sensitive to RS and in winter to WS, with
sensitivity coefficients of RS (Sgs=0.45) and WS (Sws=0.27). Trends of Sgs are negative in the time series
analysis, indicating that the negative influence on ET, became weaker in the past 54 years, in combination
with the positive value of Sgs. However, the positive influence on ET, strengthened in combination with the
positive value of Sys. The ETy in summer, autumn, and the entire year shows greatest sensitivity to RH, i.e.,
the sensitivity coefficients of RH (Sgy) in summer, autumn, and entire year (-0.69, -0.53, and -0.93,
respectively) are larger than for the other variables. Trends of Szy are positive in the time series analysis,
indicating that the negative influence on ETy, became smaller in the past 54 years, in combination with the

negative value of Sgy.
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Figure 15 Spatial patterns of ET, trends under the RCP 8.5 scenario: (a) spring, (b) summer, (c) autumn, (d) winter,
and (e) the entire year. These maps were obtained with the software ArcGIS with upward arrows for ascending

trend.

Similar to the historical condition, the ET, in spring and winter under the RCP 8.5 scenario shows greatest
sensitivity to RS (Sgs=0.45) and WS (Sws=0.22). Trends of Sgs and Sws are positive in the time series analysis,
indicating that the positive influence on ET, strengthens in the future 74 years, in combination with their
positive values. The ET, in autumn and the entire year shows greater sensitivity to RH (Sg4=-0.62 and -0.65,
respectively) than to the other variables. Trends of Sgy in the time series analysis indicate that the negative
influence on ETy, become weaker. An average temperature is detected to be the most sensitive factor to ET,
in summer (S7=-0.90) and its negative influence on ET, strengthens in the future 74 years. Figure 15 shows

the spatial patterns of these ET, trends under the RCP 8.5 scenario
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Figure 16 Sensitivity centrals of ETy to (a) air temperature, (b) net radiation, (c) relative humidity and (d) wind
speed under the historical period and RCP 8.5 scenario. The coordinates of sensitivity centrals for ET, to
meteorological variables were estimated using barycentric fitting method from 40 stations under the historical
period and RCP 8.5 scenario. The barycentric fitting method comes from literatures reported by Xu et al.(2004),

He et al (2004) and Liu et al.(2012).

In this study, sensitivity centrals of ET, were calculated using a gravity center analysis method, based on the
data-set of sensitivity coefficients for the 40 stations under the historical and future conditions, in order to
investigate better the characteristics and spatial differentiation of the sensitivity coefficients for ET, (Gaile,
1984). Figure 16 shows that the centrals of Sy, Sgs, Sws and Sgy in the analysis seasons (except winter)for the
historical 54 years are all found in Shandong Province corresponding to the winter wheat and summer maize
growing seasons (Yang et al., 2013). In comparison with the historical 54 years, the centrals of S; and Sys

move eastward under the RCP 8.5 scenario, whereas the centrals of Sgs and Sgy move northwestward.

ETy in regional response to climate change

The sensitivity of ET, to changes in meteorological factors was identified through sensitivity analysis
during the four seasons and the entire year under the historical and future conditions; however, because of
the variation and interaction of effect of the climatic variables, the factor controlling ET, remains difficult to
pin down. Therefore, we used a second tool to get a more complete answer to this question: a multivariate
regression model. The tendencies and magnitudes of the climate variables and the relationships between
ET, and the key climatic variables in four seasons and entire year are presented in Table 6. The historical
data set displays a decline of RH primarily controlling a negative trend in ET, in spring and over the entire

year. The decline of RS primarily controls a negative trend in ETy in summer, autumn, and winter. Different
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from the historical condition, average Ta becomes the primary controlling factor for the increment of ETy in
spring under the RCP 8.5 scenario. As for summer and the entire year, the increase of RS is responsible for

the increment of ET,, while the primary controlling variable turned to be RH on ET, in autumn and in winter.

Table 6 Response of ETj to climate change under the historical period and RCP 8.5 scenario. The values described
in table were obtained through multivariate regression analysis between ET, and meteorological variables (air
temperature, solar radiation, relative humidity and wind speed) in past 54 years and future 85 years over the

Huang-Huai-Hai Plain.

T, RS RH WS
Historical
Spring 0.34™ 0.42™ 0.77" 0.26™
Summer 0.45™ 0.68™ 0.52" 0.16™
Autumn 0.48" 0.63" 0.25" 0.10"
Winter 0.39" 0.94™ 0.03 -0.05
Entire year 0.32" 0.56™ 0.64™ 0.23"
RCP 8.5
Spring 0.52™ 0.42"™ -0.37" -0.24™
Summer 0.48™ 0.50™ -0.35" -0.29"
Autumn 0.59" 0.30™ -0.71" -0.28"
Winter 0.25™ 0.47" -0.84™ -0.21"
Entire year 0.55" 0.58" -0.39" -0.48"

5. Discussions

Spatio-temporal evolution of ET,

Under the effects of climate change, declining trends in ETy have been detected in various regions of
the world (Jhajharia et al., 2012; Roderick and Farquhar, 2004; Thomas, 2000). Mcvicar et al. (2012) reported
a global declining rate of evaporative demand of 1.31mm y* by reviewing papers reporting trends in
estimated ET, (n = 26), whereas Thomas (2000) come to a declining rate of 2.3 mm y™ over China on basis of
a time series from 1954 to 1993). In our study, the annual ET, averaged over the entire 3H Plain revealed a
general and significant decreasing trend of -1.29 mm y™, which was higher than that of the Yellow River
Basin ((Liu et al., 2014; Ma et al., 2012), the Yangtze River catchment (Gong et al., 2006; Xu et al., 2006), and
Haihe River Basin (Bo et al., 2011b; Wang et al., 2010). These differences in declining magnitude were mainly
due to higher decrement of RH over the entire 3H Plain (as the governing climatic variable for ET,). However,
Fan et al (2016) found that the annual ET, at 37.5% of stations exhibited positive trends. These stations are
mainly located in the mountain plateau zone in China, which behaves similarly to the increasing ET, trends in

northeastern China (Liang et al., 2010) and the Shiyang River basin of northwest China (Su et al., 2015). The
50



Chapter //. Impact of climate change on ET, under a historical period and future climate scenario

reason for this is climate warming, which turns out to be the most significant factor for increase in annual
ET, in these places. The declining magnitude annual ET, over the 3H Plain was witnessed to be far lower than
that of India (Jhajharia et al., 2015) and Iran (Dinpashoh et al., 2011) due to the dominant larger reduction of
RH. This increment of ET, during spring is bad news for the wheat production in the region, since
precipitation is also scarce during that period and water resources are already over-exploited. Whereas ET,
was slightly decreasing in the historical data set, RCP 8.5 scenario predicts an increase of ET, in the following
74 years. Similar predictions are done for the Loess Plateau under A2 and B2 scenarios (Li et al., 2012). If this
RCP scenario comes close to reality, the already elevated water demand will continue to increase, which
poses serious questions to the sustainability of the current cropping practices in the 3H Plain. Accordingly,
results have to be combined with information on the spatiotemporal distribution and trends of precipitation
in order to highlight periods in which the water requirement of the agricultural crops cannot be met and
qguantify whether the groundwater resources are being used in an unsustainable way (Xu and Xu, 2012). It
must also be noted that potential evapotranspiration is only a crude proxy for potential crop
evapotranspiration, since it does not take into account the specific water strategy of the crops, nor their
growing curve. Furthermore, change in drought condition is a consequence of climate change and aridity is
usually expressed as a generalized function of precipitation, temperature, and/ or ET, reflecting the degree
of meteorological drought. Over last decades, the aridity index (which is defined as the ratio of ET, to
precipitation) is expected to have different trends in different regions (Liu et al., 2013b; Su et al., 2015; Wu
et al., 2006). In our study, as depicted in Figure 11(f) a declining trend in aridity was witnessed under the
historical period and RCP 8.5 scenario over the entire 3H Plain, which meant that the region started wetting
and is thereby in accordance with the findings in North Iran (Ahani et al., 2013) and northwest China (Huo et
al., 2013; Liu et al., 2013b).

Impact of meteorological variables on ET,

Even though the variability across the plain is not very large, some areas do stand out with a more
important increase of ET,. If this is not compensated by an increase in rainfall or other management
practices, it could pose problems to the water allocation. Overall, if we regard the entire year, but also
summer and autumn, ET, is most influenced by relative humidity as also observed in the Wei River basin
(Zuo et al., 2012) and the Yangtze River basin in China (Gong et al., 2006), followed by solar radiation and
mean temperature. Goyal (2004) concluded that the temperature increase contributed most to the
increasing trend of ET, over an arid zone of Rajasthan in India. Yu et al. (2002) witnessed that the increase in
ET, was due to changes in temperature and RH in paddy fields in southern Taiwan of China. Hess (1998) also
reported that increasing wind speed were responsible for the increasing trends in ET, in East Nigeria. Whilst,
decrease in wind speed, which was termed ‘stilling’ by Roderick et al. (2007) and Mcvicar et al. (2012) was
identified to govern the reduction in ET, in Australia (Roderick et al., 2007), the Tibetan Plateau (Chen et al.,
2006) and the south of Canada (Burn and Hesch, 2007). These findings are inconsistent with our results that

declining annual ET, was primarily governed by relative humidity in 3H Plain. Indeed the PM equation
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dictates that the higher the RH, the lower should be the ET,. Nevertheless, our time series analysis indicated
that the negative influence on ET, became weaker with time, and this is in agreement with in Haihe River
basin and Huaihe River drainage system (Liu et al., 2012). Furthermore, the decline of relative humidity
primarily controlled a negative trend in ET, in spring and entire year. In contrast, ET, during spring and
winter was most sensitive to changes in RS and WS, as also reported by Bo et al (2011a) and Todisco and
Vergni (2008) respectively. The decline of RS, also called global dimming, resulted in a declining trend of ET,
in the 3H Plain, as depicted for many places (Stanhill and Cohen, 2001; Wild, 2014; Yang et al., 2014). A
negative trend in ET; is controlled by the declining of RS in summer, autumn, and winter, as similarly found
in study of Yellow River Basin (Liu et al., 2014). When going from historical data to future conditions
according to the RCP 8.5 scenario, ETy remains most sensitive to changes in RH in autumn and over the
entire year. Same condition happened to RS and WS, while the increase of RS is responsible for increment of
ETo in entire year. Average temperature greatest influences ET, during summer and the negative influence

on ET, will strengthen in future 74 years.

Estimated precipitation deficit and impact on agriculture

The fluctuation of ET, due to climate warming is expected to have important consequences because
of its association with precipitation change. Zhai and Pan (2003) showed that annual precipitation has
decreased by 30 mm in North China in the recent 50 years. In this study, a crude estimation of the
precipitation deficit (PD) was established by subtracting the monthly cumulative ETy from the monthly
cumulative precipitation (P). This approach has been used previously in agro-ecological studies of the
Arabian Peninsula (De Pauw, 2002) and Northern China (Liu et al., 2013a). Positive and negative values
indicate an excess or deficit in crop water requirements, respectively. It should be noted that PD was
estimated using the ET, and not the actual crop evapotranspiration (Harmsen et al., 2009), which makes it
only a crude estimation. The annual variation tendency and statistics of the PD are described in Table 7
under the historical period and RCP 8.5 scenario. It can be seen that a deficit in terms of crop water
requirements is detected in all four seasons (except winter) in the historical 54-year dataset. The same
behavior was observed at the scale of the entire year for both scenarios, but PD is bound to become
stronger under the RCP 8.5 scenario. The fact that there already is a deficit in spring and winter and that the
deficit seems to be increasing, a negative influence on wheat production and water resources in the area can
be expected in the future if no management changes, such as irrigation techniques, cropping pattern,
mulching, etc. are adopted (Allen et al., 1998; Olesen and Bindi, 2002). From precipitation data, ET,
estimates and accurate crop coefficients, adapted irrigation schedules could be defined and strategies could
be developed optimizing water use as well as yield. The present study gives a first hint of trends to be
expected and regions should be prioritized. A study in North China revealed that mean daily soil evaporation
from less and additional mulching was reduced by 16% and 37% for wheat production, respectively (Chen et
al., 2007b). In Spain, DOl (2002) has predicted a declining in irrigation requirements by 2020 on account of

the possibility of earlier sowing under more favorable higher temperatures. It will be necessary to develop
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feasible straw (film) mulching, regulated deficit irrigation, and soil water storage and preservation to reduce

pressure on groundwater over-exploitation, especially for winter wheat in the 3H Plain.

Table 7 Trend analysis of precipitation deficit with Mann-Kendall test and Theil-Sen’s slope estimator slope
estimator under the historical period and RCP 8.5 scenario. The units of the slope are mm decade™. The values
described in table were obtained from area-averaged precipitation deficit from 40 meteorological stations using

Theil-Sen’s slope estimator in past 54 years and future 85 years over the Huang-Huai-Hai Plain.

Spring Summer Autumn Winter Entire year
Value Value Value Value Value
Slope Slope Slope Slope Slope
(mm) (mm) (mm) (mm) (mm)
Historical -252.9 2.35 -187.6 -14.1™ 31.32 -0.19 -82.8 2.58 -492.5 18.3"
RCP 8.5 -221.1 -4.12" 18.9 -1.27 -166.7 -3.62 -65.5 -0.72" -434.4  -9.73"

6. Conclusions

This study quantified the temporal evolution of meteorological variables and their influence on
potential evapotranspiration as well as their spatial patterns over the Huang-Huai-Hai Plain, China using a
historical data set of 54 years and a high CO, emission scenario RCP 8.5 with daily time step. The historical
data set revealed a decrease of ET, over time, which was only significant in the summer and the entire year.
Spring was the only season with a positive trend of ET,. Conversely, the RCP 8.5 scenario predicted an

increase of ET, for all seasons.

We quantified the sensitivity of ET, to the different key climate factors using a sensitivity analysis based on
partial derivatives. The main controlling variable was not constant for all seasons. ET, was most sensitive to
RH in summer and autumn, whereas RS and WS were more important during spring and winter. While, a
negative trend in ETy was primarily controlled by the declining of relative humidity in both the spring and the
entire year. A negative trend in ETy was controlled by the declining of solar radiation in summer, autumn and
winter. Also under the RCP 8.5 scenario, RH remains a variable with a large influence on ET, during autumn
and over the entire year. The impact of RS and WS is also in the same direction as in the historical data set,
while the increase of RS is responsible for increment of ET in entire year. Average temperature was the
variable to which ET, was most sensitive in summer and its negative influence on ET, is predicted to
strengthen in the future 74 years. Analysis of the spatial patterns revealed that ET, has been the lowest in
the Southeast and the highest in the Northeast part of Shandong province. Altogether no distinct spatial
structure is visible in the 3H Plain in the historical data set, but the predictions using the RCP8.5 scenario

result in a northeast-west gradient with low values in the south, mainly visible in spring and summer.

The accurate estimation of ET, response to meteorological variables could be favorable for designing future
irrigation systems and agricultural production practices in the studied region. Variations in ET; in regards to

meteorological parameters and agricultural production practice should be given greater attention when
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considering the hydrological process and water management in coming decades under the effects of global

climate change, in order to avoid problems such as the over-exploitation of groundwater resources.
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As drought negatively impact agricultural production in Huang-Huai-Hai Plain of China, the objective of this
manuscript is to understand the variations of drought characteristics including drought event frequency,
duration, magnitude and severity for both historical period and future scenario, utilizing climatic drought

indices.
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1. Abstract

Understanding the potential drought characteristics under climate change is essential to reduce
vulnerability and establish adaptation strategies, especially in the Huang-Huai-Hai Plain (3H Plain), which is
the grain production base in China. In this paper, we investigated the variations in drought characteristics
(drought event frequency, duration, severity, and intensity) for the past 50 years (1961—2010) and under
future scenarios (2010—2099), based on the observed meteorological data and the RCP 8.5 projection,
respectively. First, we compared the applicability of three climatic drought indices: the Standardized
Precipitation Index (SPl), the Standardized Precipitation Evapotranspiration Index based on the
Penman—Monteith equation (SPEI-PM), and the Thornthwaite equation (SPEI-TH) to trace the recorded
agricultural drought areas. Then, we analyzed the drought characteristics using “run theory” for both
historical observations and future RCP 8.5 scenarios based on proper index. Correlation analyses between
drought indices and agricultural drought areas showed that SPEI-PM performed better than SPl and SPEI-TH
in the 3H Plain. Based on the results of SPEI-PM, the past 50 years have experienced reduced drought of
shorter duration, and of weaker severity and intensity. However, under the future RCP 8.5 scenario, drought
is expected to rise in frequency, duration, severity, and intensity from 2010—2099, although drought
components during the 2010—2039 is predicted to be milder compared with the historical conditions. This
study highlights that the estimations for atmospheric evaporative demand would bring in differences in the
prediction of long-term drought trends by different drought indices. The results of this study can help inform

researchers and local policy makers to establish drought management strategies.

Keywords: climate change, drought index, drought characteristics, Huang-Huai-Hai Plain
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2. Introduction

Drought is one of the most damaging and widespread climate extremes that negatively affect the
agricultural production, water resources, ecosystem function, and human lives around the world (Wilhite et
al. 2007; Dai 2011b). Due to the interaction of monsoon climate with the complex topography in East Asia,
China has suffered from long-lasting and severe droughts during the second half of twentieth century, which
has caused significant socioeconomic and eco-environment damages to the country (Yong et al. 2013; Yang et
al. 2015; Zhang et al. 2015a).With the projected temperature increase and change in the distribution of
precipitation, the drought risk is expected to increase further (Sillmann et al. 2013; Wang and Chen 2014)
and subsequently make crop production more uncertain. Thus, understanding the potential drought
characteristics under climate change is of prime importance for reducing vulnerability and establishing

drought adaptation strategies (Chen et al. 2014; Wilhite et al. 2014).

Several techniques have been developed to quantitatively analyze drought characteristics (Heim 2002). Some
of these are the physically based indices, such as Palmer drought severity index(PDSI) and its derivative, and
statistically based indices, such as Standardized Precipitation Index (SPI) and the Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al. 2011). These indices have been widely used in
detecting long-term drought trends under climate change at several locations around the world. The general
recognition is that drought has been intensifying around the world due to global warming in the past
decades (Allen et al. 2010; Dai 2013). However, it has been difficult to understand how droughts have
changed in China, because the findings based on the potential evapotranspiration (ET,) equations vary
among studies (Sheffield et al. 2012; Trenberth et al. 2014; Xu et al. 2015). For example, significant drying
trends were found in northern and southwestern China during the past decades, when ET, was estimated by
temperature only (Yu et al. 2014a; Wang et al. 2015a). However, when it was calculated by the
Penman-Monteith equation, whose algorithm takes more climatic variables into account, no evidence of an
increase in drought severity was found across China (Wang et al. 2015b), and even more wetting areas than
drying areas were observed in the North China Plain and Northeast China Plain (Xu et al. 2015). Subsequently,
such differences have led to confusion among scientists, policy makers, and the public (Vicente-Serrano et al.
2012). Thus, the applicability of an index should be verified prior to using it in drought analysis to obtain
results that are more realistic. Substantial divergence of applicability exists between physically and
statistically based drought indices, and difference exists even when using the same index with different ET,
estimation methods, depending on the system and location. Dai (2011a) reported that PDSI performed
better than other indices because of its physically based water balance model, but Vicente-Serrano et al.
(2011) described the advantages of statistically based indices, including SPI and SPEI and provided a
worldwide rating of the performance of PDSI, SPI, and SPEI on hydrological, agricultural, and ecological
systems (Vicente-Serrano et al. 2012). Similar comparative studies have been conducted at different locations
for different systems, such as river discharges (Zhai et al. 2010), tree-ring growth (Sun and Liu 2013), and

crop production (Xu et al. 2013), resulting in site or system specific results.
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The Huang-Huai-Hai Plain (3H Plain) is a major crop producing area in China that encompasses 19% of the
total arable land in China. However, it has experienced serious droughts and water scarcity problems in
recent years (Yong et al. 2013), which has been the limiting factor for agricultural production (Zhang et al.
2015a). Furthermore, water limitations is likely to be accentuated by increased food demand, soil quality
deterioration and over-exploitation of groundwater resources (Yang et al. 2015). Climate variability,
especially extreme climate events, such as drought, may cause fluctuation of crop yields (Lu and Fan 2013; Yu
et al. 2014b).Thus, understanding the potential variations of drought characteristics under climate change is
essential for reducing vulnerability and establishing drought adaptation strategies for agriculture in 3H Plain.
Most previous studies have primarily reported the seasonal and spatial variability of water deficiency (Yong
et al. 2013; Huang et al. 2014) and the long term drought evolutions, including dry/wet trends, spatial
distribution of drought frequency, drought affected areas, and drought duration for historical periods (Yu et
al. 2014a; Wang et al. 2015a; Wang et al. 2015b; Xu et al. 2015). However, few studies have evaluated the
performance of multi-indices on estimating drought impact and assessed drought risk for future climate

scenarios.

The objectives of this research are: (1) to evaluate the applicability of drought indices (SPI and two versions
of SPEI) in describing historical agricultural drought areas in the Huang-Huai-Hai Plain; (2) to investigate the
variations of drought characteristics, including duration, severity, and intensity for 1961—2010 and (3)
evaluation of projected drought characteristics for 2010—2099 using the RCP 8.5 climate scenario. The
results are expected to provide useful information on drought risk to decision makers and a wide range of

stakeholders interested in the occurrence and consequences of recurrent droughts.

3. Materials and methods

Study region

The Huang-Huai-Hai Plain (3H Plain) is located in northern China, extending over 31°14’ —-40°25' N
and 112°33’ —120°17' E, with 23.3 million ha of arable land (19% of the total arable land in China),
providing about 70% of national wheat production and 30% of national maize production with a dominant
winter wheat-summer maize double cropping system (Yang et al. 2015). The 3H Plain belongs to the
extratropical monsoon climatic region. The annual mean precipitation is 348.5mm with more than 70%
rainfall in July to September and the atmospheric evaporative demand is about 1000mm/year (Zhang et al.
2011). For the wheat-maize rotation system, rainfall can only meet 65% of total agricultural water demand,
and for winter wheat, only 25%—40% of water demand is satisfied by rainfall (Mei et al. 2013). The irrigation
water is primarily pumped from groundwater. However, the groundwater level has decreased from a depth
of 10m in the 1970s to 32m in 2001, and has continued to decrease at the rate of 1m per year (Zhang et al.
2005). Thus, drought in this region not only challenges food supplies, but also results in a series of

environmental problems. The 3H Plain can be divided into six sub-regions (see Li et al.,, 2015 for detail

64



Chapter /ll. Spatiotemporal variation of drought characteristics under the climate change scenario

information) in terms of climate conditions and agricultural management practices (Figure 17).
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Figure 17 Location of the Huang-Huai-Hai Plain and the meteorological stations used in this study. ( I : Piedmont
plain-irrigable land Zone; II: Coastal land-farming-fishing area; III: Low plain-hydropenia irrigable land and dry

land; IV: Hill-irrigable land and dry land; V : Basin-irrigable land and dry land; VI: Hill-wet hot paddy-paddy field).

The map on the top right corner describes the location of Huang-Huai-Hai Plain in China. Climate data

Historical data covering a period of 50 years (1961—2010) and the interpolated future drought
characteristics for the next 90 years (2010—2099) were used in this study. Historical meteorological data
(maximum & minimum temperature, wind speed, relative humidity, and daily sunshine duration) for 45
weather stations (Figure 17) were obtained from the China Meteorological Administration (CMA). Future
climate data was simulated using the RCP8.5 emission scenario of the HadGEM2-ES climate model, which
assumes that the greenhouse gas emission continues to increase at the present rate. This dataset has been
used for assessing potential effects of drought on winter wheat yield (Leng et al. 2015) and its vulnerability

and adaptive capacity in the 3H Plain (Li et al. 2015).

Drought area data

Several previous studies have used crop yield data to verify the regional performance of drought
indices (Vicente-Serrano et al. 2012; Ming et al. 2015; Potopova et al. 2015; Zhang et al. 2015b). However, in
order to evaluate yield variability due to climate fluctuations alone, yield data should be detrended to
remove the effect of agricultural technology improvements, such as better fertilizer application, new crop

varieties, and better tillage practices (Yu et al. 2014b; Potopova et al. 2015). Similarly, it is difficult to
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determine how much yield is affected by drought. Thus, in this study, we used drought area data to verify the

performance of SPI, SPEI-TH, and SPEI-PM.

The drought area data, including the Drought-Induced Areas (DIA), Drought-Affected Areas (DAA), and Lost
Harvest Areas (LHA) were obtained from the disaster database of Department of Plantation, Ministry of
Agriculture (http://www.zzys.moa.gov.cn/). The DIA, DAA, and LHA represent the arable areas with yield
losses caused according to the recorded data by drought at 10%, 30%, and 70%, respectively. Thus, they
actually reflect the cumulative effect of drought on harvest yield for the whole growing season of winter
wheat and summer maize (the agricultural pattern is winter wheat and summer maize rotation system in the
3H Plain), and not the conventional ‘drought area’ that measures the cover range of a certain drought event.
The disaster database embodies provincial scale disaster data since 1949. However, considering the data's
integrity and usability, data of DIA from 1971—2013, DAA from 1970—2012, LHA from 1982—2013 of Henan,

Hebei, and Shandong provinces were considered.

Calculations of drought indices

The performances of SPI and the two versions of SPEI in describing historical agricultural drought
areas were evaluated. The SPI (McKee et al. 1993) is the number of standard deviations of the standardized
normal distribution transformed from the precipitation (P) series, while the SPEI (Vicente-Serrano et al. 2010)
follows the same procedure but it is the difference of the precipitation (P) and the potential
evapotranspiration (ET,) series. To compute the indices, the probability density function of P sums series or P
minus ET, sums series for a desired scale was estimated, which was then transformed to a normal
distribution. As a result, the value of SPI or SPEI can be constructed as a split line that separates the standard
normal distribution. The main strength of SPI and SPEI is that it can be calculated for any timescale (Heim
2002), which represent the cumulative impact of drought for different time periods (Hayes et al. 2011). The
SPI depends only on precipitation data, which makes it popular and easy to implement around the world. The
SPEI takes into account the atmospheric evaporation demand (i.e., ETy), which makes it suitable for drought
analysis under climate change (Vicente-Serrano et al. 2012). In the original version of SPEI, the
evapotranspiration was estimated by the Thornthwaite equation, which only considers temperature.
However, the Penman-Monteith method is widely accepted as the most physical and accurate estimation of
ET, as it includes the effects of temperature, wind speed, relative humidity, and solar radiation (Chen et al.
2005; Sentelhas et al. 2010). Thus, we calculated the SPI and SPEI using the Thornthwaite (SPEI-TH) and

FAO-PM equations (SPEI-PM) to compare their correlation with the observed agricultural drought areas.

The SPI and two versions of SPEI (SPEI-TH and SPEI-PM) were calculated utilizing the R package of SPElI,
developed by Begueria et al. (2014). Since SPI and SPEI are both standardized, their values should have the
same statistical meaning, and therefore should be comparable. Thus, the same threshold as shown in Table 8

was used to classify the drought conditions.
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Table 8 Drought classifications based on Standardized precipitation index (SPI) and Standardized

precipitation-evapotranspiration index (SPEI)

Drought classes Probability (%) Index value
Extreme wet 2.3 =2.0
Very wet 4.4 1.5—-2.0
Moderate wet 9.2 1.0—15
Near normal 68.2 -1.0—1.0
Moderate dry 9.2 -1.5—-1.0
Severe dry 4.4 -2.0—-1.5
Extreme dry 2.3 <-2.0

Drought identification using run theory

The ‘run theory’ (Figure 18) proposed by Yevjevich (1967), which has been applied frequently to time
series of anomalous hydrologic events, was used to identify drought components and investigate their
statistical properties (Mishra and Desai 2005; Nam et al. 2015). A run or a drought event is defined as a
consecutive sequence of months (t) with drought indices values, X, less than a chosen threshold, X,. A
drought event is characterized by the following components, which can be used for mathematical analysis of
drought. Drought initiation time (T,) is the onset month of a drought event. Drought termination time (Te)
represents the date when the water shortage becomes sufficiently small so that the drought no longer
persists. Drought duration (D) is the time period between the initiation and termination of a drought.
Drought severity (S) is obtained by the cumulative deficiency of the drought parameter below the critical

level. Drought intensity (1) is calculated as the ratio of the drought deficit volume and the drought duration.

X[AL

2

Drought index

T

X¢=Threshold Value, T,=Drought initiation time, T.=Drought termination time
D=Duration, S=Severity (Sum of Deficit), I=Intensity=S/D

/

Drought events

v

Figure 18 Drought characteristics identification using the run theory (According to Yevjevich 1967). In our study,
three drought indexes were selected followed by Standardized Precipitation Index (SPI) and two versions of the

Standardized Precipitation Evapotranspiration Index (SPEl), SPEI-TH and SPEI-PM.
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4. Results

Selection of preferable drought index

As shown in Figure 19, drought areas have declined since the 1970s. Particularly, the DIA of all the
provinces has decreased significantly (P<0.001). However, the DAA of the three provinces shows insignificant
decline, but are still at lower levels after 2003. The LHA of Henan (Figure 19-A3) and Shandong (Figure 19-C3)

decreased significantly (P<0.05), while it was not significant for the Hebei province (Figure 19-B3).
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Figure 19 The series of drought area of Henan, Hebei, and Shandong Province. A, Henan province; B, Hebei
province; C, Shandong province. 1, drought-induced areas (DIA); 2, drought-affected areas (DAA); 3, lost harvest

areas (LHA). The dotted line is the linear trend line.

The Pearson correlation coefficients (r) between monthly drought index series at 1—12 timescales and the
agricultural drought areas in Hebei (HB), Henan (HN), and Shandong (SD) provinces, obtained from the
Ministry of Agriculture for historical years, are summarized in Figure 20. It shows that the absolute value of
Pearson's r increased from January to December with the increase in timescale. Thus, a 12-month SPEI-PM at
the end of December in the Huang-Huai-Hai Plain could capture the overall yearly dry conditions, which
would reduce the crop yield. Table 9 compares the Pearson's r between SPI, SPEI-PM, and SPEI-TH in
December at 12-month scale. The SPEI-PM gave higher Pearson’s r values than the SPI and SPEI-TH,
compared with the Ministry of Agriculture estimates of DIA, DAA, and LHA. For example, the median to high
correlation between Lost Harvest Areas (LHA) and SPEI-PM in Hebei was -0.74, which was higher than that of
SPI (-0.60) and SPEI-TH (-0.58) in 1981-2010. Thus, SPEI-PM was considered to be a proper index for drought

analysis in the 3H Plain.
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Figure 20 Pearson correlation coefficients between the monthly SPEI-PM series and the drought-induced areas,
drought-affected areas, and lost harvest areas at 1-12month scales. Pearson correlation method comes from the

literature reported by Ahlgren et al. (2003).
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Table 9 Comparison of Pearson's r between SPEI-PM, SPEI-TH, and SPI at 12-month scale. Pearson correlation
method comes from the literature reported by Ahlgren et al. (2003). (DIA, drought-induced areas; DAA,

drought-affected areas; LHA, lost harvest areas; HB, Hebei province; HN, Henan province; SD, Shandong province)

Province Classification DIA DAA LHA
SPEI-PM -0.54 -0.73 -0.74

HB SPEI-TH -0.26 -0.65 -0.58
SPI -0.44 -0.73 -0.60

SPEI-PM -0.48 -0.64 -0.58

HN SPEI-TH -0.29 -0.58 -0.45
SPI -0.44 -0.64 -0.56

SPEI-PM -0.75 -0.81 -0.78

SD SPEI-TH -0.57 -0.70 -0.71
SPI -0.68 -0.76 -0.74

Drought characteristics over the past 50 years

Historical drought evolution

The drought/wet evolutions computed by SPEI-PM at 1—24-month scales is depicted for the six
sub-regions of 3H Plain during 1961—2010 (Figure 21). The horizontal axis represents month series from
January 1961 to December 2010, while the ordinate is the timescales from 1—24. By utilizing the single
diagram, the temporal trends of the severity and duration of the drought indices and the development of the
drought/wet stress conditions from 1 to 24 timescales over the past 50 years can be easily identified.
Furthermore, the characteristics of drought occurrences in different regions can be compared. According to
Figure 21, the moderate (<£-1.0) drought appeared broken in 1965—1970, 1980—1985, and 2000—2005 for
all sub-regions. However, the severe drought s(<-1.5) occurred primarily before the 1970s. Furthermore, after
the severe to extreme wet period at around 1965, moderate-to-severe dry conditions occurred in all regions
from 1965 t01970. Particularly, sub-regions five and six (Figure 21-E-F) experienced extreme dry conditions

during this period.

70



Chapter /ll. Spatiotemporal variation of drought characteristics under the climate change scenario

A Sub-region 1 B Sub-region I
24 - . 24
21 21 )
18 L 18 1 |
= 15 ‘ =15
2 o
312 ‘ 3 12 [
£ =
e 9 ‘ = 9 |
I | | ]
6 . 60 - d
N ) . | g : ! '
il - v . A A a
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
C 5 Sub-region Il D . Sub-region IV
21
312 &
£ g
610 | ' '
j 1% ‘ il \ . a p 2. .09
3 - V| . a ! 2 [ [ ! ’ &8 A
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
E Sub-region V F Sub-region VI
24 24 -
21 ' ) 21 !
18 ') I8
L B J =15 '
5 S
8121 312
E ' E ‘
6 . ’ L . y 6 } ’ Ve
2 i ) 8 ‘
I ! . L & J I a i i \ , i
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
2-15-1-050 051 1.5 2

Figure 21 Spatio-temporal evolution of the SPEI-PM series indicating the development of drought from 1 to 24

month scales at 6 sub-regions during 1961—2010. These maps were obtained with the surfer software.
Temporal variation of historical drought characteristics

The changes in the number of total drought events was available for 45 meteorological stations at
multiple timescales under historical periods and they were divided into the 1960s, 1970s, 1980s, 1990s, and
2000s (Table 10). A drought event was counted according to the ‘run theory’ (Figure 18). The threshold
values are shown in Table 8. Drought events were categorized into two types: above-moderate drought
events(hereinafter AM event) whose threshold was<-1.0 and above-severe drought events(hereinafter AS
event) whose threshold was<-1.5. The ratio of AS events to AM events was also calculated to indicate
changes in drought severity. An AM event includes all kinds of drought while an AS event includes more
severe drought. In AM events, no significant trends were detected from 1960s to 2000s for all timescales
(Table 10). AM events happened infrequently in the 1960s and 2000s. However, the AS/AM ratio in the 1960s
was found to be the highest with a gradual decrease toward the 2000s for different timescales. In the case of
SPEI-PM of 6-month, the ratio decreased from 72.8% in the 1960s, to 51.0% in the 1970s, to 37.8% in the
1980s, and then to 35.5% in the 2000s. Thus, total drought events showed no significant tendency over the

historical period, but drought events with more severity decreased gradually from the 1960s to 2000s.

Table 10 Temporal variations in the number of drought events. AM events included all dry degree events, while

AS events are for dry events more than severe degree. Numbers in parentheses are the ratio of AS events to AM
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events in percentage.

Classification 1960s 1970s 1980s 1990s 2000s
AM event 610 741 628 717 560
1-month
AS event 344(56.4) 298(40.2) 159(25.3) 270(37.7) 194(34.6)
AM event 380 456 425 407 361
3-month
AS event 227(59.7) 202(44.3) 148(34.8) 189(46.4) 168(46.5)
AM event 224 296 328 315 262
6-month
AS event 163(72.8) 151(51.0) 124(37.8) 165(52.4) 93(35.5)
AM event 122 142 188 187 148
12-month
AS event 97(79.5) 65(45.8) 71(37.8) 102(54.5) 67(45.3)
AM event 77 108 151 101 111
24-month
AS event 63(81.8) 48(44.4) 73(48.3) 50(49.5) 59(53.2)

Drought event changes might not represent the changes of other drought characteristics due to the

association between drought duration, severity, and intensity. The average drought duration or severity was

calculated as the average duration or severity for all drought events (SPEI-PM<-1.0). The average drought

duration for almost all timescales decreased with fluctuations from the 1960s to the 2000s (Figure 22-A).

Compared with the 1960s, the average drought duration in the 2000s decreased by 16.7% for the 1-month

timescale, 25.7% for the 3-month timescale, 37.0% for the 6-month timescale, 37.2% for the 12-month

timescale, and 33.5% for the 24-month timescale. Drought severity also decreased from the 1960s to 2000s

(Figure 22-B). Compared with the 1960s, average drought severity in the 2000s decreased by 38.8% for the

1-month timescale, 44.5% for the 3-month timescale, 64.8% for the 6-month timescale, 66.2% for the

12-month timescale, and 54.9% for the 24-month timescale.

b=

Drought Duration

o]

Drought Severity

L . -
- EFmmmmmmn -7
r M
— T - — _— a
1960s 1970s 1980s 1990s 2000s

—e— 24-month
---8&--- 12-month
—— 6-month
---#--- 3-month
—— |-month

1960s

1970s 1980s

1990s 2000s

Figure 22 Temporal changes in average drought duration (A) and drought severity (B) for all drought events during
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1961—2010.

The average drought intensity for all drought events for each decade shows decreased drought intensity from
the 1960s to 2000s (Table 11). For all timescales, drought intensity in the 1960s was strongest during the past
50 years, while the weakest occurred during the 1980s. Compared with the 1960s, the drought intensity in
the most recent 10 years was reduced by 23.4% for the 1-month timescale, 17.8% for the 3-month timescale,

37.5% for the 6-month timescale, 49.1% for the 12-month timescale, and 32.5% for the 24-month timescale.

Table 11 Temporal changes in average drought intensity for all drought events in 1961—2010

Timescales 1960s 1970s 1980s 1990s 2000s
1-month 0.47 0.43 0.34 0.41 0.36
3-month 0.45 0.36 0.3 0.35 0.37
6-month 0.48 0.37 0.28 0.36 0.3
12-month 0.53 0.29 0.23 0.28 0.27
24-month 0.4 0.26 0.22 0.27 0.27

Drought prediction for 2010—2099 under RCP 8.5 scenario

Drought evolution under future climate change

The drought evolution map of multi-scale SPEI-PM is shown in Figure 23 for six sub-regions during
2010—2099. Visual comparison of drought maps within each sub-region showed a tendency toward greater
drought conditions through 2100. In the 2025s (2010—2040), particularly in the second half of 2020—2030,
all regions were mainly characterized by longer wet events. The severe dry event (SPEI-PM<-1.5) during this
period can only be found between 2030—2040 with a short dry event for sub-region [ to IV (Figure 23 -A-D).
In the 2055s (i.e. 2040—2070), except for sub-region VI (Figure 23 -F) and the end of 2060—2070, longer
drought event is predicted to occur frequently, particularly during 2050—2060. In the 2085s (i.e.
2070—2100), drought event is expected to occur persistently with higher frequency and longer duration
during 2070—2080 for region IV to VI (Figure 23 -D-F) and the end of 2080—2090 for all regions. The main
wet years were projected in the middle of 2070—2080 for sub-regions [ to III (Figure 23 -A-C) and the last
ten years for sub-regions [ to V (Figure 23 -A-E).
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Figure 23 Spatio-temporal evolution of the SPEI-PM series indicating the development of drought from 1 to 24

month-scales at 6 sub-regions under the RCP 8.5 scenario. These maps were obtained with the surfer software.

Temporal variation of future drought characteristics

Table 12 Drought events changes for future weather scenario using the RCP 8.5 climate scenario. AM events
represent all dry events while AS events are for severe dry events. Numbers in parentheses are the ratio of AS

events to AM events in percentage.

e RCP8.5
Classification 1981—2010
2025s 2055s 2085s

AM event 1905 1321 2170 2242
SPEI-PM1

AS event 623(32.7) 360(27.3) 941(43.4) 1183(52.8)

AM event 1193 832 1371 1430
SPEI-PM3

AS event 505(42.3) 227(27.3) 645(47.0) 825(57.7)

AM event 905 605 981 1015
SPEI-PM6

AS event 382(42.2) 136(22.5) 483(49.2) 596(58.7)

AM event 523 317 477 530
SPEI-PM12

AS event 240(45.9) 72(22.7) 251(52.6) 338(63.8)

AM event 363 217 340 464
SPEI-PM24

AS event 182(50.1) 47(21.7) 198(58.2) 334(72.0)

Changes in the drought events were compared between the three 30-year periods centered on 2025,
2055, and 2085 under the RCP8.5 climate scenario and the recent (1981-2010) historical period (Table 12).
Both the AM and AS events were predicted to be lower in the 2025s than in the historical period
(1981-2010), indicating a lower drought frequency in the first 30 years in the future. Taking SPEI-PM3 as an
example, the drought event in the 2025s was projected to be 30.3% (AM event) and 55.0% (AS event) lower
compared with the historical standard. However, the frequency of drought events was predicted to

continuously increase in the 2055s and 2085s for all time scales and surpasses that of the 1981—2010
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periods. In the case of the SPEI-PM6, compared with the historical period (1981—2010), the results indicated
an increase in moderate dry events in the 2055s and the 2085s at the rate of 8.4% and 12.2%, respectively.
The ratio of AS events to AM events also showed an increasing trend in the RCP8.5 scenario. For example,
the ratio increased from 50.1% in 1981—2010 to 72% in the 2085s for the 24-month timescale, indicating 72%

of the drought events in the 2085s are expected to be intense than the severe drought.

Evolution of the duration and severity for all drought events under historical (1981—2010) and future RCP8.5
scenario periods (2010—2099) are shown in Figure 24. Compared with the historical period, the drought
duration and severity are predicted to be shorter and weaker in the 2025s, which is similar to past drought
events. However, drought duration and severity shows an increasing trend from 2025s to 2085s for all time
scales (Figure 24). Compared with the 2025s, the highest increasing rate for drought duration and drought
severity in the 2085s is 62.2% (12-timescale) and 188.1% (24-timescale), respectively.
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Figure 24 Temporal changes in average drought duration (A) and severity (B) for all drought events under RCP 8.5

scenario. The “obs” indicates the period of 1981—2010.

As shown in Table 13, drought is projected to become more severe in the 2085s. Compared with the 2025s,
the intensity was found to be 43.3% (1-month), 61.5% (3-month), 62.5% (6-month), 86.3% (12-month), and
100% (24-month) higher in the 2085s. Similarly, the average drought intensity during the 2025s was
projected to be lower than the historical period. Based on these results, while drought components, such as
the number of event, duration, and severity tends to be lower in the 2025s, drought risk is predicted to
intensify in the 2055s and 2085s, and will be severe in the 2055s and 2085s compared with the historical

standards.
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Table 13 Temporal changes in average drought intensity for all drought events in 2025s, 2055s, and 2085s under
RCP 8.5 scenario

. RCP 8.5 scenario
Timescales 1981—2010

2025s 2055s 2085s
1-month 0.37 0.32 0.42 0.46
3-month 0.34 0.26 0.39 0.42
6-month 0.31 0.24 0.33 0.39
12-month 0.26 0.22 0.27 0.41
24-month 0.25 0.17 0.24 0.34

5. Discussion

Trend variations between different drought indices

This work has shown that drought characteristics, including duration, intensity, and severity have
become moderate over the past 50 years in the 3H Plain based on the verified SPEI-PM index. These results
are inconsistent with the previous studies, where northern China was shown to have experienced a
warm-drying trend (Yu et al. 2014a; Wang et al. 2015a). This inconsistency is likely due to the use of different
indices in previous studies and especially due to the variation in estimating potential evapotranspiration (ETo)
for different indices. For example, PDSI_TH has detected global drying trends in the past decades (Dai 2013;
Nam et al. 2015). However, some studies have evaluated the use of PM equation to calculate drought indices
and concluded that drought has changed little globally (Sheffield et al. 2012) in China in the past decades
(Wang et al. 2015b). To understand the variations between different drought indices in the 3H Plain, the
Mann-Kendall trend test using the significant level of a=0.1 and a=0.05 was performed on annual mean SPI,
SPEI-TH, and SPEI-PM of 3-month scale for the historical period (Figure 25) and the future RCP8.5 scenario
(Figure 26). Stations marked with red inverted triangles in both Figure 25 and Figure 26 are significantly

drying areas, and stations marked with blue triangles are significantly wetting areas.
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Figure 25 Trend variations of annual SPI-3 (A), SPEI-TH3 (B), and SPEI-PM3 (C) according to Mann-Kendall test and
Theil-Sen’s slope estimator.in the 3H Plain during 1961—2010. These maps were obtained with the Arcgis

software.

In general, the drought trend detected by SPI was driven by precipitation (McKee et al. 1993), while SPEI
depends on both precipitation and ET, (Vicente-Serrano et al. 2010). For the historical period, precipitation
decreased insignificantly by 1.01mm-y* (Table 14). ET,-TH gave an increase in ET, at 1.32mm-y™, which
further increased water shortages. However, ET;-PM decreased by 2.11mm-y", which made up for
decreasing precipitation. Thus, SPI and SPEI-TH showed a drying trend over the 3H Plain (Figure 25-A-B),
while the SPEI-PM showed slightly wetter conditions (Figure 25-C). While precipitation is expected to
increase by 1.88 mm-y™ in the future period, the amplification of ET, by both TH and PM equations
counteracted this positive increase in precipitation (Table 14). Thus, SPI predicted wetter conditions in the
future period (Figure 26-A). However, SPEI-TH and SPEI-PM predicted that almost all meteorological stations
would experience significant drying trends (Figure 26-B—C), except for the southwest regions where SPEI-PM
showed an insignificant trend. Thus, for 3H Plain, even if the index takes an account of ET, (comparing SPI
and SPEI) and how ETj is estimated (comparing SPEI-TH and SPEI-PM), it introduces differences in predicted
drought trends. Drought hazard assessment should understand these differences and the index being chosen

for drought studies should be explained and verified to justify the selected index.

Table 14 Annual trend of precipitation and potential evapotranspiration (ETo_PM and ET,_TH) and four major
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climatic variables using Mann-Kendall test and Theil-Sen’s slope estimator. *and ** represent significant level at

P<0.05 and P<0.01, respectively.

Items Historical period (1961—2010) RCP8.5 scenario (2010—2099)
Precipitation (mm y ) -1.01 1.88
ETo_TH (mmy™) 1.327 6.84
ETo_PM (mmy™) 2117 3.58"
Daily temperature (‘C 10 y™) 0.24" 0.77"
Relative humidity (% y™) -0.05° -0.05*
Wind speed (ms™y™) -0.01" -0.00"
Net solar radiation (M)J m™ v -12.12** 5.19**
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Figure 26 Trend variations of annual SPI-3 (A), SPEI-TH3 (B), and SPEI-PM3 (C) in the 3H Plain using Mann-Kendall
test and Theil-Sen’s slope estimator under future climate change (2010—2099). These maps were obtained with

the Arcgis software.

Applicability of drought index

In this study, the applicability of SPI, SPEI-TH, and SPEI-PM was verified based on observed
agricultural drought areas data in the 3H Plain. We found that SPEI-PM has higher correlation level with
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historical drought area data. However, it does not mean that SPEI-PM would have the same applicability in
other locations or systems. Remarkably, the best drought index for detecting impacts as a function of the
analyzed system and the performance of the drought indices varied spatially (Vicente-Serrano et al. 2012).
For example, the SPI is found to be well correlated with runoff anomaly in China (Zhai et al. 2010), while SPEI

is better for hydrological application in western Canada.

For agricultural drought assessment, studies comparing the performance of several drought indices, like the
ones evaluated in ours and previous studies, would be preferable to determine the best drought index for
identifying a certain drought type and its impacts on agricultural systems. Nevertheless, the variable that
could better reflect the drought impact for the analyzed system is of considerable importance. In this study,
the observed drought area data was used to evaluate the applicability of drought index for agricultural
application. Several previous studies (Vicente-Serrano et al. 2012; Potopova et al. 2015; Labudova et al. 2016)
have used detrended yield (or climatic yield), by applying the first-difference or a linear regression model to
eliminate the effects of technology change influence from actual crop yield, in order to assess the
applicability of drought index. However, the reality of these studies were based on the hypothesis that yield
fluctuations are mostly attributed to water stress, and agricultural technology is changed linearly (Yu et al.
2012).

Additionally, the comparison between SPEI-PM and SPEI-TH indicated that the way potential
evapotranspiration is estimated would make differences in drought applicability and long-term drought trend.
This difference has been found in other places of China (Wang et al. 2015b; Xu et al. 2015; Zhang et al. 2015b)
and around the world (Sheffield et al. 2012; Begueria et al. 2014). The Thornthwaite (TH) and
Penman-Monteith (PM) are widely used in drought index algorithm. The TH model used for computing
potential evapotranspiration in drought assessment is popularly used due to its simplicity and less data
requirements (only temperature), such as in original SPEl and PDSI indices. Chen et al. (2005) concluded that
the TH method overestimates ET, in southeast China where ET, is low, and underestimates in the northern
and northwest parts where ET, is high when compared to pan data, and it does not follow the temporal
variation well. Instead, PM equation is the most reliable estimation and is recommended by the FAO to
calculate crop water requirements(Allen et al. 2005). Thus, looking at the better applicability of SPEI-PM and

estimation results, we recommend using Penman-Monteith equation to calculate drought index in 3H Plain.

6. Conclusion

The drought characteristics was investigated using “run theory” for both historical and future climate
change under RCP 8.5 scenario in the 3H Plain based on the preferable drought index, i.e. SPEI-PM, selected

among SPI and SPEI-TH. The results can be summarized as follows:

(1) In Huang-Huai-Hai Plain (3H Plain), SPEI based on FAO-56 Penman-Monteith (PM) formula, i.e. SPEI-PM, is
more suitable for agricultural drought impact analysis as it has higher correlation coefficients with historical

drought area data than SPI and traditional SPEI.
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(2) Based on calculations using the SPEI-PM, although total drought events showed no significant tendency
over the historical period, the decreasing potential evapotranspiration reduced the drought duration,

severity, and intensity from the 1960s to the 2000s.

(3) Compared with the historical period, drought characteristics, including the frequency, duration, severity,
and intensity tend to be lower in the first thirty years in the future RCP 8.5 scenario. However, it is predicted
to be intensified in the 2055s and the 2085s, and will become very serious by historic standards after the

2055s.
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The following objectives will be addressed in this research: (1) an investigation of the trends of irrigation
requirements over 12 selected locations during the last 35 years; (2) the evaluation of the potential impact
of drought on the winter wheat yield using DSSAT; and (3) the establishment of the probability distribution
of the yield reduction of 12 typical sites over the Huang-Huai-Hai Plain. The results are expected to provide
basic information for drought management and the rational irrigation of winter wheat on the 3H Plain by

focusing on the potential effects of drought in the critical growth stages of winter wheat.
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1. Abstract

The Huang-Huai-Hai Plain (3H Plain) is recognized as a major crop-producing area that encompasses
19% of the total arable land in China and has experienced serious droughts and water scarcity problems in
recent years. In this paper, the potential impacts of drought on wheat yield were determined at twelve
stations representing different locations on the 3H Plain. The CERES-Wheat model is used to simulate the
effects of a designed irrigation schedule on wheat yield. The cumulative probability of the yield reduction
rate during the jointing to heading stage and the filling stage was investigated to determine the impacts of
drought on the wheat yield during these two critical water demand periods. The results indicated that a
significant gap between the actual and potential yields is seen, which can be attributed to the water stress
and changes in the management inputs. The yield reduction rate for wheat was much larger during the
jointing to heading stage than in the filling stage, with spatial variability due to the different meteorological
conditions over the plain. The yield reduction rate under the same drought condition was much higher
during the jointing to heading stage than in the filling stage. The cumulative probability of the yield reduction
rate was higher during the jointing to heading stage in the north region than in the south region. The
findings from this study provide basic information for drought management and the rational irrigation of
winter wheat on the 3H Plain by focusing on the potential effects of drought during the critical growth stages

of winter wheat.
Keywords:

Huang-Huai-Hai Plain; CERES-Wheat model; simulated yield; drought; critical grow periods
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2. Introduction

Drought is one of the most damaging and widespread climate extremes, negatively affecting
agricultural production, water resources, ecosystem function and human lives around the world (Dilley et al.
2005, Wilhite et al. 2007, Dai 2011). In China, drought has had large impacts on agricultural production,
seriously challenging the sustainability of the food supply and security. Additionally, with projected
increasing temperatures and changing precipitation distributions, the drought characteristics are expected
to change (Sillmann et al. 2013, Wang et al. 2015, Liu et al. 2017) and subsequently make crop production
levels more uncertain. The Intergovernmental Panel on Climate Change (IPCC) has reported that the period
of 1980—2012 was the hottest period in the past 1400 years, with the global temperature increasing by
approximately 0.85 °C totally (Gray 2010). Although the enhanced atmospheric CO, level will increase the
rate of photosynthesis, the adverse impacts resulting from the increasing temperature and changing water
availability will probably outweigh the advantages of the higher CO, concentration (Wassmann et al. 2009),
especially if the average temperature increases by more than 3 °C (Attri and Rathore 2003). Researchers
have already reported a decline in the productivity of wheat due to an increase in the temperature in China
(Kouadio et al. 2015, Yang et al. 2014, Wilcox and Makowski 2014).

The Huang-Huai-Hai Plain (3H Plain) is a major crop producing area in China that encompasses 19% of the
total arable land in China and has experienced serious droughts and water scarcity problems in recent
years(Yong et al. 2013), representing the limiting factor for agricultural production (Zhang et al. 2015). Water
limitations will likely be exacerbated in the future by increased food demand, soil quality deterioration and
the over-exploitation of groundwater resources (Yang et al. 2015). Climate variability, especially extreme
events such as drought, may result in a fluctuation of crop yields (Lu and Lan 2013, Yu et al. 2011). Thus,
understanding the potential impact of drought on crop yields is necessary to reduce the vulnerability of the

current food production and establish mitigation strategies for agriculture in the 3H Plain.

Conventionally, earlier studies have focused on the yield reduction for winter wheat due to water stress
during the critical stage of water demand (Lv et al. 2007a, Wu et al. 2002). Furthermore, the impact of
drought on the crop yield was evaluated in a manually controlled water supply field and using a computer
simulation experiment at a single station to support the irrigation practice. However, less research has
evaluated the DSSAT model’s performance in estimating the drought risk and drought impact on crop yield
at typical growth stages. Drought is widely accepted to be the most serious agricultural meteorological
disaster in the Huang-Huai-Hai Plain (Wang et al. 2016). Accordingly, there is an urgent demand for
conducting a study to analyze and evaluate the effects of drought that lead to crop yield reductions in areas

of limited water resources.

DSSAT has been widely used for yield gap analysis, decision making and planning, strategic and tactical
management decisions and climate change studies in Asia (Singh and Thornton 1992, Jalota et al. 2014,
Pathak et al. 2003, He et al. 2013). The following objectives will be addressed in this research: (1) an

investigation of the trends of irrigation requirements over 12 selected locations during the last 35 years; (2)
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the evaluation of the potential impact of drought on the winter wheat yield using DSSAT; and (3) the
establishment of the probability distribution of the vyield reduction of 12 typical sites over the
Huang-Huai-Hai Plain. The results are expected to provide basic information for drought management and
the rational irrigation of winter wheat on the 3H Plain by focusing on the potential effects of drought in the

critical growth stages of winter wheat.

3. Materials and methods

Study region and data description

Study region

The Huang-Huai-Hai Plain (3H Plain) is located in northern China, extending over 31°14'—40°25'N
and 112°33'—120°17°E, with 23.3 million ha of arable land (19% of the total in China), providing
approximately 70% of the national wheat production and 30% of the national maize production with a
dominant winter wheat-summer maize double-cropping system (Yang et al. 2015). The 3H Plain belongs to
the extratropical monsoon climatic region. The annual mean precipitation is 348.5 mm, with more than 70%
falling in July to September, and the atmospheric evaporative demand is approximately 1000 mm/year
(Zhang et al. 2011a). For the wheat-maize rotation system, rainfall can only meet 65% of the total
agricultural water usage, and for winter wheat, only 25% — 40% of the water demand is satisfied by rainfall
(Mei et al. 2013). Irrigation water is primarily pumped from groundwater, and the groundwater level has
decreased from a depth of 10 m in the 1970s to 32 m in 2001 and has continued to decrease at a rate of 1 m
per year (Zhang et al. 2015). Thus, drought in this region not only challenges food supplies, but it also results

in a series of environmental problems.
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Figure 27 Location of the 12 agrometeorological stations in this study. The upper blue line is Hai River and the

middle, below blue one is Yellow and Huai River, respectively. The meteorological stations were selected based

on data accessibility and the principle of uniform distribution in six agricultural sub-regions over the

Huang-Huai-Hai plain.
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Table 15 Information of selected twelve stations in Huang-Huai-Hai Plain. The values described in this table were
average data for precipitation, temperature and solar radiation during the winter wheat growing period in

1981-2010.

o Solar radiation
Precipitation

Station Longitude Latitude Location Temperature (°C) >
(mm) (MJIm™)
Mi Yun 116°17 39°56' North 213.2 7.9 3684.8
Tianlin 117°43' 39°03' North 192.6 9.5 3760.8
Luan Cheng 114°25’ 38°02' West 180.0 10.3 3748.7
Nan Gong 115°23’ 37°22' Central 178.2 10.5 3922.1
Yan Zhou 116°51' 35°34’ Central 270.9 10.6 3893.9
Wei Fang 119°11' 36°45’ East 233.8 9.6 3997.1
Lin Yi 118°21' 35°03’ East 324.1 10.9 3993.6
Xin Xiang 113°53’ 35°19’ West 215.6 11.6 3769.3
Zhu Ma Dian 114°01’ 3% South 470.0 12.3 3606.3
ShangQiu 115°40’ 34°27' Central 315.1 11.5 3650.6
Xu Zhou 117°29’ 34°17’ Central 369.7 11.8 3859.7
Shou Xian 116°47' 32°33' South 509.6 12.3 37783

Meteorological data

The daily weather data, including precipitation (mm), maximum and minimum temperatures ('C),
wind speed (m/s), relative humidity (%) and sunshine hours (h), recorded at meteorological observatories
located in the region were collected from the China Meteorological Administration (CMA). The district wheat

yield data were collected from the Directorate of Wheat during the study period.

Methodology

Calculation of precipitation deficit for winter wheat

In this study, the simulated irrigation amount was confirmed according to the practical situation and
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the precipitation deficit (PD) during the jointing to heading stage and the anthesis to milk stage.
PD = P, — ET, Formula 14

where ET, is the accumulative water requirement for winter wheat (mm) and P, is the accumulative effective

precipitation (mm).

Effective precipitation (P.) is the amount of precipitation that is actually added and stored in the soil. During
drier periods less than 5mm of daily rainfall would not be considered effective, as this amount of

precipitation would likely evaporate from the surface before soaking into the ground (Smith 1992).

e

P(4.17-0.2P)/4.17 P <8.3
= Formula 15
4.17+0.1P P>83

where P, is the daily effective precipitation (mm/d), P is the daily precipitation.The crop coefficients vary
between different crops and regions. In addition, they change based on the growing stage of the crop. In this
study, the winter wheat coefficient was developed by the FAO, and a daily wheat coefficient can be obtained

in relation to the climatic conditions for the phenological phases for winter wheat(Allen et al. 1998).

The irrigation schedule can be drawn through the investigation of the water consumption in different
irrigation systems to make an appropriate irrigation programme under climate change (Cabelguenne et al.
1997, Santos et al. 2000). The simulated irrigation schedule was designed with four treatments in this study
according to the practical situation on the basis of the same or other cultivation management measures. As
shown in Table 16, CK is the treatment of full irrigation or no water stress and T1, T2, and T3 are the
treatments with instead of no irrigation during the jointing and heading stage, filling stage and both stages,

respectively.

Table 16 Simulated irrigation schedules based on fixed dates and precipitation deficit. PD1 indicates precipitation

deficit at jointing to heading stage. PD2 indicates precipitation deficit at filling stage.

Irrigation volume in winter Irrigation volume at jointing stage Irrigation volume at filling stage
Treatment
(mm) (mm) (mm)
CK 60 PD1 PD2
T1 60 0 PD2
T2 60 PD1 0
T3 60 0 0

Crop model description

Crop models can be used to analyse the effects of various climatic factors on crop growth and yield
considering the interactions with edaphic, biotic and agronomic factors. DSSAT is an integrated software
comprising different computer programs that can simulate crop growth and yield for research and
decision-making. Its latest version DSSAT ver. 4.6.1.0 (http://dssat.net/downloads/dssat-v46) includes
Cropping System Model (CSM), the primary modules of which are consisted by weather module, soil module,
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soil-plant-atmosphere module, management operation module and 27 individual plant growth modules.
Each plant growth is a separate module to simulate phenomenon, biomass and yield, based on the soil water
and fertility supplement in response to weather and management (Jones et al. 2003). The model offers
options to change the irrigation schedule to simulate plausible climatic drought effects on the crop. The
DSSAT Crop Environment Resource Synthesis (CERES)-wheat model (He et al. 2013, He et al. 2012) was
adopted here to simulate the wheat yield during 1981-2014 at all twelve locations. Much work has been
done on the impacts of climate change, irrigation scheduling and water and fertilizer conditions on the crop
yield using DSSAT in China (Hui et al. 2005, Jiang et al. 2016, Yang et al. 2013, Yang et al. 2010).

Statistical tests for trend analysis

Recent studies suggest that non-parametric tests are more suitable for non-normally distributed and
censored data, which are frequently encountered in meteorological and hydrological time series. Among
them, the non-parametric Mann-Kendall test (Mann 1945, Kendall 1975) is a widely accepted method for
trend analysis in hydrological and meteorological series (Jhajharia et al. 2012, Zheng and Wang 2014), with
little effect from the presence of outliers in the data. In addition, it is highly recommended for general use by
the World Meteorological Organization (Zhang et al. 2011b). Therefore, we used the Mann-Kendall test for
the trend analysis of our data. The magnitudes of the trends in the time series were estimated using the
non-parametric Theil-Sen slope (Sen 1968, Theil 1992), which is robust because it is resistant to the effects

of outlier values in the observations (Jhajharia et al. 2015, Su et al. 2015).

4. Results

DSSAT evaluation

The DSSAT model (CERES-Wheat) was calibrated and validated by changing the genetic coefficients
(Table 17) to simulate the observed phenological growth and yield of wheat for approximately five years
over the Huang-Huai-Hai Plain. The model simulates the crop duration, anthesis and maturity periods within
5 days’ advance or delay compared to the observed data. Figure 28 presents a comparison of the observed
and simulated wheat yields for the entire calibration and validation period . The model simulates the wheat
yield with a coefficient of determination (R%) value of 0.81 for wheat. The normalized root mean square error
(NRMSE) is estimated to be, on average, 8.5 kg/ha for wheat. The overall results show an appropriate
capability of the model to simulate the yield of winter wheat, and therefore it may be used to simulate the

wheat yield to analyse the various aspects of climatic drought (Wen and Chen 2011).
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Figure 28 Comparison of observed and simulated dates of anthesis and maturity stage (d) and yields (kg/ha) for

the entire calibration and validation period.
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Table 17 Statistics of observed and simulated dates of flowering and maturity stage and yields. P1V is vernalization parameter (d). P1D is photoperiod parameter
(%). P5 is grain filling duration parameter (°C d). G1 is grain parameter at anthesis (no g™). G2 is grain filling rate parameter (mg). G3 is dry weight of a single stem

and spike (g). PHINT is interval between successive leaf tip appearances (°C d).

NRMSE
1(no PHINT (°C

Station Cultivar P1V(d)  P1D (%) P5 (°Cd) N G2 (mg) G3(g) ) _ Yield

g7) d) Anthesis (d)  Maturity (d)

(kg/ha)

Miyun Jingdong8 58.34 31.65 536.30 25.75 24.80 1.18 95 0.27 0.52 9.64
Tianjin Jing9428 44.23 72.63 513.20 23.86 20.46 1.91 95 2.47 0.51 3.08
Shijiazhuang Shixin733 11.38 75.43 708.30 18.80 35.29 1.02 95 0.61 0.74 7.79
Nangong Han6172 22.84 53.22 462.60 23.51 26.55 1.05 95 0.49 1.02 10.00
Yanzhou Jining16 21.87 50.31 579.40 15.80 45.54 1.09 95 0.42 0.90 11.56
Weifang Jimai22 6.42 61.77 559.30 27.19 56.80 1.01 95 0.67 1.09 9.08
Linyi Linmai4 44.36 55.41 593.5 25.89 30.68 1.307 95 0.36 0.68 7.39
Xinxiang Xinmai6 41.67 53.09 554.40 25.68 23.90 1.15 95 0.54 0.77 9.66
Zhumadian Zhengmai9023 39.78 4.59 604.50 16.67 62.84 1.00 95 0.68 1.14 3.08
Shangqiu Wenmai8 61.93 18.46 548.60 26.21 33.92 1.12 95 0.74 0.26 10.03
Xuzhou Xuzhou25 36.44 59.54 614.90 24.23 28.86 1.01 95 0.88 0.55 11.57
Shouxian Wanmai27 55.55 15.83 524.10 15.23 46.41 1.01 95 1.46 0.97 9.00
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Trends and persistence of typical growth date and precipitation deficit

The annual magnitudes of the jointing date, heading date, anthesis date and milk ripe date for winter
wheat for the selected twelve stations from 1981 to 2014 are described in Table 18. The linear regression is
characterized by the fact that the jointing date had a declining trend for all the selected stations. The jointing
date occurred earlier:-2.4 and -4.0d-decade™ by the M—K test for the north and west stations, respectively, in
the past 34 years. Similarly, for the central, east and south stations, significant shifts to earlier jointing of -3.4,
-1.1 and -7.4 d-decade™, respectively, were detected. Consequently, the heading date also shifted by
-3.0d-decade™ for both the north and west stations, while the anthesis date shifted by -2.9 and
-1.7d-decade™, respectively. Furthermore, for the central, east and south stations, significant decreases in
magnitude of -3.3, -1.3 and -7.1 d-decade™, respectively, were found, and the values were 2.7, -0.3 and -5.9
d-decade™ for anthesis. Finally, the milk ripe date also shifted by -1.9 and -1.8 d-decade™ in the north and
south stations, while it shifted to later dates in the west, central and east stations. The largest decrements

were found for the jointing date, followed by the heading date and anthesis date.

As indicated in Table 18, the precipitation deficit (-66.5mm on average) during the jointing to heading stage
was slightly greater than that (-42.1) during the anthesis to milk ripe stage. Smaller fluctuations were found
during the anthesis to milk ripe stage for the 12 selected stations, with the range of 20—40mm. The
precipitation deficit reached its smallest values in the north, east and central stations during the jointing to
heading stage and in the west and central stations during the filling stage, and the largest values for both
were in the two southern stations. The value of the precipitation deficit is the input of the DSSAT simulation.
Santos et al. (2000) reported that the investigation of the water demand under different irrigation systems

can serve the purpose of determining the optimal irrigation schedule.
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Table 18 Variation of typical growth date for wheat and precipitation deficit (PD) during typical growth stages in 1981-2010. The slope (d-decade™) means the

temporal trend in jointing, heading, anthesis and milk ripe date of winter wheat in 1981-2010 using Mann-Kendall test and Theil-Sen’s slope estimator.

PD during
o PD during
jointing ]
anthesis
Jointing date Heading date Anthesis date Milk ripe date to to milk
o mi
heading ]
Station ripe stage
stage
Mean
Mean Slope Slope Slope Slope Mean (mm)
4 Mean (d) 4 Mean (d) 4. Mean (d) 4 (mm)
(d) (d-decade™) (d-decade™) (d-decade™) (d-decade™)
Miyun 113 40" 132 24" 137 26" 154 157 -73.9 -48.1
Tianjin 108 08" 128 36" 133 31" 148 22" 77.3 -26.7
Shijiazhuang 99 24" 120 26" 127 -1.8" 140 1.2" -78.2 -38.5
Nangong 94 05" 117 297 124 22" 141 03" 91.0 -53.6
Yanzhou 90 42" 114 317 121 31" 142 1.4 -72.8 -43.6
Weifang 101 0.7 122 07" 128 1.2 147 1.2 -85.9 -36
Linyi 97 -1.4 120 -1.97 127 .77 147 07" 77.3 -45.3
Xinxiang 87 55" 113 33" 120 16" 138 1.3" 53.7 -55.2
Zhumadian 79 79" 105 6.6 112 6.0 134 08" -27.2 -41.4
Shanggiu 86 35" 111 36" 117 25" 140 1.8 -59 -39.6
Xuzhou 82 64" 113 34" 120 31" 139 117 721 -36
Shouxian 83 6.8 109 75" 116 5.8 134 27" -29.3 -41.6
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Variation of yield reduction rate

Using DSSAT, we determined the annual variation of potential yield reduction for wheat due to
drought stress during the jointing to heading stage and filling stage was determined in the selected 12
stations in a recent 30-year period across the Huang-Huai-Hai Plain (Figure 29). Strong fluctuations were
found for the yield reduction in Tianjin, with two periods of low values in the late 1980s and 1990s. For the
Linyi station, the yield reduction rate declined in 1980—2000, while it increased in 2001—2010. It can be
seen from Figure 30 that the largest yield reduction was found in the middle of the 1990s for Tianjian and
Shijiazhuang stations and in the late 1990s for the other four stations, mainly due to drought events in 2000
over the Huang-Huai-Hai Plain. In the 1980s, the yield reduction rate declined significantly for all selected
stations during the jointing to heading stage, and they declined except for Tianjin and Shijiazhuang during
the filling stage. Furthermore, the yield reduction rate increased for the Tianjin and Linyi stations during the
jointing to heading stage, while it decreased for Shanggiu station in the 1990s. For the filling stage, the yield
reduction rate declined in only the Tianjin station, and it increased in the Zhumadian and Shanggqiu stations.
To summarize, the trends in the yield reduction rate without irrigation in both the jointing to heading stage

and filling stage were similar to those of the yield reduction due to drought in the jointing to heading stage.

o (a) Beijing 9 (b) Tianjin L (¢) Shijiazhuang L (d) Nangong
404 TN\ " R 404 ... . C e
204 :o-m

0 ’ ——— 0 — - 0 , . - 0 : , .
07 (@vanzhou 07 () weifang 07 (g Linyi 607 (m) Xinxiang
40 W 40 P g 40 . ‘A 401
204 i 20 1 20 W
0 0 0 o 0 ' . .
60 607 , 60 1 60 1 )

(i) Zhumadian (j) Shangqiu (k) Xuzhou (1) Shouxian

40 4 40 A 40 40
204 . | . 20N, A = 20 1 0. .
07&‘*.5 ::."':..' UW 0 - ; r 0'&‘\:“ Y .; 1

1981 1991 2001 201 1981 1991 2001 2011 1981 1991 2001 2011 1981 1991 2001 2011

Figure 29 Variation of simulated yield reduction (%) for wheat under the treatment of no irrigation during the

jointing and heading stage (T1 treatment).
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Figure 30 Variation of simulated yield reduction (%) for wheat under the treatment of no irrigatio

filling stage (T2 treatment).
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Figure 31 Variation of simulated yield reduction (%) for wheat under the treatment of no irrigation during both

jointing - heading stage and filling stage (T3 treatment).

Cumulative probability of yield reduction rate

As described in Figure 32, the cumulative probability of the yield reduction rate during the jointing to
heading stage and the filling stage was investigated to determine the impacts of drought on the wheat yield
in these two typical water demand periods. It can be seen that the yield reduction rate under the same level
was much higher during the jointing to heading stage than in the filling stage. The cumulative probability of
the yield reduction rate, which is over 60% during the jointing to heading stage, was approximately 15% in
the north and west stations and turned out to be around 65% in the north and east stations when the yield

reduction rate was over 40%. The cumulative probability of the yield reduction rate was higher during the

97



Chapter V. Potential effect of drought on winter wheat yield using CERES-Wheat model

jointing to heading stage in the north part than in the south region, while almost the same results were

found during the filling stage.
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Figure 32 Cumulative probability of yield reduction rate (%) during jointing to heading stage (T1) and filling stage

(T2) for winter wheat, respectively, in 12 typical sites

5. Discussion

Evapotranspiration is widely acknowledged as a factor that determines climatic drought in arid and
semi-arid regions, where minor variations in precipitation or temperature easily induce significant changes in
hydrological processes and crop water requirements (Ma et al. 2004, Temesgen et al. 2005). Over last
decades, the aridity index is expected to have different trends in various regions (Su et al. 2015, Liu et al.
2013a, Wu et al. 2006). Droughts have become more frequent and intense during the last decades, which
present a direct threat to crop growth in vast areas across China (Wang et al. 2016, Dalin et al. 2015, Wang
et al. 2011). Liu et al. (2013b) identified an increasing trend of total water deficit of winter wheat in past
three decades in Northern China, and therefore a negative influence on wheat production and water
resources in the area can be expected in the future if no management changes, such as irrigation techniques,
cropping pattern, mulching, etc. are adopted (Allen et al. 1998, Olesen and Bindi 2002). The present study
gives a first hint of yield fluctuations based on CERES-Wheat model to be expected and regions to should be
prioritized. The yield reduction rate for wheat was much larger during the jointing to heading stage than in
the filling stage, which is in agreement with experimental results in Anhui province (Wang et al. 2001) and
simulated findings by WOFOST model in Zhengzhou agro-meteorological station (Zhang et al. 2012). The
drought reduced winter wheat yield by affecting grain-filling intensity due to soil water deficit. The reduction
in yield was significantly different when drought occurred at different developmental stages. There was

higher impact on winter wheat when drought occurred at several developmental stages than at a single
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developmental stage. A study in North China revealed that under wheat production, mean daily soil
evaporation from less and additional mulching was reduced by 16% and 37%, respectively (Chen et al. 2007).
In Spain, DOIl (2002) has predicted a declining in irrigation requirements by 2020 on account of the
possibility of earlier sowing under more favourable higher temperatures. It will be necessary to develop
feasible straw (film) mulching, regulated deficit irrigation, and soil water storage and preservation to reduce

pressure on groundwater over-exploitation, especially for winter wheat in the 3H Plain.

Process-based crop models have been widely used to assess the impacts of future climate change on crop
production, but using them to explore the impacts of past climate change are limited due to the model’s
capacity in reproducing the actual yield responses to environment largely dependent on a few important
procedures such as calibration, validation and data aggregation. Furthermore, the simulation results often
suffer from a number of models’ uncertainties from pests, disease and some largely underestimated
extreme events. Despite the uncertainties, our results are still in line with some previous statistical studies
(Zhang et al. 2012, Lv et al. 2007b). The reduction of the grain number is due to water stress during the
jointing to heading stage, while the reduction of the grain weight is mainly caused by water stress during the

filling stage (Huang et al. 2013, Sun et al. 2004).

6. Conclusion

We have examined the impact of drought on the wheat yield at twelve different locations on the
Huang-Huai-Hai Plain. The study provides insight into the impact of irrigation scheduling on the yield of
winter wheat, the most important cereal crop on the 3H Plain. Through DSSAT simulations, we showed that
the wheat yields vary spatially due to the same treatment all over the 3H Plain. A significant gap between
the actual and potential yield is seen, which can be attributed to the water stress and changes in the
management inputs. The yield reduction rate for wheat was much larger during the jointing to heading stage
than in the filling stage, with spatial variability due to the climate conditions. A cumulative probability
analysis indicated that the yield reduction rate under the same drought condition was much higher during
the jointing to heading stage than in the filling stage. The cumulative probability of the yield reduction rate

was higher during the jointing to heading stage in the north part than in the southern region.
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outline

This study aimed to understand the change in climate variables during the winter wheat growing season
over the Huang-Huai-Hai Plain between the last 30 years (1985-2014) and the next 30 years (2021—2050)
under the RCP4.5 and RCP8.5 pathways, and the relative impact of the change in each variable on winter

wheat yield in isolation.
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1. Abstract

Progress in understanding the impact of climate change on crop yields is essential for agricultural
climate adaptation, especially for the Huang-Huai-Hai Plain (3H Plain), which is the grain production base of
China. In this study, the effects of climate change (including solar radiation, maximum temperature,
minimum temperature, and precipitation) between historical records (1985—2014) and future climate
projections under the RCP4.5 and RCP8.5 pathways (2021—2050) on winter wheat vyield, as well as the
changes in each single climate variable alone, were analyzed using the CERES-Wheat crop model. The results
show that solar radiation (SRAD), maximum temperature (TMAX), minimum temperature (TMIN), and
precipitation (PRCP) during the winter wheat growing seasonal increased. The average SRAD received during
the wheat growing seasons between 2021—2050 increased by 4.60% and 3.82% under the RCP4.5 and
RCP8.5 scenarios, respectively, as compared to 1985—2014. The TMAX and TMIN of the wheat growing
seasons during 2021—2050 were 1.30°C and 1.07°C higher under RCP4.5 and 1.28°C and 1.09°C higher
under RCP8.5. Precipitation during this season also increased by 15.01% and 16.44% under the two
pathways. According to our model simulations, these changes will have an overall positive impact on yield by
increasing it by 17.34% and 15.76% under RCP4.5 and RCP8.5, respectively. We then isolated the impact of
single weather variables. When we isolate the effect of each single weather variable on crop yield while
keeping the other variables at the level of the historical data, we see different effects. Increases in
temperature and precipitation result in positive evolutions: the changes in these variables raise simulated
yield by 5.45% and 14.79%, respectively, under RCP4.5, and by 6.15% and 14.16%, respectively, under
RCP8.5. Interestingly, the supposed positive impact of increasing solar radiation is visible in our simulations.
Higher solar radiation also increases the evaporation amount and water stress and consequently causes the
photosynthetically active radiation conversion to dry matter ratio (PARUE) to decrease. Logically, these
negative impacts are lower at southern stations of the 3H Plain with less water stress. Thus, in conclusion, to
take full advantage of increasing SRAD, TMAX, TMIN and PRCP, the optimized management of agricultural
water resources and the improvement of water utilization efficiency (WUE) are essential, especially for the

3H Plain, which has already suffered from serious water shortages.
Keywords

Winter wheat; Grain yield; Climate change; RCP scenario; CERES-Wheat model; Huang-Huai-Hai Plain
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2. Introduction

Agro-ecosystems are very sensitive to the effects of climate change, as they are directly exposed to
changes in the atmosphere (Parry and Ruttan 1991; Piao et al. 2010). Global warming increases the thermal
resources available in high-latitude areas so that the area of arable land has expanded (Ju et al. 2013);
however, it worsens the severity of heat and drought stress for arid and semi-arid regions, which causes the
food supply to fluctuate (Yuan et al. 2016). China is a large, densely populated country, so assuring food
security is one of the priorities of the government. Thus, investigation in the impacts of climate change, and
how to benefit from or mitigate its effects, is of great importance for agricultural adaptation and national

food security (Ju et al. 2013; Piao et al. 2010).

Statistical models and numerical simulations are two popular approaches that have been widely used to
investigate climate-crop relationships (Shi et al. 2013). Based on recorded vyields and climate data,
time-series regression models at the station level between time series of yield and several time series of
climate variables can be established, and the signs of the regression coefficients represent the negative or
positive impacts of climate change (David and Christopher 2007; Tao et al. 2008). In recent years, statistical
models have been witnessed to be more performance in investigating crop responses to climatic warming
than time series-based statistical models (Schlenker and Roberts 2009; Tao et al. 2014; Wolfram and David
2010). However, for these statistical models, the influences of non-climatic factors (such as cultivar and
fertilizer change) on vyield fluctuations need to be eliminated before establishing the statistical model.
Although some simple elimination methods, such as the first-difference yield and the linear detrended yield,
have been widely used in several studies, they are all based on certain hypotheses. For example, the linear
detrended method is based on the concept that crop management and variety renewal change linearly with
time, which does not match the practices of actual crop growth in the field (Xiong et al. 2014). Thus, the
realism of these results remains questionable, and even opposite impacts of variables have been obtained
using different elimination methods (Shi et al. 2013). In recognizing the complex interactions between crop
growth and environmental factors, numerical simulations, or crop models, have become popular research
tools for researchers in agro-meteorology in recent years. Dynamic crop models, such as the Erosion
Productivity Impact Calculator (EPIC) model (Williams et al. 1983), APSIM (Keating et al. 2003), and
DSSAT-CERES (Jones et al. 1998), have been tested and used in quantifying responses to water, nitrogen and
weather at scales ranging from fields to regions around the world. Of these models, DSSAT is a software
platform that includes multiple models for different crops, and it can quantitatively predict the growth and
production of annual field crops given the interactions among the atmospheric and soil environments,
cultivar factors and management (Ritchie et al. 1998). DSSAT has been used for climate change and climate
extreme impact assessment for rice, wheat and maize for different zones in China in historical and future
scenarios. Jabeen et al (2017) found that the rise in maximum and minimum temperature decreased the
wheat yields using DSSAT and GIS across the Pothwar region of Pakistan. Araya et al (2015) observed that
simulated maize yield under future climate scenarios may increase slightly compared to historical period by

both 1.7% during the near future (2010-2039) for RCP4.5 and 8.5, subsequently 2.9% and 4.2%, and 3.5%
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and 3.8% during the middle (2040-2069) and end of the 21st century (2070-2099) for RCP4.5 and 8.5 in
southwestern Ethiopia. Wilcox and Makowski (2014) summarized from 90 studies that the effects of higher
CO; concentrations (>640 ppm) outweighed that of increasing temperature (up to +2 °C) and moderate
declines in precipitation (up to -20%), leading to augmenting yields. However, few studies have investigated

the impact of single climate variables changing in isolation.

The Huang-Huai-Hai (3H) Plain, which is located in northern China, is the major grain-producing area in China
(Yong et al. 2013). The conventional agricultural practice involves a rotation between winter wheat and
summer maize, and this area provides approximately 70% and 30% of the wheat and maize produced in
China, respectively (Yang et al. 2015). Due to the extratropical monsoon climate, more than 70% of annual
precipitation falls during summer seasons (July to September) (Zhang et al. 2011). Thus, the winter wheat
growing period has suffered from serious water deficits, of which only 25%—40% of water demand is
satisfied by rainfall (Mei et al. 2013). To maintain high vyield, the wheat is irrigated with pumped
groundwater, which has led to environmental threats to society, such as groundwater lowering and surface
subsidence (Zhang et al. 2005). Additionally, the warming temperatures and changing precipitation patterns
caused by climate change have induced perturbations to regional crop production (Yu et al. 2014).
Traditional climate-crop relationships based on statistical analyses have often produced conflicting
conclusions because they use different elimination methods or consider different predictor variables (Shi et
al. 2013). Thus, it is of concern to capture the impacts of climate change as estimated using physically based

crop models.

The objectives of this study were to understand the changes in climate variables during the winter wheat
growing season over the Huang-Huai-Hai Plain between the last 30 years (1985—2014) and the next 30 years
(2021—2050) under the RCP4.5 and RCP8.5 pathways, as well as the combined and isolated impacts of these

on winter wheat yield.
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3. Materials and methods
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Figure 33 Geographical location of the wheat stations in Huang-Huai-Hai Plain. The upper blue line is Hai River

and the middle, and below blue one is Yellow and Huai River, respectively.

Study stations in this study were selected from agro-meteorological experimental stations where
observations on wheat growth and development information were available. The selected stations had a
continuity in cultivar and disposed of detailed field management information for at least three years, and
these stations were uniformly distributed. The 10 selected stations represent the general situation of the 3H
Plain. The location of these stations, as well as general information about them, is shown in Figure 33 and
Table 19. As we can see, annual mean precipitation and temperature values are systematically higher in the

south than in the north, while solar radiation does not show obvious distribution patterns.
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Table 19 General information on the ten selected stations in Huang-Huai-Hai Plain. The values described in this
table were average data for precipitation, temperature and solar radiation during the winter wheat growing

period in 1981-2010.

) ) ) ) Precipitation Solar radiation
Station Longitude Latitude Location Temperature (°C) 5
(mm) (MJ-m™)
Tian Jin 117°43' 39°03’ North 192.6 9.5 3760.8
Nan Gong 115°23’ 37°22' North 178.2 10.5 3922.1
Shang Qiu 115°40’ 34°27' Central 315.1 11.5 3650.6
Yan Zhou 116°51’ 35°34’ Central 270.9 10.6 3893.9
Wei Fang 119°11' 36°45’ East 233.8 9.6 3997.1
LinYi 118°21' 35°03’ East 324.1 10.9 3993.6
Xin Xiang 113°53' 35°19’ West 215.6 11.6 3769.3

33°

Zhu Ma Dian 114°01' West 470.0 123 3606.3
Xu Zhou 117°29' 34°17' South 369.7 11.8 3859.7
Shou Xian 116°47' 32°33' South 509.6 12.3 3778.3

CERES-Wheat crop model

The CERES-Wheat model is a simulation system that predicts daily wheat growth, development and
yield based on input information on the atmospheric and soil environment, cultivar factors and management
(Ritchie et al. 1998). CERES-Wheat, as well as models representing other cereal crops included in DSSAT (e.g.,
CERES-Maize and CERES-Rice), have been widely used in optimizing the use of resources and quantifying
risks related to weather variations at scales ranging from fields to regions around the world (Timsina and
Humphreys 2006). Additionally, the applicability of CERES-Wheat has been tested in a wide range of field
trials (Xiong et al. 2014). Thus, the CERES-Wheat model was selected to evaluate the impact of climate
change in this study.

Weather, soil and management information

The minimal data sets required for model operation include weather information (daily global solar
radiation, maximum and minimum temperature, precipitation), soil information (classification and basic
profile characteristics by soil layer) and management information (e.g., cultivar, planting, irrigation and
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fertilization information). In this study, the daily weather data from 1985—2014 collected at the ten stations
were obtained from the National Meteorological Information Center of China. As the daily solar radiation
data were not available, it was calculated with the Angstrom formula, which relates solar radiation to
extraterrestrial radiation and relative sunshine duration (Martinez-Lozano et al. 1984). The projected daily
weather data for 2021—2050 under RCP4.5 and RCP8.5 were derived from the BCC_CSM1.1 model and
downscaled to the ten stations using the bilinear interpolation method (Yuan et al. 2012). Soil classification
and profile characteristics were collected from the China Soil Scientific Database. In this study, we focus on
evaluating the impact of climate change on wheat yield and identifying the contributions of changes in each
individual climate variable. Thus, during the simulations, nitrogen stress was turned off, to avoid the impact
of variable fertilizer levels among stations on the final result. On the other hand, water stress was turned on,

and no irrigation was applied, in order to fully capture the impact of climate change on water availability.
Model calibration and evaluation

In the CERES-Wheat model, there are seven main coefficients that control the development and
growth of wheat (Ritchie et al. 1998). These coefficients must be calibrated and evaluated to meet the
observed development and growth process under specific environmental conditions before being used for
climate impact analyses (Hunt and Boote 1998). In this study, the observed dates of the major stages of
wheat development (i.e., the anthesis date and the maturity date) and the final yield, which were obtained
from the agro-meteorological stations of the China Meteorological Administration, were used to calibrate
and then evaluate the model at each station. General information on the 12 stations with chosen seasons
and representative cultivar names used in model calibration and evaluation, as well as averaged data on

growth stages and yields, are shown in Table 20.

110



Chapter V. Investigation of the impact of climate change on wheat yield using CERES-Wheat model

Table 20 The average planting date, anthesis days (days after planting, ADAP), maturity days (days after planting, MDAP) and yield (HWAM) of the seasons selected

“xn

for model calibration and evaluation. The seasons marked with were chosen for model evaluation.

Planting dates HWAM

Stations Location Seasons Cultivar name ADAP MDAP 4

(MM.DD) (kg ha™)
Tian Jin North 2006, 2007%*, 2008 Beijing 9428 10.03 220 254 5300
Nan Gong North 2002, 2003, 2004*, 2005 Han 6172 10.12 201 234 4586
Shang Qiu Central 2007, 2008, 2009* Wenmai 6 10.15 191 225 5122
Yan Zhou Central 2006%*, 2007, 2008, 2009 Jining 6 10.15 197 234 6301
Wei Fang East 2007*, 2008, 2009 Jimai 22 10.08 210 241 6285
Lin Yi East 2007*, 2008, 2009 Linmai 4 10.12 205 236 5271
Xin Xiang West 2004, 2005*, 2006, 2007 Xinmai 6 10.12 199 230 4285
Zhu Ma Dian West 2006, 2007*, 2008, 2009 Zhengmai 9023 10.25 169 208 6299
Xu Zhou South 2005, 2006, 2007*, 2008 Xuzhou 24 10.17 193 228 3853
Shou Xian South 2006, 2007, 2008, 2009* Xumai 27 10.21 180 214 5460
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Simulated scenarios: past, future and isolated variables

During the wheat growing season, the average received solar radiation was 4.60%
and 3.82% higher in 2021—2050 under the RCP4.5 and RCP8.5 pathways, respectively, when
compared to 1985—2014 (Table 3). Negative changes were only found in Shouxian, which is
located in the west, and recorded reduction rates of 3.53% and 4.23%.

The average differences in the seasonal maximum temperature (TMAX) between
2021—2050 and 1985—2014 were 1.30°C (RCP4.5) and 1.28°C (RCP8.5), indicating that the
maximum temperature during the wheat growing season becomes higher under the RCP4.5
scenario than inRCP8.5. Specifically, in Nangong (north), Shanggiu (central), Yanzhou
(central), Linyi (east) and Xinxiang (West), changes in TMAX were higher under RCP4.5 than
under RCP8.5. Additionally, in the northern locations (Tianjin and Nangong), the increasing
amplitude of TMAX was higher than that of other regions, with the average increase of 1.48C
and 1.45°C under RCP4.5 and RCP8.5.

Increases in the minimum temperature (TMIN) during the wheat growing seasons are
smaller than TMAX. The average changes in the TMIN are 1.07°C and 1.09°C, which are
higher under RCP8.5 than RCP4.5. Most stations experience greater increases under the
RCP8.5 scenario than under RCP4.5, except for Shanggiu, Xinxiang and Xuzhou. Similarly, the
changes in TMIN were also higher in the north than in other regions, with increases of 1.49°C
and 1.60°C. Precipitation (PRCP) increases by 15.01% under RCP4.5 and 16.44% under
RCP8.5. The exceptions are Tianjin, Nangong and Shanggiu, for which PRCP shows a negative
trend under RCP4.5 and/or RCP8.5.

To investigate the wheat yield response to climate change between the periods 1985—2014
and 2021—2050 and the relative contributions of changes in single climate variables, several
simulation scenarios were set as shown in Table 21. The yield levels under historical climate
conditions were simulated in SH using the observed daily maximum and minimum
temperature (TMAX and TMIN), precipitation (RAIN) and solar radiation (SRAD, estimated
using the Angstrom formula) for 1985-2014 to strip the effects of irrigation and fertilization
which can be different in different stations, while the predicted yields for future projected
climate conditions was simulated in SF using TMAX, TMIN, RAIN and SRAD values for
2021-2050 under RCP4.5 and RCP8.5 respectively. To study the impact of change in each
climate variable individually, simulations SH-RAD, SF-TEMP and SF-RAIN were designed to
simulate yields under historical climate conditions with only changes in SRAD, temperature
(including TMAX and TMIN) and RAIN, respectively.
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Table 21 Simulation scenarios established to characterize the impact of climate change on winter

wheat yields.

Scenario SRAD TMAX TMIN RAIN Purpose

To simulate the yield level
SH 1985—2014 1985—2014 1985—2014 1985—2014
based on historical climate.

To simulate the yield level
SF 2021—2050 2021—2050 2021—2050 2021—2050 based on projected climates
for both RCP4.5 and RCP8.5.
To simulate only the impact of
SF-RAD  2021—2050 1985—2014 1985—2014 1985—2014
radiation change on yield.
Same as SH, but for maximum
SF-TEMP 1985—2014 2021—2050 2021—2050 1985—2014
and minimum temperature.

SF-RAIN  1985—2014 1985—2014 1985—2014 2021—2050 Same as SH, but for rainfall.

The impact of climate change on yield could be calculated by:
_ Ysr—YsH 0
Fuyp = = X 100%  Formula 16
SH

Fs = ‘W";“ﬂ x 100%  Formula 17
SH

Fr = “F‘”}fﬂ x 100%  Formula 18
SH

Fp = YSF—RyAw x 100%  Formula 19
SH

Fy411, Fs, Fr and Fp represents the impacts of changes in all climate variables, only SRAD,
only temperature and only RAIN, respectively. Y5; represents the yield level for different

simulated scenarios.

4. Results

Testing of CERES-Wheat model

The measured variables, specifically anthesis days after planting (ADAP), maturity
days after planting (MDAP) and harvest weight at maturity (HWAM) of the selected
agro-meteorological stations were used to calibrate and evaluate the performance of the
CERES-Wheat model for each selected station. The scatter plots and the normalized root
mean square errors (NRMSEs) between the measured and simulated variables are shown in
Figure 34 and Table 22.
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Figure 34 Comparison of simulated and measured anthesis days (ADAP, d), maturity days (MDAP,

d) and yields (HWAM, kg/ha) for selected ten stations. The dotted line is the 1:1 reference line.

As Figure 34 and Table 22 shows, the output of the calibrated model correlate well with the

measured variables, especially during the growth stages. The NRMSEs for ADAP, MDAP and
HWAM range between 0.8%—4.9%, 0.4%—2.5% and 2.4%—12.4%, respectively, and these

ranges lie within acceptable limits (10% for growth duration and 15% for measured yields)

(Ritchie et al. 1998).
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Table 22 The calibrated genetic coefficients and the normalized root mean square errors (NRMSEs, %) values for ADAP (Anthesis, d), MDAP (Maturity, d) and
HWAM (Yield, kg/ha). P1V is vernalization parameter (d). P1D is photoperiod parameter (%). P5 is grain filling duration parameter (°C d). G1 is grain parameter at
anthesis (no g'l). G2 is grain filling rate parameter (mg). G3 is dry weight of a single stem and spike (g). PHINT is interval between successive leaf tip appearances

(°Cd).

NRMSE (%)

Stations Location PIV(d) PID(%) P5(°Cd) Gl(nog') G2(mg) G3(g) PHINT(°Cd)
ADAP (d) MDAP(d) HWAM (kg/ha)
Tianjin North 34.2 52.3 652.5 28.6 22.6 1.6 95 2.5 0.5 2.4
Nangong North 26.3 445 554.1 21.3 43.6 2.0 95 4.9 2.5 10.8
Shangqiu Central 63.5 17.0 552.9 26.3 58.0 1.1 95 2.0 1.0 7.5
Yanzhou Central 51.7 234 582.9 30.0 64.5 1.2 95 0.8 1.2 12.4
Weifang East 6.8 66.6 473.0 26.2 38.2 2.0 95 0.8 0.4 5.9
Linyi East 43.6 55.7 554.7 24.1 25.6 1.1 95 2.2 1.3 12.2
Xinxiang West 42.0 48.3 498.2 29.8 62.9 1.9 95 0.8 1.3 8.6
Zhumadian West 44 .4 7.5 549.8 23.9 63.6 1.1 95 1.4 1.3 7.3
Xuzhou South 64.5 27.6 642.7 20.0 56.1 1.1 95 1.3 1.3 114
Shouxian South 46.5 23.9 504.3 28.1 58.4 1.9 95 1.6 1.0 9.2
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Changes in growth duration and related climate variables

Changes in growth duration

In the model, the duration of growing stages was directly determined by temperature (Ritchie et al.
1998). In the context of global warming, a shortened growth period for wheat has been observed in both
field observations and model predictions (Wang et al. 2008, Wei et al. 2012). In this study, based on the
calibrated crop model, the ADAP (anthesis days after planting) and MDAP (maturity days after planting) were
shortened in 2021—2050, compared with 1985—2014 (Figure 35). The dates of anthesis and maturity
advance in all selected stations within the 3H Plain. The average decrease in duration for ADAP was 8 and 9
days under RCP4.5 and RCP8.5, respectively, while the decrease in MDAP was 9 days for both pathways.
Additionally, as depicted in Figure 35, although the length of ADAP and MDAP are truncated, the duration
between anthesis and maturity shows no significant change as the ADAP decreased by the same amount as

MDAP.

This result is identical to findings based on long-term wheat phenology observations. Xiao et al. (2015) found
that, while the phenology phases of winter wheat are shortening, the duration of the grain-filling stage even
becomes slightly longer. They believed that this phenomenon was a self-adaptation strategy which, in turn,
not only prolonged growth stages but also enhanced the productivity of winter wheat. Correspondingly, our
results show that the self-adaptation mechanism would also be effective under future scenarios. Additionally,
they found that temperature during the grain-filling stage decreases as the grain-filling date advances (Xiao
et al. 2015, Xiao et al. 2014) which also benefits wheat production. In this study, we do not analyze the
sensitivity of different wheat phenologies to temperature warming, as we are more concerned with the
overall tendency of climate conditions from planting to maturity and the corresponding impact on wheat

yields.
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Figure 35 Changes in the number of days from planting to anthesis (ADAP, d) and from planting to maturity
(MDAP, d). For each station, the columns from left to right represent the growing durations of 1985—2014 and
2021—2050 under the RCP4.5 scenario and 2021—2050 under the RCP8.5 scenario.

Changes in climate variables

During the wheat growing season, the average received solar radiation was 4.60% and 3.82% higher
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in 2021—2050 under the RCP4.5 and RCP8.5 pathways, respectively, when compared to 1985—2014.
Negative changes have been only found in Shou Xian, which is located in west, and recorded reduction rates

of 3.53% and 4.23%.

The average differences in the seasonal maximum temperature (TMAX) between 2021—2050 and
1985—2014 were 1.30°C (RCP4.5) and 1.28°C (RCP8.5), indicating that the maximum temperature during
wheat growing seasons becomes greater under the RCP4.5 pathway than in the RCP8.5 pathway. Specifically,
in Nan Gong (north), Shang Qiu (central), Yan Zhou (central), Lin Yi (east) and Xin Xiang (West), changes in
TMAX were found to be higher under RCP4.5 than RCP8.5. Additionally, in the northern locations (Tian lJin
and Nan Gong), the increasing amplitude of TMAX was higher than that of other regions, with the average

increase of 1.48°C and 1.45°C under RCP4.5 and RCPS8.5.

Increases in the minimum temperature (Tmin) during the wheat growing seasons is resulted in a smaller
effect than that of TMAX. The average changes in the TMIN are 1.07°C and 1.09°C, which are higher under
RCP8.5 than RCP4.5. Most stations experience greater increases under the RCP8.5 scenario than under
RCP4.5, except for Shang Qiu, Xin Xiang and Xu Zhou. Similarly, the changes in TMIN were also higher in the

north than in other regions, with increases of 1.49°C and 1.60°C.

In terms of precipitation (PRCP), it increases by 15.01% under RCP4.5 and 16.44% under RCP8.5. The
exceptions are Tian Jin, Nan Gong and Shang Qiu, for which PRCP shows a negative trend under RCP4.5
and/or RCP8.5. The increasing PRCP would inevitably ameliorate the water stress, which has been a serious

problem in the study region.

Table 23 Changes in seasonal solar radiation (SRAD), maximum temperature (TMAX), minimum temperature
(TMIN) and rainfall accumulation (RAIN) during the winter wheat growing season between 1985—2014 and

2021—2050 under RCP4.5 and RCP8.5 scenario.

Change in SRDA (%) Change in TMAX (°C) Change in TMIN (°C) Change in PRCP (%)

Station RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5
Tian Jin 7.73 6.56 1.47 1.49 1.34 1.48 -4.68 6.31
Nan Gong 5.57 4.67 1.49 141 1.64 1.73 -3.87 11.97
Shang Qiu 9.40 8.90 1.56 1.44 0.67 0.53 -0.90 -5.25
Yan Zhou 1.05 0.33 1.12 1.05 1.28 1.33 14.26 16.48
Wei Fang 1.32 0.66 1.12 1.16 1.63 1.76 5.10 6.03
LinYi 4.05 3.43 1.15 1.09 0.50 0.58 15.70 19.45
Xin Xiang 10.39 9.77 1.61 1.58 0.17 0.04 27.65 23.85
Zhu Ma Dian 4.80 3.59 1.08 1.10 1.07 1.11 33.97 29.13
Xu Zhou 5.22 4.51 1.27 1.32 0.55 0.50 41.44 38.77
Shou Xian -3.53 -4.23 1.09 1.12 1.81 1.86 21.42 17.63
Average 4.60 3.82 1.30 1.28 1.07 1.09 15.01 16.44
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Changes in yield and the contributions of single climate variables

Comparing the yield levels of simulation SF and SH (Figure 36a), the climate changes from 1958-2014
to 2021-2050 positively impact winter yields on the 3H Plain. The changes in SRAD, TMAX, TMIN and PRCP
jointly increase winter wheat yield by 17.37% and 15.76% under RCP4.5 and RCP8.5 in terms of the regional
average, respectively (Table 24, Fayp). Additionally, the percent increase was higher at the southern

stations (Xuzhou and Shouxian) than at the northern ones (Tianjin and Nangong).

Comparing the expected vyield levels of simulation SF-RAD and SH (Figure 36b), changing solar radiation
(SRAD) only, with the other climate variables kept the same as in historical observations, negatively impacts
winter wheat yield in the study region. The change of SRAD in isolation reduced rainfed yields by 4.49% and
5.4% under RCP4.5 and RCP8.5, respectively (Table 24, Fg). In addition, the negative impact was lower at
the southern stations. Nevertheless, it is typically assumed that increasing solar radiation is beneficial to
photosynthesis and consequently yield. In this study, we assume that the expected benefit is reversed by the

subsequent higher water stress, and this mechanism is explained in detail in Section 4.

Figure 36¢ depicts the changes in simulated yield caused by changes in temperature alone. It shows that
warming temperatures have a positive impact on rainfed wheat yield in the 3H Plain. The overall rates of
increase were 5.45% and 6.15% under RCP4.5 and RCP8.5, respectively (Table 24, Fr). Figure 36d depicts
the changes in yield caused by changes in precipitation only. It shows that increasing precipitation during the
wheat growing season is beneficial to wheat yields, except at Nangong and Shangqiu, where the
precipitation decreases (Table 21). This positive impact tends to be higher at southern stations (Table 24, Fg)
due to the larger increasein precipitation at these stations. In addition, the relative contributions of
precipitation were 14.79% (RCP4.5) and 14.16% (RCP8.5) which were much higher than the positive
contributions from warming temperatures. Thus, the change in precipitation was the dominant climate

variable that contributed to the positive impact of climate changes on wheat yield in the 3H Plain.
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Figure 36 Comparisons of yields between simulation scenario SH and (a) SF; (b) SF-RAD; (c) SF-TEMP; and (d)
SF-RAIN under RCP4.5 and RCP8.5 scenario.
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Table 24 The relative contributions of changes in each climate variable individually to yield changes for

2021—2050 under the RCP4.5 and RCP8.5 scenarios compared to 1985—2014. The unit is percent in this table.

Station Far Fs Fr Fp

RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5

Tian Jin 0.33 3.48 -6.98 -6.10 0.98 2.67 0.01 1.51
Nan Gong 3.81 10.98 -5.67 -5.15 7.35 9.83 -1.51 2.81
Shang Qiu -1.01 -0.61 -6.53 -6.91 8.28 7.08 -1.53 -1.13
Yan Zhou 17.06 15.59 -8.72 -9.49 0.57 2.45 16.92 14.75
Wei Fang 16.14 16.10 -8.32 -8.02 5.57 7.87 10.29 16.24
LinYi 21.64 27.34 -3.44 -4.04 -0.10 2.62 24.50 25.40
Xin Xiang 6.52 3.87 -7.71 -7.90 0.88 1.48 11.56 10.15
Zhu Ma Dian 33.68 24.55 -1.41 -4.36 9.82 7.23 22.14 16.95
Xu Zhou 43.99 33.52 -1.01 -0.82 10.93 11.13 39.51 33.00
Shou Xian 31.27 22.77 0.40 -1.20 10.22 9.17 25.99 21.89
Average 17.34 15.76 -4.94 -5.40 5.45 6.15 14.79 14.16

5. Discussion

Negative impact of increasing solar radiation

In this study, the solar radiation during the winter growing seasons in 2021—2050 was 4.60% and
3.82% higher under the RCP4.5 and RCP8.5 scenarios than during 1985—2014. However, this increase had a
negative impact on wheat yields (RECP 4.5: -4.49% and RCP8.5: -5.40%).The negative impacts were higher in
the north than in the south. The result is inconsistent with previous studies, which suggest that crop yields
are positively correlated with solar radiation, using both models (Wei et al. 2012) and statistical approaches
(Tao et al. 2014).

It is generally recognized that increases in solar radiation would have a positive impact on wheat
photosynthesis and would consequently increase yield(Tao et al. 2008). However, by comparing the
photosynthetic active radiation (PAR) conversion to the dry matter ratio before last leaf stage (PARUE)
between simulations SH and SF-RAD, the results show that the PARUE is higher under conditions of low
radiation, indicating that there is a decrease in the conversion ratio from radiation to dry matter when the

solar radiation increases to levels corresponding to the RCP4.5 and RCP8.5 (Table 25).

Table 25 Changes in photosynthetically active radiation (PAR) conversion to dry matter ratio before the last leaf

stage (PARUE) between simulation scenarios SH and S SF-RAD under the RCP 4.5 and RCP 8.5 scenario.

PARUE for SH Changes in PARUE (SF-RAD-SH, %)
Station

(g M7 RCP 4.5 RCP 8.5
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Tian Jin 0.89 -12.79 -12.02
Nan Gong 1.05 -12.03 -11.08
Shang Qiu 1.16 -18.10 -18.10
Yan Zhou 0.92 -11.64 -11.27
Wei Fang 0.78 -11.54 -12.39

Lin Yi 0.95 -9.12 -9.82
Xin Xiang 1.06 -18.30 -16.72
Zhu Ma Dian 1.52 -9.19 -10.72

Xu Zhou 1.14 -9.06 -8.16
Shou Xian 1.48 -4.05 -4.50
Average 1.10 -11.58 -11.48

In the CERES-Wheat model, PARUE is affected by nitrogen, temperature and water (Ritchie et al. 1998). In
this study, all simulation scenarios were free of nitrogen stress and the temperature and precipitation inputs
were the same in simulations SH and SF-RAD. Thus, the nitrogen and temperature stress for photosynthesis
were constant between simulations SH and SF-RAD. Therefore, the reduced PARUE is certainly caused by an
increased water stress (increasing the soil evaporation in water balance). Comparing the relative moisture
index (the ratio of total evapotranspiration minus precipitation to the total evapotranspiration) for SH and
SF-RAD (Figure 37), we observe that the higher the relative moisture index is, the drier conditions are within
a time period or a region. Figure 37 shows that the relative moisture index for SF-RAD was higher than that
of SH. In other words, the increasing solar radiation has led to increased water stress, and consequently
reduced PARUE and final yield. Additionally, as we can see, stations with lower relative moisture index
values, such as Linyi, Zhumadian, Xuzhou, and Shouxian, display rates of decrease of PARUE (Table 25) and
yield (Table 24) that are much smaller. Thus, the impact of increases in radiation on winter wheat yield is
closely linked with regional water situations. For stations in the southern parts of the country, where
precipitation is plentiful, the negative impact of increasing solar radiation is less apparent, whereas it is
higher at the northern stations that experience serious precipitation shortages. As a conclusion, the
supposed positive impact of increasing solar radiation is reversed by water deficiency, as it also induces

higher atmospheric evapotranspiration demand.
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Figure 37 The charactertics in relative moisture index under historical period (S0), RCP 4.5 scenario (S1) and RCP
8.5 scenario (S2). The relative moisture index was estimated as the ratio of total evapotranspiration minus

precipitation to the total evapotranspiration.

Positive impact of warming temperature and increasing precipitation

The impact of temperature (SF-TEMP) (or precipitation (SF-RAIN)) increase alone during the winter
wheat growth period on wheat yield is positive. This positive impact of warming on wheat yield in the 3H
Plain differed from the results of studies for China as a whole (Wang et al. 2008; You et al. 2009), Africa
(Wolfram and David 2010), South Asia (Jerry et al. 2012), and the global average (David and Christopher
2007; Lobell et al. 2011). However, it is supported by the results of Tao (Tao et al. 2008; Tao et al. 2014) and
Xiao (Xiao et al. 2008), who concluded that the wheat yield has benefited from climate warming in northern
and northwest China. The impact of warming on crop vyield is spatially variable in our study. Generally, a
warming trend reduces crop productivity in areas at low latitudes where optimal temperatures already exist,
while it may cause beneficial effects at high latitudes (Wei et al. 2012). Tao et al. (2014) concluded that
increasing temperatures increased wheat yield in northern China but reduced wheat yield in south China,
with the explanation that the temperature in northern China was less than the optimum temperature for
wheat. Additionally, as shown in Fig. 34, although the period of vegetative growth (VGP) and the growing
period as a whole tends to be shorter, the length of the reproductive growth stage (RGP, anthesis-maturity)
shows no clear change, which indicates that the cultivated cultivar has a high thermal requirement during
the RGP. Grain filling rates became higher as temperature increases below the optimum threshold and
consequently increased grain yield. The self-adaptation ability of wheat cultivars in the last ten years

(2001-2009) has compensated for the impact of climate change.

Rainfall has always been a limiting factor for agricultural production in China (Piao et al. 2010), especially in
the Huang-Huai-Hai Plain, where only 25%-40% of water demand is satisfied by rainfall during the wheat

growing seasons (Mei et al. 2013). Despite the uncertainty in precipitation amounts and the spatial patterns

122



Chapter V. Investigation of the impact of climate change on wheat yield using CERES-Wheat model

simulated by climate models (Xin et al. 2013), our study showed that the increasing rainfall in the next 30
years could provide important benefits in terms of the wheat yield. Many other studies have investigated
the relative contribution of changing rainfall in increasing wheat yield in China during the past several
decades, based on long-term field observations or statistical datasets, and found that there was no
significant influence of rainfall on yield (Tao et al. 2014; Wei et al. 2012; Xiao and Tao 2014). One reason for
this result is that rainfall did not change substantially during the studied period (Wei et al. 2012). The other
reason is that winter wheat in northern China is well irrigated, so that the deficit in water is compensated by
pumped groundwater, and the impact of rainfall changes was smoothed over. However, in our study, to fully
capture the rainfall changes to yield, the wheat growth and development was simulated under rainfed
conditions. Thus, the contributions of increasing rainfall on wheat yield were higher than those in other

studies.

6. Conclusion

Climate change during the next 30 years (2021—2050) was found to have a positive impact on
simulated wheat yield for two Representative Concentration Pathways. The largest contribution is caused by
increasing precipitation during the growing season, which is inconsistent with other statistical models of
observed data. In these previous studies, the wheat is irrigated; thus, the impact of changes in precipitation
is weakened. Interestingly, the increasing solar radiation shows a negative impact on wheat yield in our
study. We further found that this reverse is caused by the higher evapotranspiration that results from
increases in solar radiation, which consequently increases water stress. Most other studies have shown that
crop yield is positively correlated with solar radiation, mainly because, in their simulations, the wheat was
irrigated. Thus, the water stress remained at low levels, even though the evapotranspiration was increased

by solar radiation.
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The purpose of this research is (1) to identify quantity of actual evapotranspiration for winter wheat and
summer maize respectively, (2) to develop ETa spatial distribution of the two crops in 3H Plain; and (3) to
find out its relationship between crop ETa and land surface parameters and geographic parameters. The
results from this study would provide useful information for the development of sustainable agricultural

water management practices for 3H Plain, China.
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1. Abstract

Crop consumptive water use is recognized as a key element to understand regional water
management performance. This study documents an attempt to apply a regional evapotranspiration model
(SEBAL) and crop information for assessment of regional crop (winter wheat and summer maize) actual
evapotranspiration (ET,) in Huang-Huai-Hai (3H) Plain. The average seasonal ET, of summer maize and winter
wheat were 354.8and 521.5 mm respectively in 3H Plain. A high-ET a belt of summer maize occurs in
piedmont plain, while a low ET, area was found in the hill-irrigable land and dry land area. For winter wheat,
a high ET, area was located in the middle part of 3H Plain, including low plain-hydropenia irrigable land and
dry land, hill-irrigable land and dry land, and basin-irrigable land and dry land. Spatial analysis demonstrated
a linear relationship between crop ET,, normalized difference vegetation index (NDVI), and the land surface
temperature (LST). A stronger relationship between ET, and NDVI was found in the metaphase and last
phase than other crop growing phase, as indicated by higher correlation coefficient values. Additionally,
higher correlation coefficients were detected between ET, and LST than that between ET, and NDVI, and this
significant relationship ran through the entire crop growing season. ET, in the summer maize growing season
showed a significant relationship with longitude, while ET, in the winter wheat growing season showed a
significant relationship with latitude. The results of this study will serve as baseline information for water

resources management of 3H Plain.

Keywords: ET,, winter wheat, summer maize, SEBAL, crop information, Huang-Huai-Hai Plain
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2. Introduction

Agriculture is the largest water-consuming sector (FAO 1994; Rosegrant et al. 2002) and irrigated
agriculture has been expanding rapidly in many developing countries in recent decades, nearly doubling
between 1962 and 1998 (Carruthers et al. 1997; Ali and Talukder 2008). During coming decades, water may
become the most strategic resource, especially for agricultural production in arid and semi-arid regions of
the world (Brewster et al. 2006), which could threaten the sustainability of world agriculture. Accordingly,
understanding the quantity of agricultural water consumption is a high priority in areas in which water is
currently scarce and over-exploited (Perry 2011). Evapotranspiration (ET) is a useful indicator of crop water
consumption; therefore, accurate estimation of regional ET is essential to achieve large scale water
resources management (Rwasoka et al. 2011). Current estimates of actual evapotranspiration in China are
mainly based on plot-scale experiments (Zhang et al. 1999; Chen et al. 2002; Sun et al. 2003; Jiang and Zhang
2004), from the product of soil moisture and potential ET. However, such estimates are only useful for a
specific area, and cannot be expanded to large-scale areas. The level of water consumption differs
significantly across regions, farming systems, canal command areas, and farms (Molden et al. 2003). These
differences come from many factors, including the source of irrigation water, farm management practices,
the timing and efficiency of irrigation water in irrigated regions, and conservation tillage technologies,

rainwater harvesting and cropping patterns in rainfed areas (Cai and Sharma 2010).

Development of remote sensing technology has made it possible to estimate land surface
evapotranspiration at the regional or basin scale. Numerous remote sensing methods for modeling crop
actual evapotranspiration (ET,) have been improved (De Oliveira et al. 2009; Teixeira et al. 2009; Teixeira and
Bassoi 2009; Jia et al. 2012). Bastiaanssen et al. (1998) were the first to use remote sensing data to estimate
evapotranspiration in the Bhakra command area, India. And then, several studies demonstrated the
strengths of remote sensing in estimating crop evapotranspiration (Courault et al. 2005; Allen et al. 2007).
Accurate estimation of agricultural water consumption is based on two inputs, the model precision, which
has been calibrated and validated by many studies, and the ground truth information, including crop
dominance maps, phenological characteristics, and agriculture productivity. However, ground truth

information is often scarce and difficult to obtain.

The Huang-Huai-Hai Plain (3H Plain) is the major crop producing region in China, with 3.5 million ha of highly
intensive arable land, accounting for 19% of the country's crop production area. The recognized major
limiting factor to crop production in the region is water shortage, which is expected to be exacerbated by
increasing food demand in the region (Chen et al. 2005). Over exploitation of groundwater resources has
resulted in water-table decrease at a rate of 1 m per year and severe groundwater depression in the past 20
years (Jia and Liu 2002; Wang et al. 2009). Moreover, climatic changes have intensified with an average
decrease in rainfall of 2.92 mm per year(Liu et al. 2010). Thus, available agricultural water resources have
become the most important factor influencing crop production in 3H Plain, with the regional water scarcity

situation becoming aggravated each year. Considering the spatial variation, accurately identification and
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region-wide water accounting are necessary in 3H Plain, to enable reasonable allocation of the limited

available agricultural water resources.

In recent years, Li et al. (2008) estimated the ET, for winter wheat using the SEBAL (Surface Energy Balance
Algorithm for Land) model and NOAA (National Oceanic and Atmospheric Administration) data for Hebei
Province in the North China Plain (NCP). Yang et al. (2013) analyzed the spatial and temporal variation of
crop evapotranspiration (ET.) and evapotranspiration of applied water (ET,,) of summer maize during the
growing season from 1960 to 2009 in the 3H farming region using the simulation of evapotranspiration of
applied water (SIMETAW) model. However, observed phenological data was not considered in these
investigations, and specific water consumption of winter wheat and summer maize has not yet been
determined for larger areas, in 3H Plain. In this research, an approach to estimate the actual
evapotranspiration for winter wheat and summer maize respectively based on the MODIS data and SEBAL
model is proposed and applied in 347 counties of the 3H Plain in China, which is a farming region providing
about 61 and 31% of the nation’s wheat and maize production (Wang et al. 2009; Ma et al. 2013). The
purpose of this study was: (1) to quantify actual evapotranspiration for winter wheat and summer maize, (2)
to determine the spatial pattern of the ET, of the two crops grown in 3H Plain; and (3) to identify the
relationship between crop ET, and land surface parameters and geographic parameters. The findings from

this research will provide useful information for agricultural water management practices for 3H Plain, China.

3. Materials and methods

Study area

3H Plain in northern China is recognized as one of the largest plains in the country, extending from
31°14' to 40°25'N and 112°33' to 120°17’'E (Figure 38), over an area of about 350000 km?. The climate is
characterized by a temperate, sub-humid, and continental monsoon climate with an average annual
precipitation of 348.5 mm (Ren et al. 2008). Winter is characterized by insufficient water for winter wheat
development and production (Nguyen et al. 2011). Nevertheless, 3H Plain is well accepted to be a major
agricultural center, accounting for around 61% and 31% of China’s wheat and maize production, respectively
(Wang et al. 2009; Ma et al. 2013). Accordingly, the cropping system in the plain is well-known to be a winter
wheat-summer maize rotation system (Zhao et al. 2006; Liang et al. 2011; Sun et al. 2011). Currently, it is
widely recognized that winter wheat is sown in early October and harvested in June of the second year, and
that summer maize is then sown immediately afterwards and harvested in later September. 3H Plain s
divided into six agricultural sub-regions, coastal land, a farming-fishing area (including the northern part,
Zone 1, and the southern part, Zone 7), piedmont plain-irrigable land (Zone 2), low plain-hydropenia irrigable
land and dry land (Zone 3), hill-irrigable land and dry land (Zone 4), basin- irrigable land and dry land (Zone 5)
and hill-wet hot paddy -paddy field (Zone 6).
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Figure 38 The inset map shows the location of the Huang-Huai-Hai Plain(3H Plain) and its six agricultural
subregions. The six agricultural sub-regions of 3H plain include: Coastal land- farming-fishing area(including North
part: Zonel and South part: Zone7), Piedmont plain-irrigable land (Zone2), Low plain-hydropenia irrigable land
and dry land (Zone3), Hill-irrigable land and dry land (Zone4), Basin- irrigable land and dry land(Zone5) and
Hill-wet hot paddy field (Zone6). The triangles and round black spots mean agrometeorological stations and

meteorological stations respectively. The round hollow spots mean the capital cities.

Crop dominance map

Ground truth missions were carried out in the 3H Plain in October 2011 and May 2012. The missions
collected 175 samples from throughout the plain (Figure 39-A). Detailed crop patterns were recorded
including a crop mixture percentage visual estimate, crop growth period and past crop types (Cai and
Sharma 2010). The spectral signature curve of the summer maize-winter wheat rotation was extracted based
on the sample points (Figure 39-B). ISODATA (lterative Self-Organizing Data Analysis Technique) class
identification technique and spectral matching technique (SMT) as proposed by Thenkabail et al. (2007b),
were conducted to improve the summer maize-winter wheat rotation dominance map (Figure 39-C) using
ground truth information as the input. The cultivated area data of 347 counties were used for validation, and
the R square value was 0.719, suggesting that the generated summer maize-winter wheat rotation

dominance map was reliable (Figure 39-D).
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Figure 39 The crop dominance map extraction in the Huang-Huai-Hai Plain. A, samples distribution in 3H Plain. B,

spectral signature of summer maize-winter wheat rotation. C, crop dominance map. D, accuracy analysis.

Phenology data

The phenology data for the six agricultural sub-regions of the 3H Plain from 2011 to 2012 were
acquired from the China Meteorological Administration (CMA). The data included the date of sowing and
maturity of winter wheat and summer maize provided by the 50 agricultural meteorological stations in 3H
Plain. The average phenology date was calculated for the six agricultural sub-regions. Summer maize was
sown from June 5 to June 20. Summer maize maturity was detected from the middle ten days to the last ten
days of September. Winter wheat was sown during October, and harvested during the first ten days of June.

Details regarding the phenology date of six agricultural zones are presented in Table 26.

Table 26 Average phenology data for winter wheat and summer maize in six sub region area of 3H Plain

Summer maize Winter wheat
agricultural zoning Sowing Maturity Sowing  Maturity
date date date date
Coastal land- farming-fishing area(north) 6.15 9.25 10.1 6.15
Coastal land- farming-fishing area(sounth) 6.20 9.20 10.18 6.5
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Piedmont plain-irrigable land 6.10 9.22 10.7 6.7

Low plain-hydropenia irrigable land and dry land 6.11 9.24 10.10 6.7
Hill-irrigable land and dry land 6.18 9.24 10.7 6.8

Basin- irrigable land and dry land 6.10 9.20 10.16 6.3
Hill-wet hot paddy -paddy field 6.5 9.16 10.27 5.25

MODIS products

MODIS products including MOD11A1 (land surface temperature/surface emissivity), MOD13A2 (NDVI)
and MCD43B3 (surface albedo) were downloaded through NASA WIST for use in this study. The spatial
accuracy of the three MODIS products is 1 km. The temporal accuracy of MOD11A1, MOD13A2 and
MCD43B3 was 1-d, 16-d, and 8-d, respectively. For land surface temperature images, cloudy areas were
eliminated by replacing the values with the average of two images in the nearest clear dates (Cai and Sharma
2010).

Meteorological data

Meteorological data is also needed for assessment of evapotranspiration. Datasets from 2011 to
2012 from 40 weather stations provided by the China Meteorological Administration (CMA) were used in
this study (Figure 38). The obtained data consisted of the daily observed maximum and minimum air
temperature and wind speed measured at 10 m. Wind speed at 2 m was calculated from the wind speed at
10 m according to Allen et al (2007) and interpolated with air temperature over the 3H Plain in pixels of 1000

m, which are needed for inputs in SEBAL.

SEBAL model

SEBAL model introduction

In this research, the SEBAL model based on remote sensing technology was applied to estimate the
daily ET. The MODIS data were used to estimate the regional ET for the study area. The calculation of the
main parameters by the SABEL model is described below (Cai and Sharma 2010).

The SEBAL model is based on the energy balance equation described by the following equation:

R,=G+H+AET (Wm? Formula20

Where, R, (W m?) is the net radiation; G (W m™) is the soil heat flux; H (W m™) is the sensible heat
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flux; and AET (W m?)is the latent heat flux associated with evapotranspiration.

The net radiation flux on the land surface, R, (W m), was calculated using the following equation:
R,=0-ao)K, +(L, -L,,)-(@-¢)L;,, Formula21

Where &t is the surface albedo, K, is the incoming short wave radiation (W m?), L. istheincoming long

in

wave radiation (W m™), L, is the outgoing long wave radiation (W m?) , and & is the land surface

ut

emissivity.

The soil heat flux is known to primarily depend on land surface characteristics and soil water content. The

soil heat flux was calculated for the SEBAL model by the following equation:

_T-27316
o

G {(O.OOBZx%+O.0062><(0;.;)2}(1—0.98NDVI4)RH Formula 22

The sensible heat flux was calculated using the following equation:

C.dT
H Zpa'rr—P Formula 23

ah

Where, H is the sensible heat flux (W-m?), Piiris the air density (kg'm?), and CP is the air specific heat at

constant pressure (J-kg™K™).

Since the evaporative fraction A is constant during a day, the daily ET24 (mm) can be estimated using

the following equations:

A AET F la 24
= ormula
R -G
ET24 = —A(RZA;L_ 624) Formula 25

Where, ET,, is the daily net radiation (W m?), G,,is the daily soil heat flux (W m™?), and 4 is the latent heat
of vaporization (MJ kg*). The SEBAL model is described in detail in Bastiaanssen et al. (1998).
Model validation

In this study, it was difficult to validate the ET, map because of its high variability and the low
resolution produced by MODIS 1 km products. In recent years, the SEBAL model has been applied and
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validated in the Americas (Morse et al. 2000; Allen et al. 2002; Trezza 2002), Europe (Jacob et al. 2002;
Lagouarde et al. 2002), Africa (Bastiaanssen and Menenti 1990; Farah and Bastiaanssen 2001), and China (Li
et al. 2008). Morse et al. (2000) reported that the error in daily ET was 15%, while that in monthly and
quarterly ET estimation by SEBAL was 4% in Bear River Basin of Idaho. It was also reported that the error in
the estimated daily ET was less than 7% in the Haihe basin ( Xiong et al. 2006) and less than 8% in the middle
region of Heihe basin(Wang et al. 2003). Taken together, these studies show that the SEBAL model has good
efficiency and applicability for ET, estimation. The model also works particularly well in the vegetative area
including areas used for maize and wheat agriculture, which was the focus of the present study (Cai and
Sharma 2010). Latent heat flux was extracted from the Yucheng station point, and Figure 40 shows the
validation results with the field data for Yucheng station in Shandong Province. The correlation coefficient
between the estimated and measured values was 0.888, with a P<0.01. Additionally, Table 27 compares the
ranges of ET, values from this study with those of previous studies. Taken together, these results show that

SEBAL is suitable for estimating evapotranspiration in winter wheat and summer maize rotation in 3H Plain.

Table 27 Comparison on ET, of maize and wheat growing season for 3H Plain from this study and literatures.

ET, (mm)
References Crop References
This study Literature
Yucheng, Shandong Wheat 456 (400—500)450 Chen Bo et al.(2012)
Yucheng, Shandong maize 349 (300—370)350 Chen Bo et al.(2012)
Xinxiang, Henan wheat 521 (374.9—551.7) Xiao J F et al(2009)
Piedmont plain wheat 400—550 460 Ren H R(2004)
Piedmont plain maize 300—500 390 Ren H R(2004)
400
y=0.7873x+43.581
40 350 R2=0.888
400 *
o B0 2 300
i® gzso
é ZZ gzoo
E 150 73150
i‘é “ E 100
50 g
0 g 50
s ’ 0 50 100 150 200 250 300 350 400 450
measured values (W-m2)
a. Comparation between estimated and measured values b. Scatter map of estimated and measured values

Figure 40 Validation results with the field data in Yucheng station, a: comparation between estimated and

measured values; b: Scatter map of estimated and measured values
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4. Results

Crop ET,

Table 28 ET, of winter wheat and summer maize in study area

Average ET, (mm) Maximum ET, (mm) Minimum ET, (mm)

Summer maize 354.8 552.3 239.4
Winter wheat 521.5 729.2 131.6
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e & & & .S
RS S
F &£

Value field

Figure 41 Value level distribution of ET, in winter wheat and summer maize season in Huang-Huai-Hai Plain. The

column chart was obtained based on the data at the size of 30 " x30 " grid.

The ET, of summer maize and winter wheat were calculated based on the crop dominant maps and
phenology data. The ET, map and histogram distribution, as well as its basic information are described in
Table 28 and Figure 41. The seasonal average ET, of summer maize was 354.8 mm at 3H Plain, with a
minimum value of 239.4 mm and a maximum value of 552.3 mm. As shown in Figure 42-A, a high-ET belt
occurs in the piedmont plain, from Beijing, Tianjin to the southern part of Hebei Province. The low ET, area
of summer maize was mainly found in the hill-irrigable land and dry land (Zone 4) area in Shandong Province.
The total winter wheat ET, was comparatively higher than the summer maize ET,, with an average value of
521.5 mm. The maximum ET, for winter wheat was 729.2 mm, which was found in the middle part of 3H
Plain, while the minimum value was 131.6 mm in the southeast part of Hebei Province. An ET, belt between
500 and 600 mm was detected in more than 40% of the winter wheat cover area, although significant
variations in this value were observed. Difference from the summer maize ET, map, higher ET, area was
mainly observed in the middle part of 3H Plain, including low plain-hydropenia irrigable land and dry land
(Zone 3), hill-irrigable land and dry land (Zone 4), and basin-irrigable land and dry land (Zone 5). Overall, the

ET, between summer maize and winter wheat displayed different spatial distributions among levels.
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Figure 42 Spatial pattern of ET, in winter wheat - summer maize rotation in 3H Plain, a: spatial pattern of ET, in
summer maize growing season; b: spatial pattern of ET, in winter wheat growing season. These maps were

obtained from the results based on SEBAL model.

Correlation among ET,, NDVI, and land surface temperature

Investigation of the relationship between crop ET, and the normalized difference vegetation index
(NDVI) and the land surface temperature (LST) are helpful in understanding the effects of NDVI and LST
changes on ET, for winter wheat and summer maize in time series. Correlation coefficient analysis of the ET,
values of the two crops with NDVI and then LST for different Julian days. The ET, value, NDVI and LST of the
two crops were extracted from each raster in space. The relationships between ET, and NDVI and ET, and
LST in the winter wheat and summer maize growing seasons are shown in Tables 29 and 30, respectively.
NDVI is one of the most important parameters to the estimation of actual ET in many models. The results of
this study showed that ET, increased with NDVI. The linear relationship between ET, and NDVI was
consistent with as the results of a previous study by Wang et al. (2012). NDVI in the metaphase and last
phase was more closed related to ET, during the crop growing season, indicated by a higher positive
correlation coefficient value. The positive relationship between ET, and NDVI in the winter wheat growing
season was stronger than in the summer maize growing season in the metaphase and last phase, as
indicated by a correlation coefficient value of ET, during the summer maize growing season of <0.4, but as
high as 0.6 in the winter wheat growing season. This relationship appears to be stronger in Zone 3 (piedmont
plain-irrigable land), where the correlation coefficient values reached 0.67. The NDVI index increased
strongly in the metaphase and last phase, when crop activities intensified. These changes were expressed as
a lower impedance of evapotranspiration and increased latent heat flux in each pixel. This crop physiological
reaction may have led to an increase in the actual ET. These changes were more obvious in flat interior
regions, such as piedmont plain-irrigable land, than in basins or hills. The relationship between ET, and NDVI
was greater during winter and spring, because there was less precipitation participating in the space

hydrological cycle.
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Table 29 Relationship between ET, in summer maize growing season and NDVI, and then LST through multivariate regression analysis. *represents

linear coefficients significant at P<0.05. **represents linear coefficients significant at P<0.01.

Relationship between ET, and NDVI Relationship between ET, and LST
Jday
1 2 3 4 5 6 7 1 2 3 4 5 6 7
2011193  0.22°  -0.04 011  -0.09 0.03 0.11 -0.05 -0.42"7 -048"  -015  -049°  -044 -031 -033"
2011209 0327 0237 0247 011 000  -0.09 0.14 0317 025" -0.10 0217 023" 0327 0227
2011225  0.14° 0.11 0.13 009 -008 019 0.03 028"  -048"  -018  -045 = -031  -041 034
2011241 0217 0307  0.10 0.08  0.03 0.07 0.20" 035" -067  -0217 -0.03 019"  -017  -0.28"
2011257 030 026  0.06 006 017 0217 018 034"  -038" 0.16" 0477  -028" -0.08 -0.49"
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Table 30 Relationship between ET, in winter wheat growing season and NDVI, and then LST through multivariate regression analysis. *represents linear

coefficients significant at P<0.05. **represents linear coefficients significant at P<0.01.

Relationship between ET, and NDVI Relationship between ET, and LST
 day 1 2 3 4 5 6 7 1 2 3 4 5 6 7
2011289  0.01 012 -028 0.2 011 -0.14 0.6 026 -0.01 027"  -015 0.06 012 -0.26
2011305 0.18 017 029" 012 -017 -0.14 017 028" 019" -033" 019 -028  -019  -0.03
2011321 017 0.06 0.35 0.12 -0.04  -008  -0.01 -0.03 0.12 0.42" 014"  -0.45 0.02 0.02
2011337 017 0.11 0.43" 0.11 -0.08 -0.04  0.03 038" -025  -070°0 -030  -036  -0.07 0.05
2011353 0197 016 044 016  -0.09 -0.01  0.05 0197 0200 -0.24" 0.00 0427 016  -045
2012001 0.18 015 044 016  -007 -0.03  0.04 0.24" 0.04 036 -0.16  -0.45  -0.40  -0.30
2012017  0.18 0.21 0.48 0.15 012 0.06 0.07 0327 -012 -0227 017 0.02 0197 -0.10
2012033  0.15 026 056 029  -007 -0.06  0.19° 0457 -0.02 0.09 013  -029 -0.27°  -0.05
2012049 0.18 028 054 029  -017  -0.02 0.5 056 -0.10 -0.15°  -048°  -0.15  -0.22"  -0.15
2012065  0.15 043" 055 024  -009 -0.02 032" 0527  -038 -035  -045 = -0.13 0.06  -0.29"
2012081 0.22° 036 065 019  -0.05  0.02 0.09 044" 047" 065 = -047  -0.16 -0.09  -0.26
2012097  0.17 027 067 020 007 -005 0.4 056 -043"  -0.73"  -049" 0.05 -0.05  -0.36
2012113  0.16  0.41°  0.66 0.16 008  -003 0.1 -0.06 0.18" 012  -0327 027" -018  -0.28"
2012129 021 040 057 019 014  -013  0.12 035  -051" -063  -014 -030  -047 -050
2012145 025 0317 055 014 0327 0.5 0.20° 048" -030 -058  -0.16  -0.28  -0.38  -0.14
2012161  0.23°  0.26 0.03 0217 0.10 012 020 0457 -0.10 0.00 -0.14" -0.07  -0.19" 0.06
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As described above, a higher value of correlation coefficient was detected between ET, and
LST than between ET, and NDVI, indicating a stronger relationship. The significant
relationship between ET, and LST ran through the entire crop growing season. Additionally,
the correlation between ET, and LST was negative, indicating that an increased LST may lead
to a decreased ET,. In the later portion of the winter wheat growing season in Zone 3
(piedmont plain-irrigable land), the correlation coefficient value was higher (R >0.7).
Temperature is an important factor which is associated with stomatal conductance and
transpiration (Yang et al. 2012). For maize, the effect of growth temperature on
transpiration was obvious when maize was grown at low temperature (22/18°C) and
measured at higher temperature (30°C). The 3H Plain is acknowledged as a water-stress area
that primarily receives rainfall during summer. As results, serious drought always occurs in
winter and spring, which may impact transpiration and canopy temperature. When crops are
subjected to water stress, they close their leaf stomata, which reduces evapotranspiration,

leading to increased crop canopy temperature.

Correlation between ET, and geographic parameters

For a given region, reference evapotranspiration (ETy) is only determined by weather
parameters; however, several factors can affect actual evapotranspiration, such as soil types,
current precipitation, crop types, soil moisture storage in the early stage, and field
management. We attempted to identify the relationship between ET, and geographic
parameters in this study because they may reflect climate fluctuations, changes on soil
characteristics, field management and irrigation schemes with geography transitions. ET, in
the summer maize period represented a significant relationship with longitude (P<0.01),
which described an increasing trend from the eastern portion to the western part of 3H Plain
(Figure 43-A). This spatial pattern of ET, in the summer maize growing season is in
accordance with that of precipitation. Usually, the growing season for summer maize in 3H
Plain is from July to September, when there is concentrated precipitation and higher
temperature. During this period, less than 20% of ET, is from irrigation. When compared to
temperature, crop physiology is more sensitive to water for summer maize owing to the
sufficient heat resources in the summer maize growing season. Rainfall was considered as
the main crop water resource in the eastern portion of 3H Plain, where more precipitation
was detected in the past 40 years. Supplementary irrigation has always been used in the
western part of the region, which is characterized by piedmont plain-irrigable land, low

plain-hydropenia irrigable land and dry land.
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Figure 43 Correlation analysis between crop ET, and geographic parameters. a is correlation analysis between ET,
in summer maize growing season and longitude. X axes represents the longitude and Y axes represents ET, (mm)
for summer maize growing season. b is correlation analysis between ET, in winter wheat growing season and

latitude. X axes represents the latitude and Y axes represents ET, (mm) for winter wheat growing season.

As shown in Figure 44-A, the ET, for winter wheat had a significant relationship with latitude (with R*=0.23,
P<0.01), increasing as latitude increased. Winter wheat accounts for about 70% of the total agricultural
water use in this area, and precipitation during the winter wheat growing season ranges from 100 to 180
mm (Li et al. 2010), which can only meet around 25%—40% of the water requirements for the season.
Although it is an important area for winter wheat production, rainfall in the region is erratic and limited
during the growing stage; accordingly, supplementary irrigation has been widely adopted to ensure
maximum production (Sun et al. 2006; Li et al. 2008). For irrigated wheat, seasonal ET, mostly ranges from
400 to 600 mm, 70% of which is derived from irrigation. Spatial differences have not only been found in
precipitation, but also in irrigation practices. According to Yang et al. (2013), precipitation in the southeast
part of 3H Plain can account for over 50% of the total water consumption for winter wheat. However,
irrigation was identified as the dominant water resource in the northern part of 3H Plain, including piedmont
plain-irrigable land (Zone 2) and low plain-hydropenia irrigable land and dry land (Zone 3), were irrigation

accounts for more than 60% of the winter wheat water consumption.

5. Discussion

Assessment of regional crop evapotranspiration

The findings presented in this paper are the first region-wide, integrated remote sensing, SEBAL
model, and ground truth and phenology data to estimate ET, in 3H Plain. There are various ways to estimate

crop water consumption, most of which are relatively precise at very small scales, but impractical over large
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scales. Crop water consumption as the main water output in agricultural hydrological processes is necessary
to identify not only experimental field points in a controlled environment, but also at regional scales. At
regional scales, crop evapotranspiration is often more relevant to policy, agriculture input, soil types and
available resources. However, water consumption by crops cannot be accurately identified without crop
distribution information (Cai and Sharma 2010). This study is the first attempt to apply regional
evapotranspiration model and crop information for assessment of crop (winter wheat and summer maize
cropping system) evapotranspiration at a large regional scale, such as the Huang-Huai-Hai Plain. This
addition marks the improvement of this research work over numerous previous studies (Zwart and

Bastiaanssen 2007; Immerzeel et al. 2008; Cai and Sharma 2010; Zwart et al. 2010).

Separation of evapotranspiration of the two crops

A method was developed to extend daily evapotranspiration to the crop growing season in this
study. The extrapolation of daily evapotranspiration to crop growing seasons in pixel level was conducted
through spatial interpolation methods based on crop phenology data. Crop (winter wheat and summer
maize) phenology data for the 3H Plain, as well as other essential information, was used to obtain pixel crop
phenology data. Crop growth is more closely related to latitude and longitude, elevation, crop varieties and
meteorological factors, such as air temperature, light and water (Yang et al. 2011). However, the method
explained in this paper avoided complex factors and parameters above, and can be easily applied elsewhere.
Additionally, evapotranspiration extracted from winter wheat and summer maize can be more accurately

estimated than the aforementioned factors.

Possible uncertainty of results

The ET, in this study was 354.8 and 521.5 mm for summer maize and winter wheat respectively,
which is higher than previous studies (Chen et al. 2012; Xiao et al. 2009). It is not surprising that ET, was
lower at the research stations since they are operated under a controlled environment to achieve the
maximum water use efficiency, and are less constrained than farmers with regards to resources availability
(Yan and Wu 2014). In general, the ET, of winter wheat was higher than that of summer maize in 3H Plain.
These findings partially agreed with those of Ren and Luo (2004) and Chen et al. (2012) who pointed out that
crop physiological characteristics, field management measures and irrigation programs are major factors
influencing ET,, even if reference evapotranspiration (ETy) and crop water requirement (ET.) occasionally
showed different characteristics. However, spatial differences have made it possible for a target region to
have contrary results. For example, in Hebei Province the ET, of summer maize was a slightly higher than
that during the winter wheat growing season. Spatial analysis demonstrated a linear relationship between
crop ET, and NDVI and land surface temperature, which is consistent with the result of a study conducted by
Wang (2012). It should be noted that the raster pixel was upscaled to 1000 mX1000 m for easier

presentation, which may have caused the pixels to merge together, and decreased the relevance between
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dependent and independent variables. As a result, the correlation coefficient between crop ET, and NDVI

and land surface temperature may actually be higher than the calculated value.

Need for refinement

It is important to note that there are some uncertainties associated with estimating crop
evapotranspiration using remote sensing data and the SEBAL model over a large-scale region such as the 3H
Plain. Gathering remote sensing data is a complicated process that must be followed by sensor calibration
and atmospheric correction (Cai and Sharma 2010). The spatial distribution of evapotranspiration modeling
from SEBAL is 1000 mx1000 m; however, mixed cropping patterns and fragmented farming are found
common in crop planting extraction research, so sub-pixel area fraction estimation is well accepted
(Thenkabail et al. 2007a; Hao et al. 2011). In some situations, one pixel contains several tapes except target
crop, such as water body, residential areas, and forest land. Under the given conditions, the image element

may be exaggerated or ignored, which can lead poor estimations and increased errors.

6. Conclusion

In this study, actual evapotranspiration for winter wheat and summer maize respectively and its
spatial patterns were quantified in 3H Plain. The seasonal average ET, of summer maize and winter wheat
were 354.8 and 521.5 mm in 3H Plain. A high-ET belt of summer maize covers the piedmont plain, and low
ET, areas of summer maize are mainly found in the Hill-irrigable land and dry land area. For winter wheat,
higher ET, areas were located in the middle part of 3H Plain, including low plain-hydropenia irrigable land
and dry land (Zone 3), hill-irrigable land and dry land (Zone 4), and basin-irrigable land and dry land (Zone 5).
Spatial analysis demonstrated a linear relationship between crop ET, and NDVI, as well as between ET, and
land surface temperature. During the crop growing season, ET, was more closely related to NDVI in the
metaphase and last phase.

We attempted to identify relationships between ET, and crop growing season land surface parameters and
geographic parameters. NDVI in the metaphase and last phase showed a closer correlation to ET, in the crop
growing season, and a significant relationship between ET, and LST was observed throughout the crop
growing season. ET, in the summer maize growing season was correlated with longitude, while ET, in the
winter wheat growing season showed a significant relationship with latitude. Field management
(supplemental irrigation) also showed a strong response to the ET, pattern in 3H Plain.
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Outline

Considering the above background, this research focuses on: (1) the crop productivity for wheat is estimated
using satellite-based model, linear regression equation-integrated remotely sensed images, and census data;
(2) the characteristics of the water productivity for wheat are investigated based on the relations among
yield, CWP, and ET and results from spatial analysis; and (3) improvements of the water productivity for
wheat are discussed in combination with water consumption structure and agronomical practice analysis

across 3H Plain.
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1. Abstract

Huang-Huai-Hai Plain (3H Plain), which is the wheat production base of China, is recognized to be one
of the most water stressed areas of the world due to the excessive exploitation of groundwater combined
with precipitation reduction. Identification of areas with a low crop water productivity (CWP) and achieving a
higher grain yield per unit of consumed water are therefore of uttermost importance for the future
agriculture in this region. In this paper, the crop water productivity of winter wheat (Triticumaestivum L.) was
estimated and subsequently analyzed by combining remote sensing imagery and county-level census and
meteorological data of six agricultural sub-regions of the 3H Plain. The average CWP of winter wheat in the
plain is 0.95 kg-m™, with CWP values across the plain ranging between 0.24 to 1.99 kg-m™ for three periods,
2001, 2006, and 2011. The spatial analysis of the relationship among CWP, grain yield, and actual
evapotranspiration (ET,) describes a strong linear relationship between CWP, grain yield, and ET, across the
3H Plain. The grain yield increases to a critical value of 520 mm and 480 mm for ET, in the northern and
southern zones, respectively, and then drops as the ET, increases. The temporal analysis indicates an increase
of the CWP and yield by an average of 0.25 kg-m™ and 0.09 t-ha™, respectively, and an average reduction of
82.1 mm for ET, during two comparative periods of 2006 to 2001 and 2011 to 2006. It is concluded that the
improvements of the CWP are due to the grain yield increment as a result of better cultivars, fertilizer
improvement and other management practices rather than water consumption reductions. The results are
expected to provide basic information for the agricultural water management, improvement of CWP, and

choice of adaptive mechanisms in water-scarce regions.
Keywords

Crop water productivity, Winter wheat, Remote sensing, Agricultural sub-regions, Huang-Huai-Hai Plain
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2. Introduction

The worldwide water demand has increased substantially over the past decades due to a rapid
economic development, population growth, and increasing water scarcity in many parts of the world
(Vrsmarty et al., 2000). The growing water scarcity in agriculture at the global scale has become a bottleneck
of the ecological, environmental, and socioeconomic development and sustainability of agriculture
(Immerzeel et al., 2010; Murray et al., 2012; Wolf et al., 2003; Yoffe et al., 2003). Agriculture is identified as
the largest water-consuming sector and in sequence irrigated agriculture has expanded rapidly over recent
decades in many developing countries (Ali and Talukder, 2008; Carruthers et al., 1997). Irrigated agriculture
contributes between around 25% and 50% to global food production (Boutraa, 2010). A FAO analysis of 93
developing countries expects agricultural production to increase over the period 1998-2030 by 49% in rain
fed systems and by 81% in irrigated systems (Playan and Mateos, 2006). To achieve a sustainable and higher
grain yield, indispensable irrigation is needed, which makes the water shortage problem more serious
(Quangi et al., 2012). Understanding how the productivity of water can be increased is a high priority in

regions with scarce and/or overexploited water resources (Perry, 2011).

The crop water productivity (CWP) is defined by the amount of produced output per unit of water
consumption under a considered condition (Cai et al., 2011; Molden et al., 2010; Molden et al., 2007), and
becomes a critical indicator for the quantification of the impact of irrigation scheduling concerning water
management (lgbadun et al., 2006). Quantitative information on the CWP estimated from grain yield and
water consumption is consequently essential for the irrigation water management strategies in a particular
region. A number of researchers reported the CWP in China, with varied spatial and temporal resolutions
based on model simulation, estimation from remote sensing data and calculation from collected irrigation
district data (Cao et al., 2015; Huang and Li, 2010; Liu et al., 2007; Rosengrant et al., 2002; Yan and Wu,
2014).

Most of the above-mentioned studies reported the relationship between water consumption, grain yield,
and CWP, which suggests that it is important to more generally consider the situation in the controlled
environment and related decisions (Zwart and Bastiaanssen, 2004). Zhang et al. (2011) reported that winter
wheat biomass has a more linear relationship with actual evapotranspiration (ET,) than summer maize based
on experimental research from 1979-2009. Perry et al. (2009) reported that the relationship between
biomass and transpiration is essentially linear for given crops and climate conditions based on a literature
review. However, other results suggest that the relationship between ET and yield is not always linear. Li et
al. (2012) indicated the relationship between grain yields and seasonal ET was best described by a quadratic
function obtained by regression analysis in Southwest China. Li et al. (2009) reported a relationship between

ET and yield in the form of a parabola, however, which was not statistically significant.

The Huang-Huai-Hai Plain (3H Plain) is known as the largest agricultural production region in China, where

the most important factor limiting agricultural production is water. This problem will most probably become

more severe in the future due to the increasing food demand, soil quality deterioration, and diminishing
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water quality (Chen et al., 2005). Hence, the 3H plain faces a serious threat of water scarcity due to excessive
exploitation of groundwater combined with a precipitation reduction (Jia and Liu, 2002; Liu et al., 2010b).
The key point to maintain high crop productivity and reduce the depletion of water resources is to improve
the CWP in the 3H Plain. Nevertheless, the relationship between the water consumption and grain yield of
the agricultural sub-regions in the 3H Plain and the critical ET, value at which the grain yield begins to drop

remain unknown up to now.

Therefore, this paper focuses on (1) a quantification of field scale productivity of wheat using a
satellite-based model, linear regression equation-integrating remote sensing data, and census data; (2) a
spatially differentiated characterisation of the water productivity of wheat; and (3) a discussion of potential
improvements of the water productivity for wheat using the structure of water consumption and an analysis

of agronomical practice across the 3H Plain.

3. Materials and methods

Study region description

The Huang-Huai-Hai Plain is generally acknowledged as one of the largest plains in China, located in
the temperate, subhumid, and continental monsoon climate zone with a cumulative temperature (>0°C) of
4200°C to 5500°C and average annual precipitation of 348.5 mm (Ren et al.,, 2008). Although the
precipitation is insufficient for cultivation, 3H plain remains one of the main Chinese crop production centres,
providing 31% and 61% of the nation’s maize and wheat production respectively (Wang et al.,
2009).Typically, the main crop system is characterized by maize—wheat rotation with two harvests per

year.(Liang et al., 2011; Sun et al., 2011; Zhao et al., 2006).
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Figure 44 The The inset map shows the location of the Huang-Huai-Hai Plain(3H Plain) and its six agricultural
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sub-regions. The six agricultural sub-regions of 3H plain include: Coastal land- farming-fishing area (including
North part: Zonel and South part: Zone7), Piedmont plain-irrigable land (Zone2), Low plain-hydropenia irrigable
land and dry land (Zone3), Hill-irrigable land and dry land ( Zone4), Basin- irrigable land and dry land (Zone5) and
Hill-wet hot paddy field (Zone6). The triangles and round black spots mean agrometeorological stations and

meteorological stations respectively. The round hollow spots mean the capital cities.

Data collection

The China Meteorological Administration (CMA) provided us with a historical dataset acquired
between 2001 and 2015, composed of climatic variables from 40 meteorological stations (Figure. 44): daily
observed maximum and minimum air temperature and wind speed. Three kinds of MODIS
(Moderate-resolution imaging spectroradiometer) products were used as the inputs for the SEBAL (the
Surface Energy Balance Algorithm for Land model) model which is used to estimate the actual
evapotranspiration (ETa) of winter wheat: (i) MOD11A1 (land surface temperature/surface emissivity), (ii)
MOD13A2 (NDVI), and (iii) MCD43B3 (surface albedo). For land surface temperature images, cloudy areas
were eliminated by replacing the values with the average of two images in the nearest clear dates (Cai and

Sharma, 2010; Yang et al., 2015)

.CWP estimation

The crop water productivity is defined as the output of crops per unit of water consumption (Perry et

al., 2009), as determined in the following equation (Yan and Wu, 2014):

CWP = L, Formula 26
ET

a

where Y is the wheat yield (t-ha™), ET, is the corresponding water consumption (mm), and CWP is the winter

productivity (kg m™).

It differs from water efficiency, which is the ratio of crop yield to the actual amount of water applied to the

field (losses included).

The physical location of winter wheat planting has to be known for crop-specific water consumption and
water productivity analysis in this study (Cai and Sharma, 2010; Yang et al., 2015). To improve the wheat
dominance map, ISODATA class identification and spectral matching proposed by Thenkabail et al. (2007)
and widely used in China (Hao et al., 2011) were performed using the ground truth information as the input

(Figure. 45).
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Figure 45 The map shows the distribution of winter wheat planting information over the Huang-Huai-Hai Plain. A:
ground truth points distribution. B: spectral signature of wheat-other crops (maize, soybean, rice and vegetables)
rotation. C: winter wheat dominance map. D: accuracy analysis based on extracting and statistical value of wheat

planting area.

With the development of remote sensing technology, the SEBAL model for ET, estimation has been applied
in the Americas (Allen et al., 2002; Paul et al., 2013; Trezza, 2002), Europe(A et al., 2007; Jacob et al., 2002),
Africa (Dzikiti et al., 2016; Kongo et al., 2011), and China (Li et al., 2013; Tang et al., 2013; Yang et al., 2015).
These studies demonstrate that the SEBAL model is proved to be with a good efficiency and applicability for

water consumption estimations in vegetative area, which is the focus of our study (Cai and Sharma, 2010).

In our study, the SEBAL model based on MODIS data was applied to estimate the daily ET. The SEBAL model

is based on the energy balance equation described by the following equation:

R,=G+H+AET  Formula 27

where R, (W-m?) is the net radiation; G (W-m?) is the soil heat flux; H (W-m™) is the sensible heat
flux; and AET (W-m?) is the latent heat flux associated with evapotranspiration. The main parameters
such as the net radiation flux on the land surface (R, ), the soil heat flux (G ) and the sensible heat flux (H )

can be calculated according to literatures reported by Bastiaanssen et al. (1998), Yang et al. (2015) and Ju et

al. (Ju et al., 2016)
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Since the evaporative fraction A is constant during a day, the daily ET,, (mm) can be estimated using

the following equations:

AET
A= Formula 28
R,—G
ET,, = ARy =Ca)  ormuyla 29
A

where ET,, is the daily evapotranspiration (mm), G,,is the daily soil heat flux (W-m?), and A is the latent
heat of vaporization (MJ-kg™).

Hence, the SEBAL was validated to be suitable for estimating evapotranspiration of winter wheat in 3H Plain
with correlation coefficient of 0.88 between the estimated and measured values from the field data for

Yucheng station in Shandong Province (Yang et al., 2015).

In this study, the county district-level wheat yield map from census data with vectors of administrative
county was resolved to the pixels size of the MODIS NDVI data with a stepwise multiple regression equation
(Ju et al., 2016). The county-level census data included wheat area and grain yield for 347 counties in 3H
Plain and were obtained from the Ministry of Agriculture of China. Areas where wheat was not the dominant
crop were masked out using the wheat planting map. The stepwise multiple regression equation was
obtained from county district average NDVI values for wheat from the MODIS images and the related district
average wheat yield. As such, we obtained the following the linear regression equation was obtained, as
shown in (Eq.5):

NDVI
Yield, =Yield,,, x———"- Formula 30
NDV

avg

Where Yield, and Yield,, are the average yields of the individual pixel and of the county; NDVI,, is the
county-level averaged NDVI; and NDVI, is the NDVI of individual pixel during the wheat growth stage. The
equation was then applied to each pixel on the NDVI wheat subset, leading to a yield map of wheat with 250

m x 250 m resolution. This downscaled method is described in detail in Cai and Sharma (2010).

4. Results

ET map

The ET, of winter wheat was calculated based on wheat-dominant planting map and wheat
phenological data in different agricultural sub-regions. The wheat ET, map and histogram are shown in

Figures 46 and 47. The seasonal average wheat ET, is 630mm, 550mm, and 538mm, ranging from 169 mm to
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729 mm, 203 mm to 729mm, and 164mm to 727mm with a standard deviation of 49.2 mm, 66.2mm, and
84.7mm, respectively (1% of the points were filtered), from October to the following June of 2001, 2006, and
2011. The average value is detected to be pronouncedly less than the wheat potential ET (680 mm) (Yang et
al., 2013a). Figure. 46 shows the histogram of the average wheat ET, with a sharp peak at 641, 574, and
559mm, respectively, in 2001, 2006, and 2011.The histogram shows that the ET, range is 320-700 mm,
accounting for 99% of the total pixels. The pixels with ET, values below 320mm are probably at the margin of

the winter wheat production area.
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Figure 46 Actual evapotranspiration (ET,, unit: mm) and average vyield (Y, unit: ton ha™) of winter wheat in the
Huang-Huai-Hai Plain (2001, 2006 and 2011). The left maps were obtained from the results based on SEBAL model.

The right maps were obtained from grid-level yield with Arcgis software.
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In 2001 and 2006, the maximum ET, for winter wheat in the basin irrigable land and dry land (zone 5) and
hill-wet hot paddy field (zone 6) of the 3H Plain was 729 mm, while the minimum value was 169 mm and 203
mm in the coastal land—farming—fishing area (zone 1) and low plain-hydropenia irrigable land and dry land
(zone 2), respectively. A higher ET, belt between 600 and 700 mm and 500 and 600mm was detected in
more than 78% and 54.8% of the winter wheat area for these two periods, respectively, although significant
variations were observed. Furthermore, the maximum ET, in 2011 was 727mm in zone 5, while the minimum
value of 164 mm was determined mainly in zonesl and 2. We conclude that, compared with 2001, the
decreasing areas with an average reduction of 88.4mm are the southern Hebei Province, Henan Province,
and northern Jiangsu Province in 2006. Similarly, the decreasing areas with an average reduction of 75.8mm

are the Hebei and northern Shandong provinces in 2011 compared with 2006.
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Figure 47 The histogram distribution of wheat cropland ET, in 3H Plain for the period from October to following
June in 2001, 2006 and 2011. X axes represents ET, (mm) for winter wheat growing season and Y axes represents
frequnency occurance (%) for ET, for winter wheat growing season across the Huang-Huai-Hai Plain. The vertical
dashed line repreasents area-averaged value of ET, for winter wheat growing season across the Huang-Huai-Hai

Plain according to Yang et al. (2013).

Wheat yield map

The wheat yield was sequently rasterized based on the wheat-dominant planting map and MODIS
NDVI products. The wheat yield map is shown in Figure. 47. The average wheat yield is 5.0 t-ha™, 5.7t-ha™,
and 6.3t-ha™, ranging from 1.9 t-hato 7.8 t-ha™, 3.4 t-ha'to 7.9 t-ha™, and 3.9 t-ha™to 8.1 t-ha'with a
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standard deviation of 0.08 t-ha™, 0.07 t-ha™, and 0.05 t-ha™respectively (1% of the points were sieved), from
October to the following June in 2001, 2006, and 2011.

In 2001 and 2006, the highest wheat yield in zone 2 and the piedmont plain-irrigable land (zone 3) of the 3H
Plain was more than 7 t-ha®, while the lowest value was less 1.9 t-ha™and 3.4 t-ha™in zone 6, respectively. A
yield belt between 5 t-ha™and 7 t-ha™was detected in more than 48.2% and 77.9% of the winter wheat area
during these two periods, although significant variations of this value were observed. Furthermore, the
highest yield in 2011 was detected in zones 3 and 5 (more than 8 t-ha™), while the minimum value of less 3.9
t-ha™was mainly determined in zone 1. The pixels with wheat yield values below 1.9 t-ha™, 3.4 t-ha™, and 3.9
t-ha™are probably associated with areas in which the wheat failed due to drought disasters, pest attacks, or
other causes. Compared with 2001, the 2006 vyield increase (average increment of 0.10 t-ha™), mainly took
place in the Shandong, Henan, and northern Jiangsu provinces. Similarly, the increasing area, with an
average increment of 0.08 t-ha™”, includes the Henan and northern Anhui provinces in 2011 compared with
2006.

CWP map

Based on Equation (2), the ET and yield data estimated based on remote sensing were used to
calculate the annual CWP of winter wheat for 2001, 2006, and 2011 for each pixel in the study area. The
wheat WP map and the histogram distribution are shown in Figures 48 and 49. The results indicate that the
average CWP of the basin was 0.79 kg'm?, 0.99 kg:-m?>, and 1.08 kg:m™, ranging from 0.24 kg-m> to 1.92
kg-m™, 0.40 kg-m™ to 1.78 kg-m™, and 0.50 kg-m™ to 1.99 kg-m™ with a standard deviation of 0.48 kg-m~,
0.52 kg-m™, and 0.43 kg-m™ (1% of the points were sieved), respectively, from October to the following June
in 2001, 2006, and 2011. The average value in 2001 and 2006 is smaller than the wheat WP (1.05) reported
for the Hai Basin (Yan and Wu, 2014). Figure. 48 shows the histogram of the average wheat WP with a sharp
peak of 0.75 kg-m?, 1.05 kg-m, and 1.0 kg-m?, respectively in 2001, 2006, and 2011.The histogram indicates
that the CWP range is 0.4-1.9 kg:m?, accounting for 99% of the total pixels. The pixels with WP values below
0.4 kg:m~>are probably at the margin of the winter wheat production area, in misclassified winter wheat

areas, or in areas in which the crop failed due to drought disasters, pest attacks, or other causes.

The highest WP in 2001 was > 1.0 kg:m?, which was detected in zones 2 and 3 of the 3H Plain, while the
lowest value was determined to be 0.5kg-m~in zone 6. The highest value in 2006 and 2011 was > 1.2 kg:m*in
zones4 and 5, while the lowest value was < 0.9kg-m"3, mainly in the eastern part of zones 5, 2, and 6.
Furthermore, a higher WP belt between 1.1kg:m™ and 1.2kg-m™ was detected in more than 13.8% and 18.7%
of the winter wheat area of zone 4 during these two periods, respectively, although significant variations of
this value were observed. Accordingly, compared with 2001, the increasing area with an average increment
of 0.24kg-m™ was detected mainly in the Shandong, Henan, and northern Jiangsu provinces in 2006. Similarly,
the increasing area with an average increment of 0.11kg-m™ includes zones 2 and 5 in 2011 compared with
2006.
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Figure 48 Water productivity (WP, unit: kg m~®) of winter wheat in the Huang-Huai-Hai Plain (2001, 2006 and
2011). These maps were obtained from the results of ET, and grid-level yield of winter wheat according to the

method described as Formula 30 with Arcgis software.
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Figure 49 The histogram distribution of wheat water productivity in 3H Plain for the period of from October to
following June, 2001, 2006 and 2011. X axes represents crop water productivity (kg-m'a) for winter wheat growing
season and Y axes represents frequnency occurance (%) for crop water productivity for winter wheat growing
season across the Huang-Huai-Hai Plain. The vertical dashed line represents area-averaged value of crop water
productivity for winter wheat growing season across the Hai Basin according to Yan and Wu (2014) which is part

of Huang-Huai-Hai Plain.

159



Chapter VI. An assessment of water consumption, grain yield and water productivity of winter wheat

Relations among yield, ET, and CWP

Fane 2
15+
3
= 10 -
z
0.3
¥ OZLUSK | OER2T v 00048 | 12123
R - 5505 e S ¥ STOS L ORE y —0001x 1 LALIS o _ 00000 1 1118
- Woo03% d R 0.0005 R -0 24 wionnd
0.0 0.0
LT AN 20 aiM HiMy i I 200 300 400 500 ao0 TOO 00
T, Grm) ET, G
20 0
Zome 3 Lome 4 . .
.
15 » - 15
’= _ "y
£ i i
<o =10 -
I t B
= &
7 G .
0s 03
yo-0001x 11397 y=-0.00 4% | LE095 y 00005 | B ¥oUOWTE T LIS o o7 1974y —-nndo
RI=0.09 ITERTEEN ”— 007 * -0 B 040 . W — 0
i 0.0
200 300 200 500 600 00 200 200 300 100 300 600 700 500
TT, () LY, (mm)
s - 25
Fame 5 Lonc b
0 - - 20
s kb 13
L o
= =
:f 1.0 3 10
0S5+ vy 0.3
00009 TLITIL y 00017x = LOK6D y  0008x | 14359 ! ! -
B2 R’ 029 R 019 - 035 B - 0.24 L
0.0 0.0
200 300 100 500 an 700 S0l 200 300 400 500 600 o0 H0
LT, (mm) LT, (uun)

Figure 50 Relationships between actual evapotranspiration (ET,) and crop water productivity for winter wheat in
3H Plain, using average values for ET, and crop water productivity for 2001, 2006 and 2011 across the plain. X-axis

is area-averaged ET, value with the unit of mm and the left Y-axis is area-averaged crop water productivity of

winter wheat with the unit of kg:-m™.

To determine the relations among vyield, ET,, and CWP in the 3H Plain, correlation analysis was
conducted on 0.01°x0.01° pixels in three study periods. Figures 51 and 52 illustrate the change in the CWP
with cumulative ET, and yield for winter wheat using average values for ET, and CWP from 2001, 2006, and

2011 across the 3H Plain. It is noteworthy that the ET, data below 200mm and yield values below 2.0 t-ha™

are not included in the graph.
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Figure 51 Relationships between yield and crop water productivity (CWP) for winter wheat in 3H Plain, using
average values for yield and crop water productivity for 2001, 2006 and 2011 across the plain. X-axis is
area-averaged yield of winter wheat with the unit of ton-ha™ and the left Y-axis is area-averaged crop water

productivity of winter wheat with the unit of kg-m'3.

Figure.51 indicates that the CWP decreases with increasing ET, from 200-750mm. The relation between the
CWP and ET, has a significance level of 0.05 (R*> 0.12, n = 4600, 890) for the three studied periods in zones5
and 6 of the 3H Plain. Furthermore, the correlation coefficient between CWP and ET, is bigger in 2006 than
in 2011. However, the relation between CWP and ET, of the other four zones in 2006 has a significance level
of 0.05. The correlation coefficient between CWP and ET, is bigger in 2006 than in 2011. Figure. 51 indicates
that the CWP increases with increasing yield from 2.0-9.0 t-ha™. The relation between the CWP and vyield is
pronounced, with a significance level of 0.05 (R*> 0.21, n >4600, 890) in the three periods in the six
agricultural sub-regions, except for zone 2. The correlation coefficient between the CWP and yield is bigger
in 2011 than in 2006. Hence, the wheat yield has a stronger linear relationship with CWP than with ET, in the
3H Plain.
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Based on the combined correlation analysis described in Figures 50 and 51, we conclude that the spatial
increase of the yield principally controls the increase of the water productivity in zones 1 and 4; the spatial
increase of the water productivity is governed more by the increment of the yield than by the reduction of

ETa in the other four agricultural sub-regions.

5. Discussion

The range of the CWP of winter wheat in the 3H Plain (0.24 to 1.99 kg-m?) for three periods, 2001,
2006, and 2011, is in accordance with results simulated for the Northern Plain, China (Chao et al., 2009), and
results estimated from remote sensing data (Liu et al., 2010a) but lower compared with experimental data
from the Luancheng Station (Zhang et al., 2011). It is not unexpected that the CWP is higher at the research
stations because researchers perform studies in a given conditions to achieve the higher potential yield per
hectare and have more resources at disposal than regular farmers (Yan and Wu, 2014; Zhang et al., 2011).
The relatively low values for the CWP in the 3H Plain suggest that there is room for improvement for the

agricultural practices in the 3H Plain.

The spatial analysis demonstrates the linear relation between the CWP, ET,, and grain yield across the 3H
Plain. As a whole, the CWP values are more affected by grain yield in the given range described in Figures 50
and 51. The increasing CWP values is identified as the increment of the grain yield rather than the reduction
of ET in accordance with reported results in the Indo—Gangetic River Basin (Cai and Sharma, 2010) and
HaiBasin (Yan and Wu, 2014). Dong et al. (2007) reported a stronger linear relationship between the CWP
with grain yield under different irrigation treatments, despite of much differences of the CWP among 19
wheat species in the North China Plain. Zhang et al. (2005) also observed that the wheat yield was increased
by 50% and consequently resulted in significant CWP improvements in the past 20 years in the North China
Plain. On the other hand, the temporal analysis shows an increase by an average of 0.24 kg:'m™ and 0.11
kg-m™ and 0.10 t-ha™* and 0.08 t-ha™'of the CWP and yield, respectively, and an average reduction of 88.4 mm
and 75.8 mm for ET during the two comparative periods. The yield increase is due to the fertilizer and
pesticide use in the North China Plain (Wang et al., 2010). The relationship between the grain yield and ET in
the six agricultural subregions of the 3H Plain in 2011 is described by a shape of typical parabola. The wheat
yield increases before reaching the parabola peak (the yield is 5.8 t-haand ET, is 522 mm in the northern
zones; the yield is 5.9 t-haand ET, is 460 mm in the southern zones) and then drops as the ET, increases.
This can be concluded that a higher irrigation amount does not inevitably achieve higher grain yield, which is

similar to results of field experiments from other researchers (Li et al., 2005; Sun et al., 2006).
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Figure 52 Spatial pattern of effective irrigation proportion in winter wheat in 3H Plain, irrigation proportion in
total water consumption. These maps were obtained from ET, and effective precipitation of winter wheat

growing season with the Arcgis software.

The Huang-Huai-Hai Plain faces a serious water shortage threat due to the excessive exploitation of
groundwater and precipitation reductions at an average rate of 2.92 mm-year(Liu et al., 2010b). In recent
years, many studies have focused on the crop water use in the 3H Plain(Li et al., 2008; Yang et al., 2013b). In
this study, a method based on the water balance was used to quantify the effective irrigation volume and
characteristics of crop water use patterns for winter wheat in the 3H Plain in 2011. Figure.52 shows the
spatial distribution of the effective precipitation and irrigation proportions with respect to total winter
wheat water consumption. The precipitation in the eastern part of the 3H Plain accounts for more than 50%
of the total water consumption. However, irrigation was widely accepted to be the dominant water resource
in the Hebei and Henan provinces in which it accounts for more than 60% of total water consumption. The
winter wheat production in the 3H Plain strongly depends on supplementary irrigation (Li et al., 2008; Sun et
al., 2006). According to Yang et al. (2013a), field management is a more important factor with respect to ET,
of winter wheat compared with climate transitions and geography. Although the water saving method is
promoted in the 3H Plain, traditional surface-flooding irrigation is still common in the irrigation district. The
irrigation efficiency in Northern China was 0.42 in 2010, which is much lower than the world average (Bai et
al., 2011). Liu et al. (2011) hold the view that the relative higher grain yield and CWP of winter wheat are
gained through using a coefficient of 0.63 to multiply the ET, with a guidance for the sprinkler irrigation in

winter wheat production area.

It is widely accepted that the improvement of the CWP is more complicated on the plain scale than in field
experiments due to factors such as crop cultivar, soil type, drought disaster, and pest attacks. China has a
good extension system to promote suitable technology to farmers. Deng et al.(2006) found that mulching
with crop residues can increase the CWP by 10%—-20% due to reducing soil evaporation together with

increasing plant transpiration. Straw mulching can easily be implemented and extended in the 3H Plain. In
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addition to droughts, the soil infertility is a factor constraining the productivity. A 15-year field experiment
depicted that nitrogen fertilizer is important for the improvement of the CWP, while phosphate fertilizer is
highly effective in increasing the total soil water use at the Changwu Ecological Station (Dang, 1999).
Furthermore, the winter wheat cultivars have been changed five times in past 20 years, with the average
yield increasing due to the increase of the average kernel numbers per spike (Zhou et al., 2007). Other land
and crop interventions, such as crop variety, drought adaption, insects control, are also indispensable

indicators to be accepted in addition to water management.

6. Conclusion

The average CWP of winter wheat in the 3H Plain is in the range of 0.24 to 1.99 kg-m™ in 2001, 2006
and 2011. The spatial analysis demonstrates that the CWP values are more affected by the grain yield based
on the linear relation between CWP with ET, and the grain yield across the 3H Plain. Furthermore, the grain
yield increases to a critical value of 522 mm and 460 mm in the northern and southern zones, respectively,
and then drops as the ET, increases. The temporal analysis shows an average increase of 0.25kg-m™ and 0.09
t-ha” of CWP and yield, respectively, and an average reduction of 82.1 mm for ET, during the two

comparative periods.

The relatively low CWP across the plain suggests that it is possible to achieve a higher yield for the same
amount of water consumption in the plain, which should be a goal for agricultural investments in
water-scarce regions. In general, the findings presented in this paper suggest that the basic equation
describing the relationship between CWP, ET,, and grain yield implies that improving CWP depends on the
ET, reduction and, more specifically, on E. However, the analysis results show that this measure did not play
a substantial role in improving the CWP so far. Consequently, adaptive measures, such as cultivar
alternatives, disaster and pest control, compensatory irrigation scheduling, and residue mulching, are
expected to be adapted by farmers to achieve a CWP improvement in the six agricultural sub-regions of the
3H Plain.
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1. Overview of results and hypotheses

Droughts and water shortage are generally accepted to be one of the most critical problems faced by
worldwide agriculture, and it is so especially in China where agricultural production are largely dependent on
the timely, adequate, and proper distribution of rainfall. The overall ambition of this thesis was to investigate
to what extent the grain yield and crop water productivity for winter wheat can respond to climate change
and drought across the Huang-Huai-Hai Plain, which is the wheat production base of China. This chapter first
summarizes the main results and how they support the hypotheses raised throughout this thesis, and then
provides a discussion of the main findings. Finally, | conclude with implications of this research followed by
an outlook for future research and a broader perspective about the role of scientific knowledge in informing

policy and decision making.

ETo and drought characteristics

In our study, the temporal characteristics in ETy and response to climatic variables was witnessed
using Mann-Kennall test and a partial derivative method based on a combined dataset composed of a
historical 54-year time series and the RCP 8.5 scenario. In subsequence, the drought characteristics was
investigated for 1961—2010 and future 2010—2099 of RCP 8.5 climate scenario based on the evaluation of

drought indices over the Huang-Huai-Hai Plain, China.

SPEI based on FAO-56 Penman-Monteith formula is recognized as be more suitable for agricultural drought
impact analysis over the 3H Plain due to its higher correlation coefficients with historical drought data.
However, it does not mean that SPEI-PM would have the same applicability in other locations or systems.
Remarkably, the best drought index for detecting impacts as a function of the analyzed system and the
performance of the drought indices varied spatially (Vicente-Serrano et al. 2012). For example, the SPI is
found to be well correlated with runoff anomaly in 10 Large Regions of China (Zhai et al. 2010), while SPEl is
better for hydrological application in western Canada. Additionally, the comparison between SPEI-PM and
SPEI-TH indicated that the way ET, is estimated would make differences in drought applicability and
long-term drought trend. This difference has been also found in other places of China (Wang et al. 2015b; Xu
et al. 2015; Zhang et al. 2015) and around the world (Begueria et al. 2014; Sheffield et al. 2012). Both
Thornthwaite (TH) and Penman-Monteith (PM) are widely used in drought index algorithm, while the TH
model used for computing ET, in drought assessment is popularly used due to its simplicity and less data
requirements (only temperature), such as in original SPEl and PDSI indices. Chen et al. (2005) concluded that
the TH method overestimates ET, in southeast China where ET, is low, and underestimates in the northern
and northwest parts where ET, is high when compared to pan data, and it does not follow the temporal
variation well. Instead, PM equation is the most reliable estimation and recommended by the FAO to

calculate crop water requirements (Allen et al. 2005).

Total drought events in 3H Plain were described as no significant tendency over the historical period due to
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the drought duration, severity, and intensity reduced by the decreasing ET,. In contrast with the historical
period, drought characteristics tended to be lower in the first thirty years in the future RCP 8.5 scenario,
nevertheless it is predicted to be intensified in the 2055s and the 2085s. The precipitation is expected to
increase by 1.88 mm-y! in the future period, the amplification of ET, by PM equations counteracted this
positive increase in precipitation. Thus, SPEI-PM predicted that almost all meteorological stations would
experience significant drying trends, except for the southwest regions where SPEI-PM described an
insignificant trend. Whereas ET, was detected to slightly decrease in past 54 years, the projected scenario
RCP 8.5 describes an bigger increment of 1.36 mm y ' in summer and 3.37 mm y ' in the entire year. Results
from this chapter confirm the hypothesis that drought conditions will aggravate due to climate change by

increasing ET, and will augment crop water consumption in studied region.

Effects of climate change and drought on wheat yield

The issue of climate change is one of the most discussed topics among individuals and organizations,
especially within the scientific community. The effect of future scenario on crop production has been widely
investigated using DSSAT-CERES model(Challinor and Wheeler 2008; Guo et al. 2010; Tao et al. 2008a). The
relative impact of the change in solar radiation, maximum temperature, minimum temperature and
precipitation on wheat yield was investigated using CERES-Wheat model during the last 30 vyears
(1985—2014) and the next 30 years (2021—2050) under the RCP4.5 and RCP8.5 pathways. As a matter of
prime importance, the potential impact of drought related to climate change on wheat yield and the
probability distribution of yield reduction were witnessed over 12 selected locations of Huang-Huai-Hai Plain

during the last 1981—2015 years.

This chapter aimed to resolve the hypothesis that the response of winter wheat yield to climate change
and drought is available throughout the 3H Plain. Increases in temperature and precipitation result in
positive evolutions: the changes in these variables raise simulated yield by 6.2% and 14.2%, respectively,
under RCP8.5 in 3H Plain. The results is supported by the results of Tao (2008b; 2014) and Xiao (2008), who

concluded that the wheat yield has benefited from climate warming in northern and northwest China.

Rainfall has always been a limiting factor for agricultural production in China (Piao et al. 2010), especially in
the Huang-Huai-Hai Plain, where only 25%—40% of water demand is satisfied by rainfall during the wheat
growing seasons (Mei et al. 2013). Despite the uncertainty in precipitation amounts and the spatial patterns
simulated by climate models (Xin et al. 2013), our study showed that the increasing rainfall in the next 30
years could provide important benefits in terms of the wheat yield production to reduce the pressure of
groundwater resource. Whereas many other studies have found that there was no significant influence of
rainfall on yield based on long-term field observations or statistical datasets (Tao et al. 2014; Wei et al. 2012;
Xiao and Tao 2014). The main reason is that the water deficit is compensated by pumped groundwater, and
the impact of rainfall changes was smoothed over. However, in our study, to fully capture the rainfall changes

to yield, the wheat growth and development was simulated under rainfed conditions (no irrigation). Thus,
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the contributions of increasing rainfall on wheat yield were higher than those in other studies. Nevertheless,
the supposed positive impact of increasing solar radiation is visible in our simulations. The result is
inconsistent with previous studies, which suggest that crop yields are positively correlated with solar
radiation, using both processed- crop models (Wei et al. 2012) and statistical approaches (Tao et al. 2014).
Higher solar radiation also increases the evaporation amount and water stress and consequently causes the
photosynthetically active radiation conversion to dry matter ratio (PARUE) to decrease. Logically, these

negative impacts are lower at southern stations of the 3H Plain with less water stress.

The results from the analysis of cumulative probability for grain yield reduction described a significant gap
between the observed and potential yields, which can be resulted by water stress and management inputs'
variations. Furthermore, the grain yield reduction was found to be larger during jointing to heading stage
compared to the filling stage, which is in agreement with experimental results in Anhui province (Wang et al.
2001) and simulated findings by WOFOST model in Zhengzhou agro-meteorological station (Zhang et al.
2012). The drought reduced wheat yield by affecting grain-filling intensity due to soil water deficit. The
reduction in yield was significantly different when drought occurred at different developmental stages. There
was higher impact on winter wheat when drought occurred at several developmental stages than at a single

developmental stage.

Spatial variability in crop water productivity

In our study, an attempt has been made to partition the regional actual evapotranspiration for wheat
from the double crop rotation system using SEBAL and crop dominance information. On this basis, the
characteristic of water productivity for the wheat were investigated by the lights of relations among yield,
CWP, and ET in 3H Plain.

The grid-level wheat yield was generated from the county-level yield using estimated multiple regression
equation based on MODIS NDVI and crop dominance map. In subsequence, the averaged water productivity
was estimated for 0.95 kg m™ with CWP values across the Plain ranging between 0.24 to 1.99 kg m™ for three
periods of 2001, 2006 and 2011 for winter across the Plain. From the correlation analysis, we can conclude
that the spatial increment of yield principally controlled increase of water productivity in north agricultural
sub-regions and the spatial increase of water productivity was more governed by increment of yield than the
reduction of ET, in other agricultural sub-regions. Results from this chapter confirm the hypothesis that the
relationship between water productivity & ET and yield of winter wheat should be defined at the level of

the sub-agricultural regions in the 3H Plain.

The averaged seasonal ET, of winter wheat was 572.7 mm and detected to be a significant relationship with
latitude from October to following June, 2001, 2006 and 2011 over the Huang-Huai-Hai Plain. Our study is
the first attempt to apply SEBAL model and crop information for estimating wheat ET, from double crop
rotation at a large regional scale, such as the Huang-Huai-Hai Plain, which manifests performance in our

research over diverse previous studies (Zwart and Bastiaanssen 2007; Immerzeel et al. 2008; Cai and Sharma
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2010; Zwart et al. 2010).

Sustainable irrigation practices and adequate water allocation strategies at the right spatial scale are crucial
to avoid over-exploitation of various resources (Condon and Maxwell 2014; Esnault et al. 2014). Details of
crop water use patterns is needed to water management including irrigation practices and agriculture water
use strategies in water short areas at the spatial level of a particular irrigation region because it is at this level
that sustainable water supply for agriculture can meaningfully be improved by active management.
Estimating the water balance and especially the total amount of irrigation water applied is a complex task in
researches of crop water consumption structure. Current estimates of irrigation water applied in regional
scale are mainly based on plot-scale experiments (Chen et al. 2002; Jie and Zhang 2004), water balance
methods (Cheema et al. 2014; Ruud et al. 2004), or surveys, which in costly and often associated with
practical and legal difficulties. Additionally, such estimates and surveys are only useful for a specific area, and
cannot be expanded to large-scale areas, because of difference in farming systems, canal command areas,

and especially irrigation schemes (Molden et al. 2003).

2. General discussion

Agricultural adaptations for CWP improvements

Over-irrigation analysis from water consumption of winter wheat

In this section, we estimated the effective precipitation deficit (PD_ET,) by subtracting the cumulative
precipitation (P) from the cumulative ET,. This approach has been used previously by De Pauw (2002) in an
agroecological study of the Arabian Peninsula and in Northern China (Liu et al. 2013). A positive value
indicates water in excess of crop water requirements (ET.) and a negative value indicates a deficit in terms of
ET.. Crop water requirement (ET.) is calculated from ET, as suggested, usually, by Food and Agriculture
Organization of the United Nations (FAO). The guidelines suggested methods to derive ET. and discussed the
application of data on crop water requirements in irrigation project planning, design and operation (Liu et al.
2015). In subsequence, the water requirement deficit (ED) was estimated by subtracting the cumulative ET,
from ET,. A positive value indicates water consumption in excess of crop water requirements and a negative
value indicates a deficit in terms of crop water requirements. In our study, a correlation of the precipitation
deficit (PD_ET,) and water requirement deficit (ED) with crop water productivity for winter wheat was
conducted (as an instance) in 2011—2012 over 3H Plain. As described in Figure 53, supplement irrigation
was needed to get higher yield for winter wheat due to irregular and concentrated precipitation. The value of
correlation coefficient demonstrated higher potential for crop water productivity of winter wheat under
alleviated water stress. In the same way, the negative correlation of water productivity and ED indicated that
crop water productivity of winter wheat deceased in light of increasing ED. The positive value from water
consumption in excess of crop water requirements was resulted in unreasonable supplement irrigation mode.

Consequently, adapted irrigation schedules could be defined and strategies could be developed optimizing

173



Chapter Vll. General discussion, conclusions, and prospects

water use as well as yield. The present study gives a first hint of trends to be expected and regions to should
be prioritized. Furthermore, results indicated that the grain yield increased before critical value of 522mm in
north zones and 460mm in south zones and then dropped as the ET, increased. A study in North China
revealed that under wheat production, mean daily soil evaporation from additional mulching was reduced by
16% and 37%, respectively (Chen et al. 2007). In Spain, Doll (2002) has predicted a declining in irrigation
requirements by 2020 on account of the possibility of earlier sowing under more favorable higher

temperatures.
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Figure 53 The correlation of crop water productivity and the precipitation deficit (PP-ET,), the water requirement

deficit (ET,-ET,) for winter wheat in 2011—2012 over the Huang-Huai-Hai Plain
Adaptive capacity to potential drought

The grain yield damage of winter wheat due to drought is inclined to accelerate in the future,
described by a significantly increasing of drought events under RCP 8.5. Li et al (2015) documented a
modeling approach by using crop model DSSAT and hydrological indices to assess the vulnerability of winter
wheat to future potential drought, based on an integrated assessment of exposure, sensitivity and adaptive

capacity in 3H Plain.
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Figure 54 Geographic distribution of sensitivity of winter-wheat to drought and its adaptive capacity of irrigation
using DSSAT-CERES-Wheat model for the 2040s in 3H Plain (Li et al. 2015). Sensitivity is defined as the degree of
the impact of the potential drought on winter wheat yield, which is the difference between yield levels under no
irrigation and full irrigation management scenarios. Adaptive capacity of winter wheat to potential drought is the
ability to adapt to potential drought to reduce the potential damages, which represents crop yields losses under

no irrigation compared with traditional irrigation.

As presented in Figure 54, areas with very high and high grades of adaptive capacity of irrigation are mainly
located in Beijing, Tianjin and Hebei, which indicates that the irrigation is more advanced in these regions
than in other regions. The beneficial effect of irrigation is more evident in the north 3H Plain than in the
south. Crop yields under no irrigation condition are relative high in southern 3H region since the southern
part generally receives more rainfall than in the north and therefore is less exposed to potential drought.
Consequently, under RCP 8.5 emission scenario and the period of 2010-2050, the worst drought effect is
projected to occur around 2030. With increasing drought risks, we suggest immediate and appropriate
adaptation actions to be taken before 2030s, especially in Shandong and Hebei province, the most vulnerable
provinces of 3H Plain. Consequently, adaptive measures such as straw mulching, soil water preservation,
irrigation scheduling are encourage to be developed in agriculture practice to cope with the decline level of

groundwater especially in winter wheat growing stage over the 3H Plain.
Alternative tillage to increase water storage in the soil profile

Increasing CWP and drought tolerance for winter wheat in virtue of genetic improvements and
physiological regulation is supposed be alternatives to achieve efficient water application. Ali and Talukder
(2008) witnessed a synthesis of the factors affecting crop yield and water productivity, and the possible
techniques to improve water productivity. Increasing water storage within the soil profile is necessary to
increase plant available soil water. Conventionally, tillage can roughen the soil surface and break any soil

crust, which in subsequence bring about water storage increased. Li (2007) already reported that, change in
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bulk density depends on the intensity of tillage systems. Different tillage systems produce different results
like No tillage (NT) promotes SOC sequestration (Dick et al. 1991; Liu et al. 2014a) and improved soil
aggregates (Lal et al. 1994), while conventional tillage (CT) usually increases available water capacity and
infiltration rate and decreases runoff (Wright et al. 1999). A meta-analysis of the yield based on 807
experiments and water productivity based on 501 experiments was conducted for winter wheat under
different tillage in China. From the Figure 55, it can be seen that NT and deep tillage increased yield of winter
wheat by 6% and 9.5% and subsequently water productivity by 4.5% and 9.0% compared with CT in China.
Adopting a better tillage system not only improves the soil properties and crop productivity but also
improves water productivity. For 3H Plain, deep tillage should be chosen to increase the soil water storage in
south part due to shortage precipitation, while NT turns to be a good alternative to promotes SOC

sequestration and reduce soil evaporation.
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Figure 55 A meta-analysis of the yield and crop water productivity for winter wheat under different tillage in China.
The top map was obtained from 807 literatures 420 of which are about no tillage and 387 of which are about deep
tillage. The below map was obtained from 501 literatures 228 of which are about no tillage and 273 of which are

about deep tillage.
Adaptive measures for farmers

Improvement of CWP is widely accepted to be more complicated at plain scale than in field
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experiment as a result of the involved factors such as crop cultivar, soil type, drought disaster, pest attacks,
etc. There is a good extension services in China to promote the suitable technology to farmers to increase.
Deng et al (2006) found that mulching with crop residues can improve CWP by 10%—20% through reduced
soil evaporation and increased plant transpiration. Straw mulching can be easily implemented and extended
in 3H Plain. Soil infertility besides drought is accepted to be another factor constraining productivity. The
relatively low CWP across the plain suggests that achieving higher yield for the same amount of water
consumption is possible for the plain and should be a goal for agricultural investments in water scare region.
However, the analysis of the results showed that this measure did not play a substantial role in improving
CWP thus far. Consequently, adaptive measures such as cultivar alternatives, disaster and pest control,
compensatory irrigation scheduling, residue mulching, etc are expected to be adapted for farmers to achieve

CWP improvement with concentration of six agricultural sub-regions in 3H Plain.

The uncertainties

Many studies have shown that drought, mainly agricultural drought, may become more severe and
widespread under greenhouse gas (GHG)-induced global warming in the 21st century based on model
projections (Burke et al. 2006; Cook et al. 2014; Sheffield and Wood 2008; Zhao and Dai 2016). There are still
large uncertainties in recent and projected future drought changes, especially regarding the extent to which
the drought trends will be forced by changes in precipitation versus evaporative demand (Sheffield et al.
2012; Taylor et al. 2013; Trenberth et al. 2014). Total drought events (based on SPEI-PM index) were
described as no significant tendency over the historical period due to the drought duration, severity, and
intensity reduced by the decreasing potential evapotranspiration. While, these results in our study are
inconsistent with the previous studies, where northern China was shown to have experienced a warm-drying
trend (Wang et al. 2015a; Yu et al. 2014). This inconsistency is likely due to the use of different indices in
previous studies and especially due to the variation in estimating potential evapotranspiration for different
indices. Some studies have evaluated the use of PM equation to calculate drought indices and concluded that
drought has changed little globally (Sheffield et al. 2012) and in China in the past decades (Wang et al.
2015b). Mcvicar et al. (2012) reported a global declining rate of evaporative demand of 1.31mm y™ by
reviewing papers reporting trends in estimated ET, (n = 26), whereas Thomas (2000) come to a declining rate
of 2.3 mm y™ over China on basis of a time series from 1954 to 1993). In our study, the annual averaged ET,
across the entire 3H Plain revealed a pronounced decreasing trend of -1.29 mm y™, which was higher than
that of the Yellow River Basin (Liu et al. 2014b; Ma et al. 2012), the Yangtze River catchment (Gong et al.
2006; Xu et al. 2006), and Haihe River Basin (Bo et al. 2011; Wang et al. 2010). These differences in declining
magnitude were mainly due to higher decrement of RH over the entire 3H Plain (as the governing climatic

variable for ETp).

Uncertainties in projections of climate change impacts on future crop yields derive from different sources in
modeling. The relative impact of the change in each variable on wheat yield in isolation was conducted in

this study using DSSAT-CERES-Wheat model under historical and RCP scenarios with the findings of positive
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impact of warming temperature and increasing precipitation on wheat yield in this study. Process-based crop
models include the highest level of detail in simulating biophysical crop responses to multiple drivers of
climate change and diverse farming management practices, however these models need to be calibrated to a
specific location and their aggregation for global scale climate impacts assessments, as done by Parry et al.
(2004) and Nelson et al. (2009). Yet, these crop models present some important uncertainties that need to
be clearly identified and quantified as much as possible for robust impact assessments and sound decision
making. First of all, some uncertainties in crop modeling results arise from uncertainties in the input data.
Furthermore, unknown future socio-economic development and radiative concentration pathways (RCPs)
necessitate comparison of different assumptions and scenarios of future GHG emissions, that directly infer
with the climate system. In addition, uncertainties within soil and farming management data (e.g. crop
calendar dataset, irrigated cropping areas and fertilizer application) required to drive crop models, and also
within crop yield data used for model calibration and/or validation, will propagate to crop simulations

(Falloon et al., 2014; Lobell, 2013).

Referable value from dataset and methodology of this thesis

Some main findings were found out with the emphasis on investigating to what extent the yield and crop
water productivity for winter wheat in response to climatic warming and drought condition across the 3H Plain.
Hence, the referable value is expected for other study and somewhere else from building-related dataset and

developed methodology of this thesis.

The increased frequency of extreme climatic events has started breaking balances in hydrological cycle and is
resulting in large fluctuations in crop yields and water productivity in the recent years. In addition, expected
changes in soil moisture may alter the amount of water available to plant roots for transpiration (Goyal 2004).
Under elevated CO, conditions, the stomatal conductance in most species decreases, which may result in lower
transpiration per unit leaf area (Kruijt et al. 2008). The potential impacts of climate change are expected to
reshape the water demand and supply patterns, therefore it is essential to evaluate the impacts of climate change
on water consumption and crop water productivity. Hence, the built dataset consisted of meteorological variables
with daily time step under both historical 54 years and a high CO, emission scenario RCP 8.5 can be applied to

conduct the regional response of crop water productivity to climate change using process-based crop models.

And furthermore, this thesis documented an early plain-wide method integrated spatial and temporal assessment
of CWP, ET,, and grain yield with concentration of six agricultural sub-regions in 3H Plain. This study is the first
attempt to apply regional evapotranspiration model and crop information for estimating wheat actual
evapotranspiration from double crop rotation system at a large regional scale. Besides, the county-level wheat
yield map was further disaggregated to the pixel level using MODIS NDVI data during crucial growth stages as a
bridge. The methodology can be easily replicated in other areas regardless of one single crop or one crop from

double crop rotation system due to the simplicity of the process and the popularity of the data set required.
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3. Conclusions

Droughts and water shortage are generally accepted to be one of the most critical problems faced by
the agricultural production of Huang-Huai-Hai Plain. The overall ambition of this thesis was to investigate to
what extent the yield and crop water productivity for winter wheat could respond to climate change and
drought using SPEI-PM method, DSSAT-CERES-Wheat model, SEBAL model and remote sensing data across

the Huang-Huai-Hai Plain, which is the wheat production base of China.

Among our main findings, we highlighted the fact that an increase of ET, were predicted leading to
subsequent drought rise in frequency, duration, severity and intensity under the RCP 8.5 scenario and that
the cumulative probability of the simulated yield reduction was higher during jointing to heading stage in
northern than southern region due to water stress and changes in the management inputs, and that the
spatial increment of yield principally controlled increase of water productivity in north agricultural
sub-regions and the spatial increase of water productivity was more governed by increment of yield than the

reduction of ET, in other agricultural sub-regions.

Our results can have major agronomic consequences regarding the reform of the common agricultural policy
in Huang-Huai-Hai Plain, China. Despite insufficient precipitation for cultivation in 3H Plain, it is one of the
main Chinese crop production centers, providing about 61% of the nation’s wheat production. Furthermore,
the farmers in 3H Plain apply unplanned times, through flood irrigation during the winter wheat growing
season to get high wheat yield. Consequently, 3H Plain faced the double threat of both making contributions
of high and stable yield to government and improving the crop water productivity of winter wheat through
reducing water consumption. It will be adopted to develop feasible straw (film) mulching, regulated deficit
irrigation, and soil water storage and preservation to reduce pressure on groundwater over-exploitation,
especially for winter wheat in the 3H Plain. The results is expected to provide a basis information for
agricultural water management, improvement of crop water productivity and choice of adaptive mechanism
under climate change in Huang-Huai-Hai Plain. Finally, it is worth mentioning that our results have some
uncertainties due to lack of collection of deficit irrigation and fertilizer practices for CERES-Wheat calibration
and observed crop water productivity in agro-meteorological stations for temporal analysis and also from the
uncertainties in the input data of CERES-Wheat modeling. It is clear that further studies are needed to better
understand how to implement these practices with emphasis of improving the sustainability of these

agroecosystems.

4. Prospects and improvements

Increasing RCP scenarios alternatives

In our study, only RCP 8.5 scenario was selected to estimate SPEI-PM associated with ET, and in
subsequence investigation of the impact of climate shifts on wheat yield using CERES-Wheat model. The
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RCP8.5 scenario describes the hypotheses about highest population and relatively slow income growth with
modest rates of technological change and energy intensity improvements (Riahi et al. 2011). A set of
scenarios known as RCPs including RCP 2.6, 4.5, 6.0 and 8.5 with different level of radiative forcing (Figure 56)
has been adopted to conduct related research based on a range of possible futures for the evolution of
atmospheric composition (Moss et al. 2008; Moss et al. 2010). Projections of climate change impacts on

drought and crop yields are accepted in our subsequent study with consideration of four RCP scenarios.
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Figure 56 Total radiative forcing for RCPs,—supporting the original names of the four pathways as there is a close
match between peaking, stabilization and 2100 levels for RCP2.6, RCP4.5 & RCP6, as well as RCP8.5, respectively
(Meinshausen et al. 2011).

Increasing collection of irrigation and fertilizer management for DSSAT simulation

In this thesis, the potential impacts of drought on wheat yield were determined under a designed
irrigation schedule from the estimation of precipitation deficit during growth stages at twelve stations
representing different locations on the 3H Plain. Some uncertainties will come from simulated results due to
lack of deficit irrigation practices. Attia et al (2016) found that a single irrigation of 100 mm at jointing or
booting had 35% higher grain yield than dryland while 140 mm at anthesis or grain filling produced 68%
higher grain yield compared to dryland in the Texas High Plains. Zahe et al (2014) observed that increases of
the water and salinity stresses lead to the shrinkage in seed yield and WUE and more usage of N fertilizer
leads to better WUE in west Azerbaijan, Iran. Chen et al (2015) also observed that the nitrogen and
phosphorus fertilizers treatment after the jointing stage increased the grain yield (112%) and WUE (96%) of
winter wheat but resulted in soil water storage reduced by 12% and that with the nitrogen and phosphorus
fertilizers +plastic film treatment compared to the NP treatment, the grain yield has increased by 53%
associated with WUE increased of 46% and soil water storage increased by 21% after jointing stage.

Consequently, a long history irrigation station together with deficit irrigation and fertilizer practice and
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variety alternative is required for crop modeling in our study.

Increasing collection of observed CWP in agro-meteorological stations

The relationship between water productivity & ET, and yield of winter wheat was conducted after
partitioning the regional ET, for wheat from the double crop rotation system at the level of the
sub-agricultural zone in the 3H Plain. The ET, was validated by latent heat flux estimated by SEBAL model and
measured by eddy covariance during growing period of winter wheat during 2011—2012 in Yucheng station
located in Northwest of 3H Plain. As mentioned in above chapter, the 3H Plain encompasses around 18
million hectares of farmland for wheat and maize double rotation production (Jin et al. 2009). More
indispensable agro-meteorological stations need to be collected to validate the ET, in our study. Despite the
crop water productivity of winter wheat was estimated for three periods of 2001—2002, 2005—2006 and
2011—2012, the combination with a temporal analysis of water productivity at agro-meteorological stations
can help to present a comprehensive picture of the relationships among CWP, ET, and yield in the 3H Plain in

recent years.

5. Closing words

Over the last four years of the project, our perception of crop yield and water productivity in relation
to climate shift has profoundly changed. In the context of agricultural production found in Huang-Huai-Hai
Plain, our study was a pioneer in getting insights into water productivity at station and regional level. In
Gembloux Agro-Bio Tech, before the start of the AgriculturelsLife project in 2013, for an over-exploitation of
groundwater region where future warmer and drought conditions will heighten crop water demand, the
guestions about what are the characteristics of ET and drought in various climate scenarios and how is winter
wheat yield affected by climate shift and drought are kept unclear. With our study, we have acknowledged
that drought conditions will aggravate due to climate change by increasing ET, and augmenting ET. and that
the relationship between water productivity & ET and yield of winter wheat can be defined at the level of the
sub-agricultural zone in the 3H Plain. Finally, more indispensable agro-meteorological stations need to be
collected to capture a comprehensive picture of the relationships among CWP, ET and yield. The results
based on above prospects is expected to provide a basis information for agricultural water management,
improvements of crop water productivity and choice of adaptive mechanism under climate change in

Huang-Huai-Hai Plain.

Our study has led us to ‘play’ with various disciplines to answer our different questions: agronomy, microbial
ecology, molecular biology, bioinformatics, and statistics. We point out that more holistic and
multidisciplinary approaches are now required to increase our understanding of agroecosystem functioning

with a view to achieving sustainability.
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