

  Water Scarcity Footprints by Considering the Differences in Water Sources




Water Scarcity Footprints by Considering the Differences in Water Sources







Sustainability 2015, 7(8), 9753-9772; doi:10.3390/su7089753




Article



Water Scarcity Footprints by Considering the Differences in Water Sources



Shinjiro Yano 1,*, Naota Hanasaki 2, Norihiro Itsubo 3 and Taikan Oki 4





1



Institute for Water Science, Suntory Global Innovation Center Limited, 8-1-1 Seikadai, Seika-cho, Soraku-gun, Kyoto 619-0284, Japan






2



Center for Global Environmental Research, National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, Japan






3



Faculty of Environmental Studies, Tokyo City University, 3-3-1 Ushikubo-nishi, Tsuzuki-ku, Yokohama, Kanagawa 224-8551, Japan






4



Institute of Industrial Science, The University of Tokyo, 4-6-1 Meguro-ku, Komaba, Tokyo 153-8505, Japan









*



Author to whom correspondence should be addressed; Tel.: +81-50-3182-0582; Fax: +81-774-98-6262.







Academic Editor: Vincenzo Torretta



Received: 7 May 2015 / Accepted: 8 July 2015 / Published: 23 July 2015



Abstract:

 Water resources have uneven distributions over time, space, and source; thus, potential impacts related to water use should be evaluated by determining the differences in water resources rather than by simply summing water use. We propose a model for weighting renewable water resources and present a case study assessing water scarcity footprints as indicators of the potential impacts of water use based on a life cycle impact assessment (LCIA). We assumed that the potential impact of a unit amount of water used is proportional to the land area or time required to obtain a unit of water from each water source. The water unavailability factor (fwua) was defined using a global hydrological modeling system with a global resolution of 0.5 × 0.5 degrees. This model can address the differences in water sources using an adjustable reference volume and temporal and spatial resolutions based on the flexible demands of users. The global virtual water flows were characterized using the fwua for each water source. Although nonrenewable and nonlocal blue water constituted only 3.8% of the total flow of the water footprint inventory, this increased to 29.7% of the total flow of the water scarcity footprint. We can estimate the potential impacts of water use that can be instinctively understood using fwua.
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1. Introduction

Freshwater is vital for human and ecosystem functioning. Water demands are increasing worldwide because of various reasons, with population growth being one of the main factors [1], and solutions to support sustainable water use are urgently needed [2]. Recently, several studies have explored methods to quantify the amount of water used to produce food [3,4]. The water footprint is defined as the total volume of freshwater that is used directly or indirectly for production by considering water consumption and pollution using green, blue, and grey water concepts [4]. Here we refer to the water footprint by Water Footprint Network as “water footprint (WFN)”. Subsequently, several articles have been devoted to studying the water footprint (WFN) of products and nations [5,6,7,8].

The water footprint (WFN) concept is an efficient tool to recognize direct and indirect water use in the supply chains of products. However, several controversial issues related to the water footprint (WFN) remain unsolved. A grey water footprint (WFN) [9] is an indicator of freshwater pollution; it is defined as the volume of freshwater needed to assimilate the load of pollutants. Therefore, the grey water footprint (WFN) represents a different entity compared with the green and blue water footprints (WFN), both of which represent physical water use. Several factors have been proposed to characterize freshwater degradation in life cycle impact assessments (LCIAs). For example, Heijungs et al. [10] provided acidification and nutrification potentials for weighting each form using sulfur dioxide and phosphate as reference materials. Green and blue water footprints (WFN) are simple measures of water consumption, and they do not reflect the uneven freshwater resources at temporal or spatial scales. There is a good relationship between the long-term average evapotranspiration and rainfall in a forested area [11]. Agricultural activities in high-rainfall areas can result in a high green water footprint (WFN) per unit of crops produced compared with arid areas. However, agricultural crops grown in high-rainfall areas do not necessarily have a large potential impact on freshwater availability. The assessment result based on a simple summation of water use may be misleading when the green water footprint (WFN) is used as an indicator of environmental impacts. Because renewable freshwater resources vary with time, location, and origin of the water, the potential impacts on water availability also vary. It is discussed that water footprints should be impact-oriented in order to support decision-making [12].

Rainwater, a source of terrestrial water, varies on spatial and temporal scales. In terms of the terrestrial water cycle, renewable volumes of surface and groundwater resources are lower than those of rainwater. In other words, the use of surface water and groundwater should affect the availability of each source more severely than the same amount of rainwater use. The use of nonrenewable groundwater, such as fossil groundwater, without an effective recharge function may have huge impacts. Therefore, from the perspective of sustainable water use, it may be preferable to estimate the potential impacts of water use according to its source in some circumstances. Even though a framework for assessing freshwater use has been discussed [13], there have been a limited number of studies on the characterization model for estimating potential impacts of freshwater use reflecting the difference of renewability of each water source.

Although the water footprint (WFN) concept was initially proposed as the volume of consumptive water use, the International Organization for Standardization (ISO) developed the principles, requirements, and guidelines of a water footprint for environmental management as a part of a life cycle assessment (LCA) [14]. Here we refer to the water footprint defined by ISO as “water footprint (ISO).” During the life cycle inventory (LCI) analysis phase, all inputs and outputs related to the production system are provided [15]. Using the LCI for water use, the actual volume of water used or consumed for any production system is estimated. There are several databases that contain data on the withdrawals of surface water and groundwater [16]. Hanasaki et al. [17], Mekonnen and Hoekstra [6], and Pfister et al. [18] have also reported water consumption for crop production, including green water consumption.

During an LCIA, the calculated inventory is converted into a common unit to provide midpoint impact categories using characterization factors [19]. Pfister et al. [20] proposed the water stress index (WSI) as a characterization factor related to water consumption. The WSI is calculated from the annual freshwater availability, annual withdrawal data, and a variation factor derived from the standard deviation of the precipitation variation, using more than 10,000 individual watersheds data described by the WaterGAP 2 global model [21,22]. Although this method reflects the variability in water availability at a range of spatiotemporal scales, the source of the water is not considered. Furthermore, there is no objective basis for the assumption that a unit volume of water used in an area with a doubled WSI score has twice the potential impact. Gleeson et al. [23] adopted units of area to represent a groundwater footprint (GF) that would provide a balance between groundwater use and the support of groundwater-dependent ecosystem services. However, this concept only considered groundwater and did not include rain or surface water. Because these methods use different parameters for grid squares and aquifers, the characterization framework is complicated. The characterization result may be affected by uncertainty in the parameters. On the impact assessment level, most methods rely on the ratio of annual water withdrawal/consumption to renewability rate and it is pointed out that arid regions can be regarded as uncritical [12]. The water footprint (WFN) captures the difference between water sources [4]. However, this method assigns the same temporal and spatial weights to all types of water; thus, the characterization factors for both green and blue water are 1. As such, this method does not adequately address the difference in the potential impacts of water from different origins. Jefferies et al. [24] noted that regional water accessibility is not incorporated into the final footprint value. Milà i Canals et al. [25] developed an alternative method to characterize freshwater depletion based on the abiotic depletion potential (ADP) [26]; the ADP for groundwater (kg Sb eq/kg−1) was described using antimony (Sb) as a reference resource. This method can be used to evaluate the situations in which fresh water is depleted. However, it is also reported that groundwater reserves are seldom quantified and values at the country level tend to be very uncertain.

It is clear that effort has been directed toward characterizing water use in terms of water quantity. There are methods for establishing characterization factors to estimate potential impacts on freshwater availability dealing with different water sources [25] and considering monthly variations [27]. However, there is a limited number of studies that include variations in water renewability of each water source, including precipitation, surface water, and groundwater over location and the origin of water. Additionally, to date, few studies have demonstrated a simple and robust characterization framework that excludes uncertain parameters. The objective of this study is to propose a robust characterization model that will enable objective weighting of water renewability by location and source of water, and therefore facilitate a case study of the LCIA of the global virtual water trade [28,29] related to the international food trade as a practical study of these characterizations using this new method. The original idea of the method is described in Yano et al. [30]. This study improves the robustness of calculation procedures and updates speculations on applications in LCIA and case studies. In this study, the terminology for water use and water consumption defined by ISO 14046 is adopted [14]. Water use includes, but is not limited to, any water withdrawal, water release, or other human activities within the drainage basin. Water consumption means water removed from, but not returned to, the same drainage basin, such as evapotranspiration. Classification of water into green and blue is not applied in the description of the proposed model except in the presence of definitions by other authors.



2. Methods


2.1. Characterization Model

The LCIA results within individual impact categories are typically expressed as equivalent values if they are midpoint level indicators [31]. We propose a new method for characterizing water use that expresses the potential impacts as equivalent values of a reference volume of water. This approach is based on renewability only, not resulting from ratio of water use to renewability rate as all other approaches such as WSI and GF. The general structure is based on the assumption that the potential impact of a unit amount of water used on freshwater availability is inversely proportional to the extent of the local renewable water resource. Therefore, the land area or the time period must be increased to obtain a volumetric unit of water in water-scarce regions. In other words, the potential impacts of a unit amount of water used can be expressed using the land area or collection time required to obtain a unit of water from each source. The characterization factor for each source is defined as:
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(1)




where fwax,l is the characterization factor for water source x at location l; Ax,l is the required land area per unit of time to obtain the reference volume of water from the water source x at location l; Aref is the required land area per unit of time to obtain the reference volume of water from the reference condition; Tx,l is the required collection time per unit area to obtain the reference volume of water from water source x at location l; and Tref is the required collection time per unit area to obtain the reference volume of water from the reference condition. The water source may be precipitation, surface water, or groundwater. The factors of Ax,l and Tx,l are defined as:
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(2)
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(3)




where QA,ref is the reference volume of water per unit of time (m3/year); QT,ref is the reference volume of water over unit land area (m3/m2); and Px,l is the annual renewability rate of the water cycle of water source x at location l (m/year). The reference volume can have an arbitrary number. In this study, the global mean annual precipitation over 1.0 m2 of land (1.0 m3/year) was adopted as the reference condition in common for estimation of fwa for precipitation, surface water, and groundwater to reflect the location and source variability of renewable water resources of each source. Because all freshwater resources originate from precipitation, the global mean value of precipitation is adequate for weighting uneven, global-scale renewable water resources by location. The global precipitation is observed by satellites and is highly reliable relative to other parameters such as runoff or evaporation. The annual precipitation over land and ocean and the global average, estimated using global precipitation datasets, are shown in Table 1. Because the global mean precipitation is approximately 1000 mm/year, we can consider the reference condition as 1.0 m3 of a water resource over a 1.0-m2 area in a year for simplicity. Here, the characterization factor is termed the water unavailability factor (fwua), because each factor is estimated by considering water unavailability of each source. We selected m3 H2Oeq as the unit for the characterization result.


A conceptual diagram of the fwua based on the land area is provided in Figure 1. The total runoff, i.e., the sum of the surface and subsurface runoff, is regarded as the source of the surface water. The subsurface runoff is equal to the groundwater recharge rate. Both of these measures are synonymous with renewable water resources and are determined by the hydrological cycle and by the theoretical maximum volume of water that humans can use. Because a 1.0-m2 area or 1 year is required to obtain the reference condition of 1.0 m3, the fwua is defined as 1.0 under this condition. In a region with 500 mm/year of precipitation, 2.0 m2 or 2 years is required, and the fwua of precipitation (fwuap) is 2.0. Similarly, the fwua for surface water (fwuassw) is 10.0 in a region with a total runoff of 100 mm/year, and the fwua for groundwater (fwuagw) is 50.0 in a region with subsurface runoff of 20 mm/year. The potential impacts in each category can be calculated by multiplying the consumptive water use of each source by its characterization factor:

Figure 1. Conceptual diagram of the water unavailability factor in terms of the required land area.
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where WSF is the water scarcity footprint based on potential impacts and WIx,l is the water footprint inventory based on the consumptive water use from water source x at location l. According to ISO 14046, characterization results only considering water quantity should be called water scarcity footprint [14]. All characterization factors are based on the same reference condition. The fwua can be adopted for any spatial resolution. Although the fwua is calculated based on annual mean renewability in this study, this model can also reflect seasonal or monthly variability by increasing the temporal resolution. When the quarter value of the annual mean precipitation is adopted as the reference condition, the three-month average precipitation, total runoff, and subsurface runoff values provide the seasonal fwua for each water source. By focusing on the required land area or collection time to obtain a unit of water, this model permits characterization in a framework that is relatively simple compared with existing methods. Therefore, the method is robust and is only slightly affected by uncertainty in the parameters; it can also be used in a way that is consistent with the existing LCIA method.




Table 1. Global annual precipitation from each dataset.


	Dataset
	Version
	Resolution
	Period
	Terrestrial (mm/year)
	Ocean (mm/year)
	Global (mm/year)





	CMAP [32]
	0203
	2.5 × 2.5 degrees, monthly
	1979–2001
	689
	1093
	975



	GPCP [33]
	2.2
	2.5 × 2.5 degrees, monthly
	1979–2010
	845
	1021
	975



	GPCP [34]
	1DD
	1 × 1 degrees, daily
	1997–2000
	785
	1006
	949



	Baumgartner and Reichel [35]
	-
	-
	-
	830
	1007
	970



	Korzun et al. [36]
	-
	-
	-
	800
	1270
	1130



	GPCC [37]
	v6_1.0
	1 × 1 degrees, monthly
	1901–2010
	781
	-
	-



	GSWP2 [38,39]
	B1
	1 × 1 degrees, 3 hourly
	1986–1995
	699
	-
	-



	WFD [40]
	-
	0.5 × 0.5 degrees, 6 hourly
	1960–2000
	867
	-
	-



	Lvovitch [41]
	-
	-
	-
	834
	-
	-








2.2. Estimating Characterization Factors

Feng et al. [42] suggested that any LCI method strongly depends on data quality. In this study, we based our calculations on a spatial resolution of 0.5 × 0.5 degrees. The characterization factor can be integrated as high-resolution grid-scale data into various spatial resolutions consistent with the data quality of the inventory, for example, at national, continental, or catchment scales. To estimate the fwua at a global, high-resolution scale that considers water sources, we used a global water resource model that provided results for terrestrial water cycle simulations.

The fwuap values were estimated from the Water and Global Change (WATCH) forcing data (WFD) [40]. The WFD provide global meteorological forcing data for the 20th century, including precipitation at a six-hourly resolution and a spatial resolution of 0.5 × 0.5 degrees. The mean annual precipitation values were extracted from the WFD for 1991–2000. The fwuap values were then estimated for each grid using Equation (1).

The H08 model [39] was used to calculate the fwuasw and fwuagw values at the global scale. H08 is an integrated model that can assess global water resources. It consists of six modules: land surface processes, rivers, crop growth, reservoirs, environmental water requirements, and coupled modules. This model makes it possible to use surface water and groundwater runoff within the natural hydrological cycle and human activities, such as reservoir operations and irrigation activities. When calculating agricultural water consumption, rainwater is the first water source used for production. When precipitation fails to meet the demands of crop growth, surface water is consumed. If surface water does not meet the demands, another water source, termed nonrenewable and nonlocal blue water (NNBW), which includes groundwater and glacial water, is used. Using this calculation process, larger WSF values will be estimated when agricultural crop growth cannot be supported solely by rainwater and cannot benefit from natural surface water, such as rivers. The precipitation input drives evaporation, total runoff, and other fluxes, which are calculated from land surface water and heat balances. The simulation setting was identical to that used previously [17], except for the meteorological forcing and calculation period. The WFD was used for meteorological forcing, and the total runoff and subsurface runoff were simulated based on the daily water demand for 1991–2000. Both local runoff at a particular location and upstream runoff are considered usable water resources; therefore, the runoff calculated for each grid was converted to the average runoff, including upstream sites, according to the flow direction in each watershed. The fwuasw and fwuagw values for each grid were estimated from the runoff calculations using Equation (1).

The calculated characterization factors of the three water sources were spatially distributed by country using national boundary data [43]. The data for each grid square was integrated into country-average values; data for fwuap, fwuasw, and fwuagw in each grid were weighted by precipitation, total runoff, and subsurface runoff, respectively. The country-average values of fwuap were calculated as:
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where Ql, Pl, and Ll are the amounts of annual precipitation [m3], annual precipitation height [m], and land area [m2] at location l, respectively; and Pref is precipitation in the reference conditions [m]. The weighted value from Equation (5) is consistent with the value estimated from the country-average data. The characterization factors for rain-fed agricultural use and irrigated agricultural use were determined, and the grid square cropland area data [44,45] were used to weight precipitation, total runoff, and subsurface runoff in the rain-fed and irrigated agricultural areas. Each type of fwua was compared with other estimates calculated for 1961–1990 to validate uncertainty in the calculated characterization factors.


2.3. LCIA of the Global Virtual Water Trade

To estimate the virtual flows of WI and WSF related to the international food trade, water footprint inventories calculated for agricultural and livestock production in each country were characterized based on Equation (4). We applied the H08 model to calculate evapotranspiration for 58 commodities considering water sources, which included precipitation, stream flow, medium-sized reservoirs, and NNBW from croplands between 1991 and 2000. We adopted fwuap for WI of precipitation, fwuasw for WI of stream flow and medium-sized reservoirs, and WI of fwuagw for NNBW. At this stage, the fwua values of the 99th percentile were set as the upper limit of each distribution to avoid one extreme value from increasing the country average. The upper limit of fwuap on rainfed croplands, fwuasw on irrigated croplands, and fwuagw on irrigated croplands were 5.0, 100, and 200, respectively. The simulation setting was identical to that used for estimating the fwua. Then, virtual water flows were estimated for five major crops (barley, maize, rice, soy, and wheat) and three livestock products (beef, chicken, and pork) using the trade matrix data in 2000 [46].




3. Results

The high spatial resolution grid data of the fwua enable a detailed environmental impact assessment that reflects local characteristics. High-resolution grid-scale data can also be converted to various spatial resolutions. The fwua values are provided as gridded squares by continent or as averages by country.


3.1. Global Distribution

The global distributions of fwua for each water source are shown in Figure 2. Values of fwuap between 10−1 and 104 accounted for 99.8% of all distributions; 99% of all distributions of fwuap were less than 600. The maximum value of fwuap, 8.5 × 1018, was found at 22.75° North and 29.25° East in Egypt. The minimum value of fwuap, 1.3 × 10−1, was found at 22.25° North and 91.75° East in Bangladesh. There were areas with fwuap values less than 1.0 on all continents, mainly in South America, Central Africa, and Southeastern Asia. The fwuasw values ranged between 10−1 and 109. The maximum value of fwuasw, 3.1 × 109, was found at 23.25° North and 28.25° East in Egypt. The minimum value of fwuasw, 1.4 × 10−1, was found at 25.25° North and 91.75° East in China. The fwuagw values ranged between 100 and 109. The maximum value of fwuagw, 3.1 × 109, was found at 23.25° North and 28.25° East in Egypt. The minimum value of fwuagw, 1.9, was found at 4.75° South and 140.75° East in Papua New Guinea. The fwuasw and fwuagw values tended to be greater than those of fwuap. Values of fwuasw and fwuagw > 1000 accounted for 5.6% of all land areas, and they were mainly distributed throughout the Sahara, Arabian Peninsula, South Africa, inland China, the Midwestern United States, and Australia.

Figure 2. Global distributions of the water unavailability factor for (a) precipitation, (b) surface water, and (c) groundwater.
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3.2. Country-Average Values

The weighted average fwua values for each water source are presented by country in Table 2 based on the entire country, rain-fed cropland, and irrigated cropland. The countries were selected from the top 25 global cereal crop producers and top 20 global commodity exporters in 2000 (FAO). Among the members of the United Nations, 153 countries with land and agricultural areas larger than one grid cell (0.5 × 0.5 degrees) are listed in the Supplementary Materials (Table S1). In Asia, Pakistan had the highest values for all types of fwua across the entire country. Indonesia, Bangladesh, Vietnam, Myanmar, and Malaysia had fwuap and fwuasw values less than 1.0 because of their high precipitation. Within Europe, all fwuap values were between 0.9 and 2.0. Spain and the Ukraine had fwuasw and fwuagw values >5.0. In North America, Mexico had higher values of fwuagw than Canada. In South America, the fwua values were smaller in Brazil due to higher precipitation. By contrast, Argentina had higher fwuasw and fwuagw values due to the arid regions in Patagonia. Egypt, which has large desert areas, had high fwua values relative to the rest of Africa. Freshwater use in such regions has a huge potential impact on its availability. The fwua value for Nigeria was lower than that of Egypt. The relatively high values in Australia can be explained by the presence of several deserts. Based on the water balance principle that water originates from rainfall, fwuap must always be smaller than fwuasw; additionally, fwuasw is equal to or smaller than fwuagw.


Table 2. Weighted-average water unavailability factor for major countries.



	
Continent

	
Country

	
Entire country

	
Rainfed Cropland

	
Irrigated Cropland




	
fwuap

	
fwuasw

	
fwuagw

	
fwuap

	
fwuap

	
fwuasw

	
fwuagw






	
Asia

	
China

	
1.6

	
4.6

	
10.0

	
1.4

	
1.2

	
3.2

	
7.4




	
India

	
0.8

	
1.4

	
6.8

	
0.8

	
0.8

	
1.4

	
6.8




	
Russia

	
2.0

	
4.7

	
6.5

	
1.7

	
1.8

	
4.8

	
6.1




	
Indonesia

	
0.4

	
0.6

	
2.8

	
0.4

	
0.4

	
0.7

	
3.0




	
Bangladesh

	
0.5

	
0.7

	
4.1

	
0.5

	
0.5

	
0.7

	
4.1




	
Vietnam

	
0.5

	
0.9

	
4.0

	
0.5

	
0.5

	
0.9

	
4.0




	
Turkey

	
1.7

	
4.0

	
6.0

	
1.7

	
1.7

	
4.0

	
6.0




	
Thailand

	
0.6

	
1.2

	
4.2

	
0.6

	
0.7

	
1.3

	
4.3




	
Pakistan

	
3.3

	
7.2

	
15.0

	
2.9

	
3.1

	
6.2

	
12.9




	
Myanmar

	
0.5

	
0.6

	
3.9

	
0.5

	
0.5

	
0.7

	
4.0




	
Malaysia

	
0.3

	
0.6

	
2.5

	
0.3

	
0.4

	
0.6

	
2.6




	
Europe

	
France

	
1.0

	
1.8

	
3.4

	
1.0

	
1.0

	
1.8

	
3.4




	
Germany

	
1.2

	
2.2

	
3.4

	
1.2

	
1.2

	
2.3

	
3.5




	
Spain

	
1.5

	
3.5

	
6.3

	
1.6

	
1.5

	
3.5

	
6.3




	
United Kingdom

	
0.9

	
1.6

	
3.4

	
0.9

	
1.1

	
2.1

	
3.8




	
Ukraine

	
1.7

	
4.6

	
5.1

	
1.7

	
1.7

	
4.7

	
5.2




	
Poland

	
1.5

	
3.3

	
4.0

	
1.5

	
1.5

	
3.3

	
4.0




	
Italy

	
1.2

	
2.3

	
4.2

	
1.1

	
1.2

	
2.3

	
4.2




	
Netherlands

	
1.1

	
2.1

	
3.4

	
1.1

	
1.1

	
2.1

	
3.4




	
North America

	
United States

	
1.2

	
3.4

	
6.5

	
1.1

	
1.2

	
3.8

	
6.7




	
Canada

	
1.7

	
3.6

	
5.8

	
1.3

	
1.3

	
3.0

	
5.3




	
Mexico

	
1.2

	
3.6

	
10.9

	
1.2

	
1.3

	
4.0

	
11.6




	
South America

	
Brazil

	
0.6

	
1.2

	
4.0

	
0.6

	
0.6

	
1.5

	
4.7




	
Argentina

	
1.4

	
5.8

	
10.7

	
1.1

	
1.2

	
4.9

	
9.2




	
Africa

	
Nigeria

	
0.8

	
1.6

	
5.7

	
0.8

	
0.8

	
1.5

	
5.7




	
Egypt

	
47.7

	
41.0

	
79.1

	
1985.4

	
23.6

	
12.7

	
24.3




	
Oceania

	
Australia

	
1.8

	
8.8

	
23.3

	
1.5

	
1.5

	
6.5

	
16.2











With the exception of Egypt, this principle was demonstrated in all countries. This result can be explained by the large amount of external runoff that Egypt received from an upstream country, which means that the total of the surface and subsurface runoff and the external elements exceed local precipitation. Within water-abundant countries, such as Vietnam, Thailand, France, Germany, and Brazil, there was little difference between the fwua values for the entire country and for irrigated cropland. It is assumed that agricultural lands are distributed evenly within the countries. However, the fwua values for irrigated croplands in China, Pakistan, Egypt, and Australia tended to be lower than the values for the entire country. Croplands in these countries appear to be selectively distributed in areas with sufficient water resources rather than in surrounding drier regions.

The potential impact of food production can be overestimated if it is calculated using characterization factors at a national scale. The fwua value for rain-fed croplands in Egypt was extremely high because 49 km2 of the rain-fed cropland receives only 0.5 mm of precipitation annually.



3.3. Flow of Water Footprint Inventory and Water Scarcity Footprint

In this subchapter, a case study on characterization of global virtual water trade is shown. The calculated flows of the WI and WSF by nation in 2000 were aggregated into 22 regions worldwide, based on Hanasaki et al. [17]. The net virtual exports of the water footprint inventory and water scarcity footprint for all water sources (a,d), only irrigated water including surface and NNBW (b,e), and irrigated NNBW (c,f) are shown in Figure 3. The ratio of the virtual flow of the WSF to that of the WI for each water source was 1.2 for precipitation, 5.7 for surface water, and 14.4 for NNBW. It appears that this result reflected the difference in water scarcity according to the water sources. As a remarkable characteristic, the WSF flows had greater and heavier arrows than the WI flows for all types of water. In particular, the arrows for North America, Australia and New Zealand, and Southern Asia, which were discussed as having a higher ratio of WSF to WI, were changed significantly by characterization. It is possible that agricultural activities in these areas depend on scarce water supplies. Detailed local investigations would be required to assess the sustainability of agriculture in these croplands. By contrast, flows from South America had finer lines in the impact than the inventory in Figure 4a,d. The characteristic of the lower WSF compared with WI values in this area can also be observed in the trade flows. We suggest that food production and trade from South America has relatively lower potential impacts on freshwater availability. The global virtual water flows were characterized by using the fwua for each water source. Although NNBW constituted only 3.8% of the total flow of the water footprint inventory, this increased to 29.7% of the total flow of the water scarcity footprint.

Figure 3. Virtual exports of (a) water footprint inventory for all water sources; (b) water scarcity footprint for all water sources; (c) water footprint inventory for irrigated water; (d) water scarcity footprint for irrigated water; (e) water footprint inventory for irrigated NNBW; and (f) water scarcity footprint for irrigated NNBW. Flows exceeding 10 km3/year and 10 km3 H2Oeq/year are shown in (a,b), respectively; 1.0 km3/year and 1.0 km3 H2Oeq/year in (c,d), respectively; and 0.5 km3/year and 0.5 km3 H2Oeq/year in (e,f), respectively.
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Figure 4. Comparison of the water unavailability factor between periods.
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4. Discussion


4.1. Uncertainty of Characterization Factors

To validate the variability in the fwua, we compared the fwua value of each water source for irrigated croplands for 1991–2000 and 1961–1990 (Figure 4). The total irrigated croplands had 67,420 grid cells and covered an area of 2.8 × 106 km2. There was little difference between the two periods for the fwuap when the values were between 0.1 and 1.0. The largest ratio of fwuap in 1991–2000 to that in 1961–1990 (35) was found at 31.25° North and 26.75° East in Egypt. The maximum ratio of fwuasw and fwuagw in 1991–2000 to that in 1961–1990 (28) was found at 19.25° North and 20.25° East in Chad. There was greater variability in fwuasw and fwuagw than in fwuap. Runoff tends to be more sensitive than precipitation in terrestrial water cycle models [47]. These results might lead us to believe that the fwua does not vary substantially within a period of meteorological forcing. However, this may not be the case, and it is possible that the fwua varies with meteorological forcing data or model type. Validation of the uncertainty in the fwua values should be discussed.



To compare the spatial variability, the frequency distribution of the country-average fwua for the 153 countries and the fwua of the domestic grids in six major countries from each continent are shown in Figure 5. The fwuap in the six major countries varied from 10−1 to 102. This range was as large as that for the average between-country value. The variability between the fwuasw and fwuagw values for the major countries was larger than the variability for the average between-country values. The within-country variability is sufficiently large to suggest that it would be meaningful to prepare characterization factors at a high-resolution grid scale.

Figure 5. Frequency distributions of the water unavailability factor across 153 countries and within six major countries for (a) precipitation; (b) surface water; and (c) groundwater.
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4.2. Applications in LCIAs

The functions of fwua that reflect the uneven distributions of water resources, including comparisons with existing studies, are shown in Table 3. Although the water footprint (WFN) assesses consumptive water use by water source, it is not adequate as a characterization factor for weighting water use because it does not refer to the uneven distribution of water resources. Although the water scarcity of each water source is considered in the sustainability assessment phase of water footprint (WFN), the objective explanation for simply adding the three impact indices with different references is insufficient. Because GF addresses only groundwater withdrawal, weighting of conjunctive water use is not used for assessments. The WSI shows grid-scale data that reflect the conditions in each area and considers seasonal variability using the standard deviation of precipitation as a variation factor. An increase in the stream flow due to conservation activities can be incorporated; however, this is opposed to separating surface and groundwater. The fwua proposed in this study considers the uneven distribution of water resources by location using grid-scale modeling and the effect of water conservation can be reflected by calculating the annual renewability rate of each water source. Furthermore, the fwua has an advantage over other methods by weighting the difference in water sources using a reference volume. This model can also reflect the monthly variability by increasing the temporal resolution. Characterization factors such as WSI and GF were based on the overall pressure resulting from the ratio of water withdrawal/consumption to renewability rate. On the other hand, fwua is based on renewability only and conceptually close to an initial indicator in order to be expressed by as simple a framework as possible. It can be beneficial to study the variation of the fwua distribution with/without reflecting the demand side of water use.

Table 3. Functions of the water unavailability factor and comparison with existing studies.


	Method
	Reference
	Weighting by Place
	Weighting by Time
	Weighting by Source
	Reflecting Effects of Conservation





	Water availability factor (fwua)
	This study
	Y
	Y
	Y
	Y



	Water Stress Index (WSI)
	Pfister et al. [20]
	Y
	Y
	N
	Y



	Groundwater Footprint (GF)
	Gleeson et al. [23]
	Y
	N
	N
	Y



	Water footprint (WFN)
	Hoekstra et al. [4]
	N
	N
	N
	N










The results of the characterization using the fwua correspond to the midpoint impact category. Kounina et al. [48] and Bayart et al. [13] showed cause-effect sequences related to water use, which lead directly from an inventory to human health protection, ecosystem quality, and resources, among other uses. We aimed to delineate a definite impact pathway of water use using an LCIA. However, there is no absolute consensus that the impact pathway of water resources should be prioritized. Characterization factors can vary within the concept of a midpoint impact assessment. Several studies that regard characterization models based on ADP [25], socioeconomic conditions [49], or energy demand [50] failed to provide an objective explanation for the reference material or impact pathways. Although the fwua is incomplete in this regard, characterization based on the required land area or collection time clearly demonstrates the differences between renewable water resources and the impacts of a unit of water consumed. The global mean precipitation can be understood intuitively as a parameter for weighting water resources, and it can easily be converted into a factor. This model can be characterized by a simpler framework compared with those already in use; it is robust and practical and is less affected by parameter uncertainty.

The methods for addressing the impacts of rainwater use on freshwater availability within an LCA are still open for debate. Milà i Canals et al. [25] indicated that rainwater use can be addressed by focusing on land use or land use change. However, it may be sensible to characterize rainwater use, particularly in agricultural fields. Rainwater, surface water, and ground water are all vital resources for agriculture. Because irrigated water from surface water or groundwater helps fill the gap between rainwater supply and the water required for growth, surface water and groundwater are alternatives for rainwater. Rainwater use involves water resources that can be diverted to other uses; thus, it can result in reduced local water availability. It is sensible to include rainwater use when explaining environmental impacts in terms of water use for crop growth. Our approach, which uses the global mean precipitation as a reference, can be more easily understood than stating multiple numbers for water use from different sources or simply summing water consumption from these sources.

The method presented here can provide characterization factors for any spatial resolution from grid cells and river basins to entire countries or continents. Additionally, this method can increase the temporal resolution of a characterization factor by setting theoretical seasonal or monthly reference conditions. This model provides various types of characterization factors based on the demands of the user. Furthermore, the fwua model should be used for actual midpoint characterizations on a global scale. This research will facilitate clarification of at-risk locations, and the magnitudes of potential impacts at the individual, product, or national level could be assessed.




5. Conclusions

A characterization model was developed to evaluate the potential impacts of water use on freshwater availability; the factor considered the uneven distribution of water resources over time, space, and source. The water unavailability factor (fwua) was defined based on the land area or collection time required to obtain a reference volume of water. In this study, the global mean precipitation was adopted as a reference volume of water. This method provides a simpler characterization framework than existing studies. The method is also robust and practical and is less affected by parameter uncertainty.

A global meteorological forcing dataset and a global water resource model were used to estimate the fwua for precipitation, surface water, and groundwater, and the fwua was calculated at a global resolution of 0.5 × 0.5 degrees based on the annual mean precipitation, total runoff, and subsurface runoff. High-resolution grid-scale data have an advantage in that they can be converted to various spatial resolutions, for example, grid cell, continent, country, or river basin. Using this method, the temporal resolution can also be increased by setting reference conditions. The fwua for precipitation tended to be smaller than that for surface and groundwater based on the water balance principle. We calculated three weighted average fwua values for each country to describe the entire country, rain-fed croplands, and irrigated croplands. The fwua of agricultural water tended to be smaller than the value for the entire country, such that the cropland areas appeared to be selectively distributed in areas with sufficient water resources rather than in surrounding drier regions. Whether rainwater use is assessed depends on the purpose of the LCIA; rainwater use reduces local water availability. We calculated characterization factors for precipitation in conjunction with those for surface and groundwater because it is important to include rainwater use for crop growth when explaining environmental impacts. We also estimated the WI and WSF flows related to international food trade. The WSF flows had greater values than the WI flows for all types of water. Although NNBW constituted only 3.8% of the total flow of the water footprint inventory, this increased to 29.7% of the total flow of the water scarcity footprint. The fwua model allows us to calculate a characterization factor that can be easily interpreted; we can also provide various types of characterization factors based on user demands. Furthermore, we can estimate the potential impacts of water use at the national, product, and individual level. We expect that this method will be incorporated into LCIA studies in the future.
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