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Abstract: Water yield is of great importance to the balance between supply and demand of 

water resources. The provision of freshwater for Dali is estimated and mapped in 1988, 

1995, 2000, 2005 and 2008, using the Integrated Valuation of Environmental Services and 

Tradeoffs (InVEST) modeling toolset. The stability of water yield’s spatial variation is 

analyzed by a sorting method. The factors are explored which lead to the change in the 

relative water yield capacity. The yields at five points in time are compared, and the result 

of which shows a sharp fluctuation. The water yield curve is of a similar waveform as 

precipitation. An obvious and relatively stable spatial variation appears for water yield. 

The highest water yield areas are mainly located in the area where the elevation is high and 

both the elevation and the slope changes are large, and the main land uses are Shrub Land 

and High Coverage Grassland. The lowest areas are mainly in the eastern part of Erhai or 

the surrounding area. Precipitation, construction land expansion and the implementation of 

policy on land use are the three main factors which contribute to the change of the relative 

water yield capacity during 1988–2008 in Dali. In the study area, the water yield appears 

highly sensitive to the change in precipitation. The elasticity coefficient is calculated to 
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illustrate the sensitivity of the water yield to the precipitation. When the elasticity index is 

larger, the risk of natural disaster will be higher. 

Keywords: water yield; spatial variation; relative capacity; sensitivity 

 

1. Introduction 

Water yield is an ecosystem service [1], which plays a basic role in farming, aquaculture, the 

processing industry, quality of life for humans and ecological protection. Adequate water production is 

a premise to sustainable development of the regional economy and society. The change of climate [2] 

and land cover [3] caused by human activities are major factors leading to changes in water yield. The 

impact of land cover change is the most direct disturbance from mankind, and it will become increasingly 

prevalent with the increase in industrialization and urbanization. Since the 1990s, floods and droughts 

have occurred in China more frequently, and the scope of influence has expanded gradually. The 

Chinese government has issued a series of policies for land use management and ecological 

construction to safeguard the sustainable development of the economy and society. Representatives of 

the policies include Basic Farmland protection system, forest restoration from croplands, grassland 

restoration from croplands and forests, spatial control of construction land, and low-hill utilization. 

Discussion on the dynamic change of water yield is conducive to understanding the trends of water 

supply function in the ecosystem, is beneficial to verify the impact of policy implementation on water 

supply, and is helpful to develop reasonable and effective programs for ecological construction and 

water management. 

Because the administrative region is usually adopted as a unit in policy implementation and 

economic activity, in this paper, the administrative boundary replaces the watershed boundary to 

delineate the scope of the study, which facilitates analyzing the direct impacts of human activities. 

This is vital as, due to the incomplete watershed, the water yield in this paper characterizes the water 

production capacity of the ecosystem in the study area, rather than the runoff in the region. 

Since the 1970s, many distributed physical hydrological models have been built, such as Soil and 

Water Assessment Tool (SWAT) [3,4], System Hydrologic European (SHE) [5,6], Netherlands 

Hydrological Instrument (NHI) [7], Integrated Value Environmental Services Tradeoff (Invest) [2] and 

so on. Currently, research on hydrologic models pays great attention to simulating the impact of 

human activities on water resources [3,4,8] and modifying models or calibrating parameters under 

different environmental conditions [3,9]. In the impact of human activities on water resources, many 

results showed that land-use changes have brought about changes in surface runoff and groundwater 

recharge [4]. Hydrologic changes were highly variable both spatially and temporally [2,4]. The 

freshwater production changes are affected by land cover and topography [4]. Antje Ullrich analyzed 

the impact of alternative management practices on water quality and quantity. Results showed that the 

Soil and Water Assessment Tool (SWAT) is very sensitive to applied crop rotations and in some cases 

even to small variations of management practices. Duration of vegetation and soil cover was most 

sensitive followed by soil cover characteristics of applied crops [3]. Robert Hoyer considered that 

water yield estimates were highly sensitive to climate, especially in the lowlands, while nutrient export 
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and retention estimates were overwhelmingly driven by land cover [2]. The NHI (Netherlands 

Hydrological Instrument) consists of various physical models at appropriate temporal and spatial 

scales for all parts of the water system. It is freely available to hydrologists via an open web interface 

that enables exchange of all data and tools [7]. 

Each of the hydrological models has its advantages and disadvantages. The major factors 

concerning model selection are the accessibility of data and the applicability of the geographical 

environment conditions. In this paper, we choose the Integrated Value Environmental Services 

Tradeoff (Invest), which is a tool for ecosystem service assessment to support environmental  

decision-making, developed in 2007 by Stanford University, the World Wide Fund for Nature and the 

Nature Conservancy [10]. Because of its ease of operation and data acquisition, the model has been 

applied to several sites and decision contexts [2,11], and has been introduced and promoted in different 

watersheds in China [10,12,13]. 

2. Overview of Dali County 

Dali County, the capital city of Dali Bai Autonomous Prefecture, is located in the west of Yunnan 

Province and is situated at 99°58′–100°27′ East Longitude and 25°25′–25°58′ North Latitude.  

The topography is complex, and the elevation difference is obvious. It is a typical low-latitude plateau 

monsoon climate, where there is spring-like weather year around. The annual average temperature is 

about 15 °C. The annual rainfall is 1056 mm, which is distributed unevenly during the year. 

Meteorological disasters mainly include drought, floods, frost and so on. Dali is an ethnic minority 

area that developed earlier than other areas on the southwestern border of China. Meanwhile, the 

development of the regional economy has been accelerated in recent years; the population density of 

the dam area around the Erhai basin is more than 310 inhabitants per km2. The antinomy between 

water supply and demand has become more and more prominent. The location map of the study area is 

presented in Figure 1. 

 

Figure 1. Location map of the study area. 
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The dynamic change and spatial pattern of the water yield during 1988–2008 in Dali County was 

examined. There are several reasons to choose Dali County as the study area. First, the terrain is 

relatively complex [14]. The topographic gradient layer was extracted from the DEM. The maximum 

slope of land surface is about 54°. The area whose slope is over 25° accounted for 13.2% of the total 

area. The area whose slope is between 15° and 25° accounted for 23.25% of the total area. These areas 

have more serious soil erosion, and have a higher frequency of mudslides, landslides or other natural 

disasters than the more gently-sloped areas. At the same time, the precipitation in rainy season 

accounted for more than 85% of the annual precipitation; thus, the spatial variation in water yield and 

storage capacity have important implications for the occurrence of natural disasters. Second, Dali is 

not only an area which has high biodiversity and highly sensitive habitats, but is also the capital of the 

ancient Nanzhao and Dali Kingdom. It is the political, economic and cultural center in ancient Yunnan. 

Dali is positioned in the Nagorye Basin Ecological Function Zone in Regionalization of Ecological 

Environmental Function of Yunnan Province. It requires equilibrium of economic development and 

ecological construction to realize sustainable development [14]. Therefore, this implies that there 

should be a focus on the impact of human activities on water production and water balance. Moreover, 

Dali County has attempted to implement the low-hill utilization policy. (Low-hill utilization policy is 

intended to explore the appropriate land use layout in hilly areas. Under this policy, the low hill area, 

especially the barren land or wasteland, which is of a certain size and is contiguous, will be explored in 

accordance with the local conditions. This measure guides people to construct industry and residences 

in the low hill area. The use of wasteland, defective woodland, or low-grade farmland would survive 

the hyper-quality farmland in the plain. It is worth noting that, the exploitation may bring ecological 

and environmental problems when it is excessive or unreasonable). With the promotion of the low-hill 

utilization policy in China, the evolution of the ecological functions of Dali County will provide a 

benchmark for more and more areas, especially mountain towns in China. 

3. Model and Data 

3.1. Water Yield Model 

The water yield in Dali County is calculated based on InVEST modeling. In this model, the Budyko 

curve is adopted [15]. 

Y(x)= ൬1 − (x)ܲ(x)ܶܧܣ ൰ ∙ ܲ(x) (1)AET(ई)P(ई) = 1 + PET(ई)P(ई) − ቈ1 + ൬PET(ई)P(ई) ൰इଵ इൗ
 (2)

where, Y(x) is the water yield, AET(x) is the annual actual evapotranspiration for pixel x, P(x) is the 

annual precipitation on pixel x, PET(ई) is the potential evapotranspiration and इ is a parameter that 

characterizes the natural climatic-soil properties. PET(ई) = Kୡ(ℓई) ∙ ET(ई) (3)

where, ET(ई)  is the reference evapotranspiration for pixel x  and Kୡ(ℓई)  is the vegetation 

evapotranspiration coefficient. 
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ET(ई)  reflects local climatic conditions. In this study, the FAO-56 PENMAN-MONTEITH 

EQUATION was employed as the method which provides consistent ET0 values in all regions and 

climates [16]. The FAO-56 PENMAN-MONTEITH EQUATION is given as 

ET = 0.408∆(R୬ − G) + γ 900T + 273Uଶ(eୱ − eୟ)∆ + γ(1 + 0.34Uଶ)  (4)

∆= 4098 ቂ0.6108exp ቀ 17.27TT + 237.3ቁቃ(T + 237.3)ଶ  (5)

where, Rn is the net radiation at the crop surface in MJ m−2·day−1, G is the soil heat flux density in  

MJ m−2·day−1, T is the mean daily air temperature at 2 m height in °C, U2 is the wind speed at 2 m 

height in m·s−1, es is the saturation vapor pressure in kPa, ea actual vapor pressure in kPa, ∆ is the slope 

of vapour pressure curve in kPa·°C−1 and γ is the psychrometric constant in kPa·°C−1. eୱ  is calculated by Goff-Gratch equation which is recommended by World Meteorological 

Organization [17]. lgeୱ = 10.79574 ൬1 − 273.16T + 273.15൰ − 5.02800lg ൬T + 273.15273.16 ൰ + 1.50475× 10ିସ 1 − 10ି଼.ଶଽଽቀାଶଷ.ଵହଶଷ.ଵ ିଵቁ൨ + 4.2873× 10ିସ 10ସ.ଽହହቀଵି ଶଷ.ଵାଶଷ.ଵହቁ − 1൨ + 0.7861 

(6)

eୟ = eୱ ×RH/100 (7)

where, RH is the relative humidity in %. 

3.2. Data Preparation 

The model requires eight parameter layers/documents, including ET(ई) , P(ई) , depth to root 

restricting, plant available water fraction, land use, watersheds, sub-watershed and  

biophysical table. 

Reference Evapotranspiration Layer and Precipitation Layer. The meteorological data, consisting 

of mean air temperature at 2 m height, wind speed at 2 m height, relative humidity and precipitation, 

are acquired from the China Meteorological Bureau, and are interpolated into the 1 km × 1 km grid 

pixel data according to the Kriging algorithm [18,19]. The net radiation at the crop surface is  

5706.5 MJ m−2·day−1 [20], γ is obtained as 0.54 for Dali from the Psychometric Constant Table in 

Crop evapotranspiration-Guidelines for computing crop water requirements-FAO Irrigation and 

drainage paper 56. Other parameters are calculated by Equations (4)–(7) by the grid operator based on 

ArcGIS. Taking 2008 as an example, the Reference Evapotranspiration Layer and the Precipitation 

Layer are presented in Figure 2a,b. 

Depth to Root Restricting Layer and Plant Available Water Fraction Layer. Root restricting layer 

depth is not available in Dali, thus we take reference soil depth as a proxy [15]. Plant available water 

content (PAWC) is defined as the difference between the fraction of volumetric field capacity and 

permanent wilting point. It can be estimated based on physical and chemical properties of soil [10,15]. 
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The physical and chemical properties of soil, including the proportion of sand, silt, clay and the 

reference soil depth, are acquired from Harmonized World Soil Database [21]. PAWC is generated by the 

Soil-Plant-Atmosphere-Water (SPAW) software and ArcGIS. Taking 2008 as an example, the Depth to 

Root Restricting Layer and the Plant Available Water Fraction Layer are presented in Figure 2c,d. 

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 2. Layers obtained in data preparation, taking 2008 as an example. (a) Reference 

evapotranspiration layer; (b) Precipitation layer; (c) Depth to root restricting layer;  

(d) Plant available water fraction layer; (e) Land use layer; (f) Sub-watersheds. 

Land Use Layer. Land use data is derived from the Data Center of the Chinese Academy of 

Sciences, which is composed of 25 kinds of land use categories. Landsite TM/ETM images were 

interpreted at a scale of 1:100,000 and the overall interpretation accuracy of the land use categories 

reached 92.7% by field survey and random sampling check conducted by the Data Center of the 

Chinese Academy of Sciences (CAS) [18,22]. In this study, Dali land use covers 15 kinds of landuse 

categories, including Paddy Field (11), Dry Land (12), Forest Land (21), Shrub Land (22), Wood Land 

(23), Other Wood Land (24), High Coverage Grassland (31), Mid Coverage Grassland (32), Low 

Coverage Grassland (33), Lakes (42), Reservoir Pond (43), Beaches (46), Urban Land (51), Rural 
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Settlements (52) and Other Construction Land (53). The estimated areas of land use in Dali County are 

shown in Table 1, and the land use layer in 2008 is presented in Figure 2e. 

Table 1. Remotely-sensed estimated areas of land use in Dali County (km2). 

Land Use Code 1988 1995 2000 2005 2008
11 196 192 185 185 173 
12 147 117 149 147 138 
21 262 234 263 240 260 
22 127 149 132 142 128 
23 184 195 182 178 186 
24 0 0 0 0 7 
31 238 258 231 238 233 
32 38 33 38 33 36 
33 8 1 8 1 8 
42 180 198 180 198 180 
43 1 1 1 1 1 
46 2 2 2 2 2 
51 8 14 19 22 24 
52 21 20 22 22 23 
53 2 0 2 5 15 

Watersheds and Sub-watersheds. Based on the digital elevation model (DEM), the watersheds and 

sub-watersheds are generated using ArcGIS. Each watershed and sub-watershed is given a unique 

identification number which is named as ws_id and subws_id. There are six watersheds and  

36 sub-watersheds in Dali. The sub-watersheds layer in 2008 is presented in Figure 2f. 

Biophysical table. Below is a table of land use classes, containing data on biophysical coefficients. 

These data are attributes of each land use class rather than attributes of individual cells in the raster 

map. According to Dali land cover condition, parameters are determined with reference to FAO 

Irrigation and drainage paper 56 [16] as shown in Table 2. 

Table 2. Biophysical details for Dali. 

Land Use Description Land Use Code Kc Root Depth (mm) Land Use Vegetation
Paddy Field 11 0.65 2100 1 
Dry Land 12 0.65 2100 1 

Forest Land 21 1 5200 1 
Shrub Land 22 0.398 5200 1 
Wood Land 23 1 5200 1 

Other Wood Land 24 1 5200 1 
High Coverage Grassland 31 0.65 2600 1 
Mid Coverage Grassland 32 0.65 2600 1 
Low Coverage Grassland 33 0.65 2600 1 

Lakes 42 1.2 100 0 
Reservoir Pond 43 1.2 100 0 

Beaches 46 1.2 100 0 
Urban Land 51 0.3 100 0 

Rural Settlements 52 0.3 100 0 
Other Construction Land 53 0.3 100 0 
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Seasonality factor (Z). Z is an empirical constant that captures the local precipitation pattern and 

hydrogeological characteristics, with typical values ranging from 1–20. Following a study by Donohue 

et al. encompassing a range of climatic conditions in Australia, Z could be estimated as 0.2 × N, where 

N is the number of rain events per year [15]. A rain event is characterized by a minimum period of  

6 h between two storms. Calibration of the Z coefficient may also be used by comparing modeled and 

observed data [10]. As a result of incomplete watershed, the data of Dali County on the observed river 

flow at the watershed outlet is not equal to the water yield. Thus, the Z value is estimated based on 

frequency of rainfall in Dali as 7.8. 

4. Result 

4.1. Dynamic Change of Water Yield in the Whole Study Area 

Based on InVEST model, the weighted mean precipitation per pixel (Precip_mn), the weighted 

mean potential evapotranspiration per pixel (PET_mn), the weighted mean actual evapotranspiration 

per pixel (AET_mn), and the weighted mean water yield per pixel (Wyield_mn) in 1988, 1995, 2000, 

2005 and 2008 was obtained. The dynamic of water yield and related factors are shown in Figure 3. To 

illustrate the dynamic change of the water yield in Dali, the water yield is calculated through 

Wyield_mn. 

1Mt = 1.0 × 106 t. 

 

Figure 3. Dynamic of water yield and related factors. 

From 1988–2008, water yield in Dali shows a fluctuating trend. The peak of water yield appears in 

2008, which is 740.02 Mt. The minimum value appears in 1988, which is 249.98 Mt. The peak is 

almost three times the minimum. Taking into consideration the overall water yield and other factors, 

the volatility of the water yield curve, Precip_mn curve and Wyield_mn curve is very similar. On the 

surface, it looks like the most important factor affecting water yield is still rainfall, which coincides 
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with the results of Robert Hoyer [2] and Li-Chi Chiang [13]. However, between the Precip_mn and 

Wyield_mn curve, there is no a steady ratio of Wyield_mn and Precip_mn, which fluctuates 

20%~40%. 

PET_mn and AET_mn are influenced by the net radiation, temperature, wind speed, soil characters 

and land covers [16]. Compared with the precipitation, the above factors, except for land covers, are 

relatively stable. Construction land is the most obvious region of human interference in the ecosystem. 

Based on the remotely-sensed estimated data, there is only 31 km2 area which was altered to 

construction land during 1988–2008. The conversions among other land covers are also lower than 20 

km2. In respect to the entire study area, the impact of land cover was not significant either. On the 

county scale, PET_mn and AET_mn exhibit smaller amplitude. 

4.2. Classification of Sub-Watershed Units 

It is assumed that the water yield of each sub-basin will vary with precipitation, temperature and 

other factors, but the relative capacity of water yield among sub-watersheds will not change in the 

absence of interference, because the spatial structure of the geographical environment has had 

consistent strong stability over time. This assumption is consistent with Robert Hoyer’s conclusion on 

the stability of spatial patterns for provision of freshwater ecosystem services [2]. Based on this 

assumption, the sub-watershed units are sorted from small to large according to the Wyield_mn in each 

period, which is used to describe the relative capacity of water yield. 

Based on our assumption, we expect larger changes in sort to be linked to stronger human 

interference. Accordingly, we label the categories “Mild”, “Moderate”, “Severe” and “Serious 

Interference Category” except for “Stable Category”. The Stable Category includes the units whose 

range is less than 5, which means the water yield capacity is relatively stable and the fluctuations are 

due to changes in other units. For this category, the relative capacity of water yield in each unit is 

depicted by the average of the sorts in the above five time points. While, the units, whose inter-annual 

change in sort is categorized according to values of 5–10, 10–15, 15–20 or over 20, are put into 

“Mild”, “Moderate”, “Severe” and “Serious Interference Category” separately. These changes are 

considered to be caused by external interference. Due to the instability of these units sort, the focus 

should be on the extent of interference and the layout of units rather than the average value of sorts in 

each unit. 

For example, the unit whose subws_id is 1 is sorted as 30, 30, 30, 31 and 31, respectively, for five 

different years as above. The maximum is 31, and the minimum is 30, so the inter-annual change is 1. 

This unit should be merged in the first category, and its relative capacity for water yield is 30 after 

rounding. Similarly, the unit whose subws_id is 17 is valued at 22, 28, 27, 28 and 28, respectively. The 

inter-annual change across values is 6. This unit should be merged with the mild interference category, and 

the interference is mainly concentrated in the period between 1988 and 1995. 

The classification statistical features are presented in Table 3, and the classification is shown in 

Figure 4a. In the study area, there are 20 units belonging to the Stable Category, which cover about 

50% of the area. Among the Interference Categories, Mild Interference Category has the largest 

proportion, which covers 41.8% of the area. These two categories together accounted for more than 

90% of the area. The units who belong to the Moderate Interference Category are mainly distributed in 
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the southeast of Dali, which cover about 8.91% of the area. There is only one unit belonging to Severe 

Interference Category and Serious Interference Category separately, and they cover less than 0.5% of 

the area. In the following, the spatial variation of the relative capacity of the water yield will be 

analyzed based on the Stable Category database, and the driving factors of the water yield capacity 

change will be examined according to local scales based on the Interference Category database. 

(a) (b) 

(c) 

Figure 4. (a) The classification according to the change of the unit’s across five time 

points; (b) Land Use Layer in 1988; (c) Land Use Layer in 2008. 

Table 3. Classification statistical tables according to the change of the sort of each sub-watershed. 

Category Number of Sub-Watershed Area (km2) Ratio (%)

Stable Category 20 692 48.94 
Mild Interference Category 9 591 41.8 

Moderate Interference Category 5 126 8.91 
Severe Interference Category 1 4 0.28 
Serious Interference Category 1 1 0.07 

Sum 36 1414 100 
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4.3. Spatial Variation of Water Yield in Sub-Watershed Scale 

The Interference Categories’ units are not stable over time, which means the relative capacity of 

units cannot be delineated. Therefore, the spatial variation of water yield will be analyzed based on the 

Stable Category database. 

In Section 4.2, the sub-watershed units are sorted from small to large according to the Wyield_mn 

in each period. So, if the sort is larger, the unit’s capacity on water yield is larger. Eight sub-watersheds 

sorted last in the sequence all belong to the Stable Category. They are mainly located in the Northwest 

and Northeast of Dali. According to the DEM (Figure 1), the elevation in these areas range from  

1400–4075 m, and the average is 2705 m. The slope in these areas range from 2°–55°, and the average 

is 13°. The common feature of these units is that they are located in the area where the elevation is 

high and both the elevation and the slope changes are large. Comparing the land use map in 1988 with 

2008 (Figure 4b,c), the land use patterns in these regions are relatively stable. The change only 

occurred in six pixels which is less than 1% of Stable Category area. The main land use includes Shrub 

Land (22), High Coverage Grassland (31), Wood Land (23) and Dry Land (12). Based on the analysis 

of the precipitation, and the potential evapotranspiration and actual evapotranspiration of these  

sub-watersheds during five different years as above, the relationship between the parameters’ mean 

level of these regions and the entire area experiences little interannual change. As a result, the data 

from 2008 is used to illustrate the regular pattern. The annual precipitation of these regions is between 

1253.07 mm and 1323.10 mm, and the average is 1284.61 mm which is similar to the average level 

(1311.85 mm) of the entire area. The difference is only about 2%. While, the annual actual 

evapotranspiration of these units is between 542.22 mm and 753.89 mm, and the average is 640.52 mm 

which is far below the average level (799.94 mm) of the entire region. The difference between them 

balloons to about 25%. Due to the fact that the division of the sub-watershed is not based on land use 

patterns, there is a variety of land use patterns mixed together in one sub-watershed. At the same time, 

the land use which appears in these units would also appear in a moderate level or low level water 

yield sub-watershed. Thus, it does not mean that the area which is used as the above land-use types 

must be a high water yield area, but it illustrates that these land uses would probably be of benefit to 

improving the water yield. 

Correspondingly, if the unit’s sort is smaller, the unit’s capacity for water yield is smaller.  

The sub-watersheds sorted in 2–5 are mainly distributed in the eastern part of Erhai or the surrounding 

area. The average elevation is 2083 m, and the average slope is 5°. The low level of water yield in 

these units is largely due to the higher actual evapotranspiration than other regions. It is found that 

these units are relatively stable, and the relationship between the mean level of these regions and the 

entire area in regards to precipitation, potential evapotranspiration and actual evapotranspiration has 

little interannual change. Here, the data of 2008 is also taken as an example to illustrate the regular 

pattern. The annual precipitation of these regions is between 1307.65 mm and 1341.72 mm, and the 

average is 1331.14 mm which is similar to the average level (1308.14 mm) of the entire area. The 

difference is only about 2%. While, the annual actual evapotranspiration of these units is between 

981.2 mm and 1204.65 mm, and the average is 1073.37 mm which is far above the average level 

(799.94 mm) of the entire region. The difference between them expands to about 34%. Thus, the water 

yield, the difference between the precipitation and actual evapotranspiration is the lowest in Erhai. 
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The rest of the units which belong to the Stable Category are mainly distributed in the south of Dali. 

The average elevation is 2292 m. This is 400 m lower than the high water yield units whose sorts are  

29–36 and 200 m higher than the low water yield units whose sorts are 2–5. With the altitude 

decreasing, the temperature increases slightly, and the actual evapotranspiration increases gradually. 

4.4. Driven Factors of Relative Capacity Change on Water Yield 

For the Interference Category, the dynamic of each unit’s sort is analyzed (Table 4). Results show 

that there are three patterns in sort changing, namely a decrease, an increase, and a fluctuation. 

Table 4. List of the interfered sub-watersheds’ values at different intervals. 

Subws_id 1988 1995 2000 2005 2008 Range Category Interval 

6 15 14 12 9 12 6 Mild a decrease 
17 22 28 27 28 28 6 Mild an increase occurred in 1995 
24 17 17 21 17 24 7 Mild an increase occurred in 2008 
7 20 24 16 22 20 8 Mild a fluctuation occurred in 2000
5 25 21 20 18 16 9 Mild a decrease 
12 19 16 23 20 25 9 Mild an increase occurred in 2000 
15 12 4 7 3 7 9 Mild a decrease occurred in 1995 
16 26 19 28 25 27 9 Mild a fluctuation occurred in 1995
29 27 22 24 19 18 9 Mild a decrease 
18 13 11 19 13 22 11 Moderate fluctuated frequently 
23 23 18 22 12 21 11 Moderate fluctuated frequently 
34 18 8 11 7 11 11 Moderate a decrease occurred in 1995 
26 24 13 26 16 26 13 Moderate fluctuated frequently 
30 10 23 13 23 13 13 Moderate fluctuated frequently 
33 11 27 15 27 14 16 Severe fluctuated frequently 
10 1 25 1 24 1 24 Serious fluctuated frequently 

For ease of description, the duration of the two adjacent time points in the study is referred to as 

internal. For a decrease pattern, the number of the decreasing intervals is more than the increasing 

intervals, which appears in 6, 5, 15, 34 and 29 sub-watersheds (subws_id, the same below). At the 

same time, if there is an interval whose change is over 5, its change represents a decrease. In unit 6 and 

5, changes in all intervals are less than 5, but the difference between the minimum and the maximum is 

greater than 5. Through a careful comparison among the data, there is no difference in land use, soil 

depth, geological structure and other geographical conditions in unit 6 from 1988–2008. While in unit 

5, whose range is larger, there is about 7.7% of area that has experienced changes in land use. By 

inference, the former decrease in sorting is still subject to the change of other regions, but the latter one 

is caused by relative factors. From this perspective, it is appropriate and rigorous to set 5 as the critical 

point of the maximum and minimum amplitude when the Stable Category is extracted from the others. 

An increasing pattern means the number of the increasing intervals is more than the decreasing 

intervals. Furthermore, if there is an interval whose change is over 5, its change represents an increase. 

This pattern exists in 17, 24 and 12 sub-watersheds. Based on the assumption, the main factors that 

enhance its relative water yield capacity include two aspects. The first one is the continuous increase 
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of urban land and rural settlements in the Xiaguan Town and Dali town, which has almost doubled in 

2008 from 1988. According to Equation (3) and Table 2, construction land has the lowest Kc value, 

which would lead to lower levels of actual evapotranspiration than other land use in the same 

condition. The other one is the implementation of the policy for grassland restoration from croplands 

and forests. There is a marked difference for the net water yield among the vegetation  

types [23,24]. For the different ET values, the grassland produces a higher water yield, the shrub forest 

provides a lower one, and the forest obtains the least one [23]. Consequently, units which have applied 

the grassland restoration policy will obtain a higher relative capacity. 

The fluctuation pattern means the increasing interval and the decreasing interval occurs 

simultaneously and is adjacent. Furthermore, the unit changes in both of them are over 5. This pattern 

was found in 16, 7, 18, 23, 26, 30, 33 and 10 sub-watersheds. Most of them are located in the southeast 

of Dali County, especially in the staggered zone of Wood Land, Grassland and Dry Land. The relative 

water yield capacity is affected by the implementation of the policy on agricultural structure 

adjustments and ecological construction. Restoring grassland from forest is beneficial to improving the 

relative water yield capacity [24]. While, restoring forest from cropland and pasture would lead to a 

decrease of the relative water yield capacity. In the staggered zone, where the geographical 

environment is relatively complicated, the land use change is somewhat frequent. As a result, the actual 

evapotranspiration varies obviously, and the fluctuation in water yield would be observed. In the unit 

whose subws_id = 10, the substantial change is caused by the interannual variability of water level. 

4.5. Sensitivity of Water Yield to Precipitation 

To verify the sensitivity of the water yield to the precipitation in different parts of the study area, 

elasticity index of water yield and precipitation are introduced to describe the relationship between 

their dynamic changes. The index is defined as η୧ = u୵୷u୮ = (WY୲ −WY୲)/WY୲(P୲ − P୲)/P୲  (8)

where, η୧ is the elasticity index of water yield and precipitation in the ith interval (i = 1, 2, 3, 4), WY୲ 
and WY୲ are the water yield in the year t and t0, P୲ and P୲ are the precipitation in the year t and t0, u୵୷ 

and u୮ are the growth rate of water yield and precipitation. 

For example, ηଵ is the elasticity index of water yield and precipitation during 1988–1995, WY୲ and WY୲ is the water yield in the year 1995 and 1988, and other parameters so on. Then, the average of 

elasticity coefficient in four intervals is taken to characterize the sensitivity of sub-watershed unit to 

the dynamic change of precipitation. 

It is classified according to five categories by the natural breaks (Jenks) based on ArcGIS, which is 

presented in Figure 5. The classified statistical features are calculated, and are shown in Table 5. There 

is only one sub-watershed whose elasticity index is different with others. Its subws_id is 10. In 1988, 

2000 and 2008, the water yield of this unit was almost zero, thus the elastic coefficient has an 

unbelievable value in the period of 1988–1995 and 2000–2005. As a result, it is labeled as infinity, 

which would not be analyzed in this paper. The sub-watersheds whose elasticity index is over 1.98 

cover more than 95% of the total area. It indicates that water yield is sensitive to the change of the 

precipitation in the entire region, which can be delineated as an amplification effect. When rainfall 
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increases, the water yield will grow to more than twice the rate of rainfall increase. As an example, the 

elasticity coefficient of unit 28 is 3.38, which means its water yield will increase by 3.38% when the 

precipitation increases by 1%. The greater the elasticity coefficient the more obvious is the 

amplification effect. The unit whose elasticity coefficient is the largest mainly located in Erhai and the 

paddy field in west of Erhai, and the following units are distributed in the staggered zone of Wood 

Land, Grassland and Dry Land in the south of Dali. The elasticity coefficient of the unit in these two 

areas is over 2.66. It indicates that the water yield would increase rapidly when the precipitation 

increases. In these areas, the probability of floods and the risk of mudslides, landslides and other 

natural disasters is higher than in other areas. Similarly, when the precipitation decreases, the water 

yield would decrease faster; this is not conducive to agriculture production. These regions which have 

a weaker resistance to natural disaster cover 52.41% of the entire area. This is important to consider 

when the extreme weather conditions are predicted. 

The other regions whose elasticity coefficient is less than 2.66 are mainly distributed in the 

northwest, northeast and south of Dali. Compared to the above categories, these regions hold a 

stronger self-regulation capacity in precipitation changes. Combined with Figure 4a, these regions are 

extremely similar to the Stable Category. To some extent, it proves the stability of water yield in these 

sub-watersheds. 

 

Figure 5. The average elasticity index of water yield and precipitation in sub-watershed scale. 

Table 5. Classification statistical tables according to the elasticity index of water yield and precipitation. 

Elasticity Index Number of Sub-Watershed Area (km2) Ratio (%) 

1.68–1.98 3 60 4.24 
1.98–2.66 17 612 43.28 
2.66–3.24 10 310 21.93 
3.24–4.00 5 431 30.48 
Infinity 1 1 0.07 

Sum 36 1414 100 
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5. Conclusions 

The spatial and temporal variability of water yield is exceedingly significant. In the temporal 

dimension, the water yield experienced a fluctuating trend with a similar waveform to precipitation. In 

the spatial dimension, the majority of the units, which covered more than 90% of the area, belong to 

the Stable Category and Mild Interference Category. This means that the change of the geographical 

environment has little effect on the entire area. Sub-watersheds which have higher water yield are 

mainly located in the area where the elevation is high and both the elevation and the slope changes are 

large. The main land use includes Shrub Land, High Coverage Grassland, Wood Land and Dry Land. 

While, the sub-watersheds sorted in 2–5 are mainly distributed in the eastern part of Erhai or the 

surrounding area. The rest of the units which belong to the Stable Category are mainly distributed in 

the south of Dali. 

There are three main factors that contributed to the change of water yield from 1988–2008 in Dali. 

The most important factor affecting water yield is still rainfall. The second is construction land 

expansion coinciding with urbanization. The third is the implementation of the policy on agricultural 

structure adjustment and ecological protection. In the staggered zones of Wood Land, Grassland and 

Dry Land, the geographical environment is relatively complicated, and the land use changes are 

somewhat frequent. As a result, a fluctuation in water yield should be observed. 

An elasticity index of water yield and precipitation is introduced to describe the sensitivity of the 

water yield to precipitation. The sub-watersheds whose elasticity index is over 1.98 cover more than 

95% of the total area. It indicates that water yield is sensitive to changes in precipitation in the entire 

region. The larger the elasticity index, the poorer the ability to resist natural disaster, while there is also 

a higher probability of flood or drought in these areas. Similarly, the risk of mudslides, landslides and 

other natural disasters are likewise higher. Thus, these findings can also provide a reference point for 

ecological risk. 
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