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Abstract. Surface water, as the largest part of water resources, plays an important role on China’s agricultural
production and food security. And surface water is vulnerable to climate change. This paper aims to examine
the status of the supply reliability of surface water irrigation, and discusses how it is affected by climate change
in rural China. The field data we used in this study was collected from a nine-province field survey during
2012 and 2013. Climate data are offered by China’s National Meteorological Information Center which contains
temperature and precipitation in the past 30 years. A Tobit model (or censored regression model) was used to
estimate the influence of climate change on supply reliability of surface water irrigation.

Descriptive results showed that, surface water supply reliability was 74 % in the past 3 years. Econometric
results revealed that climate variables significantly influenced the supply reliability of surface water irrigation.
Specifically, temperature is negatively related with the supply reliability of surface water irrigation; but precipi-
tation positively influences the supply reliability of surface water irrigation. Besides, climate influence differs by
seasons. In a word, this paper improves our understanding of the impact of climate change on agriculture irriga-
tion and water supply reliability in the micro scale, and provides a scientific basis for relevant policy making.

Surface water, as the largest part of water resources, plays an
important role on China’s agricultural production and food
security. China’s surface water is 2.63 x 10'2 m?, containing
almost 96.7 % of the total water volume. There are 48.4 %
provinces whose surface water supply contains more than
90 % of the total water supply. And the share of provinces
that surface water supply contains more than 70 % of the to-
tal water supply is even 67.7 %. Only 12.9 % provinces that
surface water supply is less than 50 % of the total water sup-
ply (NBSC, 2015).

Surface water is vulnerable to climate change. Human ac-
tivities and climate change first influence moisture and heat
transfer, and then influence precipitation and temperature
variations and change patterns (Trenberth et al., 2003; Hao
et al., 2007; Piao et al., 2010; IPCC, 2014). These changes,
through impacts on evaporation and surface runoff, could

greatly alter land surface water balance in turn (Hao et al.,
2007; Prowse and Belataos, 2006; IPCC, 2014). During re-
cent 60 years (1961-2011), China’s surface runoff decreased
remarkably. For instance, river runoff in six large river basins
presented a declining trend, they were Hai, Yellow, Liao, and
Songhua in northern China, and Yangtze and Pearl in south-
ern China (Wang et al., 2017). The onset of daily drying-up
occurs more frequently and earlier than before and the pe-
riod of zero flow also lengthens (Long et al., 2006). Even
some river basins (e.g., Hai and Yellow) have changed from
open to closed ones in some years, which negatively influ-
enced the ecological environment (such as causing biodiver-
sity degradation, atrophy and sea water intrusion) (Wang et
al., 2016). Besides researches about the past reality, there
are also many prediction studies on relationship of climate
change and surface water resources. For instance, Zhang and
Wang (2007) predicted an overall increase of river runoff
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over China (7.5 % in B1 scenario by 2100, and 9.7 % in Al
scenario). And in the Yellow River basin, annual runoff will
increase by 11 % in A2 scenario and by 5 % in B2 scenario.
In Shanxi Province, by 2030, with temperature gradually in-
creasing, there will be less surface water resources than in
2010, but the overall trend is stable. By 2050, the influence
of the temperature will increase more than that of precipi-
tation, except for the regions of Taiyuan and Yangquan, in
other parts of Shanxi, surface water resources will generally
reduce (Hao et al., 2007). Supply and demand balance of wa-
ter resources affected greatly by climate change will further
affect agricultural production. In Haihe River in China, by
2030, changes of water resources balance will cause wheat ir-
rigated area decreasing by 6.9 %, wheat raining area increas-
ing by 19.9 %, and wheat yield decreasing 1.2 % (Wang et al.,
2013). But all the prediction studies on relationship of water
resources and climate change are greatly sensitive to biases
of climate projections used in the selected models (Piao et
al., 2010; Hao et al., 2007; Zhang and Wang, 2007; Wang et
al., 2013).

Not only the quantity but also the quality of surface wa-
ter is influenced by climate change (Xia et al., 2010, 2012;
Zhang et al., 2009). Through affecting process of biochemi-
cal reaction rate, the ecological effect, the rise of temperature
or migration type of water pollutants, the changes of wind
speed, light duration and radiation enhancement can directly
or indirectly impact on water environment (Dalla et al., 2007;
Delpla et al., 2009; Wilby et al., 2006). Such as temperature
rising affects the eutrophication of lake sediment and water
pollutants in secondary interpretation (Lamon et al., 2009).
Vanvliet (2008) quantified the influence of drought event on
water quality of Meuse River in Western Europe in 1976 and
2003. Results showed that, compared with normal years, the
concentration of NHI, NO, and Chlorophyll A respectively
increased 1.9, 1.3 and 1.2 times. Precipitation and natural
runoff decreasing, temperature increasing caused by climate
change were helpful to increase the concentration of Ca2t
and Mg2+ in the Yellow River (Xia et al., 2012).

Besides climate change, irrigation infrastructure also plays
an important role on the use of surface water for irrigation.
Poor construction of rural irrigation infrastructure was one
of the mayor reasons for increasing serious drought in agri-
cultural production in China (Wang et al., 2013; Chen et al.,
2012; Yang et al., 2012, Jia, 2016). Investment on village-
level irrigation facilities is helpful for increasing farmers’ in-
come (Ma, 2008). Thankfully, construction of irrigation and
water conservancy facilities has been paid great attention in
recent years. By 2010, there were 87 873 reservoirs and 5795
irrigation districts that are more than 10 000 p (MWR, 2011).
Investment on irrigation infrastructure has increased by 27
times in the past 60 years (from CNY 700 million in 1958
to CNY 19.5 billion in 2009) (MWR, 2011). Compared with
other water conservancy facilities investment, the irrigation
infrastructure investment is still far not enough (Ma, 2008).
Even in 2009, the share of irrigation infrastructure invest-
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ment on the total water resources investment is only 10 %
(MWR, 2011).

Despite more and more scholars begin to study the im-
pacts of climate change or irrigation infrastructure on sur-
face water supply, empirical analysis on this aspect is still
very limit. In terms of the supply reliability of surface water
irrigation, there are few works that address status of it, espe-
cially with data from large scale village survey and associ-
ating it with climate change. As for irrigation infrastructure,
researches mainly focus on supply or requirement desire of
irrigation infrastructure (Wang, 2015; Zhu and Wang, 2014;
He and Guo, 2010). Few studies combine irrigation infras-
tructure and supply reliability of surface water irrigation, let
alone under changing climate condition.

So with research limitation of this filed, our study focused
on the following questions: how much reliable of surface wa-
ter irrigation supply in rural area in China? Whether climate
change influences the supply reliability of surface water ir-
rigation? If yes, how can we quantify this influence? What
is the relationship between the supply reliability of surface
water irrigation and irrigation infrastructure?

In order to find answers of the questions above, the rest of
this paper is organized as follows. Section 2 introduces the
data used in this study. Section 3 displays local climate situa-
tion, and describes rural irrigation infrastructures and supply
reliability of surface water irrigation. Econometric analyses
in Sect. 4, including the influence of climate variables, ru-
ral irrigation infrastructures and other factors on the supply
reliability of surface water irrigation. The final section con-
cludes.

2 Sampling approach and data

2.1 Field survey data

The data we used in this study was collected from a nine-
province field survey during 2012 and 2013. The nine
provinces contain six Northern provinces (Hebei, Henan,
Shandong, Jiangsu, Anhui and Jilin) and three southern
provinces (Jiangxi, Guangdong and Yunnan). Based on lo-
cal water resources, climate condition and economic devel-
opment level, the nine provinces are firstly collected from the
whole nation, and then the following strategies were taken to
select samples.

First, in each province except for Jiangxi (10 counties) and
Guangdong (6 counties), randomly selected three counties.
After selecting the counties, we invited local experienced wa-
ter conservancy workers to stratify all townships of the three
counties into three groups according to their rural water in-
frastructure: above average, average, or below average. And
then we randomly selected one township from each of the
three groups and randomly chose three villages from each
of the selected townships. Finally, 330 villages in 37 coun-
ties in 9 provinces were selected. Since we only analyze the
supply reliability of surface water irrigation in this study, we
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just kept villages that use surface water for irrigation. So,
the samples used in the study are 256 villages in 94 towns,
37 counties and 9 provinces. The sample distribution of this
study is summarized in Table A1 in the Appendix.

The survey contains a three-year (2010, 2011 and 2012)
and three- level (town, village and household) data collec-
tion.! In terms of this study, we mainly use village level ques-
tionnaires. A most important point was the supply reliabil-
ity of surface water irrigation, meaning that whether farmers
who needed irrigate their crops using surface water could get
enough water and in a timely fashion. If the response was
“yes”, we define surface water supply for irrigation to be reli-
able; otherwise, it was seen as being unreliable. Specifically,
in the survey, we asked village leaders that, in each of the past
3 years (2010-2012), what percentage of irrigated crop-sown
areas could not get surface water when needed.?

In addition to the information on the supply reliability
of surface water irrigation, following information was col-
lected: (i) Village socio-economic characteristics: such as
total cultivated land and number of population in the vil-
lage. (ii) Village physical characteristics: such as topogra-
phy (plain or mountain) and soil type (sand, clay or loam).
(iii) Rural irrigation infrastructures: such as whether irrigat-
ing by the following kinds of water sources: large reser-
voir, middle reservoir, small reservoir, tubewell, pool, river
or pump.

2.2 Secondary climate data

In the study, climate data are offered by China’s National
Meteorological Information Center. We assume that both
temperature and precipitation were homogenous within the
county, so we use county level climate data. However, in the
37 sampled counties, only 23 counties contain national me-
teorological stations. In order to obtain relative climate data
for other counties, we use the spatial interpolation method
proposed by Thornton et al. (1997). More details about sec-
ondary climate data introduction can be seen in another paper
of our team (Li, 2017).

Not all villages used surface water for irrigation in all 3 years
(2010-2012), although we have 256 villages totally, some villages
did not irrigate by surface water during 2010-2012 and we have not
included these villages into our analysis; therefor, there are 256 vil-
lages in the analysis for 3 years and the total sample is 762, but not
256 -3 =1768.

2We ask village leaders the following question: In your village,
when crops need surface water irrigation, how much percentage of
irrigated crop sown areas that could not get sufficient and timely
surface water supply during 2010-2012? Based on this information,
we can get indicator of the supply unreliability of surface water irri-
gation (share of irrigated crop-sown areas having access to an unre-
liable surface water supply), then using 1 to minus this number and
we can get the indicator of the supply reliability of surface water
irrigation.
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Figure 1. Change of annual temperature and precipitation in the
last 30 years (1981-2010): (a) Change of annual temperature;
(b) Change of annual precipitation. Data sources: National Mete-
orological Information Center in China.

All variables’ descriptive statistics are displayed in Ta-
ble A3.

3 Climate change in the past 30 years and supply
reliability of surface water irrigation

3.1 Climate change in the past 30 years

What is the characteristic of climate change for sample area
in long run? Figure la reflects the trend of average temper-
ature> changes of nine provinces related in this research in
the past 30 years. Remarkably, there is an increasing trend
and it is statistically significant (the method of significance
test is z-test). This in fact is highly consistent with many
other scholar’s study results, for instance, Ding et al. (2006)
pointed that temperature has a most remarkable increase in
recent 50 years. In our sample area, the annual average tem-
perature increases about 0.6° in the past 30 years. What’
more, fluctuations of annual average temperature are appar-
ent, which reflects that the inter-annual temperature changes
are very intensive.

In regard to annual total precipitation, changes are not ob-
vious. As shown in Fig. 1b, the average annual total precip-

3The method for calculating the spatial average value is as fol-
lows: first, calculate the average value of each month’s temperature
of all samples; second, calculate the annual average value, which is
12-month average.
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itation changes appear slightly upward trend and it is statis-
tically insignificant. But the fluctuation of it is much more
remarkable, which implies that the inter-annual variability of
precipitation may be obvious for a long time.

3.2 Rural irrigation infrastructures of surface water
irrigation

As shown in Table 1, distributions of rural water infras-
tructures are different by province. Totally, there are 34.2 %
villages using one water source, 50.3 % using two water
sources, 14.9 % using three water sources and only 0.5 %
using four water sources. Specifically, in Jilin Province, all
sample villages are using two water sources for irrigation.
In Henan Province, there are 90.6 % villages that using two
water sources and others are all using one water source. Sit-
uation in Hebei and Shandong is similar. While in Jiangsu,
villages that using one water source (82.2 %) are much more
than that using two water sources (17.8 %). For Guangdong
and Yunnan, numbers of water sources farmers use are 1 to
3. For Jiangxi and Anhui, numbers of water sources farmers
use are 1 to 4, although percentages of villages using four
water sources are only 1.1 and 1.8 % respectively. More de-
tails about distributions of water sources in sample regions
of this study are displayed by Table A4.

3.3 Supply reliability of surface water irrigation

Through Table 2 we can see that, on average the total relia-
bility of surface water is 74 %. Jilin, Henan and Jiangxi own
relatively higher reliability with 91, 85 and 83 %. The worst
appears in Yunnan, with 48 % only; and next is in Hebei, with
50 %. For other four provinces (Shandong, Jiangsu, Anhui,
Guangdong), the supply reliability of surface water irrigation
is among 72-76 %. Besides, through the past 3 years, data
shows that in total sample, there exists a little fluctuation of
the supply reliability of surface water irrigation with changes
from 75 to 71 % , and then from 71 to 76 %. In terms of each
province, Jiangxi appears a remarkable fluctuation with the
supply reliability of surface water irrigation changing from
85 to 76 %, and then from 76 to 87 % during the past 3 years.
The reason for this remarkable fluctuation is that, in 2011,
in almost 70 % area in Jiangxi it happened drought dam-
age. So the supply reliability of surface water irrigation in
2011 decreased greatly. Similar but slighter fluctuation also
appears in Anhui and Henan. What’s more, there appears a
remarkable rising trend in Yunnan, with the supply reliabil-
ity of surface water irrigation changing from 42 % in 2010 to
54 % in 2012. But in Jiangsu, a slightly decreasing trend can
be seen with the supply reliability of surface water irrigation
changing from 80 % in 2010 to 73 % in 2012. For other four
provinces (Hebei, Shandong, Jilin and Guangdong), the sup-
ply reliability of surface water irrigation appears no obvious
inter-annual changes.
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4 Econometric model and estimation results

4.1 Specification of econometric model

In this study, we specify the following four econometric
models to better identify and quantify the impacts of different
factors on the supply reliability of surface water irrigation:

Wij =aij+ B1Cij + Balij + B3Viij + Ba Pij +€ij (1
Wij = wij+01Cij +021ij + 03Vaij + 04 Pij + 71 2)
Wij =0ij + 2 Cij + A2lij + A3 V3ij + A4 Pij + &ij 3)
Wij =38ij +¢1Cij +@21ij + ©3Vaij + @4 Pij + ij “)

In the four models, i and j indicate the ith village in the
Jjth county, and the dependent variable W;; are all the same.
Here W;; measures the share of irrigated crop-sown areas
having reliable surface water supply.

We included similar independent variables on the right
side of the four models. (i) C;; is a set of climate vari-
ables. For Model 1 and Model 2 we use annual climate
variables (average annual temperature, average annual tem-
perature squared, annual total precipitation and annual total
precipitation squared), and for Model 3 and Model 4, we
use seasonal climate variables (Spring/Summer/Fall/Winter
temperature and precipitation, and their squared term). Con-
sidering the possible relationship between temperature and
precipitation, this study also included interactive variables
into Model 2 and Model 4; (ii) treating the variable whether
irrigating by more than two kinds of water sources as
baseline, I;; contains the following 0-1 irrigation vari-
ables: irrigating by two kinds of water sources, irrigat-
ing only by large reservoir/middle reservoir/small reser-
voir/tubewell/pool/river/pump; and (iii) V1_4;; is a set of five
variables that measure village characteristics: whether the
soil type is sand (1 =yes; 0 =no) and whether the soil type
is clay (1 = yes; 0 = no)(the baseline is loam); landform (1 if
the village is located in plain, O otherwise) (we predict that
plain is a better geographical condition than mountain for
getting surface water), arable area per person (ha) and popu-
lation (we assume that the two variables are related to water
demand and then influences water reliability).

The models also include a set of dummy variables P; to
control for the impact of regional characteristics that do not
change over time but might affect water reliability. Leaving
one of them, Yunnan province, as the default category, each
model has eight province dummy variables. Besides, in the
four models, 81 — B4, 01 — d4, A1 — A4, and @1 — @4 are the
parameters to be estimated; o;;, w;j, 6;; and §;; are the con-
stant. &;;, I1;;, ¢;; and p;; are random error terms, and are
all assumed to be subjected to independent identical distribu-
tion.

Tobit model (or censored regression model) are used to
estimate the determinants of the supply reliability of surface
water irrigation in this study. More introductions about Tobit
model can be found in another paper of our team (Li, 2017).
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Table 1. Percentage of villages using various irrigation sources in the sample regions (%).

Number of water sources

One water Two water  Three water ~ Four water

source sources sources sources

Total samples 342 50.3 14.9 0.5
Hebei 33.3 66.7 0 0
Henan 9.4 90.6 0 0
Shandong 234 76.6 0 0
Jilin 0 100.0 0 0
Anhui 5.3 64.9 28.1 1.8
Jiangsu 82.2 17.8 0 0
Jiangxi 33.7 47.0 18.1 1.1
Guangdong 46.5 39.0 14.5 0
Yunnan 11.1 52.8 36.1 0

Data sources: Authors’ survey.

Table 2. Supply reliability of surface water irrigation over 3 years
by province in China.

Supply reliability of surface water irrigation (Share of
crop sown area accessing to reliable surface water supply
when not enough surface water) (%)

Average 2010 2011 2012
Total sample 74 75 71 76
Hebei 50 50 50 50
Henan 85 86 85 84
Shandong 70 70 71 69
Jilin 91 91 91 92
Anhui 72 70 69 77
Jiangsu 76 80 74 73
Jiangxi 83 85 76 87
Guangdong 73 73 73 72
Yunnan 48 42 47 54

Data sources: Authors’ survey.

4.2 Estimation results

All four models above perform well. The pseudo R? values
of the four Tobit models are among 0.1361-0.2067, which
are reasonably high values for multivariate analysis based on
cross-sectional data. Moreover, among all the models, the
signs of most climate variables, rural irrigation infrastruc-
tures and other control variables were statistically significant
and also highly consistent with our expectation.
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4.2.1 Influence of annual temperature and precipitation

on the supply reliability of surface water irrigation

Estimation results show that, average annual temperature was
statistically insignificant at the 10 % level (Table 3). But for
annul total precipitation, the first degree term is positive and
significant, and the quadratic term is negative and signifi-
cant in the model without interactive variable. And the turn-
ing point is 1667 mm which means that as to the result of
the model without interactive variable, when the quantum of
rainfall is less than 1667 mm, the supply reliability of sur-
face water irrigation will be increased with increasing pre-
cipitation, and otherwise, the supply reliability of surface wa-
ter irrigation will be decreased with increasing precipitation.
However, with interactive variable, the first degree term is
positive and significant, but the quadratic term is negative
and insignificant, and the coefficient of the climate interac-
tive variable is negative and significant. This indicated that
after considering the correlation between temperature and
precipitation, if both temperature and precipitation increase
simultaneously, the supply reliability of surface water irriga-
tion will be significantly reduced. Or in other words, even
having higher precipitation, if the temperature is also higher,
the supply reliability of surface water irrigation will be lower.

What’s more, keeping the constant of other factors, if
we consider the interactive and non-interactive variables to-
gether, we can get the separate impacts of annual temperature
or precipitation on supply reliability of surface water irriga-
tion. As shown in Table 5, increasing temperature by 0.5°
will reduce the supply reliability of surface water irrigation
by 1.1 % (reducing from 62.4 to 61.3 %). If the temperature
continues to increase, the supply reliability will be further re-
duced. In the future, if the temperature increases by 2°, the
supply reliability will be reduced by 3.8 % (reducing from
62.4 to 58.6 %). Besides, increasing precipitation will result
in increase of supply reliability. For example, when precipita-
tion increases by 10 %, the supply reliability can be increased
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Table 3. Marginal effects of the determinants of the supply reliability of surface water irrigation from regression results of annual climate

variables model.

Supply reliability of surface water
irrigation: share of crop sown area not
affected as not enough surface water

Without interactive ~ With interactive

variable variable
Model 1 Model 2
Climate variables
Average annual temperature (°) 0.024 —0.011
(0.81) (0.30)
Average annual temperature squared —0.002 0.003
(1.76) (0.92)
Annual total precipitation (mm) 0.002%** 0.003%**
(5.22) (4.71)
Annual total precipitation squared —0.0000006*** —0.0000001
(4.43) 0.41)
Interactive variable —0.0001**
Average annual temperature™ Annual total precipitation (1.57)
0.024 —0.011
Irrigation variables
Whether irrigating by two kinds of water sources (1 = yes; 0 =no) —0.123%** —0.116***
(4.19) (3.85)
Whether irrigating only by large reservoir (1 = yes; 0 =no) —0.243** —0.242%*
(2.49) (2.47)
Whether irrigating only by middle reservoir (1 =yes; 0 =no) 0.059 0.070
(0.83) (0.98)
Whether irrigating only by small reservoir (1 =yes; 0 =no) 0.061 0.066
(1.04) (1.11)
Whether irrigating only by pool (1 = yes; 0 =no) —0.054 —0.043
(0.97) (0.76)
Whether irrigating only by river (1 = yes; 0 =no) —0.105* —0.094
(1.84) (1.63)
Whether irrigating only by pump (1 =yes; 0 =no) —0.097** —0.081*
(2.27) (1.86)
Village characteristics
Whether the soil type is sand (1 =yes; 0 =no) —0.039 —0.041
(1.43) (1.50)
Whether the soil type is clay (1 =yes; 0 =no) —0.011 —0.008
0.41) (0.30)
Landform (1 = Plain; 0 = Mountain) —0.034 —0.038
(1.36) (1.51)
Arable area per person (ha) 0.561** 0.589**
(1.99) (2.08)
Density of population —0.002* —0.002*
(1.84) 1.77)

by 4.6 % (increasing from 62.4 to 67.0 %), when precipita-
tion increases by 25 %, the supply reliability can be increased
by 10.7 % (increasing from 62.4 to 73.1 %), when precipita-
tion increases by 50 %, the supply reliability can be increased
by 17.0 % (increasing from 62.4 to 79.4 %). However, reduc-
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ing precipitation by 10 % will result in reduction of supply
reliability by 5.3 % (reducing from 62.4 to 57.1 %), reducing
precipitation by 25 % will result in reduction of supply reli-
ability by 14.7 % (reducing from 62.4 to 47.7 %), and reduc-
ing precipitation by 50 % will result in reduction of supply
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Table 3. Continued.

Supply reliability of surface water
irrigation: share of crop sown area not
affected as not enough surface water

Without interactive ~ With interactive

variable variable
Model 1 Model 2
Province dummy (versus Yunnan province)
Hebei 0.755%** 0.808***
4.74) (4.95)
Henan 0.841%** 0.785%**
(7.47) (6.46)
Shandong 0.661*** 0.640%**
(6.25) (6.01)
Jilin 0.922%** 1.028%**
(5.30) (5.51)
Anhui 0.372%** 0.348%**
(5.99) (5.43)
Jiangsu 0.386™** 0.375%**
(6.42) (6.18)
Jiangxi —0.147** —0.246%**
(—1.78) 2.37)
Guangdong 0.014 —0.041
0.11) (0.31)
Constant —2.778%** —3.261***
3.67) (3.98)
Observations 762 762
Fit statistics of Tobit
LR chi? 158.15 160.66
Log likelihood —522.3194 —521.0652
Prob > chi? 0.0000 0.0000
Pseudo R2 0.1315 0.1336

Absolute ¢ statistics in parentheses. * p <0.10, ** p <0.05,

reliability by 28.6 % (reducing from 62.4 to 33.8 %). In sum-
mary, on the average, temperature is negatively related with
the supply reliability of surface water irrigation; but precip-
itation positively influences the supply reliability of surface
water irrigation.

4.2.2 Influence of seasonal temperature and

precipitation on surface water supply reliability

As to seasonal climate variables, let’s first discuss tempera-
ture variables. For spring temperature, the first degree term
is negative and significant, the quadratic term is positive
and significant (Table 4). So, the impact of spring temper-
ature on the supply reliability of surface water irrigation
presents a u-shape. And the turning point is 14.4°/11.7° in
the model without/with interactive terms. This means that
the change trend of marginal effect is first downward (when
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o <0.01.

temperature is below 14.4° in the model without interactive
terms or 11.7° in the model with interactive terms) and then
becomes upward (when temperature is beyond 14.4° in the
model without interactive terms or 11.7° in the model with
interactive terms). Similar analysis can be done in terms of
winter temperature. Specifically, the impact of winter tem-
perature on the supply reliability of surface water irrigation
presents an inverted u-shape. And the turning point is 7.9°/0°
in the model without/with interactive terms. Maybe this is the
reason why when we treat average annual temperature as in-
dependent variables in annual climate models (Table 3), it is
statistically insignificant. As temperature in spring and win-
ter has opposite influence on the supply reliability of surface
water irrigation, they offset each other.

In terms of seasonal precipitation variables, expect sum-
mer precipitation, other three seasonal precipitation vari-
ables are all statistically significant, not only the first de-
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Table 4. Marginal effects of the determinants of the supply reliability of surface water irrigation from regression results of seasonal climate
variables model.

Supply reliability of surface water
irrigation: share of crop sown area not
affected as not enough surface water

Without interactive ~ With interactive

variable variable
Model 3 Model 4
Climate variables

Spring temperature (°) —1.409%** —1.127*
(2.44) (1.68)
Spring temperature squared 0.049%** 0.048***
(3.54) (2.74)
Summer temperature (°) 0.304 1.022
(0.28) (0.94)
Summer temperature squared —0.010 —0.031
(0.43) (1.33)
Fall temperature (°) —0.109 —0.618
(0.16) (0.91)
Fall temperature squared 0.002 0.027
(0.09) (1.01)
Winter temperature (°) 0.333* 0.183
(1.88) (1.09)
Winter temperature squared —0.021* —0.030***
(1.85) (2.58)
Spring precipitation (mm) —0.013** —0.019***
(241) (3.26)
Spring precipitation squared 0.000008* 0.00001**
(1.85) (2.24)
Summer precipitation (mm) —0.0006 —0.003
0.27) 1.16)
Summer precipitation squared 0.000002 0.000002
(1.50) (1.41)
Fall precipitation (mm) —0.039*** —0.034***
(5.08) (4.60)
Fall precipitation squared 0.00005*** 0.00006™**
(4.75) (5.25)
Winter precipitation (mm) 0.050%*** 0.058%***
(4.86) (5.51)
Winter precipitation squared —0.0001*** —0.0001***
(4.48) (4.66)

Interactive variable
Spring temperature® Spring precipitation 0.0002
(1.55)
Summer temperature™ Summer precipitation 0.00008
(1.44)
Fall temperature® Fall precipitation —0.0003**
(2.34)
Winter temperature™ Winter precipitation —0.0007
(1.49)
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Table 4. Continued.

97

Supply reliability of surface water
irrigation: share of crop sown area not
affected as not enough surface water

Without interactive ~ With interactive

variable variable
Model 3 Model 4
Irrigation variables
Whether irrigating by two kinds of water sources (1 = yes; 0 =no) —0.119%** —0.122%**
(4.14) (4.29)
Whether irrigating only by large reservoir (1 =yes; 0 = no) —0.257%** —0.178**
(2.66) (1.81)
Whether irrigating only by middle reservoir (1 =yes; 0 =no) 0.064 0.070
(0.92) (1.02)
Whether irrigating only by small reservoir (1 =yes; 0 =no) 0.036 0.052
(0.60) (0.87)
Whether irrigating only by pool (1 =yes; 0 =no) —0.049 —0.064
(0.88) (1.17)
Whether irrigating only by river (1 = yes; 0 =no) —0.095** —0.104*
(1.67) (1.84)
Whether irrigating only by pump (1 =yes; 0 = no) —0.092** —0.077*
(2.18) (1.84)
Village characteristics
Whether the soil type is sand (1 = yes; 0 =no) —0.052* —0.051*
(1.94) (1.55)
Whether the soil type is clay (1 =yes; 0 =no) —0.040 —0.044*
(1.56) (1.69)
Landform (1 = Plain; 0 = Mountain) —0.036 —0.038
(1.46) (1.55)
Arable area per person (ha) 0.322 0.434
(1.11) (1.48)
Density of population —0.002* —0.002
(1.84) (1.26)
Province dummy (versus Yunnan province)
Hebei 1.153 0.478
(0.78) (0.31)
Henan 0.612 0.160
(0.45) 0.11)
Shandong 0.469 —0.025
(0.34) (0.02)
Jilin 4.143** 3.858**
(2.39) (2.17)
Anhui 0.070 —0.380
(0.05) (0.25)
Jiangsu 0.032 —0.429
(0.02) (0.28)
Jiangxi 0.562 0.201
0.51) (0.17)
Guangdong 0.007 —0.007
(0.01) (0.01)
Constant 27.626 16.020
(1.68) (1.06)
Observations 762 762
Fit statistics of Tobit
LR chi? 226.61 239.31
Log likelihood —4880 —481.7394
Prob > chi? 0.0000 0.0000
Pseudo R2 0.1884 0.1990

Absolute ¢ statistics in parentheses. * p <0.10, ** p<0.05, *** p<0.01.
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Table 5. Change in supply reliability of surface water irrigation due to climate change in the future.

The percentage of irrigated crop-sown areas having
reliable surface water supply (%)

baseline 62.4
Temperature change

0.5° (+) 61.3
1°(4) 60.3
1.5° (+) 59.4
2° (+) 58.6
Precipitation change

10 % (+) 67.0
10% (-) 57.1
25 % (+) 73.1
50 % (+) 79.4
25 % (—) 47.7
50 % (—) 33.8

Data sources: Authors’ survey.

gree term but also quadratic term. Specifically, for spring
and fall precipitation, the first degree terms are negative and
quadratic terms are positive, which means that the relation-
ship of the two displays a U-shape. For winter precipitation,
the first degree term is positive and quadratic term is nega-
tive, which means that there was an inverse U-shaped rela-
tionship between the two. Specifically, the turning point of
spring precipitation is 812.5mm in the model without in-
teractive terms or 783.8 mm in the model with interactive
terms, higher than 393.6 mm (the average spring precipita-
tion in Table A3), so the marginal effect of spring precipita-
tion is negative. In other words, there was a negative corre-
lation between spring precipitation and supply reliability of
surface water irrigation. Similarly, the turning point of win-
ter precipitation is 250.0 mm in the model without interac-
tive terms or 267.9 mm in the model with interactive terms,
higher than 131 mm (the average winter precipitation in Ta-
ble A3), so there was a positive correlation between spring
precipitation and supply reliability of surface water irriga-
tion. As to fall precipitation, the turning point is 390 mm
in the model without interactive terms or 327.8 mm in the
model with interactive terms, and the average fall precipita-
tion is 211. 9mm (in Table A3), so, when fall precipitation
is lower than 211.9 mm, the relationship of fall precipitation
and supply reliability of surface water irrigation is positive,
otherwise, the relationship of fall precipitation and supply re-
liability of surface water irrigation is negative.

Proc. IAHS, 379, 89-104, 2018

4.2.3 Influence of rural irrigation infrastructure and other
control variables on the supply reliability of surface

water irrigation

Results of four models show that, based on irrigating by more
than two kinds of water sources, the coefficients of most
other rural irrigation infrastructure are statistically significant
with negative sign. This means that, most rural irrigation in-
frastructures are playing statistically significant roles in the
supply reliability of surface water irrigation. And among all
of them, the role of the water source, more than two kinds of
water sources, is a most obvious one. Specifically, the coef-
ficient of two kinds of water resources is statistically signifi-
cant in each model. And the coefficients are —0.123, —0.116,
—0.119 and —0.122 respectively in four models (Tables 3
and 4). This means that, in the case of all other conditions re-
maining unchanged, compared with irrigating by more than
two kinds of water sources, if farmers irrigate by two kinds of
water sources, the share of irrigated crop-sown areas having
reliable surface water supply will decrease by 11.6-12.3 %.
Similarly, if farmers irrigate by large reservoir/river/pump,
the share of irrigated crop-sown areas having reliable sur-
face water supply will decrease by 8.1-11.1/10.5-12.4/24.2—
25.2 %. Besides, different from all water infrastructures dis-
cussed above, the roles of middle reservoir, small reservoir
and pool in the supply reliability of surface water irriga-
tion are statistically insignificant. The coefficients of middle
and small reservoirs are positive, and the coefficient of pool
is negative. This probably means that, compared with more
than two water sources, middle reservoir and small reservoir
are playing more significant roles and pool is playing a less
significant role in the supply reliability of surface water ir-
rigation, but these results are statistically insignificant. Or
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this maybe indicates that, keeping all other conditions un-
changed, compared with irrigating by more than two kinds
of water sources, irrigating by middle reservoir, small reser-
voir or pool, farmers’ share of irrigated crop-sown areas with
reliable surface water supply has no significant difference.

What’s more, some physical and socio-economic condi-
tions of villages are also closely related to the supply reli-
ability of surface water irrigation. For instance, in terms of
population, its coefficients in all models are all negative and
statistically significant with small numerical value. Specif-
ically, with all other conditions unchanged, if increase one
person in one hectare, the supply reliability of surface wa-
ter irrigation will decrease by about 0.2 %. Besides, in an-
nual climate models, the coefficients of arable area per per-
son are both positive and statistically significant at the 10 %
level. Maybe this is because that, surface water usually can
concentrate to supply with large quantity, so, when we as-
sume other conditions unchanged, if arable area per person
increase, the share of irrigated crop-sown areas having re-
liable surface water supply will not decrease but increase.
What’s more, in models with seasonal climate variables, the
coefficients of whether the soil type is sand are both nega-
tive and statistical significant at the 10 % level. With other
conditions unchanged, comparing to villages with loam, the
supply reliability of surface water irrigation of villages with
sand, will decrease about 5.1 % in the model without inter-
active terms or 5.2 % in the model with interactive terms
(Table 4). And the supply reliability of surface water irriga-
tion of villages with clay (comparing to villages with loam)
will decrease 4.0 % in the model without interactive terms or
4.4 % in the model with interactive terms (Table 4).

Finally, the supply reliability of surface water irrigation
also differs by province, especially in models with annual
climate variables. As shown in Table 3, leaving Yunnan
Province as baseline, the coefficient of each other province
is statistically significant, except Guangdong province. But
for models with seasonal climate variables, except Jilin
Province, the coefficient of each other province is statisti-
cally insignificant (Table 4).

5 Conclusion

Based on nine-province large-scale field surveys in China,
this study mainly examines the status of current surface water
supply reliability and identifies how climate change and rural
water infrastructures influence it.

Firstly, through descriptive analysis, we conclude: on aver-
age the total reliability of surface water is 74 %. Jilin, Henan
and Jiangxi own relatively higher reliability with 91, 85 and
83 %. The worst appears in Yunnan, with 48 % only. And
there exists a little fluctuation of the supply reliability of sur-
face water irrigation in the past 3 years.

Secondly, through estimation results of econometric mod-
els, we conclude: (a) Average annual temperature was sta-

proc-iahs.net/379/89/2018/

tistically insignificant, as temperature in spring and winter
has opposite influence on the supply reliability of surface
water irrigation, they offset each other. But as for annul to-
tal precipitation, supply reliability of surface water irrigation
will be increased with increasing precipitation. However, af-
ter considering the correlation between temperature and pre-
cipitation, if both temperature and precipitation increase si-
multaneously, the supply reliability of surface water irriga-
tion will be significantly reduced. (b) In the future, keeping
the constant of other factors, increasing temperature by 0.5°
will reduce the supply reliability of surface water irrigation
by 1.1 %. At the same time, when precipitation increases by
10 %, the supply reliability can be increased by 4.6 %, when
precipitation increases by 25 %, the supply reliability can be
increased by 10.7 %. Reducing precipitation by 10 % will re-
sult in reduction of supply reliability by 5.3 %, reducing pre-
cipitation by 25 % will result in reduction of supply reliabil-
ity by 14.7 %. (c) In terms of seasonal precipitation variables,
expect summer precipitation, other three seasonal precipita-
tion variables are all statistically significant, not only the first
degree term but also quadratic term. Specifically, there was
a negative correlation between spring precipitation and sup-
ply reliability of surface water irrigation. There was a posi-
tive correlation between spring precipitation and supply re-
liability of surface water irrigation. When fall precipitation
is lower than 211.9 mm, the relationship of fall precipitation
and supply reliability of surface water irrigation is positive,
otherwise, the relationship of fall precipitation and supply re-
liability of surface water irrigation is negative.

Thirdly, compared with irrigating by more than two kinds
of water sources, if farmers irrigate by two kinds of water
sources, the supply reliability of surface water irrigation will
decrease by 11.6-12.3 %. Similarly, if farmers irrigate by
large reservoir/river/pump, the share of irrigated crop-sown
areas having reliable surface water supply will decrease by
8.1-11.1/10.5-12.4/24.2-25.2 %.

Finally, some physical and socio-economic conditions of
villages are also closely related to the supply reliability of
surface water irrigation. And the supply reliability of surface
water irrigation also differs by province, especially in annul
climate models.

Data availability. The underlying research data in the paper con-
tains field data and secondary climate data. The field data in this
study was collected by our research team from a nine-province field
survey during 2012 and 2013. The nine provinces contain six North-
ern provinces (Hebei, Henan, Shandong, Jiangsu, Anhui and Jilin)
and three southern provinces (Jiangxi, Guangdong and Yunnan).
Based on local water resources, climate condition and economic
development level, the nine provinces are firstly collected from the
whole nation, and then the following strategies were taken to select
samples. Climate data are offered by China’s National Meteorolog-
ical Information Center. Both the two kinds of data are confidential
to the public.
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Appendix A

Table A1. Sample distribution of this study.

Province County Township Village

Hebei 3 4 7

Henan 3 5 11

Shandong 3 8 22

Jilin 3 3 5

Anhui 3 8 19

Jiangsu 3 9 25

Jiangxi 10 30 90

Guangdong 6 18 53

Yunnan 3 9 24

Total 37 94 256

Data sources: Authors’ survey.
Table A2. Sample distribution based on types of water source.

Types of water Province County Townshihp Village Samples
sources
One kind of water sources 7 25 45 79 230
Two kinds of water sources 9 36 78 138 400
More than two kinds of water sources 4 21 33 46 132

Data sources: Authors’ survey.
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Table A3. Statistical descriptions of major variables.

Mean Min Max SD
Dependent variable
Share of crop sown area not affected as not enough surface water 0.74 0.00 1.00 0.33
Climate variables
Average annual temperature (°) 16.69 2.67 22.34 351
Average annual temperature squared 290.82 7.11 498.88 111.87
Annual total precipitation (mm) 1341.07 399.56 2126.33 505.07
Annual total precipitation squared 2053737 159 646 4521271 1294184
Average annual temperature® Annual total precipitation 23851.43  1065.569 47078.66 12216.82
Spring temperature (°) 16.62 4.02 22.24 3.13
Spring temperature squared 286.10 16.18 494.75 102.12
Summer temperature (°) 26.03 17.45 28.13 2.50
Summer temperature squared 683.88 304.33 791.22 117.87
Fall temperature (°) 17.79 2.88 23.77 3.92
Fall temperature squared 331.77 8.32 565.11 133.29
Winter temperature (°) 6.31 —13.68 15.50 5.88
Winter temperature squared 74.29 0.21 240.31 82.35
Spring precipitation (mm) 393.60 52.70 697.08 231.35
Spring precipitation squared 208375.80 2777.63 485920.50 175342.10
Summer precipitation (mm) 604.48 265.38 1040.02 180.74
Summer precipitation squared 398020.80 70427.92 1081648.00 245034.80
Fall precipitation (mm) 211.89 51.88 386.59 70.50
Fall precipitation squared 49862.01 2691.54 149453.10 31638.58
Winter precipitation (mm) 131.10 5.69 257.43 86.38
Winter precipitation squared 24 637.92 32.38 66272.62 24 681.82
Spring temperature™ Spring precipitation 6983.04 164.70 13238.57 4488.35
Summer temperature™ Summer precipitation 15977.25 4259.04 29056.33 5522.83
Fall temperature® Fall precipitation 4015.55 128.19 9198.73 1994.22
Winter temperature™ Winter precipitation 101223 —162.22 1977.91 779.29
Irrigation variables
Whether irrigating only by one kind of water sources (1 = yes; 0 =no) 0.30 0.00 1.00 0.46
Whether irrigating by two kinds of water sources (1 = yes; no) 0.52 0.00 1.00 0.50
Whether irrigating by more than two kinds of water sources (1 = yes; no) 0.17 0.00 1.00 0.38
Whether irrigating only by large reservoir (1 =yes; 0 =no) 0.01 0.00 1.00 0.10
Whether irrigating only by middle reservoir (1 =yes; 0 =no) 0.03 0.00 1.00 0.16
Whether irrigating only by small reservoir (1 =yes; 0 =no) 0.04 0.00 1.00 0.20
Whether irrigating only by tubewell (1 = yes; 0 =no) 0.0013 0.00 1.00 0.04
Whether irrigating only by pool (1 =yes; 0 =no) 0.04 0.00 1.00 0.20
Whether irrigating only by river (1 =yes; 0 =no) 0.04 0.00 1.00 0.20
Whether irrigating only by pump (1 =yes; 0 =no) 0.13 0.00 1.00 0.34
Village characteristics
Whether the soil type is sand (1 =yes; 0 =no) 0.30 0.00 1.00 0.46
Whether the soil type is clay (1 =yes; 0 =no) 0.42 0.00 1.00 0.49
Landform (1 =Plain; 0 = Mountain) 0.28 0.00 1.00 0.45
Arable area per person (ha) 0.09 0.00 0.46 0.06
Density of population 8.24 0.50 110.00 9.13
Province dummy
Hebei 0.03 0.00 1.00 0.16
Henan 0.04 0.00 1.00 0.20
Shandong 0.08 0.00 1.00 0.28
Jilin 0.02 0.00 1.00 0.14
Anhui 0.07 0.00 1.00 0.26
Jiangsu 0.10 0.00 1.00 0.29
Jiangxi 0.35 0.00 1.00 0.48
Guangdong 0.21 0.00 1.00 0.41
Yunnan 0.09 0.00 1.00 0.29

Note: Observation number is 762.
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Table A4. Percentage of villages using kinds of water sources in sample regions (%).

Water sources Total samples Henan Jiangxi Guangdong Hebei Shandong

Jiangsu Jilin  Anhui  Yunnan

Only one kind of water source

Tubewell 1.3 9.4 0 0.6 4.8 0 0 0 6 2.2
River 16.4 0 20.3 8.3 0 0 69.9 0 0 2.2
Reservoir 10.1 0 8.9 26.9 14.3 0 0 0 0 8.7
Pond 2.7 0 3.7 3.8 0 4.7 0 0 0 2.2
Irrigation District 5.1 0 37 38 0 18.8 12.3 0 0 0
Dam 0.1 0 0.4 0 0 0 0 0 0 0
Waterjam 0.1 0 0 0 0 0 0 0 0 2.2
Others 1.3 0 0 3.8 14.3 0 0 0 0 0
Two kinds of water sources

Tubewell, River 10.1 12.5 8.1 1.9 38.1 9.4 17.8 20 28 0
Tubewell, Reservoir 2.6 0 1.2 3.8 28.6 0 0 0 0 6.5
Tubewell, Pond 33 9.4 0 1.9 0 0 0 0 34 0
Tubewell, Irrigation district 12.7 68.8 2.4 1.9 0 67.2 0 80 0 6.5
Tubewell, Dam 0.4 0 0 1.9 0 0 0 0 0 0
Tubewell, Waterjam 0.4 0 0 0 0 0 0 0 0 6.5
Tubewell, Others 1.1 0 0 1.3 0 0 0 0 12 0
River, Reservoir 7.5 0 14.2 11.5 0 0 0 0 0 0
River, Pond 2.3 0 5.3 1.9 0 0 0 0 0 0
River, Irrigation district 0.4 0 0 1.9 0 0 0 0 0 0
River, Dam 0.9 0 1.2 0 0 0 0 0 0 6.5
River, Waterjam 0.6 0 0 0 0 0 0 0 0 8.7
River, Others 1 0 1.2 1.3 0 0 0 0 0 4.3
Reservoir, Pond 2.8 0 6.5 2.6 0 0 0 0 0 0
Reservoir, Irrigation district 0.9 0 0 3.8 0 0 0 0 0 0
Reservoir, Dam 2.6 0 4.1 3.8 0 0 0 0 0 4.3
Reservoir, Others 0.6 0 0.8 0 0 0 0 0 0 4.3
Pond, Irrigation district 0.4 0 1.2 0 0 0 0 0 0 0
Pond, Dam 1.6 0 4.5 0 0 0 0 0 0 0
Pond, Waterjam 0.9 0 0 0 0 0 0 0 0 13
Pond, Others 0.3 0 0 0 0 0 0 0 0 4.3
Dam, Waterjam 0.9 0 0 0 0 0 0 0 0 13
Dam, Others 0.3 0 0.8 0 0 0 0 0 0 0
Waterjam, Others 0.3 0 0 0 0 0 0 0 0 4.3
More than two kinds of water sources

Tubewell, River, Reservoir 0.9 0 1.2 1.9 0 0 0 0 0 0
Tubewell, River, Pond 1.8 0 0 1.9 0 0 0 0 20 0
River, Reservoir, Pond 2.6 0 49 3.8 0 0 0 0 0 0
River, Reservoir, Dam 1.3 0 3.7 0 0 0 0 0 0 0
River, Reservoir, Others 0.1 0 0.4 0 0 0 0 0 0 0
Reservoir, Pond, Irrigation district 0.3 0 0 1.3 0 0 0 0 0 0
Reservoir, Pond, Dam 0.3 0 0 1.3 0 0 0 0 0 0
Reservoir, Pond, Waterjam 0.3 0 0 1.3 0 0 0 0 0 0
Reservoir, Pond, Others 0.3 0 0 1.3 0 0 0 0 0 0
River, Reservoir, Pond, Dam 0.4 0 1.2 0 0 0 0 0 0 0
Total 100 100 100 100 100 100 100 100 100 100

Note: others contain rain gutter, fountain and sewage disposal. Data sources: Authors’ survey.
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