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Abstract: The requirement for irrigation water would be affected by the variation of 

meteorological effects under the conditions of climate change, and irrigation water will 

always be the major portion of the water consumption in Taiwan. This study tries to assess 

the impact on irrigation water by climate change in Taoyuan in northern Taiwan. Projected 

rainfall and temperature during 2046–2065 are adopted from five downscaled general 

circulation models. The future evapotranspiration is derived from the Hamon method and 

corrected with the quadrant transformation method. Based on the projections and a water 

balance model in paddy fields, the future crop water requirement, effective rainfall and the 

demand for water for irrigation can be calculated. A comparison between the present 

(2004–2011) and the future (2046–2065) clearly shows that climate change would lead 

both rainfall and the temperature to rise; this would cause effective rainfall and crop water 

requirement to increase during cropping seasons in the future. Overall, growing effective 

rainfall neutralizes increasing crop water requirement, the difference of average irrigation 

water requirement between the present and future is insignificant (<2.5%). However, based 

on a five year return period, the future irrigation requirement is 7.1% more than the present 

in the first cropping season, but it is insignificantly less (2.1%) than the present in the 

second cropping season. 
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1. Introduction 

The fourth assessment report of the Intergovernmental Panel on Climate Change indicates that the 

observations of global average temperature during 1995–2006 have increased, and heavy rainfall 

events have become much frequent. This report also predicts the global average surface temperature 

during 2080–2099 may rise between 1.1 °C and 6.4 °C more than the period during 1980–1999, and 

cause crop productivity to increase [1]. It clearly shows the affection of climate change. 

General circulation models (GCMs) are the most advanced tools available to simulate the response 

of the global climate system to increasing greenhouse gas concentrations. With the models, an 

assessment of the future climate would be possible [2,3], and the problem of uncertainty may be 

mitigated by considering multiple models [4,5]. According to the results of the cited researches, the 

rainfall distribution would be different and temperature would rise under climate change. It would 

make challenges for water resources management. 

Taiwan is a small island in the north-west Pacific. Analyzing the historical meteorological data in 

Taiwan over the past hundred years, the annual rainfall increased in the northern regions, decreased in 

central and southern regions, and exhibited no clear tendency in the eastern regions [6]; moreover, the 

surface temperature rose 0.8–1.6 °C in each region [7]. There is 22.7% of the area that has been 

cultivated in Taiwan in recent years. The annual water consumption in Taiwan is 17,064 million m3, of 

which is 11,088 million m3 consumed by irrigation. The proportion of irrigation water is about 65% of 

the total consumption; in other words, the irrigation requirement is the main demand factor. 

Under climate change, the variation of rainfall and temperature would also impact the irrigation 

water demand. There are many methods to determine the irrigation water requirement, for example: 

the Erosion Productivity Impact Calculator [8,9], the Global Irrigation Model [10,11], the CROPWAT 

model [12,13], and the Stochastic Crop Water Production Functions [14]. The basis of these models is 

to capture the characteristics of crop water consumption in different periods. Therefore, in the given 

growth characteristic of crops, rainfall and temperature distribution, and geology of a region, according 

to the water balance model, the irrigation water requirement would be determined by simulation. 

Although the average annual rainfall is about 2500 mm in Taiwan, high rainfall intensity along with 

a steep slope of river makes water resource storage difficult. Since the supply of irrigation water is one 

of the most significant tasks for water management, an impact evaluation on irrigation water under 

climate change in Taiwan is essential. That is the purpose of this study. 

2. Materials and Method 

First of all, daily meteorological data such as rainfall and temperature either from observation or 

projection are needed for estimating the evapotranspiration of crops. Second, the effective rainfall and 

irrigation water on paddy fields could be estimated by simulation method based on the water balance. 

In addition, data concerning the crop coefficient, percolation rate, conveyance loss rate, and farming 
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area are collected. In this study, the present and future are represented by the periods 2004–2011 and 

2046–2065, respectively. The flowchart is shown in Figure 1. 

Figure 1. Flow chart of this study. 

 

2.1. Study Area 

In this study, the irrigation district in northern Taiwan, governed by the Taoyuan Irrigation 

Association (TIA), is chosen as the study area (see Figure 2). In addition, Shihmen reservoir in the 

upper reach supplies TIA’s irrigation water. The meteorological station adopted here is located in the 

middle of the irrigation district and operated by the Agricultural Engineering Research Center. The 

meteorological data include air temperature, dewpoint temperature, solar radiation, sunshine duration, wind 

speed and rainfall. On average, the air temperature is 22.49 °C, solar radiation equals 10.07 MJ/m2·day, 

sunshine duration lasts for 7.12 h, wind speed is 2.25 m/s and the annual rainfall is 1876 mm. 

According to the irrigation plan, the area available for farming in TIA is 24,233 ha. There are four 

types of soil: clayey loam, sandy loam, sand clay loam and light clay. The percentages of each soil are 

about 41%, 22%, 18% and 19% respectively. In the area, average percolation rate on paddy fields is 

8.14 mm/day, and average water conveyance loss is 12.6% [15]. 

Paddy is the main crop in Taiwan, the proportion of paddy fields to total farming area of TIA is 

about 95%. The subtropical climate makes two harvests of paddy rice in a year in Taiwan possible. 

This study assumes the first and second cropping season start between 1 March to 28 June (from the 
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7th to 18th day) and 1 August to 28 November (from the 22th to 33th day), respectively. That is, a 120 

day period for paddy growth is required in each cropping season. 

Figure 2. Location of study area and meteorological station. 

 

2.2. Projected Rainfall and Temperature 

The projected rainfall and temperature under climate change in the period of 2046–2065 came from 

five GCMs: CGCm3 from the Canadian Center for Climate Modeling and Analysis (CCCma), Cm3 

from the Center National de Recherches Meteorologiques (CNRM), Mk3.0 from Australia’s 

Commonwealth Scientific and Industrial Research Organization (CSIRO), Cm2.0 from the 

Geophysical Fluid Dynamics Laboratory (GFDL) and FGOALS-g1.0 from the State Key Laboratory 

of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG), which 

are based on SRES A1B scenarios. The A1B scenario describes a future world of very rapid economic 

growth, global population that peaks in mid-century and declines thereafter, and the rapid introduction 

of new and more efficient technologies. Moreover, the A1B scenario is distinguished by its 

technological emphasis: a balance between fossil and other energy sources [16].  

Because of coarse resolution from GCM projection, statistical downscaling of GCM scenario-run 

outputs to local climate stations were needed and applied. All of the data have been downscaled by the 

Global Change Research Center of National Taiwan University. Briefly, the process of the 

downscaling technique would be done in three stages [17]: first, the GCM outputs near Taiwan were 

adjusted with respect to the NCEP reanalysis data [18] during the training period by linking the 

normalized probability distribution functions of the mean climate parameters; second, a transfer 

function (i.e., a multiple-variant linear regression) was established to link NCEP reanalysis variants 

with local climatic observations during the training period; third, the projected temperature and 
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precipitation data at each station during the verification period were adjusted with respect to the local 

observation data by the procedure in the first stage. The linkage established was then extended to 

adjust outputs for the years of projections. If more details about the downscaling technique are needed, 

please refer to [17,19]. 

2.3. Paddy Water Requirement 

The paddy evapotranspiration in this study is assumed under standard conditions, which means  

the paddy is grown in large fields with disease-free and well-fertilized conditions. The crop water 

requirement equals crop evapotranspiration under standard conditions, and it is expressed as [20]: 

occ ETKET ×=  (1)

where ETc is crop evapotranspiration under standard conditions (mm/day); Kc is crop coefficient 

(dimensionless); ETo is reference evapotranspiration (mm/day). 

Notice that Kc varies during the cropping season and depends also on the type of crops. The Kc 

value that is commonly used in Taiwan at different growth stages for the first and second cropping 

seasons is shown in Figure 3 [21]. 

Figure 3. Crop coefficient (Kc) of paddy at each day during cropping season. 
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2.3.1. FAO Penman-Monteith Equation 

The FAO Penman-Monteith (PM) equation is adopted here for estimating the reference 

evapotranspiration. The use of the PM equation is recommended as a standard for reference 

evapotranspiration to provide more consistent values with actual crop water use data worldwide [20]. 

The equation is expressed as: 

)34.01γ(

)(
273

900
γ)(408.0

2

2

u

eeu
T

GR
ET

asn

o ++Δ

−
+

+−Δ
=

 

(2)

where Δ is slope vapor pressure curve (kPa/°C); Rn is net radiation at the crop surface (MJ/m2·day);  

G is soil heat flux density (MJ/m2·day); γ is psychrometric constant (kPa/°C); T is mean daily air 

temperature at 2 m height (°C); es is saturation vapor pressure (kPa); ea is actual vapor pressure (kPa); 

u2 is wind speed at 2 m height (m/s). A detailed explanation of this equation can be found in the 

literature [20]. 

2.3.2. Hamon Method 

Since only projected temperature and rainfall are available from the output of GCMs in this study, 

the PM equation could not be used for estimating evapotranspiration in the future. In order to solve this 

problem, the Hamon method, a temperature-based equation, is adopted. Hamon considered 

temperature and vapor pressure are the important factors that affect evapotranspiration [22]. The 

modified Hamon equation is expressed as [23]: 
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where PE is potential evapotranspiration by Hamon (mm/day); N is sunshine duration (h). 

Daily sunshine duration N can be calculated through the sunset hour angle (ωs) in theoretically [20]: 

sN ω
π
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(4)

2.3.3. Bias Correction 

As mentioned above, the PM equation and Hamon method are adopted for estimating the 

evapotranspiration of the present and projected respectively. The basic assumption of these method are 

different; hence, there would be a mismatch between ETo and PE. In addition, the evapotranspiration 

of PE may need correction. A conversion method, the quadrant transformation method [5,24], is applied 

here for bias correction. The concept of quadrant transformation method is shown in Figure 4. Here the 

difference between the 1st and 4th quadrants is estimated either by ETo or by PE, while the difference 

between the 3rd and 4th quadrants is due to climate change. The duration curve for the corrected PE of 

the future (2046–2065) in the 2nd quadrant is built by the other three quadrants’ conversion. 

The procedure for correction would be expressed by following steps: (1) constructing the daily 

duration curves, a cumulative frequency curve that show the percent of time specified rainfall were 
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equaled or exceeded during a given period [25], for the 1st, 3rd and 4th quadrant by the 

evapotranspiration of PM in the present, Hamon in the future and Hamon in the present, respectively; 

(2) confirming the corresponding percentile of evapotranspiration at the specific day for the duration 

curve of the 3rd quadrant; (3) finding the corresponding percentile for the 4th quadrant by the 

evapotranspiration for the 3rd quadrant; (4) using the percentile by above to find a new corresponding 

evapotranspiration for the 1st quadrant, and which would be the corrected daily value. 

By repeating steps (2) to (4) we would obtain the duration curve for the corrected data in 2nd 

quadrant. Considering the seasonal variation, this correction method is based on monthly duration 

curves of evapotranspiration.  

Figure 4. Bias correction of evapotranspiration through quadrant transformation. 

 

2.4. Calculation of Irrigation Water Requirement 

Since the rainfall, paddy water requirement and geology are understood, the irrigation water 

requirement can be calculated with a water balance model of the paddy fields. Figure 5 shows the 

factors affecting water balance in the paddy fields. Irrigation should supply the deficiency of water that 

paddy growth needs. Considering different soil types on paddy fields and water conveyance loss of 

irrigation canals, the continuity equation in paddy fields is expressed as: 
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where St, Pt, ETct, IRt, respectively, indicate the daily water storage, rainfall, crop evapotranspiration, 

and irrigation water requirement in the paddy fields at time t (mm/day); ƒj is the percolation rate for jth 

soil type (mm/day), Aj
◦ is the percentage of jth soil type area (%); Ai

* gives the percentage of total 

farming area controlled by the ith canal (%), and CLi shows the average water conveyance loss for the 

area controlled by ith canal (%). 

The irrigation water requirement must be externally supplied to fill the deficit for paddy growth 

when rainfall and storage do not satisfy the water consumption in paddy fields; in contrast, the 

irrigation water requirement will be 0 while the consumption has been satisfied. Therefore, it could be 

rewritten as: 
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The rainfall stored in paddy fields for growth is called effective rainfall (Pt
*), and it used in the 

paddy fields at time t equals: 
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where, St
max and St

min, respectively, are the maximum and minimum ponding storage in the paddy 

fields during different growth stages (mm). Here, we assume the water is abundant for a continued 

irrigation to keep the fields in an appropriate state of water depth. The maximum and minimum storage 

during different growth stages for paddy are shown in Figure 6 [26,27]. Please note that emptying out 

the storage would be recommended for root growth at the specific time. Therefore, the minimum 

ponding storage in some days would be 0. 

Figure 5. Concept of water balance in paddy field. 
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Figure 6. Suggested water depth in paddy field during cropping season. 

 

3. Result and Discussion 

For the A1B emissions scenario in the period of 2046–2065, five GCMs produce different patterns 

of change on temperature and rainfall. In this study, the mean value of models is used to show the 

result for the following. It represents the average of the results by five GCMs, instead of the result of 

average temperature and rainfall by these GCMs. 

3.1. Result of Bias Correction 

As seen in Figure 7, ETo values in the 1st quadrant are inconsistent with PE values in the 4th 

quadrant. PE assessed by the Hamon method seems underestimated as evapotranspiration exceeds  

2.9 mm/day, and vice versa. Apparently, the biases between the 1st/4th quadrants in the present  

(2004–2011) and the 2nd/3rd quadrants in the future (2046–2065) are similar. It shows the LASG-

based PE projections in 3rd in March quadrant can be appropriately adjusted in the 2nd quadrant by 

the quadrant transformation method. 
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Figure 7. Comparison of duration curve for evapotranspiration at each quadrant in March 

(LASG GCM). 

 

Here, Figure 8 shows the comparison with before/after bias correction for these GCMs. While 

focusing on the different between ETo and PE in the present, we would find the PE calculated by 

Hamon method is always overestimated during January to September, especially June to August. After 

bias correction, most of the month will be adjusted to be lower, except some months for GCMs. The 

bias correction does not seem to work during June/July/August/September for some GCMs. The main 

reason is that the extreme high ETo always happened in summer. If the extreme value of ETo in the 

present is more than the value of PE in the future, and the future PE is always more than the present 

PE. Then, the adjusted evapotranspiration would be more than the non-adjusted probably. 

3.2. Comparison of Model Estimation and Actual Investigation 

Meteorological factors like temperature, wind speed and net radiation during 2004–2011 have been 

adopted for estimating irrigation demand by the model. Before starting the process to estimate future 

irrigation requirements, the methods mentioned in Section 2 have to be compared with the actual 

irrigation consumption, as shown in Table 1. For each year, the difference of model estimation and 

actual investigation is always over 20%, except for the first cropping season in 2005. The result seems 

to show that the model has failed. Why has this happened? It would be summarized by the following 

two reasons:  
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Figure 8. Comparison with before/after bias correction: (a) CCCma GCM; (b) CNRM 

GCM; (c) CSIRO GCM; (d) GFDL GCM; (e) LASG GCM. 
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First, the actual investigation of irrigation consumption is according to the water received by canals, 

and it there would be interference from the discharge of the river, storage of reservoir, operation of 

canals, etc. However, the model estimation depends on the meteorology and the growth stages of 

paddy. There is a difference in the foundation between the actual investigation and model estimation. 

Second, the strategies of the government would also influence the supply of irrigation water 

significantly. In January 2002, Taiwan became a member of the World Trade Organization. According 

to the membership commitment, Taiwan has to import 144,720 metric tons of rice per year. To achieve 

this goal, the cultivation area in TIA was reduced significantly (probably reduced from 20,000 to 6000 ha). 

After 2002, the amount of agricultural water consumption is not only for irrigation, it involves multi-

purpose uses like water resources scheduling, groundwater recharge and environmental conservation. 

Since comparing the difference between model estimation and actual investigation in the same years 

is not proper for evaluating the model, we try to use the data before 2002 for model validation. In this 

study, the two-sample t test is adopted because the data of validation is not the same as the period.  

At the 0.01 level of significance, the absolute value of threshold value t for 16 sample size is 2.98  

(a double-tailed test). The result of two-sample t test is shown in Table 2. In the comparison of the 

actual investigation between 1994–2001 and 2004–2011, the absolute values of t of the first and 

second seasons are 2.05 and 3.71, respectively. The t of the second season is greater than 2.98, and it 

implies that the difference in two means of 2nd season between 1994–2001 and 2004–2011 is 

significant, it proves the inference that irrigation consumption during 2004–2011 is not only for 

farming paddy and not proper for evaluating the model. In the comparison of actual investigation 

during 1994–2001 and model estimation during 2004–2011, the absolute value of t of 1st and 2nd 

seasons are 1.57 and 2.43 respectively, they are both smaller than 2.98. It implies that the difference in 

two means is insignificant between actual investigation and model estimation. That is, the proposed 

process could be accepted and applied to evaluating the impact on irrigation in the future. 

Table 1. Comparison of irrigation water requirement between model estimation and actual 

investigation. (Unit: mm). 

Actual Investigation Model Estimation 

Year 
First 

Season 
Second 
Season 

Year 
First 

Season 
Second 
Season 

Year 
First 

Season 
Second 
Season 

1994 907 1145 2004 1512 1512 2004 1169 1204 
1995 1191 1136 2005 995 1967 2005 983 1358 
1996 839 1046 2006 1260 2672 2006 985 1457 
1997 1242 1128 2007 840 828 2007 1029 1229 
1998 1294 1108 2008 1762 2201 2008 1099 1362 
1999 1343 1361 2009 1977 2219 2009 1130 1172 
2000 1245 1218 2010 1741 1867 2010 867 1158 
2001 1253 1152 2011 1949 1859 2011 1114 1337 

Mean 1164 1162  1505 1891  1047 1285 

Standard deviation 186 94  432 547  100 108 
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Table 2. The absolute value of tow sample t test for different periods. 

Title Actual Investigation (2004–2011) Model Estimation (2004–2011) 

Actual investigation  
(1994–2001) 

2.05 3.71 * 
1.57 2.43 

Note: *: Exceed the threshold value t = 2.98. 

3.3. Projected Evapotranspiration Analysis 

According to the projections of temperature from the five GCMs, the average increments of 

temperature during the first and second cropping seasons over TIA are 2.2 °C and 1.1 °C, respectively. 

This will cause evapotranspiration, ETo, to increase in the future. As Table 3 shows, no matter whether 

the first or second season, evapotranspiration grows by all selected GCMs. The GFDL model yields 

higher projections of evapotranspiration, as LASG model gives lower ones. The average increments 

during the first and second are 133 mm and 95 mm, respectively, about 35.8% and 16.8% more than 

the present period (2004–2011). 

Table 3. The assessment of water consumption and supply for paddy field in the present and future. 

Assessment 

Factors 

Cropping 

Seasons 
Present 

Future 

CCCma CNRM CSIRO GFDL LASG Average 

Evapotranspiration 

(mm) 

First season 372 504 506 511 532 472 505 

Second season 564 665 662 654 677 635 659 

Crop water 

requirement (mm) 

First season 383 521 523 525 549 487 521 

Second season 547 638 632 625 648 607 630 

Rainfall (mm) 
First season 793 1262 762 904 1105 1344 1075 

Second season 637 629 480 670 658 527 593 

Effective rainfall 

(mm) 

First season 465 769 503 579 659 788 660 

Second season 308 533 433 580 567 507 524 

Effectiveness (%) 
First season 62.6 64.2 70.7 67.7 61.0 62.0 65.1 

Second season 50.8 85.9 91.2 87.0 88.0 96.5 89.5 

Irrigation water 

requirement (mm) 

First season 923 803 1087 1000 945 742 915 

Second season 1,208 1179 1285 1110 1152 1172 1180 

Furthermore, Figures 9 and 10 show the exceedance probability distribution of evapotranspiration 

distribution over time for the present and future (ensemble of GCMs). Since evapotranspiration is a 

cost factor in paddy fields, both figures give the representative values from an optimistic 90% to a 

pessimistic 10% for the first and second cropping seasons. Obviously, evapotranspiration increases in 

May and June of the plum period (first cropping season) and gradually decreases within the typhoon 

period from August through October (second cropping season). The comparison between 2004–2011 

and 2046–2065 indicates the temporal distribution of the future is similar to the present, but the 

variance of the future is much lower than the present. 
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Figure 9. Exceedance probability distribution of evapotranspiration at each ten-day during 

the first cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

Figure 10. Exceedance probability distribution of evapotranspiration at each ten-day 

during the second cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

3.4. Crop Water Requirement Analysis 

With evapotranspiration multiplied by the time-varying crop coefficient (Kc), as shown in Figure 3, 

the crop water requirement for rice cultivation could be obtained. Because of rising evapotranspiration 

in the future, it will result in an increase in the crop water requirement during the first and second 

cropping seasons. Table 3 shows the comparison of paddy water requirement between the present and 
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future. Clearly, the second cropping season needs more water than the first season. Future also requests 

more water than the present, based on the GCMs’ outputs. On average, 138 mm and 83 mm more 

water would be needed in the future during the first and second seasons, an increment of nearly 36.0% 

and 15.2%, respectively. This is due to the increase of temperature in the future, and would increase 

the possibility of water deficit if rainfall could not supply essential crop water requirement in the 

future. In addition, as illustrated in Figures 11 and 12, the patterns of exceedance probability 

distribution of crop water requirement seems to be a great difference between the present and the 

future in the second cropping season (ensemble of GCMs). The periods with maximum water 

requirements occur in May during the first cropping season and in September during the second 

cropping season. Notice that the representative values of exceedance probability distribution are from 

an optimistic 90% to a pessimistic 10%. 

3.5. Projected Rainfall Analysis 

Table 3 presents the comparison of the rainfall between observation (2004–2011) and projected 

(2046–2065). It shows, except for the CNRM model, that the GCMs project much more rainfall than 

the present in the first cropping season. The average rainfall increases 282 mm (35.6%) in the future. 

However, in the second cropping season, the average decreases 44 mm (6.9%). In particular, CNRM 

and LASG models produce much less rainfall than the present. Plus, Figures 13 and 14 give the 

representative values of rainfall exceedance probability distribution from a pessimistic 90% to an 

optimistic 10% for the first and second cropping seasons, because rainfall is a benefit factor in paddy 

fields. The figures show that the period in May and June in the first cropping season has more rainfall 

in the future (see Figure 13). However, a lower quantity of rainfall occurs in July to October in the 

second cropping season (see Figure 14).  

Figure 11. Exceedance probability distribution of crop water requirement at each ten-day 

during the first cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 
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Figure 12. Exceedance probability distribution of crop water requirement at each ten-day 

during the second cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

Figure 13. Exceedance probability distribution of rainfall at each ten-day during the first 

cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 
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Figure 14. Exceedance probability distribution of rainfall at each ten-day during the 

second cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

3.6. Effective Rainfall Analysis 

As shown in Figures 13 and 14, rainfall distribution of the future at each ten-day period seems more 

even than the present. This may increase the occurrence of effective rainfall in the future. As a benefit 

factor in paddy fields, Figures 15 and 16 show representative values of exceedance probability 

distribution of effective rainfall from a pessimistic 90% to an optimistic 10% for the first and second 

cropping seasons. In the future, more effective rainfall is obtained in May–June during the first cropping 

season, and in August-September within the second cropping season. Moreover, from Table 3, we can 

find that all the five GCMs project more effective rainfall than the present during the cropping seasons. 

The average increments are 195 mm (41.9%) and 216 mm (70.1%), respectively, in the first and second 

cropping season. Certainly, this is helpful to paddy cultivation and reduces the irrigation requirement. 

Effectiveness is defined by this study as a ratio of effective rainfall to total rainfall during cropping 

season. The difference of effectiveness between the observation and the projection is insignificant in 

the first cropping season. In contrast, although the projected rainfall is smaller in the second cropping 

season in the future, the effectiveness appears much better than the present because rainfall distribution 

become more even. Rainfall effectiveness in the future increases 2.6% and 38.7%, respectively, during 

the first and second cropping seasons. Apparently, rainfall is more effectively utilized during the 

second cropping season. 
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Figure 15. Exceedance probability distribution of effective rainfall at each ten-day during 

the first cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

Figure 16. Exceedance probability distribution of effective rainfall at each ten-day during 

the second cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

3.7. Irrigation Water Requirement Analysis 

Linking a higher crop water requirement with more effective rainfall in the future, the impact on 

irrigation water requirement would probably be neutralized. The process for estimating irrigation 

requirement can be done by Equations (6). As seen in Figures 17 and 18, the pattern of exceedance 

probability distribution on irrigation water requirement, by comparing the present with the future, is 

similar. Notice that the exceedance probability distribution from 90% to 10% represents optimistic to 
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pessimistic, because irrigation requirement is a cost factor. Overall, in the present, the agricultural 

sector needs to supply 923 mm and 1208 mm water, respectively, for irrigation. That is, 9230 m3/ha 

and 12,080 m3/ha during the first and second cropping seasons. In fact, the estimation of the future 

irrigation requirement depends on a chosen GCM. For example, in the first cropping season, CCCma 

and LASG produce less requirement, but CNRM, CSIRO and GFDL models request more irrigation water 

(see Table 3). On average, future requirements, respectively, reach 915 mm and 1180 mm in the first and 

second cropping seasons. In contrast to the present, future needs less irrigation water, though the 

difference is not significant. 

Figure 17. Exceedance probability distribution of irrigation water requirement at each  

ten-day during the first cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 

Figure 18. Exceedance probability distribution of irrigation water requirement at each  

ten-day during the second cropping season. (a) present (2004–2011); (b) future (2046–2065). 

 
(a)      (b) 
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Generally, the threshold value for the water requirement of an irrigation plan can be determined on 

the basis of a 5-year deficit, a deficit event that has a 20% probability of occurring in any given year. 

That is, the exceedance probability of greater than the threshold value is 20%. By using Log-Pearson 

Type III frequency analysis [28,29], Table 4 shows the required irrigation water in accordance with a 

different return period. For the first cropping season, with the exception of a 2-year event, the future 

would need more irrigation water. In contrast, the required irrigation water at the second cropping 

season is less in the future. By choosing a 5-year return period event as the standard for the irrigation 

plan, future planning irrigation water requirement in the first cropping season would increase 73 mm 

(730 m3/ha), and decrease 28 mm (280 m3/ha) in the second cropping season. Multiplying the planned 

farming area 24,236.93 ha, extra 17.7 million m3 of water would be needed in the first cropping 

season. In contrast, water would be 6.8 million m3 less than the present in the second cropping season. 

Table 4. Frequency analysis of irrigation water requirement in the present and future. 

Irrigation Water 

Requirement (mm) 

Return 

Period (year) 
Present 

Future 

CCCma CNRM CSIRO GFDL LASG Average 

First season 

2 933 824 1072 1000 931 721 910 

5 1021 1004 1220 1153 1146 946 1094 

10 1060 1078 1308 1231 1266 1076 1192 

20 1089 1127 1386 1295 1369 1189 1273 

Second season 

2 1199 1215 1299 1109 1134 1161 1183 

5 1307 1296 1373 1192 1277 1260 1279 

10 1371 1319 1404 1236 1365 1318 1328 

20 1426 1330 1426 1272 1445 1371 1369 

4. Conclusions 

This study investigates the impact on the irrigation water requirement under climate change 

between the present (2004–2011) and future (2046–2065). Impacts in terms of five selected GCMs 

under the SRES A1B scenario were assessed for the paddy fields of the Taoyuan Irrigation Association 

(TIA) in northern Taiwan. Projected meteorology in the future would be different because of GCM 

features and downscaling methods; therefore, considering several GCMs to reduce the uncertainty of 

models is necessary.  

The FAO-PM equation is mostly used for evapotranspiration assessment, but it would not be 

suitable for evaluating the projection of evapotranspiration. This paper tries to combine the Hamon 

method and the Quadrant transformation method for assessing evapotranspiration in the future, and it 

is a possible and effective way to solve the problem. 

Due to the rising temperature, the estimated evapotranspiration will increase in both cropping 

seasons in the future. Meanwhile, estimated crop water requirement would increase 36.0% and 15.2% 

in the 1st and 2nd seasons respectively. On the other hand, projected rainfall increases 35.6% in the 1st 

cropping season, but decreases 6.9% in the 2nd cropping season.  

The impact of irrigation water requirement under climate change would not be easily assessed by 

crop water requirement and rainfall, although they play an important role. In the paddy field, storage, 
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percolation and conveyance loss also influence the magnitude of irrigation water requirement. For 

evaluating the impact, this study simulates the water balance in paddy fields day by day. 

As mentioned above, the projected rainfall decreases in the second cropping season, but estimated 

effective rainfall augments by 41.9% and 70.1% during the first and second seasons, respectively. This 

is because of the rainfall distribution, which becomes more even in the future. 

Increased effective rainfall neutralizes the augmented crop water requirement, and causes the 

difference of irrigation requirement between the future and present to be insignificant. Estimated 

irrigation water requirements decrease 0.9% and 2.3% in the 1st and 2nd seasons, respectively. The 

decrements are equal to 1.9 million m3 and 6.8 million m3 by multiplying the planned farming area 

24,236.93 ha.  

In addition, this study uses frequency analysis to analyze the change of irrigation requirement. 

Based on the 5-yr threshold value, the estimated irrigation water requirement would increase by 7.1% 

in the first cropping season, and decrease by 2.1% in the second cropping season. By multiplying the 

planned farming area, the difference of irrigation requirement based on 5-yr return period between the 

future and present would increase by 17.7 million m3 in the first cropping season but decrease by  

6.8 million m3 in the second cropping season.  

The variation of the irrigation water requirement of TIA in the future would be insignificant. 

Nevertheless, since the projected meteorology of the basin of Shihmen reservoir would probably 

change [2,5,30], which is the main facility to supply the irrigation water for the TIA. This could be 

crucial for water resource planning of the Taoyuan area. The risk of water shortage for future irrigation 

demand needs further study. In addition, some possible adaptations to changing conditions either on 

the supply side or demand side is worthy of concern. 
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