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Abstract 31 

Recent climate warming and rapid urban development in the Pearl River Delta (PRD) of China 32 

exerted great impacts on the reference evapotranspiration (RET), which in turn affects the 33 

management of water resources and the quality of urban environment. The objectives of this study 34 

are to examine (i) the temporal variability of RET in PRD, and (ii) the underlying causes 35 

responsible for the temporal variation in RET across space inside the PRD. The results indicate 36 

that: (1) The RET in PRD had an overall increasing trend caused by the increase of construction 37 

land during 1960-2016. (2) The increase of surface albedo caused by land cover conversion from 38 

woodland to grassland played an important role in the noticeable decline of RET in Guangzhou 39 

and Zengcheng. (3) The dominant factors triggering RET variation varied across space in PRD. In 40 

detail, the decline of sunshine duration decreasing Rn, and the decline of wind speed weakening 41 

energy exchange, were the dominant factors in decreasing RET in Guangzhou and Zengcheng. In 42 

contrast, daily maximum temperature, daily minimum temperature and relative humidity, which 43 

were the factors causing the increase of vapor pressure deficit, were responsible for RET increase 44 

in Taishan, Zhongshan and Shenzhen. Overall, our results indicated that RET in PRD exhibited 45 

strong spatial heterogeneity due to differences in land use change and climatic conditions. 46 

Therefore, the improvement of water resources management and urban environment in PRD 47 

should consider the spatial variation and underlying forces of RET changes. 48 

Keywords  reference evapotranspiration; climate change; LUCC; driving forces; the Pearl River 49 

Delta 50 
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1 Introduction 51 

The Pearl River Delta (PRD) is one of the three major regions in China that gather a large number 52 

of population and has strong innovation ability and rapid economic growth. It plays a very important 53 

role in social and economic development of China and even the world. The economy and urbanization 54 

in PRD have been growing rapidly since China’s implementation of reform and opening-up in 1980s. 55 

The consequent effects of urbanization on climate and hydrological processes become more and more 56 

remarkable (Wang et al., 2013). For example, evapotranspiration (ET) can change due to alteration in 57 

land surface condition under rapid urbanization. This will exacerbate pressure on available water 58 

resources because of the augment of water loss resulting from higher ET, and eventually impede urban 59 

development in PRD where industry, agriculture and population are highly concentrated (Thomas, 60 

2015; Zhang et al., 2013). Therefore, it is necessary to make a thorough analysis on ET changes under 61 

rapid urbanization and economic growth with combination of climate variability. Such study can 62 

provide scientific bases for water resources management in PRD. 63 

Anthropogenic climate warming in recent decades is an indisputable fact while its effects on ET 64 

differ across regions and even within a same region. As a result of climate warming, the average ET 65 

in China experienced a downward trend over the past few decades (Gao et al., 2006; Li et al., 2017; 66 

She et al., 2017; Thomas, 2015; Wang et al., 2017), especially in the southwestern, northwestern, 67 

southeastern, northern, south-central and eastern China (Feng et al., 2012, 2014; Huo et al., 2013; Li 68 

et al., 2014a). For example, a list of studies indicated that ET in major basins of China, including the 69 

Laohahe River basin, the Haihe River basin, the Jinghe River basin, the Poyang Lake basin, the Pearl 70 
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River basin, the Liaohe River basin, the Yangtze River basin, and the Huaihe River basin, trended 71 

downward obviously (Gao et al., 2012; Liu et al., 2012; Liu et al., 2015; Xu et al., 2015; Ye et al., 72 

2015) while it trended upward in the Upper Heihe River basin, Songhua River basin and Yellow River 73 

basin (Liu et al., 2012; Luo et al., 2017). To a large degree, it is widely recognized that the 74 

"evaporation paradox" was prevalent in most parts of China under climate warming. However, 75 

existing studies on ET variations were mostly concentrated in the northern China and a few were done 76 

in the southern China. This inadequacy might hinder us to understand the spatial heterogeneity of ET 77 

variation because human activities in the southern China, such as in the PRD, are more intense and 78 

thus more profoundly impact natural environment, which in turn affects ET in these regions. 79 

Although the ET variation in most regions of China showed high consistency, its sensitivity to 80 

changes in natural environmental factors varies across regions. For example, ET is very sensitive to 81 

wind speed (WS), relative humidity (RH) and temperature in the northwestern, southwestern and 82 

northern China (Feng et al., 2012, 2014; Huo et al., 2013; Liu et al., 2012). The spatial heterogeneity 83 

of ET’s sensitivities to dominant environmental factors across regions implies that ET may still vary 84 

inside a region because of the spatial variation in environmental conditions. However, because the 85 

dominant factor in triggering ET variation in a small area may not change significantly or differ only 86 

slightly across space, it is likely that shifts in such factor may not lead ET to change significantly. In 87 

contrast, the environmental factors that experienced significant changes are likely to be responsible 88 

for triggering ET variations. For example, WS was not only a sensitive factor in the northwestern 89 

China but also the dominant factor triggering ET decrease (Huo et al., 2013; Liu and Zhang, 2013; 90 
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Thomas, 2015; Zheng and Wang, 2015). ET is very sensitive to RH in the southwestern China while 91 

decrease in wind speed is the dominant factor to cause actual ET to decrease in this region (Li et al., 92 

2014b). Similarly, ET is sensitive to temperature variation in the northern China while decrease in 93 

RH is responsible for ET decrease in this region (Ye et al., 2015). Difference in sensitive and actual 94 

controlling factors in inducing ET change suggest that they may be still applicable in a same region 95 

due to the complexity of interaction among environmental factors. 96 

The rapid urbanization in China has been found to affect actual ET at both local and regional 97 

scale. For example, the overall downward trend of ET in China in recent decades was partially a result 98 

of continuous expansion of urbanization (Liu et al., 2008). Although land cover change might have 99 

little impacts on the variation of regional ET in Guangdong of China where precipitation is greater 100 

than potential ET, it can still greatly influence ET when precipitation is less than ET (Chen et al., 101 

2015). An earlier study (Li et al., 2017) indicated that the reduction of forests can bring greater effects 102 

on ET than changes in other land cover types. Besides, topography, saturated vapor pressure, rainfall 103 

days, soil water content and wind speed also can affect ET (Li et al., 2014a; Li et al., 2014b; Shang 104 

et al., 2017; Tong et al., 2017; Wu et al., 2017). Although existing studies indicated that either climatic 105 

or human factors had the most pronounced impact on ET, the effects of their interactions on ET change 106 

are often overlooked because the two factors were treated independently in most of earlier studies. 107 

The objectives of this study are to (i) analyze the variations of reference evapotranspiration 108 

(RET) in the Pearl River Delta (PRD) of China, and (ii) examine the dominant factors in controlling 109 

RET variations in PRD. To achieve these goals, the FAO Penman-Monteith equation was used to 110 
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estimate time series of daily RET during 1960-2016. Based on derived RET data, statistical methods 111 

such as linear regression, the Mann-Kendall trend test and spatial statistics were used to analyze the 112 

spatiotemporal variations of RET in PRD. The Canonical Correlation Analysis (CCA) was used to 113 

determine the dominant factor responsible for the RET change. The results of this study can contribute 114 

us to better understand historical RET variation and underlying mechanisms in PRD, and eventually 115 

provide a scientific basis for better managing water resources and urban development in PRD. 116 

 117 

2 Data and methods 118 

2.1 Data source 119 

The 500 m and 8-day composite MOD09A1 and MOD15A2 products for the period of 2000-120 

2016 were used in this study. These data were obtained from the Land Processes Distributed Active 121 

Archive Center (LP DAAC) (https://lpdaac.usgs.gov/). In specific, the MOD09A1 products were used 122 

to calculate the albedo by referring to Liang (2000), and the MOD15A2 products were used to 123 

calculate the leaf area index (LAI). 124 

The climate data for the period of 1960-2016 were obtained from Chinese Daily Terrestrial 125 

Climate Dataset 3.0, provided by China Meteorological Data Sharing Service Network 126 

(http://data.cma.cn/data/cdcdetail/). The climatic variables used in this study include time series of 127 

daily total precipitation, mean temperature (Tmean), maximum temperature (Tmax), minimum 128 

temperature (Tmin), sunshine duration (SD), RH and WS. We excluded sites where data missing of 129 

any variable are more than 10 days. As a result, climate variables from 5 national benchmark climate 130 
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stations (Fig. 1) were selected and used in this study. For the five stations, we fixed missing values 131 

using the Inverse Distance Weighted approach. The resultant climate data were used to estimate RET 132 

by the FAO Penman-Monteith equation and analyze the effects of variation in climatic factors on 133 

RET in PRD. Although there are only 5 national benchmark climate stations, their effective coverage 134 

includes most of PRD because each benchmark station can represent the climatic condition in an area 135 

of circle with a radius of 45 km according to the current Chinese regulations (China meteorological 136 

administration, 2007) (Fig. 1). Thus, these five stations can to a large degree represent the climatic 137 

condition of the whole PRD. 138 

The land use/cover data for the period 1980-2010 were provided by the Data Center for the 139 

Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) 140 

(http://www.resdc.cn). This data are at 30 m spatial resolution and annual scale. The types of land 141 

use/cover in a year were mainly based on the satellite data of that year but were adjusted by referring 142 

to the satellite data before and after that year (e.g. the types of land use/cover in 2010 were obtained 143 

from the 673 graphs of Landsat TM for the period 2009-2011) (Xu et al., 2014). We classified the 144 

land use/cover in PRD into six types: cropland, woodland, grassland, waters, construction land, and 145 

unused land. The boundary of PRD (Fig. 1) was provided by the National Earth System Science Data 146 

Sharing Infrastructure, National Science & Technology Infrastructure of China 147 

(http://lake.geodata.cn).  148 

 149 

2.2 Methods 150 

http://lake.geodata.cn/
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a. Estimate of reference evapotranspiration 151 

The RET was estimated by the FAO Penman-Monteith equation. The so-called reference crop 152 

evapotranspiration was based on a list of assumptions, including the reference surface being a grass 153 

reference crop of 0.12 m height, a fixed surface resistance of 70 m/s and an albedo of 0.23. In reality, 154 

the reference surface resembles an extensive surface of green, well-watered and actively growing 155 

grass of uniform height. In addition, the uniform grass was assumed to completely shade the ground 156 

(Allen et al., 1998). The FAO Penman-Monteith equation is expressed as follows: 157 

RET =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

900
𝑇𝑚𝑒𝑎𝑛 + 273𝑊𝑆(𝑆𝑉𝑃 − 𝐴𝑉𝑃)

∆ + 𝛾(1 + 0.34𝑢2)
 

(1) 

𝑅𝑛 = 𝑅𝑛𝑠 − 𝑅𝑛𝑙 (2) 

𝑅𝑛𝑠 = (1 − 𝛼) ∗ 𝑅𝑠 (3) 

𝑅𝑛𝑙 = σ ∗ [
𝑇𝑚𝑎𝑥
4 + 𝑇𝑚𝑖𝑛

4

2
] ∗ (0.34 − 0.14 ∗ √𝐴𝑉𝑃) ∗ (1.35 ∗

𝑅𝑠
𝑅𝑠𝑜

− 0.35) (4) 

𝑅𝑠 = (0.2 + 0.5 ∗
𝑆𝐷

𝑁
) ∗ 𝑅𝑎 (5) 

𝑅𝑠𝑜 = (0.75 + 2 ∗ 1015 ∗ 𝑧) ∗ 𝑅𝑎 (6) 

AVP =
𝑆𝑉𝑃 ∗ 𝑅𝐻

100
 (7) 

SVP =
[0.611 ∗ 𝑒𝑥𝑝 (

17.27 ∗ 𝑇𝑚𝑎𝑥

273.3 + 𝑇𝑚𝑎𝑥
)] + [0.611 ∗ 𝑒𝑥𝑝 (

17.27 ∗ 𝑇𝑚𝑖𝑛

273.3 + 𝑇𝑚𝑖𝑛
)]

2
 

(8) 

The meaning of each parameter is listed in the Table 1. Ra depends on latitude and the number 158 

of the day. Rso is relatively stable according to the equation 6. Among them, Tmean for the 24-hour 159 

period is defined as arithmetic mean of Tmax and Tmin. The detailed calculation of other parameters is 160 

introduced in Allen et al. (1998). 161 
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 162 

b. The Canonical Correlation Analysis 163 

 The Canonical Correlation Analysis (CCA) and canonical variables were put forward 164 

originally by Hotelling (1936). This approach can be used to analyze correlations between two sets 165 

of variables. In this study, the CCA was used to explore the relationship between RET and a climatic 166 

factor. The data used in CCA were conducted on annual basis. The specific processes to conduct CCA 167 

are referring to Liu et al. (2016) as follows: 168 

(1) First, RET was assigned as dependent variable Y, and the climatic factors (SD, Tmean, Tmax, Tmin, 169 

WS, RH) were treated as independent variables X. 170 

(2) Second, to calculate the canonical variables, and conduct significance tests and redundancy 171 

analysis; 172 

(3) Third, to select canonical variables that can adequately reflect the relationship between RET and 173 

climatic factors based on the canonical correlation coefficients (Cc); 174 

(4) Finally, to use the absolute values of canonical loadings (CL) of canonical variables to analyze 175 

and confirm the dominant factors for triggering RET changes.  176 

The combination of the sign of CL and the slope of a climate factor help determine if a climatic 177 

factor acts to enlarge or reduce the trend of RET. For a given climatic factor, when the CL was positive 178 

(or negative), it is positively (or negative) correlated with RET. Correspondingly, increase/decrease 179 

in the climatic factor causes RET to increase/decrease (or decrease/increase). 180 

In addition, the absolute values of CL and the significance level of the slope can suggest the 181 
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strength of the effects on RET. The CL of a climatic factor can be regarded as its influencing weight 182 

on RET and the coefficient of multivariate regression model. The larger the CL is, the greater the 183 

influence of an independent variable on the fitting value of multivariate regression model is. Further, 184 

because the CL is dimensionless, it can be used not only for within-group comparisons but also for 185 

between-group comparisons. 186 

 187 

3 Results 188 

3.1 The evaluation of estimates of reference evapotranspiration 189 

We compared RET estimates based on the Penman-Monteith equation with those based on either 190 

small evaporator (ETL) or large evaporator (ETB) in the PRD, respectively. The reasons are because 191 

the ETL data spanned from 1960 to 2001, after which the ETL approach was no longer operated and 192 

shifted to the ETB approach. However, because data missing of ETL and ETB were severe for the 193 

Zhongshan station, this station was excluded for the RET estimates. As a result, field measurements 194 

of ETL and ETB data from four weather stations, i.e., Guangzhou, Zengcheng, Taishan and Shenzhen 195 

were used in evaluating the RET estimates. 196 

Figure 2 shows the relationship between RET and ETL for the period of 1960-2001 and that 197 

between RET and ETB for the period of 2002-2012 in Guagzhou, Zengcheng, Taishan and Shenzhen, 198 

respectively. According to the scatterplots and calculated R-squared values (Fig. 2), although RET is 199 

more strongly positively correlated with ETL (0.76≤R2≤0.79) than with ETB in all four stations, both 200 

ETL and ETB are consistent with RET as suggested by the R-squared values (0.42≤R2≤0.51). These 201 



 10 

statistics suggest that our estimates of RET by the FAO Penman-Monteith equation were capable of 202 

capturing the variations of RET in PRD. 203 

 204 

3.2 Variation of reference evapotranspiration 205 

Figure 3 showed the trends and variations of estimated RET in each of five stations and that 206 

averaged for the whole PRD. According to Figure 3, RET in Guangzhou and Zengcheng decreased 207 

by a rate of 0.85 mm·yr-1 while it increased by a rate of 1.23 mm·yr-1 in Taishan, 2.47 mm·yr-1 in 208 

Zhongshan, and 1.15 mm/yr in Shenzhen, respectively. As the increasing rates of RET in Taishan, 209 

Zhongshan and Shenzhen were greater than the decreasing rates of RET in Guangzhou and 210 

Zengcheng, average RET for the whole PRD showed an overall upward trend by a rate of 0.63 mm·yr-211 

1 during 1960-2016 (Fig. 3). 212 

 213 

3.3 Analyzing the driving forces for reference evapotranspiration 214 

a. Land-Use and Land-Cover Change 215 

Table 2 and Figure 4 showed the variations of land use/cover change (LUCC) in the PRD during 216 

1980-2010. According to the temporal variation of LUCC, the PRD was dominated by woodland and 217 

cropland during 1980-2010, accounting for 43.0% and 33.7% of the total area, respectively. However, 218 

the area of cropland had been greatly reduced by the end of 2010 and was 10.6% lower than that in 219 

1980. Also, the area of woodland decreased 2.3% during 1980-2010. The area of grassland and 220 

unused land was very small, accounting for 1.5% and 0.1% of the PRD, respectively. In contrast, the 221 
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coverage of waters accounted for 10.3% of the PRD and increased only slightly. The construction 222 

land accounted for 11.4% of the PRD but increased consistently during 1980-2010. For example, the 223 

construction land increased rapidly up to 19.7% of the PRD in 2010, which was almost triple of that 224 

(6.9%) in 1980. 225 

There existed three major conversion types of LUCC in the PRD: the conversion of cropland 226 

and woodland to construction land, cropland to water, and waters to cropland (Table 2). The increase 227 

in construction land was mainly from cropland, followed by woodland, suggesting that urbanization 228 

in the PRD has been increasing rapidly so that a large number of cropland and woodland were used 229 

for urban construction, especially in Guangzhou and Shenzhen. For example, a large number of 230 

cropland were distributed around Guangzhou in 1980 (Fig. 4a) but most of them were converted into 231 

construction land in 2010 (Fig. 4d). Similarly, a large number of woodland were distributed around 232 

Shenzhen in 1980 (Fig. 4a) but most of them were converted into construction land in 2010 (Fig. 4d). 233 

The conversion of a large number of cropland to construction land caused RET to increase in the 234 

PRD during 1980-2010. The more the construction land increased, the more the RET increased (Fig. 235 

5). For example, the construction land increased slowly in 1990s, during which the average RET was 236 

only 25 mm higher than that in the 1980s. In the 2000s, when the construction land rapidly increased, 237 

RET was 44 mm higher than that in the 1990s. This suggests that RET in the PRD was obviously 238 

affected by land use change that affects land surface albedo (see Section 4.1). 239 

 240 

b. Variation in temperature 241 



 12 

Figure 6 shows trends and variations in Tmean, Tmax and Tmin in each station and the whole PRD, 242 

respectively. The calculated statistics suggest that these climatic indicators had significant upward 243 

trends (p<0.05) during 1960-2016 in Zengcheng, Taishan, Zhongshan, and Shenzhen, respectively. 244 

As a result, when averaged for the PRD, the Tmean also increased rapidly in PRD. However, the 245 

increasing rate of Tmin was greater than that of the Tmax in both Taishan and Shenzhen city, indicating 246 

that the diurnal temperature difference was reduced.  247 

 248 

c. Effects of climatic factors on reference evapotranspiration 249 

The Cc calculated for each station between RET and each of climatic factors approximate 1.0 250 

and were significant at the 0.01 significance level (Table 3), indicating that RET was significantly 251 

correlated with the variation of climatic factors although the strength of correlation differs among 252 

climatic variables.  253 

Guangzhou and Zengcheng: The SD was the dominant factor in triggering RET variation. 254 

Because CL values of Tmax and Tmin were smaller than those of other climatic factors, indicating that 255 

the temperature had little influence on RET. In addition, RET was positively correlated, respectively, 256 

with SD, Tmax and WS while the correlation between Tmin and RH was negative. The decreasing RH 257 

played the main role in promoting RET with combination of effects from other climatic factors. In 258 

contrast, the decreasing SD and WS played the main role in decreasing RET. The forces that 259 

accelerate RET to decrease were obviously stronger than that cause RET to increase. As a whole, 260 

RET showed an overall decreasing trend. 261 
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Taishan and Zhongshan: The Tmax was the dominant factor in affecting RET variation, while WS 262 

had the least influence on RET. RET was positively correlated with each of SD, Tmax, and Tmin. In 263 

contrast, RH was negatively correlated with RET. The increase in Tmax and Tmin and decrease in RH 264 

jointly played a dominant role in enlarging RET. Although WS had obviously downward trend, the 265 

influencing weight of WS was so small that it had the least impact on RET variation. In addition to 266 

WS, all other climatic factors experienced obvious changes, which to some degree are contributive 267 

to the RET increase. Thus, the magnitudes of RET increase in Taishan and Zhongshan were greater 268 

than in the other stations. 269 

Shenzhen: The Tmax was the dominant factor in controlling RET variation and SD had the least 270 

influence on RET although there RET was positively correlated with SD, Tmax, Tmin, and WS, 271 

respectively. In contrast, it was negatively correlated with RH. The increase in Tmax and Tmin and 272 

decrease in RH were the main factors in speeding up RET increase while the decrease in WS was the 273 

main factors in decreasing RET. The influence weights of Tmax, Tmin and RH that played the major 274 

roles in speeding up RET decreases were high while the influencing weights of WS that played the 275 

major inhibiting roles were low. Therefore, the role of climatic factors in promoting RET was 276 

obviously remarkable. 277 

 278 

4 Discussions 279 

4.1 Effects of LUCC on reference evapotranspiration 280 

It was suggested in Figure 5 that the increase in RET was affected by the increase in construction 281 
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land, by calculating the average albedo of each land use types in the PRD, we found that the surface 282 

albedo (in an descending order) was about 27% for unused land, 21% for grassland, 19% for cropland, 283 

17% for construction land, 14% for waters, and 13% for woodland. A comparison of land use types 284 

between 2000 and 2010 showed that construction land in areas surrounding  Taishan, Zhongshan 285 

and Shenzhen stations remained unchanged while woodland in areas surrounding  Guangzhou and 286 

Zengcheng stations were converted to grassland (Fig. 4). Because the albedo for woodland was 287 

comparatively the lowest among the five land use types, the conversion of woodland to grassland 288 

increased the surface albedo in Guangzhou and Zengcheng. In addition, the conversion of woodland 289 

to grassland in Guangzhou and Zengcheng decreased LAI significantly (p<0.01) by a rate of 0.03 and 290 

0.02 unit per year, respectively (Fig. 7a). In fact, our results suggest that LAI was negatively 291 

correlated with albedo in most areas of the PRD. The smaller the LAI was, the greater the albedo was 292 

(Fig. 7b). This explains that decrease in LAI in Guangzhou and Zengcheng due to the conversion of 293 

woodland to grassland increased surface albedo by a rate of 0.34 (p<0.01) in Guangzhou and 0.27 294 

(p<0.01) in Zengcheng, respectively. Because such land use conversion was not significant in Taishan, 295 

Zhongshan and Shenzhen, the resultant albedo change was not significant in these areas. Overall, the 296 

decline of RET in Guangzhou and Zengcheng was closely related to albedo increase resulting from 297 

LAI decrease under LUCC. 298 

 299 

4.2 Mechanisms for climate change to affect reference evapotranspiration 300 

Guangzhou and Zengcheng: The SVP increased significantly by a rate of 0.010 kPa·yr-1 (p<0.05) 301 
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in Guangzhou and 0.008 kPa·yr-1 (p<0.1) in Zengcheng due to the obvious increase of Tmax and Tmin 302 

(equation 8). However, the increase in RH was not   so large that AVP decreased by a rate of 0.004 303 

kPa·yr-1 (p<0.05) in Guangzhou and 0.003 kPa·yr-1 (p<0.1) in Zengcheng according to the equation 304 

7. 305 

According to equation 4, the increase of Tmax and Tmin and the decrease of AVP will cause Rnl to 306 

increase. However, because the Rnl decreased by a rate of 0.007 MJ·m-2·day-1 (p<0.05) in Guangzhou 307 

and 0.007 MJ·m-2·day-1 (p<0.01) in Zengcheng, this indicates that the decrease of Rs was the only 308 

reason for the Rnl decrease. In fact, Rs decreased significantly by a rate of 0.033 MJ·m-2·day-1 (p<0.01) 309 

in Guangzhou and 0.027 MJ·m-2·day-1 (p<0.05) in Zengcheng due to the obvious decrease in SD 310 

(Table 3). Likewise, according to the equation 3, increase in albedo (Fig. 7) and decrease in Rs can 311 

cause Rns to decrease significantly by a rate of 0.025 MJ·m-2·day-1 (p<0.05) in Guangzhou and 0.021 312 

MJ·m-2·day-1 (p<0.1) in Zengcheng.  313 

This suggested that both incoming and outgoing radiation were decreasing. However, according 314 

to radiation balance (equation 2), because the incoming radiation decreased more than that of 315 

outgoing radiation, the net radiation was thus diminishing by a rate of 0.018 MJ·m-2·day-1 (p<0.05) 316 

in Guangzhou and 0.014 MJ·m-2·day-1 (p<0.05) in Zengcheng. In addition, the stabilization of air 317 

mobility and the weakening of energy exchange due to the significant reduction in WS reduced RET 318 

in Guangzhou and Zengcheng, respectively. 319 

Taishan and Zhongshan: On the one hand, the mechanisms triggering Rn changes in Taishan and 320 

Zhongshan were similar to that in Guangzhou and Zengcheng: the reduction of Rs due to the obvious 321 
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decrease in SD resulted in the reduction of Rn. However, because the increase in SD was much smaller 322 

than that in Guangzhou and Zengcheng, the reduction of Rn was relatively small (slope: -0.003 MJ·m-323 

2·day-1 [p<0.1] in Taishan, -0.005 MJ·m-2·day-1 [p<0.1] in Zhongshan) and the consequent effects on 324 

RET were not as remarkable as in Guangzhou and Zengcheng. On the other hand, the high air 325 

humidity reduces the evapotranspiration demand in humid tropical regions (Allen et al., 1998). 326 

Because the RH decreased significantly (Table 3) and the air became drier, namely vapor pressure 327 

deficit (VPD) became larger (slope: 0.019 kPa·yr-1 [p<0.05] in Taishan, 0.026 kPa·yr-1 [p<0.05] in 328 

Zhongshan), more additional water can be evaporated into the atmosphere (Allen et al., 1998). This 329 

played an important role in promoting RET. 330 

Shenzhen: The mechanisms for triggering RET changes in Shenzhen was characterized by the 331 

integration of above two mechanisms. On the one hand, like Guangzhou and Zengcheng, the sharp 332 

decrease in SD decreased Rn by a rate of 0.019 MJ·m-2·day-1 (p<0.05) in Shenzhen. On the other hand, 333 

similar to Taishan and Zhongshan, the large increase in Tmin and high CL of Tmax and Tmin leading to 334 

the decrease in RH and hence in VPD by a rate of 0.025 kPa·yr-1 (p<0.05) in Shenzhen. Although the 335 

absolute value of CL of WS was 2nd smallest among the five climate factors in Shenzhen, however, it 336 

was larger than those in the other four stations, and the absolute value of CL for WS at Shenzhen was 337 

ranked 14th in all 25 values listed in Table 3. Therefore, the decrease in WS caused RET to decrease 338 

significantly in Shenzhen. In addition, the decrease in Rn and WS and the increase in VPD 339 

counteracted each other to affect RET in Shenzhen. The absolute value of CL for VPD was larger than 340 

WS and Rn (Table 4), indicating that VPD increase was the main factor responsible for RET increase 341 
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in Shenzhen. As a whole, the increased RET was induced by the decreased RH, and hence the 342 

increased VPD, resulted from the increase in temperature. 343 

 344 

5 Conclusions 345 

This study quantified the variations of daily RET in PRD during 1960-2016 based on the FAO 346 

Penman-Monteith equation, and examined the dominant factors for triggering RET variation. Our 347 

results indicated that: 348 

(1) The RET in the PRD had an overall increasing trend during 1960-2016 along with the 349 

increase of construction land. The more the construction land increased, the greater the RET increased. 350 

(2) The noticeable decline of RET in Guangzhou and Zengcheng was closely related to surface 351 

albedo increase due to the conversion of woodland to grassland. 352 

(3) The dominant factors responsible for RET variation varied across space inside the PRD. SD 353 

and WS were the dominant factors for decreasing RET in Guangzhou and Zengcheng through 354 

decreasing Rn and energy exchange. In contrast, Tmax, Tmin and RH were the three main factors for 355 

increasing RET in Taishan, Zhongshan and Shenzhen due to their effects on VPD. 356 

Based on the mechanism analysis for land use change and climate change to affect RET, we can 357 

see that it will be more conducive to reducing RET by expanding the planting scale of grassland and 358 

controlling the scale of construction land. The in-depth mechanisms for the changes of natural 359 

environment caused by land use change need to be analyzed in the future work based on this study. 360 

 361 
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Table.1 The definitions of parameters in the FAO Penman-Monteith equation. 475 

Parameter Meaning 

RET Reference evapotranspiration (mm) 

𝑅𝑛 Net radiation (MJ·m-2·day-1) 

G Soil heat flux (MJ·m-2·day-1) 

𝑇𝑚𝑒𝑎𝑛 Mean daily air temperature (°C) 

WS Wind speed at 2m height (m·s-1) 

SVP Saturation vapour pressure (kPa) 

AVP Actual vapour pressure (kPa) 

∆ Slope vapour pressure curve (kPa/°C) 

γ Psychrometric constant (kPa/°C) 

𝑅𝑛𝑠 Net shortwave radiation (MJ·m-2·day-1) 

𝑅𝑛𝑙 Net longwave radiation (MJ·m-2·day-1) 

𝛼 Albedo (-) 

σ Stefan-Boltzmann constant (4.903*10-9 MJ·K-4·m-2·day-1) 

𝑅𝑠 Solar radiation (MJ·m-2·day-1) 

𝑅𝑠𝑜 Clear-sky solar radiation (MJ·m-2·day-1) 

𝑅𝑎 Extraterrestrial radiation (MJ·m-2·day-1) 

z the station elevation above sea level (m) 

N maximum possible duration of sunshine hours (hours) 

476 



Table 2 The conversion matrix of LUCC in PRD during 1980-2010. 477 

2010-1980 

(Unit: km2) 
Cropland Woodland Grassland Waters 

Construction 

Land 

Unused 

Land 

Cropland  140 4 830 2413 0.3 

Woodland 96  13 36 651 0.1 

Grassland 5 26  4 43 0 

Water bodies 446 24 0.8  383 0 

Construction land 73 39 1.4 30  0 

Unused land 0.2 0.9 0 2.3 4.5  

Coverage 

(Unit: %) 
Cropland Woodland Grassland Waters 

Construction 

Land 

Unused 

Land 

1980 38.1 43.8 1.6 9.5 6.9 0.1 

1990 36.7 43.7 1.6 10.1 7.8 0.1 

2000 32.3 43.1 1.5 11.7 11.3 0.1 

2010 27.5 41.5 1.4 9.8 19.7 0.1 

Average 33.7 43.0 1.5 10.3 11.4 0.1 

Note: "0" indicates the value is less than 0.1. 
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Table 3 Results of CCA between RET and each of climatic factors. 479 

Type Guangzhou Zengcheng Taishan Zhongshan Shenzhen 

Cc 0.98*** 0.99*** 0.99*** 0.99*** 0.99*** 

SD CL 0.80 0.81 0.54 0.52 0.20 

 Slope -0.024*** -0.019*** -0.01 -0.01 -0.024*** 

Tmax CL 0.19 0.18 0.74 0.75 0.82 

 Slope 0.016*** 0.016*** 0.013*** 0.027*** 0.011*** 

Tmin CL -0.14 -0.19 0.65 0.60 0.75 

 Slope 0.017*** 0.014*** 0.034*** 0.028*** 0.051*** 

WS CL 0.39 0.44 0.05 -0.13 0.53 

 Slope -0.005* -0.006*** -0.002* -0.005*** -0.004* 

RH CL -0.38 -0.54 -0.58 -0.55 -0.66 

 Slope -0.08*** -0.03* -0.06*** -0.17*** -0.15*** 

"*", "**" and "***" are represented as p<0.1, p<0.05 and p<0.01 respectively. The slope units of 

SD, Tmax, Tmin, WS and RH are hours·yr-1, °C·yr-1, °C·yr-1, m·s-1·yr-1, %·yr-1 respectively. 
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Cc 

CL 

WS Rn VPD 

0.99 0.43 0.11 0.73 
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