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Abstract

Pan evaporation decrease has been reported worldwide over them past decades. A recovery trend, even an increasing pan

evaporation trend, has been recently found. Remarkably, most studies on Chinese pan evaporation change in China were

based on simulations involving meteorological variables, including temperature, radiation (sunshine duration), wind speed and

relative humidity, due to the pan evaporation observation inconsistency caused by the micropan (D20) replacement with large

pans (E601) around 2002. In addition, it has been reported that a large-scale humidity sensor replacement across China has

occurred since the 2000s, which can cause an underestimation of relative humidity and in turn leads to an inconsistency in

simulated pan evaporation. Therefore, the recent pan evaporation trend independent of the observed relative humidity in China

must be revisited. In this study, we complete the D20 pan evaporation from 1988 to 2017 according to E601 observations

under the constant conversion coefficient assumption between the evaporation observations of these pans in the same month

of every year at each station and conduct trend and attribution analysis through linear regression and PenPan-D20 model

partial differential methods, respectively. A significant 2.68 mm/a/a upward pan evaporation trend (P<0.05) from 1988-2017

is revealed, primarily driven by the air temperature rise across China. Humidity sensor replacement causes an ˜1.3% relative

humidity underestimation, producing nonnegligible pan evaporation trend simulation errors.
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Key Points: 11 

 We complete a long-term D20 pan evaporation series from 1988-2017. 12 

 Pan evaporation exhibits a 2.68 mm/a/a increasing trend from 1988-2017, 13 

mainly driven by air temperature increase. 14 

 An ~1.3% underestimation occurs owing to the replacement of relative 15 

humidity sensors since the 2000s across China.  16 
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Abstract  18 

Pan evaporation decrease has been reported worldwide over them past decades. 19 

A recovery trend, even an increasing pan evaporation trend, has been recently found. 20 

Remarkably, most studies on Chinese pan evaporation change in China were based on 21 

simulations involving meteorological variables, including temperature, radiation 22 

(sunshine duration), wind speed and relative humidity, due to the pan evaporation 23 

observation inconsistency caused by the micropan (D20) replacement with large pans 24 

(E601) around 2002. In addition, it has been reported that a large-scale humidity 25 

sensor replacement across China has occurred since the 2000s, which can cause an 26 

underestimation of relative humidity and in turn leads to an inconsistency in simulated 27 

pan evaporation. Therefore, the recent pan evaporation trend independent of the 28 

observed relative humidity in China must be revisited. In this study, we complete the 29 

D20 pan evaporation from 1988 to 2017 according to E601 observations under the 30 

constant conversion coefficient assumption between the evaporation observations of 31 

these pans in the same month of every year at each station and conduct trend and 32 

attribution analysis through linear regression and PenPan-D20 model partial 33 

differential methods, respectively. A significant 2.68 mm/a/a upward pan evaporation 34 

trend (P<0.05) from 1988-2017 is revealed, primarily driven by the air temperature 35 

rise across China. Humidity sensor replacement causes an ~1.3% relative humidity 36 

underestimation, producing nonnegligible pan evaporation trend simulation errors.37 
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1. Introduction  38 

Pan evaporation is an important indicator of the atmospheric evaporative demand 39 

(AED). It has been stated that the global mean surface air temperature has increased 40 

0.13°C per decade over the last 50 years (IPCC, 2014). Moreover, a significant 41 

downward trend in pan evaporation has been widely reported over the past several 42 

decades, such as in China (B Liu, 2004; H Yang and Yang, 2012), India (N. 43 

Chattopadhyay, 1997; Verma and Jadhav, 2008), Africa (Hoffman et al., 2011; 44 

Oguntunde et al., 2012), New Zealand (Roderick and Farquhar, 2005), the United 45 

States (Hobbins et al., 2004; Peterson et al., 1995), Australia (Roderick and Farquhar, 46 

2004), and Thailand (Limjirakan and Limsakul, 2012). 47 

In recent years, studies have reported an upward trend in pan evaporation, which 48 

is in contrast to the downward trend found in the 1990s in certain regions of the world 49 

(Table 1). In Turkey, the pan evaporation trend from 1997 to 2015 exhibited a 50 

nonsignificant -0.07 mm/a/a decrease (Yagbasan et al., 2020), which is in contrast to 51 

the upward trend from 1975 to 2006 (Topaloglu et al., 2012). In Iran, a significant 52 

decreasing pan evaporation trend from 1995 to 2015 was found (Shimi et al., 2020), 53 

while a 16 mm/a/a increase trend occurred from 1982 to 2003 (Talaee et al., 2014). 54 

Mexico has also demonstrated a recovery trend since 1990, and certain regions have 55 

even shown an upward trend (Brena-Naranjo et al., 2017; Ruiz-Alvarez et al., 2019). 56 

Additionally, a similar upward trend has been detected in Australia, parts of the U.S., 57 

Uruguay and other regions (Abtew et al., 2011; Stephens et al., 2018; Vicente-Serrano 58 

et al., 2018). It seems that the pan evaporation trend has changed at the end of the 59 

twentieth century. 60 

(Table 1 near here) 61 

In China, a decreasing pan evaporation trend from the 1960s-2000s has also been 62 

reported (B Liu, 2004; M Liu et al., 2010; H Yang and Yang, 2012), and this has been 63 

speculated to be caused by decreases in solar radiation and wind speed. However, 64 

decreases in wind speed, as well as in solar radiation, are limited (McVicar et al., 65 

2012). This implies that the decreasing trend in pan evaporation will unlikely be 66 

sustained. In fact, the pan evaporation trend has already exhibited a recovery trend 67 
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since the 1990s because the rising air temperature offsets the influences of the 68 

decreasing wind speed and solar radiation in China (Cao W, 2015; X Liu et al., 2011; 69 

T Wang et al., 2017). However, due to the replacement of the D20 micropan with the 70 

large E601 pan around 2002, D20 pan evaporation observation data are missing after 71 

2002. Although the E601 pan provides alternative pan evaporation data, the data are 72 

discontinuous and inconsistent with D20 pan data (K Wang et al., 2019; T Wang et al., 73 

2017; Xiong et al., 2012). Therefore, regarding the change in pan evaporation in 74 

China, most studies have only focused on the trend before 2002. To examine the 75 

recent trend, previous studies have adopted the pan evaporation simulation method 76 

using the PenPan model (T Wang et al., 2017) or the Penman-Monteith equation (X 77 

Liu et al., 2011). Remarkably, these models require the relative humidity as input. 78 

However, large-scale replacement of humidity sensors has occurred in Chinese 79 

meteorological stations since the 2000s, which can lead to inconsistencies in relative 80 

humidity observations. For instance, Yu et al. (2008) found that an average 2.2% 81 

underestimation occurred at 17 representative stations across China. In addition, Yang 82 

et al. (2014) also reported that replacement has led to a greater than 2% jump in 64% 83 

of all cases in Hubei Province. Consequently, this underestimation will cause an 84 

overestimation in the simulated pan evaporation, which in turn lead to an 85 

overestimation of its trend. Therefore, it is important to investigate pan evaporation 86 

trends independent of the observed humidity in recent years. 87 

To revisit the recent pan evaporation trend in China and understand its attribution, 88 

this study therefore collects pan evaporation observation data of these two pans across 89 

China and complete a long-term continuous and consistent D20 pan evaporation 90 

dataset based on the relationship between the measured pan evaporation data of these 91 

two pans, namely, the D20 and E601 pans. Furthermore, this study analyzes the trend 92 

and attribution of its recent change using linear regression and the partial differential 93 

of the PenPan-D20 model (H Yang and Yang, 2012), respectively. 94 

 95 

2. Data and Methods 96 

2.1 Data 97 
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Daily meteorological data from 1988-2017, including the air temperature (𝑇), 98 

sunshine duration (𝑆𝑆𝐷), relative humidity (𝑅𝐻), wind speed (𝑈) and pan evaporation, 99 

were collected from 756 meteorological stations of the China Meteorological 100 

Administration (CMA). Monthly values were calculated as the arithmetic mean of the 101 

daily values when no fewer than 25 daily observations were available in a month. The 102 

annual average was then calculated as the arithmetic mean of the monthly values 103 

when 12 monthly values were available. 104 

Specifically, there are two types of pans widely used to measure pan evaporation 105 

in China. The first type is the D20 small evaporation pan, of which almost full records 106 

are available before the 2000s. However, it was replaced by the second pan type, the 107 

E601 pan, in 2002. In addition, the E601 pan does not function in winter because the 108 

water inside may be frozen. The number of usable stations with available monthly 109 

D20 and E601 data is shown in Figure 1. The above causes a discontinuity and 110 

inconsistency in pan evaporation data. The solution to this problem is introduced in 111 

Section 2.2.1. 112 

(Figure 1 near here) 113 

The net radiation (𝑅𝑛) was calculated by the SSD and location based on the 114 

empirical equation recommended by the Food and Agriculture Organization (FAO) 115 

(Allen et al., 1998). Details are provided in Section 2.2.2. 116 

(Figure 2 near here) 117 

2.2 Method 118 

2.2.1 Deriving a Long-term Monthly D20 Pan Evaporation 119 

Due to the replacement of the D20 pan with the E601 pan around 2002 in China, 120 

the pan evaporation observation records are discontinuous and inconsistent (K Wang 121 

et al., 2019; Xiong et al., 2012). We applied a simple conversion coefficient method to 122 

calculate the D20 pan evaporation from the E601 pan evaporation. In this method, we 123 

(1) chose meteorological stations that provide both D20 and E601 pan data during the 124 

same period, mainly from 1988-2001; (2) calculated the two-type evaporation pan 125 

conversion coefficient (𝑘 =
𝐸(D20)

𝐸(E601)
) at the monthly scale, and in this step, we 126 
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randomly chose ten years of monthly data to calculate 𝑘, and the remaining four years 127 

of data were reserved for validation purposes; and (3) calculated the D20 pan 128 

evaporation as 𝐸(D20) = 𝑘 ∗ 𝐸(E601) when D20 pan data were missing and E601 129 

pan data were available. Finally, we obtained a D20 pan evaporation dataset, which 130 

includes full monthly data covering 469 stations (as shown in Figure 2). 131 

2.2.2 Net Radiation Estimation 132 

The net radiation 𝑅𝑛  can be estimated based on the empirical equation 133 

recommended by the FAO (Allen et al., 1998) as follows: 134 

  𝑅𝑛 = 𝑅𝑛𝑠 − 𝑅𝑛𝑙                         (1) 135 

where 𝑅𝑛𝑠 is the incoming net shortwave radiation (MJ m
-2

 day
-1

) and 𝑅𝑛𝑙 is the 136 

outgoing net longwave radiation (MJ m
-2

 day
-1

). 137 

𝑅𝑛𝑙 = 𝜎𝑇4(0.34 − 0.14√𝑒𝑎) (1.35
𝑅𝑠

𝑅𝑠0
− 0.35)         (2) 138 

𝑅𝑛𝑠 = (1 − 𝛼)𝑅𝑠𝑝                        (3) 139 

where 𝛼 is the pan albedo, with 𝛼 = 0.14 recommended for pans (Roderick et al., 140 

2007; Rotstayn et al., 2006), 𝜎 is the Stefan-Boltzmann constant (4.903×10
-9

 MJ K
-4 

141 

m
-2

 day
-1

) and 𝑅𝑠𝑝 is the incoming shortwave radiation of the D20 pan, which 142 

approximately equals 2.5𝑅𝑠 (H Yang and Yang, 2012). 143 

𝑅𝑠 = (𝑎𝑠 + 𝑏𝑠
𝑆𝑆𝐷

𝑁
)𝑅𝑎                     (4) 144 

𝑅𝑠0 = (𝑎𝑠 + 𝑏𝑠)𝑅𝑎                       (5) 145 

where 𝑅𝑠 is the shortwave radiation (MJ m
-2

 day
-1

), 𝑅𝑠0 is the clear-sky shortwave 146 

radiation (MJ m
-2

 day
-1

), 𝑎𝑠  expresses the fraction of extraterrestrial radiation 147 

reaching the earth on overcast days (𝑆𝑆𝐷  = 0) and 𝑎𝑠 + 𝑏𝑠  is the fraction of 148 

extraterrestrial radiation reaching the earth on clear days (𝑆𝑆𝐷 = N). The values of 149 

𝑎𝑠 = 0.25 and 𝑏𝑠 = 0.50 were adopted when no observation radiation data were 150 
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available. 𝑅𝑎  is the extraterrestrial radiation, which is determined by the 151 

meteorological station information (MJ m
-2

 day
-1

). 152 

2.2.3 Trend Analysis 153 

Trend analysis of the pan evaporation and climate variables was conducted by the 154 

linear regression method. Furthermore, the Mann–Kendall (MK) nonparametric test 155 

(Kendall, 1975; Mann, 1945) was applied to detect the significance of trends. 156 

Regarding the effect due to the replacement of humidity sensors, it has been found 157 

that a 2.2% underestimation occurs at 17 representative stations across China (Jun 158 

and Rong, 2008). Therefore, we also revised the annual RH series since 2004 by 159 

adding values of 1% and 2% across China and determined the resultant trends from 160 

1988-2017. 161 

2.2.4 Attribution Analysis 162 

The pan evaporation is a comprehensive variable integrating the effects of several 163 

meteorological elements, such as RH, SSD (which represents solar radiation), air 164 

temperature and wind speed. To reveal the causes for the observed pan evaporation 165 

changes, we adopted the partial differential equation of the PenPan-D20 model (H 166 

Yang and Yang, 2012). According to the PenPan-D20 model, the pan evaporation 167 

determined by the D20 pan (𝐸𝑝𝑎𝑛) can be estimated as: 168 

 𝐸𝑝𝑎𝑛 =
∆

∆+𝛼𝛾
·

𝑅𝑛

𝜆
+

𝛼𝛾

∆+𝛼𝛾
· 𝑓𝑞(𝑈) ·

𝐷

𝜆
               (6) 169 

In Eq. (6), ∆ is the slope of the saturation vapor pressure curve at a given T (kPa °C
-1

), 170 

𝜆  is the latent heat of vaporization (MJ kg
-1

), 𝛾  is the psychometric constant 171 

(kPa °C
-1

), 𝑅𝑛 is the net radiation flux (MJ m
-2

 day
-1

) estimated by the empirical 172 

equation recommended by the FAO (Allen et al., 1998), 𝑓𝑞(𝑈) is the vapor transfer 173 

function (kg m
-2

 day
-1

 kPa) equal to 5.4 × (1 + 0.73𝑈), 𝐷 is the vapor pressure 174 

deficit (kPa), and 𝛼 is defined as the ratio of the effective surface areas for heat and 175 

water vapor transfer, which equals 5 for the D20 pan. 176 

According to the partial differential equation of Eq. (6), the attribution analysis is 177 

quantitatively given as follows: 178 
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𝑑𝐸𝑝𝑎𝑛

𝑑𝑡
=

𝜕𝐸𝑝𝑎𝑛

𝜕𝑅𝐻
·

𝑑𝑅𝐻

𝑑𝑡
+

𝜕𝐸𝑝𝑎𝑛

𝜕𝑆𝑆𝐷
·

𝑑𝑆𝑆𝐷

𝑑𝑡
+

𝜕𝐸𝑝𝑎𝑛

𝜕𝑇
·

𝑑𝑇

𝑑𝑡
+

𝜕𝐸𝑝𝑎𝑛

𝜕𝑈
·

𝑑𝑈

𝑑𝑡
 

       = 𝜀1 ·
𝑑𝑅𝐻

𝑑𝑡
+ 𝜀2 ·

𝑑𝑆𝑆𝐷

𝑑𝑡
+ 𝜀3 ·

𝑑𝑇

𝑑𝑡
+ 𝜀4 ·

𝑑𝑈

𝑑𝑡
 

              = 𝑅𝐻∗ + 𝑆𝑆𝐷∗ + 𝑇∗ + 𝑈∗                               (7) 179 

where 𝑅𝐻∗, 𝑆𝑆𝐷∗, 𝑇∗ and 𝑈∗ represent the contributions of 𝑅𝐻, 𝑆𝑆𝐷, 𝑇 and 𝑈, 180 

respectively, to the change in 𝐸𝑝𝑎𝑛, and coefficients 𝜀1, 𝜀2, 𝜀3, and 𝜀4 are calculated 181 

as 𝜀1 =
𝜕𝐸𝑝𝑎𝑛

𝜕𝑅𝐻
|𝑋=𝑋̅ , 𝜀2 =

𝜕𝐸𝑝𝑎𝑛

𝜕𝑆𝑆𝐷
|𝑋=𝑋̅ , 𝜀3 =

𝜕𝐸𝑝𝑎𝑛

𝜕𝑇
|𝑋=𝑋̅ , and 𝜀4 =

𝜕𝐸𝑝𝑎𝑛

𝜕𝑈
|𝑋=𝑋̅ , 182 

respectively, with 𝑋 = 𝑋̅ representing  𝑅𝐻 = 𝑅𝐻̅̅ ̅̅ , 𝑆𝑆𝐷 = 𝑆𝑆𝐷̅̅ ̅̅ ̅ , 𝑇 = 𝑇̅ or 𝑈 = 𝑈̅ 183 

and the overline indicating the mean value. Moreover, the maxima among 𝑅𝐻∗, 184 

𝑆𝑆𝐷∗ , 𝑇∗ and 𝑈∗ are considered as the controlling climatic factor of the pan 185 

evaporation trend. Similar methods have been widely applied to attribute the change 186 

in pan evaporation in previous studies (X Liu et al., 2011; Roderick et al., 2007) 187 

 188 

3. Results  189 

3.1 Conversion Coefficient Method for the D20 Pan Evaporation 190 

Table 2 lists the standard deviation in the conversion coefficient for the same 191 

month of every year at each station according to the observations. From February to 192 

November, the standard deviation is smaller than 0.2 at more than 90%, even up to 193 

98%, of the stations. Even though January exhibits the largest standard deviation, the 194 

standard deviation is smaller than 0.4 at 98% of all stations. This indicates that the 195 

interannual variation in the conversion coefficient is small. The mean conversion 196 

coefficient demonstrates an obvious seasonal variation, which is larger in summer 197 

than in winter. More detailed information has been provided in the Supporting 198 

Information. 199 

(Table 2 near here) 200 

(Figure 3 near here) 201 

Figure 3 shows that the monthly D20 observation data and conversion coefficient 202 

method-calculated D20 data exhibit a good fit at all 469 stations. The best-fit 203 

regression function in calibration is y=0.99x+16.67, with R
2
=0.97 and root mean 204 

square error (RMSE)=13.55 mm/month, and the best-fit regression function in 205 
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validation is y=0.98x+36.72, with R
2
=0.96 and RMSE=14.63 mm/month. This 206 

indicates that the D20 pan evaporation data can be extended to 2017 according to the 207 

E601 data with the conversion coefficient method. 208 

 209 

3.2 Trends in the Meteorological Variables 210 

Figure 4 shows that for China as a whole, a significant -0.11%/a (P<0.001) trend 211 

in the original RH, a significant -1.6 h/a (P<0.05) trend in the SSD, a significant 212 

0.03°C/a (P<0.001) increase in the air temperature, and a significant 0.005 m/s 213 

(P<0.001) decline in the wind speed occurred. Figure 4(a) shows the trends in the 214 

modified RH data. There was no significant downward trend in the modified-2% RH 215 

data, and a 0.06%/a significant (P=0.05) decline was found in the modified-1% RH 216 

data. 217 

(Figure 4 near here) 218 

3.3 Trend in Pan Evaporation 219 

Figure 5(a) shows that the pan evaporation in China from 1988 to 2017 220 

experiences a significant 2.68 mm/a/a (P<0.005) upward trend. It is found that 1997 221 

represents a mutation point, after which the pan evaporation trend significantly 222 

increases. The trend before the mutation point, i.e., from 1988-1997, shows a 223 

nonsignificant 4.38 mm/a/a increasing trend. The trend from 1998-2017 exhibits a 224 

nonsignificant 0.07 mm/a/a slight downward trend. Figure 5(b) shows that among 469 225 

meteorological stations, 148 stations reveal a significant (P<0.05) increasing trend, 226 

while 64 stations exhibit a significant (P<0.05) decreasing trend. In addition, in regard 227 

to the spatial distribution, the downward trend mainly occurs in the North China Plain, 228 

while the stations with significant upward trends are concentrated in southern China. 229 

(Figure 5 near here) 230 

3.4 Attribution Analysis 231 

Figure 6 shows that 𝐸𝑝𝑎𝑛, calculated with the original RH data, exhibited a 232 

significant (P<0.001) increase of 4.14 mm/a/a from 1988 to 2017. This increase 233 

amplitude is larger than that found based on the derived D20 pan evaporation dataset. 234 
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When using the modified-1% relative humidity (blue line), the 𝐸𝑝𝑎𝑛  shows a 235 

significant (P<0.001) 3.13 mm/a/a upward trend, while 𝐸𝑝𝑎𝑛  derived from the 236 

modified-2% relative humidity (the red line) significantly (P<0.01) increases at 2.11 237 

mm/a/a. In summary, the trend in the observed pan evaporation is higher than that in 238 

the modified-2% relative humidity but lower than that in the modified-1% relative 239 

humidity. 240 

(Figure 6 near here) 241 

Table 3 summarizes the contribution coefficients ( 𝜀 ) of the above four 242 

meteorological elements and the contributions of 𝑅𝐻, 𝑆𝑆𝐷, 𝑇 and 𝑈 to the annual 243 

𝐸𝑝𝑎𝑛 trends based on nationwide averages. The increasing air temperature contributes 244 

a 4.66 mm/a/a increase to 𝐸𝑝𝑎𝑛, the most among the four climatic factors. In contrast, 245 

the decline in wind speed is primarily responsible for a reduction (average: 2.64 246 

mm/a/a) in 𝐸𝑝𝑎𝑛. Moreover, the decline in SSD also contributes to a decrease of 0.29 247 

mm/a/a to the 𝐸𝑝𝑎𝑛 trend. Considering the impact of RH on pan evaporation, a 248 

comparison of the original results to the modified results is given in Table 3. The 249 

decline in the original RH data, modified-1% relative humidity, and the modified-2% 250 

relative humidity led to increases in pan evaporation of 2.02, 1.13 and 0.24 mm/a/a, 251 

respectively. 252 

(Table 3 near here) 253 

Figure 7 shows the controlling climatic factor of the pan evaporation change at 254 

the 469 stations. The wind speed decreased at 344 stations, and the air temperature 255 

increased at 116 stations. In addition, RH decreased at 4 stations and SSD decreased 256 

at 5 stations. Spatially, the wind speed acts as the controlling climatic factor across the 257 

whole China, while the air temperature is the controlling climatic factor mainly in the 258 

southern region of China. 259 

(Figure 7 near here) 260 

4. Discussion 261 

4.1 Trend in Pan Evaporation 262 

We extended the Chinese monthly D20 pan evaporation series to 2017 according 263 

to the acquired E601 observations and found a 2.68 mm/a/a upward trend from 264 
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1988-2017. This trend differs from the downward trends found before the 2000s, such 265 

as the 1.7 mm/a/a decrease from 1955-2001 (M Liu et al., 2010), the 2.6 mm/a/a 266 

decrease from 1960-1993 (Cao W, 2015) and the 3.1 mm/a/a decrease from 267 

1961-2001 (H Yang and Yang, 2012). In addition, similar upward trends in recent 268 

years have also been detected in previous studies, such as the 4.3 mm/a/a increase 269 

from 1994-2013 (Cao W, 2015) and the 7.9 mm/a/a increase from 1992-2007 (X Liu 270 

et al., 2011). This indicates a recovery tendency of the pan evaporation across China 271 

in recent years. Remarkably, as shown in Figure 5(a), this upward trend becomes flat 272 

after 1997. Moreover, the decreasing trends of the RH, SSD and wind speed are 273 

consistent with those found in previous studies (Jiang et al., 2010; Li and Fu, 2012; 274 

Xie et al., 2011; Y Yang et al., 2009). 275 

Although the increasing trend detected in our study is similar to that reported in 276 

previous studies based on the simulated pan evaporation values (X Liu et al., 2011; K 277 

Wang et al., 2019; T Wang et al., 2017), it should be noted that there is a significant 278 

difference in the amplitude of the trends, as indicated in Table 4. For instance, Wang 279 

et al. (2017) found a 4.3 mm/a/a trend from 1994-2014, while the trend based on our 280 

D20 dataset was 1.4 mm/a/a during the same period. We also adopted the reanalysis 281 

D20 dataset published by Wang et al. (2019) and determined a 10.14 mm/a/a increase 282 

from 1992-2007 and a 5.21 mm/a/a increase from 1994-2014. Meanwhile, the pan 283 

evaporation trend simulated by the PenPan-D20 model in our study showed a 4.14 284 

mm/a/a increase from 1988-2017, a 9.09 mm/a/a increase from 1992-2007 and a 3.07 285 

mm/a/a increase from 1994-2014. In summary, the pan evaporation trend simulated 286 

using the RH data is generally higher than the trend derived from the D20 dataset 287 

(Table 4). It is proposed that the replacement of humidity sensors since the 2000s 288 

across China leads to RH underestimation, which in turn causes an overestimation in 289 

simulated pan evaporation values after 2000 and an overestimation of the trend. 290 

(Table 4 near here) 291 

Regarding the attribution of the pan evaporation change, this study reveals an 292 

~-2.6 mm/a/a contribution of the decreasing wind speed from 1988-2017, and a 293 

similar contribution (-2.7 mm/a/a) of the decreasing wind speed from 1961-2001 was 294 
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reported by Yang and Yang (2012). In contrast, we find that the increasing air 295 

temperature plays a dominant role from 1988-2017 at the national scale, while Yang 296 

and Yang (2012) reported that the declining solar radiation and decreasing wind speed 297 

dominated the pan evaporation decrease from 1961-2001. 298 

In addition, our results reveal an interesting phenomenon in which, at most 299 

stations with an increasing pan evaporation, the decreasing wind speed is the 300 

controlling factor. In contrast, the decreasing pan evaporation before the 2000s has 301 

been attributed to the decline in wind speed at most stations in China in previous 302 

studies (M Liu et al., 2010; H Yang and Yang, 2012). Table 5 shows the attributions of 303 

the pan evaporation change at seven typical stations where the pan evaporation 304 

change is controlled by the wind speed. At 4 stations (i.e., 53963, 54186, 55279 and 305 

56586), the pan evaporation shows an increasing trend, but the declining wind speed 306 

exerts the largest impact. This phenomenon is caused by the overall positive 307 

contribution of the RH and air temperature exceeding the negative contribution of the 308 

wind speed and SSD.  309 

(Table 5 near here) 310 

4.2 Inconsistencies in Relative Humidity Observations 311 

(Figure 8 near here) 312 

Figure 8 shows that the bias of the annual pan evaporation between the 313 

observations and estimation by the PenPan-20 model is 43.09 mm/a during the period 314 

from 1988-2003 and 65.81 mm/a during the period from 2004-2017. It is assumed 315 

that the bias during the former period is caused by the uncertainty in the PenPan-20 316 

model, and the bias during the latter period is caused by both the model uncertainty 317 

and replacement of humidity sensors. Consequently, the effect of the replacement of 318 

evaporation pans is estimated as 22.72 (= 65.81 – 43.09) mm/a. As indicated in Table 319 

3, a 1% change in RH leads to a 17.90 mm/a change in pan evaporation, i.e., 320 

𝜀1 =17.90 mm/a/%. Therefore, the inconsistency caused by the replacement of 321 

humidity sensors is calculated as 23.54/ (-17.90) = -1.3%. A previous study (Z B Yang 322 

et al., 2014) reported that 18 out of 28 sensor replacements caused a greater than 2% 323 

inconsistency in RH observations in Hubei Province, with an average of 3.4%. This 324 
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indicates that the inconsistency can be estimated as 3.4%×18/28 = 2.2%. In addition, 325 

Yu et al. (2008) found an average 2.2% underestimation occurred at 17 representative 326 

stations across China, which approximately agrees with our results. Therefore, it is 327 

deduced that the large-scale replacement of humidity sensors has led to an ~1.3% RH 328 

underestimation since 2004 across China. Consequently, when focusing on issues 329 

related to humidity trends in China, the effects of instrument replacement are 330 

nonnegligible. Furthermore, the inconsistency caused by instrument replacement 331 

should be considered when determining the trends in the simulated potential 332 

evaporation, reference crop evapotranspiration, as well as actual evaporation. 333 

 334 

4.3 Uncertainty 335 

In this study, the conversion coefficient method is proposed based on the 336 

assumption that a constant conversion coefficient applies between the evaporation 337 

data of the above two pans in the same month of every year at each station. This 338 

ignores the possible change in conversion coefficient caused by climate change. As a 339 

2.2% RH underestimation across China was found by Yu et al. (2008), we compared 340 

the trend of the modified-2% (Figure 6) to that of the D20 data derived with the 341 

conversion coefficient method (Figure 5(a)). Similar trends were observed, namely, 342 

2.11 mm/a/a for the modified-2% and 2.68 mm/a/a for the D20 data. Therefore, to a 343 

certain extent, this verifies the applicability of the conversion coefficient method in 344 

the determination of pan evaporation trends. 345 

We adopted the PenPan-D20 model to simulate the D20 pan evaporation and 346 

applied its differential equation (Eq. (7)) to conduct attribution analysis. In the 347 

PenPan-D20 model, to estimate the incoming shortwave radiation, Yang and Yang 348 

(2012) suggested 𝑅sp = [𝑃rad𝑓dir + 2(1 − 𝑓dir) + 2𝛼g]𝑅s , where the pan 349 

evaporation factor 𝑃rad  is related to the latitude, 𝑓dir  is the fraction of direct 350 

radiation, and 𝛼g is the surface albedo. In theory, the above three parameters vary at 351 

the different stations. Because most stations do not provide observations of the direct 352 

and diffuse radiation and surface albedo, we used an average value of 𝑅sp = 2.5𝑅s at 353 
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all stations. Their spatial variations possibly generate some uncertainty, which 354 

requires further study according to more data. 355 

 356 

5. Conclusion 357 

In this study, we generate a long-term D20 pan evaporation dataset from 1988 to 358 

2017 assuming that the conversion coefficient between the evaporation data of the 359 

considered two types of pans remains constant in the same month of every year at 360 

each station. Based on this dataset, we found a 2.68 mm/a/a increasing trend (P<0.05) 361 

in the pan evaporation during this period across China, which was dominated by the 362 

rising air temperature. Among the 469 individual stations, the pan evaporation 363 

exhibited a significant (P<0.05) increasing trend at 148 stations, and a significant 364 

(P<0.05) decreasing trend was observed at 64 stations. The controlling factor of this 365 

change was the decreasing wind speed at 344 stations and the rising air temperature at 366 

116 stations. Remarkably, at certain stations with an increasing pan evaporation trend, 367 

the decreasing wind speed exerted the largest impact, and this phenomenon was 368 

caused by the overall positive contribution of the RH and air temperature exceeding 369 

the negative contribution of the wind speed and SSD. Comparing the pan evaporation 370 

trends of this dataset and the simulation dataset obtained with the PenPan-D20 model, 371 

we found an ~1.3% RH underestimation caused by the large-scale replacement of 372 

humidity sensors since the 2000s across China, and this underestimation should be 373 

considered when determining trends in potential evaporation, reference crop 374 

evapotranspiration, as well as actual evaporation. 375 
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Table 1. Recent change in the pan evaporation trend in certain regions. 486 

Period 
Study area (station 

numbers) 

Pan evaporation trend 

(mm/a/a) 
Reference 

1970-2002 Australia (30) -4.3 
Roderick and 

Farquhar (2004) 

1975-2016 Australia (37) 

More stations exhibit 

a positive trend than 

from 1975-2004 

Stephens et al. (2018) 

1975-2006 Turkey (66) 

Fifty stations reveal 

an increasing trend 

while 16 stations 

exhibit a 

nonsignificant 

decreasing trend 

Topaloglu et al. 

(2012) 

1997-2015 Turkey (-) -0.1 Yagbasan et al. (2020) 

1982-2003 Iran (31) 
Significant decreasing 

trend 
Talaee et al. (2014) 

1995-2015 Iran (12) 16.0 Shimi et al. (2020) 

1960-1990 

1990-2010 
Mexico (150) 

-3.8 

-2.6 

Ruiz-Alvarez et al. 

(2019) 

1960-1993 

1994-2014 
China (-) 

-2.6 

4.3 
Wang et al. (2017) 

1960-1991 

1992-2007 
China (518) 

-5.4 

7.9 
Liu et al. (2016) 
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Table 2. Standard deviation in the conversion coefficient at the stations. 487 

Month 
Station 

Numbers 
STD<0.2 0.2<STD<0.4 STD>0.4 

January 219 79.9% 17.8% 2.3% 

February 226 88.1% 11.5% 0.4% 

March 270 90.0% 9.6% 0.4% 

April 360 96.1% 3.9% 0.0% 

May 462 96.1% 3.7% 0.2% 

June 465 95.1% 4.7% 0.2% 

July 465 93.8% 6.0% 0.2% 

August 465 97.6% 2.2% 0.2% 

September 465 96.6% 3.0% 0.4% 

October 400 93.0% 6.5% 0.5% 

November 317 90.6% 8.8% 0.6% 

December 242 88.8% 9.5% 1.7% 

 488 
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Table 3. Contribution of the climatic factors to the nationwide annual 𝐸𝑝𝑎𝑛 trends. 489 

Elements 

RH SSD T U 

𝑑𝐸𝑝𝑎𝑛

𝑑𝑡
|𝑐𝑎𝑙 

mm/a/a 

𝑑𝐸𝑝𝑎𝑛

𝑑𝑡
|𝑜𝑏𝑠 

mm/a/a 𝑑𝑅𝐻

𝑑𝑡
 

%/a 

𝜀1 

mm/a/

% 

𝑅𝐻∗ 

mm/a/

a 

𝑑𝑆𝑆𝐷

𝑑𝑡
 

h/a 

𝜀2 

mm/a/

h 

𝑆𝑆𝐷∗ 

mm/a/

a 

𝑑𝑇

𝑑𝑡
 

°C/

a 

𝜀3 

mm/a/°

C 

𝑇∗ 

mm/a/

a 

𝑑𝑈

𝑑𝑡
 

m/s/

a 

𝜀4 

mm/a/m/

s 

𝑈∗ 

mm/a/

a 

Original 
-0.1

1 
-17.90 2.02 

1.6 

0.18 -0.29 

0.0

3 

153.4 4.66 

0.00

5 

590.22 -2.67 3.72 

2.68 
Modified-1

% 

-0.0

6 
-17.90 1.13 0.18 -0.29 153.5 4.66 582.31 -2.64 2.87 

Modified-2

% 

-0.0

1 
-17.91 0.24 0.18 -0.29 153.6 4.67 574.40 -2.60 2.01 

 490 

 491 
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Table 4. Comparison of the pan evaporation trends. 492 

Period 

Trend according to 

the D20 dataset in 

this study 

Trend simulated by 

the PenPan-D20 

model in this study 

Trend reported in 

previous studies 

1994-2014 1.4 mm/a/a 3.1 mm/a/a 

4.3 mm/a/a (T 

Wang et al., 2017) 

and 

5.2 mm/a/a (K 

Wang et al., 2019) 

1992-2007 7.7 mm/a/a 9.1 mm/a/a 
10.1 mm/a/a (K 

Wang et al., 2019) 

 493 

 494 

 495 

 496 

Table 5. Attribution analysis of the change trend in pan evaporation at the stations 497 

controlled by the wind speed (mm/a/a). 498 

Station 𝑅𝐻∗ 𝑆𝑆𝐷∗ 𝑇∗ 𝑈∗ Trend 

50425 1.61 0.02 -0.42 2.60 3.81 

50468 0.65 -0.72 0.75 -3.88 -3.20 

52859 1.55 -0.18 5.86 -9.86 -2.63 

53963 4.43 -2.89 6.88 -8.07 0.35 

54186 2.43 -0.98 2.36 -3.74 0.07 

55279 3.10 -0.74 6.30 -8.41 0.25 

56586 2.01 1.08 3.71 -4.86 1.94 

 499 

  500 
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Figure lists 501 

Figure 1 Number of usable stations with D20 and E601 observations. 502 

Figure 2 Distribution of the meteorological stations used in this study. 503 

Figure 3 Comparison of the monthly D20 observations to the estimation using the 504 

conversion coefficient method: calibration (left) and validation (right). 505 

Figure 4 Nationwide annual trends of the (a) relative humidity (the black line 506 

represents the original humidity data, the blue line represents the modified-1% 507 

relative humidity, and the red line represents the modified-2% relative humidity), (b) 508 

sunshine duration, (c) air temperature, and (d) wind speed, from 1988-2017 (except 509 

for the modified-2% relative humidity, all the other trends are at least significant at 510 

P=0.05). 511 

Figure 5 (a) Nationwide annual trend of the pan evaporation, (b) change trend in the 512 

pan evaporation detected by the MK test at a significance level of P=0.05. The 513 

red/blue triangles represent the stations with significant increasing/decreasing trends, 514 

while the circles represent the stations with no significant trends. 515 

Figure 6 Nationwide annual 𝐸𝑝𝑎𝑛 trends from 1988-2017. The black, blue, and red 516 

lines represent the 𝐸𝑝𝑎𝑛 values derived from the original humidity data (P<0.001), 517 

the modified-1% relative humidity (P<0.001), and the modified-2% relative humidity 518 

(P<0.01), respectively. 519 

Figure 7 Controlling climatic factors of the 𝐸𝑝𝑎𝑛 change at the 469 stations across 520 

China. 521 

Figure 8 Difference between the annual D20 observations and annual D20 simulations 522 

according to the PenPan-20 model. The dotted lines represent the mean average 523 

values during the two periods, namely, 1988-2003 and 2004-2017. 524 
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 525 

Figure 1. Number of usable stations with D20 and E601 observations. 526 

 527 

Figure 2. Distribution of the meteorological stations used in this study. 528 

 529 
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  530 

Figure 3. Comparison of the monthly D20 observations to the estimation using the 531 

conversion coefficient method: calibration (left) and validation (right). 532 

 533 

Figure 4. Nationwide annual trends of the (a) relative humidity (the black line represents the 534 

original humidity data, the blue line represents the modified-1% relative humidity, and the red 535 

line represents the modified-2% relative humidity), (b) sunshine duration, (c) air temperature, 536 

and (d) wind speed, from 1988-2017 (except for the modified-2% relative humidity, all the 537 

other trends are at least significant at P=0.05). 538 



 

26 
 

  539 

Figure 5. (a) Nationwide annual trend of the pan evaporation, (b) change trend in the pan 540 

evaporation detected by the MK test at a significance level of P=0.05. The red/blue triangles 541 

represent the stations with significant increasing/decreasing trends, while the circles represent 542 

the stations with no significant trends. 543 

 544 

Figure 6. Nationwide annual 𝐸𝑝𝑎𝑛 trends from 1988-2017. The black, blue, and red lines 545 

represent the 𝐸𝑝𝑎𝑛 values derived from the original humidity data (P<0.001), the modified-1% 546 

relative humidity (P<0.001), and the modified-2% relative humidity (P<0.01), respectively. 547 
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 548 

Figure 7. Controlling climatic factors of the 𝐸𝑝𝑎𝑛 change at the 469 stations across China. 549 

 550 

Figure 8. Difference between the annual D20 observations and annual D20 551 

simulations according to the PenPan-20 model. The dotted lines represent the mean 552 
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average values during the two periods, namely, 1988-2003 and 2004-2017. 553 

 554 


