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Abstract

:

The study on precipitation isotope variation can potentially improve the understanding of weather processes, regional water cycle and paleoclimate reconstruction in the subtropical monsoon region. Based on the measured stable isotope composition in precipitation (δ18Op) and daily precipitation from January 2010 to December 2021 in Changsha of the subtropical monsoon region of eastern China, the δ18Op variations, amount effect and local meteoric water line (LMWL) were analyzed and compared on daily, monthly and annual time scales, as well as under different precipitation intensities. The results showed that, on the daily time scale, δ18Op was significantly and negatively correlated with precipitation in the study area. Influenced by subcloud evaporation, small precipitation events (≤5 mm/d) could change the rainout level of precipitation isotopes. There were significant differences in the slope and intercept of the LMWL on different time scales, in different seasons and under different precipitation intensities. On the daily and monthly time scales, the slope and intercept of the LMWL in the cold half of the year were significantly smaller and larger than those in the warm half of the year, respectively, and the slope and intercept of the LMWL increased significantly with precipitation intensity, and then remained largely stable. On the annual time scale, the slope and intercept of the LMWL in the cold half of the year were smaller than those in the warm half of the year. The possible reasons for the differences in the LMWL on different time scales are the combined effects of seasonal differences in precipitation intensity and water vapor sources.






Keywords:


Changsha; precipitation; stable isotopes; time scale; rainout












1. Introduction


The heavy isotopes in precipitation (i.e., 2H and 18O) have stable geophysical–chemical characteristics and respond sensitively to changes in the atmospheric environment. Therefore, the stable isotopic compositions in precipitation (i.e., δ2Hp and δ18Op) are often used as quantitative proxies for water cycle tracing, atmospheric circulation pattern diagnosis and paleoclimate reconstruction [1,2,3,4,5,6].



In many cases, stable isotopes in precipitation show a significant negative correlation with precipitation amount [7]. This phenomenon, called the “amount effect”, universally appears in the low-latitude ocean and monsoon regions [8,9,10]. However, at some mid-latitude stations, the amount effect may occur only in summer [11]. In paleoclimate and hydrometeorological studies, stable isotope compositions in different water bodies have been used as indicators of precipitation intensity or monsoon intensity based on the amount effect [12,13]. According to the Rayleigh fractionation principle [7], the amount effect arises as a result of stable isotope fractionation during condensation. Due to the preferential condensation of heavy isotopes during the phase change, the heavy isotopes in the remaining water vapor are continuously depleted, which leads to the continuous depletion of heavy isotopes in the following precipitation. The higher the cumulative amount of a precipitation event, the stronger the depletion of stable isotopes in water vapor, and the lower the δ2Hp and δ18Op. In addition, δ2Hp and δ18Op are also influenced by subcloud evaporation [14,15,16].



The linear relationship between δ2Hp and δ18Op, famous as the meteoric water line (MWL), indicates the average fractionation rate difference among two stable isotopes [7]. On the global scale, MWL was described as δ2H = 8δ18O + 10‰ [17]. However, the local MWL (LMWL) varies from place to place and on different time scales [18]. When a water body evaporates in an unsaturated atmosphere, the combined effect of light isotope preferential evaporation and kinetic fractionation effects accelerate the ratio of 2H to 18O fractionation effects in evaporating water vapor, resulting in an increase in the LMWL slope and deuterium excess (d) in water vapor [7,19]. The higher the temperature and the lower the humidity, the higher the LMWL [19]. At the same time, the LMWL slope and d decrease in evaporated water bodies, such as raindrops falling from the clouds. In supersaturated environments, the combined action of heavy isotope preferential condensation and kinetic fractionation effects decelerates the ratio between the 2H and 18O fractionation effects in condensation, leading to a decrease in the LMWL slope and d [20]. Additionally, the recycled water vapor from the underlying surface also plays a positive role in the LMWL slope and d [20,21]. Generally, the slopes and intercepts of LMWLs are greater in humid regions than in arid regions, and greater in the wet season than in the dry season.



Isotopic effects in precipitation change with time, location and atmospheric circulation conditions [22,23]. Previous studies mainly investigated the stable isotope effects in precipitation based on monthly precipitation data [24,25,26]. However, limited by the length of the monitoring station data, the following questions require further study: (1) the differences in stable isotopes in precipitation on different time scales; (2) whether the stable isotope effect in precipitation is stable and (3) how stable isotope effects in precipitation vary with precipitation intensity in the monsoon region.



This paper aims to compare the relationship between δ18Op and precipitation on daily, monthly and annual time scales, and analyze the LMWL variation on different time scales, based on the 12-year daily δ2H and δ18O in precipitation observations in Changsha, and the corresponding daily precipitation from 2010 to 2021. The results will deepen the understanding of stable isotope variation patterns in precipitation in the monsoon region, and provide a basis for regional water cycle research, water resource investigation and paleoclimate reconstruction.




2. Materials and Methods


2.1. Overview of the Study Area


Changsha is located in the eastern subtropical monsoon region of China (Figure 1), with a mild and humid climate and distinct four seasons. The mean annual temperature is 17.4 °C and mean annual precipitation amount is 1447.0 mm. During the warm half of the year (April to September), influenced by the southwest monsoon from the Bay of the Bengal, the Arabian Sea and the southeast monsoon from the western Pacific Ocean, precipitation is abundant and accounts for about 69% of the annual precipitation. During the cold half of the year (October to March), precipitation is low and only accounts for about 31% of the annual precipitation due to continental air masses prevailing.




2.2. Water Sample Collection


Precipitation sample collection was carried out from 1 January 2010 to 31 December 2021, at the meteorological station of Hunan Normal University, located at the foot of the Yuelu Mountain in Changsha City, China. According to precipitation observation regulation published by the China Meteorological Administration, precipitation of ≥0.1 mm was sampled at 08:00 and at 20:00 (Beijing time) on the rainy day. Precipitation samples were collected by a siphon rain gauge, and the liquid precipitation collected was directly poured into a 30 mL polyethylene plastic bottle and then measured, sealed and numbered. For solid precipitation (snow, hail, etc.), the sample was firstly put into a water sample bag, tightened and placed at room temperature, and then sealed in a 30 mL polyethylene plastic bottle after it completely melted. The water samples were stored at a low temperature (~4 °C) to avoid evaporation.



δ2Hp and δ18Op in water samples were measured using a gas–liquid dual-use water stable isotope analyzer (DLT-IWA-35EP, LGR, USA). Analytical results are expressed as per mill, relative to those of the Vienna Standard Mean Ocean Water (V-SMOW).


δ18O (or δ2H) = (Rs/Rv-smow − 1) × 1000‰



(1)




where Rs and Rv-snow represent the oxygen (or hydrogen) stable isotope ratios (18O/16O or 2H/1H) in water samples and Vienna Standard Average Ocean Water, respectively. δ18Op and δ2Hp have the precisions of ±0.6‰ and ±0.2‰, respectively.



The data of precipitation and other meteorological elements during the sampling period were obtained from an automatic weather station (WeatherHawk500, Logan, UT, USA) installed at the observation site.



The sampling and monitoring period was 12 natural years. For days including more than one precipitation sample, δ18Op and δ2Hp were calculated using the precipitation-weighted mean. Overall, we obtained 1544 precipitation samples, representing 1544 precipitation days.





3. Results and Discussion


3.1. Temporal Variation in Stable Isotopes in Precipitation


The daily variations in δ18Op, deuterium excess (d) (d = δ2H-8δ18O), daily precipitation (P) and mean temperature (T) in Changsha during the study period are shown in Figure 2. According to Figure 2, a unimodal pattern is shown by T variation, ranging from −7.3 to 33.1 °C. The long-term mean T is 15.8 °C, of which 22.3 °C is for the warm half of the year and 9 °C is for the cold half of the year. The variation in daily precipitation also shows a clear unimodal pattern, reaching its peak in a similar period of T. On the daily time scale, the long-term daily mean P is 10.98 mm, of which 14.41 mm is in the warm half of the year and 7.34 mm is in the cold half of the year. The δ18Op ranges from −18.1‰ to 5.8‰, and the long-term precipitation-weighted mean δ18Op is −6.5‰. It is not consistent with the seasonality of T and P. The long-term precipitation-weighted mean δ18Op in the cold half of the year (−5.7‰) is significantly higher than that in the warm half of the year (−7.0‰). The d ranges from −8.9‰ to 33.3‰, with a long-term precipitation-weighted mean value of 14.5‰. Similarly to the seasonal cycle of δ18Op, the mean d during the cold half of the year (14.5‰) is close to that during the warm half of the year (14.4‰).



The temporal variations in monthly δ18O, d, P and T are shown in Figure 3. the monthly T varies from −1.9 to 31.5 °C. In a year, the maximum monthly T usually occurs in August, and the minimum is in February. The long-term monthly mean P is 118.28 mm, of which 158.56 mm is in the warm half of the year and 77.43 mm is in the cold half of the year. The maximum monthly precipitation usually occurs in June and the minimum occurs in January. The monthly δ18Op ranges from −13.1‰ to −1.3‰. The highest monthly δ18Op occurs in March and the lowest one occurs in December, which are not consistent with P and T. The long-term monthly mean d ranged from 4.3‰ to 23.0‰ (Jan). The largest and the smallest monthly d appeared in January and August, respectively, which are consistent with T.



On the annual time scale (Figure 4), the mean annual T ranges from 12.3 to 18.9 °C. The maximum mean annual T of 18.9 °C appears in 2013, and the minimum of 12.3 °C appears in 2019. The difference between them is 6.6 °C. The mean annual P ranges from 907 to 1699 mm, with a long-term mean of 1412 mm. The average precipitation in the warm half of the year is 954 mm and that in the cold half of the year is 458 mm. The maximum annual precipitation of 1699 mm occurs in 2012 and the minimum of 907 mm occurs in 2011. The annual δ18Op ranges from −7.9‰ to −4.9‰, in which the highest δ18O occurs in 2019 and the lowest one occurs in 2010 with a difference of 3.1‰ between the two years. The interannual variation in d is consistent with that of δ18O, ranging from 13.0‰ to 16.4‰. The largest annual average d occurs in 2014 and the smallest one occurs in 2013 with a difference of 3.5‰ between the two years. It can be seen that the years with extreme δ18Op do not correspond to those with extreme temperature and precipitation.



Although stable isotopes in precipitation or temperature have the same weighted mean or mean value on daily, monthly and annual time scales, there are significant differences in their dispersion levels. For example, the standard deviations of the weighted mean δ18O are 3.4‰, 2.7‰ and 0.9‰ on the three time scales; 5.9‰, 4.4‰ and 1.1‰ for the weighted mean d; and 8.7 °C, 8.2 °C and 1.7 °C for the mean temperature, respectively. This indicates that the variation range of each element varies on different time scales. Since the precipitation is cumulative, the average precipitation amounts on the three time scales are 11mm (mean daily), 118mm (mean monthly) and 1412mm (mean annual), respectively, and their standard deviations are 15.37mm, 89.83mm and 240.74mm, respectively.




3.2. Relationship between δ18Op and Precipitation Amount


In paleoclimate and hydrometeorological studies, stable isotope compositions in precipitation are often considered as proxies for humidity or monsoon intensity [12,13], especially in low-latitude marine and monsoon regions. Usually, the intensity of the amount effect is mainly dependent on the slope of the δ18Op-P linear regression. It represents the rainout level of δ18Op during the phase change [7].



To reveal the seasonal differences in amount effect and the variation in amount effect with precipitation intensity in the study area, scatter plots of δ18Op versus P on three different time scales (daily, monthly and annual) and in three different periods (annual, warm half of the year and cold half of the year) are shown in Figure 5. By calculating the δ18Op-P correlations for daily precipitation of ≥5.0 mm, 10.0 mm and 25.0 mm, Table 1 is obtained. In order to make the statistical results more reasonable, the sample size in each group should be more than 12.



On the daily time scale (Figure 5a), a significant negative correlation between δ18Op and daily P is observed for all three time periods. All correlation coefficients reach the significance level of 0.001, indicating that the amount effect exists in the study area. In comparison, the slope of −0.10‰/mm and the intercept of −3.92‰ for δ18O-P in the cold half of the year are larger than those in the warm half of the year (−0.046‰/mm and −5.04‰), indicating that the rainout level is relatively higher in the cold half of the year than in the warm half of the year.



In addition to seasonal differences, the amount effect also varies with precipitation intensity. As can be seen from Table 1, when the daily precipitation intensity increases from >0.0 mm to ≥5.0 mm, the δ18O-P slope decreases significantly and the intercept increases significantly for all three time periods. With the increase in daily precipitation intensity, both the δ18O-P slope and the intercept do not change much. This result suggests that small precipitation events below 5.0 mm/d can change the rainout level of precipitation isotopes. It has been pointed out that the evaporative enrichment of stable isotope composition in raindrops occurs mainly during small precipitation events [16]. The result of evaporative enrichment of stable isotopes in raindrops causes an upward shift of the left end of the δ18O-P regression line, which leads to an increase in the slope of the regression line and a decrease in the intercept.



On the monthly time scale (Figure 5b), there is no significant negative correlation between monthly δ18Op and monthly P for all three time periods. However, according to Table 1, a negative correlation between the monthly weighted average δ18O and monthly P exists to some extent only during the annual period and only when monthly precipitation is greater than or equal to 200 mm, with the correlation coefficients reaching the 0.1 significance level. In the study area, monthly precipitation exceeding 200 mm occurs mainly during the rainy season in the warm half of the year. Therefore, it can be concluded that there is a significant amount effect during the rainy season in the warm half of the year in the study area. The slope of δ18O-P on the monthly time scale is significantly smaller than that on the daily time scale.



On the annual time scale (Figure 5c), there is a very weak negative correlation between the annual δ18Op and annual P. During the warm half of the year, the negative correlation between δ18Op and P reaches a confidence level of 0.05. In the cold half of the year, there is an insignificant positive correlation between the annual δ18Op and the annual P.




3.3. Comparison of Meteoric Water Lines


The regression equation between δ2H and δ18O in atmospheric precipitation is called the meteoric water line (MWL), which is divided into the global meteoric water line GMWL and the local meteoric water line LMWL [17]. The difference between them both is mainly reflected in the difference in spatial scales. We take the GMWL as the average. Then, are there also significant differences in meteoric water lines on different time scales and under different precipitation intensities?



In order to answer the above question, Figure 6 shows the scatters between δ2H and δ18O in precipitation on three different time scales (daily, monthly and annual) and in three different periods (annual, warm half of the year and cold half of the year) in the study area. In addition, the variations in local meteoric water lines (LMWLs) with precipitation intensities on daily and monthly time scales are shown in Table 2.



On the daily time scale (Figure 6a), the slope of the LMWL in the cold half of the year (7.99) is significantly smaller than that in the warm half of the year (8.32), but its intercept (17.58) is larger than that in the warm half of the year (14.04), indicating that the vapor source of generating precipitation varies with seasons [27,28]. The slope and intercept of the LMWL in the annual period intermediate between the two halves of the year. Usually, the slope of the LMWL is proportional to the intercept [9], but in the monsoon region, the δ18Op and δ2Hp in the cold half of the year are higher than those in the warm half of the year, which leads to the scatters in the cold half of the year being in the upper right of the δ2H-δ18O diagram compared with those in the warm half of the year, resulting in a larger intercept of the LMWL in the cold half of the year than in the warm half of the year.



Different precipitation intensities have different condensation conditions in the cloud and different environmental conditions under the cloud, and thus directly affect the fractionation effect of 2H and 18O, and change the LMWL. As can be seen from Table 2, the slope and intercept of the LMWL increase significantly with the increase in precipitation intensity from ≥0.0 mm to ≥5.0mm in the three periods. After that, both the slope and the intercept of the LMWL remain almost unchangeable with the increase in daily precipitation intensity. This result suggests that small precipitation events below 5.0 mm/d can significantly change local meteoric water lines. It has been demonstrated [16] that the evaporation enrichment of stable isotopes in falling raindrops during small precipitation events will lead to a decrease in the slope and intercept of the LMWL.



On the monthly time scale (Figure 6b), the slope of the LMWL in the cold half of the year (8.45, with a standard error of 0.14) is smaller than that in the warm half of the year (8.80, with a standard error of 0.14), but its intercept (20.35) is obviously larger than that in the warm half of the year (18.21), also reflecting the seasonal differences in vapor sources that generate precipitation. Compared with the LMWL on the daily time scale, the slope and intercept of the LMWL on the monthly time scale for all three time periods are significantly larger, and increase with monthly precipitation intensity, especially with regard to the low precipitation intensity. This is related to the seasonal variation characteristics of stable isotopes in precipitation, and also to the application of the precipitation-weighted mean algorithm. In the East Asian monsoon region, strong precipitation usually corresponds to low isotopic values [28,29,30,31,32]. Owing to the applied precipitation-weighted mean algorithm, the precipitation samples at the upper right end of the δ2H-δ18O scatter plot will shift to the left relative to the lower left end, and this will result in an increase in the slope and intercepts of the LMWL on monthly time scales.



On the annual time scale (Figure 6c), the slope and intercept of the LMWL in the cold half of the year are smaller than those in the warm half of the year and annual periods. Since the annual statistics have eliminated the continuous seasonal variation and only 12 samples are available for each data set, their reasonableness needs to be tested.





4. Conclusions


Based on the measured stable isotopes in precipitation and the corresponding daily precipitation at Changsha station from 1 January 2010 to 31 December 2021, the temporal variations in stable isotopes in precipitation, amount effect and LMWLs were analyzed and compared on daily, monthly and annual time scales, as well as under different precipitation intensities. The principal results are as follows:



(1) The daily variation in δ18Op ranges from −18.1‰ to 5.8‰ in Changsha, the monthly δ18Op ranges from −13.1‰ to −1.3‰ and the annual range of δ18Op ranges from −7.9‰ to −4.9‰. Overall, the long-term precipitation-weighted mean δ18Op in the cold half of the year (−5.7‰, with a standard error of 3.4) is significantly higher than that in the warm half of the year (−7.0‰, with a standard error of 3.4).



(2) On the daily time scale, a significant negative correlation between δ18Op and daily P is observed for all three time periods, indicating the amount effect that exists in the study area. In comparison, the rainout level is relatively higher in the cold half of the year than in the warm half of the year, and the amount effect also varies with precipitation intensity. This result suggests that small precipitation events below 5.0 mm/d can change the rainout level of precipitation isotopes. There is an insignificant correlation between δ18Op and P on both monthly and annual time scales.



(3) There are significant differences in the LMWL corresponding to different time scales, different seasons and different precipitation intensities. On the daily and monthly time scales, the slope and intercept of the LMWL in the cold half of the year are smaller than those of the LMWL in the warm half of the year and in the annual period. However, the slope and intercept of the LMWL remain almost unchangeable with the increasing precipitation intensity afterward. On the annual time scale, the slope and intercept of the LMWL in the cold half of the year are smaller than those in the warm half of the year.
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Figure 1. (a) Topographic map of China. (b) Topographic map of Hunan. (c) Locations of sampling sites and weather stations at Hunan Normal University. 
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Figure 2. Temporal variation in daily temperature (T), precipitation (P), δ18Op and d-excess (d), from 1 January 2010 to 31 December 2021, at Changsha station. 
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Figure 3. Temporal variations in monthly temperature (T), precipitation (P), δ18Op and d-excess (d) in Changsha. 
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Figure 4. Temporal variations in annual temperature (T), precipitation (P), δ18Op and d-excess (d) in Changsha. 
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Figure 5. Correlated scatters of δ18Op versus precipitation (P) in Changsha on daily (a1,a2,a3), monthly (b1,b2,b3) and annual (c1,c2,c3) time scales in three periods: entire year (a1,b1,c1), warm half of the year (a2,b2,c2) and cold half of the year (a3,b3,c3) (p > 0.05 is not marked in the figure). 
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Figure 6. Variations in LMWLs on daily (a1,a2,a3), monthly (b1,b2,b3) and annual (c1,c2,c3) time scales in three periods: entire year (a1,b1,c1), warm half of the year (a2,b2,c2) and cold half of the year (a3,b3,c3) in Changsha. 
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Table 1. Correlations of δ18O in precipitation versus precipitation under different precipitation intensities on daily and monthly time scales in Changsha.
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Time Scale

	
Time Interval

	
p > 0.0 mm

	
≥5.0 mm

	
≥10.0 mm

	
≥25.0 mm

	
≥50.0 mm




	
Daily

	
Year

	
−0.0596/−4.60

	
−0.0419/−5.23

	
−0.0367/−5.46

	
−0.0379/−5.45

	
−0.0437/−4.85




	
−0.27 †

	
−0.23 †

	
−0.21 †

	
−0.25 †

	
−0.29 *




	
Warm half of the year

	
−0.0462/−5.11

	
−0.0361/−5.55

	
−0.0307/−5.82

	
−0.0379/−5.44

	
−0.0416/−4.94




	
−0.25 †

	
−0.23 †

	
−0.20 †

	
−0.26 ‡

	
−0.29 *




	
Cold half of the year

	
−0.0961/−3.98

	
−0.0532/−4.82

	
−0.0545/−4.81

	
−0.0443/−5.30

	
−0.1580/1.520




	
−0.27 †

	
−0.16 ‡

	
−0.16 *

	
−0.15

	
−0.45




	

	

	
p > 0.0 mm

	
≥50.0 mm

	
≥100.0 mm

	
≥150.0 mm

	
≥200.0 mm




	
Monthly

	
Year

	
−0.0019/−6.20

	
−0.0013/−6.29

	
−0.0042/−5.57

	
−0.0054/−5.20

	
−0.0116/−3.17




	
−0.06

	
−0.04

	
−0.12

	
−0.15

	
−0.34




	
Warm half of the year

	
0.0014/−7.29

	
−0.0001/−6.93

	
−0.0022/−6.42

	
−0.0031/−6.14

	
−0.0106/−3.66




	
0.05

	
−0.00

	
−0.07

	
−0.09

	
−0.32




	
Cold half of the year

	
0.0031/−6.01

	
0.0115/−7.05

	
0.0137/−7.04

	
0.0076/−5.68

	




	
0.06

	
0.19

	
0.23

	
0.18

	








Note: The first row is the slope/intercept and the second row is the correlation coefficient; the symbols *, ‡ and † indicate the correlation coefficient exceeding the confidence levels of 0.05, 0.01 and 0.001, respectively.













[image: Table] 





Table 2. Variations in the local meteoric water lines (LMWLs) with precipitation intensities on daily and monthly time scales in Changsha (slope/intercept).
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Time Scale

	
Time Interval

	
p > 0.0 mm

	
≥5.0 mm

	
≥10.0 mm

	
≥25.0 mm

	
≥50.0 mm




	
Daily

	
Year

	
8.30/16.43

	
8.59/18.81

	
8.64/18.56

	
8.71/18.92

	
8.69/18.35




	
Cold half of the year

	
8.32/14.04

	
8.60/17.11

	
8.62/17.44

	
8.72/18.50

	
8.70/18.20




	
Warm half of the year

	
7.99/17.58

	
8.37/19.92

	
8.47/20.23

	
8.59/20.34

	
8.71/20.47




	

	

	
p > 0.0 mm

	
≥50.0 mm

	
≥100.0 mm

	
≥150.0 mm

	
≥200.0 mm




	
Monthly

	
Year

	
8.83/20.46

	
8.91/20.72

	
8.96/20.57

	
9.06/20.88

	
9.03/21.12




	
Cold half of the year

	
8.81/18.21

	
8.96/19.52

	
8.91/19.46

	
9.06/20.70

	
8.99/20.75




	
Warm half of the year

	
8.45/20.35

	
8.52/20.52

	
8.54/20.42

	
8.49/19.13
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