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Abstract

:

Dew is a significant water resource in arid desert areas. However, information regarding dew is scarce because it is difficult to measure due to the harsh environment of locations such as Gurbantunggut Desert, China. In this study, a non-destructive field experiment was conducted from 2015 to 2018 at a desert test station located in the western edge of the Gurbantunggut Desert, using a calibrated leaf wetness sensor (LWS) to measure dew yield. The results are as follows: (1) Dew formed after sunset with the atmospheric temperature gradually dropping and evaporated after sunrise with the temperature increasing in the second morning. (2) Dew was featured as ‘high frequency and low yield’. The average daily dew yield during dew days was 0.10 mm with a daily maximum of 0.62 mm, while dew days accounted for 44% of the total monitoring days, with a monthly maximum of 25 days. Compared with rainfall, dew days were two times as frequent as rainy days, while the average annual dewfall (12.21 mm) was about 1/11th of the average annual rainfall (134.6 mm), which indicates the dew contribution to regional water balance is about 9%. (3) March–April and October–November are the main periods of dew occurrence in this region because accumulated snow begins to melt slowly in March–April, providing sufficient vapor for dew formation, and the air temperature difference between day and night in October–November is the highest in the year, meaning that the temperature drops rapidly at night, making it easier to reach the dewpoint for vapor condensation. (4) Daily dew yield (D) was positively correlated to relative humidity (RH) and the difference between soil temperature at 10 cm below the ground and surface soil temperature (Tss), and negatively correlated to wind speed (V), air temperature (Ta), surface soil temperature (Ts), cloud cover (N), dewpoint temperature (Td) and the difference between air temperature and dewpoint temperature (Tad). It should be noted that the measured values of all factors above were the average value of the overnight period. The multivariate regression equation, D = −0.705 + 0.011 × RH − 0.006 × N − 0.01 × V, can estimate the daily dew yield with the thresholds of the parameters, i.e., RH > 70%, N < 7 (oktas) and V < 6 m/s.
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1. Introduction


Water availability is the most important limiting factor in arid lands. Any additional source of water may have a positive impact upon the ecosystem [1,2]. Dew is a kind of sustainable and stable water resource in arid desert areas, and it is very important in maintaining the survival of plants and small animals [3]. For example, dew often serves as a primary water resource for biological soil crusts [4,5,6], lichens [7,8], small shrubs [9] and nematodes [10] in a desert ecosystem. Hence, a large number of studies have aimed to understand the hydrology and ecological significance of dew.



Dew forms when the temperature of a surface is lower than or equal to the dewpoint temperature, such that water vapor in the air condenses on the colder surface [11,12]. Dew is usually attached to the leaves of plants and the soil surface or in shallow soil. Water vapor from lower atmospheres [13], soil [14,15] and transpiration of plant leaves in the lower canopy [16] can be involved in the process of dew formation in an ecosystem. Due to the different sources of water vapor, dew hydrology is very complicated and is affected by meteorological conditions and underlying surface conditions. Meteorological conditions include relative humidity, air temperature and wind speed. Previous studies have shown that low air temperature [17] and high relative humidity of air [18], as well as moderate wind speed [19], are favorable to dew formation. Underlying surface conditions include topography, vegetation and soil texture. The hilltops obtained a longer duration and higher dew yields than wadi beds in a small arid drainage basin in the Negev Highlands, Israel, which may be explained by their wind-sheltered location, impeding wind ventilation during the afternoon breeze, and by slower long wave radiational cooling at the narrow wadi [1]. The mean daily dew yield for sand (0.12 mm) was greater than that for gravel (0.071 mm) at the Gaolan Research Station of Ecology and Agriculture located in the transitional zone between arid and semi-arid regions in China, due to lower surface temperature and vapor conductivity for sand [20]. Dew yield in the planting area was significantly higher than that of the biological crust and quicksand, and the yield in the biological crust was significantly higher than that of quicksand in Southern Maowusu Sandy Land, China [21]. A similar experiment was carried out in xerophyte shrub plantations at the southeast margin of Tengger Desert, Northern China [6], and a longer daily dew production period and more dew yield were shown on moss compared with mixed crusts and dune sand, which proved that habitats with better vegetation conditions are more conducive to dew formation.



Up until now, there is no unique standardized method to measure dew formation [17,22]. The difficulty of dew measurement is both in the definition of dew and in its actual measurement. However, scholars have developed various dew measurement instruments or methods in the past 70 years, including dew gauge [23], electrical resistance sensor [24], hiltner-type dew balance method [25], soil moisture sensor [1], leaf wetness sensor [26,27,28,29,30], artificial condensation surface method [31,32,33,34], and weighing method [6,12,35,36]. The last three items of the methods mentioned above are widely used. For example, materials (tissues, woods and plastic) were weighed before and after the dew event to calculate the dew yield [17], high precision lysimeters were weighed to obtain dew formation at night on natural ecosystems [37] and a leaf wetness sensor was used to estimate the presence or absence of wetness on its surface [26], which can also be calibrated to provide a potential dew yield [29,30,38,39].



To effectively quantify the processes of dew formation, many attempts have been carried out to predict dew yield from the parameters, such as relative humidity, air temperature, cloud coverage, wind speed and radiation [2,3]. Most of the models are usually designed from an energy balance, such as the Penman–Monteith equation, where the latent heat released by water vapor condensation is the parameter to solve for. Other than this, a purely statistical approach based on artificial networks has been successfully tested by Lekouch et al. [32]. A semi-empirical model by Beysens [40], calculated from the relationships between dew formation and its drivers: relative humidity, wind speed and cloud cover, is also reliable and gives the opportunity to study dew formation on a larger scale.



Although previous studies have been resourceful in the dew formation process, many aspects of dew hydrology are site-specific due to uncertainties [30]. Dew assessment is still mainly dependent on site observation instead of hydrologic predictions, since the influence degrees of different factors to dew formation are inconsistent with different climatic regions in a manner that is still not fully and precisely modeled. Gurbantunggut Desert, located in the middle of the Junggar Basin, is the largest fixed and semi-fixed desert in China. The mean annual rainfall is no more than 200 mm [41], while vegetation coverage is up to 40% [42]. Playing an important role in fixing the sand surface, biological soil crusts are widely developed in the desert, especially in lowlands between hills. Mosaic distribution of moss crusts and lichen crusts make the biological crusts thicker and more resistant to mechanical interference. In the analysis of the reasons for the distribution of different types of soil crusts, differences in water conditions have also attracted people’s attention, aside from the differences in soil texture and soil nutrients. The objectives of this study are to: (1) assess dew yield by conducting an in-situ observation experiment at the western edge of Gurbantunggut Desert, China; (2) determine the main influencing factors in the dew formation process by regression analysis; (3) develop a multiple regression model for dew yield.




2. Materials and Methods


2.1. Measurement Site


The field experiment was carried out at Paotai Soil Improvement Test Station (44°48′ N, 85°33′ E), located at the western edge of the Gurbantunggut desert in northwestern China (Figure 1). The climate in this region is temperate continental, characterized mainly by aridity, long-cold winter and short-hot summer. The mean annual temperature is 6.6 °C (1997–2016), with the annual cumulative temperature (>10 °C) of 3400 °C [42]. Mean annual precipitation ranges from 70 to 180 mm [41], while the mean annual evaporation exceeds 2000 mm [43]. The mean annual values of the frost-free period and sunshine duration are 160 days and 2772 h, respectively. In winter, the Gurbantunggut Desert experiences 95–110 days of snow cover, beginning in late November and ending in mid-March of the following year [43]. The maximum depths of frozen soil and accumulated snow cover are 90 cm and 35 cm, respectively. The dominant plants are Haloxylon ammodendron and H. persicum [43]. In addition to this, there are many biological soil crusts, containing cyanobacteria-dominated, lichen-dominated, and moss-dominated crusts [44]. The soil in the desert has a sandy texture, with sand (0.05–2 mm) content, 85%; silt (0.002–0.05 mm) content, 13.7%; and clay (<0.002 mm) content, 1.3%.




2.2. LWS Calibration


The dielectric Leaf Wetness Sensor (LWS, Model, PHYTOS 31, by Decagon Devices, Pullman, WA, USA) was chosen to measure the duration and yield of dew. The LWS measures the dielectric constant of a zone approximately 1 cm from the upper surface of the sensor. The dielectric constant of water (80) and ice (5) are much higher than that of air (1), so the measured dielectric constant is strongly dependent on the presence of moisture or frost on the sensor surface. The sensor outputs a mV signal proportional to the dielectric of the measurement zone, which can be converted into the dew yield by calibration. Calibration was carried out by placing the LWS horizontally, with its signal output port plugged into a data logger (Model, EM50, by Decagon Devices, USA). A small sprayer was used to spray a known amount of water on the surface of the LWS. By increasing the amount of sprayed water, the corresponding increase of the electric signal in mini voltage is recorded in the EM50, as shown in Figure 2.



The calibration equation was expressed as follows:


D=axb



(1)




where, x is the raw voltage counts (mv) recorded in EM50, D is the accumulated dew yield over the surface of LWS (mm), a and b are fitting parameters, a = 4 × 10−14 and b = 4.4188 (r = 0.997, p < 0.01).



It should be noted that LWS has been specially designed to closely approximate the thermodynamic properties of a leaf. If the specific heat of the leaf is estimated at 3750 J·kg−1·K−1, the density is estimated to be 0.95 g/cm3, and as the thickness of a typical leaf is 0.4 mm, the heat capacity of the leaf is 1425 J·kg−1·K−1. This is closely approximated by the thin (0.65 mm) fiberglass construction of the LWS, which has a heat capacity of 1480 J·kg−1·K−1 [45]. Since dew condensation may be affected by minute differences in the substrate temperatures, heterogeneity in the substrate properties, size and position may affect the substrate temperatures and hence dew condensation [46]. It was hypothesized that dew yield measured by LWS is approximated by the integrated value on soil crusts and plant leaves.




2.3. Experimental Design


A bare patch of ground was selected for the installation of instruments. The LWS sensor with 0.02 mm resolution was placed 5 cm above the ground. Air relative humidity (RH) and temperature at the same height of LWS were measured by a sensor (Model, VP-3) with 0.1% RH resolution and 0.1 °C temperature resolutions, respectively. Wind speed at 300 cm above the ground was measured by a Davis Cup Anemometer with a stalling speed of 0.5 m/s and within 0.1 m/s resolution. Precipitation at 160 cm above the ground was measured by a high-resolution rain gauge (Model, ECRN-100) with 0.2 mm resolution. Soil temperature and moisture at 2 cm and 10 cm below the ground were measured by two sensors (Model, GS3) with 0.1 °C temperature resolutions and 2% volumetric water content, respectively. Soil temperature and moisture at 2 cm below the ground were approximated to that of the surface soil in this study. All sensors were plugged into the data ports of EM50 Data Logger to synchronously record the measured values at 30 min intervals. All sensors above were made by Decagon Devices Inc., USA. The mounting positions of all instruments are shown in Figure 3. Aside from this, the cloud cover data collected at 8:00, 14:00 and 20:00 were obtained from the local weather station within 4.8 km from the measurement site. The experiment was carried out from 1 August 2015 to 1 December 2018, excluding the period from 1 December to 1 March the following year, during which the air temperature remained below 0 °C.




2.4. Data Processing


2.4.1. Dew Yield, Intensity and Frequency


Dew yield is the vapor condensation amount within a specified period of time. For dew intensity, the time period is specified as 1 h. For the daily dew yield, the time period is defined to start on day one and end on day two at 16:00, which is the most unlikely time for dew condensation in the 24-hour period [30]. Dew frequency in a day is defined as the ratio of the number of dew-producing time periods to the total number of observation periods. In addition, it is assumed in this study that dew does not occur on rainy, foggy, frosty and snowy nights. Here, a rainy night is determined by rainfall gauge. A foggy night is defined as a morning during which the visibility is restricted to <1 km for >0.5 h [36]. Nights during which air temperature is less than 0 °C are regarded as frosty or snowy nights.




2.4.2. Dewpoint Temperature


Dewpoint temperature was calculated by using the Lawrence equation [47]:


Td=B1[ln(RH100)+A1TB1+T]A1−ln(RH100)−A1TB1+T



(2)




where, RH is relative humidity (%), T and Td are air temperature and dewpoint temperature (°C), respectively, A1 and B1 are coefficients described by Alduchov and Eskridge: A1 = 17.625, B1 = 243.04 °C [48].




2.4.3. Cloud Cover


The cloud cover data were recorded with its value in the range 0–10, with 10 for full cloud cover, which were multiplied by 0.8 to correlate with standard measurements on a scale 0–8 (oktas) [31,49].




2.4.4. Wind Speed


Wind speed was measured at 3 m above the ground. In order to correlate with standard measurements at 10 m above the ground, the measured data were converted by using the classical regression [16]:


Vz1Vz2=ln(z1zc)ln(z2zc)



(3)




where zc (m) corresponds to the ground roughness length and taken to be 0.1 m. Vz1 (m/s) and Vz2 (m/s) are wind speeds at different heights of z1 (m) and z2 (m), respectively. The relationship between wind speeds at heights of 10 m and 3 m was determined by Equation (3) (here, z1 is equal to 10 m and z2 is equal to 3 m).


Vz1=1.35Vz2



(4)








2.4.5. Statistical Analysis


Linear regression was applied to analyze the relationship between dew yield and main factors. Trends, significance and fitting degree were respectively determined by correlation coefficient (R), P-value at the 0.01 level and the coefficient of determination (R2). Mean absolute error (MAE) was used to evaluate the goodness of the model:


MAE=∑i=1n|Ci−Oi|n



(5)




where Ci and Oi are the daily dew yield calculated and measured at the specific day (mm), respectively, with n as the measurement of days.



All statistical analyses were performed using SPSS Statistics 22.0 (SPSS Inc., Chicago, IL, USA), and all figures were plotted by Office 2016 (Microsoft Corp., Redmond, WA, USA) and Origin 8.0 (Origin Lab Corp., Northampton, MA, USA).






3. Results


3.1. Daily Variation of Dew


A typical daily process of dew formation (on 6–7 October 2016) was shown in Figure 4. It is clear that dew existed on the LWS for 13 h from 21:00 to 10:00 the next day (UTC+8, the same as the following time involved), but really formed between 21:00 and 08:00 which corresponds with the time of dew intensity. The maximum net dew yield for the day was 0.32 mm and the maximum dew intensity was 0.044 mm/h. The red arrows mark the time of sunrise and sunset. It can be seen that dew forms after sunset and evaporates after sunrise in the second morning.




3.2. Annual Variation of Dew


Figure 5 shows the variation and distribution of dew yield in the entire monitoring period. The daily dew yield varied between 0 and 0.62 mm (Figure 5a,b), which is extremely skewed toward smaller values of 0−0.05 mm (Figure 5c). Days of no dew (including rainy days, foggy days, frosty days and snowy days) accounted for 56% of the total monitoring days. Days of any dew with an amount below 0.05 mm accounted for 16% of the total days. Days of dew yield between 0.05 and 0.35 mm accounted for 26% of the total days. Thus, the days of daily dew yield greater than 0.35 mm only accounted for 2% of the total days. The average daily dew yield in the entire monitoring period was 0.044 mm, while that in dew days reached up to 0.10 mm. As shown in Figure 5d, monthly dew yield, with its peak value in March–April and October–November, was consistent with monthly dew days. Thus, the optimal time for collecting dew as an alternative source of water should be in the March–April and October–November periods.




3.3. Dew versus Rain


3.3.1. Daily Rainfall


Distribution of daily rainfall and daily duration in the entire observation period is shown in Figure 6. Days of any rain with an amount below 2 mm reached up to 133 days which accounted for 66% of the total rain days (202 days), while the days of daily rainfall greater than 10 mm were 12 days, which only accounted for 0.06% of the total rain days. Meanwhile, the duration of daily rainfall is extremely skewed toward smaller values of 0–2 h. The characteristics of daily rainfall manifested a ‘light rain and short duration’ pattern in this region.




3.3.2. Dew Days


Figure 7 shows the number of dew days and rain days over a monthly time scale in the entire observation period. The number of monthly dew days was always greater than that of rain days. The maximum number of monthly dew days, occurring in April 2017, was 25 days, whereas that of monthly rain days, occurring in October 2016, was 14 days. The number of dew days was 44% of the total observation days, which was about two times that of the rain days.




3.3.3. Dew Yield


Figure 8 shows the monthly yield of dew versus rain. The dewfall was about an order of magnitude less than the rainfall. The maximum value of monthly dew yield, occurring in October 2016, was 3.9 mm, whereas that of monthly rain days, occurring in May 2016, was 56.4 mm. The average annual rainfall (134.6 mm) was 11 times that of the average annual dewfall (12.21 mm).





3.4. Influence Factors


3.4.1. Correlation Analysis on Single Factor


Data that suffered from inaccuracies caused by bad weather or instrument failure were excluded before the correlation analysis on single factor was carried out. Based on 406 sets of data, the variation of daily dew yield with the main factors, i.e., wind speed (V), relative humidity (RH), air temperature (Ta), surface soil temperature (Ts), soil moisture (Ws), cloud cover (N), dewpoint temperature (Td), the difference between air temperature and dewpoint temperature (Tad) and the difference between soil temperature at 10 cm below the ground and surface soil temperature (Tss), are shown in Figure 9. The values of all factors above were the average value of the overnight period. Daily dew yield is positively correlated with RH, Ws and Tss, and negatively correlated with V, Ta, Ts, N, Td and Tad. However, it has an insignificant linear correlation to Ws (P > 0.05), while it has extremely significant correlation to others (P < 0.01). Surface soil moisture (Figure 9e) and the peak of dew yield correspond at around 6% (m3/m3), which is also the most frequent soil moisture due to less rainfall and has little effect on dew formation. For other parameters, low wind speed (Figure 9a), high relative humidity (Figure 9b), high values of the difference between soil temperature at 10 cm below the ground and surface soil temperature (Figure 9i), low temperature (Figure 9c,d,g,h) and little cloud cover (Figure 9f) are more conducive to dew formation.




3.4.2. Multiple Regression Analysis


Since dew formation is under the combined action of various factors, 308 sets of data in 1 August 2015 to 1 December 2017 were chosen to conduct a multiple regression between daily dew yield and main factors, and 98 sets of data in 1 March to 1 December 2018 were chosen for model validation. Parameters with extremely significant correlation to daily dew yield (Figure 9) were considered as independent variables. The stepwise regression method was used to choose the appropriate variable. The P-values for entry and removal criteria were 0.01 and 0.05, respectively. Models with tolerance values less than 0.1 for each variable were eliminated, owing to serious collinearity between variables. The results are shown in Table 1. All models have statistical significance in that their F-values are greater than the values with the significant level of 0.01, which means that P-values are less than 0.01. Constant and coefficients from Model 1 to 3 are extremely significant (P < 0.01), and their coefficient values of determination (R Square) increase with the increase of the number of variables, which shows that the fitting degree is gradually improved.



As for Model 3, normal P–P plot of regression standardized residual and model validation plot are shown in Figure 10. Points in Figure 10a are based around the two sides of the diagonal line, which indicates that the residual errors of the model-simulated values are of normal distribution. Although the points composed of calculated values by Model 3 and measured values are dispersed around the two sides of the diagonal line on the whole in Figure 10b (ideal for y = x), only a few events with the highest dew yields (>0.3 mm/d) are under-estimated due to fewer training samples at a higher value. The value of MAE is only 0.023 mm, which is small and approximate to the accuracy of the LWS sensor. Therefore, Model 3 is most suitable to reflect the relationship between daily dew yield and main factors, which is represented by Formula 6 as follows:


D = −0.705 + 0.011 × RH − 0.006 × N − 0.01 × V



(6)







It should be noted that the thresholds of the parameters in Formula 6 are RH > 70%, N < 7 (oktas) and V < 6 m/s, according to the regression curve in Figure 9. The positive and negative coefficients of the parameters in Formula 6 reflect the effect of different parameters on dew yield. The water vapor condensation process is the result of overnight thermal exchanges between the substrate and the sky (radiation cooling) and the surrounding atmosphere (convective heating). The lower limit of RH corresponds to the maximum possible cooling with the available energy. Higher values of cloud cover limit the radiative cooling and lead to a decrease of the condensation, and large wind speeds are responsible for enhanced heating convective effects that hamper the condensation process on the substrate rate [2,32,33].






4. Discussion


The duration of dew events as well as resultant yield are dependent upon favorable atmospheric conditions, the condensing substrate properties and geometry. Such circumstances are not entirely restrictive, however, as it is generally accepted that dew is a recurrent phenomenon as evidenced by droplets upon car windshields and grass observed in the early morning hours [2,3,40]. In this study, a typical daily process of dew formation shows that dew existed on the LWS for 13 h from 21:00 to 10:00 the next day, but really formed between 21:00 and 08:00 (sunset and sunrise are at 19:41 and 08:14, respectively), which demonstrated that dew forms after sunset with the atmospheric temperature gradually dropping, and evaporates after sunrise with the temperature increasing in the second morning. This is similar with the results of Jacobs et al. [50], Moro et al. [26], Kabela et al. [28], Hanisch et al. [51] and Pan et al. [6].



The daily average dew yield in dew days was 0.1 mm and the daily maximum yield was 0.62 mm, while dew days accounted for 44% of the total monitoring days, and the monthly maximum of dew days was 25 days. This study re-confirmed that dew manifested a ‘high frequency and low yield’ pattern. Even though daily dew yield is very small, it is beneficial to microorganisms as long as dew yield exceeds 0.03 mm in desert areas [1,52]. As for the desert ecosystem, low frequency of rainfall, light rain, short duration and intense evaporation during the day in desert ecosystems make it impossible for desert organisms to obtain a water supply over a long period. Thus, it is very difficult for desert plants to absorb water through their roots due to prolonged soil moisture deficiencies [29]. Leaf water absorption is very important, and micro dew can also be absorbed directly by plant leaves [11]. Also, frequent dew formation makes the cumulated yield important for desert organisms and improves the rate of seed germination and the survival of small animals. The annual dew yield pattern revealed that it is higher in the March–April and October–November periods. In March–April, accumulated snow begins to melt slowly, providing sufficient vapor for dew formation. In October–November, the air temperature difference between day and night is highest in a year, and the temperature drops rapidly at night, making it easier to reach the dewpoint for vapor condensation. March–April is the main period of spring, and October–November is that of autumn. Previous studies have shown that some ephemeral species in the desert, such as Astragalus arpilobus [53], Isatis violascens [54] and Erodium oxyrhynchum [55] have two germination seasons: spring and autumn. The seeds of ephemeral plants can germinate in spring, and complete their life cycle in summer. Then, they can germinate in autumn, over winter in the form of seedlings, and complete the life cycle in the spring of the following year [56]. The germination seasons happen to be the period with the most dew yield, which further indicates that dew may be one of the main water sources for desert organisms and plays a significant role in desert ecosystems.



Correlation analysis on single factor indicates that the occurrence of dew is not only connected to meteorological conditions, but also to soil conditions. Dew yield was positively correlated to relative humidity (RH) with its threshold greater than 70% (Figure 9b) and negatively correlated to the difference between air temperature and dewpoint temperature (Tad) with its threshold less than 6 °C (Figure 9h). This is similar to the results of Clus et al. [57], Maestre-Valero et al. [58] and Beysens [2,34]. In particular, dew yield increases significantly when RH is greater than 80% and Tad is less than 3 °C. This indicates that dew forms before the relative humidity reaches saturation and before the air temperature drops to the dewpoint. Other factors, such as wind speed (V), air temperature (Ta), surface soil temperature (Ts), cloud cover (N) and dewpoint temperature (Td), are negatively and significantly correlated to dew yield. Wind can bring vapor, but high wind speed increases the heat exchange by convection and turbulence and hinders dew from forming [59]. Monteith thought that wind speed less than 0.5 m/s is favorite to dew formation [60], while Lekouch et al. found that wind speed less than 3 m/s is good for dew formation [32]. The results of this study showed that low wind speed around 0.5 m/s (Figure 9a) in this region is more conducive to dew formation. Ta and Ts are closely related to evaporation. When other factors are constant, the higher the temperature is, the greater the evaporation is [40]. Thus, dew formed is not easy to evaporate under the low air temperature and surface soil temperature. As a simple relative characterization of the radiative cooling effect between the condensing surface and the fraction of clear sky, cloud cover N (oktas) is negatively correlated to cooling energy (Ri) which can be approximately expressed as Ri = (1 − εs) · σ · (285)4 · (1 − N/8) by Beysens [40]. εs and σ in the formula are the total sky emissivity and the Stefan–Boltzmann constant, respectively. High values of cloud cover limit radiative cooling and lead to a decrease of the condensation rate [2,32]. As for dewpoint temperature Td, lower dewpoint temperature is conducive to dew formation. The reason is that Td is negatively correlated to the sky emissivity (1 − εs), which can be expressed as 1 − εs = 0.2422 × [1 + 0.204323 × H − 0.0238893 × H2 − (18.0132 − 1.04963 × H + 0.21891 × H2) × 10−3 × Td] by Berger and Bathiebo [61]. The variable H in the formula is the elevation of the considered site in km. Considered cooling energy (Ri), high values of Td also limit radiative cooling and lead to a decrease of the condensation rate. As for the difference between the soil temperature at 10 cm below the ground and surface soil temperature (Tss), it is positively correlated to dew yield (Figure 9i). The higher temperature difference from underground to the surface created upward gradients of water vapor and heat [62], which can provide more vapors from the soil for dew condensation. As for the surface soil moisture (Ws), the higher surface soil moisture can also provide more abundant water vapor to promote the formation of dew in theory [15], but scarce rainfall in desert areas result in soil moisture at a low level for a long time and has little effect on the dew yield in this study (Figure 9e).



Although many models based on energy balance can estimate dew production [63,64,65,66,67], some parameters of the models, such as soil heat flux, heat exchange coefficient and the properties of the condensing surface, are complex and difficult to obtain. Thus, a simplified model that would demand only a few regular, simple data, available everywhere in the world, would be much more helpful. A statistical approach based on artificial networks has been successfully tested by Lekouch et al., which requires wind speed and wind direction, cloud cover, air and dewpoint temperature and/or relative humidity [32]. An analytical formula valid for planar dew collectors was built by Beysens, which only requires cloud coverage, wind speed, air and dewpoint temperature data to be collected [40]. In this study, a multivariate regression model was constructed to estimate the daily dew yield. A good agreement between calculated and measured values was found. It appears that dew yield is strongly correlated with only a few statistically independent parameters, such as wind speed (V), relative humidity (RH) and cloud cover (N). These data are collected on a regular basis in many meteorological stations and can be easily obtained. Compared with the models of Lekouch et al., wind direction was not considered as one the main factors in this study because the influence of wind direction on dew formation varied with geographical locations and regional prevailing wind directions. Compared with the models of Beysens, the main parameters are the same because air and dewpoint temperature data can be converted to RH by the Lawrence equation which is approximately expressed as RH = 100 − 5 × (Ta − Td) on the premise of large RH and small (Ta − Td) [2,47]. Based on meteorological data, it is easier for scientists to estimate the daily dew yield by the multivariate regression equation. However, there are some differences in dew yield at different heights from the ground [46,68,69]. The results of this study represent the dew formation characteristics on a level substrate surface at 5 cm above ground. More research focusing on dew yield at different heights should be further conducted.




5. Conclusions


In a desert ecosystem, non-destructive field measurements were carried out in the study of dew occurring on natural surfaces. It can be concluded that:



(1) A typical daily process of dew formation shows that dew existed on the LWS for 13 h from 21:00 to 10:00 the next day, but really formed between 21:00 and 08:00 (sunset and sunrise are 19:41 and 08:14, respectively), which indicates dew forms after sunset with the atmospheric temperature gradually dropping and evaporates after sunrise with the temperature increasing in the second morning.



(2) The daily average dew yield in dew days was 0.1 mm with a maximum of 0.62 mm, while dew days accounted for 44% of the total monitoring days, with a monthly maximum of 25 days, which can be featured as a ‘high frequency and low yield’ pattern. Compared with rainfall, the number of dew days was two times the number of rain days, while the average annual dewfall (12.21 mm) was about 1/11th of the average annual rainfall (134.6 mm). As for the annual dew yield pattern, dew mainly occurred in March–April and October–November. In March–April, accumulated snow begins to melt slowly, providing sufficient vapor for dew formation. In October–November, the air temperature difference between day and night is highest in a year, and the temperature drops rapidly at night, making it easier to reach the dewpoint for vapor condensation.



(3) Daily dew yield was positively correlated with relative humidity (RH) and the difference between soil temperature at 10 cm below the ground and surface soil temperature (Tss), and negatively correlated with wind speed (V), air temperature (Ta), surface soil temperature (Ts), cloud cover (N), dewpoint temperature (Td) and the difference between air temperature and dewpoint temperature (Tad). The multivariate regression equation, D = −0.705 + 0.011 × RH − 0.006 × N − 0.01 × V, can estimate daily dew yield with the thresholds of the parameters, i.e., RH > 70%, N < 7 (oktas) and V < 6 m/s.
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Figure 1. Location of the experimental site: Paotai Soil Improvement Test Station. 
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Figure 2. Calibration curve of leaf wetness sensor (LWS) for measuring dew yield. 
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Figure 3. Experimental setup. Instruments include: (a) LWS; (b) Davis Cup Anemometer; (c) Rain gauge (ECRN-100); (d) Air relative humidity and temperature sensor (VP-3); (e) Soil temperature and moisture sensor (GS3); (f) Data logger (EM50) inside the security box. 
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Figure 4. Typical daily variations of cumulative dew yield and dew intensity (the time of sunset and sunrise are marked by red arrows). 






Figure 4. Typical daily variations of cumulative dew yield and dew intensity (the time of sunset and sunrise are marked by red arrows).



[image: Water 11 00733 g004]







[image: Water 11 00733 g005a 550][image: Water 11 00733 g005b 550]





Figure 5. Variations of dew yields: (a) daily dew yields in 1 August 2015 to 1 December 2016; (b) daily dew yields in 1 March 2017 to 1 December 2018; (c) distribution of daily dewfall; (d) monthly dew yields and dew days. 
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Figure 6. Distribution of daily rainfall (a) and daily duration (b) in the entire observation period. 
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Figure 7. Comparison of the number of dew days and rain days in the entire observation period. 
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Figure 8. Monthly amount of dew versus rain in the entire observation period. 
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Figure 9. Relationships between the daily dew yield and main parameters: (a) wind speed at 10 m above the ground, V; (b) relative humidity, RH; (c) air temperature, Ta; (d) surface soil temperature, Ts; (e) surface soil moisture, Ws; (f) cloud cover, N; (g) dewpoint temperature, Td; (h) the difference between air temperature and dewpoint temperature, Tad; and (i) the difference between soil temperature at 10 cm below the ground and surface soil temperature, Tss. 
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Figure 10. Normal P–P plot of regression standardized residual (a) and model validation plot (b). 
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Table 1. Multivariate regression analysis between daily dew yield and main significance factors.
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Model

	
Variable

	
Unstandardized Coefficients

	
Significance

	
Tolerance

	
R Square

	
F Value




	
B

	
Std. Error






	
1

	
Constant

	
−0.664

	
0.049

	
0.000

	

	
0.512

	
243.182




	
RH

	
0.0096

	
0.001

	
0.000

	
1.000




	
2

	
Constant

	
−0.729

	
0.048

	
0.000

	

	
0.598

	
158.228




	
RH

	
0.011

	
0.001

	
0.000

	
0.713




	
N

	
−0.007

	
0.003

	
0.001

	
0.713




	
3

	
Constant

	
−0.705

	
0.051

	
0.000

	

	
0.642

	
82.987




	
RH

	
0.011

	
0.001

	
0.000

	
0.704




	
N

	
−0.006

	
0.003

	
0.001

	
0.703




	
V

	
−0.010

	
0.005

	
0.008

	
0.943
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