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Abstract

:

Spraying roads with water on a large scale in Chinese cities is one of the supplementary precaution or mitigation actions implemented to control severe air pollution events or heavy haze-fog events in which the mechanisms causing them are not yet fully understood. These air pollution events were usually characterized by higher air humidity. Therefore, there may be a link between this action and air pollution. In the present study, the impact of water spraying on the PM2.5 concentration and humidity in air was assessed by measuring chemical composition of the water, undertaking a simulated water spraying experiment, measuring residues and analyzing relevant data. We discovered that spraying large quantities of tap or river water on the roads leads to increased PM2.5 concentration and humidity, and that daily continuous spraying produces a cumulative effect on air pollution. Spraying the same amount of water produces greater increases in humidity and PM2.5 concentration during cool autumn and winter than during hot summer. Our results demonstrate that spraying roads with water increases, rather than decreases, the concentration of PM2.5 and thus is a new source of anthropogenic aerosol and air pollution. The higher vapor content and resultant humidity most likely create unfavorable meteorological conditions for the dispersion of air pollution in autumn and winter with low temperature.
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1. Introduction


Numerous severe air pollution events have occurred in China since 2013. For example, in the Beijing, Tianjin and Hebei (BTH) region, severe air pollution events occurred during 21.7 days in January 2013 [1,2,3,4,5,6,7,8]. Even though there was little motor vehicle traffic and the suspended industrial production during the COVID-19 epidemic, some cities still encountered severe air pollution events (BTH occurred two large-scale air pollution events on January 23–28 and February 8–13) [9,10,11]. Many studies have shown that severe air pollution events have the following common characteristics: (1) These events occur frequently in autumn and winter [1,2,5,12,13,14,15,16]. (2) These events are accompanied by certain unfavorable meteorological conditions: low temperatures, calm winds, inversions, and high humidity (sometimes exceeding 90%) [1,6,10,11,14,17,18,19,20,21,22,23]. (3) They are recurring, and a typical severe air pollution event lasts approximately 6–9 days and can be divided into three stages: an accumulative rising stage (PM2.5 rising from 50 to 200 μg/m3 and humidity reaching 60%, lasting for 3–4 days); the peak stage (sharp increases in the PM2.5 level, sometimes increasing by several times in 1 h and reaching concentrations as high as 700 μg/m3; humidity exceeding 80%; lasting for 2–3 days); and a declining stage (featuring a cold wind or rain and decreases in both PM2.5 and humidity, returning to sunny conditions within 1 day). Each cycle is broken by wind or rain [4,8,17,19,21,22,24,25,26]. (4) These events often have a rapid onset and disappearance. Approximately 45% or more of the peak stage formed rapidly within 1–9 h, and approximately 50% of severe air pollution events quickly declined from the sixth pollution level (AQI > 300) to the second pollution level (AQI 51–100) within 1–8 h [4,14,19,21,25,27,28]. (5) The haze-fog itself is mainly composed of inorganic aerosols. Water-soluble sulfates, nitrates and ammonium (SNA) account for 35–60% of PM2.5 and are mostly in liquid-droplet form in the aqueous phase. The chemical composition of heavy haze-fog in the BTH region is basically the same [1,6,7,9,10,11,21,22,25,26,29,30,31,32,33,34].



The following primary factors are considered the cause of severe air pollution events: (1) Increased particulate emissions (mainly from industrial coal combustion and winter heating, and fuel consumption in transportation) [35,36,37]. (2) An unfavorable geographical location for air pollutant diffusion (specifically, the dustpan-like terrain in the BTH region) [24]. (3) The unfavorable meteorological conditions mentioned above and (4) interregional transfer (nearly 60% of particulate matter in Beijing is considered to come from the southwest direction of Hebei) [28,38,39].



In response to the frequent occurrence of severe air pollution events, various strict control measures have been implemented (energy conservation and emission reduction, clean energy development, shutdown of heavily polluting enterprises, motor vehicle number control, road driving restrictions, and the use of gas instead of coal etc.) [40,41]. Spraying water on roads to reduce dust or particulate matter is also one of these supplementary precautions. Hence, municipalities ranging in size from large cities to small county towns have been equipped with water-spraying and fog-spraying trucks (sprayers; Figure S1). However, the improvement in air quality has been unsatisfactory. The frequent occurrence of severe air pollution events in autumn and winter remains poorly understood. It is unclear why severe air pollution events are still so common after implementation of these measures. Aerial photographs of different cities (Figure S2) reveal that the grey-white haze-fog was close to ground level and did not exceed the height of residential buildings (generally 33 floors and 100 m high). One gradient monitoring study showed that PM2.5 concentrations were highest at 86 m above the ground [42]. This observation inspired us to ask the question: where did the grey-white haze-fog come from in cities full of many high-rise buildings and asphalt roads? Why did these events still occur under the situation of few motor vehicles traffic and the suspended industrial production during the COVID-19 epidemic? As fog is formed by the condensation of water vapor [43], we should first explore the development of conditions associated with condensation (condensation nuclei, high humidity, cold air, low temperature, etc.).



In this study, using water composition measurements, water-spraying simulation experiments and data analysis, we attempt to explore the following questions: Does spraying water on roads actually decrease air PM2.5 concentrations? Does it change the air humidity? Could spraying be a contributing factor to the formation of severe air pollution events? Our results will provide a basis for explaining the formation, prevention and control of severe air pollution events, and for researching the effects of anthropogenic aerosol on regional climates.




2. Materials and Methods


Experimental design: The purpose of all experiments was to explore and determine whether spraying water on roads increases air PM2.5 concentration and humidity. The water used to spray the roads is normally tap water or river water. Consequently, these two types of water were used in two separate experiments, while ultrapure water was used as a control. The experiments controlled the confounding factors that may affect PM2.5 concentration on roads (wind, humidity, temperature, air pressure, automobile exhaust and other air pollutants), and simulated the process of aerosol formation during water spraying, and the process of water evaporation and residue formation.



Calculation basis: In Y city, there are more than 100 water-spraying trucks or water sprayers (not including fog-spraying trucks or fog sprayers). The total amount of sprayed water per day is 8000 t (each water sprayer carries 20 t of water and sprays four times a day); 40,000 t of water is sprayed over the course of 5 days. The city’s main urban area is approximately 150 km2, and heavy haze-fog usually extends from the surface to a height of 100 m (Figure S2); therefore, the total volume of air used is calculated as follows:



Y city’s main urban area (150 km2) × 100 m height = 1.5 × 1010 m3.



Statistical analysis: All statistical analyses were performed using SAS software (Contract Site Number: 553024).



2.1. Water Composition Measurement


The purpose of the water composition measurement was to identify the main chemicals in the water and to estimate the amount added to the road surface and air after spraying water on the roads. Sulfate, nitrate and chloride were measured with ion chromatography (Thermo Electron Corporation, Waltham, MA, USA); lead, cadmium, arsenic, sodium, nickel and manganese were measured with inductively coupled plasma mass spectrometry (ICP-MS, Perkin Elmer, Waltham, MA, USA); chromium, ammonia nitrogen, chromaticity, turbidity, total hardness, total dissolved solids and total number of colonies were measured by the relevant standard methods [44].




2.2. Simulated Water Spraying Experiment


2.2.1. Five-Day Humidifying Experiment


The purpose of the five-day humidifying experiment was to investigate whether continuous humidification increases the air PM2.5 concentration and humidity, and their duration, by simulating the process of road spraying water and atomization or aerosolization (assuming that the sprayed water is completely aerosolized). The amount of water required for one chamber and one experiment was calculated using the air temperature and saturated humidity. It was necessary to do pre-experiments in order to assess a cumulative effect of fine particles and humidity just like the cumulative characteristics in severe air pollution events. Before each experiment, the PM2.5 in each chamber was removed by an air purifier, and the humidity was reduced by a dehumidifier. Then, humidifiers containing river water, tap water and ultrapure water were placed in 3 different sealed chambers, respectively, which were humidified for 40 min a day for 5 days (250 mL of water in total). The PM2.5 concentration, air temperature and humidity in each sealed chamber and in the surrounding room were measured and recorded before humidification and at different time points. Each parameter was measured twice and the mean of the two values was taken as the final measurement value. The experiment was repeated four times (N = 4) for each water type. The physical phenomena in each chamber during the experiment were also observed and recorded. The PM2.5 concentration was automatically measured (a laser particulate meter, Beijing JDHS Technology Co. Ltd, LD-5, Beijing, China), and the temperature and humidity were automatically measured and read (a digital device, Vaisala, HM 34, Tokyo, Japan). Differences in the PM2.5 concentration and humidity between the groups were analyzed using a general linear model. In addition, the wind speed, air temperature, pressure and volume, and the time and speed of humidification in the three chambers were the same or similar in our experiments, so that the only factor affecting the PM2.5 concentration and humidity was the type or components of water.




2.2.2. One-Time Humidifying Experiment


The purpose of the one-time humidifying experiment was to investigate the increase in PM2.5 concentration and humidity, and their duration, after one humidification event involving a large amount of water. The method was generally the same as the 5-day experiment but involved the release of all 250 mL of water over the course of 200 min.





2.3. Water Total Residue Measurement and Analysis


2.3.1. Residue Measurement


The purpose of the residue measurement was to estimate the amount of solid residue added to road surface and air by simulating the process of residues remaining after water evaporation on the road (assuming that the sprayed water is all left on the road). We used the constant weight method [44], which consisted of placing a 50 mL water sample in an evaporating dish at 77–77.3 °C in a thermostatic water bath, oven-drying for 1 h at 105 °C, cooling for 30 min, and weighing to a constant weight on an electronic balance. This was performed once a day for 5 days (250 mL water in total). Each experiment set was repeated three times (N = 3). The total residue was calculated as follows:



Total residue (mg/L) = residue and evaporating dish weight (g) − evaporating dish net weight (g) × 1000 × 1000/water sample volume (mL).



The difference in residue weight between groups was analyzed using a general linear model. The road residue and air PM2.5 after evaporation of the water were estimated based on the total amount of sprayed water, the residue weight and the total volume of air (1.5 × 1010 m3).




2.3.2. Residue Composition Analysis


The purpose of the residue composition analysis was to explore whether components in the residue were consistent with the components in the water. The residue remaining after evaporation was observed and imaged with electron scanning (Scanning Electron Microscope, SEM, Hitachi S-4800, Tokyo, Japan), and micro-area chemical element analysis was performed with spectroscopy (Energy Dispersive Spectrometer, EDS, INCA Energy 350, Oxford, England).





2.4. Impact of Spraying Water on Air Humidity


The impact of spraying different quantities of water on the increase in relative humidity (RH) at different temperatures was analyzed. The water content per cubic meter of air and the relative humidity when different amounts of water were sprayed on the roads were calculated according to the saturated humidity at different air temperatures, and the total volume of air (1.5 × 1010 m3). The difference in humidity between the groups was analyzed using a general linear model.




2.5. Relationship of PM2.5 to Air Temperature and Humidity


Based on data from Y city, air temperature and humidity characteristics at different PM2.5 concentrations were analyzed to explore the temperature and humidity conditions under which severe air pollution events are most likely to occur. The difference between days with different PM2.5 concentration was analyzed with a chi-square test (trend χ2), and non-conditional logistic regression was used to calculate the odds ratio (OR) and 95% CI (confidence interval) to further evaluate the risk of meteorological factors increasing the days of above-moderate pollution (PM2.5 ≥ 150 μg/m³). The variables were assigned as follows: temperature ≥ 10 °C = 0, temperature < 10 °C = 1; humidity < 56% = 0, humidity ≥ 56% = 1; PM2.5 < 150 μg/m3 = 0, PM2.5 ≥ 150 μg/m3 = 1. Wind speed and air pressure used their original values.





3. Results


3.1. Water Composition Measurement


Table 1 provides the amounts of the measured chemical components in water and the estimated values of these components on the road surface and in the air after spraying. For example, the chemical composition of tap water in decreasing order of abundance was total dissolved solids, calcium carbonate, sulfate, chloride, sodium and nitrate, and the concentrations of manganese, nickel, lead, cadmium, chromium and arsenic were low. If 8000 t of water were sprayed daily, the road surface and the air accumulated 652 kg and 43.5 μg/m3 sulfate, 233.6 kg and 15.6 μg/m3 chloride, and 41.92 kg and 2.8 μg/m3 nitrate, respectively. Compared with tap water, the river water contained higher concentrations of bacteria, ammonia nitrogen (which increased by 120 kg and 8.0 μg/m3 on the road and in the air, respectively) and manganese, but lower concentrations of nitrate (note that ammonia, nitrite and nitrate can change over time). The results suggest that both tap water and river water contain sulfate, ammonia, nitrates, and other compounds, and these components are expected to inevitably end up on the road surface or in the air when the two types of water are sprayed on roads.




3.2. Simulated Water Spraying Experiment


3.2.1. Five-Day Humidification Experiments


Figure 1 shows the PM2.5 concentration at different time points. For tap water, the PM2.5 concentration averaged only 5.5 μg/m3 before humidification (A). After the humidifying process ceased (B), the PM2.5 concentration increased from the first day to the second day (i.e., ranging from 6170.0 to 8270.3 μg/m3 at 20 min and from 1659.8 to 2451.8 μg/m3 at 24 h). However, the PM2.5 concentration started to decrease on the third day (possibly due to droplet formation on the inside wall of the sealed chamber) and was 1315.8 μg/m3 on the fifth day at 24 h. The PM2.5 concentration remained at 233.3 μg/m3 at 48 h and averaged 90.25 μg/m3 from 48 to 120 h (110.5 μg/m3 for river water). In panel B, the PM2.5 concentrations for both river water and tap water were higher than those for ultrapure water at each time point (see legend). The PM2.5 concentration in each sealed chamber was not affected by the PM2.5 concentration in the surrounding room. These results showed that continuous humidification with tap water or river water increased the PM2.5 concentration in the air and that the effect was cumulative. In addition, RH, temperature and physical changes at different time points were also recorded (see Figure S3).




3.2.2. One-Time Humidifying Experiment


The results of this experiment are shown in Figures S4 and S5.



In addition, the field measurements were performed twice, but it was difficult to precisely measure the PM2.5 concentrations, humidity and temperature immediately after water was sprayed on the road because of the rapid evaporation of the water and the considerable influence of wind, vehicles, sunshine and automobile exhaust, etc.





3.3. Water Total Residue Measurement and Analysis


3.3.1. Residue Measurement


Figure 2 shows the total solid residue in the evaporating dish (A) after water evaporation and the estimated values on the road surface (B-1) and in the air (B-2). For tap water, the total residue from 50 mL of water on the first day was 26.63 mg, and the total residue from 250 mL on the fifth day had reached 130.43 mg. Accordingly, spraying 8000 t of water on roads on the first day would add 4.261 t of total residue to the road surface and 284.1 μg/m3 of residue particles to the air (similar to the results in Table 1). Thus, spraying 40,000 t of water over five days would contribute 20.869 t of total residue on the road surface and 1391.3 μg/m3 to the air. The mean amounts of residue differed between the three types of water and the five levels of water quantity; the residue in tap water and river water were higher than those in ultrapure water (see legend). The road surface residue produced by spraying 8000 t of water per day is equivalent to the weight of dust emitted by burning 782 t of coal per day (calculated based on 6 kg of dust produced by an industrial boiler burning 1 t of coal). The above results show that the residues are likely to remain and accumulate on the road surface after the water sprayed on roads evaporates. In addition, it was found that the tap water residue easily absorbed moisture and adhered together, and that the river water residue was a light earthy yellow in color.




3.3.2. Residue Composition Analysis


The result of this experiment can be found in Figure S6.





3.4. Impact of Spraying Water on Air Humidity


Figure 3 shows the air RH changes with different water quantities at different air temperatures. The air RH gradually increased as the air temperature decreased and the amount of sprayed water increased. When the air temperature was 30 °C, spraying 8000 t of water on the first day increased the RH by only 1.75%, and spraying a cumulative 40,000 t of water over the course of five days increased the RH by only 8.81%. However, when the air temperature was 0 °C, spraying 8000 t of water increased the RH by 10.93%, and cumulatively spraying 40,000 t of water would increase the RH by 55.05%. In particular, the increased RH was different at different air temperatures and sprayed water quantities (see legend). Undoubtedly, this elevated RH (i.e., water vapor content), together with low temperatures in autumn and winter, would result in meteorological conditions unfavorable for air pollutant diffusion.




3.5. Relationship of PM2.5 to Air Temperature and Humidity


Table 2 shows the relational analysis between PM2.5 concentration and air temperature and humidity. Days with higher PM2.5 pollution levels were more common and gradually increased at temperatures < 10 °C and RH ≥ 56% (p < 0.0001). Days with heavy haze-fog corresponding to the highest PM2.5 pollution level (i.e., the 300 μg/m3 group, with an average concentration of 426.3 μg/m3) accounted for 39.2% of its group (31/79) and 83.8% of the year (31/37). In contrast, days with heavy haze-fog at temperatures < 10 °C and RH values < 56% accounted for only 3.6% (2/56) of the group and 5.4% (2/37) over the year.



Further analysis on the group of temperatures < 10 °C showed that severe air pollution events mainly occurred at temperatures < 5.0 °C and RH ≥ 56% (days with heavy haze-fog still were 31 days), which is consistent with the rapid increase and exacerbation of RH when water was sprayed on roads at air temperatures of 5 to −5 °C (Figure 3). These results indicate that severe air pollution events commonly occurred in autumn and winter because of the low temperatures and high humidity. In addition, the total number of days in the 200 and 250 μg/m3 groups accounted for 43.4% of the year [(9+14) / (26+27)]. However, in the remaining temperature and RH groups, the number of days in the different PM2.5 groups gradually decreased (p < 0.0001).



Multivariate logistic regression showed that the OR (95% CI) of increase in the days of above-moderate pollution (PM2.5 ≥ 150 μg/m³) for high humidity, low temperature, high air pressure and low wind speed were 9.957 (4.770–20.785), 2.890 (1.360–6.142), 1.006 (1.002–1.010) and 0.942 (0.896–0.990); their corresponding attributable risk percentages (AR%) were 89.96%, 65.40%, 0.60% and -6.16%, respectively. These results indicate that high humidity (≥ 56%), low temperature (< 10 °C) and high air pressure are favorable conditions for the occurrence of severe air pollution events, but high wind speed is not.





4. Discussion


Most studies of Chinese severe air pollution events come from China. These studies have shown that the frequent heavy haze-fog is characterized by high concentrations of water-soluble SNA particles [6,13,14,20,21,22,33], and have concluded that unfavorable meteorological and geographical conditions are the main causes of severe air pollution events [1,6,14,17,18,19,20,21,22,23,24]. One climate model simulation [45] indicated that boreal cryospheric forcing enhanced the regional circulation mode of poor ventilation in the East China plains region and provided conditions conducive to the formation of extreme haze events, such as those in 2013. However, if this hypothesis is correct, why did the extreme haze not occur in other countries?



There is no simulated water spraying experiment like ours so far although there are two smog chamber studies related to vehicle exhaust [46] and residential coal combustion [47]. Few studies have considered why these regional meteorological conditions have become so severe. Why is the air humidity so high? Where did the large amount of water vapor come from? Frequent severe air pollution events in urban areas no longer feature a direct causal link with industrial production after strict pollution control measures were implemented, so why do severe air pollution events still occur frequently? For example, four severe air pollution events occurred in November and early December of 2018 in China and were not limited to the BTH region; especially, these events still occurred in some regions under the situation of few motor vehicles traffic and the suspended industrial production during the COVID-19 epidemic [9,10,11]; consequently, there must be a common special cause across the country.



Spraying water into the air was initially applied to remove dust at mining and construction sites. Now, spraying water on roads has been used as a precaution to reduce dust and haze in various cities and counties in China [41,48]. However, our results suggest that this measure does not actually reduce the concentration of PM2.5 in the air for the following reasons.



Unlike ultrapure water, tap water (often purified in waterworks) and river water (often with more bacteria) contain more minerals and soluble salts, among other components (as detailed in Table 1 and Figure S6). These components are mostly consistent with some of the inorganic particles in heavy haze-fog occurring in autumn and winter [1,6,22,25,26,29,30,31,32,33,34].



Spraying water on a road with a high-pressure nozzle causes atomization of any substances suspended or dissolved in the water. The spraying process results in aerosolization of large numbers of water droplets and produces water mist (Figure S1), which is similar to the situation in which sea salt aerosols are generated from seawater spindrift [49,50]. Many substances dissolved or suspended in the water can be dispersed directly into the air along with the droplets. These aerosol particles range in size from 1 μm to tens of μm, with the actual size distribution depending strongly on many factors but particularly on the velocity of air passing through the aerosolized liquid. The size distribution of the initially formed droplets can be calculated if the concentrations of the substances and the air velocity are known, but this would be difficult with complex mixtures of components. After aerosolization, the fate of droplets depends on their size and the RH (the lifespan of water vapor and aerosol is about 10 days, and that of ammonium sulfate is approximately 6 days) [43,49]. All the droplets will start losing some water content by evaporation (unless RH is 100%). The larger droplets will immediately be deposited by gravitation. The smaller droplets, however, will stay suspended in the air, becoming even smaller with evaporation, adding to the existing PM2.5 levels. In addition, the water on the road evaporates quickly within 15–30 min, and the minerals and salts dissolved in the water may remain on the road surface and form fine particles (Figure 2 and Figure S6), which is similar to the way sea salt is produced after seawater exposed to the sun evaporates in beach salt ponds. These dry and invisible fine particles could be resuspended in the air by the instantaneous turbulence caused by vehicles even when there is no wind in the atmosphere. This process is similar to the mechanism by which dust is raised by vehicles crossing dirt road in the absence of wind. This is the addition to PM2.5 remaining after the sprayed water on the road evaporates.



The increase in RH is related to the increase in water vapor in the air and the decrease in air temperature. In the process of spraying water on roads, water is first introduced into the air by aerosolization (droplets), which thus increases the air humidity. Secondly, the evaporation of water on the road surface leads to an increase in water vapor, which further increases the air humidity. The maximum amount of water vapor (the saturated humidity) accommodated by 1 m3 of dry air varies at different temperatures (a physical principle) [49,51]. If the amount of water sprayed in the cold autumn and winter is the same as that in hot summer conditions, the RH will rapidly increase to a greater degree in the cold conditions than in the hot conditions (Figure 3). This is the addition to RH as a result of spraying and water evaporation.



It could be said that spraying water on the roads to reduce PM2.5 concentration actually results in the opposite effect to that intended, considering the scale of spraying water, and also involves significant costs.




5. Conclusions


The present study explored the impact of spraying roads with water on PM2.5 concentrations and humidity in the air. The spraying process, water evaporation, and the remaining residues all contribute to an additional increase in anthropogenic aerosol or PM2.5 and humidity. The same amount of water sprayed on days with low temperatures and calm wind, especially during daily continuous water spraying, may produce a greater increase in PM2.5 concentration and humidity in the cold autumn and winter than in the hot summer. Daily spraying of water on roads does not reduce PM2.5 concentrations in the air. Instead, the sprayed water may produce new anthropogenic aerosol or invisible fine particles and thus become a new source of air pollution. Undoubtedly, the increased anthropogenic aerosols, together with low temperatures in autumn and winter, will promote the formation of high-humidity meteorological conditions unfavorable for the air pollutant diffusion, and become the main cause of severe air pollution events in low-temperature weather.
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Figure 1. PM2.5 concentration in three sealed chambers and in the surrounding room before humidification (A) and after stopping humidification (B) in a five-day humidifying experiment. In panel B, PM2.5 concentrations between three types of water were different (DF = 2, F = 61.06, p < 0.0001), and PM2.5 concentrations between different time points (excluding ultrapure water) were also different (DF = 13, F = 55.5, p < 0.0001). Further multiple comparisons (LSD) showed that PM2.5 concentrations in tap water and river water were higher than those in ultrapure water (p < 0.05), but there was no difference in PM2.5 concentrations between tap water and river water (p > 0.05); the order of average PM2.5 concentrations between different time points was 20 min > 24 h > 48–120 h (p < 0.05). PM2.5 concentration decreased to a minimum on the fifth day after humidification ended. The marked numbers are the tap water results. 
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Figure 2. Total solid residue in the evaporating dish (A) for the three types of water and the estimated values of the residue on the road surface (B-1) and in the air (B-2). A: Evaporating 50 mL of water once a day for 5 d; each value on the curve was the mean from three experiments for each water sample. B-1 and B-2: Calculated from 8000 tons of water sprayed on roads during one day and the total volume of air (1.5 × 1010 m3). In panel A, the means of the residue between the three types of water were different (DF = 2, F = 90.79, p < 0.0001), and the means of the residue between the five quantities of water were also different (DF = 4, F = 18.75, p < 0.0001). Further multiple comparisons (LSD) showed that the residues in tap water and river water were higher than those in ultrapure water (p < 0.05), but there was no difference in the residues between tap water and river water (p > 0.05); the order of the average residue values between different water quantities was 200 and 250 mL >100 and 150 mL > 50 mL (p < 0.05). The marked numbers are the tap water results. 
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Figure 3. The increase in the relative humidity (RH) in the air after spraying water on roads for 5 days at different air temperatures. The RH varied between different quantities of water sprayed on the roads (DF = 4, F = 14.21, p < 0.0001), and between different air temperatures (DF = 7, F = 17.95, p < 0.0001). Further multiple comparisons (LSD) showed that the RH on the fourth and fifth day (i.e., 32,000 and 40,000 t of water) was higher than that on the first and second day (i.e., 8000 and 16,000 t of water, p < 0.05), but there was no difference between 8000 and 24,000 t of water. The RH at air temperatures of 5, 0 and –5 °C was higher than that at 25 and 30 °C (p < 0.05). 
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Table 1. The measured amounts for chemical components in the three types of water and their estimated values on the road surface and in the air.
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Measurement Parameters

	
Measurement Results (mg/L) †

	
Amount Added to Roads (kg) ‡

	
Amount Added to the Air (μg/m³) #




	
River Water

	
Tap Water

	
UP Water

	
River Water

	
Tap Water

	
UP Water

	
River Water

	
Tap Water

	
UP Water






	
Total number of colonies (CFU/mL)

	
2700

	
no

	
no

	
-

	
-

	
-

	
-

	
-

	
-




	
Chromaticity (Platinum cobalt color unit)

	
Light earth yellow

	
<5

	
<5

	
-

	
-

	
-

	
-

	
-

	
-




	
Turbidity (NTU)

	
20

	
<1

	
<1

	
-

	
-

	
-

	
-

	
-

	
-




	
Total dissolved solids

	
541

	
407

	
21

	
4328

	
3256

	
168

	
288.5

	
217.1

	
11.2




	
Total hardness (calculated as CaCO3)

	
321

	
250

	
5

	
2568

	
2000

	
40

	
171.2

	
133.3

	
2.7




	
Sulfate

	
123

	
81.5

	
0.23

	
984

	
652

	
1.84

	
65.6

	
43.5

	
0.1




	
Chloride

	
86

	
29.2

	
0.74

	
688

	
233.6

	
5.92

	
45.9

	
15.6

	
0.4




	
Ammonia nitrogen

	
15

	
<0.02

	
<0.02

	
120

	
<0.16

	
<0.16

	
8.0

	
0.0

	
0.0




	
Nitrate (calculated as nitrogen)

	
0.65

	
5.24

	
0.31

	
5.2

	
41.92

	
2.48

	
0.3

	
2.8

	
0.2




	
Sodium

	
53

	
16

	
0.9

	
424

	
128

	
7.2

	
28.3

	
8.5

	
0.5




	
Manganese

	
0.34

	
<0.01

	
<0.01

	
2.72

	
<0.08

	
<0.08

	
0.2

	
0.0

	
0.0




	
Nickel

	
0.009

	
0.0032

	
0.0002

	
0.072

	
0.0256

	
0.0018

	
0.0

	
0.0

	
0.0




	
Lead

	
<0.01

	
<0.01

	
<0.01

	
<0.08

	
<0.08

	
<0.08

	
0.0

	
0.0

	
0.0




	
Cadmium

	
<0.003

	
<0.003

	
<0.003

	
<0.024

	
<0.024

	
<0.024

	
0.0

	
0.0

	
0.0




	
Chromium

	
<0.004

	
<0.004

	
<0.004

	
<0.032

	
<0.032

	
<0.032

	
0.0

	
0.0

	
0.0




	
Arsenic

	
<0.003

	
<0.003

	
<0.003

	
<0.024

	
<0.024

	
<0.024

	
0.0

	
0.0

	
0.0








† The units are mg/L except for the total number of colonies, chromaticity and turbidity. ‡ Equal to the measured value multiplied by 8000 tons of water sprinkled on roads during one day (8000 tons = 100 (sprinklers) × 20 (load per sprinkler) × 4 (four times a day)). # Equal to the amount added to roads divided by total volume of air (1.5 × 1010 m3).
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Table 2. PM2.5 relation to air temperature and relative humidity in y city in 2013.
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TEMP (°C) †

	
RH (%) †

	
PM2.5 Groups (μg/m3)

	




	
<100--

	
100--

	
150--

	
200--

	
250--

	
300--

	
Total

	
p for Trend #






	
TEMP < 10

	
≥56

	
2 *

	
11

	
12

	
9

	
14

	
31

	
79

	
<0.0001




	

	

	
62.5 **

	
126.6

	
178.8

	
223.7

	
275.5

	
426.3

	
288.0

	




	

	
<56

	
32

	
12

	
5

	
2

	
3

	
2

	
56

	




	

	

	
60.8

	
121.6

	
176.2

	
234.0

	
265.3

	
421.0

	
114.1

	




	
10 ≤ TEMP < 20

	
≥56

	
11

	
9

	
8

	
6

	
9

	
4

	
47

	
<0.0001




	

	

	
69.5

	
125.0

	
167.4

	
221.7

	
269.8

	
345.8

	
178.1

	




	

	
<56

	
26

	
11

	
3

	
1

	
1

	
0

	
42

	




	

	

	
62.2

	
126.4

	
166.0

	
207.0

	
273.0

	

	
94.9

	




	
TEMP ≥ 20

	
≥56

	
42

	
32

	
17

	
8

	
0

	
0

	
99

	
<0.0001




	

	

	
66.4

	
125.7

	
174.5

	
227.4

	

	

	
117.2

	




	

	
<56

	
31

	
11

	
0

	
0

	
0

	
0

	
42

	




	

	

	
57.2

	
126.7

	

	

	

	

	
75.4

	




	
Total

	

	
144

	
86

	
45

	
26

	
27

	
37

	
365

	




	

	

	
62.6

	
125.4

	
174.0

	
224.5

	
272.4

	
417.3

	
154.1

	




	
TEMP < 5 ‡

	
≥56

	
1

	
7

	
8

	
7

	
13

	
31

	
67

	
<0.0001




	

	

	
39.0

	
132.1

	
181.0

	
219.4

	
276.8

	
426.3

	
309.9

	




	

	
<56

	
17

	
2

	
2

	
1

	
2

	
2

	
26

	




	

	

	
61.2

	
131.5

	
183.5

	
243.0

	
265.0

	
421.0

	
126.4

	




	
5 ≤ TEMP < 10 ‡

	
≥56

	
1

	
4

	
4

	
2

	
1

	
0

	
12

	
0.0059




	

	

	
86.0

	
117.0

	
174.3

	
238.5

	
259.0

	

	
165.6

	




	

	
<56

	
15

	
10

	
3

	
1

	
1

	
0

	
30

	




	

	

	
60.3

	
119.6

	
171.3

	
225.0

	
266.0

	

	
103.5

	




	
Total ‡

	

	
34

	
23

	
17

	
11

	
17

	
33

	
135

	




	

	

	
60.9

	
124.0

	
178.0

	
225.5

	
273.7

	
426.0

	
215.8

	








† TEMP: air temperature; RH: relative humidity. ‡ Further analysis for the air temperature <10°C group. * Days with different PM2.5 concentration groups. ** PM2.5 concentration (mean, μg/m3) for different days. # Trend test for different days with different relative humidity values but the same air temperature.
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