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Abstract

:

A variety of methods have been used to study atmospheric bioaerosols. A common technique employed for the detection and measurement of bioaerosols is the measurement of the autofluorescence of biological particles when excited by ultraviolet light. We examined the changes in the fluorescence spectra of bioaerosols when exposed to ambient outdoor conditions for periods of several hours. The bioaerosols in this study were contained in a Captive Aerosol Growth and Evolution (CAGE) chamber that employed two rotating drums constructed with an exterior FEP Teflon film to allow sunlight to penetrate and an inner ePTFE membrane to allow ambient trace gasses to permeate the drums. The bioaerosols were periodically measured with a TSI UV-APS (excited at 355 nm) and a single-particle fluorescence spectrometer (excited at 351 and 263 nm). The data indicate changes in both fluorescence spectral profile and intensity from Bacillus thuringiensis var. kurstaki spores and MS2 bacteriophage particles during the experiments. The changes observed in these particles appear to be due to a combination of the environmental conditions rather than attributable to any single factor. The results of this study indicate that bioaerosols are significantly altered by atmospheric aging processes and that these changes may affect measurements by ultra-violet light induced fluorescence (UV-LIF) or other spectroscopic techniques.
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1. Introduction


The detection and characterization of ambient biological particles is relevant to many scientific fields, including human health [1,2,3], the atmospheric water cycle such as cloud condensation or ice nuclei [4], biological defense [5], and the characterization of ambient microbiomes [6,7]. Traditional approaches to characterizing biological aerosol particles or bioaerosols involve the collection and analysis of viable or infectious microbes by culture and biochemical assays [5,6,7] and are limited by the lack of culturability of many environmental microbes [8].



Biological particles exposed to environmental conditions can undergo changes that impact their viability or infectivity [9,10,11,12]. Previous studies have indicated that microorganisms are susceptible to various environmental stresses. These environmental stresses include factors such as solar radiation, humidity, and chemical processes that result in secondary organic aerosol formation, often referred to as the open-air factor (OAF [9,10,11,12,13]). Changes in bioaerosols due to exposure to these environmental factors may impact the ability of some measurement techniques, i.e., ultra-violet light-induced fluorescence (UV-LIF [13,14,15,16,17,18]); polymerase chain reaction (PCR [19]); and protein detection such as immunoassays, to accurately measure the properties of ambient bioaerosols. These effects impact both the viability of atmospheric bioaerosols, as well as our ability to measure them by spectroscopic and molecular methods.



Few studies have attempted to investigate the impact of ambient conditions on the measurement of biological particles. Adhikari [20] examined seasonal variations in the concentration of pollen and fungal aerosols compared with ambient atmospheric conditions and found that temperature and ozone may influence those bioaerosol concentrations. Chi and Li [5] studied the size distribution and concentration of bioaerosols as a function of various pollutants and noted that bioaerosol concentration is impacted by solar radiation, relative humidity, and haze. Han [6] found that the concentration and size distribution of culturable fungi and bacteria correlated with the concentrations of SO2, PM10, PM2.5, NO2, and O3; ambient temperature; and relative humidity. Chi [21] used fluorescent microscopy and microbial cultures to examine the relationships between meteorological factors, and culturable and non-culturable aerosols and reported strong correlations of the total bioaerosol content with temperature, rainfall, and solar radiation. Kowalski and Pastuszka [22] also found significant relationships between temperature and solar radiation on viable fungal and bacterial aerosol. Santarpia [23] noted that changes in relative humidity impacted the number of biologically fluorescent particles measured with a 405 nm excitation. Laboratory studies from Pecson et al. [24], Jung and Lee [25], and Schuit et al. [26] have demonstrated that UV radiation, electromagnetic radiation from microwaves, and thermal radiation from conventional heating have similar effects on the inactivation or decontamination of bacterial spores and bioaerosols of B. anthracis, B. subtilis and B. thuringiensis, the MS2 bacteriophage, and E. coli. Verreault et al. [27] and Peccia et al. [28] demonstrated the effects of relative humidity on the inactivation and optical properties of bioaerosols during UV irradiation and/or at high temperatures. Changes in bioaerosol properties in the natural environment involve many different chemical reactions that occur on multiple time scales (minutes, hours, and days) and may involve sequential reactions with one or multiple chemicals. For example, ozone not only modified the molecular structure and generated new chemicals by interacting with protein in bioaerosols but also resulted in the inactivation of bioaerosols and the loss of viability [29,30,31]. Alkanes, alkenes, aromatic hydrocarbons, and volatile organic compounds (VOCs) also react with bioaerosols via ozonolysis and photo-oxidation, etc. to change the properties of bioaerosols [32,33]. The results of these studies are indicative that ambient conditions (temperature, relative humidity, and solar radiation) and pollutant species (SO2, NO2, and O3) influence measured bioaerosol concentrations. The complexity of the atmospheric conditions complicate the study of bioaerosol property in the outdoor environment, as reviewed by Šantl-Temkiv et al., and there are many challenges in performing research in this field [34].



In the present study, an outdoor chamber designed to allow ambient environmental factors including solar radiation, relative humidity, temperature, and trace gasses to penetrate its interior was used to study the changes in aerosolized bacteria (Bacillus thuringiensis var. kurstaki) and viruses (the MS2 bacteriophage) at a site located near a highway in the National Capitol Region. The chamber design integrated the concepts of ambient smog [35,36] and rotating drum chambers (e.g., Goldberg [37]) to retain micron-sized biological particles suspended as aerosols for several hours for observation outdoors.




2. Materials and Methods


2.1. CAGE System


The Captive Aerosol Growth and Evolution (CAGE) chamber system (Figure 1; [38]) is a rotating and sun-tracking chamber system that was designed to study the evolution of aerosols under conditions identical or similar to those of the surrounding atmospheric environment. The system consists of two chambers, each constructed from three concentric, thin-film cylinders. The system was designed to rotate in order to keep super-micron particles aloft for hours [15,16,17,19,39,40,41]. At each end of the chambers are inlets and outlets connected by rotary unions that allow for the introduction and sampling of particles or gas-phase species. The chamber walls are constructed of fluorinated ethylene propylene (FEP) Teflon, which is transparent to natural solar radiation [36] and is chemically inert. The cylinder end-caps are constructed of a gas-permeable expanded polytetrafluoroethylene (ePTFE) membrane to allow for gas exchange between the inside of the chamber and the local ambient environment. This chamber system allowed for aging of the bioaerosols directly outdoors in the ambient environment while maintaining the particles aloft in the chambers for several hours.



During this study, experiments were conducted for up to seven hours, with the platform rotating to track the sun [38]. Although a second control chamber was a part of this design, only a single chamber, the atmospheric chamber (Figure 1a), was used to generate these data, which allowed particle-filtered ambient air to be exchanged with the chamber air. Throughout the experiments, the chamber rotated at approximately 1 rpm. The chamber configuration used only two of the three chamber walls: the reactor volume and the outer insulating volume. The recirculating blowers ran in the outer volume, and a controlled vacuum that maintained the reactor volume bag taut under negative pressure was applied.




2.2. Experimental Design


The fluorescence of MS2 and Bacillus thuringiensis var. kurstaki (Btk) aerosol particles was measured during the month of October during 2012 in the CAGES chambers in Adelphi, MD (39.029–76.966). Measurements of Btk were made on 3–5 October 2012. Two separate experiments were performed on 3 October 2012: one in the morning (08:50–13:15 LT) and one in the afternoon (15:35–20:06 LT). One complete measurement was made on 4 October 2012 (10:48–19:55 LT), and another was made on 5 October 2012 (09:15–13:07 LT). Measurements of MS2 aerosol particle fluorescence were carried out on 15 October 2012 (09:05–18:00 LT), 16 October 2012 (09:00–16:00 LT), 17 October 2012 (09:25–18:15 LT), and 18 October 2012 (09:05–17:30 LT).




2.3. Preparation, Enumeration, and Generation of Bioaerosols


2.3.1. Btk Spores


The Btk spores were generously provided by Dugway Proving Grounds for this study. The spores were rehydrated to a concentration of 1 mg/mL in 0.22 μm sterile-filtered deionized water to produce a target particle size of approximately 2 µm. This stock suspension was vortexed for two minutes and refrigerated until utilized for the experiments. The resulting aerosol suspension concentration was approximately 8 × 105 CFU/mL.



The bacterial stocks were enumerated in triplicate by plating on Tryptic Soy Agar (TSA) plates using a Spiral Biotech Autoplate (50 μL exponential setting) and incubated overnight (sixteen hours) at 37 °C. A Spiral Biotech Q-Count calculated the number of colonies and the resulting concentration.




2.3.2. MS2


The male-specific bacteriophage (MS2, ATCC 15597-B1, American Type Culture Collection, Gaithersburg, MD, USA) production and plaque assays utilized Escherichia coli str. C-3000 (E. coli ATCC 15597, American Type Culture Collection, Gaithersburg, MD, USA) as the host organism. The recommended medium, EM 271, was prepared by combining and autoclaving 1% tryptone (BD 211705), 0.1% yeast extract (BD 212750), and 0.8% NaCl (Sigma S7653) (w/v). Agar (BD 214010) was added as a solid medium at 1.5%, and the resulting autoclaved medium was supplemented with 0.1% glucose (Sigma G5767, Sigma-Aldrich, Inc., St. Louis, MO, USA), 0.0294% CaCl2 (Sigma C7902, Sigma-Aldrich, Inc., St. Louis, MO, USA), and 0.001% thiamine (Sigma T5941, Sigma-Aldrich, Inc., St. Louis, MO, USA) (w/v, sterile-filtered). E. coli C-3000 host cultures were propagated from glycerol stocks by overnight incubation on EM 271 agar at 37 °C. Individual colonies were harvested, placed into EM 271 broth, and incubated (37 °C, 200 RPM). Previously frozen MS2 stock was resuspended in EM 271, and 100 μL was used to inoculate the E. coli culture prior to the culture reaching the stationary growth phase. Incubation of the MS2 and E. coli suspension continued for eighteen hours. The overnight suspensions were harvested and diluted to 1:25 to produce a target particle size of approximately 2 µm for the aerosol experiments. The phage concentration was quantified by plaque assay prior to aerosolization. The concentration of the MS2 phage used in the experiments prior to aerosolization was approximately 8 × 109 PFU/mL.



The MS2 concentrations were determined by a plaque assay of stock serial dilutions, utilizing the same C-3000 strain of E. coli. Single colonies of E. coli were inoculated into EM 271 and incubated (37 °C, 200 RPM) until reaching the log-phase. The E. coli was co-inoculated with 0.5 mL of serially diluted MS2 into EM 271 containing 0.5% agar and was kept melted in a 46 °C water bath. The tube was then gently mixed, decanted onto EM 271 plates, and incubated overnight at 37 °C.





2.4. Aerosol Generation


The aerosol was generated using a 120 kHz ultrasonic spray nozzle (Sono-Tek, 06-04010, Sono-Tek Corporation, Milton, NY, USA), with a 30 mL syringe and pump (Sono-Tek, 11-01061) set to infuse the liquid suspension at a rate of 100 μL/min. The broadband ultrasonic generator (Sono-Tek, 06-05108) used to control the nozzle frequency and power was set to 3 W. The nozzle of the Sono-Tek was placed at the top of an aerosol capacitance chamber (ACC; [42]) to allow for mixing and initial evaporation of the droplets (initially 18 μm diameter) prior to them entering the CAGES. The aerosol was introduced into the CAGES from the ACC at a flow rate of 5 Lpm.




2.5. Aerosol Size, Concentration, and Fluorescence Measurement


A commercial UV-APS (UV-APS 3314, TSI, TSI Incorporated, Shoreview, MN, USA) was used to measure the aerodynamic particle size distribution and the integrated fluorescence intensity distribution (between 430 and 580 nm) when excited by a 355 nm laser. Sampling from the CAGES with the UV-APS was limited to 1 Lpm by attaching only the inner sample-flow inlet to the drum and letting the instrument pull the sheath air (4 Lpm) from the surrounding environment.



A single-particle fluorescence spectrometer (SPFS) [14,15,17] was used to measure the fluorescence spectra of individual bioaerosol particles from the CAGES system. The SPFS provides the dispersed fluorescence spectra from 280 to 560 nm excited by a 263 nm laser pulse, the dispersed fluorescence spectra from 380 to 650 nm excited by a 351 nm laser pulse, and an elastic scattering intensity resulting from illumination of a 685 nm laser for determining particle size. The fluorescence intensity for each particle was normalized for size by dividing by factors of d2.05 (d is the diameter of the particle) for 263 nm excitation and d2.8 for 351 nm excitation [14,17].




2.6. Ambient Environmental Measurements


During the experiments, ambient ozone and solar intensity were monitored on site using a 49i Ozone Analyzer (Thermo-Fisher, Thermo-Fisher, Lenexa, KS, USA) and a Precision Spectral Pyronometer (PSP, Epply Laboratory, Eppley Laboratory, Newport, RI, USA). Relative humidity (RH), temperature, oxides of nitrogen (NO, NO2, NOx, and NOy), SO2, and UVB intensity data were obtained from Maryland Department of the Environment (MDE) from the Beltsville, MD, air-quality-monitoring site, located approximately 8 km northeast of the experiment site. The ozone concentration was recorded and either time-averaged between measurements to produce ozone concentration (ppb) on the same time scale as aerosol fluorescence measurements or integrated over the course of the experiment time to produce an integrated ozone concentration–time product (dose).





3. Results and Discussions


The average size distributions of the particles aerosolized into the CAGES, measured by the UV-APS, indicate that both the MS2 and Btk aerosols had mode diameters around 2.28 µm and geometric standard deviations between 1.3 and 1.4 (Figure 2). Data from two 7 h tests carried out on 4 October (Btk) and 17 October (MS2) demonstrate typical particle decay, as measured by the UV-APS observed in the CAGES during this study. The mean decay rate on October 4 was at (0.20 ± 0.03) log10(particles/hour) and the mean decay rate on 17 October was (0.22 ± 0.02) log10(particles)/h.



Four experiments were conducted with Btk, in which dispersed fluorescence spectra from single Btk particles were collected along with ambient environmental data from local instruments and regional air-quality-monitoring stations. During this period, only a subset of the ambient data was available (temp, RH, NOy, NO, O3, solar radiation, and UVB intensity). Fluorescence spectra were collected at regular intervals (approximately hourly) to examine their changes in the spectral profiles and intensities due to atmospheric aging of the particles over time. Representative spectra from the experiments performed on 4 October 2012 (Figure 3a,b) demonstrate a marked reduction in the fluorescence intensity across the entire range of measured emission wavelengths for both excitation wavelengths at 263 nm and 351 nm. A similar decay in intensities was observed in all experiments. The UV fluorescence peak intensity around 330 nm was slightly blue-shifted during the aging process.



For experiments conducted with the MS2 phage, the fluorescence spectra were measured approximately hourly and exhibited significant reductions in intensity for both excitation wavelengths across a wide range of emission wavelengths (Figure 3c,d).



Fluorescence intensity was integrated into three emission bands (UV263, Vis263, and Vis351) and plotted verses time for all measurements for Btk (Figure 4) and MS2 (Figure 5). UV263 represents the integrated fluorescence intensity between 280 to 400 nm excited at 263 nm. Vis263 is the integrated fluorescence intensity between 400 to 580 nm excited at 263 nm. Vis351 is the integrated fluorescence intensity between 380 to 650 nm excited at 351 nm. These integrated emission bands simplify the fluorescence intensity and spectral features so that the fluorescence data can be easily compared with the ambient environmental data. The temporal trends in the fluorescence bands generally decline in fluorescence intensity over the course of every experiment, as seen in Figure 4 and Figure 5, although they have different decay rates and curves at different environmental conditions.



The strengths of the impacts of various ambient conditions on the three fluorescence bands of bioaerosols were investigated using Pearson’s R values. These R values were calculated by pairing each fluorescence band with each ambient condition as a variable, as shown in Figure 6 for Btk and in Figure 7 for MS2. The ambient environmental conditions were either average hourly (the intensity) or integrated over time (the product of time and intensity, or the dose) to facilitate a comparison with the fluorescence bands. Therefore, each of the ambient factors shown on the horizontal axis in Figure 6 and Figure 7 were either the average hourly intensity or the integrated dose over the time period between two fluorescence measurements (approximately 1 h). The doses of ozone, solar, and UVB radiation were integrated for comparison. The change rate of each fluorescence band (d(band intensity)/dt) was calculated using a three-point finite difference scheme to facilitate comparisons with averaged and integrated ambient measurements.



The patterns indicated by the Pearson’s R value for each pairing is shown as a heatmap in Figure 6 and Figure 7 with respect to each of the integrated fluorescence bands (UV263, Vis263, and Vis351) when paired with either the average environmental conditions or integrated O3, solar, or UVB radiation. There are strong anticorrelations between the 263 nm excited fluorescence intensity (both UV263 and Vis263 bands) and the integrated ozone, total solar, and UVB radiation. In Figure 6 (Btk), these R vary from −0.6 to −0.67 for UV263 and from −0.5 to −0.59 for Vis263 band. In addition, moderate anticorrelations are observed for the Vis351 band with the three integrated conditions (R varying from −0.26 to −0.40); in contrast, the Vis351 band has slight to moderate correlations for the corresponding averaged conditions (R varying from 0.16 to 0.33). In Figure 7 (MS2), R varies from −0.71 to −0.83 for UV263 and from −0.71 to −0.81 for Vis263 band. This strong anticorrelation continues with the Vis351 band, where R varies from −0.75 to −0.86, compared with the moderate anticorrelation for Btk in Figure 6 discussed above. However, the anticorrelations between the fluorescence and the average O3, solar, or UVB radiation are generally much weaker, with a few notable exceptions, such as Vis351 with O3 for MS2 (R = −0.74) and Vis263 with solar radiation for Btk (R = −0.57). UV263 and Vis263 on Oct 4 for Btk (Figure 4) and on 15–16 October for MS2 (Figure 5) showed near exponential decays in their aging processes upon the combined effects from all variables. Therefore, the relationships between the fluorescence and integrated O3, total solar, or UVB radiation can be reasonably described by a linear model but not for the average values of the acting environmental conditions.



Due to the general collinearity between UVB, total solar, and O3, these data cannot be used to definitively determine the specific role of any variable; however, a systematic check of all the relationships provides additional insights into the atmospheric aging mechanisms. Further close examination of the effects from the averaged ozone indicate that they are also anticorrelated with all fluorescence bands for MS2 (Figure 7) but appear correlated with the change rate of Vis351 (d(Vis351)/dt). With Btk (Figure 6), the RH and NOy also appear to have strong anticorrelations with the Vis351 band (R = −0.67 and −0.57, respectively), while the change rate of Vis351 (d(Vis351)/dt) is correlated with NO (R = 0.61). The average hourly solar intensity is anticorrelated with both fluorescence bands excited at 263 nm (R = −0.51 and −0.57 for UV263 and Vis263, respectively). Furthermore, the change rate of the UV263 band (d(UV263)/dt) shows a significant anticorrelation with NO (R = −0.70). Visible fluorescence excited at 351 nm (Vis351) shows a strong correlation with temperature and an anticorrelation with RH. Generally, temperature and RH are anticorrelated.



The anticorrelation between fluorescence and integrated ozone, total solar, and UVB radiation is relatively strong. However, the rate of change in the Vis351 band (d(Vis351)/dt) in MS2 appears to be strongly correlated with the averaged ozone intensity, integrated ozone, total solar, and UVB radiation (R = 0.68–0.71; Figure 7). This means that the Vis351 band intensity decreased increasingly slowly, while the doses of ozone, solar, or UVB radiation increased. Conversely, the Vis351 band is correlated with the oxides of nitrogen, with R = 0.52, 0.51, 0.56, and 0.58 for NOy, NO, NO2, and NOx, respectively, while the change rate [d(Vis351)/dt] is anticorrelated with the oxides of nitrogen, with R = −0.62, −0.65, −0.56, and −0.62 for NOy, NO, NO2, and NOx, respectively.



Overall, the changes in Btk fluorescence observed were less well correlated with the environmental conditions than the changes in MS2. This is likely due to the differences between the particles. The aerosolized Btk particles had a mode size of 2 µm, mainly composed of spores. The spores likely have concentrations of fluorophores (such as tryptophan and NADH) comparable with, or in the range of, those in vegetative cells. By contrast, the mass of 2 µm MS2 particles are likely composed of dried spent E. coli lysate and growth media, and much less viral mass, given the small size of the MS2 virus. The fluorescence is likely to be predominantly from the matrix, rather than from the virus. A quick calculation reveals that a 17 µm droplet generated by the Sonotek from the phage stock at ~8 × 109 virons/mL that dries down to 2 µm likely contains about 20 MS2 viruses that make up only about 0.5% of the particle volume. This small fraction and previous work with lysates indicate that the lysate media is likely the dominant source of fluorescence, which is consistent with the previous observations [43]. Laboratory studies have also demonstrated that trace gasses impact the MS2 virus in this type of particle [14].



In general, the relationship between ozone and the decay in the UV fluorescence band (UV263) is likely explained by tryptophan ozonolysis–hydrolysis, which is consistent with the laboratory observations [14,15,16,17,18], especially with the high ambient humidity (e.g., RH above 40%) during all experimental times. The decay in the Vis351 band was likely due to the photodegradation by UVB (300 to 400 nm), which was the probable process causing the observed decrease in 351 nm excited fluorescence. Laboratory data [14,15,16,17,18] have also indicated that ozonolysis can increase the fluorescence intensity excited by 351 nm (Vis351). Although this process has been demonstrated in the laboratory, it appears that the changes observed in the Vis351 band in this study are likely dominated by photodegradation [13,14,15,16,17,18].



The atmospheric aging processes of bioaerosols, which are expressed here in averages of the measured two-wavelength excited fluorescence spectra of individual single bioaerosol particles, are much more complicated than the simple addition of the individual effects from each of the environmental conditions when the bioaerosol particles are exposed to the mixtures of reactive species (e.g., O3, NO, NO2, NOx, NOy, and SO2) under various meteorological conditions (e.g., solar/UVB radiation, RH, and temperature). The induced changes, the mechanisms of change, and the rates of change can all be different due to different combinations of the environmental variables, including (1) which variables are present, (2) the intensities or concentration of each of the variables, and (3) the interaction times for each of them. Therefore, the correlations or anticorrelations between the intensities of fluorescence bands and the individual conditions presented in Figure 6 and Figure 7 are only a very approximate representation of the complex relationships between the changes in the fluorescence of biological particles due to their exposure to environmental conditions and are far from a precise description of their combined effects. Although it is tempting to attempt to develop models of decay as a function of these variables, it is not possible to isolate the impacts of each variable without laboratory studies to investigate each variable and combinations of variables in a systematic way.




4. Conclusions


In September and October of 2012, experiments were conducted to investigate the changes in UV LIF spectra from MS2 and Btk aerosols in an outdoor Captive Aerosol Growth and Evolution (CAGE) chamber system consisting of two rotating drum chambers, into which the bioaerosols that were injected remained aloft inside and freely interacting with the surrounding atmospheric environments. Spectral changes in the UV LIF signatures of these particles over many hours along with measurements of the local environmental conditions (temperature, RH, NOy, NO, O3, solar radiation, and UVB intensity) were observed. The results were analyzed using Pearson’s R values, and some strong anticorrelations and correlations were found between the changes in fluorescence intensity and some environmental conditions, and the resulting mechanisms that may be responsible for the observed phenomena in UV LIF. This work provides a glimpse into some of the complex mechanisms that contribute to atmospheric aging processes for biological aerosols and provides a guide for additional laboratory studies. Such laboratory studies are needed to elucidate the mechanisms of decay needed to explain these observations.
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Figure 1. (a) Diagram (top) and (b) photographs (bottom left) of the Captive Aerosol Growth and Evolution (CAGE) chamber system used in this study. (c) The aerosol generator, the single-particle fluorescence spectrometer (SPFS), the ozone analyzer, and the precision spectral pyronometer, etc. controlling and measuring devices (the bottom right photograph) within the truck trailer sitting at the right side of the bottom left photograph. 
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Figure 2. Normalized aerosol size distribution for MS2 (solid line) and Btk (dashed line) aerosol disseminated in this study. Shaded areas represent the standard deviation at each size. The means for Btk were calculated from experiments carried out on 3 and 4 October 2012, while the means for MS2 were calculated from experiments carried out on 15, 17 and 18 October 2012. 
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Figure 3. Representative wavelength resolved fluorescence spectra vs. time for Btk on 4 October 2012 (a,b) and MS2 on 17 October (c,d) at two excitation wavelengths: 263 nm (a,c) and 351 nm (b,d). 
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Figure 4. Changes in integrated fluorescence band intensities with time for Btk aerosol particles on 3 October (morning, top left; afternoon, top right), 4 October 2012 (bottom left), and 5 October 2012 (bottom right). 
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Figure 5. Changes in integrated fluorescence band intensities with time for MS2 aerosol on 15 October 2012 (top left), 16 October 2012 (top right), 17 October 2012 (bottom left), and 18 October 2012 (bottom right). 
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Figure 6. Heatmap of Pearson’s R values showing positive (red) and negative (blue) correlations between the intensities of the three fluorescence bands and their first derivative (change rates), and the measured ambient conditions and pollutant levels for experiments involving Btk aerosol. 
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Figure 7. Heatmap of Pearson’s R values showing positive (red) and negative (blue) correlations between the intensities of three fluorescence bands and their first derivative (change rates), and the measured ambient conditions and pollutant levels for experiments involving MS2 aerosol. 
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