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Abstract

:

Studying near-surface aerosol properties is of importance for a better assessment of the aerosol effect on radiative forcing. We employ the data from a near-horizontal lidar to investigate the diurnal behavior of aerosol extinction and single scattering albedo (SSA) at 349 nm. The response of these parameters to ambient relative humidity (RH) is examined for the data from a one-month campaign conducted in Chiba, Japan, during November 2017, a transition period from fall to winter. The Klett method and adaptive slope method are used in deriving the aerosol extinction coefficient from the lidar data, while the SSA values are retrieved using an aethalometer. Also, a visibility-meter is used to examine the aerosol loading inside the atmospheric boundary layer. It is found that the aerosol growth during the deliquescence phase is more readily observed than the contraction in the efflorescence phase. The decrease of SSA before the deliquescence RH is found for approximately 46% of the deliquescence cases, presumably representing the particle shrinkage of soot particles.
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1. Introduction


Observations of ambient aerosol optical properties near the ground are important for the Earth’s radiation budget, climate, visibility, pollution and health-related studies [1,2,3,4,5,6]. Results from these observations can also serve as ground truth data to compare aerosol products derived from satellite measurements. One of the methods to measure aerosol optical properties near the ground is the use of near-horizontal lidar operated continuously [7]. The majority of lidar studies to date have elucidated the behavior of aerosols and clouds at relatively higher altitudes (>0.5 km) [8,9,10,11]. Although continuous, near-horizontal measurements are still scarce, and this technique enables the determination of ambient optical characteristics of aerosols that are not easily observed by sampling. Most lidar systems (vertical and slant) are built and configured to have the overlap distance between the laser beam and receiver field-of-view (FOV) at a few hundred meters or more above the ground, making these systems not appropriate for near-surface aerosol studies [12,13,14,15]. A near-horizontal lidar, on the other hand, can provide information on diurnal changes of aerosols near the ground and possibly on the seasonal characterization of aerosol optical properties if operated continuously.



Compositions and optical properties of aerosols are influenced by various factors including local emission sources, advection on the regional level, long-range transport, as well as rain washout [16,17,18,19]. The present study reports the ambient aerosol behavior observed in the urban area of Chiba City, located in the southern part of the greater Tokyo metropolitan area.



Since the observation site (Chiba University) is located 3 km from the seashore along the eastern side of Tokyo Bay, the atmospheric aerosols are influenced by both urban and maritime particles. Through a long-term (seven years) sampling study conducted at Chiba University, Fukagawa et al. [20] reported that fine particles from anthropogenic emissions (such as ammonium sulfate and elemental carbon) dominate during winter, whereas coarse particles from natural origins (such as soil and sea salt) are more abundant during spring and summer. Using a stand-alone spectroradiometer, Manago et al. [21] performed measurements of skylight during the daytime under clear sky conditions and reported similar seasonal behavior of aerosol in Chiba [21]. In this paper, we describe a continuous, one-month observation using a near-horizontal lidar conducted in November 2017. This scheme enables the characterization of diurnal changes in the optical properties of ambient aerosols, even during a full-cloud cover (overcast) condition. The month of November is preferable, since it is a transition month from fall to winter, with a relatively stable atmosphere under low wind speed conditions. During the campaign period, the aerosol loading was relatively small (mostly less than 20 μg m−3), as explained below.



The influence of the ambient relative humidity (RH) on the hygroscopic aerosols has been studied in a number of previous researches [22,23,24,25,26,27,28,29], most of which were conducted using in situ sampling instruments. Single-particle measurements have elucidated how each aerosol particle having different chemical composition responds to the controlled change of RH in a chamber [30]. Studies of ambient particles with much more complex composition have usually relied on integrated nephelometers [31,32,33,34], wherein the flow rate, temperature and RH inside the instrument are controlled. However, ambiguities are unavoidable for correcting the underestimation of the aerosol scattering coefficient for factors such as the limited angular range (e.g., 7–170°) of the scattering measurement, the loss of relatively large particles due to the aerodynamic transport from the inlet pipe to the sample chamber, and the RH difference between ambient and instrumental [31,35,36]. More recently, lidars have been used to investigate the aerosol hygroscopicity, though the studies focused on higher altitudes (>500 m) [37,38,39,40]. In the present study, we characterize the properties of near-surface aerosols by means of optical instruments that are less susceptible to such corrections inherent in sampling. We employed a near-horizontal lidar to retrieve the aerosol extinction coefficient, αext, at 349 nm, together with a visibility-meter to measure αext at 550 nm. In analyzing the near-horizontal lidar data, we use the Klett method [41] with the premise of a well-mixed atmosphere, which can be validated from the range-dependence of the lidar signals. Besides, an aethalometer is used to observe the single scattering albedo, SSA, at 349 nm, in conjunction with the lidar-derived value of aerosol extinction. Although the observation of an aethalometer depends on the air sampling of the ambient atmosphere, the correction due to some loss of coarse particles (mainly due to aerodynamic transport) is considered to be of minor importance, since most of the absorptive particles (such as soot) are in the fine particle regime [42]. Ancillary instruments, such as a sunphotometer (daytime only), a vertical lidar by the National Institute for Environmental Studies (NIES; daytime and nighttime) [14,43], and a weather monitor (daytime and nighttime), are utilized to aid in categorizing the three sky conditions: clear-sky (less than 3 oktas of cloud cover), cloudy (partly cloudy to overcast, i.e., 3–5 to 8 oktas, respectively), and rainy (with intensities exceeding 15 mm/h), during the November 2017 campaign period. Here, the categorization of cloud coverage is adapted from the World Meteorological Organization (WMO) [44].



As a whole, this work aims (1) to demonstrate the capability of a near-horizontal lidar to detect the diurnal changes of aerosol optical properties near the ground, (2) to present the derived optical properties of aerosols during the change of season (November 2017, from autumn to winter) in Chiba, Japan, and (3) to characterize diurnal response of aerosol extinction coefficient with RH.




2. Weather and Aerosol Conditions in November 2017


A campaign was conducted at the Center for Environmental Remote Sensing (CEReS), Chiba University (35.63° N, 140.1° E), Chiba, Japan for the whole month of November 2017. According to the statistics of the Japan Meteorological Agency (JMA) Chiba station [45], the monthly value of total rainfall was 68.5 mm, and the mean and maximum wind speed were 3 and 8 ms−1, respectively.



Such low wind speeds indicate that the influence of soil or sea-salt particles due to strong winds was relatively small. From the data of three observation stations (operated by the local government) [46] around the current observation site, the monthly averages of PM2.5 concentrations were 12.6–13.4 μg m−3 (the maximum values of the daily mean were 21.6–23.2 μg m−3), indicating the limited aerosol loading in the lower atmosphere. The mean values of temperature and RH were 13.1 °C and 61%, respectively. The highest (lowest) temperature was 22.3 °C (2.9 °C) and the highest (lowest) RH was 96% (32%). Along with the mostly stable atmosphere, such occurrence of hot/cold as well as dry/wet conditions makes the month of November an ideal case to investigate the hygroscopic behavior of aerosol optical properties. Such a study during the seasonal transition will aid in the overall aerosol characterization that, in turn, can be used to model how aerosols affect the radiation balance in the atmosphere.




3. Instruments and Methodology


The data reported in this study are based on continuous measurements using the near-horizontal lidar [47,48], visibility-meter, aethalometer and weather monitor. Diurnal changes of near-surface aerosol parameters are analyzed and discussed at different visibility conditions, sky conditions and relative humidity (RH). Especially, the effects of RH during the deliquescence phase (increasing RH) and efflorescence phase (decreasing RH) are elucidated through the examination of αext and single scattering albedo (SSA). Since weather conditions, such as ambient temperature, wind velocity and rainfall, exert significant influence on aerosol behavior, we sorted the data into three sky conditions of clear-sky, cloudy and rainy. While the data taken during rain events are disregarded, the data before and after the rain are included in the analysis. Lidar data during rain events show the characteristics of rain rather than that of aerosols. The difference between the clear-sky and cloudy conditions is noteworthy since the insolation tends to invigorate the convection activities, resulting in the change in height of the atmospheric boundary layer. Also, the decrease in RH during the daytime is caused by solar radiation and the subsequent increase in air temperature.



Most of the instruments are located on the rooftop of an eight-story building in Chiba University, about 65 m above sea level. The campus is in the urban area of Chiba City, about 3 km away from the east side of Tokyo Bay, as shown in Figure 1. This situation makes the observation site ideal for covering the influence of both urban aerosols (predominantly from the northside and eastside of the site) and maritime aerosols (predominantly from the southside and westside of the site) during seasonal change. In the following, we will further discuss each of the instrumentation used in this study in more detail.



3.1. Near-Horizontal Lidar


The near-horizontal lidar system observes the north region to avoid direct solar radiation exposure. The elevation angle is 4°, implying that at the maximum observable range of 5 km, the equivalent altitude is approximately 350 m. Although the system is originally a plan position indicator (PPI) lidar that can perform a 360° azimuthal rotation [47,48], it was operated in a static mode during this one-month campaign period.



Figure 2 shows the schematic diagram of the lidar system, and Table 1 lists the lidar specifications. The light source is a diode-laser pumped Nd:YLF laser (Spectra-Physics, Santa Clara, CA, USA, Explorer 349) emitting at 349 nm wavelength with 60 ± 7 μJ pulse energy at 1 kHz pulse repetition rate. A photomultiplier tube (PMT, Hamamatsu Photonics, Japan, H10304-00-NN) is used as the receiver sensor in the aft-optics of a 30 cm diameter Cassegrain telescope. The PMT is connected to a transient recorder (Licel, Berlin, Germany, TR20-160) that records the backscattered signal with 5 min accumulation time at 7.5 m range resolution. The total extinction coefficient,    α  e x t  ′   , is derived using the Klett method [41] as


   α  e x t  ′   R  =   X  R      X    R c       α  e x t  ′     R c      + 2  ∫ R   R c    X  R  d R    



(1)







Here,    α  e x t  ′    stands for the sum of aerosol (Mie) and molecular (Rayleigh) extinction within the observation range; X(R) = P(R)R2 is the range-corrected signal (RCS) derived from the background-corrected and smoothened raw signal, P(R). In the Klett analysis, careful consideration is needed to determine the appropriate value of the far-end boundary, Rc [41]. Here we define Rc from the condition that in the plot of the natural logarithm of the RCS curve against the range, a straight line (with a constant, negative slope) can reasonably be defined between the near-surface peak (RCSpeak) and RCS at Rc with a correlation factor of r2 ≥ 0.98 (see Figure 3). This condition ensures a well-mixed layer along the lidar path, and hence, the applicability of the Klett analysis.



The range corresponding to RCSpeak varies between around 400 and 800 m, representing the balance between the lidar overlap function and the effect of the aerosol profile (i.e., backscattering and extinction) along the lidar path. The resulting value of Rc, on the other hand, changes between 1.3 to 5 km on non-rainy days, and this depending on the aerosol loading. Subsequently, we employ the adaptive slope method [38] to estimate the value of    α  e x t  ′   (Rc).



This method relies on the premise that the atmosphere has a well-mixed aerosol layer existing below the maximum, covered altitude. Even without the effects of low-level clouds and fog, considerations are imposed for any inhomogeneous distributions, such as high aerosol loading at the far-end (e.g., from factory plumes or other sources), since this could induce uncertainties on the measured slope that may influence errors in the derived    α  e x t  ′   . Nevertheless, even with the uncertainties from the initial value of    α  e x t  ′   (Rc), the advantage of the Klett method is that the dependency of the solution on the initial estimate of the extinction coefficient at the far-end, decreases with decreasing R as discussed by Klett [41], and further verified by Matsumoto and Takeuchi [49]. Furthermore, it is noted that in Equation (1), the extinction-to-backscatter ratio (or lidar ratio, S1) is not explicitly included, though the S1 parameter is indispensable in the case of the Fernald solution [50].



Figure 3 shows the range dependence of (a) ln(RCS) and (b) the total extinction coefficient,    α  e x t  ′   (R), derived for the two cases of clear-sky (black line) and high aerosol loading (red line) conditions. As seen from Figure 3a, a range of around 1 or 2 km with a nearly constant slope can be found just after RCSpeak. Figure 3b shows the profiles of the total extinction coefficient calculated using Equation (1). Here our analysis focuses on the aerosol extinction coefficient at the near-surface peak, αext(RCSpeak), to obtain values as close to the surface level as possible. This implies that we assume the homogeneity in the atmospheric layer (around 30–55 m in altitude from the rooftop) between the lidar observation point and the ancillary instruments, even though the curves shown in Figure 3 exhibit non-constant behavior due to the lidar overlap function. Then, the aerosol extinction coefficient, αext(RCSpeak), is derived by subtracting the molecular contribution,    n  T · P      z o    ·  σ  m o l e c u l e s    , due to Rayleigh scattering [51]. Here,    n  T · P      z 0      is the molecular density at the surface level under temperature T and air pressure P (at 15 °C and 1 atm, we have    n  T · P      z 0      = 2.5469 × 1025 m−3), and    σ  m o l e c u l e s     = 2.815 × 10−30 cm2 is the molecular cross-section at 349 nm. It is noted that the difference between    α  e x t  ′    and    α  e x t     is small, in the range of 8% to 14% of    α  e x t    . The errors included in    α  e x t     are due to (1) the value of    α  e x t  ′   (Rc), (2) the correction of Rayleigh scattering, and (3) the inhomogeneity assumption in the altitude range of 30–55 m in altitude from the rooftop where the lidar system is located. From the evaluation based on typical lidar signals, we find the error in    α  e x t     arising from these causes is ±8%.




3.2. Visibility-Meter and Aethalometer


Meteorological optical range (MOR) data are routinely obtained every minute using a visibility-meter (present weather detector; Vaisala, Helsinki, Finland, PWD52) operated at the rooftop 4 m above the lidar system. The measurement is based on the detection of light scattered at 45° and converted to horizontal visibility, V, between 0 and 35 km. Although the scattering is measured in near-infrared (875 nm), the system automatically converts the result to the value of V at 550 nm [52]. Here the value of V represents the contribution only from the aerosol extinction, since the molecular (Rayleigh) contribution has already been removed in the conversion procedure. The accuracy of this instrument is within ±10% for 1–10 km and ±15% for 10–35 km visibility. The total extinction coefficient at 550 nm is calculated using the Koschmieder relation at the 5% contrast ratio for meteorological visibility [53] as


   α  e x t   =   ln   1 / 0.05    V   



(2)







The ambient air is sampled through a 3-m vertical stainless pipe, and the aethalometer (Magee Scientific Corp., California, USA, AE31) measures the concentration of equivalent black carbon (EBC) every 5 min at seven wavelengths of 370, 470, 520, 590, 660, 880 and 950 nm with an estimated loss of less than 10% of the mass of the measured EBC [54]. These are then used to estimate the absorption coefficient      α  a b s       as


   α  a b s   = EBC   14625    C  r e f   λ    



(3)







Here the coefficient Cref (= 2.14) is the correction factor of multiple scattering effects in the fiber filter employed inside the instrument [52,55,56]. A detailed discussion of the aethalometer processes and corrections is provided by Drinovec et al. [56]. The absorption coefficient,    α  a b s    , at 349 nm is extrapolated using the power law relating the absorption coefficient and the wavelength by utilizing the Angstrom exponents from the data [57]. Then, we combine the values of    α  e x t       R C S   p e a k       and    α  a b s     to calculate the aerosol scattering coefficient,    α  scat   =  α  e x t   −  α  a b s    . Subsequently, the value of SSA at 349 nm is calculated [58] as


  SSA =    α  s c a t      α  e x t      



(4)







Although we fix the value of Cref at 2.14 in the present analysis, the choice of this coefficient affects the resulting value of SSA significantly, as discussed later in Section 4.4.



Figure 4 summarizes the flow of data in the present analysis. The near-surface aerosol optical properties (   α  e x t     and SSA) are derived from the data of three ground instruments, namely, the lidar, visibility-meter and aethalometer. The correlation between the    α  e x t     from the lidar (349 nm) and the visibility-meter (550 nm) is examined, as presented below (Section 4.2). The value of SSA is calculated at 349 nm by using    α  e x t     from the near-horizontal lidar; alternatively if    α  e x t     from the visibility-meter were employed to calculate SSA at 550 nm, a limitation arises because of the lack of data for small aerosol loading (V ≥ 35 km). The ambient weather parameters including temperature (±0.3 °C nominal accuracy), RH (±2 percentage points), rain rate, wind speed (±1 m·s−1) and direction (±3°) are obtained every 5 min from the weather monitor (Davis Vantage Pro2).



Auxiliary instruments are also employed, such as the NIES lidar [14,43] and the sky radiometer (Prede, Tokyo, Japan, POM-02) of SKYNET [59], both of which are located inside the campus. The NIES lidar is a vertical lidar operating at the 532 and 1064 nm wavelengths using an Nd:YAG laser with the total output pulse energy of 50 mJ. It yields an aerosol profile every 15 min for altitudes higher than ~600 m with a height resolution of 30 m [14]. The sky radiometer measures the intensities of direct solar irradiance and the diffuse solar radiance distribution (315, 340, 380, 400, 500, 675, 870, 940, 1020, 1627 and 2200 nm), though its observation is limited to daytime under nearly cloudless and non-rainy conditions. One of its products is the SSA at 340 nm, as reported in the SKYNET site (http://atmos3.cr.chiba-u.jp/skynet/data.html), which is compared with the derived values of SSA at 349 nm.





4. Results and Discussion


4.1. Lidar-Derived Total Extinction Coefficient


Figure 5 shows the temporal change of (a) the lidar signal intensity represented by the RCSpeak in the natural logarithm scale, (b) the lidar-derived total extinction coefficient,    α  e x t  ′    and (c) the rain rate during the one-month observation period. In Figure 5a, decrease in the signal intensity is observed during the time of rain: also, decrease in the lidar peak height occurs for the cases of high aerosol loading, namely, during 2, 6–7, 9, 20, 26 and 28–29 November, as enclosed in red broken lines in Figure 5a. In these cases, the lidar-derived total extinction,    α  e x t  ′   , often exhibits high values (>0.6 km−1). As a consequence, the range that corresponds to RCSpeak is not constant in the one-month observation, but, varies between around 400 and 800 m, which represents the altitude range between ~30 and ~55 m with respect to the lidar system elevation (about 65 m above the sea level). Moreover, the effect of rain (wet deposition) can clearly be observed in the temporal change of    α  e x t  ′    in Figure 5b (i.e., 3, 4, 8, 11, 13–15, 22–24 and 30 November). The total extinction profile in Figure 5b shows that the atmosphere below Rc (the far-end optical range in Figure 5b) is fairly well mixed in the entire campaign.




4.2. Correlation between Lidar and Visibility-Meter Data


Figure 6 shows the scatter plot between the aerosol extinction, αext, at 550 nm derived from the visibility-meter and αext at 349 nm derived from the near-horizontal lidar signals. Figure 6a (with 5529 points) shows all the data points (every 5 min) during the one-month campaign, except those in rain events (i.e., data during the moment of rain were excluded), while Figure 6b (3006 points) shows the data for no-rain days (i.e., 17 days without a rain out of the 28 day-data). The r2 values are based on the least absolute residuals (LAR) regression analysis [60]. A closer examination of the points indicates that in both Figure 6a,b, the outliers are from the data just after rain events, presumably due to the droplets forming on the glass window on the lidar path. An improved correlation coefficient (r2 = 0.98) results when the outliers are excluded, as shown in Figure 6b. This relation can be used to extrapolate the values of visibility (and hence, the extinction coefficient) when the visibility exceeds 35 km (i.e., low aerosol loading); the possible error range due to this extrapolation is ±6%.



Moreover, from the regression line and the scattered data points in Figure 6b, the Angstrom exponent (AE) between 349 and 550 nm is estimated to be 2.0 ± 0.5. Fukagawa et al. [20] reported that during midday (10:00 and 14:00 JST) under a clear-sky condition in Chiba, the value of AE is in the range of 1.2 to 1.8 during October and February from the data (at 368, 500, 675 and 778 nm) of the sunphotometer and sky radiometer (SKYNET) observed between the years 2000 and 2005. Also, Manago et al. [21] reported the same range of AE for clear-sky conditions in Chiba from spectroradiometer observations (350–1050 nm with 10 nm resolution) of direct and scattered solar radiation conducted in 2007 and 2008. From our current data, we select specific days (e.g., 5, 12 and 21 November) with clear-sky conditions; the derived AE is from 1.2 to 2.0, in agreement with the values from our previous works [20,21]. The comparison between the current results and SKYNET SSA will be given below (Section 4.4).




4.3. Relation of Near-Surface αext to Atmospheric Boundary Layer Height


Most aerosol particles reside inside the atmospheric boundary layer [24]. Its height (boundary layer height, BLH) is affected by the insolation, temperature gradient, moisture and wind (due to air mass transfer). Thus, the daytime BLH is generally higher than the nighttime BLH. An increasing BLH implies a higher possibility of aerosol convection process, and this decreases aerosol concentration near the surface when the wind-driven advection effect is insignificant [61]. During the low BLH condition, on the other hand, the influence of atmospheric convection is reduced. During November in Chiba, the formation of a nocturnal inversion layer sometimes occurs during nighttime without cloud coverage.



From the RCS of the NIES-lidar data (532 nm) with a full-overlap range at ~600 m [14], the BLH values can be estimated using the cubic root gradient method proposed by Yang et al. [62] as


  BLH =   ∂     R C S     1 / 3     ∂ R    



(5)







Here, BLH corresponds to the altitude where the cubic root RCS gradient reaches a minimum. The derived BLHs exhibit root mean square errors (RMSEs) of 120–140 m [62]. Although Yang et al. [53] clearly identified the nocturnal boundary layer in one-diurnal cycle and compared it to radiosonde and three common gradient methods (i.e., first gradient method, first logarithm gradient method, and first normalized gradient method), our result is limited to identifying BLH ≥ 600 m due to the NIES-lidar overlap limitation.



Figure 7 shows the relation between the near surface value of αext (at 349 nm) and BLH during non-rainy days. For this purpose, the values of αext from the near-horizontal lidar have been averaged every 15 min to be comparable with the NIES lidar acquisition rate. From this figure, it is found that the functional relation between the aerosol extinction coefficient αext, and BLH, follows a power–law decay to a first order approximation with a correlation value of r2 = 0.99 with RMSE = 0.0064. This implies that the aerosol concentration tends to be controlled by the change in the BLH except for the days with rain and some cases with relatively high wind speeds (≥3 m·s−1). Among a total of 430 points plotted in Figure 7, we have 57 points (13%) with high wind speed events. However, it is noted that during nighttime, Equation (5) often detects the residual layer (i.e., the elevated remnants of the convective boundary layer in the previous daytime) instead of the BLH that corresponds to the nocturnal boundary layer itself. Thus, the correlation found in Figure 7 can be underestimated to some extent, and this is partly ascribed to the limitation due to the overlap of the NIES lidar (600 m).




4.4. One-Month Variations of αext and SSA


Figure 8 shows the temporal variations of (a) visibility condition, (b) αext from both the lidar and visibility-meter data, (c) SSA from the lidar and sky radiometer of SKYNET, (d) RH/ambient temperature, (e) rain rate, (f) wind direction and (g) wind speed over the whole campaign period of November 2017. In Figure 8a,b, the red lines in the visibility-meter data denote the extrapolation to V ≥ 35 km using the result shown in Figure 6b. In Figure 8b, the systematic difference between the two curves (blue, near-horizontal lidar; black and red, visibility-meter) arises from the difference in the observation wavelengths (349 and 550 nm, respectively). Figure 8c shows the comparison of SSA between the lidar/aethalometer and sky radiometer data. In analyzing the aethalometer data, we have employed a correction coefficient Cref = 2.14 (Equation (3)). The mean and standard deviation (SD, 1σ) of SSA is 0.93 and 0.04, respectively, for the whole period of 28 days. When the value of Cref is changed to 1.0 (i.e., no correction of fiber scattering) or 3.5 (a value proposed in a previous research [63]), the resulting values of the mean and SD are (0.86, 0.09) and (0.96, 0.02), respectively.



The mean and SD of sky radiometer data are 0.89 and 0.05, which suggests that the present choice of Cref = 2.14 is reasonable. The sky radiometer values are somewhat smaller (i.e., more absorptive): this is probably due to the wider range of observation altitudes (up to free troposphere) of the sky radiometer. Most (96%) of the values of SSA from the lidar and aethalometer measurements are in the range from 0.85 to 1, occasionally showing minima during the nighttime. The sky radiometer values, on the other hand, tend to exhibit minimum values as small as 0.76 during the daytime. A possible cause of this discrepancy between the two methods is the formation of nocturnal boundary layers, and hence, the change in the BLH, as indicated in Figure 7. During winter in Chiba, the volume concentration of elemental carbon is about 22.7%, as reported by Fukagawa et al. [20]. Thus, the temporal change of aerosol vertical profile along with BLH might lead to the change in SSA between the near-surface and upper atmosphere, though more detailed studies are needed to elucidate the vertical profile of SSA.



As seen from Figure 8d, both the ambient temperature and RH exhibit diurnal changes: low and high values of RH are observed in midday and nighttime, respectively. The limited extent of the rain (Figure 8e) during the observation period infers the low influence of aerosol washout. Besides, the low wind speed (less than 4 m·s−1 for 95% of the time) for most of the days (except 8–9, 11, 18 and 26 November) suggests that the effect of advection was insignificant.



Therefore, given the diurnal pattern of RH (Figure 8d), it is possible to evaluate the influence of RH on aerosol characteristics, namely, the onset of deliquescence (size growth) with increasing RH as well as that of efflorescence (drying out) with decreasing RH. Generally, the value of αext is expected to increase or decrease with such changes of RH [64,65]. In the present measurement, the wind direction is another factor that affects the aerosol optical property because of the location of our observation site near Tokyo Bay (Figure 1). Figure 8f indicates that wind was blowing predominantly from the north or east direction (77% of the time), and hence, the particles are mostly from the urban area of Chiba City. For cases with relatively stronger wind speed (≥4 m·s−1), on the other hand, the wind direction was predominantly from the south or west, resulting in the transportation of marine aerosols from Tokyo Bay. The formation of the nocturnal boundary layer and the subsequent increase in the BLH due to the insolation also affect the aerosol concentration in the lowest part of the troposphere [17,66,67,68]. Below, we will discuss how the values of αext and SSA are affected by various meteorological parameters by considering three different sky conditions: clear (i.e., insolation in the daytime), cloudy (stable atmosphere) and rainy.




4.5. Influence of Varying Sky Conditions and RH on Near-Surface αext and SSA


Hygroscopic aerosols (e.g., ammonium nitrate, ammonium sulfate and sodium chloride) exhibit hysteresis behavior during the increase and subsequent decrease of RH [69]. Figure 9 shows a 24-h diurnal variation of αext and SSA and their corresponding hysteresis (complete and incomplete) curves with RH measured during the deliquescence phase (from the midday minimum RH to late evening high RH), and the efflorescence phase (from the late evening high RH to midday minimum RH of the next day) for clear ((a) and (b), 21–22 November), cloudy ((c)–(d), 3–4 November) and rainy ((e)–(f), 2–3 November) conditions. Here, we discuss the influence of RH for a cycle of afternoon–night–morning, since the lack of insolation during the nighttime infers a more stable condition of the lower troposphere, as compared with daytime. For these days, the wind speed was less than 3 m·s−1 and the wind came predominantly from the N-NE direction (urban aerosols), with occasional occurrence of S-SW direction (maritime aerosol). From Figure 9c,e during the deliquescence phase (blue dots), the curve patterns of αext are comparable to the humidograph of a hygroscopic aerosol [69]. As RH increases (clear-sky: 35% < RH < 74%, cloudy: 60% < RH < 73% and rainy: 49% < RH < 71%), the value of αext is almost stable, and right after the deliquescence humidity (clear-sky: 74%, cloudy: 73% and rainy: 71%), the rapid increase in αext is apparent. The cases of the efflorescence phase (red triangles), on the other hand, are seen typically around early dawn to midday in a temperature range of about 2–22 °C. Although a complete hysteresis curve is observed under the cloudy condition, this is not the case for clear and rainy conditions. This can be ascribed to either the incomplete deliquescence–efflorescence cycle in a day to reach the efflorescence RH, or rapid increase in the BLH.



Among a total of 28 cases (days) of deliquescence–efflorescence cycles within the whole campaign period, 11 days were observed to have the hygroscopic growth pattern (clear-sky: 2, cloudy: 5, rainy: 4). For the efflorescence phase, on the other hand, only four days (cloudy: 3, rainy: 1) were observed to have a complete hysteresis (reaching the efflorescence RH) and seven days (clear: 3, cloudy: 2, rainy: 2) with incomplete hysteresis (not reaching the efflorescence RH).



Figure 9b,d,f show examples of the relationship observed between SSA and RH. There is an apparent decrease in SSA during the deliquescence phase just before the deliquescence RH (clear-sky: 35% < RH < 63%, cloudy: 60% < RH < 73% and rainy: 49% < RH < 67%), then the value increases again after the deliquescence RH. This occurs in 13 cases out of the 28-day deliquescence–efflorescence cycles (46%). Closer inspection has revealed that the decrease of SSA value before the deliquescence RH is mainly due to the increase in the EBC count of the aethalometer (clear-sky: 2430 ng·m−3, cloudy: 668 ng·m−3 and rainy: 1424 ng·m−3). However, it also coincides with the slight decrease in αext before the deliquescence RH (8 out of 13 cases), which is referred to as the “particle shrinkage” effect that is due to particle structural rearrangement [70,71,72,73]. From laboratory data using a tandem differential mobility analyzer, for instance, Weingartner et al. [73,74] reported such structural changes of combustion aerosol particles with increasing RH.



They indicated that this shrinking effect is attributed to the capillary forces induced on any asymmetric part of the particles that caused them to become a more compact structure, and is more pronounced in larger particles with diameters exceeding 50 nm [73].





5. Conclusions


We have described a set of the methodology used to estimate the near-surface aerosol optical properties, namely, the aerosol extinction coefficient (αext) and SSA, using a near-horizontal lidar, a visibility-meter and an aethalometer. The analysis of one-month data has revealed the sensitivity of the lidar return signals to both aerosol loading and sky conditions. The examination of the range-corrected lidar signals has revealed the applicability of the Klett method in deriving the total extinction coefficient,    α  e x t  ′   R   . Despite the uncertainty in the determination of the far-end boundary value,    α  e x t  ′     R c     , the resulting values of αext(RCSpeak) exhibit a reasonable correlation with αext derived from the visibility-meter (non-rainy days) with an LAR r2 value of 0.98. From the lidar (349 nm) and visibility-meter (550 nm) data, the value of AE has been estimated to be 1.2 to 2.0 under clear-sky conditions, in agreement with the values reported in other investigations conducted in Chiba. The effects of meteorological parameters to the derived aerosol optical properties have also been considered. The wind speed was relatively low (<4 m·s−1 for 95% of the time), suggesting that the wind-driven advection is insignificant. This could explain the power–law relation (negative correlation) observed between αext from lidar (349 nm) and BLH from the NIES lidar (532 nm), to a first-order approximation, for BLH exceeding 600 m. With the appropriate choice of the correction factor (Cref = 2.14) for the aethalometer data, it is found that the resulting values of SSA are similar to those from the sky radiometer data, though the latter exhibit some influence of the atmosphere above the BLH.



We have conducted the ambient investigation of the hygroscopicity of aerosols by exploiting the diurnal variability in the transition month of November when the atmospheric conditions are mostly calm. Hygroscopic growth characteristics are observed for 11 days during the campaign period (a total of 28-day deliquescence–efflorescence cycles), whereas the occurrence of hysteresis during the efflorescence phase has been observed for four days (complete hysteresis—reaching the efflorescence RH), and seven days (incomplete hysteresis). The fluctuation of SSA during the deliquescence phase was observed to coincide with the small fluctuation in αext before the deliquescence RH. This variation in αext has been found in 13 cases (46%) out of the 28-day deliquescence–efflorescence cycles, indicating the possible occurrence of the aerosol shrinkage.



In conclusion, we have demonstrated the capability of a near-horizontal lidar to detect diurnal changes of aerosol optical properties near the ground and to characterize the diurnal response of aerosol extinction coefficient with RH. The future extension of the present work will include the application of the reported method to other seasons and other locations.
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Figure 1. Map of the experiment site in Chiba, Japan. The circle mark represents the location of the lidar system inside the Chiba University (35.62° N 140.10° E) with ~5 km observation range. 
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Figure 2. Schematic diagram of the lidar system for observing surface aerosol distribution. It is installed on the rooftop of an eight-story building at an elevation of ~65 m above sea level. An inset picture shows the panel structure with a window used for both transmitting the laser beam and receiving the backscattered signal. 
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Figure 3. Range profiles of (a) the range-corrected lidar signal and (b) total extinction,    α  e x t  ′   , for the two cases of clear-sky (midday of 12 November, black) and high aerosol loading (midday of 29 November, red). In (b), error ranges are indicated with hatching. 
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Figure 4. Process flow in deriving the aerosol optical properties (αext and SSA) from different instruments used in this study. 
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Figure 5. Temporal change of (a) lidar signal intensity represented by the RCSpeak in natural logarithm scale, (b) spatiotemporal variation of the lidar-derived total extinction coefficient,    α  e x t  ′   , at 349 nm, and (c) rain rate (RR) during the one-month observation period. The red broken lines in (a) indicate the days with high aerosol loading. 
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Figure 6. Correlation plot between the aerosol extinction coefficient, αext, at 349 nm (near-horizontal lidar) and αext at 550 nm (visibility-meter) obtained by (a) disregarding rain events (i.e., excluding all the 5 min data with the rain flag), and (b) disregarding rainy days (i.e., excluding all the data from November 3, 4, 8, 11, 13–15, 22–24 and 30). The values of r2 are based on the least absolute residuals (LAR) regression analysis, and N is the total number of data points (average over 5 min). 
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Figure 7. Relation between near-surface αext (349 nm) and the boundary layer height (BLH) (National Institute for Environmental Studies (NIES) lidar) observed in the November 2017 campaign. The values of αext were averaged to 15 min and rainy days were excluded. The value of r2 is based from the least absolute residuals (LAR) regression analysis. 
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Figure 8. Temporal variations of aerosol and meteorological parameters observed for the whole campaign period in November 2017: (a) horizontal visibility (black) with extrapolated values (red) based on the regression line derived in Figure 6b, (b) aerosol extinction coefficient, αext, from both the near-horizontal lidar (349 nm) and visibility-meter (550 nm) data with the extrapolation for visibility ≥35 km, (c) single scattering albedo (SSA), from both lidar and aethalometer (349 nm), and sky radiometer of SKYNET (340 nm), (d) relative humidity (RH) and ambient temperature, (e) rain rate (RR), (f) wind direction (WD), and (g) wind speed (WS). 
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Figure 9. Diurnal variation (1-day cycle) of the αext and SSA with respect to RH in: (a,b) clear-sky days (21–22 November), (c,d) cloudy days (3–4 November), and (e,f) rainy days (2–3 November). Blue dots indicate the deliquescence phase, while red triangles the efflorescence phase. 
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Table 1. System specifications.






Table 1. System specifications.





	
Transmitter




	
Laser

	
Nd:YLF (Spectra Physics, Explorer 349)




	
Wavelength

	
349 nm




	
Pulse Repetition Rate

	
1 kHz




	
Pulse Energy

	
60 ± 7 μJ




	
Receiver




	
Type

	
Cassegrain




	
Telescope Diameter

	
30 cm




	
PMT Sensor

	
Hamamatsu (H10304-00NN)




	
Transient Recorder

	
Licel (TR20-160)
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