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Abstract 
Differential optical absorption spectroscopy (DOAS) is a useful technique for measuring nitrogen 
dioxide (NO2) and aerosol, the most important species in urban environmental pollution. This pa- 
per reports on the results of our dual path DOAS measurements recently conducted in Chiba City, 
Japan, using xenon flashlights equipped on tall constructions as aviation obstruction lights. Be- 
cause of the proximity of the southern DOAS path to an industrial area, it is found that the level of 
air pollution generally increases with the dominance of westerly winds, from the plausible source 
area to the observation light path. This situation is consistent with the result of wind lidar mea- 
surement covering a sector of ±28˚ with the observation range of approximately 2.8 km. In spite of 
the fact that the two DOAS paths, having path lengths of 5.5 and 3.5 km each, are located in sepa- 
rated regions of Chiba City, the observed temporal behavior was similar for both nitrogen dioxide 
and aerosol, though the southern path tends to exhibit slightly higher pollution levels than the 
northern counterpart. Additionally it is confirmed that size information of aerosol particles can be 
derived from the DOAS data through the analysis of the wavelength dependence of the aerosol 
optical thickness, which shows fairly good correlation with the mass ratio between PM2.5 and 
suspended particulate matter (SPM) obtained from the in-situ sampling station measurement. 
Thus, the DOAS approach can also be utilized for obtaining information on PM2.5 that is consi- 
dered to be more harmful to human health than SPM. 
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1. Introduction 
Air quality monitoring in large cities is indispensable for the better understanding of conditions on both human 
health issues and radiative budget [1]-[3]. Ground-based sampling stations can provide local data on concentra- 
tions of air pollutants. It often happens, however, that such point sampled data are affected by local sources, and 
consequently, they do not always represent air pollution conditions in a wider region [4]. The technique of dif- 
ferential optical absorption spectroscopy (DOAS) is capable of monitoring atmospheric environment along the 
optical path of several hundred meters to several kilometers [5]-[15]. By utilizing appropriate wavelength range 
in the visible spectrum, the DOAS technique makes it possible to measure the concentrations of nitric dioxide 
(NO2) and aerosol, two important species in urban environmental pollution [7] [8]. Owing to the recent pro- 
gress in both light sources and detectors, the DOAS approach has so far been extended to wider wavelength re- 
gions (from UV to IR) to observe a number of pollution species, including volatile oxidized carbons (VCOs) as 
well as some greenhouse gases [16] [17]. Along with the conventional DOAS setup that needs the deployment 
of an appropriate light source, the development of multi-axis DOAS (MAX-DOAS) has enabled the use of scat- 
tered solar radiation for monitoring air pollution [18]. Also, the occultation method employed in airborne and 
satellite measurement can be considered as an extension of DOAS scheme for monitoring trace gas species on a 
global scale [19]-[21]. 

The present paper reports on the DOAS measurements conducted in Chiba City, Japan, during a campaign 
period in May-December, 2011. The measurements employed two independent DOAS paths having optical path 
lengths of 5.5 and 3.5 km that cover different areas in the central part of Chiba City, located along the eastern 
coast of the Tokyo Bay. The use of such dual light paths in DOAS has recently been reported for an urban air 
pollution study in Tokyo [14] as well as for the monitoring of volcanic gas concentration [15]. In addition, the 
novel aspect of the present paper is the simultaneous measurement using a Doppler wind lidar [22], which can 
provide more direct information on the wind field as compared with the weather station data. Also, through the 
analysis of wavelength dependence of aerosol extinction in the DOAS measurement, examination is made on the 
possibility of deriving information on fine particles, which are considered to be more hazardous to human health. 
Thus, this study aims to investigate temporal and spatial variation trends of air pollutants such as SPM and NO2 
in an urban area and demonstrate that the same technique can also be applied to the evaluation of PM2.5. 

2. Measurement 
The measurement was conducted in Chiba, a city area about 30 km southeast of central Tokyo along the eastern 
coast of Tokyo Bay. Figure 1 shows the locations of the DOAS light paths, an in-situ sampling station, and the 
coverage area of wind lidar measurement. The optical path lengths in the northern and southern DOAS paths, 
hereafter called Chiba University (Chiba U.) DOAS and Samugawa DOAS, are 5.5 km and 3.5 km, respectively. 
Both the DOAS paths are in the central area of the Chiba City, characterized with heavy traffic and economic 
activities. The volume concentration data of NO2 and the mass concentration data of aerosol, or suspended par-
ticulate matter (SPM), are obtained from an in-situ sampling station [Soga nursery school (NS) sampling station] 
near the light source of the Samugawa DOAS path. The wind lidar setup was located in a Chiba City facility (a 
community center), and the lidar measurement was conducted toward the direction of the industrial area includ- 
ing a steel mill. 

The method of pulsed DOAS [6]-[8] [13] was employed for the present measurement. As shown in Figure 2, 
xenon flash lamps (Sanken Electric, FX-7, Japan) mounted on an electric power tower or a smoke stack were 
exploited as DOAS light sources, providing flash events every 1.5 s during the daytime. The luminosity of these 
lights is more than 2.0 × 105 cd, which ensures their role as good indicators of aviation obstruction lights recog-
nizable even from locations several kilometers away. The obvious advantage of this pulsed DOAS approach  
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Figure 1. Map of the locations for the DOAS, wind lidar, and in-situ sampling measurements. The 
optical path length in the northern DOAS path (Chiba U. DOAS) is 5.5 km, which is across high- 
ways with heavy traffic. The length in the southern path (Samugawa DOAS) is 3.5 km, which is in 
the vicinity of an industrial area along the Tokyo Bay. The location of Soga sampling station [Soga 
nursery school (NS)] is near the light source of the Samugawa DOAS path. The wind lidar setup 
was located in a Chiba city facility, and the lidar measurement was conducted toward the direction 
of the industrial area.                                                                  

 
based on such flashlights is that a simple, home-made setup consisting of a commercially available astronomical 
telescope, a compact, charge-coupled device (CCD) spectrometer, and a PC can achieve the continuous observa- 
tion of the spectrum of transmitted light intensity. An optical fiber is used to connect the output from an astro- 
nomical telescope (100 or 200 mm diameter) to the entrance slit of the CCD spectrometer (Ocean Optics, 
USB2000, USA). The spectrometer has 2048 elements and is sensitive in the wavelength range of 200 to 800 
nm. In order to reduce the influence of atmospheric turbulence, one DOAS spectrum is obtained, for instance, in 
every 5 min by averaging about 100 spectra with flash events and about 400 events without flash events [7]. 
Because of the relatively robust construction of the detector setup, the maintenance of optical alignment was 
needed only once in a consecutive time period of 10 - 20 days. 

The northern (Chiba U.) DOAS path was based on a xenon flashlight equipped on a 130 m tall smoke stack, 
the light emitted from which was observed near the rooftop of an eight story building at Chiba University, ap- 
proximately at 30 m above ground level. The pass length of this observation path was 5.5 km, covering the sea 
level height range approximately from smoke stack (155 m ASL.) to Chiba University observatory (50 m ASL.). 
The southern path, on the other hand, was from a 47-m tall electric power tower to an observation site situated 
on the third floor (approximately 10 m above ground level) of a building at Samugawa elementary school (he- 
reafter Samugawa ES). The corresponding path length was 3.5 km, running along the seashore industrial district. 
The sea level height of this southern DOAS light path was from electric tower (55 m ASL.) to Samugawa ES 
(14 m ASL.). In consideration of the light intensity, the diameters of telescopes used for the northern (Chiba U.) 
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Figure 2. Light source and detector setup for the DOAS mea- 
surement: (a) Light source for the Samugawa DOAS path, for 
which a xenon flashlight as shown in (b) is installed on the top 
of an electric tower; (c) The light source and detector setup for 
the Chiba University DOAS path. The light source is a xenon 
flashlight equipped on a 130-m stack, and a telescope con- 
nected to a compact CCD spectrometer is used for recording 
the spectrum; (d) Comparison of the appearance of the flash- 
light sources as seen from the Chiba U. observatory, (d-1) with 
flashing and (d-2) without flashing.                         

 
and southern (Samugawa ES) paths were 200 and 100 mm, respectively.  

In addition to NO2 that arises mainly from combustion processes, aerosol is an important component of air 
pollution in urban areas. When referring to mass concentration observed at in-situ, ground sampling stations, the 
terminology of “suspended particulate matter” (SPM) is often employed instead of “aerosol”. Technically, SPM 
indicates particles whose diameters do not exceed 10 μm. This is in contrast with the definition of PM2.5, which 
refers to particulate matters smaller than 2.5 μm in the sense that their aerodynamic cutoff diameter is 2.5 μm at 
50% cutoff efficiency [2]-[4]. In the present study, we compare our DOAS results with the ground sampling data 
taken at a nearby sampling station (Soga NS) operated by the environmental section of Chiba City, for both NO2 
and SPM. At this sampling station, the volume concentration of NO2 is measured with an instrument based on 
chemi-luminescence method (Horiba, APNA-3700, Japan), while another instrument based on the β-ray absorp- 
tion method (DDK-Toa, DUV-222, Japan) is employed for the evaluation of SPM mass concentration. In addi- 
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tion to SPM, the in-situ data includes also the mass concentration data of PM2.5, which is more influential to 
human health than SPM [2] [23]. DOAS data are considered to be more sensitive to SPM than to PM2.5 because 
of the larger scattering cross-section (hence, larger optical thickness) of SPM particles. Nevertheless, the spec- 
tral data in the DOAS measurement enable one to study the wavelength dependence of the aerosol optical 
thickness (AOT) along the optical path. As explained in the following section, the aerosol size information ob- 
tained from DOAS AOT shows fairly good correlation with the ratio between PM2.5 and SPM, an indicator 
showing the fraction of fine particles in total SPM. 

In addition to the dual path DOAS measurements, wind field measurement was conducted using a fiber-based 
Doppler wind lidar (Mitsubishi, LR-09F, Japan) during six weeks in October-December 2011. The lidar instru- 
ment was operated on the fourth floor of a building of the Chiba City facility toward the direction of the indus- 
trial area along the Tokyo Bay, as indicated in Figure 1. Although wind data near the ground level can also be 
obtained from the meteorological observation data of Japan Meteorological Agency (JMA), such Doppler lidar 
measurement can give information on wind field at nearly the same height as the DOAS observation path. The 
lidar is an eye-safe system, operated at 1.5 μm wavelength [22]. The wind field within a sector of ±28˚ was 
measured with the maximum observation distance of about 2.8 km. The pulse repetition rate was 4 kHz, and by 
integrating signals for 1.6 × 104 pulses, the data along one direction were obtained in 4 s. 

3. Analysis 
Figure 3 shows an example of the DOAS spectral analysis. Figure 3(a) shows two spectra that correspond to 
“clear case” and “turbid case”. In the clear case, both NO2 and SPM contributions can be considered to be mi- 
nimal. For both of these cases, the wavelength dependence of the observed light intensity can be expressed as 

( ) ( ) ( ) ( ) ( )
20 NO ( )obs m aI k I T T Tλ λ λ λ λ λ= ,                        (1) 

where λ  is the wavelength; ( )k λ  is an empirically determined instrumental coefficient; ( )0I λ  is the spec-  
trum of light source observed at a location close to the light source; ( ) ( )expm mT λ τ λ= −    is the transmit-  

tance of air molecules due to Rayleigh scattering [24]; ( ) ( )a exp aT λ τ λ= −    stands for the transmittance of 
aerosol particles due to Mie scattering; here ( )mτ λ  and ( )aτ λ  are the optical thickness due to air molecules 
and aerosol particles, respectively; and 

2NOT  is the transmittance representing the NO2 absorption. This last 
factor, in turn, can be expressed as 

( ) ( )
2NO expT N Lλ σ λ= −   ,                                 (2) 

where L is the DOAS path length; ( )σ λ  the wavelength-dependent absorption cross-section [24], and N is the 
number density of NO2 molecule averaged over the observation path length. Combining Equations (1) and (2), 
one can obtain the following expression for the optical thickness: 

( )
( ) ( ) ( ) ( ) ( )0ln ln ( ) m a

obs

I
k NL

I
λ

λ σ λ τ λ τ λ
λ

+ = + + .                         (3) 

Figure 3(b) shows the difference in optical thickness derived from the turbid and clear cases depicted in Fig- 
ure 3(a). This optical thickness difference involves the influence of ( ) ( )NL σ λ  and ( )aτ λ . The separation of 
these two components is straightforward, since ( ) ( )NL σ λ  is a rapidly varying function of wavelength, 
whereas ( )aτ λ  varies only slowly. Rapidly varying component ( ) ( ) ( )Δ NLτ λ σ λ=  can be extracted from 
the observed optical thickness, ( ) ( )NL σ λ , by applying high-pass filtering as 

( ) ( ) ( ) ( ) ( ) ( ) ( )HP Δ Δm aNL NLσ λ τ λ τ λ τ λ σ λ+ + = =  F .                      (4) 

Here HPF  indicates the high-pass filtering operator. Similarly, the rapidly varying part, ( )Δσ λ , of NO2 ab- 
sorption cross-section, ( )σ λ , can be obtained as 

( ) ( )HP Δσ λ σ λ=  F ,                                 (5) 

Figure 3(c) shows the wavelength dependence of both ( )Δτ λ  (differential optical thickness) and ( )Δσ λ  
(differential absorption cross-section). Subsequently, the column amount, NL, of NO2 molecules can be obtained 
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from the correlation plot between ( )Δτ λ  and ( )Δσ λ , as indicated in Figure 3(d). Since the optical path 
length, L, is known, the molecular concentration, N, can be readily calculated. Figure 3(e) shows the result of 
the fitting procedure, leading to a value of ( ) 12 32.29 0.08 10 cmN −= ± × , which corresponds to 91 ± 4 ppbv 
(15˚C, 1 atm). 

The value of AOT can be calculated by subtracting ( ) ( )NL σ λ  and ( )mτ λ  from the optical thickness giv- 
en by Equation (3). Rayleigh optical thickness, ( )mτ λ , can easily be calculated with the known values of at- 
mospheric pressure and temperature [25]. The wavelength dependence of AOT can usually be assumed as 

( ) ( )0
A

a Bτ λ λ λ −= .                                  (6) 

Here 0λ  is a reference wavelength (an appropriate value in the mid of the analysis wavelength range), B is 
called the turbidity constant, and A the Angstrom exponent. By optimizing the numerical values of A and B in  
 

 
Figure 3. Process of DOAS analysis. (a) DOAS spectra observed under relatively clear and turbid 
cases. In the latter case, the overall intensity decreases because of the higher aerosol extinction; (b) 
Wavelength dependence of optical thickness, as derived from the difference between the clear and 
turbid cases shown in panel (a). The wavelength range between 430 and 447 nm is employed for 
deriving NO2 concentration; (c) Differential optical thickness from observed optical thickness and 
differential absorption cross-section of NO2; (d) Correlation plot between differential optical thickness 
and differential cross-section of NO2 absorption; (e) Comparison between the observed and best-fit 
differential optical thickness. Also, residual of fitting is plotted at the bottom of the panel. The re- 
sulting NO2 concentration is 91 ± 4 ppbv (at 11:00 JST on 3 November 2011).                      
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Equation (6), one can obtain the fitting result (in terms of differential optical thickness) as illustrated in Figure 
3(e) [at 11:00 Japan Standard Time (JST) on 3 November 2011]. In this case, 0λ  is assumed to be 446 nm, and 
the resulting values of A and B are 1.62 and 1.98 (non-dimensional), respectively. 

It is noted that the comparison between the observed and simulated spectra has been implemented in the wa- 
velength range between 430 and 447 nm for the analysis of NO2 concentration (Figure 3(e)). This wavelength 
range has been chosen in view of the wavelength dependence of light source intensity, detector sensitivity, NO2 
absorption cross-section, and the minimal influence of other absorbing gases (oxygen dimer and water vapor). 
For the analysis of AOT, on the other hand, we have employed two longer wavelengths (532 and 756 nm) for 
calculating the value of Angstrom exponent, A, since these longer wavelengths are usually used for deriving 
aerosol size information from optical measurement using conventional instruments such as a sunphotometer. 

4. Results and Discussion 
4.1. Comparison of NO2 Concentration between the DOAS and Sampling Data 
Figure 4 shows the temporal variation of NO2 concentration observed on 16 April 2011. The data from the Sa- 
mugawa DOAS and the sampling data from the Soga NS station are plotted together with the wind direction da- 
ta observed at the JMA Chiba Observatory. The wind direction changed from southwest to northeast just before 
18:00 JST. The temporal resolution of the DOAS measurement is 5 min, much shorter than that of the in-situ 
sampling measurement (1 h). Thus, the effect of the wind direction change was more precisely recorded in the 
DOAS data than in the sampling data. The highest value of NO2 concentration was approximately 40 ppbv rec- 
orded in the sampling data just before 18:00. Although this pollution level is rather significant, it is still below 
the environmental standard of 60 ppbv evaluated on the daily average basis. 

In Figure 4, it is seen that the DOAS data tend to be smaller than the in-situ sampling data, though they exhi- 
bit similar temporal behavior. The average altitude of the DOAS measurement is approximately 30 m above 
ground level, which is much higher than the height of ambient air inlet (~3 m) for the sampling measurement. 
Therefore, the result of the in-situ measurement is usually more influenced by the local emission as compared 
with the DOAS result. Thus, the comparison between these two different methods is not necessarily to seek for 
complete agreement, but to examine the temporal correlation between these two different data series. 

4.2. Comparison of Wind Lidar Data with DOAS Measurement of Air Pollutants 
Figures 5(a) and (b) show the wind fields observed with the wind lidar at 15:33 JST on 2 November 2011 and  
 

 
Figure 4. Temporal change of NO2 concentration and wind direction 
observed on 16 April 2011. The DOAS NO2 concentration data are 
from the Samugawa DOAS path while the ground sampling data are 
from the Soga NS station. The wind direction changed from south- 
west to northeast just before 18:00 JST. The temporal resolution of 
the DOAS measurement is 5 min, while that of the in-situ sampling 
measurement is 1 h.                                         
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Figure 5. Wind lidar data with temporal variations of NO2 and aerosol concentrations. Panels (a) 
and (b) show the wind field observed at 15:33 JST on 2 November 2011 and at 15:25 JST on 3 No- 
vember 2011, respectively. The wind information within a sector of ±28˚ and a range of 2.8 km is 
overlaid on a Google Earth image of the observation area. The line along the coast indicates the 
Samugawa DOAS path; Panels (c) and (e) show, respectively, the NO2 concentration and AOT from 
the DOAS measurement with the in-situ sampling data taken on 2 November 2011; Panels (d) and (f) 
show similar information obtained on 3 November 2011. It is seen that when the wind direction was 
from southeast (panel (a)), both NO2 and SPM concentrations were low, while when western wind 
was dominant (panel (b)), both the NO2 and SPM concentrations increased.                      

 
15:25 JST on 3 November 2011. In these panels, cold and warm colors indicate westerly and easterly winds, re- 
spectively; besides, the line along the coast indicates a portion of the Samugawa DOAS path. The diurnal varia- 
tions of the NO2 concentration and AOT from the DOAS data on 2 November 2011 are shown in panels (c) and 
(e), respectively. Although the direct comparison is possible for NO2 between the DOAS and sampling data, it 
must be noted that in the case of aerosol (SPM), DOAS result is plotted in terms of optical thickness (dimen- 
sionless), whereas the sampling result is indicated as volume concentration (mg/m3). From panels (a), (c) and (e), 
it is seen that when the wind direction was from southeast, both NO2 and SPM concentrations were relatively 
low. The wind direction indicated in panel (b) is westerly, from the steel mill complex to the lidar location. The 
DOAS results in panels (d) and (f) show that both the NO2 concentration and AOT values were larger than the 
values observed on the previous day. 

Temporal variation of NO2 concentration observed in a time period between 30 October 2011 and 6 Novem- 
ber 2011 is shown in Figure 6. Thus, this figure shows the air pollution situation before and after the wind lidar 
data (2-3 November 2011) shown in Figure 5. During the period of 30 October-6 November, the minimum and 
maximum temperatures were 12.0˚C and 23.5˚C, respectively. Clear sky conditions were observed on 1 and 2  
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Figure 6. Temporal variation of NO2 concentration observed in a time period between 
30 October 2011 and 6 November 2011, which includes the observation periods shown in 
Figure 5. (a) Samugawa DOAS and Soga NS sampling data; and (b) Wind speed and 
wind direction data observed at the JMA Chiba Observatory. Comparison between the 
data in (a) and (b) indicates that relatively high concentration of NO2 was observed 
when westerly winds were dominant.                                           

 
November due to high pressure, while the sky was cloudy during 3-5 November. Figure 6(a) shows the Samu- 
gawa DOAS data and Soga NS sampling data, and Figure 6(b) shows the wind speed and wind direction data 
observed at the JMA Chiba Observatory. Comparison between Figures 6(a) and (b) indicates that relatively 
high concentration of NO2 was observed in association with westerly winds that occurred during the daytime on 
3 November 2011. During 30 October-2 November 2011, on the other hand, the nighttime increase in the NO2 
concentration was recorded, due presumably to the development of nocturnal inversion layer. 

4.3. Comparison between Northern and Southern DOAS Paths 
Figure 7 shows the temporal variations of NO2 and AOT observed along the two DOAS paths. In Figure 7(a), 
NO2 concentrations observed along the two DOAS paths are plotted with the in-situ sampling data recorded at 
the Soga NS station. Note that for the sake of comparison, hourly average values are plotted for the DOAS data. 
Although the temporal behavior of the two DOAS data is similar, Samugawa data (southern DOAS path) are in 
general larger than Chiba U. data (northern DOAS path).The sampling data exhibits temporal change similar to 
the Samugawa DOAS data, though the in-situ value tends to be larger than the Samugawa DOAS data. The dif- 
ference among the two DOAS data and sampling data can presumably be ascribed to the presence of more local 
sources in the southern path such as the emission from the steel mill complex or that from streets with heavy 
traffic along the Tokyo Bay. Also, the vertical distribution of NO2 [26] can be responsible for larger concentra- 
tion values in the sampling data. 

In Figure 7(a), decrease in NO2 concentration was seen for the Chiba U. DOAS data on the afternoon of 
20-22 June 2011. It is likely that this decrease was caused by the photolysis of NO2 due to strong solar radiation 
[27], as inferred from the data taken with a sunphotometer operated at the Chiba University site (data not shown). 
In contrast, such decrease in NO2 was not clearly observed in the case of the Samugawa DOAS data. 

Figure 7(b) shows the comparison of AOT derived from the two DOAS paths, in conjunction with the in-situ 
data from the Soga NS station. From this figure, it is found that the two DOAS paths have led to similar values 
of AOT (after conversion of Chiba U. AOT from 5.5 to 3.5 km), in spite of the fact that the two paths are cover- 
ing separated regions of Chiba City (see Figure 1). In comparison, the in-situ data in Figure 7(b) indicate that  



H. Saito et al. 
 

 
29 

 
(a) 

 
(b) 

Figure 7. Comparison between the results from the two DOAS paths: (a) 
NO2 concentration; and (b) Aerosol optical thickness. In panel (a), NO2 
concentrations observed along the Samugawa and Chiba U. DOAS 
paths are plotted with the in-situ sampling data recorded at the Soga NS 
station. Note that for the sake of comparison, the temporal resolution of 
DOAS data (originally 5 min) has been reduced to 1 h. In panel (b), 
AOT data from the two DOAS paths are plotted with the mass concen- 
tration data from the Soga NS station. The temporal variation is much 
more pronounced for the in-situ data as compared with the DOAS data. 
The AOT data from the two DOAS paths show similar temporal beha-
vior, though occasionally the Samugawa data surpass the Chiba U. coun- 
terpart.                                                      

 
the variation of SPM value is larger for the latter half (22-24 June) of the observation period than for the former 
half period (19-21 June). The DOAS data represent the temporal variation of an optical quantity (i.e., AOT), 
whereas the SPM data show that of the mass concentration. Therefore, in addition to the difference in the obser- 
vation (sampling) altitude, care must be taken for the comparison between the optical (DOAS AOT) and SPM 
(sampling) data, since the change in aerosol property, especially the change in aerosol size distribution, can af- 
fect the conversion factor between the optical and mass concentration data [28]. In fact, it is likely that the varia- 
tion of aerosol size distribution, as explained below in association with Figure 7, is closely related with the no- 
ticeable change of SPM data after 22 June 2011 seen in Figure 7(b). 

4.4. Particle Size Characteristics 
The wavelength dependence of DOAS optical thickness can lead to the determination of the Angstrom expo- 
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nent, A, as indicated in Equation (6). For this purpose, here we employ the DOAS AOT data at the two wave- 
lengths of 532 and 756 nm. Generally, smaller values of the Angstrom exponent (such as A = 0.5) indicates the 
dominance of relatively coarse particles from natural origins (e.g., sea salt and/or dust particles), while larger 
values (such as A = 2.0) that of relatively fine particles mainly from anthropogenic origins. The temporal varia- 
tion of this parameter is depicted in Figure 8, which indicates that the value of A is mostly in the range of 0.7 - 
1.0 during 19-22 June, whereas the value decreased to 0.4 - 0.7 during 23-26 June. This change suggests that 
optically, the contribution of coarse particles became more important after 23 June. On 23 and 24 June 2011, 
strong winds (7 - 11 m/s) blew from the northwest direction, as shown in Figure 8(a). Thus, it is likely that the 
dominance of coarse particles was caused as a result of regional transport of relatively larger particles such as 
sea salt [29]. 

Although aerosol size distribution data are not available from the in-situ sampling, it is possible to employ the 
ratio between PM2.5 and SPM as proxy data. In Figure 8(b), this ratio is plotted for the days between 19 and 27 
June 2011 on the basis of the PM2.5 and SPM data recorded at the Soga NS sampling station. The comparison 
of temporal variations between the Angstrom exponent, A, and the mass ratio, PM2.5/SPM, indicates that a rea- 
sonable correlation exists between these two independent parameters. This result indicates that the DOAS AOT 
data can also be useful for estimating the contribution of PM2.5 through the analysis of wavelength dependence 
of AOT. 

5. Conclusions 
This study has demonstrated that the DOAS technique is capable of elucidating temporal and spatial variations 
of NO2 and aerosol, important air pollutants in urban environment. Also, it has been shown that the technique  
 

 
Figure 8. Variation of aerosol particle size in relation to the wind data 
observed during 19-27 June 2011: (a) Wind speed and direction ob- 
served at the JMA Chiba Observatory; and (b) Comparison between 
the Angstrom exponent derived from the Samugawa DOAS data and 
the particle size ratio that is defined as the ratio between the mass 
concentration of PM2.5 and that of SPM, both from the in-situ sam- 
pling data taken at the Soga NS station.                           



H. Saito et al. 
 

 
31 

can be useful for evaluating PM2.5 contribution in the aerosol extinction in the lower troposphere. 
The comparison of DOAS data obtained from two different light paths has indicated that generally a good 

temporal correlation is found for NO2 between the DOAS and ground sampling data. For aerosol (SPM), the si- 
milarity was rather limited in temporal behavior between the DOAS and sampling data, though occasionally 
similar behavior was seen between the two quantities. This suggests the occurrence of concentration changes 
that took place on a relatively wide spatial scale (~10 km) during the observation period in June 2011. 

The possible dominance of aerosols from the industrial area has been confirmed from the wind measurement 
using the wind lidar. 

A fairly good correlation was found between the fractional contribution of fine particles to the mass concen- 
tration data (PM2.5/SPM) and the Angstrom exponent derived from DOAS data. This suggests that the optical 
measurement is useful not only for evaluating aerosol loading, but also for estimating the contribution of PM2.5 
to the DOAS-derived AOT value. 
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