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Abstract: Measuring wet deposition of organic carbon (OC) and elemental carbon (EC) aerosol is
crucial for the understanding of their circulation and climate effect. To further understand the
wet deposition of particulate carbon (OC and EC), precipitation samples were collected from
April to August 2014 on Xiamen Island in China. EC and water insoluble organic carbon (WIOC)
concentrations were analyzed using a thermal optical method to investigate temporal variations and
wet deposition fluxes. The average EC and WIOC concentrations were 7.3 µgC·L−1 and 495.3 µgC·L−1,
respectively, which are both comparable to the results reported in European areas. EC and WIOC
concentrations were higher in spring than in summer. Higher EC concentrations were found in April,
which were probably associated with the transport of air masses from northern continental areas.
Higher WIOC concentrations were found in May and were mainly attributed to air masses from the
South China Sea. Lower concentrations of EC and WIOC in the summer were primarily due to the
clean air masses transported from the ocean. The wet deposition flux was calculated as the product
of concentration and precipitation amount. Average wet deposition fluxes of EC and WIOC were
estimated to be 0.6 mgC·m−2·month−1 and 36.7 mgC·m−2·month−1, respectively. Wet deposition
fluxes of EC and WIOC exhibited similar concentration trends. The largest flux in EC wet deposition
occurred in April (1.8 mgC·m−2·month−1), while the largest flux in WIOC wet deposition occurred
in May (63.1 mgC·m−2·month−1).

Keywords: precipitation; particulate carbon; elemental carbon; water insoluble organic carbon;
wet deposition

1. Introduction

Carbonaceous aerosols are usually classified into organic carbon (OC) and elemental carbon (EC).
They are ubiquitous components of atmospheric particulate matter, and have important influences on
environments, health and climate systems [1–4]. OC is derived from both primary sources (e.g., fossil
fuel combustion and biomass burning) and secondary sources (e.g., gas to particle conversion of
volatile organic compounds), while EC is a primary pollutant emitted from the incomplete combustion
of biofuels, fossil fuels and biomass. OC efficiently scatters light, and therefore exerts a direct aerosol
climate forcing and contributes to visibility reduction [5,6]. EC is the dominant absorber of solar
radiation, absorbing solar radiation from the visible to the infrared wavelengths of the spectrum,
exerting a positive radiative forcing with a large impact on visibility [7–9]. To understand the influence
of carbonaceous aerosols on climates, environments and human health, it is essential to study the
atmospheric cycle of emissions, transports, and depositions of these particles. Current understanding
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of the atmospheric cycle of carbonaceous aerosols is still largely incomplete, especially regarding wet
deposition [6,10].

Wet deposition is an important process that removes carbonaceous particles from the atmosphere.
Atmospheric wet deposition of total carbon is a significant carbon flux that cannot be neglected in
regional models of the carbon cycle and that should be simultaneously considered with dry deposition
as a removal mechanism of carbon from the regional atmosphere [11]. However, limited studies have
focused on particulate carbons (OC and EC particles) in precipitation and their wet depositions [6,12].
The concentrations of EC in precipitation and snow samples have been determined using different
analytical methods in several locations around the world to estimate their scavenging ratio and wet
deposition [10,13–17]. Until now, there has been no accepted standard analytical method for measuring
the OC and EC concentration in precipitation. Common analytical methods used for measuring
EC in precipitation are thermal-optical analysis [6,12,14,18] and optical analysis, including light
reflectance [19], light absorption [20] and single-particle soot photometry (SP2) [16,21]. Only several
studies have directly measured both water insoluble organic carbon (WIOC, specifically, particulate OC)
and EC in precipitation by the thermal-optical analysis method [6,12,22]. These methods are commonly
used for the analysis of aerosol samples. Different analytical methods for measurement of OC and EC
in rainwater have been compared and evaluated by Torres et al. [23]. Optical analysis usually measures
the EC concentrations without OC. SP2 analysis can measure the EC masses, size distribution and
mixing state of individual particles, however, it cannot analyze the OC concentrations simultaneously.
Thermal-optical analysis is a successful method used to measure the OC and EC concentrations
simultaneously in aerosol samples, although it cannot give the information of the size distribution
and mixing state. A significant fraction of total carbon in precipitation was present as insoluble
particulate OC [11]. Therefore, WIOC in precipitation and its wet deposition should not be neglected
and measurement of OC and EC together is desirable. In summary, technical problems combined with
high variability in precipitation processes and atmospheric pollution have led to highly variable results
in the particulate carbon scavenging in rainwater [24]. Thus, to further understand the atmospheric
cycle of carbonaceous aerosols and more accurately estimate their wet deposition, it is essential to
investigate the particulate OC and EC in precipitation all over the world.

To expand the current data set on the spatial and temporal variability of particulate carbon
in precipitation and further understanding their wet deposition, rainwater samples were collected
on Xiamen Island from April to August 2014. WIOC and EC were simultaneously measured using
a thermal-optical method. Xiamen is one of the cleanest coastal cities in China. Xiamen Island is the
main part of the city’s urban area. Many studies in Xiamen have focused on the carbonaceous particles
in the atmosphere [3,25–27], but none have analyzed the level of particulate carbon in precipitation.
Thus, the objectives of this study are to: (1) assess the particulate carbon levels in precipitation during
the rainy season; (2) characterize the temporal variation of WIOC and EC in precipitation; (3) identify
the air mass processes being influenced; and, finally, (4) estimate the wet deposition flux of particulate
carbon. The results will help to further the understanding of the influence of carbonaceous carbon
emissions on the regional carbon budget with respect to its impact on climate.

2. Materials and Methods

2.1. Site Description

Xiamen is a coastal city located in southeastern China that is a modern international portal city
for tourism and one of the earliest participants in China’s opening-up policy as a special economic
zone (Figure 1). Xiamen includes Xiamen Island, Gulangyu Island, and part of the rugged mainland
coastal region, from the left bank of the Jiulong River in the west to the islands of Xiang’an in the
northeast. Xiamen Island is the main part of the city’s urban area, including Siming and Huli District.
Although Xiamen Island is only 7.5% of the total area of Xiamen city, it has an urban population of
over 884,100 and accounts for approximately 47.7% of the total population. Located in the temperate
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and subtropical zones, Xiamen has a subtropical, oceanic monsoon climate that is indicative of a mild
climate with abundant rainfall [28]. The average annual rainfall is approximately 1200 mm, and the
maximum annual rainfall usually occurs during May to August [28]. Frost and snow rarely occur in
Xiamen, so the wet deposition mainly refers to the rain samples [29]. In this study, the precipitation
samples at Xiamen Island were collected mainly during the rainy season, from April to August.
The sampling site was situated at the Marine-Atmospheric Environment Monitoring Station of the
Third Institute of Oceanography of the State Oceanic Administration (24◦26′12.47′′ N, 118◦05′21.11′′ E).
It is on the roof of a nine-floor building, approximately 45 m above sea level. This site is located in
southwestern Xiamen Island (Figure 1), surrounded by famous tourism locations in Xiamen, such as
Gulangyu Island, Nanputuo Temple, Xiamen University, and ancient fort at Huli Hill. The observation
station is representative of coastal urban district of Xiamen Island due to the impact of traffic, sea-salt,
residential, construction and ship emissions [30].
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2.2. Sampling and Analysis

Precipitation samples were collected from April to August 2014 with an automated precipitation
sampler (TE-78-100XAPS, TISCH, New York, NY, USA). The sampler consists of a rain sensor,
wet container, dry container and dust preventing cover. When there was rain, the rainfall sensor would
activate the cover and open automatically, exposing the container to the precipitation. The container
was closed when the sensor dried after the rain. After each collection, the container was carefully
washed. For the analysis of EC, WIOC, and WITC (water insoluble total carbon), a portion of each
precipitation sample (45–600 mL) was rapidly filtered through a quartz fiber filter (Whatman QMA)
that had been heated at 550 ◦C for 4 h in advance. Precipitation samples that could not be filtered
immediately after collection were frozen until filtration. Samples were filtered using a glass filter
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unit in order to concentrate particles onto a circular region 47 mm in diameter. The efficiency of the
filtration procedure was previously tested and shown to be efficient in filtering carbon particles from
precipitation samples [31]. In this study, the efficiency of filtration was tested using suspensions of
a known amount of carbon black particles in water. The average efficiency was 75%, similar to the
study by Chýlek et al. [14]. The quartz filter was then dried inside desiccators at ambient temperature
for approximately 24 h and stored in a frozen state until analyses. To determine the EC, WIOC and
WITC concentrations, a piece of filter was cut from each filter and analyzed with an automated
semi-continuous thermal-optical transmittance (TOT) carbon analyzer (Sunset Laboratory, Model-4,
Houston, TX, USA). The TOT method follows the National Institute for Occupational Safety and
Health (NIOSH) protocol [32]. The details of the TOT method can be found elsewhere [26,27]. Briefly,
the small piece of the filter is gradually heated in pure helium (He) gas environment to 850 ◦C at which
point most organic carbon is thought to be converted into carbon dioxide (CO2), whereas small organic
compounds are charred into EC. The CO2 is then swept out of the oven by He gas and detected by
a self-contained non-dispersive infrared (NDIR) system. Then, after the sample oven has cooled to
550 ◦C, the sample is step-heated to 870 ◦C in an oxidizing environment of 2% oxygen-containing
helium (2% O2, 98% He). At this stage, EC is oxidized into CO2 and detected by the NDIR. Finally,
a standard methane gas is injected for reference. The split between OC and EC is corrected when
the laser transmittance returns to the initial value. The precision of the instrument is ±5%, and the
detection limit is 0.1 µg·cm−2. The filtration process and the thermal-optical analyzing method have
been previously used to quantify carbonaceous matter extracted from rain and snow samples [6,12,15].

2.3. Air Mass Trajectory Analysis

To identify the potential transport pathways of precipitation, mean air mass backward trajectories
arriving at the sampling site at an altitude of 100 m (above the model ground level) were calculated by
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model of the Air Resources
Laboratory of NOAA [33]. HYSPLIT back-trajectories have been used in previous studies to investigate
the source regions of particulate carbon in rain [6,12]. Four-day backward air mass trajectories were
simulated with a daily resolution. Trajectories with end times of 00:00, 06:00, 12:00 and 18:00 (UTC)
were first calculated for each day from April to August 2014, and then trajectory cluster analysis was
conducted. The clustering tool integrated in the model was applied to create clusters of trajectories
based on the percent change in total space variance (TSV) and calculated the mean backward
trajectories of the clusters. The global reanalysis grid data provided by the Climate Diagnostics Center
of NCEP/NCAR I (CDC-I) Meteorological Data were used to simulate the backward trajectories.

3. Results and Discussion

3.1. Precipitation Data

Figure 2 shows a time series of the daily precipitation in Xiamen Island from April to August
2014. There were 58 rainy days during the sampling period. The volume of daily precipitation
varied from 0.1 mm to 80.9 mm. Several heavy precipitation events occurred in the months from
May to August except April. Combined with meteorological condition and air mass trajectories,
it can be found that highest precipitation amount (80.9 mm) on 23 May was mainly due to the
low-level jet from the southwest (Figure S1a), which provided a large amount of water vapor and
unstable energy for heavy rain [34]. Heavy precipitation events on 16 June and 23 July were influenced
by the processes of Hagibis typhoon and Matmo typhoon, respectively [35]. Active cold air from
north colliding with the warm humid air masses from the ocean, which contain abundant water
vapor, can lead to strong convective weather and intense precipitation. Heavy precipitation on
13 August may be caused by the strong convective weather, and the rainfall may be originated
from the South China Sea (Figure S1b). The total accumulated precipitation during the five-month
study period was 675.4 mm, which accounted for approximately 62.3% of the yearly total accumulated
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precipitation (1084.5 mm) in 2014. The monthly distribution of the accumulated precipitation was
as follows: 52.4 mm in April, 245.6 mm in May, 217.8 mm in June, 70.5 mm in July and 89.1 mm
in August. The average volumes of the precipitation events were 1.7 mm·day−1, 7.9 mm·day−1,
7.3 mm·day−1, 2.3 mm·day−1, and 2.9 mm·day−1, respectively. A previous study reported that
the frequent occurrence of migratory cyclones and a stationary Meiyu front caused persistent and
occasionally enhanced precipitation in spring over the East China Sea, while the dominant subtropical
anticyclone over the central North Pacific transported clean oceanic air masses from the south in the
summer [16]. According to the cluster analysis results of the air mass backward trajectories arriving at
the sampling site (Figures 3a and S2), four clusters of air masses largely influenced the area. Cluster T_1
represented the long-range transport of air masses originating from the northern continental region,
while T_4 represented the long-range transport of marine air masses originating from the South China
Sea. T_2 and T_3 represented marine air masses transported from the northwestern Pacific Ocean and
the South China Sea, respectively. Marine air masses constituted more than 80% of all the air masses.
The number of T_1, T_2, T_3 and T_4 transport pathways distributed over the five months is shown in
Figure 3b. The decreased number of T_1 and the increased number of T_3 and T_4 during April to
August indicated that the variations in precipitation events and amounts were linked to the alternate
control of marine and continental air masses. This result is consistent with a previous report that the
Meiyu front plays an important role in the meridional transition of airflow between continental air
from the north and oceanic air from the south [16]. In total, 33 precipitation samples were collected
during the study period. Several precipitation samples were not daily samples because they were
collected after entire precipitation events, so the representativeness of the sampled precipitation with
respect to all precipitation events was more than 56.9%. Figure 3c shows the four mean transport
pathways during the 33 sampled precipitation events. The distribution is similar to the trajectories
in Figure 3b. Precipitation in April was mainly affected by air masses transported from the north.
Precipitation in May was primarily influenced by the Meiyu front, which caused a transition in airflow
between the continental air from the north and the oceanic air from the south and the increased
oceanic air from the nearby South China Sea. In summer (June to August), the precipitation was mainly
controlled by oceanic air masses.
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3.2. Particulate Carbon Concentrations in Precipitation

Table 1 shows the descriptive statistics for the EC, WIOC and WITC concentrations in precipitation
collected at Xiamen Island. The EC concentration ranged from 0.0 to 90.5 µgC·L−1, with a mean
of 7.3 ± 17.5 µgC·L−1. This concentration fits within the range of values that have been reported
previously. EC concentrations in precipitation ranged from 0.0 to 1300 µgC·L−1 in rainwater and 0.0 to
130 µgC/L in snow and ice samples [23]. The WIOC concentration ranged from 74.2 to 2972.9 µgC·L−1,
with a mean value of 495.3 ± 607.4 µgC·L−1, which is higher than those measured in the European
background atmosphere where average varied from 98 to 358 µgC·L−1 [6]. Although the average EC
concentrations in rainwater were slightly lower than those recorded over the North Atlantic Ocean
(23 µgC·L−1), the average WIOC and WITC concentrations were comparable to those (438 µgC·L−1

and 460 µgC·L−1, respectively) over the North Atlantic Ocean [12]. Table 1 shows that the average
particulate carbon concentrations in spring were much higher than those in summer, especially the EC
concentrations. The EC values in spring were approximately 19 times higher than those in summer.
Although the analytical method was different, the seasonal variation of EC in this study is similar
to results in the East China Sea [16]. Mori et al. measured the EC in rainwater with single-particle
soot photometry (SP2) and reported that the average EC concentrations in rainwater in the East China
Sea were highest in spring (92 ± 76 µgC·L−1) and lowest in summer (8.0 ± 4.1 µgC·L−1) [16]. The EC
concentrations in precipitation in the North Atlantic Ocean also exhibited higher values in spring
(48 µgC·L−1) than in summer (5.1 µgC·L−1) [12]. Above all, it is clear that EC is a minor contributor
to the total mass of particulate carbon in precipitation. This result indicates that the wet deposition
processes may be more efficient at removing WIOC than removing EC from the atmosphere [12].
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Table 1. Seasonal average and range of EC, WIOC and WITC in precipitation at Xiamen Island in 2014.

Season n
EC/µgC·L−1 WIOC/µgC·L−1 WITC/µgC·L−1

Average Range Average Range Average Range

Spring 20 11.6 ± 21.6 0.0–90.5 597.3 ± 745.9 74.2–2972.9 608.9 ± 742.8 74.5–2974.9
Summer 13 0.6 ± 0.6 0.0–2.6 338.28 ± 242.6 97.3–784.9 338.9 ± 242.7 97.6–785.0

Total 33 7.3 ± 17.5 0.0–90.5 495.3 ± 607.4 74.2–2972.9 502.6 ± 606.3 74.5–2974.9

Note: the precipitation collected in spring only included April and May.

Figure 4 shows the temporal variation of EC and WIOC concentrations in precipitation during the
sampling period. The highest level of EC in precipitation was found at April, while the highest WIOC
value was found in May. High concentrations of EC in April and WIOC in May resulted in the overall
high particulate carbon concentrations in spring. The particulate carbon concentrations were very
low from June to August. Previous study reported that the scavenging efficiency of EC was lower in
polluted environments but higher in remote locations due to their hydrophilic properties [15]. However,
it can acquire hydrophilic properties by chemical ageing, many of the long-lived EC particles in the
atmosphere maybe acquired hydrophilic properties by chemical ageing. Thus, higher EC concentration
in precipitation in April suggested that many of the EC particles in atmosphere in April may be
some long-lived EC particles or long-transported particles which have been acquired hydrophilic
properties and easily scavenged by the rainwater. The long-range transported air masses in Figure 3
proved these speculate. Besides, higher EC concentrations in the atmosphere would also increase the
absolute EC mass incorporated in rainwater during cloud precipitation processes [16]. A previous
study in Xiamen observed that the aerosol EC levels in spring were larger than those in summer [26].
Thus, the higher EC concentrations in precipitation in spring, especially in April, may be due to the
higher EC concentrations in the atmosphere. Figure S3 (Supplementary Materials) shows that the
black carbon mass concentrations in the atmosphere during April were much higher than in other
months, which further support this explanation. The origin of air masses is also a dominant factor in
the temporal variation of EC concentrations in precipitation [12]. Atmospheric concentrations of EC
in northern Chinese cities were higher than those in Xiamen [36]. According to the results of the air
mass backward trajectory analyses (Figure 3), rain events associated with trajectories from the north,
which is known to be an important source region of EC to the atmosphere, displayed much higher EC
concentrations in April. Precipitation associated with the cleaner, oceanic air masses resulted in the
lower EC concentrations during summer. Niu et al. also reported lower aerosol carbon levels in Xiamen
during summer that was mainly attributed to the clean air masses from the ocean [26]. Combined with
the WIOC concentration and the air masses, it was found that most of the higher concentrations of
WIOC in precipitation were associated with the T_3 air masses, which originated from the nearby
South China Sea. Breaking waves were thought to exert an overwhelming influence on the organic
carbon enrichment of sea spray aerosols [37]. Thus, the input of organic carbon from the ocean is one
possible reason for the higher WIOC concentrations in May. In addition to, higher concentrations of
WIOC were coincident with the highest level of total precipitation in May. It seemed a little different
from the study conducted in the North Atlantic Ocean [12], which found that the sampling events with
high precipitation volumes exhibited lower WIOC concentrations than those with low precipitation
volumes. However, the findings here are actually consistent with the previous results in the North
Atlantic Ocean [12] when considering each precipitation event. This finding is evident in the regression
analysis between the logarithm of the WIOC concentration and the logarithm of the precipitation
amount (Figure 5a), which was similar to that of the previous study in the North Atlantic Ocean.
The regression result obtained from the analysis was as follow:

Log10 (WIOC) = (2.94 ± 0.11) − (0.44 ± 0.10) × log10 (precipitation) (1)
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The significant negative correlation coefficient between these two parameters (r =−0.61 at p = 0.01)
indicated that organic particles were efficiently scavenged from the atmosphere at the onset of rain
events and then diluted by subsequent rainfall. Thus, dilution is an important factor that controls the
WIOC concentrations of precipitation [12]. The logarithm of the EC concentrations did not correlate
with the logarithm of precipitation amounts (Figure 5b), which suggests that EC concentrations
in precipitation were not significantly affected by the time variation of the precipitation amount.
This result, along with the lower contributions of EC compared to WIOC in precipitation, indicates
that EC particles were not as efficiently scavenged from the atmosphere as WIOC particles [12].
Cerqueira et al. also reported that the scavenging ratios of EC were much lower than those of WIOC,
indicated that EC was removed less efficiently from the atmosphere by wet deposition than WIOC [6].
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3.3. Wet Deposition Fluxes

EC and WIOC wet deposition flux for the ith sampling event Fi (µgC m−2·day−1) as

Fi = Ci × Pi (2)

where Ci is the mass concentration in rainwater and Pi is the amount of precipitation in the
sampling event [16]. The time variation of EC and WIOC daily wet deposition flux is shown in
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Figure 6. Daily EC wet deposition flux varied from 0.1 µgC·m−2·day−1 to 807.5 µgC·m−2·day−1,
and WIOC daily wet deposition flux varied from 438.5 µgC·m−2·day−1 to 15055.7 µgC·m−2·day−1.
The average daily wet deposition flux of EC and WIOC at Xiamen during the sampling
period was 73.1 ± 164.0 µgC·m−2·day−1 and 3610.6 ± 3610.4 µgC·m−2·day−1, respectively;
these values were 1.6 and 8.6 times higher, respectively, than the reported average values (EC was
47 ± 108 µgC·m−2·day−1, and WIOC was 419 ± 1188 µgC·m−2·day−1) in the central North Atlantic
Ocean [12]. The trend in EC wet deposition fluxes was consistent with the variation in EC
concentrations. Higher EC fluxes were also found in April, which indicated that atmospheric inputs
were a major contribution to the EC wet deposition flux. EC wet deposition flux decreased from April
to August because EC particles were nearly absent in the rain from June to August. The trend in
WIOC wet deposition fluxes was slightly different from the variation in the WIOC concentrations.
This finding indicates that the magnitude of WIOC wet deposition flux at Xiamen Island was mostly
controlled by the amount of precipitation. Higher WIOC wet deposition fluxes during May to August
suggests that marine air masses may transport some WIOC to Xiamen Island and then deposit it
through rain.
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According to the methods described by Mori et al. [16], all precipitation events need to
be taken into account, including rain events from which rainwater was not sampled, to derive
monthly EC wet deposition flux. Thus, monthly EC and WIOC wet deposition flux, Fm, in the units
of mgC·m−2·month−1 was defined as

Fm =
ΣiFi

ΣiPi
Pm/1000 (3)

where Pm represents the total monthly precipitation. The monthly wet deposition fluxes of EC,
WIOC and WITC during the sampling period are shown in Table 2. The highest EC wet deposition
flux occurred in April, while the highest WIOC wet deposition flux occurred in May. In spring,
the average monthly wet deposition flux of EC and WIOC at Xiamen were 1.3 mgC·m−2·month−1 and
38.5 mgC·m−2·month−1, respectively; in summer, these same fluxes were 0.1 mgC·m−2·month−1

and 35.4 mgC·m−2·month−1, respectively. These values are comparable to the results from
European background sites, which reported that EC wet deposition fluxes ranged from 0.4 to
3.2 mgC·m−2·month−1 and that WIOC fluxes ranged from 5.1 to 31.5 mgC·m−2·month−1 [6].
The atmospheric OC and EC concentrations in Xiamen were comparable to the urban background
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sites in Europe [27], which indicated comparable deposition fluxes. EC wet deposition fluxes in
snow in northeastern China were estimated to be 4.7 ± 3.7 mgC·m−2·month−1. The monthly EC
wet deposition fluxes measured at a remote site in the East China Sea were 16.8 mgC·m−2·month−1,
1.9 mgC·m−2·month−1, 0.91 mgC·m−2·month−1 and 2.2 mgC·m−2·month−1 during spring, summer,
fall, and winter, respectively [16]. Greater flux during spring compared to summer was coincident with
the seasonal variations in this study. Matsui et al. used the CMAQ-PASCAL model to calculate the EC
wet deposition flux over East Asia during March through May 2010 and found that the wet deposition
flux of EC over South China (28 mgC·m−2·month−1) was four times greater than that of North China
(6.6 mgC·m−2·month−1) because of the higher precipitation rate [38]. However, our study found that
the EC wet deposition flux at Xiamen during the sampling period was not as large as the model
calculation. Xiamen is one of the cleanest coastal cities in China. The concentrations of carbonaceous
aerosols in Xiamen were much lower than those in Beijing, Qingdao, Shanghai, and other northern
cities in China [32]. Therefore, one possible reason for the lower wet deposition fluxes in Xiamen may
be the lower atmospheric concentrations. In addition, the transition from fresh, largely hydrophobic
EC to aged EC that is coated by various soluble species may also affect the wet deposition flux.
Although EC can acquire hydrophilic properties through chemical aging, fresh EC is known to be
hydrophobic; thus, its scavenging ratio tends to be lower than those commonly found for more soluble
air components. Hegg et al. also noted that the scavenging efficiency of EC was lower in polluted
environments but higher in remote locations, due to their hydrophilic properties [15]. The average
concentration of EC was three times higher in cloud-water than in rainwater [39]. In our study, we did
not collect the cloud-water sample, only the precipitation samples. Rainwater samples contribute to
wash out for below-cloud scavenging, below-cloud scavenging of aerosol EC can also contribute to
washout and wet deposition. However, below-cloud scavenging is a small contributor to the removal
of aerosol mass [15,40]. This may be another factor that resulted in the lower wet deposition of EC
in Xiamen.

Table 2. Monthly wet deposition fluxes of EC, WIOC and WITC at Xiamen.

Month
Wet Deposition/mgC·m−2·month−1

EC WIOC WITC

April 1.8 14.0 15.8
May 0.7 63.1 63.8
June 0.1 47.8 47.9
July 0.1 14.6 14.7

August 0.2 43.9 44.1
Average 0.6 36.7 37.3

4. Conclusions

To further understand the wet deposition of carbonaceous aerosols and their circulation and
climate effect, precipitation samples were collected on Xiamen Island from April to August 2014,
WIOC and EC in precipitation were then simultaneously measured using a thermal-optical method.
The wet deposition flux was calculated as the product of the concentrations and precipitation
amount. During the rainy season, the average EC and WIOC concentrations were 7.3 µgC·L−1 and
495.3 µgC·L−1, respectively. The average wet deposition fluxes of EC and WIOC were estimated to
be 0.6 mgC·m−2·month−1 and 36.7 mgC·m−2·month−1, respectively. The values were similar to the
results reported for European background areas. EC and WIOC concentrations and wet deposition
fluxes exhibited similar variation tendencies. EC concentrations and wet deposition fluxes were
higher in spring than in summer. High EC concentrations and fluxes were found in April, and were
probably associated with the transport of air masses from the northern continental area. High WIOC
concentrations and fluxes were found in May and were mainly attributed to air masses from the
South China Sea. Lower concentrations and fluxes of EC and WIOC during the summer months were
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primarily due to the clean air masses transported from the ocean, which contained minor amounts
of carbonaceous aerosols. This study reports the first measurement of WIOC and EC concentration
in precipitation and their wet deposition at Xiamen Island. Although the data were only during
several months, it can still contribute to a better understanding of particulate carbon removal from the
atmosphere, which will be helpful to further understanding of the influence of carbonaceous carbon
emissions on the regional carbon budget with respect to its impact on climate.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/7/11/140/s1,
Figure S1: Daily backward trajectories arriving at the sampling site (a) on May 23 and (b) August 13, Figure S2:
Four clusters of the air mass backward trajectories arriving at the sampling site, in which cluster 1 of 4 represents
the trajectories of T_1, cluster 2 of 4 represents the trajectories of T_2, cluster 3 of 4 represents the trajectories of
T_3, and cluster 4 of 4 represents the trajectories of T_4, Figure S3: Time series of daily BC mass concentrations at
Xiamen Island during the study period.
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