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Abstract
Wet deposition is an important process in the removal of 
heavy metal particulates from the atmosphere. However, 
the contribution of wet deposition to the total heavy 
metal deposition flux can vary widely between different 
airsheds. Understanding the contribution of wet deposi-
tion to the total metal deposition flux is important for 
accurate knowledge of local atmospheric deposition pro-
cesses, which will subsequently help in the selection of 
appropriate stormwater treatment and management op-
tions. This research monitored Cu, Zn and Pb loads in wet 
deposition samples and in bulk deposition samples from 
modular concrete paving slab systems. In conjunction, 
ambient particulate matter (PM) concentrations were 
monitored to determine their contribution to the wet 
deposition flux. All research was conducted in an indus-
trial land-use area in Christchurch, New Zealand. Results 
showed that wet deposition efficiently removed PM from 
the atmosphere, but after 1–2.5 antecedent dry days, PM 
concentrations recovered. Subsequent antecedent dry 
days, i.e > 1–2.5 d, did not influence PM concentrations. 
Pb loads in wet deposition were dependent on coarse 
PM (size range between 2.5 μm and 10 μm) concentra-
tions. This suggested that there was a local source emit-
ting coarse Pb particles into the atmosphere. Wet deposi-
tion was an important contributor of dissolved Zn to bulk 
deposition. However, dry deposition was the greatest 
source of total Cu, Zn, and Pb loads in bulk deposition. 
This is principally due to the low annual rainfall in Christ-
church, which limits pollutant removal via wet deposition 
unlike dry deposition, which is continually occurring.

Introduction
Particulate matter (PM) is an atmospheric pollutant that 
is defined by its size rather than its chemical nature, 
structure, or origin.1 PM is not a single pollutant, but 
rather a heterogeneous composite of particles varying in 
chemical composition, shape, size, solubility, residence 
time, toxicity, and origin.1-2 PM is typically subdivided 
into two categories: PM2.5 and PM10. PM2.5 comprises of 
particles with a diameter smaller than 2.5 μm and are 
referred to as “fine” particles. PM10 refers to particles 
with a diameter smaller than 10 μm, which also encom-
passes the PM2.5 fraction. Particles with a size range be-
tween 2.5 μm and 10 μm are called “coarse” particles 

(PM10-2.5). In most urban environments, both coarse and 
fine particles are present together, but the proportion of 
fine to coarse particles varies between different urban 
airsheds depending on the local geography, meteorology, 
and the emission source(s).3 Fine particles, in comparison 
to coarse particles, have a longer atmospheric residence 
time and can be carried long distances, in some instances 
travelling 1,000-10,000 km from their source.1

The majority of regulation and research initiatives in-
volving PM are driven by its effects on human health,1 
unsurprisingly, as the WHO considers PM as a major risk 
factor for human health.3 In particular, fine particles are 
associated with the most adverse health effects from 
particulate air pollution because they can penetrate and 
lodge deeply in the lungs.3 However, PM can also be a 
substantial source of organic and inorganic pollutants. 
For example, fine particles are typically composed of 
SO4

2-, NO3
-, NH4

+, organic carbon, elemental carbon, and 
heavy metals; coarse particles are typically composed of 
bioaerosols, e.g. pollen, geological material, and sea salt 
spray.4 PM containing heavy metals are important to re-
search because they can exist in varying chemical forms, 
i.e. water soluble, loosely particulate bound, or insoluble 
forms,5 and can be incorporated into stormwater pollu-
tion. In general, heavy metals are associated with fine 
particulates because fines have a greater surface area 
per unit mass and accumulate metals more efficiently.6 
As fine particulates have a longer residence time in the 
atmosphere, concentrations are typically more homoge-
neously distributed in an airshed as they get farther from 
the emission source. 

The removal process of PM metals from the atmosphere 
is via atmospheric deposition. Atmospheric deposition 
occurs in two ways: dry or wet deposition. Dry deposition 
(DD) is the direct settling of PM onto land or water sur-
faces via impaction, gravitational settling, turbulence, or 
Brownian motion depending on the size of the PM.7 Wet 
deposition (WD) occurs when PM leaches from the at-
mosphere with water droplets in the form of rain, snow, 
frost, fog, mist, and dew8 and it is considered the cleans-
er of the atmosphere.9 WD is one of the most important 
mechanisms through which airborne pollutants reach 
the land surface.10 WD has been reported to remove up 
to 70-80% of the pollutants, principally fine PM, from the 
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atmosphere.11 However, this amount is dependent on the 
airshed studied, the chemical species, and the frequency 
of precipitation events.12 Aside from being a major atmo-
spheric pollutant removal pathway, WD is important be-
cause it leaches pollutants to a surface partly in solution, 
enhancing the possibility of biological interactions.13 The 
solubility of the pollutant is affected by rainfall pH, pollut-
ant concentration, and the type of particle the pollutant 
is affiliated with in the atmosphere.14 

WD becomes stormwater runoff after contact with the 
land surface.10 The runoff incorporates DD particles re-
sulting in bulk deposition (BD) loads captured from an 
impermeable surface. Quantifying the relative contribu-
tion of WD and DD to BD loads is important for gaining 
knowledge on local atmospheric deposition processes, 
which will subsequently help in the selection of appropri-
ate stormwater treatment and management options. In 
addition, ambient PM concentrations are also important 
to research as they can contain heavy metals, and thus, 
can contribute to WD and DD metal loads in stormwater. 
In particular, it is important to determine how ambient 
PM concentrations respond after a rain event as they will 
influence the amount of metal particulates available for 
deposition onto impermeable surfaces. Thus, this paper 
reports on research findings from monitoring the contri-
bution of WD to the total Cu, Zn, and Pb deposition flux 
in an industrial area of Christchurch, New Zealand, a me-
dium sized city with low intensity (95% events are < 10 
mm/hr) and frequency (<81 wet annual days) of rainfall. 
PM concentrations were also assessed to elucidate rela-
tionships with WD metal loads and antecedent dry days.

Materials and methods 
Study sites
Field investigations were conducted in a light industrial 
land-use area in Christchurch, New Zealand, from August 
2013 to March 2014. The climate of Christchurch is as-
sociated with low rainfall and long antecedent dry peri-
ods, typically of a semi-arid environment. Christchurch is 
prone to smog events that commonly occur during cold 
calm nights when the atmosphere is stable and emis-
sions from domestic heating are high.15 Smog events are 
a principal result of the strong near-surface temperature 
inversions during anticyclonic synoptic conditions.16 PM 
concentrations and WD were measured at an Environ-
ment Canterbury (ECan) air monitoring station that was 
within the vicinity of an old but operating gelatin fac-
tory, a shopping centre, and a shipping container termi-
nal where air discharges were expected to be frequent. 
BD samples from concrete modular paving slab systems 
(here on referred to as boards) were collected 1.44 km 
away from the WD and PM samplers. The distance be-
tween the PM sampler and the board setup was due to 
the availability of secure and private land to host the ex-
perimental setup. BD was collected in the immediate vi-
cinity of a shipping container terminal, liquid petroleum 
gas depot, retail premises, and warehouses. 

Field sampling
The PM data were measured and analysed by ECan. PM10 

and PM2.5 were measured using a Tapered Element Oscil-

lating Microbalance (TEOM) with a Filter Dynamics Mea-
surement System (FDMS). PM data from August 2013 
to the end of November 2013 were audited by ECan; 
however, data afterwards were not officially audited, but 
results are unlikely to have changed by more than 1 – 
2 μg/m3. WD samples were collected by a WD sampler 
(N-Con ADS Model 00-120-2). The WD sampler had an 
infrared transmitter and receiver that opened the sam-
pler within 20 seconds of the onset of precipitation and 
closed it within a minute of the end of precipitation. BD 
samples were collected from four replicate impermeable 
concrete boards (as detailed in Murphy et al.17,18). The 
concrete boards were designed to capture atmospheric 
pollutant build-up (DD) and atmospheric pollutant wash-
off (WD). The concrete boards (1,000 mm x 1,000 mm) 
were elevated 500 mm from the ground and inclined at 
a 4° slope. A collection area (718 mm x 400 mm) was 
incorporated into the concrete board design to account 
for pollutant loss via splash and spray. Runoff from the 
collection area was conveyed to a 20 l high density poly-
ethylene collection chamber via a stormwater collection 
funnel. Rainfall data were obtained from Christchurch 
City Council’s weather station located 0.87 km away from 
the PM and WD samplers.

Sample collection and analyses
Seventeen rain events were sampled from August 2013 
(winter) to March 2014 (autumn) to analyse the rela-
tionship between WD loads and PM (Table 1). Eight WD 
samples were measured that could be directly compared 
to pollutant loads from BD (Table 1). WD and BD samples 
were collected and analysed for total and dissolved Cu, 
Pb, and Zn loads. All samples were stored below 4 °C af-
ter collection. Cu, Pb, and Zn concentrations were deter-
mined by ICP-MS (Agilent) following the APHA19 method 
3125-B. Total metals were HNO3 digested following the 
method described by Wicke et al.20 The detection limit 
for Zn was 10 µg/l; the detection limit for Cu and Pb was 
1 µg/l. Any data below the detection limit (principally 
dissolved Pb) were removed from the dataset. QA/QC 
protocols including blanks, duplicates (at least 10% of 
samples), spikes, standards, and instrument calibration 
were conducted. 

Statistical analyses 
Statistical analyses were conducted using the R 3.0.2 
package.21 A multivariate analysis of variance (MANOVA) 
test was performed to ascertain whether statistical dif-
ferences existed in the mean PM10-2.5 and PM2.5 concen-
trations with varying antecedent dry periods. Differences 
between antecedent dry periods were analysed by post 
hoc Gabriel analysis for its superior capabilities at han-
dling unequal sample sizes.22 All dependent variables 
were transformed (natural log) to comply with the nor-
mal distribution criterion. Homogeneity of variance was 
confirmed using Levene’s test.22 A Pearson’s Correlation 
was used to determine statistical dependence between 
two variables. 
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Results and discussion
Particulate matter with varying antecedent dry 
periods
A MANOVA statistical analysis was conducted to ascer-
tain if there was a significant difference in fine and coarse 
particulate concentrations with varying antecedent dry 
periods. The antecedent dry periods were categorised 
into six groups: <1 d, 1 - <2.5 d, 2.5 - <4 d, 4 - <5.5 d, 
5.5 - 7 d, >7 d. The mean concentrations of ambient fine 
(PM2.5) and coarse (PM10-2.5) particles varied significantly 
with changing antecedent dry periods (Pillai’s trace [V = 
0.166, F(10, 454) = 4.108, p-value < 0.001]). For coarse 
particles, there was a significant difference in their 
concentrations when the antecedent dry period was 

between 0-1 d. After one antecedent dry day, the con-
centrations of coarse particles did not alter significantly 
with increasing antecedent dry days (Table 2). Similarly, 
for fine particles, there was a significant difference in 
their concentrations when the antecedent dry period 
was between 0 - 2.5 d. After 2.5 antecedent dry days, the 
concentrations of fine particles did not alter significantly 
with increasing antecedent dry days (Table 2). Therefore, 
wash-off from a precipitation event had a significant ef-
fect on fine and coarse particle concentrations within the 
initial few days of the rain event occurring, but both fine 
and coarse particle concentrations were not influenced 
by longer antecedent dry periods (1 to 2.5 days). This dif-
fers to particulate build-up on urban impermeable sur-
faces, whereby, particulate build-up increases asymptoti-
cally with antecedent dry days, which ultimately plateaus 
after 6 days.23 Therefore, particulate build-up on an im-
permeable surface is limited at the start of the anteced-
ent dry period because wet deposition has removed the 
PM from the atmosphere. 

The average concentrations of PM10-2.5 and PM2.5 (μg/
m3) within the light industrial land-use area with varying 
antecedent dry periods. Within each antecedent dry pe-
riod, those sharing a common letter are not significantly 
different (p > 0.05) [n = number of cases analysed].

Particulate matter and wet deposition
A summary of WD pollutant loads and PM2.5, PM10, and 
PM10-2.5 concentrations the hour preceding the rain event 
are shown in Table 3. The relationship between PM con-
centrations prior to rainfall and heavy metal loads in WD 
was determined using a Pearson’s correlation. PM con-
centrations before rainfall did not show a significant re-
lationship with heavy metal loads in WD, except for Pb, 
which had a significant relationship with PM10-2.5 concen-
trations. This suggests that coarse particle concentra-
tions in the atmosphere influenced Pb loads captured in 
WD. This finding was different to other research, which 
stated that Pb loads in WD were mainly associated with 
the submicron size range.24 However, Lee and Park25 also 
found that Cu did not correlate with PM, while Pb was 
highly correlated (p-value < 0.05) with PM in air emis-
sions from an urban-residential and industrial land-use 
area in Ulsan, Korea. The reason that Cu and Zn were not 
statistically related to PM was probably due to the height 
of the PM monitoring station; PM concentrations were 

Table 1. Summary of rain events captured during the sam-

pling campaign [* = WD sampled; ** = WD and BD sampled]

Event 
no.

Date Rain depth (mm)
Antecedent dry 

days (d)
1**

2**

3**

4**

5**

6**

7*

8**

9**

10*

11*

12*

13*

14*

15*

16*

17*

03/08/13

25/09/13

08/10/13

13/10/13

25/10/13

31/10/13

22/11/13

25/11/13

08/12/13

17/12/13

20/01/14

26/01/14

12/02/14

23/02/14

28/02/14

03/03/14

05/03/14

5.8

2.0

33

8.4

5.6

2.0

5.6

13.0

3.8

5.2

10.6

3.6

15.6

9.6

11.8

138.4

1.8

10

2.7

8

2.5

7

5.5

19.6

3

11

6.8

13.5

5.4

11.2

9.4

4.8

2.1

0

Table 2. The average concentrations of PM10-2.5 and PM2.5 (μg/m3) within the light industrial land-use area with varying an-
tecedent dry periods. Within each antecedent dry period, those sharing a common letter are not significantly different (p 
> 0.05) [n = number of cases analysed]

<1 d 1 - <2.5 d 2.5 - <4 d 4 - <5.5 d 5.5 - <7 d >7 d
PM10-2.5 9.03 ± 0.68a 13.34 ± 0.84b 16.11 ± 1.16b 17.09 ± 1.61b 15.44 ± 1.51b 16.28 ± 1.23b

PM2.5 5.23 ± 0.31a 6.78 ± 0.48a,b 7.70 ± 0.54b 7.72 ± 0.58b 8.67 ± 0.91b 7.81 ± 0.49b

n 30 47 43 32 27 54

Table 3. The range (min – max) and mean values of PM measured at the light industrial land-use area one hour prior to the 
rain event (μg/m3) and total metals (μg/m2) in WD

PM10 PM2.5 PM10-2.5 tCu(WD) tZn(WD) tPb(WD)

Range 6.2 – 93.2 0 – 13.0 2.7 – 78.1 1.5 – 509.2 17.4 – 888.6 n/d – 130.3
Mean ± SE 26.8 ± 5.6 6.2 ± 3.2 20.1 ± 5.0 56.5 ± 28.3 213.6 ± 56.7 20.2 ± 9.0
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measured approximately 3 m above the ground, which 
only reflects PM concentrations at the lower tropospheric 
level. Cu and Zn particulate concentrations higher in the 
troposphere, e.g. where cloud formation occurs and rain-
particle impaction occurs, were not wholly represented. 
It is likely that the correlation between PM and Pb was 
due to a local source of Pb contributing to WD loads, for 
example, from nearby old residential houses with Pb-
based paint being demolished after the 2011 Canterbury 
earthquakes. A local source of particulate Pb would ex-
plain why there was PM Pb concentrations in the lower 
troposphere – particulate Pb did not have sufficient time 
to reach higher altitudes in the troposphere before being 
washed-out. On the other hand, if the source of Cu and 
Zn were farther away, the Cu and Zn particulates would 
have been able to reach higher altitudes.

Wet deposition 
Determining the speciation phase of metals in WD is 
important because metals can occur in either the par-
ticulate or the dissolved phase. Metals in their dissolved 
forms are most concerning because of their increased 
mobility in the aquatic environment, and thus, availabil-
ity for biological uptake.26 The partitioning of trace met-
als to the dissolved or particulate phase depends on the 
quantity and solubility of trace metals in a rain event.27 
The percentage contribution of dissolved to total metals 
in WD (n=17) was 40.58% ± 7.38% and 83.07% ± 4.72% 
for Cu, and Zn, respectively. A ratio of dissolved to to-
tal Pb was not evaluated as dissolved Pb concentrations 
were frequently below the detection limit (1 μg/l). Par-
ticulate Pb dominated the total Pb flux because Pb had 
a low solubility in WD and was principally washed-out in 
particulate form. The ratio of dissolved to total Cu was 
relatively high, which suggested that Cu was easily solu-
ble in WD. Zn was mainly associated with the dissolved 
phase (83.07%); therefore, Zn was highly soluble in WD. 
Similarly, Morselli et al.28 found that Zn had the highest 
solubility in WD followed by Cu; Pb had a very low solu-
bility in WD. Colin et al.29 found that Zn concentrations in 
WD in France were mainly associated with the dissolved 
phase (approximately 96%). Freydier et al.30 found that Zn 
had the highest dissolved to total distribution of all met-
als studied (which included Pb, but not Cu) in intertropi-
cal Africa. WD results from Otago, New Zealand, found Zn 
atmospheric loads were present in a dissolved or easily 
dissolved forms, and thus, stated that Zn originated from 
a non-crustal source because metals generated from 
anthropogenic sources tend to be loosely bound to air-
borne particles.31 The results in this research differed to 
Conko et al.,27 who found that Cu was more soluble than 
Zn in precipitate in Virginia, United States; however, this 
could be due to the lower rainfall pH in Virginia (3.7 – 4.7) 

than Christchurch (4.9 – 7.2)27,32 or from different source 
emissions of metals in each airshed. Kaya and Tuncel14 
reported solubilities of 43% ± 29%, 49% ± 27%, 40% ± 
35% for Zn, Cu, and Pb, respectively, in rainwater from 
Ankara, Turkey. 

Contribution of WD to BD loads
Total Cu, Pb, and Zn loads from WD and BD from concrete 
boards (as previously discussed) are summarised in Table 
4. The results show that WD contributed approximately 
10 - 13% of the total Cu, dissolved Cu, and total Pb (dis-
solved Pb was negligible) loads in BD. Therefore, DD was 
the major pathway for Cu and Pb removal from the atmo-
sphere (Figs 1 and 2 respectively). Conversely, WD was 
an important contributor of total Zn (34%) and dissolved 
Zn (133%) to BD (Fig. 3). The value of Zn above 100% 
was attributed to Zn being highly soluble in precipitate 
at the pH range (4.7 – 7.2) found in Christchurch rainfall. 
Moreover, concentrations of dissolved Zn from WD were 
higher than dissolved Zn concentrations in runoff from a 
concrete surface. The decrease in dissolved Zn concen-
tration in the runoff was probably due to calcium carbon-
ates and calcium hydroxides adsorbing dissolved Zn.33 
Although dissolved Zn loads were dominated by WD, DD 
was the biggest contributor to total Zn loads. Overall, the 
results demonstrate that DD was the important control-
ler of atmospheric pollutant loads in BD due to limited 
precipitation in Christchurch. Although DD is a slow pro-
cess, it is continually occurring unlike WD; therefore, 
it is of greater importance to net pollutant deposition. 
Mitigating atmospheric pollutant loads in DD should be 
the focus of stormwater management through improved 
source control legislation or by choosing the best pave-
ment material for attenuating DD loads, i.e. concrete. 

Conclusions
Knowledge of the pathways dominating atmospheric 
deposition is important because it increases our under-
standing of atmospheric pollutant removal processes. As 
the processes affecting pollutant deposition can vary for 
different airsheds due to different meteorology and land-
use activities, it is important to quantify the contribution 
of wet and dry deposition for each airshed individually. 
The results presented here demonstrate the importance 
of WD in removing fine and coarse PM from the atmo-
sphere. Following a rain event, atmospheric PM concen-
trations begin to increase; after one to two antecedent 
dry days, PM concentrations stabilise, i.e. PM concentra-
tions are not influenced by longer antecedent dry peri-
ods.

DD was the dominant pathway for atmospheric metal re-
moval due to the low rainfall frequency in Christchurch. 

Table 4. The range (min — max) and mean values of total metals (μg/m2) in BD from August 2013 to December 2013 and 
the percentage ratio of pollutant in WD to BD (mean ± SE) [n/d = not detected; n/a = not analysed due to insufficient data]

dCu tCu dZn tZn dPb tPb

Min 15.66 34.74 26.40 36.39 n/d 3.39

Max 202.87 254.26 223.08 693.71 0.91 78.50
Mean ± SE 62.80 ± 20.04 108.28 ± 22.43 118.09 ± 26.40 334.16 ± 77.57 n/a 35.79 ± 8.81

Ratio (%) to WD 12.44 ± 6.36 10.39 ± 2.52 132.71 ± 11.20 34.22 ± 5.31 n/a 11.64 ± 3.41
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Fig. 1. (a) total Cu concentration in BD and WD; (b) the contribution of total and dissolved Cu in BD; and (c) the contribution of 
total and dissolved Cu in WD. 

0
50

100
150
200
250
300

1 2 3 4 5 6 7 8

To
ta

l C
u 

(μ
g/

m
2 )

Rain event

BD WD
0

100

200

300

400

500

1 2 3 4 5 6 7 8

C
u 

(μ
g/

m
2 )

Rain event

Total Dissolved

0
5

10
15
20
25
30
35
40

1 2 3 4 5 6 7 8
C

u 
(μ

g/
m

2 )
Rain event

Total Dissolved

(b) BD

(c) WD

(a)

Fig. 2. Total Pb in BD and WD (dissolved Pb is not represented as 
it was frequently below detection limits) 
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Therefore, from a stormwater manager’s perspective, to 
manage atmospheric deposition as a source of storm-
water pollution, emphasis should be placed on remov-
ing pollutant loads from DD. Frequent street vacuuming 
practices during dry days is an option; however, frequent 
street cleaning is costly and would not be suitable as a 
long-term pollution mitigation strategy. Implementing 
effective measures to mitigate atmospheric heavy metal 
deposition will be challenging unless effective legislation 
is enforced to mitigate heavy metal emissions to the at-
mosphere. Implementing controls on atmospheric heavy 
metal emissions in Christchurch, however, may not be 
effective (although, they should still occur) as pollutants 
can be transported from other regions beyond the legis-
lative control, i.e. transboundary pollution (see Murphy 
et al.17). Therefore, current focus should be on treating 
the stormwater runoff as close to the source as possible. 
A high proportion of total Cu and total Zn are in the dis-
solved form; therefore, when treating stormwater pol-
lution, emphasis should be placed more on treating the 
dissolved forms of Cu and Zn rather than the particulate 
forms. 
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