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h i g h l i g h t s
� We sampled 90 storm events of various meteorological conditions covering all climatic seasons at a continental rural site.
� We measured dissolved organic carbon (DOC) concentration and quality in precipitation, and calculated the seasonal averages.
� Summer and spring storms had higher wet atmospheric DOC deposition and more optically active organic matter than winter.
� Factors linked to storm properties, emission sources, and atmospheric composition helped explain temporal variations in DOC.
� Our observations (provided as supplement) may be useful in modeling of atmospheric chemistry and in ecosystem studies.
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a b s t r a c t

The objectives of this study were to determine the quantity and chemical composition of precipitation
inputs of dissolved organic carbon (DOC) to a forested watershed; and to characterize the associated
temporal variability. We sampled most precipitation that occurred from May 2012 through August
2013 at the Susquehanna Shale Hills Critical Zone Observatory (Pennsylvania, USA). Sub-event precipi-
tation samples (159) were collected sequentially during 90 events; covering various types of synoptic
meteorological conditions in all climatic seasons. Precipitation DOC concentrations and rates of wet
atmospheric DOC deposition were highly variable from storm to storm, ranging from 0.3 to 5.6 mg C L�1

and from 0.5 to 32.8 mg C m�2 h�1, respectively. Seasonally, storms in spring and summer had higher
concentrations of DOC and more optically active organic matter than in winter. Higher DOC concen-
trations resulted from weather types that favor air advection, where cold frontal systems, on average,
delivered more than warm/stationary fronts and northeasters. A mixed modeling statistical approach
revealed that factors related to storm properties, emission sources, and to the chemical composition of
the atmosphere could explain more than 60% of the storm to storm variability in DOC concentrations.
This study provided observations on changes in dissolved organic matter that can be useful in modeling
of atmospheric oxidative chemistry, exploring relationships between organics and other elements of
precipitation chemistry, and in considering temporal changes in ecosystem nutrient balances and mi-
crobial activity.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Atmospheric organic matter stems from emissions from
multiple biogenic and anthropogenic sources, such as vegetation,
incomplete combustion of fossil fuels, biomass burning, and sea-
spray (Goldstein and Galbally, 2007; Heald et al., 2008). Wet at-
mospheric deposition via precipitation is the primary pathway for
removal of organic matter from the atmosphere (Hallquist et al.,
2009; Jurado et al., 2008; Kanakidou et al., 2005). Both the
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concentration, or quantity, and the chemical composition, or
quality, of organics in precipitation are a reflection of sources,
transport, and chemical transformations of organic matter in the
atmosphere (Decesari et al., 2007; Graber and Rudich, 2006). Dis-
solved organic carbon (DOC) is typically used as a measure of the
total dissolved organic matter (DOM) present in precipitation and
other natural waters (Thurman, 1985). Precipitation contains a
heterogeneous mixture of organic carbon compounds having
varying molecular weights, reactivity and solubility (Altieri et al.,
2009; Mead et al., 2013; Seaton et al., 2013). Studies by Fahey
et al. (2005) and Pan et al. (2010) suggest that a large fraction
(76e94%) of the carbon in precipitation is in the organic form. It is
recognized that precipitation can supply bioavailable organic
compounds to landscapes (Avery et al., 2003; Seitzinger and
Sanders, 1999) and can influence multiple ecosystem functions
(Kanakidou et al., 2012; Mladenov et al., 2012). Observations of DOC
concentrations in precipitation are sparse worldwide (Iavorivska
et al., 2016). It has only recently been established that DOC in
precipitation is significant in the global carbon budget, accounting
for a portion of the missing carbon sink over the land and oceans
(Willey et al., 2000).

Concentrations of DOC in precipitation can span several orders
of magnitude from storm to storm (Coelho et al., 2008; Sakugawa
et al., 1993; Willey et al., 2009); and events differ markedly in
terms of DOC quality (Kieber et al., 2006; Muller et al., 2008; Santos
et al., 2009). Climatic factors have been invoked to explain vari-
ability in DOC concentration and quality from storm to storm;
including precipitation depth and duration, synoptic weather
pattern, wind speed, and antecedent conditions such as dry periods
(Germer et al., 2007; Jordan et al., 1995; Yan and Kim, 2012). Several
studies found a strong negative relationship between DOC con-
centration and precipitation depth (Heartsill-Scalley et al., 2007;
Kawamura et al., 2001; Santos et al., 2013). Comparably, several
studies found a negative relationship between precipitation depth
and metrics of DOC quality, characterizing the light-absorbing or
chromophoric fractions (Balla et al., 2014; Kieber et al., 2006;
Santos et al., 2013). However, other studies found no relationship
between DOC concentration and precipitation depth (Eklund et al.,
1997; Likens et al., 1983; Pena et al., 2002), highlighting that the
relationships can vary in strength and are inconsistent among lo-
cations. DOC quality in precipitation is affected by the extent of
mixing in the atmospheric boundary layer; where lowwind speeds
that promote stagnant air and accumulation of organic carbon
emissions are associated with higher quantities of humic-like
substances, which are major components of DOC in precipitation
(Balla et al., 2014; Muller et al., 2008). Further, storms with a high
convective component had significantly higher humic-like DOC
fractions compared to stratiform events (Muller et al., 2008).

Research at critical zone observatory watersheds aims to un-
derstand coupled physical, chemical, and biological processes
shaping Earth's surface (Brantley et al., 2016; NSF-CZO, 2016). At
the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) in
central Pennsylvania (USA), recent research has focused on aspects
of inorganic and organic carbon cycling in the watershed (Andrews
et al., 2011; Jin et al., 2014; Yu et al., 2014). Questions remain about
the magnitude of organic carbon delivered to the watershed via
precipitation, and its potential importance in atmospheric and
terrestrial biogeochemical processes. The objectives of this study
were to determine the quantity and the quality of precipitation DOC
inputs to the SSHCZOwatershed; and to characterize the associated
temporal variability. We hypothesized that multiple factors drive
variability of DOC concentrations in precipitation among the storm
events; which we explored by considering relationships between
DOC, storm properties, meteorological conditions, and chemical
composition of air and precipitation.
2. Methods

2.1. Sampling site

The temperate, continental study site is located in central
Pennsylvania (Fig. 1) in the Appalachian Forest ecoregion of the
eastern United States. The precipitation sampling site (40�66.60 N,
77�90.40 W) is situated in a clearing at the top of the Shale Hills sub-
watershed; a small headwater basin (0.08 km2) that is continuously
forested; which in turn is nested within the larger Shaver's Creek
watershed of the SSHCZO. The minimally disturbed monitoring
location is representative of background atmospheric conditions
affected by large, upwind regional sources. Potential local sources
of anthropogenic emissions in the region include a few small farms
and vehicular emissions from county roads.

2.2. Precipitation and atmospheric characteristics

At the SSHCZO study site, precipitation depth was recorded at
10-min intervals (Arthur, 2016) using an Ott Pluvio 2 weighing
bucket rain gage (Hach Company, Loveland, CO, USA), which is one
of the gage types approved for use by the National Atmospheric
Deposition Program (NADP-NTN, 2015a). Precipitation depth is
measured at 15-min intervals at another location 4 km away; at site
PA42 of the National Atmospheric Deposition Program (NADP-NTN,
2015b). Data from site PA42 were used to fill in periods of missing
precipitation data, which were mostly attributed to power outages.
Precipitation at the sampling site is similar in volume to the nearby
PA42 site; computed as 0.948 multiplied by the observed precipi-
tation depth at site PA42 based on a regression relationship
developed using 2 years of contemporary monitoring data from
both sites (R2 ¼ 0.94).

We sampled precipitation at the SSHCZO site during 90 storms
that occurred between May 14, 2012 and August 31, 2013. This
period of 1.3 years covered a range of seasonal and storm condi-
tions. Precipitation was sampled for chemical analyses during
storms using an Eigenbrodt automated precipitation collector
(model NSA 181/S), situated 1.5m above the ground in a large forest
clearing at the top of the watershed (Fig. 1) and 5 m away from the
precipitation gage. Sample bottles are made of high-density poly-
ethylene and were rigorously cleaned prior to sampling. They were
soaked in a 10% solution of hydrochloric acid for at least an hour,
with two subsequent 24-h soaks in reverse osmosis treated water
and one 24-h soak in deionizedwater, and then air-dried in a closed
container. All sampling surfaces of the precipitation collector were
cleaned between sample retrievals with deionized water and dried
with lint-free laboratory wipes.

Sequential samples of precipitation were collected during wet
periods only according to pre-programed regular time intervals.
Once triggered by a rainfall sensor, the collector lid retracted and
precipitation flowed through a 500 cm2 collection orifice funnel,
and a rotating manifold delivered the sample to a bottle opening.
The collector housed eight 1-L bottles (20 mm of precipitation
each), which were filled in two independent cycles (four bottles per
cycle). Each cycle proceeded for 18.5 h according to a following
scheme: first bottle e 30 min from an onset of the event; second,
third and fourth bottlese for 6-h intervals. The second cycle started
after the sensor was triggered again. The bottle openings were
fitted tightly against a plate, which prevented evaporation. In the
wintertime, the sensor and the lid were heated to allow for the
snow samples to be collected the same way as rain. Precipitation
samples were retrieved from the sampler after the end of storm
events.

The individual sub-event precipitation samples were collected
at regular time intervals within a storm event and then the samples



Fig. 1. The study took place within the Shaver's Creek watershed (164 km2, black boundary from Guo, 2010) of the Susquehanna Shale Hills Critical Zone Observatory in central
Pennsylvania (USA). Precipitation was sampled in a forest clearing in the Shale Hills sub-watershed (star). Auxiliary precipitation data were also obtained from the nearby site PA42
of the National Atmospheric Deposition Program (circle).
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were separated by storm events. There is a lack of consensus in the
literature regarding the basis for separation. Often, events are
separated based on a defined minimum inter-event time (MIT),
which is the duration of a break in rainfall between two back-to-
back precipitation events, and it can range from 15 min to 24 h in
different studies depending on intended data application and
research questions (Dunkerley, 2008). For this study using MIT
criterion alone seemed artificial, since we aimed to examine how
changing meteorological conditions influence the delivery of con-
stituents with precipitation. Consequently, we chose to separate
the events based on a combination of MIT and information from
surface weather maps. The samples of continuous precipitation
were assigned to one event if they were collected less than 12 h
apart and belonged to the same distinctive synoptic weather sys-
tem that caused precipitation at the sampling site. Also, the sam-
ples were assigned to separate events if they originated from
different systems, evenwhen only 6 h apart (which is a duration of
one sampling interval).
The antecedent depth of precipitation (mm) and the fraction of
precipitation due to convection (%) were computed using the Phase
2 of the North American Land Data Assimilation SystemModel (Xia
et al., 2012). We retrieved hourly precipitation characteristics for
the sampling period from the data archive (NASA-LDAS-2, 2015).
The antecedent precipitation depth was calculated by summing the
hourly precipitation depths preceding each sampling date/time for
the geographic coordinate of the sampling site for a specified
number of hours (1, 3, 12, 24, 72, 168 h). The air temperature (�C)
was measured at the SSHCZO sampling site.

One of four synoptic weather patterns (or regional storm types)
were assigned for each sample: 1) warm or stationary fronts; 2)
cold fronts; 3) northeasters; and 4) non-frontal. These were
assigned on the basis of visual examination of surface weather
maps with a three-hour time step, obtained from the Weather
Prediction Center Archive by the National Weather Service (NOAA-
WPC, 2015). The non-frontal type was assigned to local convective
events or events due to convergence that were not associated with



L. Iavorivska et al. / Atmospheric Environment 147 (2016) 284e295 287
frontal long-range activity, and formed as a result of surface
convergence along a trough or local convection during warm
months. Hurricane Sandy (October 29e30, 2012) and the winter
storm Nemo (February 8, 2013) were classified as northeasters.

We also considered atmospheric ozone mixing ratio data, in
parts per billion on volume basis (ppbv), and their relationships to
DOC in precipitation. Ambient ozone is monitored 10 km northwest
of the sampling site at the PSU106 location of the U.S. Environ-
mental Protection Agency's Clean Air Status and Trends Network.
Hourly ozone concentration data for the PSU106 location were
retrieved from the data repository (USEPA-CASTNET, 2015).

2.3. Organic matter in atmospheric precipitation

2.3.1. DOC determination
Precipitation samples were transported to the Department of

Ecosystem Science andManagement water quality laboratory at the
Pennsylvania State University. Samples were kept chilled (4 �C)
until processing and analysis shortly after sample collection. If
there was sufficient sample volume, one aliquot was filtered
through Whatman binder-free glass-fiber filters with a nominal
pore size of 0.7 mm that had been combusted for 6 h in a furnace at
450 �C. Another aliquot was left unfiltered. Both aliquots were
transferred to pre-combusted amber glass bottles and refrigerated
at 4 �C until analysis. There was no significant difference between
filtered and unfiltered samples for organic carbon, total nitrogen, or
specific ultraviolet absorbance (n ¼ 48, p ¼ 0.5362, a rank-based
non-parametric Kruskal-Wallis test). We report results for unfil-
tered samples as dissolved organic carbon in this paper, as it
allowed for inclusion of the low volume samples.

Concentrations of dissolved organic carbon (DOC) and total
dissolved nitrogen (TDN) were measured on a Shimadzu carbon
analyzer (model TOC-VCPH þ TNM-1, which is a high-sensitivity
total organic carbon model with a total nitrogen unit). DOC ana-
lyses were conducted using the high-temperature combustion
technique in non-purgeable organic carbon mode, according to
procedure described in Bird et al. (2003). The detection limit for
DOC was 0.015 mg C L�1, and for TDN 0.015 mg N L�1.

Volume-weighted DOC concentrations were calculated when
full-duration precipitation events were sampled. The volume-
weighted concentration per precipitation event was determined
as the sum of the products of constituent concentration and pre-
cipitation depth for each sub-event sample divided by the total
precipitation depth for that event. Rates of wet atmospheric DOC
deposition (mg C m�2 hour�1) for each sub-event sample were
calculated by multiplying the concentration of a constituent (mg C
L�1) by the depth of precipitation from the rain gage (mm) and
dividing by the precipitation duration (hours).

2.3.2. Spectroscopic measurements
To characterize the quality of organic matter in precipitation, we

measured optical properties using ultravioletevisible absorbance
spectroscopy, which have been widely employed as proxies for
average organic matter quality characteristics (Cory et al., 2011).
When there was sufficient sample volume, absorbance of the pre-
cipitation samples was measured using a Shimadzu UVeVisible
Spectrophotometer UV-1800. We used a quartz cell with 1 cm path
length in the wavelength range from 190 to 1100 nm at 1 nm in-
crements, and blank corrected. The photometric accuracy of the
instrument was ±0.002 absorbance units (AU).

The following indices derived from the absorbance measure-
ments were considered: 1) Decadic and Napierian absorption co-
efficients at 254 nm and 300 nm; 2) specific ultraviolet absorbance
at 254 nm (SUVA254); and 3) the spectral slope ratio (SR). In various
environments these proxies have been successfully employed to
relate the quality of the whole DOC mixture to its physical prop-
erties and sources without the need to resolve its detailed chemical
composition (Butman et al., 2012; Cory and Kaplan, 2012; Spencer
et al., 2012). Napierian coefficients (m�1) are used to infer the
amount of chromophoric, light-absorbing organic matter (Chin
et al., 1994; Kieber et al., 2006), and were calculated as ɑ
(ʎ) ¼ 2.303 A (ʎ), where A is a decadic absorption coefficient at a
reference wavelength ʎ (Green and Blough, 1994). SUVA254 values
are highly and positively correlated with the degree of organic
matter aromaticity (Aiken and Cotsaris, 1995;Weishaar et al., 2003)
and the hydrophobic organic acid fraction of organic matter
(Butman et al., 2012). SUVA254 (L mg C�1 m�1) was calculated by
dividing the decadic absorption coefficient for a respective wave-
length by DOC concentration (Weishaar et al., 2003). Spectral slope
ratio SR is inversely related to average molecular weight of organic
matter and the degree of photo-oxidation (Helms et al., 2008).
Spectral slope ratio SR (dimensionless) was determined as a ratio of
S275e295 to S350e400, where S275e295 and S350e400 represent the
slopes of the linear regression applied to the natural log-
transformed absorbance spectra from 275 to 295 and 350 to
400 nm, respectively (Helms et al., 2008).

2.4. Statistical analyses

Statistical analyses were made using SAS JMP Pro 12.1.0 (SAS
Institute Inc., Cary, NC, 1989e2015). The normality of distribution
for all continuous variables was evaluated using a Shapiro-Wilk W
test (Razali and Wah, 2011). Precipitation depth and the associated
DOC concentration data were log-normally distributed. All pre-
cipitation samples had DOC concentration values that were above
detection limit and thus there were no censored values to consider
statistically. Given the non-normality of distribution, we used
nonparametric statistical analyses to assess the significance of
differences between groups of categorized variables (e.g., to assess
differences among seasons, synoptic weather patterns, or filtration
methods), namely the Kruskal-Wallis rank score one-way analysis
of variance (Kruskal and Wallis, 1952). In cases where more than
one pair of categorized means had to be compared, the Kruskal-
Wallis test was followed by the Dunn All Pairs for Joint Ranks
post-hoc test that controls p-values for the number of comparisons
by applying the Bonferroni adjustment. The strength and direction
of monotonic relationships between continuous variables was
assessed by the non-parametric Kendall Tau test (Kendall, 1938).
For evaluating whether test results are statistically significant, a
significance level was set at alpha of 0.05.

We developed linear mixedmodels (Gelman and Hill, 2007;Wu,
2009) to explore factors that might best explain the variability of
DOC concentrations in precipitation from storm to storm. Our
dataset had a nested structure with repeated measures, where
several sub-event samples were collected throughout individual
storm events. For this modeling, a time sequence variable (TS#)was
assigned to each sub-event sample, and an event number variable
(Event#) was assigned to each storm event to represent clustering
of sub-event samples within individual events. In addition to
samples with missing data, the following samples were excluded
from the models (total of 11 out of 159 samples): the samples with
time sequence 4 and 5 due to their small number; and the two
storms of the northeaster type since they are unusual weather
events that are not representative of average conditions. The events
had an unequal number of sub-event samples, which led to an
unbalanced sampling design. Changing chemical composition of
precipitation throughout the course of individual events made the
observations within events non-independent of each other. The
mixed modeling approach that we used accounted for the complex
covariate structure of our data by addressing both the variance
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shared between sub-event samples, as well as the differences be-
tween whole events (Snijders and Bosker, 1999; Wagner et al.,
2006).

A range of continuous and categorical explanatory variables
were considered for inclusion in the linear mixed models. These
potential explanatory variables can be divided into the following
categories: 1) storm characteristics (precipitation depth and dura-
tion); 2) precipitation or atmospheric chemical composition (SR,
decadic absorption coefficient at 254 nm, concentration of total
dissolved nitrogen, and ozone mixing ratio); 3) meteorological
variables (convective fraction, synoptic weather pattern, ambient
air temperature, and climatic season); and 4) atmospheric moisture
conditions (antecedent dry period, antecedent precipitation depth).
All explanatory variables, except for climatic seasons, were
measured at the same level as the response variable. The response
variable (DOC concentration) was natural log-transformed prior to
mixed modeling analysis, and the explanatory variables were left
untransformed.

We first conducted an exploratory analysis to assess the po-
tential of each variable to affect DOC concentration, by including
each of them as a single explanatory variable into a model and
evaluating statistical significance (see Supplementary Table S2). We
then developed a set of final models to estimate ln [DOC] from
various combinations of explanatory variables that were achieved
by stepwise removal of non-significant explanatory variables
(p > 0.05). Model parameters were estimated using the maximum
likelihood method and explanatory variables were modeled as
fixed effects. The fixed effects are parameters that are related to the
whole population, rather than individual samples, and are used to
estimate the response variable but are not modeled themselves
(Gelman and Hill, 2007; Pinheiro and Bates, 2000). Each model was
based on an unstructured repeated covariance structure, which fits
all covariance parameters. Models were assessed by twometrics: 1)
Model R2 indicating the variance explained (i.e. the proportional
reduction in variance of the model including independent variables
compared to null model with no independent variables); and 2)
Akaike's Information Criteria (where AIC ¼ �2log-likelihood þ 2 X
# of model parameters), with lower values indicating greater
parsimony (Buckley et al., 2003).
3. Results and discussion

3.1. Precipitation

In this temperate climatic region, the average annual
Table 1
Characteristics of precipitation samples observed in central Pennsylvania at the Susqueh
from the total number of sub-event samples per time period (of the 159 individual sub-
weighted values averaged from the complete event periods sampled per time period (of
sample standard deviations. The 2012e2013 period is averaged over the 1.3 years of mo

Time
period

Sequential
precipitation sub-
event samples
(number)*

Precipitation events
sampled;
complete þ partial
(number)*

Average sub-event
precipitation DOC
concentration, (mg C/L)*

A
p
c

2012 79 37 þ 10 2.08 (1.53) 2
Spring 12 5 þ 0 1.84 (1.50) 1
Summer 39 20 þ 7 2.48 (1.55) 2
Fall 28 12 þ 3 1.63 (1.41) 1

2013 80 31 þ 12 1.76 (1.40) 1
Winter 11 5 þ 2 0.76 (0.41) 0
Spring 31 12 þ 5 1.93 (1.87) 2
Summer 38 14 þ 5 1.91 (0.99) 1

2012
e13

159 68 þ 22 1.92 (1.47) 2
precipitation is 105.3 cm per year over 35 years of observation
(1980e2015) at site PA42; or 100.4 cm per year at the sampling site
as extrapolated by the aforementioned regression relationship for
precipitation between the sites. Total annual precipitation observed
at the sampling site was 98.8 cm in 2012 and 100.5 cm in 2013;
where both years were within 1% of the average at the site, sug-
gesting that the event sampling is representative of average annual
conditions. During the study period of 1.3 years, 136.6 cm of pre-
cipitation occurred. Of this, we sampled storms during 96 cm of
rainfall and snowfall, constituting about 73% of the total amount of
precipitation received over the sampling period. Some events were
not sampled due to periods of power outages at the SSHCZO site, or
they generated insufficient precipitation volumes to enable water
quality analyses. Sampling occurred during typical frontal and
convective weather systems as well as several unusual events. We
collected 159 individual sub-event precipitation samples during
storm events over the sampling period. These sub-event samples
were assigned to one of 90 precipitation events that occurred
across the sampling period. Due to insufficient sample volume to
facilitate water quality analyses, 22 precipitation events had sam-
ples from only part of the event, while 68 events were sampled
completely throughout the full duration of the storm. Information
on the precipitation samples collected and associated water quality
characteristics over total, annual, and seasonal time periods are
summarized in Table 1.
3.2. DOC concentrations

Concentrations of DOC in all 159 sub-event precipitation sam-
ples ranged from 0.27 to 9.41 mg C L�1 with a median value of
1.56 mg C L�1 and an average value of 1.92 mg C L�1 (Table 1,
Supplementary Table S1). The average DOC concentration in the
sampling location in central Pennsylvania is comparable with
values recorded at other continental locations around the world
such as 1.49 mg C L�1 in Schauinsland, Germany and 1.35 mg C L�1

in K-Puszta, Hungary (Cerqueira et al., 2010), 1.83 mg C L�1 in
Ṧibenik, Croatia (Orlovi�c-Leko et al., 2009), 1.8 mg C L�1 in Upper
Teesdale National Nature Reserve, Northern England, UK (Chapman
et al., 2008), 1.8 mg C L�1 in Harvard Forest, Massachusetts, USA
(Currie et al., 1996), and 1.91 mg C L�1 in Lake Calado, Amazonas,
Brazil (Williams et al., 1997). Event-based volume-weighted
average concentrations and deposition rates of DOC were calcu-
lated from the 68 full duration storm events that were sampled. A
comparison between simple-averaged versus volume-weighted
DOC concentrations for the 68 full duration events did not show
anna Shale Hills Critical Zone Observatory. Single asterisk denotes values averaged
event samples that were collected during storms). Double asterisk denotes volume-
the 68 full duration storm events that were sampled). Numbers in parentheses are
nitoring.

verage whole-event
recipitation DOC
oncentration, (mg C/L)**

Average sub-event
atmospheric DOC
deposition, (mg/m2/hr)*

Average whole-event
atmospheric DOC
deposition, (mg/m2/hr)**

.25 (1.38) 8.48 (10.75) 9.34 (9.11)

.71 (0.96) 4.47 (3.94) 4.62 (2.39)

.57 (1.38) 12.88 (13.38) 13.34 (10.24)

.93 (1.47) 4.08 (4.53) 4.33 (4.28)

.73 (1.13) 7.22 (10.75) 6.93 (8.59)

.81 (0.35) 1.25 (0.89) 1.42 (0.99)

.06 (1.58) 6.39 (10.94) 7.20 (8.99)

.77 (0.61) 9.64 (11.51) 8.67 (9.29)

.01 (1.29) 7.85 (10.74) 8.26 (8.90)
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any statistical difference (a line of best fit Y ¼ 0.099 þ 0.99 X,
R2 ¼ 0.96, p < 0.0001). The volume-weighted DOC concentrations
for storm events ranged from 0.30 to 5.64 mg C L�1 with a median
value of 1.69 mg C L�1 and an average value of 2.01 mg C L�1. The
whole-event deposition hourly rates ranged from 0.45 to
32.75mg Cm�2 hr�1with amedian value of 4.72mg Cm�2 hr�1 and
are of comparable magnitude to those reported earlier for marine
rainwater (Miller et al., 2008; Semp�er�e and Kawamura, 1996).

Seasonal dynamics of precipitation DOC concentrations have
been documented in the literature for rural sites, generally having
maxima in the summer or growing season (May to October) and
minima in the winter, mainly due to the dynamics of biogenic and
anthropogenic emission sources, and their chemical trans-
formation in the atmosphere (Kieber et al., 2002; Likens et al., 1983;
Mladenov et al., 2012; Orlovi�c-Leko et al., 2009; Willey et al., 2000).
Our results followed this pattern, with DOC concentrations in
precipitation samples generally highest in summer and lowest in
the winter. DOC concentrations were significantly different be-
tween these seasons (Chi-Square 21.29, degrees of freedom 3,
p < 0.0001): summer higher than winter (Z ¼ �4.09, p ¼ 0.0002)
and fall (Z ¼ 2.65, p ¼ 0.047); and spring higher than winter
(Z ¼ �2.68, p ¼ 0.044). Events collected during the growing season
had significantly higher average DOC concentrations
(2.12 mg C L�1) than those from the dormant season (November to
April) (1.15 mg C L�1) (Chi-Square 15.47, degrees of freedom 1,
p < 0.0001). Further, wet atmospheric DOC deposition was also
significantly higher in growing than in dormant season (Chi-Square
10.04, degrees of freedom 1, p < 0.0015), and higher in summer
than inwinter (Z¼�3.35, p¼ 0.0049). No statistical difference was
detected between day-time and night-time DOC concentrations in
precipitation (Chi-Square 0.88, degrees of freedom 1, p ¼ 0.349).

DOC concentrations in precipitation samples had an inverse
correlation with precipitation depth (Fig. 2), with low concentra-
tion associated with high precipitation depths. However, at low
precipitation depths the DOC concentrations can be either low or
high. The fact that this negative non-linear relationship was weak
but statistically significant (R2 ¼ 0.20, p < 0.0001) suggests that
DOC is effectively removed to the surface with precipitation but it
does not just follow a dilution pattern. Other factors in addition to
precipitation depth can play a role, including the differences in
precipitation forms (Gioda et al., 2008; Semp�er�e and Kawamura,
1994), as well as abundance (Heald et al., 2008) and chemical
composition of organic compounds present in the atmosphere
(Mullaugh et al., 2014; Semp�er�e and Kawamura, 1996). The corre-
lation was statistically significant for all climatic seasons except
Fig. 2. The relationship between DOC concentration in precipitation (mg C/L) and depth
exponential fit; (right) natural logarithm transformed data with a linear fit. The equation for
159 sub-event precipitation samples collected during 90 storm events occurring between M
winter, and the strength of the relationship varied by seasons (R2

for spring 0.23, summer 0.19, and fall 0.46). Patterns similar to our
results were reported by Pan et al. (2010) for sites in Northern
China.

DOC concentrations varied with different synoptic weather
patterns. Storms associated with cold fronts delivered higher DOC
concentrations and deposition rates than warm/stationary fronts
(p < 0.0001) and northeasters (p < 0.05) (Fig. 3). Other studies
(Willey et al., 2000) found similar patterns for precipitation
collected in Wilmington (NC, USA). The ability of mid-latitude cold
frontal systems to cause an uplift of non-methane hydrocarbon
species to the atmospheric boundary layer has been documented
and attributed to the convective transport associated with such
systems (Purvis et al., 2003). This explanation is plausible for our
samples, because there was a significant positive correlation be-
tween the fraction of precipitation due to convection and DOC
concentration (p < 0.0001, r ¼ 0.34).

3.3. DOC quality

The chemical composition of DOC was measured in 146 of the
159 sub-event samples, which had sufficient volume for these an-
alyses. We observed large variations in DOC quality within and
among the seasons (Table 2). Chromophoric dissolved organic
matter (CDOM) was a ubiquitous part of DOC in all collected pre-
cipitation samples, as revealed from a significant positive correla-
tion between Napierian absorption coefficients (254 nm and
300 nm) and DOC concentration (r ¼ 0.60, p < 0.0001). The
abundance (Napierian absorption coefficients) and aromaticity
(SUVA254) of CDOM differed by climatic seasons. Absorption co-
efficients were significantly higher in spring than in winter
(p < 0.05) but did not differ statistically between growing and
dormant seasons. This is opposite to observations for coastal rain-
water samples, in which higher amounts of CDOM occurred in
winter than in spring (Santos et al., 2013) and in dormant season
than in growing season (Kieber et al., 2006). SUVA254 in winter and
spring precipitation was significantly greater (p < 0.01 and 0.0001,
respectively) than SUVA254 in summer precipitation. This finding
compares favorably to the results of Mladenov et al. (2012) for
precipitation from a continental site in the Colorado mountains
(USA). Higher winter and spring aromaticity could be due to the
emissions of DOM from biomass burning (wood and wood pellets)
for residential heating (Duarte et al., 2005; Gelencs�er et al., 2003).
Lower SUVA254 values during months with increased solar activity
suggest that CDOMmay have been photo-oxidized, which generally
of precipitation (mm/sample) is nonlinear: (left) non-transformed raw data with an
both trend lines is: ln (y) ¼ 0.73e0.29 � ln (x); R2 ¼ 0.20, p < 0.0001. The data are from
ay 2012 and August 2013 in central Pennsylvania.



Fig. 3. DOC concentrations observed for sub-event samples during precipitation
events per synoptic weather pattern. Samples were collected during storms associated
with cold front systems (n ¼ 70), non-frontal systems (n ¼ 28), northeaster storms
(n ¼ 6), and warm or stationary front systems (n ¼ 55). Each box represents the middle
50% of the data (between the 1st and 3rd quartile), and the horizontal line within the
box represents the median value. The ends of the whiskers are minimum and
maximum values.
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decreases its aromaticity andmolecular weight (Kieber et al., 2007).
Indeed, values of SR as a proxy for molecular weight of CDOM,
though not statistically different, indicated that molecular weight
had a minimum in summer and a maximum in winter. However,
photo-oxidation of atmospheric DOM in summer apparently did
not lead to decrease in DOC amount in precipitation since DOC
Table 2
Characteristics of measures of DOC quality in precipitation samples observed in cen
sequentially during storms having enough volume for thesewater quality analyses. Numb
over the 1.3 years of monitoring.

Time
period

Average SUVA254, specific ultraviolet absorbance
@ 254 nm (L mg C�1 m�1)

Average Napierian absorpt
coefficient @ 254 nm (m�1

2012 1.91 (0.71) 7.84 (7.43)
Spring 2.26 (0.39) 9.52 (8.43)
Summer 1.60 (0.65) 8.50 (8.73)
Fall 2.16 (0.75) 6.14 (4.32)

2013 2.31 (0.95) 8.66 (8.43)
Winter 2.67 (0.57) 4.04 (1.98)
Spring 2.59 (0.77) 10.89 (9.34)
Summer 1.98 (1.08) 7.88 (8.12)

2012
e13

2.12 (0.86) 8.26 (7.94)
concentrations were highest in the summer. This could be caused
by either photo-oxidation leading to DOM being transformed to
lower aromaticity compounds without its destruction to inorganic
carbon and/or by higher inputs of non-chromophoric DOM.

Values of SUVA254 showed considerable variability throughout
the course of sampling ranging from 0.69 to 5.45 L mg C�1 m�1,
with an average of 2.12 L mg C�1 m�1 (Table 2 and Supplementary
Table S1). Values of spectral slope ratio SR varied from 0.49 to 2.60,
with an average of 1.39 (Table 2 and Supplementary Table S1). In
the precipitation samples DOC concentration displayed a signifi-
cant negative correlation with SUVA254 values (r ¼ �0.26,
p < 0.0001) and significant positive correlation with SR (r ¼ 0.18,
p < 0.001). These relationships suggest that, on average, samples
with greater concentration of DOC show lower degrees of aroma-
ticity and lower molecular weight. This finding is opposite to what
was observed in surface waters (Kang and Mitchell, 2013); where
higher DOC concentrations were often caused by dissolution of
high molecular weight aromatic DOM derived from terrestrial
sources. In fact, the evidence presented for precipitation and
aerosol samples show that DOM in atmospheric waters is dissimilar
from the composition of aquatic DOM. Rainwater DOM consists of a
higher proportion of aliphatic rather than aromatic structures, has
lower average molecular weight, higher surface activity and a
higher degree of photo-oxidation (Dinar et al., 2006; Duarte et al.,
2007; Graber and Rudich, 2006; Santos et al., 2012). The differ-
ences were attributed to contrasting mechanisms of formation
(biotic vs abiotic), photochemical transformations in the atmo-
sphere, or to the overall molecular structure of the atmospheric
DOM mixture.
3.4. Factors affecting variations of DOC concentration in
precipitation

Results from statistical modeling revealed the direction and
strength of relationships of various environmental factors with ln
[DOC], with 95% confidence intervals (Supplementary Table S2). For
example, positive relationships (Fig. 4) exist between precipitation
ln [DOC] and: decadic absorption coefficient at 254 nm (R2 ¼ 0.45,
p < 0.0001), total dissolved nitrogen concentration in precipitation
(R2 ¼ 0.38, p < 0.0001), and ambient air ozone concentration
(R2 ¼ 0.16, p < 0.0001).

Three parsimonious linear mixed models had the top R2 and the
lowest AIC values of the various combinations explored that can
account for between 61% and 71% of the variability in ln [DOC]
concentrations in precipitation (Table 3). The residual unexplained
variance might be related to variables that did not make it to the
final model but were significant on their own, such as precipitation
tral Pennsylvania, from 146 individual sub-event precipitation samples collected
ers in parentheses are sample standard deviations. The 2012e2013 period is averaged

ion
)

Average Napierian absorption
coefficient @ 300 nm (m�1)

Average SR, spectral slope ratio
(dimensionless)

3.90 (3.88) 1.51 (0.47)
4.34 (4.28) 1.60 (0.24)
4.34 (4.62) 1.61 (0.51)
3.10 (2.26) 1.31 (0.43)

4.81 (4.89) 1.28 (0.32)
2.20 (0.94) 1.35 (0.32)
6.48 (5.82) 1.22 (0.37)
4.01 (4.12) 1.32 (0.25)

4.37 (4.44) 1.39 (0.41)



Fig. 4. Positive relationships between natural log-transformed DOC concentrations in precipitation with other chemical elements in precipitation (decadic absorption coefficient
and total dissolved nitrogen concentration); and in air (ambient ozone concentration). Trend lines are displayed with 95% confidence intervals.
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depth (see Supplementary Table S2). The equation to estimate ln
[DOC] for each final model can be formulated from the information
in Table 3, where: t (time sequence) is nested within e (storm
event), and b represents regression coefficients for each explana-
tory variable. For example, for Model 2, ln(DOC)
te ¼ b0e(Intercept) þ b1e(Precipitation Duration)
te þ b2e(Antecedent Dry Period) te þ b3e(Total Dissolved Nitrogen)
te þ b4e(Ozone) te þ b5e(SR) te þ b6e(Air Temperature) te þ εte(error
term). The three contrasting models are useful for generating hy-
potheses about potential factors that affect DOC concentrations in
precipitation.

Storm characteristics were important in the observed precipi-
tation DOC responses. The duration of precipitation was a signifi-
cant explanatory variable in all three models. The negative
relationship between precipitation duration and DOC concentra-
tions in precipitation may suggest the importance of below-cloud
scavenging of DOC, which can lead to a depletion of DOC sources
with prolonged precipitation. The time sequence variable
describing the position of sampling within a storm was not statis-
tically significant in the final models, suggesting that within-event
DOC dynamics may not contribute substantially to the overall
patterns from storm to storm. The significance of antecedent dry
period for predicting DOC concentrations has been previously
described by Germer et al. (2007), and can be considered a proxy
Table 3
Fixed effects for the linear mixed models estimating ln [DOC] concentration in pre
duration (hours), antecedent dry period (hours), air temperature (�C), convective fr
centration of total dissolved nitrogen (TDN, mg N L�1), decadic absorption coefficien
estimate (estimate of the term's coefficient in the model), and SE is the standard error
final models are significant at p < 0.0001, n ¼ 132.

Parameter Model 1 b (SE)

Intercept �0.5163** (0.1934)
Precipitation duration �0.089** (0.028)
Antecedent dry period e

TDN concentration 0.303*** (0.062)
Ozone concentration e

Absorption coefficient 0.082*** (0.013)
Spectral slope ratio e

Air temperature 0.032*** (0.007)
Convective fraction e

R2 0.71
AIC 144
for the impact that a buildup of local organic carbon emissions has
on precipitation composition. In otherwise identical models in
terms of explanatory variables (Table 3, models 2 and 3),
substituting the fraction of precipitation due to convection for the
ambient air temperature produced nearly equally good models
(AIC ¼ 176e187) that explained 61e64% of the variability in ln
[DOC] concentrations. The positive relationship between DOC
concentration and air temperature likely points to the influence of
primary emission sources (Kanakidou et al., 2005) rather than their
atmospheric transformations; because laboratory and field studies
demonstrate that enhanced formation of secondary oxidation
products can be inversely related to air temperature (Kavouras and
Stephanou, 2002; Sheehan and Bowman, 2000).

Information on the chemical composition of precipitation was
also useful toward explaining the observed precipitation DOC re-
sponses. Spectral metrics related to absorbance of the samples
(either decadic absorption coefficient or spectral slope ratio) that
describe the quality of dissolved organics were important explan-
atory variables in the three models. Further, the total dissolved
nitrogen concentration of precipitation was highly significant in all
three models. This may be attributed to either a co-emission of
organic nitrogen compounds (where globally around a third of total
nitrogen in deposition is organic; Cornell et al. (2003), Neff et al.
(2002)) or the incorporation of nitrogen oxides through
cipitation from storm to storm. Model explanatory variables are: precipitation
action (dimensionless), ambient ozone mixing ratio (ppbv), precipitation con-
t at 254 nm (m�1), and spectral slope ratio (SR, dimensionless). b is a parameter
. Statistical significance is marked as * (p < 0.05), ** (p < 0.01), *** (p < 0.001). The

Model 2 b (SE) Model 3 b (SE)

�1.173*** (0.249) �0.889** (0.250)
�0.095** (0.032) �0.124** (0.032)
0.002* (0.001) 0.002** (0.001)
0.455*** (0.064) 0.400*** (0.066)
0.011 * (0.004) 0.012* (0.005)
e e

0.280** (0.101) 0.332** (0.105)
0.032*** (0.007) e

e 0.369** (0.118)

0.64 0.61
176 187
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atmospheric reactions with emissions of biogenic volatile organic
compounds (Cape et al., 2011 and references therein).

Similarly, information on the chemical composition of the at-
mosphere also was related to precipitation DOC. The observed re-
lationships between ozone, DOC concentration and metrics of DOC
chemical composition may be related to atmospheric processing of
organic carbon emissions. Chemical transformation of emissions
can proceed via two pathways (Ervens et al., 2011; Rudich et al.,
2007), both of which require oxidants (ozone, hydroxyl radical,
nitrate radical) and/or solar irradiance, and can yield optically
active organic species (Altieri et al., 2006; Gelencs�er et al., 2003): 1)
generation of secondary organic compounds with higher molecular
weight and decreased water solubility through oligomerization
reactions; and 2) degradation of large molecules through photo-
oxidation. The latter pathway generally leads to an increase in
oxidation state, and a decrease in molecular weight and aromatic
content of organic compounds rendering themmore soluble (Dinar
et al., 2006; Fuzzi et al., 2006; Jimenez et al., 2009; Kieber et al.,
2007). The increase in solubility of organic matter promotes its
mixing into cloud droplets and deposition with precipitation
(Ervens et al., 2011; Hallquist et al., 2009). This may contribute to
the observation that compounds with lower molecular weight and
aromaticity are more readily incorporated into precipitation thus
contributing more to DOC concentrations.

4. Conclusions

This study is among the first to observe temporal variation of
DOC quantity and quality in precipitation across a range of pre-
cipitation events and climatic seasons. Precipitation DOC varied
considerably between seasons and individual events for precipi-
tation sampled sequentially over a 1.3-year period. Seasonally,
summer and spring storms had much higher amounts of DOC and
optically active organic matter than winter, but DOC in winter and
spring precipitation was more aromatic than in summer.

Higher DOC concentrations appear to be associated with
weather types that favor air advection in such a way that cold
frontal systems, on average, delivered more than warm/stationary
fronts and northeasters. This may have implications for the delivery
of DOC to ecosystems with precipitation in the future when
changes in regional climate affect the frequency of occurrence of
different weather types (Christensen et al., 2013). Similarly, rates of
DOC deposition indicated that organic carbon loadings to the
watershed in precipitation are highest in summer and lowest in
winter.

Results from exploratory modeling suggest that precipitation
DOC concentrations are affected by storm properties (e.g., charac-
terized here by duration and convective fraction); emission sources
(antecedent dry period, air temperature); and atmospheric chem-
ical transformations (e.g., concentrations of ground-level ozone and
precipitation nitrogen, as well as by spectral properties indicating
molecular weight and abundance of light-absorbing organic mat-
ter). Collectively such factors explained more than 60% of the
variability observed in DOC concentrations among the storm events
sampled. In addition to the emission sources, there are multiple
external processes related to meteorology and atmospheric dy-
namics that likely work in synergy to influence the quantity and
chemical properties of DOC in precipitation. Further understanding
of how changes in these interactions affect wet atmospheric
deposition of organics in response to climate fluctuations is
important for improving the predictive models of atmospheric
composition (NRC, 2016). Future studies should be directed toward
quantifying the suite of factors and source-receptor relationships
that control inter-event variability (from storm to storm) and intra-
event variability (during storms).
Our precipitation DOC measurements were made in a rural
forest clearing, under long-term average precipitation conditions,
representing regional background conditions in a reference
watershed. It is important to note that inputs of DOC to the
watershed via precipitationwill be modified in the forest setting by
canopy interception, canopy drip, and throughfall; further affecting
concentration and composition of organic matter (Ciglasch et al.,
2004). DOC concentrations measured in canopy drip and in
throughfall are generally higher than DOC measured in precipita-
tion above the canopy, with DOC becoming more enriched by
leaching of soluble organic matter from plant material (Germer
et al., 2007; Levia and Frost, 2003). Future work is needed to
quantify carbon loadings in precipitation to watersheds over space
and time, and to assess their ecological impacts, as wet atmospheric
DOC deposition is an under-reported source of carbon to
watersheds.

Observational data on changes in dissolved organic matter
resulting from this study (provided here as Supplementary
Information, Table S3) may be useful in modeling of atmospheric
oxidative chemistry, exploring relationships between organics and
other elements of precipitation chemistry, and in considering
temporal changes in ecosystem nutrient balances and microbial
activity.
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