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ABSTRACT

Exchangeable dissolved organic carbon (EDOC) refers to the pool of dissolved organic
compounds that are available for diffusion across the air-water interface. This study addresses
the rainwater organic carbon deposited on land by two hurricanes, Hurricanes Harvey (2017) and
Florence (2018). Samples were analyzed for total dissolved carbon (TDC), non-purgeable
organic carbon (NPOC), and dissolved inorganic carbon (DIC). From the TDC, NPOC, and DIC
measurements, EDOC was calculated as follows: EDOC = TDC — NPOC — DIC. In Pearland,
Texas, during Hurricane Harvey TDC ranged from approximately 0.31-3.6 mg L' (VWA 1.8 mg
L") and NPOC ranged from 0.26-3.6 mg L' (VWA 0.99 mg L. Calculations for EDOC
yielded results of 0-0.9 mg L' (VWA 0.88 mg L ). In League City, Texas, TDC ranged from
approximately 0.65-1.9 mg L' (VWA 1.1 mg L") and NPOC ranged from 0.37-1.6 mg L!
(VWA 0.82 mg L. Calculations for EDOC yielded results of 0.2-0.3 mg L' (VWA 0.28 mg L-
1. For both Pearland and League City, EDOC comprised approximately 30% of the total
dissolved carbon in rainwater. Samples collected during Hurricane Florence in Winterville,
North Carolina, had TDC concentrations of approximately 0.2-1.1 mg L' (VWA 0.8 mg L),
NPOC concentrations of 0.5-0.6 mg L-1 (VWA 0.53 mg L"), and EDOC concentrations of 0.3-

0.6 mg L' (VWA 0.37 mg L"). EDOC comprised approximately 53% of the total dissolved



carbon in rainwater in Winterville during Hurricane Florence. In general, though rainwater
NPOC varied as a function of rainfall, EDOC concentrations remained steady throughout each
storm. Lack of EDOC measurements in rainwater DOC may lead to large errors in the air/water
exchange of carbon and to an incomplete understanding of the global carbon cycle. Moving
forward it is imperative that this carbon pool be quantified and characterized for its composition

and reactivity.
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| Introduction

The atmosphere of the Earth plays an important role in global cycling of various
constituents, including carbon. Atmospheric carbon concentrations affect both air quality and
climate (Muller et al., 2008; O’Dowd et al., 2004; Williams, 2004). Organic carbon (OC) is
ubiquitous in the atmosphere, with both biogenic and anthropogenic sources (Figure 1). Some of
this atmospheric OC is oxidized to inorganic forms (e.g., CO, CO), but a majority is removed
from the atmosphere by wet and dry deposition (Dachs et al., 2005). Air-water gas exchange, by
both volatilization (water-to-air) and diffusion (air-to-water), can also significantly affect OC
concentrations in the atmosphere and on land and surface waters (Dachs et al., 2005; Hauser et

al., 2013; Liss and Slater, 1974; Ruiz-Halpern et al., 2010).

Wet
Deposition

Dry
Deposition
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Biogenic Anthropogenic

Figure 1. Sources and fluxes of atmospheric carbon. From lavorivska et al., 2016.




In 2000, Willey et al. published a seminal study quantifying dissolved organic carbon
(DOC) in rainwater. The researchers estimated that DOC in rainwater, with a global flux of 4.3 +
1.5x 10" g C yr'!, was greater than the rainwater flux of nitric and sulfuric acids combined.
About half of the DOC in rainwater is readily available to microbes, and it could be an important
source for fueling secondary productivity (Avery et al., 2003; Bao et al., 2018). In fact, rainwater
DOC has been found to be up to seven times more bioavailable than river water (Avery et al.,
2003). Indeed, a recent global inventory of DOC in rainwater by Iavorivska et al. (2016)
underscores the importance of understanding the role of the atmosphere in the biogeochemical

cycling of OC.

Current estimates of rainwater DOC flux do not include exchangeable dissolved organic
carbon (EDOC). In general, non-purgeable organic carbon (NPOC) which does not include the
more labile and volatile EDOC, is measured and used as the operational definition for DOC in
rainwater (Avery et al., 2003; Avery et al., 2006; Mullaugh et al., 2013; Willey et al., 2000).
However, not specifically quantifying EDOC leads to an inaccurate representation of DOC
biovailability in surface waters. For example, EDOC in rainwater may be contributing to
heterotrophic respiration in remote areas which only receive nutrient and carbon inputs via
atmospheric processes (Jurado et al., 2008). Moreover, EDOC, if revolatilized, may affect the
atmosphere directly by acting as precursors to secondary organic aerosols. These secondary
organic aerosols may act as cloud condensation nuclei as well as aerosol pollutants. Thus,
omission of EDOC in atmospheric carbon budgets may lead to a misunderstanding of the role of

this compartment in the global carbon cycle.

There have been some studies aimed at quantifying EDOC in surface waters which have

determined that EDOC can comprise a significant portion of the total DOC pool (Figure 2). For



example, Dachs et al. (2005)
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Figure 2. Studies that have measured EDOC have

the outgased products in 40
determined that EDOC comprised 11-56% of the total DOC.

mL of acidified pure high

pressure liquid chromatography grade water. That water was then analyzed for dissolved organic
carbon. Using a similar method, Ruiz-Halpern et al. (2010) determined that EDOC
concentrations represented approximately 37% of the total DOC of a water column within a
subarctic fjord. A similar method was used to determine EDOC concentrations and flux in
outwelling mangrove waters, where EDOC was found to comprise approximately 11% of the

DOC with a flux from the atmosphere to the ocean of 3.1 Tg C yr'! (Sippo et al., 2016).

There have been few studies aimed at quantifying EDOC in rainwater, albeit using
slightly different methods compared to the studies noted above. Studies by Campos et al. (2007)
and Godoy-Silva et al. (2017) used high temperature catalytic oxidation (HTCO) to determine

that EDOC (incorrectly identified as VOC in their studies) represented as much as 53-56% of the



total DOC pool in precipitation in Sao Paulo, Brazil. The air in Sao Paulo State is impacted by
biomass burning at sugar cane plantations, which may have led to the high DOC and EDOC at
their sampling sites via vapor phase scavenging of low molecular weight compounds during
precipitation (Campos et al., 2007; Godoy-Silva et al., 2017; Leister and Baker, 1994). In
Wilmington, North Carolina, Avery et al. (2009) analyzed six rain events for DOC and EDOC.
Only one sample had detectable concentrations of EDOC. However, in that one sample EDOC

comprised 20% of the total DOC.

The objective of this research was to quantify EDOC in two Atlantic Hurricanes. Wet
deposition of OC from hurricanes can transmit massive amounts of marine OC into terrestrial
ecosystems in relatively short amounts of time (Mitra et al., 2013; Mullaugh et al., 2013;
Raymond, 2005). Moreover, hurricane events are expected to intensify in the coming years due
to climate change (Knutson et al., 2015; Trenberth et al., 2018). Thus, quantifying EDOC in
coastal rainwater, specifically hurricanes, can improve our understanding of air-water fluxes of

OC and help refine estimates of those fluxes.

I quantified rainwater EDOC in two major coastal storms, Hurricane Harvey (2017) and
Hurricane Florence (2018). Numerous researchers have quantified DOC concentration and
composition in hurricane rainwater (Willey et al., 2000; Mitra et al., 2013; Mullaugh et al.,
2013). However, there have been no attempts to quantify EDOC in hurricane rainwater.
Hurricanes and their associated excessive winds and precipitation over short periods of time, can

serve as end-members for atmospheric carbon loading Earth’s surface.

Analytical approaches to quantifying EDOC in seawater and by association, rainwater,
are not trivial. Thousands of organic compounds are known to exist in the atmosphere and in

surface waters (Kawamura & Kaplan, 1983; Graedel & Mcgill, 1986; Cottrell et al., 2013).
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Quantifying each exchangeable organic compound in rainwaters or surface waters is an
unrealistic endeavor given the sheer number and variety of organic compounds in rainwater and
surface water. However, the gas sparging method used by Dachs et al., (2005), Ruiz-Halpern et
al., (2010), and Sippo et al., (2017), is extremely similar to the method I developed for this
research in order to quantify EDOC in rainwater from Hurricanes Harvey and Florence.
Therefore, I hypothesized that the EDOC in Hurricane Harvey and Hurricane Florence,
operationally-defined as described below, would be similar in magnitude with other studies

quantifying EDOC in surface waters (10-40% of the total dissolved organic carbon).



II. Background and Theory
A. The Role of the Atmosphere in the Global Carbon Cycle

Carbon is exchanged between many different reservoirs, including the ocean, land, and
atmosphere (Figure 3). Carbon transfer occurs on a variety of time scales. For example, the
residence time of carbon in the atmosphere (days to years) is much shorter than the residence
time of carbon in deep ocean sediments (millenia) (Carlson et al., 2001). While the ultimate fate
of carbon is burial in the lithosphere, proper accounting of carbon requires an examination of the
pathways that different carbon molecules travel between reservoirs. Atmospheric carbon is a

diverse, sometimes highly reactive carbon reservoir (Figure 1).

Units are 10 g Cor 10 g !

Atmosphere 750
&

C in Earth's crust
0,000,000

Surface sediments 150 R alla il
fual 10,000
Carlson et al. 2001

Figure 3. Major reservoirs and exchanges of pools of carbon on Earth. From Carlson et al.,
2001.




Carbon in the Earth’s atmosphere is comprised of both inorganic and organic pools. Total
organic carbon (TOC) consists of particulate organic carbon (POC) and dissolved organic carbon
(DOC). Particulate organic carbon refers to constituents that are insoluble in water. POC and
DOC are isolated using operationally-defined size-cutoffs via filtration or via centrifugation.
Dissolved organic carbon (defined as organic compounds that are soluble in water) potentially
makes up 80 — 84% of the TOC in the atmosphere (Likens et al., 1983; Willey et al., 2000;

lavorivska et al., 2016).

Carbon exchange between the atmosphere and the Earth’s surface occurs via three
mechanisms: dry deposition, wet deposition, and gas exchange. Dry deposition occurs as
particulates and gases from the atmosphere settle to the surface of Earth as a function of
gravitational settling (Warneck, 2000). Wet deposition refers to material arriving at the surface
of the Earth, scavenged by precipitation. Of the approximately 1108 Tg C yr'! of gaseous and
particulate OC emitted to the atmosphere, between 305 and 950 Tg C are deposited to the surface
of Earth annually (Iavorivska et al., 2016a). Wet atmospheric deposition is the dominant removal
mechanism for this OC (Kanakidou et al., 2005), annually depositing between 306 and 580 Tg of
atmospheric OC to the surface of Earth (Avery et al., 2009; lavorivska et al., 2016; Kanakidou et
al., 2012; Willey et al., 2000). In rainwater, 67-98% of OC is water-soluble (Iavorivska et al.,

2017).

Organic carbon is incorporated into precipitation by particle or vapor-phase scavenging,
either during droplet formation (in-cloud scavenging) or as the hydrometeor falls through the
atmosphere (below-cloud scavenging) (Scott, 1981; Slinn, 1983) (Figure 4). Physical processes
controlling bulk aerosol particle scavenging include meteorology and cloud physics of each rain

event as well as size and chemical composition of the particles (Ligocki et al., 1985). In contrast,
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Figure 4. Atmospheric depositional processes. Modified from Leister and Baker, 1994.

concentrations and fluxes of atmospheric gases scavenged by precipitation are dependent on
surface area of water droplets, concentrations of the compounds, and their physicochemical
characteristics such as Henry’s law constant, which is influenced by temperature (Bidleman,

1988; Junge, 1977; Ligocki and Pankow, 1989).

Organic compounds comprising rainwater and oceanic DOC can be subdivided into non-
exchangeable and exchangeable portions, depending on Henry’s Law constants. Non-
exchangeable DOC (also called non-purgeable OC or NPOC) stays in solution, while
exchangeable DOC (EDOC) is the semi-volatile, purgeable portion that is available for diffusion
across the air-water interface (Dachs et al., 2005) (Figures 4 & 5). In other words, NPOC is

typically particle-associated and EDOC is either a gas or in a truly dissolved form (Ligocki and




Pankow, 1989; Poster and Baker, 1996). Hauser et al.
(2013) separated EDOC from volatile organic compounds
(VOCs) based on Henry’s Law constants (H). VOCs have
high H (H>> 0.1 L atm mol!) and are water-limited,
meaning they prefer to remain in a gaseous state. EDOC
compounds have low Henry’s law constants (H <<~0.1 L
atm mol ™), and are therefore air-limited, favoring a
dissolved state. Scavenging by rainwater preferentially
removes low-H compounds from the atmosphere because

of their higher aqueous solubility (Ligocki et al., 1985).

B. Sources of Atmospheric Carbon

Rainwater
DOC

Non-EDOC l tEDOC
Surface Water
DOC

Figure 5. EDOC migrates
between the dissolved state and
gaseous state.

There are two dominant sources of OC to the atmosphere: 1) biogenic emissions

(Guenther et al., 1995), which account for 70-80% of the primary OC sources (De Gouw and

Jimenez, 2009; Donahue et al., 2009), and 2) anthropogenic emissions (Piccot et al., 1992). The

biogenic fraction contains both marine and terrestrial OC; sources include sea spray, dust,

biological debris, biogenic gases, forest fires, pollen, and spores. Oceanic gross primary

production alone accounts for nearly half of the total global primary production (Del Giorgio and

Williams, 2005). Anthropogenic primary sources include fossil fuel combustion, human-induced

biomass burning, direct industrial release, cooking operations, and agriculture emissions.

Approximately 25% of DOC in rainwater collected in coastal areas of North Carolina and

Connecticut, USA is derived from fossil fuel sources (Avery et al., 2009; Avery et al., 2006;

Raymond, 2005).



C. Quantifying EDOC

In this research, I developed a method to quantify EDOC in rainwater using a Shimadzu
TOC Analyzer. I applied a “scaffolding” approach to a rainwater sample, either eliminating or

isolating a pool of carbon, and then measuring and accounting for the residual pool of carbon in

®

Figure 6. Schematic for EDOC isolation in a rainwater sample. Process 1 — fitration, 2 —
acidification, and 3 — gas sparging.

that sample (Figure 6). Total carbon (TC) includes all of the particulate (TPC) and dissolved
(TDC) carbon present in an aqueous sample. Mathematically, the relationship of these pools of

carbon can be represented by Equation 1:

TC=TPC+ TDC [Equation 1]

The TPC is separated from TDC by filtration or centrifugation. TPC consists of the subfractions
particulate inorganic carbon (PIC) and particulate organic carbon (POC) (Equation 2), but will
not be addressed in this study.
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TPC = POC + PIC [Equation 2]

Conventionally, the cutoff for particulate and dissolved materials has been operationally-
defined via filtration using 0.7 um, 0.45 um, or 0.2 um pore size cutoff filters (Campos et al.,
2007; Willey et al., 2000; Coelho et al., 2008; Godoy-Silva et al., 2017; Mead et al., 2013;
Mullaugh et al., 2013). The filtrate, or total dissolved carbon (TDC) was quantified by high
temperature catalytic oxidation (HTCO) and includes the soluble portions of both dissolved

inorganic carbon (DIC) and dissolved organic carbon (DOC).
TDC = DIC + DOC [Equation 3]

Species of DIC include CO,, HCO5", HoCOs, and CO3*". Acidifying a water sample
converts all DIC to CO, as demonstrated by the carbonate equilibria reactions shown below

(Stumm and Morgan, 1996).

COs*(aq) + H'(ag) - HCO5 (aq) [Equation 4]
HCOs(aq) + H'(ag) =2 H2CO3 (agq) [Equation 5]
H2COs (aq) 2 COz(aq) +H0 (1) [Equation 6]

Thus, acidification and sparging can be used to remove DIC from an aqueous solution.
However, the goal of this research was to determine EDOC, and acidification and sparging of a
water sample would also volatilize EDOC along with dissolved inorganic carbon (DIC).

Therefore, DIC was independently quantified in each sample for this study.

There are thousands of organic compounds that comprise DOC in natural systems. This
paper focuses on two subcategories of DOC rather than attempting to quantify any individual
compounds. NPOC is the DOC fraction that is commonly measured by HTCO. To measure

NPOC, a water sample is first acidified to ~ pH 2 to convert DIC to CO» and then sparged to

11



remove DIC (see Equations 4-6). EDOC is the fraction of DOC that moves between the gaseous
phase and the aqueous phase. Since EDOC is likely removed from solution during traditional
HTCO analysis, it must be indirectly quantified. Currently, there is no standard method for
quantifying EDOC. EDOC has typically been determined on open ocean samples using a multi-
chamber gas sparging apparatus (Dachs et al., 2005; Hauser et al., 2013; Ruiz-Halpern et al.,
2010). However, such an apparatus does not lend itself to being used for lower volume water
samples such as typically isolated in rainwater. High temperature catalytic oxidation has been
used for decades as an analytical method for measuring DOC in water (Sugimura and Suzuki,
1988). By sparging an acidified rainwater sample, EDOC is released from the solution, leaving
NPOC. Quantifying that NPOC and subtracting it as well as the DIC quantified earlier from

TDC, yields EDOC as shown in Equation 7.

EDOC = TDC — NPOC - DIC [Equation 7]

12



III. Materials and Methods

A. Hurricane Descriptions

Hurricanes Harvey (2017) and Florence (2018) were two of the wettest storms on record
for the United States (Erdman, 2018). An assessment by Kunkel and Champion (2019)
demonstrated that Hurricane Harvey was the largest precipitation event in the U.S. for the period
1949-2018 and Hurricane Florence was the seventh largest for the same period. From August
25-30, 2017, Hurricane Harvey (Category 4 on the Saffir-Simpson scale) delivered
approximately 1.3 x 10'*liters of water to the United States. Large areas of Texas and Louisiana
received 51 to 102 cm of rain (Fritz and Samenow, 2017). Windspeeds reached a maximum of
115 kt (213 km hr ') (Blake and Zelinsky, 2018). In 2018, Hurricane Florence (Category 1 on
the Saffir-Simpson scale) deposited ~ 3.0 x 10'3 liters on the Carolinas between September 13
and 17 (Moody, 2018), with some areas receiving more than 90 cm of rain (Kunkel and
Champion, 2019). When Hurricane Florence made landfall, windspeeds were at 80 kt (148 km
hr!) (Stewart and Berg, 2019). Both storms caused catastrophic flooding creating devastation in

their paths (Blake and Zelinsky, 2018; Kunkel and Champion, 2019; Stewart and Berg, 2019).



B. Sample Collection

Rainwater samples from
Hurricane Harvey were
collected at three locations in
Texas: 1) in League City,
approximately 35 km inland
from the Gulf of Mexico, 2) in
Pearland, approximately 60 km
north of the Gulf of Mexico and
3) at College Station, on the
southwestern side of Houston
(Figure 7A). Each sample

contained 20-1000 mL of
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Figure 7. Rainwater collection locations during (4)
Hurricane Harvey and (B) Hurricane Florence.

rainwater. Nineteen samples were collected during Hurricane Florence: eleven in Kitty Hawk,

NC and eight in Winterville, NC (Figure 7B). Samples were collected approximately every six

hours in Winterville, while collection times in Kitty Hawk were variable. Water was collected in

pre-cleaned (washed with detergent, tap water and distilled water) glass jars or cleaned high

density polyethylene (HDPE) bottles. Rainwater collected from each event was immediately

frozen.

C. Back Trajectory Analysis

Airmass back trajectories for each storm were calculated using the NOAA Hybrid Single-

Particle Lagrangian Integrated Trajectories (HY SPLIT) model (Rolph et al., 2017; Stein et al.,

2015), providing the path air masses traveled prior to sampling collection. The concentrations of

14




organic carbon from Hurricane Harvey and Hurricane Florence rainwater were compared to

storm trajectory .

D. Quantification of each Pool of Carbon in Rainwater

Two different Shimadzu TOC instruments were used in this study. Hurricane Harvey
rainwater was analyzed with a Shimadzu TOC-L. Additional analyses and Hurricane Florence
rainwater were analyzed with a Shimadzu TOC-Vcph/cpn. As noted in the Results, the higher
sensitivity of the TOC-L results in it being a better instrument for quantifying EDOC in
rainwater. The TOC-Vcph/cpn is likely not sensitive enough to provide accurate results, even
when using the high sensitivity catalyst. The limit of detection for the NPOC method was 0.1mg
C L' and the limit of detection for the TDC method was 0.4 mg C L !. Both limits were
calculated using the LINEST function in Excel.

DIC

Water samples were acidified with 2N HCI to convert DIC to CO»(g). Samples were
analyzed with an Apollo Scitech (AS-C3) DIC Analyzer at the Virginia Institute of Marine
Science, Gloucester Point, VA. The AS-C3 Analyzer quantified DIC by purging CO: from the
water using carbon-free gas (Apollo Scitech, Newark, DE, United States). Dissolved CO> was
quantified as CO2(g) using an LI-7000 CO; analyzer, a non-dispersive, infrared gas analyzer (LI-
COR, Lincoln, Nebraska, United States). The detection limit of the instrument was 0.002 umol

L' (0.00003 mg L) as calculated by the LINEST function in Excel.

TDC and NPOC

Prior to analysis, samples were thawed in a refrigerator at 4 °C. Normally the carbon
analyses were completed within one or two days of thawing out the sample. Unfortunately, the

COVID-19 pandemic prevented additional analyses beginning in March 2020, in the middle of a

15



thawing sequence. Thus, some samples could not be analyzed for carbon in a timely manner, and
the results from those samples were compromised. Additional details of those compromised

samples are noted in Appendix B.

Hurricane Harvey water samples were filtered with VWR polyethersulfone 0.2 um pore
size, 2 cm diameter, syringe filters. Filtering with the 0.2 pm pore size filters removed any
particulate organic carbon (POC) that was present in the Hurricane Harvey water samples,
ensuring that only the dissolved fraction was being measured. Hurricane Florence water samples
were filtered with 0.7 um pore-size GF/F filters attached to a Buchner funnel filtration apparatus.
Since 0.7 um pore-size GF/F filters were used for the Hurricane Florence water samples, it is
possible that colloids were present in the filtrate. A tiered analysis was performed on each
sample using either a Shimadzu TOC-Vcph/vpn analyzer or Shimadzu TOC-L analyzer. A high-
sensitivity platinum catalyst was necessary because carbon concentrations in rainwater with

marine origins are extremely low, often less than 2 mg L' (Iavorivska et al., 2016a).

First, samples were analyzed for total dissolved carbon (TDC). This fraction included
both organic and inorganic species of carbon. Samples were neither acidified nor sparged before
TDC analysis. Next, samples were analyzed for non-purgeable organic carbon (NPOC). This
fraction included only OC. The NPOC method includes acidification with 2N HCI and sparging
steps at the beginning of organic carbon analysis to remove inorganic carbon (DIC) from
solution. Typically, this is the method used for DOC analysis in rainwater and oceanic studies
(Avery et al., 2004; Willey et al., 2000). By acidifying and sparging the samples, however, an

unknown quantity of exchangeable components of DOC (EDOC) is also removed.
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E. EDOC

EDOC was calculated based on measurements of TDC, NPOC, and DIC (EDOC = TDC

— NPOC - DIC).

F. Calculating Rainwater Carbon Loading and Flux

Estimates of TDC, NPOC, EDOC loading in both Hurricane Harvey and Hurricane
Florence were calculated by multiplying the volume-weighted average concentration (VWA),
event rainfall, and county area (Harris County, TX and Pitt County, NC) (Equation 8). For
Harvey, all numbers for the calculations are from the Pearland, TX data. For Florence, all

numbers for the calculations are from the Winterville, NC data.

Storm Loading = VWA * total rainfall * county area [Equation 8]

The VWA concentration of each carbon pool at each location was calculated by using the

following equation:

n CGiVi

Concentration = ),i—;
T

[Equation 9]
where C; is the concentration of one sample, V; is the volume of one sample, and V7 is total
volume of rainwater collected.

G. Quality Assurance/Quality Control

All glassware was decontaminated prior to use. Glassware was soaked in an Alconox
bath for 24 hours and then rinsed with DI water. After drying, glassware was placed in an oven at

450°C for 4 hours.
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A preliminary experiment was conducted in order to ensure that the polyethersulfone 0.2
pum syringe filters did not leach any carbon. Solutions of potassium hydrogen phthalate ranging
in concentration from about 0.2 to 2.2 mg L' of carbon were created. Solutions were split into
two aliquots, designated as A and B in Table 2. Each aliquot was subdivided further into
unfiltered and filtered portions (Table 2). Samples marked for filtering were filtered with the
syringe filters before analysis. Both filtered and unfiltered solutions were run via the NPOC

method (acidified and sparged) with the Shimadzu TOC-L analyzer.

The polyethersulfone 0.2 pm syringe filters were cleaned using the following method.
First, the syringe was triple rinsed with detergent, DI water, and DDI water. Next, DDI water
was pulled into the syringe (taken from a separate container than the DDI used for initial
washing) and then a filter was attached to the syringe. The filter was triple rinsed with DDI
water. After the syringe and filter were cleaned, a sample vial was conditioned by running a
small volume of sample through the syringe and filter and into the sample vial. The conditioning
sample was gently swirled around the inside of the vial. The remaining liquid was then
discarded. Finally, the sample was filtered into the sample vial, and the sample vial was

immediately capped.

In order to determine if sample storage in a refrigerator affected sample carbon
concentrations, solutions of p-cymene, methanol, and p-cymene in methanol (50% v/v) were
made and stored in glass vials. Similarly, water from the Tar River, Greenville, NC was
collected, filtered with pre-washed 0.7 um GF/F filters, and also placed in glass vials. One
subsample each of each solution and river water were immediately analyzed for total dissolved
carbon on a Shimadzu TOC-Vcph/cpn. The remaining sample aliquots were frozen to be

analyzed at later dates.
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Aqueous solutions of several organic standards varying in molecular weight (and by
default Henry’s Law) were quantified for carbon. Several analyses were conducted using
methanol, acetaldehyde, and p-cymene. These compounds varied in molecular weight, vapor
pressure, and Henry’s Law constant (Table 1). Comparison of the quantity of EDOC in these
standards should yield a systematic trend with EDOCp.-cymene EDOCacetatdenyde > EDOCmethanol,

based on Henry’s Law constants.

Table 1. Analysis of Organic Standards

Sample Molepular Vapor Pressure Henry’}s La\zf Constant
Weight (Pa) (Pam’ mol™ at 25°C)
p-cymene 134.218 204 805
Acetaldehyde 44.052 121300 6.69-8.90
Methanol 32.042 16210 0.45
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IV. Results
A. Results of QA/QC and Method Validation

Table 2 lists the results from the syringe filtering experiment. Due to the small sample
size and non-parametric distribution of data, a Wilcoxon signed-rank test was used to assess the
probability that the syringe filters leached carbon. The test suggested that the results between
filtered and unfiltered samples were statistically insignificant (p > 0.05). Therefore, the
polyethersulfone 0.2 um syringe filters did not leach any carbon into the samples. Results from
the storage test are presented in Figure 8. Over the period analyzed, there was not a significant

change in TDC for any of the samples.

Table 2. Syringe filter leaching

Sample Unﬁlterid Filterec_l1

(mgCL") (mgCL")
1A 0.189 (0.015) 0.209 (0.023)
1B 0.159 (0.017) 0.232 (0.009)
2A 0.468 (0.017) 0.564 (0.011)
2B 0.455 (0.007) 0.538 (0.017)
3A 1.18 (0.015) 1.16 (0.034)
3B 1.52 (0.030) 1.53 (0.026)
4A 2.11 (0.018) 2.07 (0.011)

4B 2.36 (0.042) 2.21 (0.029)
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Figure 8. A storage test of p-cymene, methanol, a p-cymene/methanol mixture,
and river water illustrate no significant change in TDC concentrations during
storage in a freezer over five months.

B. Hurricane Harvey
B1. Back Trajectory Analysis

The air-mass back trajectory at the onset of rainwater collection (August 25, 2017) in
Pearland, TX indicates a mix of marine (Gulf of Mexico and Caribbean Sea) and terrestrial
(Florida and mid-west United States) influences (Figure 9A). By early morning on August 26,
2017 the air masses transitioned to predominantly originating in the Gulf of Mexico and
Caribbean Sea. The source of the air masses did not change for several hours until the evening of
August 27, 2017 (Figures 9B, 9C). At that time, back trajectory analysis suggests that Hurricane
Harvey was being influenced by air masses from the southeastern United States and the Atlantic
Ocean (Figure 9D). The influence from the east continued during the remainder of the storm.
Indeed, by the time rainwater collection ceased on August 29, 2017, there was no influence from
the Caribbean Sea or Gulf of Mexico and air in the storm was exclusively derived from the

eastern United States and the Atlantic Ocean (Figure 9E).
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Figure 9. Back trajectory analysis of air masses in Pearland, TX, during Hurricane Harvey. A-E
denote various time periods throughout the storm.
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Figure 10. Concentration of TDC, NPOC and EDOC as a function
of time in (A) Pearland, (B) League City, and (C) College Station,
Texas during Hurricane Harvey. In graph (A) the air mass
transition is demarcated. The samples in section (1) have air
masses dominated by the Gulf of Mexico and Caribbean Sea, the
samples in section (2) have air masses dominated by the
continental U.S. and the Atlantic Ocean. (T) marks samples that
were collected during the transition between (1) and (2).

B2. Rainwater Carbon
Abundance

Twenty-five rainwater
samples were analyzed
from Pearland, Texas
during Hurricane
Harvey (Table 3).
Collection began on the
evening of 8/25/17 and
continued until the rain
ceased on the evening
of 8/29/17 (Figure
10A). TDC
concentrations ranged
from 0.38-3.6 mg L™,
with a volume-weighted
average (VWA) of 1.8
mg L' in Pearland
rainwater. NPOC was
the dominant pool of
carbon in all but one
sample collected in

Pearland (Figure 10A).

NPOC concentrations ranged from 0.26-3.6 mg L™, with a VWA of 0.99 mg L. EDOC values
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ranged from 0 to 0.88 mg L', excluding Sample H20, an outlier with a calculated EDOC
concentration of about 11 mg L (Figure 10A, Figure 11). EDOC comprised ~ 29% of TDC in
general. If Sample H20 is removed from the percentage calculations, EDOC made up about 8%

of TDC in Pearland rainwater (Figure 11).

Eight samples were collected in League City, Texas (Table 4). Collection began the night

of 8/26/17 and ended two days later on 8/28/17 (Figure 10B). In League City, TDC was 0.65-1.9
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Figure 11. Percentage of NPOC and EDOC in each sample collected during Hurricane
Harvey. DIC was negligible compared to NPOC and EDOC.
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mg L' (VWA 1.1 mg L") and NPOC was 0.37-1.6 mg L' (VWA 0.82 mg L!). The first sample
collected in League City, H33, had the highest NPOC concentration (1.61 mg L!) and the
remaining rainwater samples did not vary greatly (0.37-0.59). EDOC concentrations ranged from
0.22-0.34 mg L!. On average, TDC comprised 70% NPOC and 30% EDOC for all samples in

League City (Figure 11).

Only two rainwater samples were collected in College Station during Hurricane Harvey
(Table 5). The TDC in H32 and H34 were 2.3 and 0.8 mg L', respectively; and NPOC of H32
and H34 were 0.83 and 0.56 mg L', respectively. EDOC was 63% and 30% of the TDC in H32

and H34, respectively (Figure 11).

In general, EDOC concentrations showed no relationship with NPOC concentrations
across each station. DIC was negligible in all rainwater samples at all locations analyzed from
Hurricane Harvey, comprising <0.5% of TDC. Thus, EDOC was essentially the difference

between TDC & NPOC (TDC — NPOC)
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Table 3. Pearland carbon concentrations and precipitation

Sample Date Collected Time TDC DIC NPOC EDOC? Precipitation®
Collected (mg L) (mg L) (mg L) (mg L) (cm)
H1 8/25/2017 13:00-18:00  10.4 (0.052)* 0.0004 (4e-4) 10.70 (0.037)* ND! 1.6
H3 8/25/2017 18:01-23:59  3.45(0.042) 0.0004 (8e-7) 3.46 (0.032)  Calculation <0 1.6
H4 8/26/2017 00:01-04:40  3.60 (0.084) 0.0003 (1e-6) 3.63(0.050)  Calculation <0 1.3
H5 8/26/2017 00:01-04:40  3.50 (0.011) 0.0003 (3e-7) 3.63 (0.050)  Calculation <0 1.3
H6 8/26/2017 4:40-08:45  0.996 (0.008) 0.0003 (6e-7) 0.842 (0.005) 0.15 (0.01) 4.8
H7 8/26/2017 4:40-08:45  0.779 (0.024) 0.0003 (1e-6) 0.693 (0.014)  0.085 (0.028) 4.8
HS8 8/26/2017 08:45-12:35  1.27(0.016) 0.0004 (3e-5) 1.18 (0.011) 0.088 (0.020) 0.91
HO9 8/26/2017 12:35-20:00 23.5(0.123)* 0.0004 (4e-5) ND! ND! 0.10
HI10 8/26/2017 20:00-21:50  8.00 (0.025)* 0.0004 (3e-5) ND! ND! 4.2
HI11 8/26/2017 21:50-22:50  1.80 (0.023) 0.0003 (4e-6) 1.74 (0.031) 0.059 (0.038) 10
H27  8/26/2017-8/27/2017 22:50-03:05 0.308 (0.010) 0.0002 (1e-6) 0.255 (0.009)  0.053 (0.013) 12
H28  8/26/2017-8/27/2017 22:50-03:05 0.518 (0.012) 0.0003 (3e-6) 0.337 (0.008) 0.18 (0.02) 12
HI12 8/27/2017 03:07-08:25  1.34(0.014) 0.0003 (1e-5) 1.20 (0.008) 0.13 (0.02) 8.4
H13 8/27/2017 08:25-12:47 0.708 (0.022) 0.0002 (6e-7) 0.618 (0.004) 0.90 (0.03) 5.0
H14 8/27/2017 08:25-12:47 0.878 (0.021) 0.0004 (2e-6) 0.770 (0.014) 0.11(0.03) 5.0
H15 8/27/2017 12:47-17:05  1.57(0.014) 0.0003 (2¢-6) 1.54 (0.025) 0.026 (0.029) 1.8
HI16 8/27/2017 17:03-23:22  2.19 (0.020) 0.0002 (2e-6) 2.74 (0.007)  Calculation <0 2.7
H29  8/27/2017-8/28/2017 23:27-06:50  2.99 (0.031) 0.0003 (1e-6) 2.41 (0.043) 0.58 (0.05) 1.1
H30  8/27/2017-8/28/2017 23:27-06:50  3.22 (0.062) 0.0003 (8e-7) 3.40 (0.035)  Calculation <0 1.1
H17 8/28/2017 06:50-9:30  0.710(0.010) 0.0002 (1e-5) 0.512 (0.011) 0.20 (0.02) 5.7
HI18 8/28/2017 09:30-10:41  0.439 (0.004) 0.0003 (1e-6) 0.353 (0.012)  0.086 (0.013) 24
H22 8/28/2017 9:30-10:41  0.849 (0.017) 0.0006 (1e-5) 0.782 (0.021)  0.067 (0.080) 24
HI19 8/28/2017 10:41-13:52  2.19(0.041) 0.002 (3e-4) 1.31(0.023) 0.88 (0.05) 59
H20 8/28/2017 13:52-18:00  12.1 (0.085) 0.02 (3e-4) 0.822 (0.008) 11 (0.09) 6.9
H21 8/28/2017 18:00-21:34  0.642 (0.007) 0.0005 (1e-5) 0.602 (0.015)  0.039 (0.017) 54
H31  8/28/2017-8/29/2017 21:34-00:34 0.762 (0.007) 0.0002 (2¢-5) 0.712 (0.017)  0.049 (0.018) 4.2
H24 8/29/2017 7:20-12:09  0.699 (0.015) 0.0004 (9e-7) 0.554 (0.008) 0.14 (0.02) 24
H25 8/29/2017 12:09-18:48  1.53 (0.025) 0.0003 (2e-6) 1.43 (0.006) 0.10 (0.03) 0.71

"Not able to be determined due to low sample volume.
2EDOC measurements include error propagated across each variable in equation 7.
3Precipitation data obtained from the Harris County Flood Warning website. Location 150:150 Clear Creek @ Country Club Drive.
4Analysis was completed on the sample that was thawed 2/27/20; insufficient rainwater remaining to complete another analysis.
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Table 4. League City carbon concentrations and precipitation

Sample Date Collected Time TDC DIC NPOC EDOC!' Precipitation’
Collected (mg L) (mg L) (mg L) (mg L) (cm)
H33 8/26/2017-8/27/2017 19:30-00:40  1.89 (0.031) 0.0005 (4e-5) 1.61 (0.029) 0.28 (0.04) 28.3
H39 8/27/2017 00:40-08:20  0.729 (0.015)  0.0007 (3e-5) 0.425 (0.008) 0.30 (0.02) 23.7
H36 8/27/2017 08:20-14:00  0.650 (0.008)  0.0007 (1e-5) 0.418 (0.025) 0.23 (0.03) 7.0
H37 8/27/2017 14:00 -22:30  0.850 (0.017)  0.0006 (4e-5) 0.512 (0.007) 0.34 (0.02) 6.2
H38 8/27/2017-8/28/2017 22:30-10:40 0.882 (0.017)  0.0006 (3e-5) 0.594 (0.012) 0.29 (0.02) 4.9
H42 8/28/2017 10:40 -14:30  0.760 (0.009)  0.0007 (2e-6) 0.538 (0.007) 0.22 (0.01) 4.9
H43 8/28/2017 14:30-20:50  0.758 (0.016)  0.0004 (3e-5) 0.526 (0.015) 0.23 (0.02) 9.2
H40 8/28/2017 20:50 -23:25  0.658 (0.009)  0.0013 (3e-5) 0.369 (0.011) 0.29 (0.01) 6.8
TEDOC measurements include error propagated across each variable in equation 7.
ZPrecipitation data obtained from the Harris County Flood Warning website. Location 1076:1076 Birch Creek @ Riley Road.
Table 5. College Station carbon concentrations and precipitation
Sample Date Collected Time TDC DIC NPOC EDOC? Precipitation®
Collected (mg L) (mg L) (mg L) (mg L) (cm)
H32  8/25/2017-8/26/2017 16:00-08:00 2.27 (0.049) 0.01 (2e-6) 0.831 (0.021) 1.4 (0.05) 8.3
H34 8/26/2017 08:00-12:00 0.800 (0.015) 0.0004 (2¢-5) 0.556 (0.014) 0.24 (0.02) 1.0
H35 8/26/2017 12:00-13:35 ND! 0.0009 (9e-7) ND! ND! 0

Not able to be determined due to low sample volume.
2EDOC measurements include error propagated across each variable in equation 7.
3Precipitation data obtained from the Harris County Flood Warning website. Location 110:110 Clear Creek @ I-45.



B3. Concentration vs. Precipitation

Pearland, TX
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Figure 12. Carbon concentration
verses cumulative precipitation in
Pearland TX durine Hurricane

In Pearland, TX, concentrations of TDC and
NPOC varied as a function of cumulative
precipitation. TDC and NPOC, each at 3.6 mg L™,
were highest at the start of precipitation. An
exponential decay regression demonstrates that the
carbon in rainwater was diluted as a function of
precipitation (Figure 12A). In contrast, EDOC
ranges from 0 to 11 mg L' and does not change as
a function of cumulative precipitation. Note that
H20 (EDOC = 11 mg L!) is not included in Figure
12, as it is an outlier.The TDC and NPOC
concentrations at this site were related to the source
of the air masses, as indicated by the back
trajectory analyses. The change in concentrations of
TDC and NPOC as a function of cumulative
precipitation at this site generally follow a dilution
pattern where concentration decreases as a function
of cumulative precipitation; however, there are two
distinct decay curves (Figures 12A & 12B).
Trajectory 1 corresponds to the beginning of the
storm when the air masses were predominantly
coming from the Caribbean Sea and Gulf of

Mexico (Figure 9B). In contrast, Trajectory 2
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corresponds to the air masses which originated from the Atlantic Ocean and southeastern United

States (Figure 9E). Concentrations for TDC and NPOC are <1 mg L' for H13 and H14, the last

two samples collected before the transition in air mass direction. Samples H15 and H16

correspond to the air mass change on the afternoon of August 27. H15 had concentrations of

about 1.5 mg L' of TDC and NPOC while H16 had concentrations >2 for both TDC and NPOC.

H15 and H16 mark the transition between airmass sources. Samples H29 and H30 see a spike in

concentrations when the airmass is coming from the southeastern U.S. and the Atlantic Ocean.

At the League City, TX site, TDC, NPOC and EDOC ranged from 0.65-1.9 mg L™, 0.37-

1.6 mg L', and 0.22-0.34 mg L', respectively as a function of cumulative precipitation. Sample

collection began in League City at 7:30 pm on August 26. The first sample, H33, has the highest
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Figure 13. Carbon concentration verses cumulative
precipitation in League City, TX, during Hurricane

Harvey.
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concentration (NPOC = 1.6 mg L
1. The remainder of the rainwater
samples collected at League City
after have similar TDC and NPOC
concentrations. As noted for
rainwater collected at the Pearland
site, carbon concentration versus
precipitation at this site also
suggests a washout effect, with
the majority of dissolved organic
compounds being immediately
scavenged at the beginning of the

storm.



The correlation between NPOC concentration and air mass back trajectory in League City
is not as evident as at the Pearland, TX site (Figure 13). There is an irregular and large gap in
time between the first and second rainwater samples. Samples H33 (collected from 7:30 pm to
12:40 am on August 26™ and 27") and H39 (collected from 12:40-8:40 am on August 27),
corresponding to the beginning of the storm, had the most precipitation. During the time H33
was being collected at League City, ~28 cm of rain deposited over five hours. During the
collection of H39, the next sample that was collected, ~ 24 cm of rain was deposited over eight
hours at League City (Harris County Flood Control District). Thus, there were only two samples
collected over a period in which 57% of the precipitation in League City occurred. Although, the
period of time between H33 and H39 corresponds to when the source of air changed from the
Caribbean Sea and Gulf of Mexico to the Atlantic Ocean and continental U.S, there were too few
samples to correlate with the higher resolution air mass back trajectory analyses. As noted at the
Pearland site, EDOC demonstrates no dependence on either precipitation amount or air mass
back trajectory at the League City site.

Because only two samples were collected in College Station, no interpretation regarding

air mass back trajectory and carbon concentrations are discussed.
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C. Hurricane Florence

C1. Back Trajectory Analysis

Air masses originating over the northern Atlantic Ocean were the major contributors to

Hurricane Florence, throughout the duration of the storm (Figure 14).
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Figure 14. Back trajectory analysis of air masses in Winterville, NC, during
Hurricane Florence.
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C2. Rainwater Carbon Abundance

Figure 15 depicts carbon in Hurricane Florence rainwater samples. Much smaller

volumes of rainwater were collected during Florence than in Harvey. Carbon in all rainwater

samples collected in

Wanchese, NC during
Hurricane Florence may
have been degraded, as a
result of the COVID-19
pandemic (see Appendix B).

Only five samples from
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Figure 15. Time series concentration graph in
Winterville, NC, during Hurricane Florence.

Winterville, NC were able to

be analyzed for TDC which

ranged from 0.17-1.1 mg L!

(VWA 0.8 mg L-1). Because of
small volumes of rainwater, only
three samples were able to be
analyzed for NPOC, ranging from
0.49-0.61 mg L' (VWA 0.53 mg
L. EDOC concentrations
ranged from 0.29-0.60 mg L! in
those three samples. Because DIC
was < 0.1% of TDC, DIC in
Hurricane Florence rainwater was

considered to be negligible and
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Figure 16. Percentage of NPOC and EDOC in each
sample collected during Hurricane Florence. As with
Hurricane Harvey samples, DIC in Florence rainwater
was was negliglbe relative to the other pools of carbon.
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not included in the EDOC calculation. For the three samples analyzed for both TDC and NPOC,

EDOC comprised approximately 44% of TDC (Figure 16).

Table 6. Winterville carbon concentrations and precipitation

Sample Date Collected Time TDC DIC NPOC EDOC?  Precipitation
Collected (mg L) (mg LY (mg LY (mg LY (cm)

FM1 9/13/2018 &1?422_213034816 13.8 (0.080)° 0.0007 (4e-6) 13.9 (0.026)° ND! 0.76
FM2 9/13-9/14/2018  20:46-2:10  1.09 (0.015) 0.0006 (2e-6) 0.490 (0.007) 0.60 (0.02) 2.1
FM3 9/14/2018 2:10-8:20  0.777 (0.013) 0.0002 (2e-5) 0.491 (0.008) 0.29 (0.02) 5.0
FM4 9/14/2018 8:20-14:20  0.973 (0.007) 0.008 (5¢-6) 0.612 (0.004) 0.36 (0.01) 2.9
FMS5 9/14/2018 14:20-20:20 ND! 0.0003 (3e-5) ND! ND! 2.1
FM6 9/14/2018 2020:23:30  0.892 (0.016) 0.0003 (2¢-6) ND! ND! 2.1
FM7 9/24-9/15/2018  23:30-7:30  0.167 (0.006) 0.0002 (2e-7) ND! ND! 1.4
FMS8 9/15/2018 7:30-15:30  26.2 (0.420)* 0.0005 (5¢-6) ND! ND! 2.5
FM9 9/15/2018 18:20-7:30 ND! 0.0003 (9e-6) ND! ND! 1.3
FM10 9/15/2018 7:30-18:00 ND! 0.0002 (4e-6) ND! ND! 0.71

'Not able to be determined due to low sample volume
2EDOC measurement includes the propagated error.

3Analysis was completed on the sample that was thawed 2/27/20; insufficient rainwater remaining to complete

another analysis.

C3. Concentration vs. Precipitation
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Figure 17. Carbon concentration verses cumulative
precipitation in Winterville, NC, during Hurricane
Florence.
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Figure 17 depicts trends in
TDC, NPOC, and EDOC in
Hurricane Florence rainwater
samples. Although there are not
enough samples to discuss trends
in pools of rainwater carbon over
time of collection, TDOC
concentrations were between 0.17-
1.1 mg L', NPOC was between
0.49-0.61 mg L, and EDOC was
0.29-0.60 mg L' for the samples

collected.



D. Rainwater Carbon Loading and Flux

By multiplying the average concentrations of EDOC in rainwater by the total volume of
rainwater deposited, estimates of the mass of TDC, NPOC, and EDOC deposited from each
storm was calculated. Data from the Pearland, TX collection site indicate Hurricane
Harvey deposited 2.1 gm™ TDC, 1.1 g m? NPOC, and 1.0 g m? EDOC. Extrapolating to the
whole area of Harris County (4600 km?), Harvey deposited 9.6 Pg TDC, 5.3 Pg NPOC, and 4.7
Pg EDOC in the county. Hurricane Florence deposited 0.17 g m TDC, 0.11 g m2 NPOC, and
0.08 g m™? EDOC. In Pitt County, NC (1700 km?) 0.29 Pg TDC, 0.19 Pg NPOC, and 0.13 Pg

EDOC were deposited.

35



V. Discussion
A. EDOC in Rainwater

EDOC compounds are considered semivolatile and span a large range of molecular
weights and Henry’s Law constants. The concentration and composition of EDOC depends on
the sources of EDOC, light (photochemistry), and temperature. Compounds that might be
considered EDOC include methanol, acetaldehyde, dimethylsulfide, isoprenoids, PAHs, PCBs,
acetone, propanal, pyruvate, and oxalate. There are likely thousands of other compounds that
also comprise EDOC that have never been quantified. Rather than attempting to identify each
compound, this study aimed to use a novel method to calculate bulk concentrations of this vast

pool of organic carbon.

EDOC has previously been measured in surface waters of the Atlantic ocean, a subarctic
fjord, outwelling mangrove waters, an estuary, and in non-hurricane rainwater (Dachs et al.,
2005; Ruiz-Halpern et al., 2010; Sippo et al., 2016; Campos et al., 2007; Avery et al., 2009;
Godoy-Silva et al., 2017). In this previous research, EDOC accounted for 11-40% of the DOC
(analogous to NPOC in this study). This study was the first to quantify EDOC in hurricane
rainwater. Specifically, EDOC was quantified in two of the largest hurricanes (in terms of
volume of water deposited) to impact the coast of the US, Hurricane Harvey (2017) and

Hurricane Florence (2018).

Traditional methods of quantifying EDOC by gas sparging require large volumes of
water samples. I developed a method for EDOC analysis, based on quantification of DOC in
water by HTCO (Sugimura and Suzuki, 1988; Spyres et al., 2000) which was simpler and
allowed for EDOC to be quantified using smaller volumes of water, such as rainwater samples.

By developing a method that quantifies EDOC in rainwater, it is possible to shed light on the



portion of rainwater DOC that consists of semi-volatile organic compounds that may be

ephemeral upon deposition to the surface of the earth.

In general, EDOC comprised ~8% of DOC in Pearland, TX and ~30% of DOC in League
City, TX during Hurricane Harvey. In Winterville, NC, EDOC was ~44% of DOC during
Hurricane Florence. These values suggest that EDOC is an important component of rainwater
OC. My hypothesis stated EDOC should be between 10-40% of the total DOC. The average
range for Hurricane Harvey fell slightly below the hypothesized lower limit of 10% and the
average range for Florence was above the hypothesized upper limit of 40%. Nonetheless, the
general similarities in EDOC in hurricane rainwater compared to values determined in other
studies conducted on surface water, suggests that the mechanisms producing EDOC in surface
water and rainwater may be similar. More measurements are necessary to better constrain the

range of EDOC values in rainwater and surface water.

Rainwater NPOC is demonstrably more labile than NPOC in surface waters (Avery et al.,
2003; Bao et al., 2018). Thus, it stands to reason that rainwater EDOC should also be more labile
and/or more mobile than surface water EDOC. Therefore, marine EDOC from hurricanes may
provide food for coastal and terrestrial heterotrophs (Avery et al., 2003; Mitra et al., 2013;
Jurado et al., 2008) . In addition, EDOC is exchangeable by definition. Depending on the
environmental and biological characteristics of its deposition location, EDOC may be
subsequently revolatized back into the atmosphere where it might influence climate by acting as
a precursor to organic aerosols. Other potential fates of EDOC include eventual transport back to
the ocean or sequestration. The ultimate question, “Is marine-derived EDOC respired or

sequestered?” has significant implications for the global carbon cycle.
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B. Method Validation

Although the method used in this study may be used to quantify EDOC in low-volume
water samples, there are some limitations that must be addressed. The preliminary experiments
discussed below suggest that EDOC analysis should be conducted on a Shimadzu TOC-L, rather
than a Shimadzu TOC-Vcph/cpn, even if the latter instrument is used in conjunction with a high-

sensitivity catalyst.

Preliminary analyses included three standards: methanol, sodium bicarbonate, and a
sodium bicarbonate — methanol mixture (~ 50% v/v), each at concentrations ranging from ~5-50
mg L. These were analyzed for TDC and NPOC using the TOC-Vcph/cpn. The purpose of this
analysis was to test the accuracy of TDC and NPOC measurements with an organic compound
(methanol), an inorganic compound (sodium bicarbonate), and a mixture including both an
organic and inorganic compound; a normal sensitivity catalyst was used in these preliminary
experiments. The results of these experiments are discussed in Appendix A, and suggest that the
TOC-Vcph/cpn is well suited for NPOC analysis at these concentrations, but it is less reliable for

DIC measurements (included as part of TDC).

Unfortunately, Hurricane Florence rainwater samples had already been analyzed with the
TOC-Vcph/cpn, but using a high sensitivity catalyst instead of a normal sensitivity catalyst.
Upon discovery of the lower sensitivity of the TOC-Vcph/cpn, the remaining rainwater samples
(i.e., Hurricane Harvey) were analyzed with TOC-L in conjunction with a high sensitivity

catalyst.
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Figure 18. %EDOC compared to (A)
Henry’s Law constant, (B) molecular
weght, and (C) vapor pressure of three
organic compounds.

An additional limitation was that this
technique was not sensitive enough to
discriminate EDOC as a function of vapor
pressure. Three standards at varying
concentrations were analyzed for TDC and
NPOC using the TOC-Vcph/cpn. EDOC was
calculated as the difference between TDC and
NPOC. For this analysis I used methanol,
acetaldehyde, and p-cymene — organic
compounds only (Table 1). Triplicates of each
compound were analyzed with sample carbon
concentrations ranging from ~1-4 mg L. The
standards were comprised of low concentrations
of carbon in order to better reflect the
concentrations of carbon in rainwater samples.
Because of the low concentrations of dissolved
carbon, a high sensitivity catalyst was used in the
TOC. These results suggested that EDOCy.-cymene
> EDOCacetaldenyde > EDOCmethanol (Figure 18).
These results do correspond to the expected
trend in EDOC in each compound as a function
of the compounds molecular weight and Henry’s

Law constant.
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Ideally, I would run this same experiment using the more sensitive TOC-L. Our lab does
not own the TOC-L; it was loaned by Shimadzu Laboratories (Durham, NC). At the time of this
experiment, the TOC-L had already been returned to Shimadzu Laboratories. In hindsight, this

experiment should have been completed before analyzing the rainwater samples.

C. Rainwater Loading of Carbon

Data from the Pearland, TX collection site indicate Hurricane Harvey deposited 2.1 g m™
TDC, 1.1 gm? NPOC, and 1.0 g m? EDOC. Extrapolating to the whole area of Harris County
(4600 km?), Harvey deposited 9.6 Pg TDC, 5.3 Pg NPOC, and 4.7 Pg EDOC in the county.
Hurricane Florence deposited 0.17 g m TDC, 0.11 g m> NPOC, and 0.08 g m> EDOC. In Pitt
County, NC (1700 km?) 0.29 Pg TDC, 0.19 Pg NPOC, and 0.13 Pg EDOC were deposited. Six
other studies have reported NPOC measurements from hurricane rainwater (Willey et al., 2000;
Avery et al., 2004; Mitra et al., 2013; Mullaugh et al., 2013; Wang et al., 2015) and one study
reported NPOC measurements from a tropical storm (Miller et al., 2008) (Table 7). In general,
the average concentrations are the same order of magnitude, excepting Hurricane Irene in 2013
which had rainwater concentrations an order of magnitude greater than the other studies. The
average rainwater NPOC deposition (concentration/precipitation) spanned two orders of
magnitude amongst the storms. Rainwater from Hurricane Floyd and Hurricane Irene had the
lowest mean depositions (0.03-0.05 g m?) and Hurricane Harvey had the greatest mean
deposition (1.1 g m?). Carbon quantities deposited in Hurricane Florence was between the two

extremes, with a mean deposition of 0.11 g m™ of NPOC.
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Table 7. Rainwater NPOC of Various Hurricanes

Reference Sampling Location # of Event Precipitation Mean Deposition  Filter
Samples (mm) Concentration Mean Pore Size
(mgL™') (gm™) (um)

Willey et al. Wilmington, NC 3 Hurricanes Bertha & - 0.94 - 0.7

2000 Fran (1996),
Hurricane Bonnie (1998)

Avery et al. Wilmington, NC 1 Hurricane Fran, 130 0.94 +0.02 0.13 0.2
2004 4 September 1996

Avery et al. Wilmington, NC 1 Hurricane Bertha, 110 0.94 +0.02 0.12 0.2
2004 12 July 1996

Avery et al. Wilmington, NC 1 Hurricane Bonnie, 240 0.94 +0.02 0.23 0.2
2004 26 August 1998

Avery et al. Wilmington, NC 1 Hurricane Floyd, 490 0.13£0.04 0.05 0.2
2004 15 September 1999

Miller et al. Wilmington, NC 8 Tropical Storm Ernesto, 244 VWA 0.31 0.07 -
2008 31 August - 1 September

2006

Mitra et al. Greenville, NC 4 Hurricane Irene, 240 23+0.11 0.55 0.7
2013 26-29 August 2011

Mullaugh et Wilmington, NC 11 Hurricane Irene, 209 VWA 0.19 0.03 0.2

al. 2013 26-27 August 2011
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Willey et al. (2000) estimated that 2.3 g m™? NPOC is deposited annually around the
globe. These estimates were based on continental, oceanic, and coastal rainwater NPOC
measurements. This means that Hurricane Harvey deposited nearly half of the expected annual
NPOC (1.1 g m™) during a single event over a few days. Of course, Willey et al.’s estimate may
need revision as more rainwater data is available now. It is also important to note that the NPOC
deposition may significantly vary at a spatial level. Even so, it is clear that hurricanes move huge

amounts of carbon in relatively short amounts of time.

D. Effects of Air Mass Sources

NPOC concentrations in the atmosphere during precipitation events are affected by the
availability of soluble organic compounds in the local atmosphere (below-cloud scavenging or
washout) as well as the transport of organic compounds within the air mass (in-cloud scavenging
or rainout) (Scott, 1981; Slinn, 1983). Both washout and rainout impacted NPOC concentrations
of rainwater during Hurricane Harvey. The washout effect is illustrated at each sampling location

in Texas (Figure 10).

The first sample collected at each site had the highest NPOC concentration and, in
general, the concentration decreased with time. Rainout is evident at the Pearland, TX sampling
location. During Hurricane Harvey, the source of dominant air masses was variable (Figure 9).
The NPOC concentrations of rainwater from Pearland, TX reflect the air mass changes. Two
distinct decay curves indicate two dilution events during the storm (Figure 12). NPOC
concentrations were greatest at the beginning of the storm when the air masses were coming
from the Gulf of Mexico and the Caribbean Sea (Trajectory 1 in Figure 12). The concentrations
decreased until there was a shift in the air mass source. Samples H15 and H16 demarcate the

transition, when the air mass predominantly came from the Atlantic Ocean and the southeastern
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United States. Samples H15 and H16 have a spike in NPOC concentrations and then

concentrations decrease the remainder of the storm (Trajectory 2 in Figure 12).

Other researchers have noted NPOC washout and rainout during precipitation events.
Kieber et al. (2002) noted a continuous supply of DOC, formate, and acetate in the atmosphere
during New Zealand rainfall, which suggested rainout was more important than washout at their
sampling site. Similarly, Avery et al. (2006) suggested that the source of the air mass controlled
NPOC '3*C composition in Wilmington, NC. Iavorivska et al. (2016) sampled thirteen
precipitation events at the Shale Hills Critical Zone Observatory. Seven events demonstrated a
dilution of NPOC over the course of the storm (washout) and six events had increasing NPOC
concentrations over the course of the storm. Miller et al. (2008) also found NPOC increased at
the end of tropical storm Ernesto in Wilmington, NC, though washout had dominated at the
beginning of the storm. Several explanations have been given for NPOC variability during
storms including changing wind speeds, changing air temperatures, and shifts in cloud base
height (Kieber et al., 2002; Avery et al., 2006; Miller et al., 2008; Iavorivska et al., 2016). Air

mass source is clearly a major contributing factor to NPOC variability.

Unlike NPOC, EDOC concentrations generally did not vary as a function of air mass
source, during either Hurricane Harvey or Hurricane Florence. Furthermore, NPOC and EDOC
concentrations were not inter-correlated. This suggests differing transport and/or reaction
mechanisms for NPOC versus EDOC during each hurricane. Interestingly, Avery et al. (2009)
cited air mass back trajectory as a key component affecting EDOC in rainwater in Wilmington,
NC. To my knowledge, Avery et al. (2009) and this study are the only studies that have

examined the relationship between EDOC and air mass back trajectory in rainwater.
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Though it was not the objective of this study, future research should address the
composition of EDOC by complementing air mass back trajectory analysis with other proxies or
rainwater composition and trajectory. For example isotope analyses, such as '3C, *C, 180 and
’H, would help shed light on the relative influence of terrestrial vs. marine organic matter to the
composition of EDOC. While some researchers have measured isotopes to complement air mass
back trajectories (Avery et al., 2006; Good et al., 2014; Mitra et al., 2017), more of these

methods could be applied to EDOC as well as other pools of rainwater carbon.

E. Rainwater DIC

According to calculations done by Willey et al. (2000), DIC concentrations should be
~0.2 mg L' in continental rain and ~0.17 mg L"! in marine rain. The DIC concentrations in this
study, ranging from 10 to 10”2, are much less than the hypothesized concentrations used by
Willey et al. (2000) which were based on Henry’s Law and equilibrium carbonic acid
dissociation constants. We did not measure rainwater pH which would be needed to calculate
ideal values of rainwater DIC as a function of atmospheric CO;. Thus, the low values of
rainwater DIC measured in this study suggest that the inorganic carbon in rainwater and gas

phase carbon dioxide in the atmosphere were not at equilibruium.

F. Implications, Future Work, and Conclusions

Hurricanes transport massive amounts of marine rain and organic matter to terrestrial
ecosystems (Mitra et al., 2013; Mullaugh et al., 2013; Raymond, 2005). While it is beneficial to
track the movement of NPOC and specific organic compounds in hurricane rainwater, EDOC is
also a key component of carbon cycling. NPOC concentrations ranged from 0.26-3.6 mg L!

during Hurricane Harvey and 0.49-0.61 mg L' during Hurricane Florence. EDOC concentrations
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ranged from 0-0.88 mg L' (8-63% of the DOC) during Hurricane Harvey and 0.29-0.60 mg L!
(~44% of the DOC) during Hurricane Florence at my sampling locations. Thus, this study
accentuates the magnitude and importance of a pool of carbon that is typically not quantified by

researchers.

The tiered HTCO method used in this research is both simple and easier to implement
than the multi-chamber gas sparging apparatus used by previous researchers (Dachs et al., 2005;
Ruiz-Halpern et al., 2010; Hauser et al., 2013). Of course, there are drawbacks. For example,
unlike the previous method my method does not measure gas-phase organic carbon (GOC) in the
atmosphere. Quantification of GOC is necessary when determing diffusive air-water exchange
(Dachs et al., 2005; Ruiz-Halpern et al., 2010; Hauser et al., 2013). Having said that, concurrent

GOC and EDOC sampling may not be feasible during hurricanes.

There are several complementary analyses that can be performed with EDOC and NPOC
analyses, however. Other researchers have examined rainwater and surface water composition
by GC-MS (Cottrell et al., 2013), FTICR-MS (Cottrell et al., 2013; Mitra et al., 2013), EEMs
(Bao et al., 2018; Cottrell et al., 2013; Mitra et al., 2017), and NMR (Cottrell et al., 2013;
Pantelaki et al., 2018; Montero-Martinez et al., 2018) analyses. Each of these analyses identifies
certain types of organic compounds. Isotope analyses may also be invaluable for determining OC
origins and storm trajectories. '*C and '“C have been used in a few rainwater studies (Raymond,
2005; Avery et al., 2006; Mitra et al., 2013; Wang et al., 2016; Mitra et al., 2017). Carbon
isotopes can be used to elucidate OC origins (marine or terrestrial) as well as OC age
(contemporary vs. fossil fuel). 2H and '®0 can be used to trace rain origins (marine vs. terrestrial)
(Dansgaard, 1964; lavorivska et al., 2016b). Similarly, a multi-proxy analytical approach

including quantification of EDOC may shed more light on the specific compounds in this pool of
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carbon (Cottrell et al., 2013). Lastly, bioavailability experiments should be completed to address
questions such as: which pool of rainwater carbon (EDOC, NPOC, TDOC) is truly more likely to
be respired or preserved by heterotrophic microbes? During this study it was assumed hurricane
rainwater was mostly marine-derived and likewise, the NPOC and EDOC was largely marine-
derived as well. By coupling NPOC and EDOC analysis with these other methods a clearer
picture of carbon cycling in the atmosphere and during rain events will develop. Ultimately the
goal is to determine which carbon is sequestered, which is oxidized, and which is released

unchanged into the atmosphere.

Our current understanding of atmospheric carbon cycling is lacking, especially regarding
EDOC. The absence of EDOC measurements in rain and surface waters causes inaccurate
representations of DOC bioavailability, carbon flux estimates, and secondary organic aerosol
formation and transport. In fact, previous studies have likely underestimated DOC in rainwater.
EDOC is essentially a missing carbon pool and the measurement of EDOC in precipitation and
surface water bodies may provide a major contribution to carbon science. Quantifying EDOC in
hurricanes as well as other rain events can improve our understanding of air-water fluxes of OC
and help refine estimates of those fluxes. As hurricanes become more intense due to climate
change (Knutson et al., 2015; Trenberth et al., 2018), the study of organic matter movement

during hurricanes is becoming an even more relevant topic.
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VII. Appendices
Appendix A. Preliminary Analyses

Al. Harvey Preliminary Analysis

On April 27, 2018, two rainwater samples from Hurricane Harvey were analyzed. This
initial analysis was executed to estimate rainwater DOC and EDOC concentrations so that
further method development could occur. Campos et al. (2007) was used as the main reference
by which analysis was carried out. Two sample aliquots each were taken from H3 and H24. The
water was filtered with 0.7 uM GF/F filters to remove particulates. The two subsamples were
analyzed individually by two different methods using a Shimadzu TOC-Vcph/cpn analyzer. A
regular sensitivity catalyst was used in both methods. The first analysis was for total dissolved
organic carbon (TDOC). The samples were acidified, but they were not sparged. Next, an NPOC

analysis was performed. The samples were acidified and sparged.

The results for these initial trial analyses were seemingly reasonable. The carbon
concentrations were low, as expected for rainwater with a marine origin (Kieber et al., 2002).
The TDOC concentrations for H3 and H24 were 2.664 mg L' and 1.886 mg L™}, respectively.
The NPOC concentrations for H3 and H24 were 2.232 mg L' and 1.464 mg L"!, respectively. If
we entertain the idea that the analysis was accurate, preliminary results from Hurricane Harvey
rainwater (n=2) suggested EDOC (0.427 + 0.005 mg L") comprised approximately 19% of total

rainwater DOC (2.28 = 0.389 mg L™).

The calibration curve used for the analyses, however, leads one to suspect the carbon
concentrations may not be accurate. There are two reasons to be skeptical: (1) the instrument was
calibrated with potassium hydrogen phthalate (KHP) ranging from 0 to 141.564 mg C L™ and (2)

a normal sensitivity platinum catalyst was used.



The limit of detection of the calibration curve was ~3.81 mg C L', The detection limit
was calculated using the LINEST function in Excel. The concentrations of both H3 and H24 are

below the detection limit of the calibration curve.

As mentioned previously, the purpose of the preliminary analysis was to gain insight
regarding the DOC and EDOC concentrations in the rainwater samples. By completing this
analysis, it was apparent that a calibration curve with a lower range of concentrations would be
better suited for future analyses.

A2. First Proposed Method

Initially, I attempted to quantify EDOC using the following procedure: (1) Quantify total
dissolved carbon, (2) quantify NPOC + DIC, and (3) quantify non-purgeable organic carbon.
These three analyses yield an EDOC concentration of hurricane rainwater by the following

equation: EDOC = TDC — DIC — NPOC

Stock Solutions
Three sets of standard stock solutions were made: 1) methanol solution, 2) sodium

bicarbonate solution, and 3) methanol plus sodium bicarbonate mixture solution. Methanol is
organic carbon and sodium bicarbonate is inorganic carbon. Four aliquots were taken from each
stock solution and then diluted to varying concentrations, ranging from approximately 50 mg C
L' to 5mg C L. Each aliquot was then further divided into three groups, so a three-tiered

analysis could be performed.

All glassware was decontaminated before use. Glassware was soaked in an Alconox bath
for 24 hours and then rinsed with DI water. After it was dry, the glassware was muffled at 450°C

for 5 hours.
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High-temperature catalytic oxidation by a Shimadzu TOC-Vcph/cpn with an ASI 5000
autosampler was used for analysis. The Shimadzu TOC-Vcph/cpn was calibrated with potassium
hydrogen phthalate (KHP). Two calibration curves were created — one with concentrations
ranging from 0 to 8.18 mg C L' (C1-1:C1-6) and another ranging from 9.630 to 120.3 mg C L!

(C2-1:C2-3).

Each standard and blank were examined in triplicate per run. Three blanks were analyzed
first. The blanks were followed by four standards. This pattern was repeated for the entire
analysis. A normal sensitivity platinum catalyst was used. When sparging occurred, standards

and blanks were purged for 1.5 minutes with compressed air (UN 1002).

First, the standards were analyzed for TDC (Analysis A). Typical DOC quantifications
are performed via the NPOC method which includes acidification and sparging steps at the
beginning of organic carbon analysis to remove inorganic carbon from solution (DIC). In
addition to the DIC, an unknown quantity of exchangeable components of DOC is also removed.
This batch of samples for Analysis A was neither acidified nor sparged, ensuring that as much of
the TDC remained in solution as possible. The results of this initial analysis provided

measurements of total dissolved carbon, including both inorganic and organic carbon species.

The 12 values for all standards in Analysis A indicate that the measured solution
concentration values correlate well with the actual solution concentrations for the total carbon
analysis. It is evident from the graph, however, that the measured concentrations for sodium

bicarbonate are the least accurate (Figure A1-A).

The second analysis included sparging and acidification (Analysis B). Standards were

acidified to ~ pH 2 with 2N HCI and sparged for 1.5 minutes with compressed air (UN 1002).
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This removed both DIC and
EDOC from solution, leaving
only the NPOC to be measured.
The r? values for the methanol
solution suggest that the actual
concentrations correlate well
with the measured
concentrations (Figure A1-B).
Sodium bicarbonate NPOC
concentrations for all four
aliquots were approximately
zero, as expected; acidification
and sparging removed the

inorganic carbon from solution.

During the third
analysis, sparging occurred but
the standards were not acidified
(Analysis C). Without
acidification, the DIC remained
in solution. Sparging caused
exchangeable dissolved organic

carbon to volatilize. The results



of the third analysis measured total NPOC plus DIC.

The r? value for methanol in the third analysis suggests that the measured solution
concentration values again correlate well with the actual solution concentrations, but the sodium
bicarbonate r? value does not indicate the same amount of accuracy for measured concentrations

compared to actual concentrations (Figure A1-C).

Rainwater
Four Hurricane Florence rainwater samples were filtered with pre-washed 0.7 um pore-

size GF/F filters to remove any particulates. Each sample was then divided into three subsamples
so that the three different carbon analyses using a Shimadzu TOC-Vcph/cpn analyzer could be

performed on each sample. The procedure outlined above was used.

Samples analyzed from Hurricane Florence (n=4) had a mean EDOC concentration of
0.315 £ 0.054 mg L' and made up about 32% of the total rainwater DOC (0.98 mg L-1). These
first results from Hurricane Florence, like Hurricane Harvey discussed above, may also be

flawed.

Issues with First Proposed Method
There is one major flaw in the initial method. As stated previously, DIC is removed from

a water solution by acidification and sparging. This is supported by the NPOC results for sodium
bicarbonate. However, the sodium bicarbonate solutions yielded erroneous results for the TDC
and NPOC + DIC analyses. The solutions were not acidified. The DIC was not converted to COa.
The solutions were sparged. What if some of the DIC remained in solution as another DIC

species?
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Because of the inability of the Shimadzu TOC-Vcph/cpn analyzer to accurately measure
DIC by this method, another approach was necessary. The DIC needed to be measured separately

and with a method approved for DIC analysis.
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Appendix B. Covid-19

Between the preliminary analyses and March 2020 it was determined that filtering of
samples was not a necessary step. Willey et al. (2000) demonstrated there was no statistical
difference between filtered and unfiltered rainwater samples for DOC analysis of hurricane

rainwater in Wilmington, North Carolina.

As of March 2020, a Shimadzu TOC-L was used for most organic carbon analyses.
Switching to the TOC-L was recommended by Shimadzu Laboratories (Durham, NC) because it
is better suited for use with a high sensitivity catalyst. A high sensitivity catalyst was necessary
because many of the rainwater samples were expected to have low concentrations of carbon
(<2.5 mg L), as demonstrated from the preliminary analyses. Each standard and blank were
examined in triplicate per run and when sparging occurred it lasted for 1.5 minutes with

compressed air (UN 1002).

On February 28, 2020, all rainwater samples (original collection jars) were moved from a
freezer to a refrigerator. Samples remained in the fridge as they thawed. Once thawed,
subsamples were removed from each container. Two subsamples (one for TDC analysis and one
for NPOC analysis) were put into glass scintillation vials. On March 5, 2020, all samples were
transported to Shimadzu Laboratories, Durham, NC. TDC analysis on most of the rainwater

samples was completed March 5-6, 2020.

Plans were made to return to Shimadzu Laboratories the following week (March 13,
2020). Because of the impending return to Durham, samples were left at Shimadzu Laboratories
in a refrigerator rather than transported back to Greenville. Unfortunately, circumstances arose

that prevented Shimadzu being available for analysis on March 13. The date was moved to the



following week. I was to return to Durham to finish analyzing the rainwater samples on March

18, 2020.

This plan was upended due to the COVID-19 pandemic. Shimadzu Laboratories
temporarily shut down (March 16, 2020) and East Carolina University suspended university-
sponsored travel (March 17, 2020). All laboratory research came to a halt for approximately one

month.

Shimadzu reopened their laboratory on April 20, 2020. University travel was still
restricted at this time, however. Shimadzu delivered the TOC-L to ECU the week of April 20™.
The rainwater samples were returned to ECU the following week. At that time, the rainwater had
been refrigerated for nearly two months. The reliability of the results gathered from samples
stored in this way is questionable. Spyres et al. (2000) insists that cold storage alone is not an
appropriate storage mechanism; acidification protects samples from degradation. Even so, |

decided to analyze the samples for NPOC on April 27, 2020.

The results from the NPOC analysis were peculiar. Because NPOC is a fraction of total
dissolved carbon, one expects NPOC concentrations to be lower than TDC concentrations. Most
of the samples analyzed for NPOC on April 27" returned carbon concentrations higher than the

TDC concentrations measured on March 5" (Figure B1).

Initially, I thought this erroneous result could be due to either the degradation of the
sample while it was in storage or the contamination of acid used for DIC removal. I decided to

thaw out some archived samples to determine whether the high NPOC results were simply a
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function of storage or if there was another reason for the strange results. I also made a new batch

of 2N HCI for acidification. Again, the NPOC concentrations were higher than the TDC

concentrations (Figure B1). Furthermore, the TC values from the samples newly thawed on

4/27/20 did not correlate with the TC values from the analysis on 3/6/20 (Figure B1).

The higher NPOC concentrations were attributable to neither the long-refrigeration
storage time nor the contamination of acid. Perhaps the acidification step used for NPOC
analysis made some portion of the DOC pool accessible to oxidation that was not oxidizable at

the ambient pH used for TDC analysis. Recalling that the samples were not filtered, the next
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reasonable step was to filter the samples to remove this potentially pH-dependent oxidizable

portion. Therefore, all samples were filtered prior to analysis, as discussed in the main text.
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