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ABSTRACT 

 

High field nuclear magnetic resonance spectroscopy (NMR) was used to investigate the 

molecular composition of dissolved organic material (DOM) in rainwater. Knowledge of 

chemical composition of rainwater DOM is important in understanding cloud composition and 

how sunlight is attenuated. NMR analysis of rain samples using spiked additions was used to 

identify components in rainwater, such as formic acid, succinic acid, and sucrose. Rainwater was 

studied with one-dimensional (1D) and two-dimensional (2D) high field
 
NMR to investigate the 

components by identifying functional groups present. NMR spectra of rains from different 

seasons were compared and it was found that spring rain events had the highest levels of sugars, 

such as glucose and sucrose, and winter rain events had the highest level of lactic acid. NMR 

spectra of rains from different back trajectories were compared and it was found that marine 

events had a higher percentage of methanesulfonic acid (MSA), but terrestrial storms had higher 

overall concentrations of a complex range of compounds, possibly due to a greater influence of 

biogenic and anthropogenic sources of these components. Changes in NMR spectra of rainwater 

as a function of irradiation time were analyzed to study how the composition of rainwater varies 

over time with exposure to light. Photolysis experiments showed great variability and small 

changes through NMR spectra, but 3D EEMs showed changes in fluorescence. Although most 

changes in NMR spectra and EEM plots could not be correlated, there was a correlation between 

NMR changes of glycoaldehyde and EEM changes in the T peak suggesting glycoaldehyde may 

play an important role in fluorescence and photochemistry. 
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INTRODUCTION 

  

Rainwater has many components, including dissolved organic matter (DOM) and 

dissolved organic carbon (DOC). DOC in rainwater varies and is largely uncharacterized. It is 

important to study DOC because it is postulated that some of the components may lower the 

surface tension of atmospheric waters and cause an impact on droplet population and cloud 

albedo (Decesari et al., 2005; Facchini et al., 2000; Kieber et al., 2006; Kiss et al., 2005). Cloud 

droplets reflect incoming solar radiation and changes in such reflections can have an effect on 

the climate by influencing how much solar radiation the earth absorbs (Duarte et al., 2007). 

Suzuki et al. (2001) confirmed that water-soluble organic components (WSOC) present in 

atmospheric particles have hygroscopic properties allowing them to act as cloud condensation 

nuclei. Chromophoric dissolved organic matter (CDOM) is a ubiquitous component of rainwater, 

and is the dominant chromophore in rainwater (Kieber et al., 2007; Miller et al., 2009). After 

rainwater is exposed to simulated sunlight, photodegradation occurs, possibly linking the 

chromophoric compounds to a variety of photomediated processes (Kieber et al., 2007). After a 

six-hour irradiation period in a solar simulator, the fluorescence of rainwater decreased, 

indicating the photobleaching of chromophoric compounds (Smith, 2009).  Photobleaching of 

DOC results in conversion of DOC to CO2, just like in surface waters (Miller and Zepp, 1995). 

As DOC is photobleached, it is catalytically influenced by the presence of iron because of the 

presence of dioxygen (Gao and Zepp, 1998). CDOM is important to the generation of free 

radicals and the speciation of trace metals (Kieber et al., 2006) and iron (Kieber et al., 2007).  

The overall objective of this research is to examine photochemical properties of rainwater 

DOC by NMR, as well as its origin and properties, to investigate how DOC may impact global 

warming.  Investigation of rainwater DOC was conducted using high field 1D and 2D nuclear 
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magnetic resonance (NMR) spectroscopy of lyophilized rain samples. Identification of major 

chemical entities in rainwater involved spiked additions and analysis by NMR. Seasonal and 

back trajectory differences were examined to assist in better understanding rainwater component 

sources. Photolysis experiments show the effect of irradiation on rainwater components over 

time. 

Sources of DOC in rainwater include anthropogenic processes and humic-like substances 

derived from surface sources and/or processes in the atmosphere (Kieber et al., 2006), plant 

emissions, such as volatile organic compounds (VOCs) (McKinney et al., 2011), and secondary 

oxidation products (SOP) (Altieri et al., 2008; Clements and Seinfeld, 2007; Lim et al., 2005; 

Matsunaga et al., 2004; Wang et al., 2001). Rain DOC differs between season and trajectory. 

DOC levels have been found to be higher in continentally influenced rainwater (Willey et al., 

2000) and in the spring and summer (Avery et al., 2001; Avery et al., 2005).  

In urban atmospheres, over 300 different organic compounds can be found in the rain 

(Seitzinger et al., 2003). Inorganic ions, such as sulfate, nitrate, chloride, sodium, and 

ammonium, dominate the hygroscopic components in atmospheric particles (Decesari et al., 

2005; Kieber et al., 2006).  Highly volatile compounds, such as formic acid, formaldehyde, and 

acetic acid, are also found in aerosols and rainwater (Kieber et al., 2006). It has been proposed 

that a major part of WSOC is photochemical oxidation products, such as ketocarboxylic acids, 

ketodicarboxylic acids, and dicarboxylic acids (Suzuki et al., 2001).  NMR spectra of WSOC in 

aerosols and rainwater samples collected in northern Italy show strong peaks representing 

oxygenated functional groups, such as alcohols, carbonyls, and carboxylates (Decesari et al., 

2001).  Aerosol WSOC has also been proposed to originate from the oxidation of soot (Decesari 

et al., 2002).   
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Rainwater DOC contains organic acids, which comprise 14 to 40% of rainwater DOC 

(Avery et al., 2005; Likens et al., 1983; Williams et al., 1997). Some organic acids include 

formic acid, acetic acid (Avery et al., 2005; Miller et al., 2009), lactic acid, succinic acid, 

malonic acid, and pyruvic acid (Avery et al., 2005). Monocarboxylic acids (formic acid, acetic 

acid, lactic acid) occurred in higher concentrations than dicarboxylic acids (succinic acid, 

malonic acid) (Avery et al., 2005). Dicarboxylic acids affect the formation of cloud condensates 

by reducing the surface tension because of their strong hydrophilic and hygroscopic properties.  

Dicarboxylic acids get into atmospheric aerosols from direct emissions (automobile exhausts, 

fossil fuel combustion), photochemical reactions (Avery et al., 2005), and biogenic sources 

(plant waxes, fungi, bacteria, pollen, and algae) (Avery et al., 2005; Peña et al., 2002). Other 

components of rainwater DOC are sugars, such as glucose, sucrose, levoglucosan, which are 

primarily from plants (Medeiros et al., 2006; Wang et al., 2011a). Of the 15 sugars seen in 

Wilmington, North Carolina rainwater, glucose is dominate in all seasons and back trajectories 

(Byrd, 2012). 

Aldehydes in rainwater can be a result of photochemical reactions in the atmosphere after 

hydrocarbons from anthropogenic or natural biogenic sources are oxidized (Peña et al., 2002).  

Aldehydes can also be a significant source of organic acids if they are oxidized into organic acids 

in the gas phase.  When comparing aldehyde concentration (of formaldehyde, acetaldehyde, and 

acroleine) in rainwater in non-growing and growing seasons of northwest Spain, the growing 

season had lower levels (Peña et al., 2002) possibly because of transformation from aldehydes to 

carboxylic acids (Sakugawa et al., 1993).  
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Figure 1: Isoprene photooxidation pathway showing possible secondary oxidation products 

(SOPs). Pathway references include Altieri et al., 2008 (A), Clements and Seinfeld, 2007 (C), 

Kourtchev et al., 2008 (K), Lim et al., 2005 (L), Matsunaga et al., 2004 (M), and Wang et al., 

2001 (W).  

 

 

In the atmosphere, there are various sources of isoprenes, primarily from natural sources. 

Terrestrial plant foliage contributes over 90% of isoprene to the atmosphere, while minor sources 

include microbes, animals, and aquatic organisms (Guenther et al., 2006; Wagner et al., 1999). 

Isoprene has breakdown products that are commonly seen in rainwater and aerosols (Figure 1). 
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precursors, such as toluene, xylene, and naphthalene (Seinfeld and Pankow, 2003). Malic acid 

and succinic acid are from smoke particles when biomass, such as wheat straw, is burned (Wang 

et al., 2011a; Wang et al., 2011b). The burning produces products that are converted to 

secondary organic aerosols (SOA) through photooxidation processes (Claeys et al., 2010). 

Glycoaldehyde is formed from photochemical oxidation of VOCs, like isoprene, but has also 

been reported to be from biomass burning (Aviles-Moreno et al., 2006; Zhu and Zhu, 2010). An 

anthropogenic source of SOPs is from soot (Decesari et al., 2002). Other possible SOPs include 

methyl tetrols, glycoaldehyde, pyruvic acid, lactic acid, and malic acid (Altieri et al., 2008; 

Clements and Seinfeld, 2007; Lim et al., 2005; Matsunaga et al., 2004; Wang et al., 2001) 

(Figure 1). 

The concentration of organic acids in rainwater is impacted by the air mass the storm 

originated from and the path it followed. Ultimately, 75% of compounds are found in both 

terrestrial and marine events, while only 25% of compounds were unique to one trajectory 

(Mead, 2012).When comparing continentally-dominated storms to coastal storms, more DOC, in 

the form of small non-chromophoric organic acids, like formic acid and acetic acid, was seen in 

the continentally-dominated events (Avery et al., 1991, Avery et al., 2001, Avery et al., 2005; 

Kieber et al., 2006; Miller et al., 2009; Willey et al., 2000). Continental rain (cold fronts, low-

pressure systems, and local thunderstorms) have been observed to have significantly higher 

levels of a variety of analytes when compared to coastal or marine rain from coastal storms, 

hurricanes, tropical storms, winter warm fronts, and El Niño rain (Willey et al., 2000). Higher 

levels of malic acid, succinic acid, and phthalic acid are seen in marine WSOC (Wang et al., 

2011b). 
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When comparing terrestrial versus marine storms, the terrestrial storms have varying 

amounts of organic acids due to seasonality, while the marine storms are more consistent (Avery 

et al., 2005). This leads to seasonality also playing a role in organic acid concentration.  During 

the growing season (March 31-October 1), continentally-originated storms have a higher 

concentration of organic acids (Avery et al., 2005; Peña et al., 2002). Out of the organic acids 

studied by Avery et al. (2005), formic and acetic acid comprised over 75% of the total molar 

quantity of organic acids. Atmospheric aerosols in Taiwan were found to have the highest levels 

of malonic acid and oxalic acid in mid-summer due to the intense solar radiation, while succinic 

acid and malic acid were found in the lowest concentrations (Hsieh et al., 2007). Lactic acid also 

exhibited a seasonal pattern with higher levels in winter marine events (Avery et al., 2005).  

Carboxylic acids, including formic acid, acetic acid, and pyruvic acid, exhibit diurnal 

behavior due to wet and dry deposition. During the day, they are in higher levels in the 

atmosphere due to biogenic emissions or atmospheric photochemical processes (Talbot et al., 

1990). Possible sinks for these carboxylic acids include wet and dry deposition and reacting with 

OH radicals (Talbot et al., 1990).  

An increasingly important tool to analyze the organic components present in rainwater is 

through Nuclear Magnetic Resonance Spectroscopy (NMR). NMR is a powerful analytical tool 

that has been used for chemical characterization of rainwater dissolved organic matter.  In a 

rainwater sample, four represented categories of functional groups in a 
1
H-NMR spectrum are 

aromatic protons, protons bound to oxygenated aliphatic carbon atoms, protons bound to 

aliphatic carbon atoms adjacent to unsaturated groups like alkenes or aromatic rings, and alkyl 

protons.  Aromatic protons have a chemical shift range of 9 to 6.5 ppm, protons bound to 

oxygenated aliphatic carbon atoms (hydroxyl and alkoxy groups or other heteroatom bound 
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CH’s) are between 3.3 to 4.5 ppm, protons bound to aliphatic carbon atoms adjacent to 

unsaturated groups like alkenes (allylic protons) or aromatic rings (benzylic protons) and 

carbonyls (α protons) are between 1.9 to 3.2 ppm, and alkyl protons have a chemical shift range 

of 0.6 to 1.9 ppm (Decesari et al., 2001; Miller et al., 2009). Decesari et al. (2000) found WSOC 

samples from northern Italy aerosols to have a high concentration of oxygenated species, like 

ethers and hydroxyl components with NMR signals between 4.8-3.0 ppm.   

In studies of rain collected from the North Atlantic using NMR spectroscopy, 
1
H NMR 

confirmed the presence of methanesulfonic acid (MSA) as a major organosulfur compound in 

rainwater (Facchini et al., 2008).  MSA is proposed to be generated by the photooxidation of 

dimethyl sulfide (DMS), which is produced by marine phytoplankton (Suzuki et al., 2001), so 

higher amounts of MSA are in rainwater during marine and summer rain events.  Clean marine 

air masses resulted in higher concentrations (approximately four times as much) of MSA in 

rainwater (Facchini et al., 2008).   

Aldehydes have low NMR signals from 9-10 ppm and hydrated aldehydes appear at 5.0-

4.5 ppm (Decesari et al., 2001). Rain hydrophobic CDOM may also be comprised of poly 

carboxylic acids mainly of aliphatic character. These acids only contain a small portion of 

hydroxyl/ether groups and aromatics (Kieber et al., 2006; Miller et al., 2009).  

WSOC collected from the North Atlantic was analyzed using 2-dimensional (2D) NMR 

spectroscopy to look for seasonal changes. The winter sample had more efficient dissolution 

after the MeOH-d4 solvent was added and the spring/summer sample exhibited deterioration 

because it was less soluble (Duarte et al., 2008). The lack of solubility could have affected the 

correlation between the two seasons.  The winter sample showed strong correlations in three 

regions of chemical environments:  aliphatic, heteroatom-alkane substituted, and aromatic 
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regions. The spring/summer sample showed a crowded aliphatic region and weaker heteroatom 

substituted alkane and aromatic regions in their designated regions (Duarte et al., 2008). The 

authors concluded that winter rains have more heteroatom and aromatic signals, although 

solubility problems with the summer seem to create more questions.  

Exposing DOC to short-term irradiations and simulated sunlight showed DOC could play 

an important role in photo-mediated reactions occurring in atmospheric waters because of 

photolability of UV absorbing components (Kieber et al., 2007). CDOM is important in solar 

radiative transfer because it can affect the attenuation and spectral distribution of sunlight 

reaching the earth’s surface (Kieber et al., 2006). Previous experiments, using NMR, on the 

irradiation of rainwater have confirmed that irradiation can possibly affect rainwater by the loss 

of alkyl chains or alkyl aldehydes (Reid, 2003). However, very little change was observed by 

NMR after irradiation, other than a small loss (3.5-4.7) in the alkyl integral. Distinctive changes 

in individual peaks were not observed (Reid, 2003).  

Compounds in DOC that absorb UV-Vis light (Kieber et al., 2007) also allow for 

fluorescence (Kieber et al., 2006; Kieber et al., 2007).  DOC in rainwater from terrestrial storm 

events has a higher fluorescence than DOC in rainwater from marine storm events.  Cold season 

rainwater has about 60% more volume weighted average (VWA) integrated fluorescence than 

warm season rainwater, although DOC concentrations were similar (Kieber et al., 2007). This 

implied seasonality in DOC concentrations does not contribute to increased fluorescence, but 

rather the higher irradiance in warmer months increases CDOM photodegradation of 

chromophoric DOC (Kieber et al., 2007). Aromatic and protein-like substances in DOC exhibit a 

lower percentage fluorescence loss than marine derived humic material, suggesting the degree of 
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photobleaching of the chromophoric organic material was impacted by its origin (Kieber et al., 

2007).  
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METHODS 

 

Rainwater Collection 

 

 Rainwater was collected on an event basis at the University of North Carolina 

Wilmington (UNCW) at a site on campus (34
o
13.9’N, 77

 o
52.7’W) located approximately 8.5 km 

from the Atlantic Ocean and receives both terrestrial and marine influenced rainwater.  The 

rainwater collection site was a large open area of approximately one hectare located within a 

turkey oak, long leaf pine, and wire grass community, typical of inland coastal areas in eastern 

North Carolina.  Aerochem-Metrics (ACM) Model 301 Automatic Sensing Wet/Dry 

Precipitation Collectors were used to collect event rain samples. All glassware used for 

sampling, filtration, storage, extraction, and experiments was baked at 550°C for 6 hours in a 

Fisher Scientific Isotemp® Muffle Furnace prior to use to remove organic contaminates. Each 

collector contained a pre-combusted 4L Pyrex glass beaker from which samples for pH, 

inorganic ions, dissolved organic carbon, hydrogen peroxide, organic acids, carbohydrates, and 

CDOM were taken.  Rainwater was collected over an entire year to analyze the seasonality of 

rain events, along with the storm origin and type.  Meteorological data including rain amounts, 

rain duration, time of day, surface temperature, wind speed, wind direction and air mass back 

trajectory, as previously reported by Avery et al. (2006), were also recorded.  Rain events were 

characterized sequentially by an event number (E#), where E represents event and # corresponds 

to a specific rain event number. Prior to being stored at 4
o
C in 40 mL amber vials for DOC and 

in pre-combusted jars for extra rain, rain samples were filtered under low vacuum through a 0.2 

μm, Gelman Supor® polysulfonone filter (rinsed with de-ionized water (DIW) collected from a 

Milli-Q purification system) enclosed in a glass filtration apparatus immediately after collection.   
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Rainwater Analysis 

 

 Immediately after collection, rainwater was measured for pH using a Ross electrode 

calibrated with low ionic strength 4.10 and 6.97 buffers. Ionic strength adjuster (pHix from Orion 

Research Incorporated, Boston, MA) was added to each sample. Measurements were ±0.04 pH units 

for all duplicate samples.  

Filtered rain samples were refrigerated for DOC measurement at a later date by high 

temperature combustion using a Shimadzu TOC 5000 total organic carbon analyzer equipped with an 

5000 autosampler (Willey et al. 2000). 

For comparison, rain events were divided into seasons and trajectory patterns. Since 

vegetation can have a significant influence on rainwater chemistry, the phenological cycle was used 

to divide rain events into four seasons: winter (December 1-February 28), spring (March 1-May 31), 

summer (June 1-August 31), and fall (September 1-November 30). Based on the path of the rain 

event at 500 meters above ground level (represented by the blue line in Figure 2), rain events were 

divided by back trajectory into three categories: terrestrial, marine, and mixed (Figure 2). 

 

        
Figure 2: Back trajectory examples of a terrestrial rain event, a marine rain event, and a mixed rain 

event. From left to right, E1100-terrestrial rain event, E1074-marine rain event, and E1034b–mixed 

rain event. 
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Rain Sample Lyophilization 

All rain samples were flash frozen and freeze dried. Freeze drying allowed the non-

volatile hydrophobic and hydrophilic DOC to be retained for NMR analysis. Rainwater (50 mL) 

was placed in a 250 mL round-bottom flask and flash frozen in an acetone/dry ice bath.  Samples 

were secured to the LABCONCO® Freeze Dry System (Freezone® 4.5) using 24/40 ground glass 

joint adapters.  The freeze drying system was brought to -41C or lower before adding samples 

and the pressure was 133x10
-3

 mBarr or lower to ensure sublimation (< 8 hours).    

 

 

NMR Sample Preparation 

After lyophilization, the sample was immediately prepared for NMR analysis. To the 

round bottom flask, 300 L of deuterium oxide (D2O) from Acros Organics was added and 

swirled around the flask to dissolve compounds in the lyophilized rainwater sample. The D2O 

dissolved sample was removed with a new pipette tip and transferred into a NMR tube (5 mm 

thin walled, 7” tube, Wilmad 528 PP, cleaned after each use by rinsing with DIW and soaking in 

a 10% HCL/DIW bath before being rinsed with DIW and methanol and vacuum-dried on a 

vacuum pump (~ 4 hours)) labeled with the event number, date and sample name. Another 300 

L of D2O was added with a new pipette tip to the round bottom flask and the process was 

repeated. Lastly, an internal standard (20 L of 19 µM sodium 2,2,3,3-d4-3-(Trimethylsilyl) 

propionic acid (DDS) from Alfa Aesar in D2O (for a final concentration of 19 µM)) was added 

directly to the NMR tube.  
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For comparison, a blank with 50 mL of synthetic rainwater was prepared, lyophilized, 

and analyzed by NMR the same way as rain samples (Figure 3). After NMR analysis, samples 

were transferred with a combusted glass transfer pipet into a labeled combusted glass GC vial to 

be frozen and archived.  

Figure 3: 
1
H-NMR spectra of (a) synthetic rainwater “blank” NMR and (b) E982. The 

highlighted regions will be used to compare integrations of events. Regions include 

carbohydrate-alkene (6.5 to 5.0 ppm), H-C-O (4.5 to 3.4 ppm), H-C-C= (3.3 to 1.9 ppm), and 

alkyl (1.9 to 0.7 ppm). The region from 0.7 to 0.2 ppm was integrated to use as the baseline and 

0.05 to -0.05 was calibrated to 1.00 for TMS. For both spectra, the TMS height was set equal. 

 

 

Spiked Additions 

Standards were prepared by dissolving 5-10 mg of a compound in 500 µL of D2O.  To 20 

µL of this solution, 180 µL of D2O was added, then 20 µL of the second solution was added to 

180 µL of D2O to create the stock solution.  Final standard concentrations varied from 33-452 

µM. For each compound used for spiking, a spike standard was created with 600 µL of D2O, 20 
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µL of the most dilute stock solution, and 20 µL of the TMS standard. More standard was added 

as needed to amplify the signal of the spike. For compounds with predicted chemical shifts more 

than three ppm apart, multiple compounds (up to three) were added to the same NMR tube, but 

were analyzed by NMR after each new standard was added. To the rain sample, 20 µL of the 

most dilute stock solution or the same amount of solution used in the spike standard was added. 

Spike standards were analyzed by the NMR for 256 or 512 scans, while the spiked rain sample 

used 2048 (2k) scans. After analysis, all acid standards were stored the same way as NMR 

samples. 

Compounds used include alanine, glyceraldehyde, formic acid, malonic acid, succinic 

acid, phthalic acid, mannose, and xylose from Sigma Chemical Company, glycerol and sucrose 

from Acros, terephthalic acid, serine, methanesulfonic acid, oxalic acid, citraconic acid, and 

methylsuccinic (malic) acid from Alfa Aesar, glycolic acid from Sigma-Aldrich, adipic acid and 

itaconic acid from TCI America, glycoaldehyde and levoglucose anhydrous from Aldrich, 

glyoxal from Spectrum Chemical, sodium acetate trihydrate (acetic acid) from JT Baker, 

ammonium sulfate, lactic acid, and pyruvic acid from Fisher, sodium benzoate from Avacado, 

and glucose from Amresco.  

 

 

NMR Analysis 

A Bruker Avance III spectrometer, operating at 25
 o
C, 600.01 MHz and 150.92 MHz for 

1
H and 

13
C nuclei, respectively, was employed to acquire liquid phase 1D and 2D NMR 

experiments. NMR spectral regions, including the carbohydrate-alkene (6.5 to 5.0 ppm), H-C-O 

(4.5 to 3.4 ppm), H-C-C= (3.3 to 1.9 ppm), and CH2 (1.9 to 0.7 ppm) regions, were integrated 

after normalizing the TMS signal of an internal standard (DSS set to 0 ppm) to an integral of 1.0 
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between -0.1 and 0.1 ppm (Miller et al., 2009). The region from 0.7 to 0.2 ppm was also 

integrated to be used as a baseline correction factor for each rain event (Figure 2). Due to the 

small signal in the aromatic region and the sometimes large formic acid signal at 8.5 ppm, the 

aromatic region was not integrated. 

 

 

One Dimensional (1D) NMR Spectra 

1
H-NMR spectra were recorded without spinning using the presaturation or Watergate 

pulse sequences with the following acquisition parameters: time domain 32 K; 90° pulse width 8 

μs; spectral width 12 ppm; relaxation delay 2 s; acquisition time 1.82 s; 2k scans and 4 dummy 

scans were accumulated for each free induction decay. Base-line correction was performed 

carefully by applying a polynomial fifth-order function in order to achieve quantitative 

measurements upon integration of signals of interest using Topspin 2.1 software. Chemical shifts 

are reported in ppm from DSS. 

 

 

Two Dimensional (2D) NMR Spectra 

Gradient selected 
1
H-

1
H-COSY spectra were collected by using 256 increments of 2K 

data points. 256 scans and 8 dummy scans were acquired for each FID with a recycle delay of 

1.5 s. The data set were zero-filled to a 2K × 2K matrix prior to Fourier transformation. A 

squared sinusoidal window function was used in both dimensions. No phase correction was 

applied, and the 2D spectra were displayed in magnitude mode. 

1
H-

1
H Total Correlation Homonuclear Spectroscopy (H–H-TOCSY) were acquired in the 

phase sensitive mode with TPPI, using the DISPI2 pulse sequence for the spin lock. Typically, 

16 dummy scans and 256 scans were collected for each of 512 increments with a spectral width 
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of 12 ppm in both dimensions, 2K data points, spin-lock time of 80 ms, and a relaxation delay of 

1.5 s. The data points in the second dimension were increased to 2 K real data points by linear 

prediction, and the spectra were zero-filled to a final size of 2 K × 2 K prior to Fourier 

transformation. A sine-bell squared window function was used in both dimensions.  

The phase-sensitive Gradient selected 
1
H-

13
C HSQC experiment was performed with a 

spectral width of 220 ppm for 
13

C (F1) and 12 ppm Hz for 
1
H (F2). Typical parameters for data 

acquisition included: 312 increments, 256 scans preceded by 16 dummy scans for each increment 

and relaxation delay 1.5 s. The data were multiplied in 
1
H with a sine weighting function. The 

13
C time domain was doubled by forward linear prediction prior to a cosine window function. 

Gradient selected 
1
H-

13
C heteronuclear multiple bond correlation (gHMBC). The phase-sensitive 

gradient selected hydrogen-carbon HMBC experiment was performed using a low-pass J-filter 

(3.4 ms) and delays of 65 and 36 ms to observe long-range C–H couplings optimized for 3 and 7 

Hz with 312 increments and 256 transients of 2K data points. The relaxation delay was 2.0 s. 

Zero-filling to a 2 K × 2 K matrix and p/2-shifted sine square bell multiplication was performed 

prior to Fourier transform.  

1
H diffusion ordered spectroscopy (DOSY) experiments were performed using the STE 

bipolargradient pulse pair (stebpgp1s) pulse sequence. Typically for each experiment 512 scans 

of 16 data points were collected. The maximum gradient strength produced in the z direction was 

5.35 Gmm-1. The duration of the magnetic field pulse gradients (d) was optimized for each 

diffusion time (D) in order to obtain a 2% residual signal with the maximum gradient strength. 

The values of d and D were 1,800 ls and 100 ms, respectively. The pulse gradients were 

incremented from 2 to 95% of the maximum gradient strength in a linear ramp. The temperature 
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was set and controlled to 298 K with an air flow of 400 l h-1 in order to avoid any temperature 

fluctuations due to sample heating during the magnetic field pulse gradients. 

 

Concentration Calculations from NMR Data 

 The contribution of several compounds to DOC was calculated using peak height (PH) of 

NMR spectra. For each compound, the PH was determined and divided by the normalized 

number of protons (NP) the compound has. This value was used to determine the concentration 

of the compound in the NMR tube (T). T was then used to determine the concentration of 

compound (µM) in rain (R) based on the dilution of the material in the tube. The % DOC 

contribution was determined by multiplying R by the number of carbons in the molecule, then 

dividing the concentration by the DOC of the rain event and multiplying by 100 to get the final 

percent of DOC contribution for that compound. The following calculations were used: 

 Concentration of compound in tube in µM (T) = 19 µM TMS x PHcmpd 

            PHTMS        NPcmpd 

                         NPTMS                                      

              

 Concentration of compound in rain in µM (R) =  T  x                0.6 mL                  

                     Amount of rain used (mL) 

 

 DOC contribution in µM = R x number of carbon/molecule 

 

 % DOC contribution = µM DOC contribution 

        DOC of rain event 

 

 

 

Photolysis Experiments 

 For photolysis experiments, aliquots of filtered (0.2 μm) whole rainwater samples were 

poured into 30 mL photochemical cells. Depending on the amount of rain available, one or two 

cells were used per timepoint. These cells were placed vertically in a carousel in a constant 
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temperature water bath (22.0 °C) and irradiated using a solar simulator (Spectral Energy Solar 

Simulator LH lamp housing with a 1000 W Xe arc lamp) equipped with a sun lens diffuser and 

an AM1 filter to remove wavelengths not found in the solar spectrum. Samples were removed at 

desired times depending on the experiment (0, 0.5, 1, 1.5, 2, 4 hours). Aliquots were taken for 

fluorescence (3.5 mL) and UV (1 mL) and the remaining sample (23 or 50 mL) was immediately 

flash frozen and lyophilized for NMR analysis. Light measurements were made with an Ocean 

Optics SD2000 spectrophotometer connected to a fiber optic cable terminated with a CC-UV cosine 

collector. For the dark control, the photochemical cell was encased in aluminum foil to serve as a 

dark control and was removed at the final timepoint. NMR analysis and spectral integration was 

executed the same way as lyophilized rain events.  

 

 

Optical Properties  

 

Fluorescence was determined by excitation-emission matrix (EEM) fluorescence 

spectroscopy measured on a Jobin Yvon SPEX Fluoromax-3 scanning fluorometer equipped with a 

150-W Xe arc lamp and a R928P detector as described in Kieber et al. (2006). EEMs were 

constructed every 5nm from 280 to 540 nm using excitation wavelengths from 250 to 385 nm (Del 

Castillo and Coble, 1999).  

Absorbance scans were made from 240 to 800 nm using a 1-m (Ocean Optics) liquid 

wave-guide capillary cell attached to an Ocean Optics SD2000 spectrophotometer and an 

Analytical Instrument Systems Model DT 1000 CE UV/Vis Light Source. Measurements at each 

wavelength (λ) were baseline corrected by subtracting the average absorbance from 685 to 695 

nm (Green and Blough, 1994). CDOM absorption coefficients (aCDOM λ , m-1) at each 

wavelength (λ) were calculated according to aCDOM λ = 2.303 A λ/l and A λ was the corrected 

spectrophotometer absorbance reading at wavelength λ and l was the optical pathlength in meters 
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(Kirk, 1994). A detection limit of 0.023 m-1, corresponding to 0.001 Abs. units on the 

spectrophotometer using a 1m cell, was estimated from 3 x standard deviation of a deionized 

water blank processed as a sample. The detection limit corresponds to sample absorption 

coefficients at wavelengths in the range of 350 to 650 nm. Spectral slope coefficients were 

calculated from non-linear least-square regressions of the plot a(λ) vs. wavelength for the 

interval between 240 to 400 nm using the equation of Markager and Vincent (2000). Because the 

wavelength range used in the regression can influence the calculated spectral slope coefficient, 

this fixed wavelength range was used for all samples so that the upper wavelength absorbance 

readings would be above the detection limit.  
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RESULTS AND DISCUSSION 

 

Rainwater NMR analysis 

Rain samples were analyzed by 1D and 2D NMR to identify components, compare 

seasonality, compare back trajectory differences, and evaluate changes of the rainwater after 

irradiation and photolysis. A standard of 19 µM sodium 2,2,3,3-d4-3-(Trimethylsilyl) propionic 

acid (DDS) was added to each NMR sample to be able to compare the different rains. The 

spectra were normalized by setting the integration area of the TMS peak of the standard to 1.0 to 

allow different natures of extracted DOM to be compared (Miller et al., 2009). Four areas of the 

spectra were integrated and their functional groups were identified. These regions include the 

carbohydrate-alkene region (6.5 to 5.0 ppm), protons on carbon atoms directly bound to oxygen 

(4.5-3.3 ppm), aliphatic protons on carbon atoms adjacent to aromatic rings or carbonyl groups 

(3.3-1.9 ppm), and CH2 and CH3 in alkyl chains (1.9-0.7 ppm) similar to the NMR analysis 

described by Miller et al. (2009) and Decesari et al. (2000). The resulting NMR spectra were 

very complex, so the initial goal was to identify components. 

 

Spiked Additions 

Acids and sugars have been reported in WSOC and rain. Identification of NMR peaks 

through spiked additions assisted in identifying several acids and sugars. Small aliquots of 

solutions of acids or sugars (30-450 µM) were spiked into the NMR tube containing the rain 

sample with the goal of keeping the intensity of the spike signals within one-fourth to double the 

level of TMS standard.  

Upon addition of glycoaldehyde, peaks at 5.05 ppm and 3.5 ppm in E1053 increased, 

proving the presence of glycoaldehyde in the sample (Figure 4a). Correlations in the COSY of 
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E1044 (Figure 6) confirmed the presence of glycoaldehyde in the samples. Glycoaldehyde exists 

as a hydrate or a dimer (seen in Figure 4a) in the environment (Aviles-Moreno et al., 2006; 

Beeby et al., 1987). Sources of glycoaldehyde were from photochemical oxidation of volatile 

organic compounds, like isoprene (Zhu and Zhu, 2010), or from biomass burning (Aviles-

Moreno et al., 2006). Matsunaga et al. (2007) previously confirmed the presence of 

glycoaldehyde in rain in Japan with a gas chromatography-flame ionization detector (GC-FID) 

and classified it as a major component of oxidation products of atmospheric hydrocarbons.  

Upon addition of glucose, anomeric protons peaks at 5.24 ppm and 4.65 ppm and peaks 

in the range of 3.92 ppm to 3.2 ppm in E1029 increased, proving the presence of glucose in the 

sample (Figure 4b).  

Upon addition of sucrose, the anomeric proton peak at 5.42 ppm and peaks in the range 

of 4.24 ppm to 3.4 ppm in E1025 increased, proving the presence of sucrose in the sample 

(Figure 4c). Possible sources of atmospheric glucose and sucrose include biogenic sources, such 

as soils (Bi et al., 2008), plants, trees, microorganisms, and animals (Bieleski, 1982; Pigman and 

Horton, 1970; Simoneit et al., 2004). As biological activity and soil resuspension increased in the 

spring, levels of sugars increased (Byrd, 2012; Wang et al., 2011). GC-MS analysis of aerosols 

in Maine by Medeiros et al. (2006) showed glucose to be the dominant sugar in spring aerosols 

and sucrose levels to be high as the buds on flowers develop. GC-MS analysis of rainwater in 

Wilmington, N.C by Byrd (2012) showed glucose to be the dominant sugar and lower levels of 

sucrose, except in spring rain events when it is higher due to flowering plants. 
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 (a)         

 
(b)           

 
(c)            

 
Figure 4: 

1
H-NMR spike spectra for (a) glycoaldehyde dimer, (b) glucose, and (c) sucrose. For 

each spectra, the height of the TMS was set equal and adjusted for each spectra as needed. The 

intensity of the glucose spectra were multiplied by two and the sucrose spectra were multiplied 

by four. 

 



 

23 
 

In some cases, especially with organic acids, the chemical shift of the spike standard and 

the chemical shift of the spike signal in the rain sample differed due to pH changes (Suzuki et al., 

2001), as was the case with succinic acid (Figure 5a) and acetic acid (Figure 5b). In the two 

samples, the rain NMR sample showed the spike 0.2 ppm higher than the standard.  

Upon addition of succinic acid, the peak at 2.6 ppm in a combined NMR sample of E956, 

E958 and E959 increased, proving the presence of succinic acid in the sample (Figure 5a). 

Sources of succinic acid are anthropogenic emissions (Avery et al., 2005; Wang et al., 2011a), a 

secondary oxidation product of isoprenes (Wang et al., 2011b), or from biomass burning (Wang 

et al., 2011a).  

Upon addition of acetic acid, the peak at 2.08 ppm in E975b increased, proving the 

presence of acetic acid in the sample (Figure 5b). Sources of acetic acid include biogenic 

emissions from vegetation (Chebbi and Carlier, 1996; Khare et al., 1997; Talbot et al., 1990), 

photochemical oxidation of aldehydes and alcohols (Kawamura and Kaplan, 1996), biomass 

combustion (Chebbi and Carlier, 1996; Talbot et al., 1990), and anthropogenic emissions, 

primarily car exhaust (Chebbi and Carlier, 1996 Kawamura and Kaplan, 1996; Zervas et al., 

2001). Acetic acid was also produced from radicals from atmospheric oxidation of isoprenes and 

acetaldehyde (Lim et al., 2005; Talbot et al., 1990).  

Upon addition of MSA, the peak at 2.8 ppm in a combined NMR sample of E977 and 

E980 increased, proving the presence of MSA in the sample (Figure 6a). MSA can be produced 

by photooxidation of dimethyl sulfide from marine phytoplankton and form particulate MSA in 

the urban atmosphere. MSA can also exist in the atmosphere as a gas, which would contribute to 

MSA in rainwater (Suzuki et al., 2001).  
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 (a)  

 
(b)       

 
 

Figure 5: 
1
H-NMR spike spectra for (a) succinic acid and (b) acetic acid. For each spectra, the 

height of the TMS was set equal and adjusted for each spectra as needed. The intensity of the 

acetic acid spectra were divided by four. 

 

Upon addition of formic acid, the peak at 8.5 ppm in E1034b increased, proving the 

presence of formic acid in the sample (Figure 6b). Formic acid was produced from biogenic 

emissions from vegetation (Chebbi and Carlier, 1996; Khare et al., 1997; Talbot et al., 1990), 

photochemical oxidation of aldehydes and alcohols (Kawamura and Kaplan, 1996), biomass 

combustion (Chebbi and Carlier, 1996), and anthropogenic emissions, primarily car exhaust 

(Chebbi and Carlier, 1996; Kawamura and Kaplan, 1996; Zervas et al., 2001). 
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(a)        

 
(b)        

 
(c)        

 
Figure 6: 

1
H-NMR spike spectra for (a) MSA, (b) formic acid, and (c) citraconic acid. For each 

spectra, the height of the TMS was set equal. The citraconic acid spectra were multiplied by two. 
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Upon addition of citraconic acid, the peak at 1.9 ppm in E1034b increased, although the 

peak at 5.5 ppm was not visible in the rainwater before spiking and an increase could not be seen 

in this sample (Figure 6c). 2D NMR (Figures 8, 9) helped confirm the presence of citraconic acid 

in rain. Citraconic acid, also known as methylmaleic acid, was found in rain and snow in 

California by Kawamura et al. (1996) by gas chromatography and HPLC, and was found to be 

produced by the photooxidation of aromatic compounds, such as benzene, toluene, xylene, and 

phenols (Kawamura et al., 1985; Sempere and Kawamura, 1994). 

All rains contained formic acid (Figure 6b), acetic acid (Figure 5b) and succinic acid 

(Figure 5a), also reported by Avery et al. (2005). Pyruvic acid was tested, but because its signal 

overlaps with succinic acid, 1D NMR could not confirm its presence, although 2D NMR could 

possibly examine its presence (Figure 9). There was little evidence of the presence of 

levoglucosan in rain samples tested, possibly due to the prominence of other sugars 

overwhelming the levoglucosan signal. Other studies of rainwater in Wilmington, N.C found 

levoglucosan in all rains, but in low concentrations (Byrd, 2012). In previous studies of aerosols 

in Maine (Medeiros et al., 2006), smoke particles in China (Wang et al., 2011a), and rainwater in 

Wilmington, North Carolina (Byrd, 2012), levoglucosan has been found in samples when 

biomass was burned. Rain events occurring during a forest fire in Pender County, North Carolina 

that burned over 21,000 acres from June 19-30, 2011 had high levels of levoglucosan (Byrd, 

2012). 

Other compounds investigated include adipic acid, benzoic acid, itaconic acid, malic 

acid, malonic acid, and phthalic acid (Table 1). They were chosen because they have been 

reported to be in aerosols and were found to be present in several rain NMR samples, as will be 

described later. 
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Table 1: Structures and chemical shifts of acids. 

 

Name Structure Expected Chemical Shift 

Adipic acid 

 

2.2, 1.5 ppm 

Benzoic acid 

 

7.87, 7.6, 7.5 ppm 

Itaconic acid 

 

6.36, 5.85, 3.42 ppm 

Levoglucosan 

 

5.4 ppm, 5.160-3.163 ppm 

Malic acid 

 

4.4, 2.75, 2.45 ppm 

Malonic acid 

 

3.25 ppm 

Phthalic acid 

 

7.5, 7.4 ppm 
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Concentration Calculations from NMR Data 

 The contributions of several compounds to DOC were calculated based on the peak 

height on the NMR spectra as compared to the peak height of the TMS peak of the standard DSS 

(Table 2). E970a was a summer mixed rain event, therefore it had a higher DOC and higher 

levels of compounds. E991 was a fall terrestrial event with a low DOC, so levels of compounds 

were lower. Glycoaldehyde and succinic acid contribution to DOC were higher in the summer 

rain, while the lactic acid contribution was higher in the fall rain. The calculations may help 

determine the influence of different compounds on rainwater pH. 

Table 2: Contribution of several compounds to DOC of rain events. 

 DOC Succinic Acid MSA Glycoaldehyde Lactic Acid 

E970a 136.6 1.34 % 0.11 % 1.49 % 1.71 % 

E991 26.5 0.94 % 0.24 % 0.80 % 2.61 % 

 

 

2D NMR 

2D NMR was used to further investigate the molecular composition of rainwater 

components and to examine the NMR signature of rain collected. 2D NMR revealed more 

information concerning the presence of compounds in rain water. Correlation spectroscopy 

(COSY) spectra show hydrogens coupled to each other, heteronuclear single-quantum 

correlation spectroscopy (HSQC) spectra show direct hydrogen-carbon coupling, and 

heteronuclear multiple-bond correlation spectroscopy (HMBC) spectra show long range two to 

three bond hydrogen-carbon coupling. Both HSQC and HMBC experiments can help identify 

functional groups, as shown by regions defined in Figure 8. 

The COSY spectrum of E1044 revealed 
1
H correlations due to glucose and 

glycoaldehyde hydrate (Figure 7). Correlations of the anomeric proton of glucose at 4.65 ppm to  
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Figure 7: COSY of E1044 (5/6/2011) with proton correlations of glycoaldehyde hydrate (GA) 

and glucose (G), where the anomeric proton of glucose was designated with an asterisk (*) on 

the structure. 

 

the C2 protons of glucose at 3.25 ppm confirmed the presence of glucose in E1044, a spring rain. 

Correlations between the proton at 5.05 ppm and the proton at 3.5 ppm confirmed the presence 

of glycoaldehyde hydrate. 

Correlations found in the HSQC and HMBC of various rainwater components provide 

support in identifying these components. The HSQC of E963 provided additional evidence 

confirming the presence of succinic acid, citraconic acid, and lactic acid. Methylene hydrogens 

of succinic acid were bonded to carbons at 25 ppm, whereas methyl hydrogens of citraconic acid 

and lactic acid were bonded to carbons at ~20 ppm. The strong signal of CH3 methyl tetrols at 

1.2 ppm showed coupling to carbon at ~20 ppm (Figure 8) and showed two and three bond 

coupling to oxygen bearing carbons at ~70 ppm in the HMBC spectrum (Figure 9). Lactic acid  

GGA

GAG G

(GA)

(G)

*

G
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Figure 8: HSQC of E963 (6/28/2010) with functional group regions highlighted and compounds 

identified. Succinic acid (S), citraconic acid (C), and lactic acid (L) are labeled and their 

structures are identified.  

 

showed a correlation of a methyl at 1.4 ppm to the signal at 25 ppm of the HSQC (Figure 8) and 

signals at 65 ppm and 180 ppm of the HMBC (Figures 9, 10), which confirmed its presence.  

The highlighted and boxed regions on the HMBC represent methyl groups two to three 

bonds away from carbons with oxygens, carboxylic acids/esters, and aldehydes/ketones (Figure 

9). Although compounds in these regions can be identified as specific functional groups, most of 

their complete molecular structures were unknown. The HMBC of E963 showed several possible 

isomers of methyl tetrols or compounds with similar structures with methyl signals at 1.14 ppm. 

The methyl group at 2.0 ppm correlates with a carbonyl at 175 ppm, consistent with acetic acid 

(Figure 9). Alkyl ketones can be identified in the sample, and can be assigned as a methyl group 

two to three bonds away from a carbonyl (Figure 9). Citraconic acid had correlations between the 

methyl hydrogens at 2.0 ppm to the alkene carbons at 115 and 135 ppm, as well as the carboxylic  

S

C

L

(S)

(C)

(L)
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Figure 9: HMBC of E963 (6/28/2010) with functional group regions highlighted and compounds 

identified. Succinic acid (S), pyruvic acid (P), acetic acid (A), citraconic acid (C), and lactic acid 

(L) are labeled. Also labeled are several methyl tetrol isomers (MT) and two alkyl ketone (K) 

correlations. Structures of pyruvic acid (P) and acetic acid (A) are also shown. 

 

acid carbon at 175 ppm (Figure 9). Pyruvic acid had correlations to a ketone and carbonyl at 218 

ppm. Succinic acid showed two bond coupling to a carboxylic acid carbon at 180 ppm (Figure 9). 

The HMBC of E1003, a winter rain event, helped confirm the presence of sucrose, lactic 

acid, and succinic acid (Figure 10). The anomeric proton of sucrose at 5.5 ppm showed a 

correlation to a carbon next to an oxygen at 58 ppm. The hydrogen of lactic acid at 1.34 ppm 

showed correlations to carbons next to an oxygen at 65 ppm and a carboxylic acid at 180 ppm 

(Figure 10).   
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Figure 10: HMBC of E1003 (12/5/2010) with functional regions highlighted and compounds 

identified. Sucrose (SU), succinic acid (S), lactic acid (L), and acetic acid (A) are labeled and the 

structure for sucrose (SU) is shown with the anomeric carbon identified with an asterisk (*). 

 

  

 

Seasonal Rainwater NMR Analysis 

 

Many components in rainwater have been identified, and many partial structures can be 

proposed from 1D and 2D NMR experiments. 1D and 2D NMR spectra were used to investigate 

the functional groups present, thereby contributing to the structure of the DOM in rainwater. The 

results from the analysis of the spectra were compared to investigate the variation of rain with 

respect to seasonality and back trajectory.   

Two fall rain events, a marine event and a terrestrial event, were compared to evaluate 

the influence of back trajectory on compounds (Figure 11). The terrestrial event, E1100, had 

higher levels of oxygenated CH’s, such as sugar anomeric protons between 5.1 and 6.0 ppm, 

which could be released when leaves and wood were burned (Kourtchev et al., 2005) and higher 

levels of methyl tetrol signals at 1.14 ppm (Figure 9), which could be from isoprene oxidation 
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(Kleindienst et al., 2009; Kourtchev et al., 2005; Kourtchev et al., 2008). Methyl tetrols were 

proposed to be secondary oxidation products of isoprene (Kleindienst et al., 2009; Kourtchev et 

al., 2005; Kourtchev et al., 2008), which are released by terrestrial plants (Kourtchev et al., 2005; 

Kourtchev et al., 2008), so they would be expected to be more abundant in terrestrial rains than 

marine rains. The marine and terrestrial events differed in profile and intensity of NMR signal. 

The terrestrial event had a DOC of 188.6 µM, compared to the marine event, which had a DOC 

of 67.8 µM. The total integration of the terrestrial event was 63.9, about three times the marine 

event, which had a total integration of 22.1. The O-CH3 region, or sugar region, was where the 

majority of sugar protons were seen. The sugar region of the terrestrial event had a percent total 

integration of 25.2% compared to 11.3% for the marine event. The alkyl region of the marine  

 
Figure 11: 

1
H-NMR spectra of a (a) marine fall rain event, E1109a, and (b) terrestrial fall rain 

event, E1100. The methyl tetrol (MT) is labeled on E1100. For each spectra, the height of the 

TMS signals were set to the same height and the intensity of the top spectrum was multiplied by 

two.  
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event was 31.4%, which was larger than the terrestrial event, which was 27.6% (Figure 11). 

Overall, the marine event had much less signal with a greater percent integration in the alkyl 

region and, in contrast to the terrestrial sample, showed no methyl tetrol signal.  

To further analyze rainwater, rains were chosen to use in comparing seasonality and back 

trajectory. Four rains were selected per season; two with terrestrial influence and two with a 

marine or mostly marine influence (Table 3). Some similarities between rains include the 

presence of peaks consistent with formic acid, malic acid (4.4, 2.75, 2.45 ppm), malonic acid 

(3.25 ppm) (Table 2), and MSA. Most all events also had lactic acid and succinic acid signals 

present, but there was no discernable pattern.  

Table 3: Selected 
1
H-NMR spectra of rain events per season, where winter was December 1-

February 28, spring was March 1-May 31, summer was June 1-August 31, and fall was 

September 1-November 30. For each season, two rain events per trajectory pattern were chosen. 

 

 Winter Spring Summer Fall 

Marine 
E1015b E1029a E971 E1096a 

E1018 E1045 E1074 E1109a 

Terrestrial 
E1020a E950 E963 E997 

E1021 E1047 E1053a E1093 

 

 Rain events were seasonally classified based on phenology, where winter was December 

1-February 28, spring was March 1-May 31, summer was June 1-August 31, and fall was 

September 1-November 30. Each season had correlations between the amount of material in the 

sample to the amount of material in the air, such as more methyl tetrols during the summer 

contributing to higher integrations (Table 4). Although there was huge variability in integrations 

between seasons, some changes can be attributed to specific compounds. 

All lyophilized rain events were integrated and separated based on seasons. The average 

total integrations were highly variable. Winter rain events (n=13) had the lowest average total 

integration of 11.8, while summer events (n=43) had the highest average total integration of 72.4  
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Table 4: Total average integration with standard deviation and percent total integration with 

standard deviation of lyophilized rains based on seasons where winter was December 1-February 

28, spring was March 1-May 31, summer was June 1-August 31, and fall was September 1-

November 30. Summer events had the highest total integration, while winter events had the 

lowest total integration.  

 
TOTAL 6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 Total N 

Winter 0.74 + 0.4 3.71 + 3.9 2.53 + 1.6 4.82 + 2.2 11.79 + 7.7 13 

Spring 0.58 + 0.9 6.75 + 4.2 5.55 + 3.8 9.98 + 6.2 22.86 + 14.2 13 

Summer 2.76 + 2.9 22.60 + 22.1 15.96 + 16.0 31.08 + 26.5 72.39 + 65.4 43 

Fall 0.94 + 1.3 5.44 + 7.1 4.49 + 4.6 9.23 + 8.1 20.11 + 19.8 18 

% TOTAL 6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 

Winter 6.89 + 2.4 26.49 + 9.1 21.76 + 3.4 44.86 + 7.9 

Spring 1.89 + 1.8 29.04 + 9.8 23.47 + 4.5 45.60 + 9.5 

Summer 4.41 + 3.6 29.31 + 6.2 20.15 + 6.7 46.14 + 8.2 

Fall 5.64 + 3.5 25.90 + 6.7 20.73 + 6.2 47.73 + 6.4 

 

(Table 4). All regions were highest in summer and lowest in winter events for total integrations 

(Figure 11a). Summer events have high levels of compounds, possibly due to strong biogenic 

input during the growing season, such as from crops and vegetation growth. Previous studies also 

found biogenic compounds to be at their highest levels during the growing season, such as 

formic acid, lactic acid, pyruvic acid, succinic acid, and acetic acid (Avery et al., 1991; Avery et 

al., 2001; Avery et al., 2005; Keene and Galloway, 1984; Tanner and Meng, 1984). There were 

small pattern differences between seasons for percent total integration, but all rain events had the 

highest percent total integration in the alkyl region, followed by the sugar region (Table 4).  

The region with protons on carbon atoms directly bound to oxygen (4.5 to 3.37 ppm), 

also called the sugar region, showed the highest percent total integration for the spring and 

summer (Figure 12b), possibly due to high levels of sugars in the atmosphere, such as glucose 

and sucrose. Other studies with gas chromatography-mass spectroscopy found the same to be 

true, such as investigations of WSOC from smoke particles in China (Wang et al., 2011a) and 
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(a) 

 
(b)  

 
Figure 12: (a) Total average integrations and (b) percent total integrations of lyophilized rains 

based on seasons where winter was December 1-February 28, spring was March 1-May 31, 

summer was June 1-August 31, and fall was September 1-November 30. 

 

aerosols in Maine (Medeiros et al., 2006). In contrast, winter and fall events have less signal in 

the O-CH region, or sugar region (Figure 12b).  

All winter rain events showed the presence of malic acid, lactic acid, succinic acid, and 

an unidentified peak at 3.95 ppm, possibly from a methyl ester (Figure 13), as shown by HMBC 

correlation to carbonyl signal at 180 ppm.   
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All spring rain events had low levels of glycoaldehyde (Figure 14), possibly since 

isoprenes are a source of glycoaldehyde, so they are still in low levels in the atmosphere until the 

summer (Hakola et al., 2000; Jobson et al., 1994; Sharkey and Yen, 2001). Spring events were 

also rich in sugars (Figure 14), presumably due to sugars originating from biogenic sources, such 

as fresh leaves, pollen, spores, fungi, and biota in soil (Medeiros et al., 2006). The anomeric 

signals between 5 and 6 ppm also show the presence of sugars, such as sucrose and glucose. The 

high levels of succinic acid could be due to adsorption of particles when higher levels of soil 

were being suspended into the atmosphere (Wang et al., 2010; Yao et al., 2003). MSA was  

 

 
Figure 13: 

1
H-NMR spectra of four selected winter rain events, where L=lactic acid, S=succinic 

acid, A=acetic acid, MSA=methanesulfonic acid, Ma=malic acid, and M=malonic acid.   There 

was no purely winter marine event with enough volume to by lyophilized, so the “mixed” events 

were chosen because they had the most marine influence. For each spectra, the height of the 

TMS was set equal then all spectra were multiplied by four.  
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primarily seen in marine events, possibly because it is produced by marine phytoplankton. 

Methyl tetrols were present in both marine and terrestrial events (Figure 14). Although methyl 

tetrols were expected to be more abundant in terrestrial rains, their presence in marine rains was 

possibly due to abundances of isoprene secondary oxidation products in the local atmosphere. 

All summer events contained glycoaldehyde (Figure 15). Previous studies (Avery et al., 

2001; Avery et al., 2005) have shown lactic acid and pyruvic acid in summer rain, but since their 

signals were overwhelmed by the large signals from other compounds, they can only be detected 

by HSQC and HMBC correlations (Figures 8, 9, 10). Similar to the spring events, signals 

consistent with methyl tetrols were present in both marine and terrestrial events (Figure 15). 

 
Figure 14: 

1
H-NMR spectra of four selected spring rain events, where SU=sucrose, L=lactic 

acid, S=succinic acid, A=acetic acid, MSA=methanesulfonic acid, G=glycoaldehyde, 

M=malonic acid, and MT=methyl tetrol. There was only one purely spring event with enough 

volume to by lyophilized, so the “mixed” event were chosen because it had the most marine 

influence. For each spectra, the height of the TMS was set equal then all spectra were multiplied 

by two.  
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There were large amounts of succinic acid in two of the fall rain events, E1093a and 

E1109a (Figure 16), possibly due to anthropogenic emissions (Avery et al., 2005; Wang et al., 

2011a) or from secondary oxidation products of isoprenes (Wang et al., 2011b). MSA was 

primarily seen in marine events (Figure 16) because it is produced by marine phytoplankton 

(Suzuki et al., 2001). Methyl tetrols were seen only in terrestrial events (Figure 16) because they 

are formed from isoprenes emitted from vegetation (Kleindienst et al., 2009; Kourtchev et al., 

2005; Kourtchev et al., 2008). 

 

Figure 15: 
1
H-NMR spectra of four selected summer rain events, where S=succinic acid, 

G=glycoaldehyde, MSA=methanesulfonic acid, M=malonic acid, and MT=methyl tetrol. For 

each spectra, the height of the TMS was set equal then E1074 was divided by 2 and E1053a was 

divided by 4. For E963, 81 mL was initially used in the lyophilization, so the TMS signal was 

adjusted to reflect this and was divided by six, which equals dividing it by four.  
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Although there was great diversity between individual events, there were a few 

noticeable differences between seasons. Winter events usually had higher levels of lactic acid 

(Figure 13), spring events had higher levels of sugars (Figure 14), summer events had higher 

levels of glycoaldehyde (Figure 15), and fall events had higher levels of acetic acid (Figure 16). 

As seen in previous studies (Anderson et al. 2008; Avery et al., 2005; Willey et al., 2011), acetic 

acid was highest in summer and fall, since they are months that were a part of the growing 

season. The presence of methyl tetrols was very low in winter, increased from winter to spring to 

summer, especially in terrestrial events, and decreased in the fall, also seen in aerosols in Finland 

by Hakola et al. (2003). Due to less light available and lower temperatures, fall and winter events 

would be expected to have lower levels of isoprene secondary oxidation products, such as methyl 

tetrols, because the process is light- and temperature-dependant and vegetation releases less 

 
Figure 16: NMR spectra of four selected fall rain events, where L=lactic acid, S=succinic acid, 

A=acetic acid, MSA=methanesulfonic acid, M=malonic acid, and MT=methyl tetrol. For each 

spectra, the height of the TMS was set equal then all spectra were multiplied by two.  
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isoprene as the growing season ends (Hakola et al., 2000; Jobson et al., 1994; Sharkey and Yen, 

2001). Malonic acid was seen in all seasons, but Hsieh et al. (2007) sampled aerosols in Taiwan 

with ion chromatography and showed it was the highest in summer (Figure 15). A previous study 

by Kourtchev et al. (2005) showed higher levels of malic acid in summer when compared to fall 

events, which was also apparent in this study. Malic acid had both biogenic, such as biomass 

burning (Claeys et al., 2010; Wang et al., 2011a) and anthropogenic sources, such as oxidation of 

unsaturated fatty acids from anthropogenic sources (Kawamura and Ikushima, 1993). When 

analyzing aerosols over China using GC-MS, Wang et al. (2011b) showed malic acid, succinic 

acid, and o-phthalic acid (7.5 and 7.4 ppm) to have the highest concentration during winter and 

spring. O-phthalic acid was detected in a few rains in the spring and summer, but there was no 

clear seasonal trend in Wilmington rains. Since o-phthalic acid has mostly anthropogenic sources 

(Kawamura and Ikushima, 1993; Kawamura and Kaplan, 1987), it could be an indicator of 

pollution sources to rain events. Most rain events containing o-phthalic acid also had a pH less 

than five. 

 

Back Trajectory NMR Analysis 

 Rain events were classified by back trajectory based on the path of the rain event at 500 

meters above ground level. Rain events were considered to be mostly terrestrial, mostly marine, 

or mixed based on where the storm had passed in the last five days. 

All lyophilized rain events were integrated and separated based on back trajectory. 

Terrestrial events (n=18) had the largest range of total integrations (2.11 + 3.2 to 21.03 + 29.3) 

with an average total integration of 48.5, while marine rain events (n=19) had the smallest range 

of total integrations (0.95 + 0.9 to 11.63 + 10.6) with an average total integration of 25.4 (Figure 
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17a). This was consistent with DOC reported by Avery et al. (2005) that terrestrial events have 

higher levels of DOC than marine events. Mixed events (n=50) had an average total integration 

of 51.4, (Table 5) which was close to terrestrial events. Marine events had the lowest integration 

in all regions. Terrestrial events had a high level of methyl groups due to products originating 

from terrestrial plant foliage, which contributes over 90% of atmospheric isoprene (Guenther et 

al., 2006; Wagner et al., 1999).  

Table 5: Total average integration with standard deviation and percent total integration with 

standard deviation of lyophilized rains based on back trajectory. Terrestrial events had the 

highest total integration, while marine events had the lowest total integration. 

 
TOTAL 6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 Total N 

Terrestrial 2.11 + 3.2 14.60 + 24.9 10.72 + 14.7 21.03 + 29.3 48.45 + 70.1 18 

Marine 0.95 + 0.9 7.35 + 8.1 5.50 + 6.1 11.63 + 10.6 25.42 + 24.9 19 

Mixed 1.93 + 2.3 16.07 + 17.9 11.49 + 14.0 21.91 + 22.5 51.40 + 55.2 50 

% TOTAL 6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 

Terrestrial 4.62 + 2.7 24.83 + 6.7 22.88 + 4.7 47.68 + 7.1 

Marine 4.88 + 3.3 26.74 + 7.8 19.20 + 8.0 49.18 + 11.4 

Mixed 4.59 + 3.8 29.87 + 7.1 21.02 + 5.4 44.53 + 6.2 

 

There were small differences (less than 5.05 units) in percent total integration based on 

trajectory. However, all trajectories had the highest percentage of signals in the alkyl region, 

followed by the sugar region (Figure 17b, Table 5). One explanation for marine events having a 

slightly higher percentage of alkyl signal could be that marine events have more lipid-derived 

products, as marine organisms are a source of lipids (Fang et al., 2002), such as fatty acid and 

fatty acid degradation products.  

Seasonality of organic acids, as it relates to back trajectory, showed more pronounced 

differences in terrestrial events than marine events possibly because organic acid concentrations 

were driven by variations in terrestrial sources (Avery et al., 2005), such as biogenic components 
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(a) 

 

(b)  

 
Figure 17: (a) Total average integration and (b) total average percent integration of lyophilized 

rains based on back trajectory. 

 

from plants (Peña et al., 2002) and anthropogenic emissions, such as vehicle exhaust (Avery et 

al., 2005). Terrestrial events had more variation of organic acids with a biogenic source, such as 

plants, due to the tendency of biogenic sources to vary more with season than components with 

anthropogenic sources (Avery et al., 2005). 

Overall, terrestrial events had higher levels of sugars (Figure 17, Table 5). Terrestrial 

events also had higher levels of organic acids, such as formic acid, acetic acid, succinic acid, 
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malonic acid, and pyruvic acid, especially those events during the growing season, as also found 

by Avery et al. (2005) and Peña et al. (2002). Similar to rainwater analyzed by Avery in 

Wilmington and Peña in Spain, terrestrial rain events, and some mixed rain events in the current 

study, had high levels of acetic acid, succinic acid, and malonic acid. Vegetation contributes 

formic acid, acetic acid, and pyruvic acid to the atmosphere, so their levels would be expected to 

be higher in terrestrial events (Talbot, 1990). Spring terrestrial events generally had higher levels 

of malic acid and a more prominent peak for malonic acid than in the marine events (Figure 14). 

Summer terrestrial events had higher glycoaldehyde concentrations. Terrestrial events also had 

higher levels of peaks consistent with itaconic acid, lactic acid, malonic acid, succinic acid, and 

sugars such as glucose.   

Wang et al. (2011b) found that marine aerosols had higher levels of malic acid and 

succinic acids than terrestrial events, which could be attributed to their origin, whereas malic 

acid was generally higher in spring terrestrial rains in Wilmington, North Carolina. Succinic acid 

and malic acid were proposed to be formed from the oxidation of unsaturated fatty acids (Claeys 

et al., 2004; Kawamura and Ikushima, 1993; Rogge et al., 1993). Succinic acid was proposed to 

be derived from acetic acid radical recombination (Wang et al., 2001) and malic acid was 

proposed to be from the reaction of succinic acid and hydroxyl radical (Altieri et al., 2008). 

Although all events had lactic acid, concentrations were highly variable although Avery 

et al. (2005) reported higher levels of lactic acid in marine events. Both terrestrial summer events 

and marine summer events had signals typical of adipic acid, as well as a compound with a 

methyl at 1.55 ppm close to an oxygenated carbon and a methyl at 1.15 ppm close to oxygenated 

carbons, which appear to be methyl tetrols (Figure 15). Both terrestrial and marine fall events 
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also had adipic acid signals (Figure 16). Overall, organic acids were higher in terrestrial events in 

the summer season because of the impact of growing season (Avery et al., 2005). 

 

High Volume Rains 

 Unique rains event series with a high volume (over 150 mm) of rain were pulled out of 

seasonal and back trajectory comparisons. There were two events this applied to: Hurricane Irene 

(August 26-27, 2011) and a week-long rain event (September 27-October 1, 2010). During these 

events, DOC in the rain became more dilute over time, with the exception of the end of 

Hurricane Irene. 

 The average integrations of these events were lower than other events during the same 

season. Both the fall week-long event and Hurricane Irene show high levels of alkyl protons 

(Figure 12), primarily due to the high abundance of lactic acid, possibly because of the marine 

influence of both storms (Figure 18, 19). 

 
 

Figure 18: Back trajectory of E990a showing the marine origin of the storm. Back trajectories for 

E990b-c and E992a-e were similar to E990a 
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Figure 19: Back trajectories for E1086a-k showing the marine origin of Hurricane Irene and 

some terrestrial influence in E1086h-k. 

 

 The fall week-long rain event lasted five days and had a total of 532 mm of rainfall. 

E990a was the first rain event collected for the week and E992e was the last rain event collected. 

E992 was from Tropical Storm Nicole and E991 was a one day event that had a terrestrial 

influence and was not considered in the integration totals since the NMR profile appeared more 

similar to terrestrial events. The total integrations of E990a through E992e were all less than 10 

and the NMR signal decreased over the course of the events (Figure 20). By the end of the week, 

the rain DOC was extremely low, so the total integrations were also low and small baseline 

irregularities made the integration values inaccurate. E992e had a pH of 5.56 and a DOC less 

than 5 µM, which made it close to pure water. As the rain continued, lactic acid, MSA, and 

succinic acid could still be detected, but the signal intensity decreased over time. Even though 

there appear to be very low concentrations of many other compounds in E992e, there was still a 

relatively high percent of lactic acid (Figure 20). Avery et al. (2005) showed there were high 

levels of lactic acid in non-growing season rains with a marine origin, which is the same  
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Figure 20: Comparison of fall marine-influenced 

1
H-NMR, E995, to a week-long fall rain event. 

E990a and E992e represent the first and last rain event from the week. The spectra represent the 

low organic content of marine rain events and the wash out effect of high volume rain events. 

The highlighted peaks represent methanesulfonic acid (MSA), succinic acid (S), and lactic acid 

(L). For each spectra, the height of the TMS was set equal then all spectra were multiplied by 

two.  

 

classification as the fall week-long rain event. The rain events during the week-long rain event 

also had less rich signals in the integral region dominated by sugars (Figure 20).  

Hurricane Irene lasted approximately 24 hours in Wilmington, North Carolina and rain 

was collected 12 times, about every 2-3 hours for a total rainfall of 184 mm. The trajectory from 

the first half of the storm system was marine, but towards the end of the system, the bands of rain 

became terrestrially influenced (Figure 19) and compounds more typical of terrestrial rain events 

were seen in the NMR spectra (Figure 21), although lactic acid was still very high (Figure 12b). 

The low concentration of compounds in the marine rains (E1086 a-f) were somewhat comparable 

to other marine storms (such as E1074, Figure 21a), as were the higher levels of compounds in  
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Figure 21: Comparison of summer rain event NMRs vs. Hurricane Irene. The highlighted areas 

represent glycoaldehyde (G), lactic acid (L), acetic acid, (A), succinic acid (S) and 

methanesulfonic acid (MSA). For each spectra, the height of the TMS was set equal then all 

spectra were manipulated to show differences. The TMS signal for E1074 was divided by two, 

E1086a was multiplied by four, the E1086k TMS signal was not changed, and E1093 was 

multiplied by two.  

 

the terrestrially influenced portion (E1086 g-k) comparable to other terrestrial storms (such as, 

E1093, Figure 21d). Levels of glycoaldehyde in E1086 were comparable to other storms, but 

MSA was higher (Figures 21, 22). Succinic acid seemed lower in the hurricane rains, E1086 

(Figure 21).  
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Figure 22: Hurricane Irene comparison of 

1
H-NMR. Top to bottom, the spectra represent the 

dilution as the event occurred, followed by the switch to being more terrestrially influenced. The 

highlighted areas represent sucrose (S), lactic acid (L) and methanesulfonic acid (MSA). For 

each spectra, the height of the TMS was set equal then the top two spectra were multiplied by 

four.  

 

 

 

Photolysis Experiments 

Photolysis experiments were performed on a variety of rains to investigate changes in the 

NMR profile over time upon irradiation. Photochemical cells containing filtered rainwater 

samples were irradiated with light in a solar simulator. One cell was wrapped in aluminum foil to 

serve as the dark control and was removed at the final timepoint. At each timepoint, one to two 

photochemical cells were removed and aliquots were taken for fluorescence and UV. The 

remaining sample was immediately flash frozen and lyophilized for NMR analysis. Photolysis of  
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Table 6: Rain event information, optical changes, NMR changes, and observations for photolysis 

experiments. Descriptions of optical and NMR changes were based on visual observations of 

signal intensities. 

 
Event Date Season Trajectory Optical 

changes 

NMR 

changes 

Observations 

982 8/19/2011 summer mixed decrease decrease decrease in sugars and 

formic acid 

1002 12/1/2011 winter terrestrial increase, 

decrease 

decrease decrease in lactic acid 

1011 1/11/2011 winter terrestrial decrease increase decrease in total, but 

increase in T peak at 4 

hours 

1018 2/2/2011 winter mixed decrease increase glycoaldehyde increased 

1021 2/10/2011 winter terrestrial increase decrease glycoaldehyde decreased 

1025 3/1/2011 spring mixed increase, 

decrease 

decrease optical changes were in 

rain peak 

1028 3/6/2011 spring mixed increase, 

decrease 

increase, 

decrease 

spike at 1 hour in 

fluorescence and NMR 

1032 3/27/2011 spring mixed decrease increase high levels of succinic 

acid 

1033b 3/28/2011 spring terrestrial decrease increase glycoaldehyde increased 

1034b 3/30/2011 spring mixed decrease increase lactic increased the most 

1044 5/6/2011 spring mixed increase, 

decrease 

increase, 

decrease 

spike at 1 hour in 

fluorescence and NMR 

1045 5/13/2011 spring marine decrease decrease succinic decreased the 

most 

1053a 6/13/2011 summer terrestrial decrease decrease, 

increase 

succinic increased 

1058 6/29/2011 summer mixed decrease decrease glycoaldehyde increased 

1078 8/15/2011 summer terrestrial decrease decrease glycoaldehyde decrease 

correlations with T peak 

change 

1082 8/22/2011 summer mixed decrease non-

dectectable 

no significant 

observations 

1094 9/20/2011 fall mixed decrease increase, 

decrease 

succinic decreased then 

increased 

1100 10/1/2011 fall terrestrial decrease increase, 

decrease 

spike at 1 hour in 

fluorescence and NMR; 

glycoaldehyde changes 

correlate with T peak 

1109a 11/4/2011 fall marine decrease increase glycoaldehyde increased 

then decreased in NMR 

and showed a decrease in 

EEM 
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the organic components in rain has been proposed to lead to photooxidation or 

condensation/polymerization which should result in change in fluorescence (Kieber et al., 2012) 

and NMR profile (Kieber et al., 2006). Twenty photolysis experiments were performed, 

including at least three rain events per season and two events per back trajectory (Table 6).   

No clear pattern emerged from photolysis experiments as the overall integration averages 

showed no discernable changes. Several photolysis experiments changed little over time, 

including E1011, E1053, E1058, E1078, and E1094. Photolysis experiments that showed a visual 

increase in NMR spectra and EEMs include E1018, E1033b and E1109a, and those that showed 

a visual decrease in NMR spectra and EEMs include E1021 and E1045. Some experiments could 

not be classified by their changes because they had some peaks that increased and some peaks 

decreased. These experiments include E1025, E1034b, and E1044. E1028 and E1100 had a spike 

in several peaks and the fluorescence at one hour. Several events showed NMR changes in the 

peaks identified as glycoaldehyde, succinic acid, and lactic acid. Glycoaldehyde changes were 

most significant since a correlation in a small area on the EEM could be made, as in E1078 and 

E1100. E1018, E1033b, and E1058 showed increases in glycoaldehyde peaks on NMR spectra, 

while E1021 and E1078 showed decreases (Table 6).  

Overall, there were only very small and hard to detect changes in all total and percent 

integrals in photolysis experiments (see Appendix), but in a few experiments, several compounds 

had noticeable changes. Spiked additions confirm the identity of the compounds and the presence 

of these peaks in photolysis experiments. Some compounds that changed during photolysis 

experiments have also been found in previous studies to change. These compounds include 

glycoaldehyde (Beeby et al., 1987; Zhu and Zhu, 2010), formic acid (Xiao et al., 2011), and 

succinic acid (Xiao et al., 2011). Lactic acid also changed, but no previous studies could be 
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found. In E1053a (summer, terrestrial) and E1109a (fall, marine), glycoaldehyde showed a 

general increase over time (Figures 25, 27). The increase in succinic acid was most apparent in 

E1109a (fall, marine) (Figure 27). For E1025 (spring, marine), lactic acid decreased from zero to 

one hour and then increased from two to four hours. E1025 also showed an increase in formic 

acid as lactic acid increased. Even though several known compounds showed changes, 

compounds in the sugar region were not observed to change.  

Although some NMR spectra showed changes in compounds, the changes in the optical 

properties varied. EEM plots sometimes showed changes in photolysis experiments that could 

not be detected by NMR or correlated to changes in NMR spectra, or vice versa. Some of this 

variation could be due to intermediates being formed or only trace amounts of a compound 

producing an undetectable NMR signal. Glycoaldehyde showed changes in the NMR spectra that 

could be connected to similar changes in a small area of the T peak (Table 6, Figure 23), 

although Beeby et al. (1987) found glycoaldehyde in water to have an emission of 415 nm and an 

excitation of 278 nm. The change in the EEM plots in these two experiments is therefore not due 

to changes in glycoaldehyde itself, but possibly due to glycoaldehyde condensation products. In  

 
Figure 23: EEM of E1100 photolysis with the region in the T peak highlighted that could 

possibly correlate with visual changes in glycoaldehyde.  
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E1100 (fall, terrestrial), the T peak and NMR showed visual changes (Figure 23). Both the EEM 

and NMR spectra showed an increase at one hour, followed by a decrease. 

Four photolysis experiments were chosen to use for seasonal and back trajectory 

comparison: E1011 for winter (see Appendix), E1028 for spring, E1053a for summer, and 

E1109a for fall. E1011 was a unique event with freezing rain and sleet, but had very small 

changes in NMR. 

E1028 (spring, mixed) showed the anomeric peak of sucrose (5.4 ppm), lactic acid (1.4 

ppm), and several other peaks increase at one hour and then decrease at two hours (Figure 24). 

The EEMs show an increase, then decrease, similar to the NMR spectra (Table 6), but no 

correlations could be made between regions on the NMR and EEM that increase similarly. 

 
Figure 24: 

1
H-NMR spectra from photolysis of E1028, 3/6/11, mixed. The highlighted regions 

represent the changes in sucrose (S) and lactic acid (L). For each spectra, the height of the TMS 

was set equal then all spectra were multiplied by four.  
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Figure 25: 

1
H-NMR spectra from photolysis of E1053a, 6/3/11, terrestrial. The highlighted 

regions represent the changes in sucrose (SU), glycoaldehyde (GA), lactic acid (L), acetic acid 

(A) and succinic acid (S). For each spectra, the height of the TMS was set equal. 

 

 

 

 

 
Figure 26: EEM of E1053a photolysis representing the decrease in the intensity of the rain peak 

signal (R). 
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E1053a (summer, terrestrial) showed an increase in glycoaldehyde and change in a peak 

at 2.55 ppm, but these changes were not reflected in the EEM. Peaks close to acetic acid showed 

a change between there being two peaks, then one peak, then two peaks, which could be from 

carboxylic acids chemical shifts varying with pH. Malonic acid (3.25 ppm) initially decreased, 

but then increased (Figure 25). The EEM integration decreases over time (four hours) in the rain 

peak in the center (Figure 26, Table 6). 

E1109a (fall, marine) showed an increase peaks consistent with in malic acid (4.4, 2.75, 

2.45 ppm), lactic acid (4.0, 1.3 ppm), and peaks at 2.25 ppm and 1.45 ppm. Acetic acid seemed 

to disappear from zero to one hour, then reappeared at four hours. The peak assigned to succinic 

acid decreased, and then increased, while MSA increased at 4 hours. Glycoaldehyde showed an 

 
Figure 27: 

1
H-NMR spectra from photolysis of E1109a, 11/4/11, marine. The highlighted regions 

represent the changes in glycoaldehyde (GA), lactic acid (L), and acetic acid (A). The peaks with 

stars show changes in adipic acid. For each spectra, the height of the TMS was set equal then all 

spectra were multiplied by two.  
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increase, then a decrease (Figure 27). The EEMs show a decrease in the T and R peaks from zero 

to one hour and two to four hours (Table 6).  

E1011 and E1109a had similar trends in percent total integration with a decrease over 

time for the carbohydrate-alkene region and an increase for the methyl tetrol region. E1028 had 

the strongest MSA signal due to the marine origin of the rain event. 
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SUMMARY AND IMPLICATIONS 

The purpose of this research was to examine the composition and photochemistry of 

rainwater DOC using NMR. Identification of a number of small organic acids and sugars through 

spiked additions and 2D NMR helped determine individual components contributing to rainwater 

DOC. Some compounds that were identified include glycoaldehyde, succinic acid, sucrose, 

glucose, acetic acid, citraconic acid, formic acid, and MSA. Further analysis of the 2D NMR 

spectra will help identify other compounds in rainwater. Although many of the above compounds 

have been identified previously in rain and aerosols, this study was the first report of their 

identification in rainwater using NMR. Other compounds, such as MSA (Suzuki et al., 2001) and 

ammonium sulfate (Hand et al., 2012) have been previously identified in aerosols, but this study 

was the first to confirm them in rain.  

Calculations of the contribution to DOC of glycoaldehyde, succinic acid, lactic acid, and 

MSA showed that these compounds accounted for only a small percentage of DOC. This is 

consistent with rainwater containing a complex mixture of components and shows that much 

more work is needed to fully understand the molecular composition of rainwater DOC.  

Seasonality and back trajectory are important in determining how components get in 

rainwater and their effect on the atmosphere. With regards to seasonality of components, higher 

concentrations of sugars were seen in spring and summer rains. Lactic acid was higher in winter 

events, glycoaldehyde was higher in summer events, and acetic acid was higher in fall events. 

With regards to back trajectory, marine events had higher levels of MSA, while terrestrial events 

had higher levels organic acids. Overall, terrestrial events had higher levels of components from 

biogenic sources, such as plants and trees, and anthropogenic sources, such as automobile 

exhaust. The identity and concentration of organic compounds in rainwater could have an effect 
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on global warming, so examining specific compounds and their sources can help understand 

cloud albedo. Compounds, such as o-phthalic acid, can also be an indicator of pollution when 

they are present in rain events. 

This study was the first to demonstrate photochemically induced changes in rainwater 

using NMR. Photolysis experiments on rainwater resulted in very minor changes in NMR 

profiles and integration, and showed great variability between events. Components that showed 

identifiable changes include succinic acid, glycoaldehyde, lactic acid, and acetic acid. Although 

there was a general lack of correlation between NMR spectra and EEM plots from photolysis 

experiments, small changes in glycoaldehyde concentration by NMR were correlated to changes 

in the T peak region of the EEM, suggesting that glycoaldehyde may be important in 

fluorescence. More studies are needed to show if glycoaldehyde reacts with other rainwater 

components during photolysis to produce new compounds or is the result of photolysis of 

rainwater DOC. 
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APPENDIX 

Table 1: Lyophilized rain events with event information, total integration, and indication of 

presence of several compounds, including glycoaldehyde, lactic acid, MSA, and succinic acid.  

 

Event Date Trajectory DOC 
Total 

Integration 
Glycoaldehyde 

Lactic 

Acid 
MSA 

Succinic 

Acid 

950 5/19/2010 terrestrial 165.60 49.62 + + + + 

955 6/1/2010 marine 12.30 5.21 - + + + 

956 6/2/2010 mixed 322.00 116.50 + + + + 

958 6/11/2010 mixed -- 57.98 + + - + 

959 6/14/2010 mixed 357.30 245.44 + + - + 

960 6/19/2010 mixed 121.95 166.90 + + + + 

962A 6/27/2010 mixed 445.55 102.04 + + + + 

962B 6/27/2010 mixed -- 59.02 + + - + 

963 6/28/2010 terrestrial 660.80 272.52 + + - + 

964 7/1/2010 terrestrial 89.12 31.30 + + + + 

966 7/10/2010 terrestrial -- 70.06 + + + + 

967 7/11/2010 mixed -- 115.52 + + + + 

968 7/13/2010 mixed 162.70 26.53 + + + + 

969 7/14/2010 mixed 93.93 31.71 + + + + 

970A 7/14/2010 mixed 136.60 52.83 + + + + 

971 7/15/2010 marine 150.50 49.30 + + + + 

972 7/17/2010 marine 228.45 63.34 + + + + 

975B 7/29/2010 mixed 112.00 48.88 + + + + 

977 8/6/2010 marine 179.85 70.27 + + - + 

979 8/8/2010 mixed 175.70 91.53 + + + + 

980 8/13/2010 mixed 247.70 94.57 + + + + 

981 8/18/2010 marine 126.20 29.11 + + + + 

982 8/19/2010 mixed 70.90 25.05 + + + + 

983 8/20/2010 mixed 87.28 25.09 + + + + 

985 8/23/2010 mixed 42.02 19.91 + + + + 

986 8/24/2010 mixed -- 45.81 + + + + 

987 8/24/2010 mixed 73.00 45.08 + + + + 

988 9/12/2010 mixed -- 78.39 + + + + 

990A 9/27/2010 marine 5.50 6.80 + + + + 

991 9/28/2010 terrestrial 26.50 10.85 + + + + 

992A 9/29/2010 marine 8.00 5.17 + + + + 

993 10/14/2010 marine -- 23.00 - + + + 

995 10/26/2010 mixed 54.90 25.27 + + + + 

996 10/28/2010 marine 44.20 10.29 - + + + 

997 10/29/2010 terrestrial 73.10 19.59 - + + + 

999 11/4/2010 mixed 56.30 12.08 + + + + 

1001a 11/16/2010 marine 39.00 9.70 + + + + 

1006 12/20/2010 mixed 23.50 9.98 - + + - 

1011 1/11/2011 terrestrial 28.60 11.63 + + + - 

1012 1/18/2011 mixed 20.90 9.15 + + + + 

1013 1/19/2011 mixed 103.70 4.58 - + + - 

1015b 1/26/2011 mixed 7.90 7.18 - + + + 

1018 2/2/2011 mixed 46.00 20.83 + + + + 

1019a 2/4/2011 terrestrial 8.50 5.89 - + + + 

1020a 2/7/2011 terrestrial 56.60 7.47 - + - + 

1020b 2/8/2011 terrestrial ND 6.88 - + + + 

1021 2/10/2011 terrestrial 72.30 12.99 + + + + 

1023 2/25/2011 mixed 129.80 27.83 + + + + 
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1024 2/25/2011 mixed 48.80 24.41 + + + + 

1025 3/1/2011 mixed 112.00 40.36 + + + + 

1028 3/6/2011 mixed 41.20 7.77 - + + + 

1029a 3/10/2011 mixed 59.00 12.92 + + + + 

1032a 3/27/2011 mixed 139.50 17.69 + + + + 

1033b 3/28/2011 terrestrial 34.20 5.75 + + - + 

1034b 3/30/2011 mixed 2.90 18.51 + + + + 

1035 3/31/2011 mixed 26.20 10.82 - + + + 

1036 4/5/2011 mixed 125.30 23.17 + + + + 

1038 4/10/2011 mixed 60.60 20.66 + + - + 

1044 5/6/2011 mixed 100.90 31.12 + + - + 

1045 5/13/2011 marine 104.50 43.89 + + + + 

1047 5/17/2011 terrestrial 19.96 14.94 + + + + 

1053a 6/13/2011 terrestrial 528.74 180.77 + + - + 

1055 6/26/2011 mixed 390.48 120.80 + + + + 

1057 6/29/2011 mixed 267.40 26.01 + + + + 

1058 6/29/2011 mixed 166.40 46.56 + + + + 

1059 6/29/2011 mixed -- 48.98 + + - + 

1062a 7/9/2011 mixed 80.30 3.64 - + + + 

1067 7/25/2011 mixed 429.68 160.18 + + - + 

1069 7/26/2011 mixed 121.74 23.00 + + + + 

1072 8/1/2011 marine 149.00 30.51 + + + + 

1073 8/5/2011 mixed 548.50 223.72 + + + + 

1074 8/6/2011 marine 214.60 82.61 + + + + 

1077 8/14/2011 mixed -- 13.06 + + + + 

1078 8/15/2011 terrestrial 160.70 23.52 + + - + 

1079 8/18/2011 mixed 36.80 6.40 + + + + 

1082 8/22/2011 mixed 104.70 93.08 + + + + 

1086a 8/26/2011 marine 3.54 2.81 + + + + 

1088 8/31/2011 terrestrial 273.20 65.43 + + + + 

1090 9/7/2011 marine 26.20 9.79 + + + + 

1093 9/16/2011 terrestrial 333.10 19.04 + + + + 

1094 9/20/2011 mixed 28.90 9.32 + + + + 

1095 9/20/2011 mixed 60.30 21.94 + + + + 

1096a 9/22/2011 marine 23.90 10.23 + + + + 

1100 10/1/2011 terrestrial 188.60 63.92 + + - + 

1108 11/4/2011 marine 52.20 4.40 - + + + 

1109a 11/4/2011 marine 67.80 22.12 + + + + 

1121 1/11/2012 marine 6.00 4.54 - + + + 

 

Table 2: High volume rain events with amount of rain per event. 

Event Number Rain Amount (mm) Event Number Rain Amount (mm) 

E990a 49.28 E1086a 7.11 

E990b 140.72 E1086b 9.14 

E990c 86.11 E1086c 4.06 

E992a 45.97 E1086d 16.00 

E992b 34.29 E1086e 17.15 

E992c 111.00 E1086f 23.62 

E992d 38.35 E1086g 40.13 

E992e 15.49 E1086h 27.18 

  E1086i 26.67 

  E1086j 32.77 

  E1086k 5.08 
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Figure 1: Total percent average integrations of spring photolysis experiments (n=8). 

 
Figure 2: Total percent average integrations of summer photolysis experiments (n=5). 

0.00 

5.00 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 

%
 T

o
ta

l I
n

te
gr

at
io

n
 

Region 

0 Hour 

1 Hour 

1.5 Hour 

2 Hour 

4 Light 

4 Dark 

0.00 

10.00 

20.00 

30.00 

40.00 

50.00 

60.00 

6.5-5.0 4.5-3.37 3.33-1.9 1.9-0.7 

%
 T

o
ta

l I
n

te
gr

at
io

n
 

Region 

0 Hour 

0.5 Hour 

1 Hour 

1.5 Hour 

2 Hour 

4 Light 

4 Dark 



 

69 
 

 
Figure 3: Total percent average integrations of fall photolysis experiments (n=3). 

 
Figure 4: 

1
H-NMR spectra from photolysis of E1011, 1/11/11, terrestrial. The highlighted boxes 

represent peaks that show changes, where sucrose (SU), glycoaldehyde (GA), and lactic acid (L) 

are identified. For each spectra, the height of the TMS was set equal then all spectra were 

multiplied by four.  
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