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Abstract: 
 

 
 
The frequency of Atlantic hurricanes has been predicted to increase significantly by the end of 
this century. Watershed disturbance initiated by hurricanes can alter dissolved organic matter 
(DOM) quantity and quality in source water dramatically. DOM is an important disinfection by-
product (DBP) precursor, and thus hurricanes can have a significant impact on water treatability 
and drinking water safety. The interactions between land use and land cover (LULC) of a 
watershed and DBP formation potential (FP) in source water under hurricane events have rarely 
been evaluated. Here, we quantified the FPs of two carbonaceous (trihalomethanes [THMs] and 
haloacetic acids [HAA]) and two nitrogenous (haloacetonitrile [HAN] and N-
nitrosodimethylamine [NDMA]) DBPs at eighteen sub-watersheds with varying LULC along the 
Yadkin-Pee Dee River basin across North and South Carolina during and after the flooding 
condition caused by the 2016 Hurricane Matthew. Using chlorine as a disinfectant, THM FP was 
238% (±117%) higher (p < .001) under the flooding condition than baseflow condition, while 
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HAA FP did not change significantly as a result of the flooding. DOM composition under the 
flooding condition changed in favor of the formation of THMs rather than HAAs by a decrease 
of fulvic acid-like compounds and an increase in DOM aromaticity (SUVA). The FPs of studied 
DBPs under the flooding condition compared with the baseflow, followed the order of HAN 
(356.5%) > NDMA (246.4%) > THM (115.2%) using chloramine as a disinfectant. Higher HAN 
FP and NDMA FP compared to THM FP suggested that more nitrogenous than carbonaceous 
DBPs precursors were released during this hurricane event. LULC analysis revealed that forested 
wetlands were the major contributor of THM, HAA, and HAN precursors, whereas NDMA 
precursor was derived from developed areas. This unique study highlights the dynamic interplay 
between LULC and exports of carbonaceous and nitrogenous DBPs precursors during and after 
hurricanes. 
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Article: 
 
1. Introduction 
 
Hurricanes and tropical storms can initiate regional-scale disturbances, which can dramatically 
alter riverine water chemistry (Avery et al., 2004; Chen et al., 2019; Sharifi et al., 2013). Such 
intensive short-term events often export years' worth of dissolved organic matter (DOM) and 
nutrients into riverine systems from terrestrial sources (Avery et al., 2004; Majidzadeh et al., 
2017; Yoon and Raymond, 2012). For example, the passage of Hurricane Matthew (October 
2016) through the eastern regions of South Carolina (SC) and North Carolina (NC) brought 75 to 
200 mm of rainfall within three days, which caused the largest flooding in the Yadkin-Pee Dee 
River Basin watershed since 1928 exporting >1.9 million metric tons of carbon from five major 
watersheds of South Carolina (Majidzadeh et al., 2017; Weaver et al., 2016). In addition, during 
hurricane events, large amounts of particulate matter from rainfall can alter DOM concentration 
and quality in riverine systems (Avery et al., 2004; Hou et al., 2018). 
 
Hurricane events can also alter the chemical composition of DOM. An increase in aromaticity, 
lignin content, and abundance of humic-like compounds have been observed during hurricanes 
and storm events (Chen et al., 2019; Ruecker et al., 2017; Vidon et al., 2008). Considering that 
DOM is one of the major precursors of the regulated, and some of the emerging disinfectant by-
products (DBPs), the alteration in DOM concentration and chemical composition can impact the 
formation of DBPs in water utilities (Pehlivanoglu-Mantas and Sedlak, 2008; Richardson et al., 
2007; Ruecker et al., 2017). DBPs form as a result of the reaction of disinfectants (i.e., chlorine, 
chloramine) and precursors such as DOM (Kitis et al., 2004; Richardson et al., 2007). Exposure 
to regulated DBPs, trihalomethanes (THMs), haloacetic acids (HAAs), or unregulated emerging 
DBPs can have negative impacts on human health including but not limited to bladder cancer, 
rectal cancer, and adverse birth outcomes (Hrudey, 2009). 
 
Ruecker et al. (2017) found that the FPs of THMs and HAAs increased by up to 150% during the 
Hurricane Joaquin in 2015 compared to pre-hurricane samples. However, the results of this and 
few other studies examining the impacts of storm events on water quality were limited to a few 
sites in coastal areas, and study sites had similar land use and land cover (LULC) (Alkhatib and 



Peters, 2008; Nguyen et al., 2013). It is not clear if the impacts of hurricanes on the reactivity of 
DOM and abundance of DBP precursors would be similar among watersheds with contrasting 
LULC. In this study, DBP FP were examined in 18 sub-watersheds with contrasting LULC to 
address this knowledge gap. In addition, the impacts of such events on the formation of 
nitrogenous (N-) DBPs, such as haloacetonitriles (HANs) and N-nitrosodimethylamine (NDMA), 
have been barely studied, although they may be more genotoxic compared with regulated 
carbonaceous (C-) DBPs, such as THMs and HAAs (Plewa et al., 2002; Zeng et al., 2016). Here 
we used two different but commonly used disinfectants, chlorine, and chloramine, under the 
flooding and baseflow conditions to quantify formation of two regulated (THM4 and HAA5) and 
two emerging N-DBPS (HAN4 and NDMA). 
 
The objectives of the study was to (1) Quantify and compare the FP of two regulated (THM4 and 
HAA5) and two emerging N-DBPS (HAN4 and NDMA) using two different but commonly used 
disinfectants, chlorine, and chloramine under flooding and baseflow conditions; (2) Evaluate the 
interactions between LULC (including developed, forested, herbaceous, cultivated, and wetland 
area) and DBPs FP under flooding and baseflow conditions. 
 
2. Materials and methods 
 
2.1. Study site and sampling 
 
The Yadkin-Pee Dee River basin watershed was divided into 18 sub-watersheds along the Pee 
Dee (PD) and Waccamaw River (WA), based on the stream-drainage characteristics of the 
channel grid (Fig. 1). PD and WA were two major rivers at the Yadkin-Pee Dee River watershed 
covering around 18,702 km2 in NC and SC. There were two sampling campaigns through the 18 
sub-watersheds during and after the flooding condition caused by the 2016 Hurricane Matthew. 
Water samples were collected along PD (1 to 12) and WA (1 to 6, Fig. 1) from the outflow of 
each sub-watershed under the flooding (October 19 or 20, 2016) and the base-flow conditions 
(December 5 or 6, 2016). 
 
For temporal analysis, samples were collected from two sites at the outflow of sub-watersheds 
PD1 to PD12 (PD-out), and the outflow of sub-watersheds W1 to W6 (WA-out, Fig. 1). Twelve 
sets of samples were collected from these two sites, including two sets of samples a month 
before the hurricane event and ten sets of samples during and after hurricane representing rising 
limb, peak, and falling limb of the hydrograph. National Land Cover Database 2011 (NLCD, 
2011) from USDA NRCS Geospatial Data Gateway was used to quantify five types of LULC, 
which included developed area, forested land, herbaceous landscape, the cultivated farm, and 
wetland (Table 1). 
 



 
Fig. 1. Eighteen sampled sub-watersheds and the rainfall pattern during the hurricane Mathew 
(2016). Red and blue dots show the locations sampling sites along the Pee Dee and Waccamaw 
Rivers, respectively. PD-out and WA-out are shown with a yellow dots. Wetland areas are 
shown in green on the large map. Relative DOC concentrations under flooding caused by the 
hurricane and baseflow conditions at the outflow of each sub-watershed are shown with bar 
charts. The highest DOC concentration was observed at WA3 (DOC = 33.44 mg/L) under the 
flooding condition.  
 
Table 1. Area (thousand hectares) and percentage of land use and land covers for each 
segmented sub-watershed along the Pee Dee (PD) and Waccamaw (WA) rivers. 

ID Developed Forested Herbaceous Cultivated Wetland Open water 
PD1 48.2 (8.4%) 99.4 (17.2%) 34.5 (6.0%) 134.8 (23.4%) 0.8 (0.1%) 2.4 (0.4%) 
PD2 43.6 (29.6%) 56.4 (38.3%) 10.0 (6.8%) 34.0 (23.1%) 1.3 (0.9%) 1.7 (1.1%) 
PD 3 23.3 (9.8%) 108.2 (45.6%) 16.7 (7.0%) 85.0 (35.8%) 1.5 (0.6%) 1.9 (0.8%) 
PD 4 47.8 (13.9%) 185.0 (53.9%) 31.9 (9.3%) 63.2 (18.4%) 2.4 (0.7%) 12.1 (3.5%) 
PD 5 67.7 (18.1%) 152.6 (40.9%) 24.5 (6.6%) 121.2 (32.5%) 3.0 (0.8%) 3.1 (0.8%) 
PD 6 34.3 (7.3%) 237.8 (50.3%) 78.4 (16.6%) 62.8 (13.3%) 51.9 (11.0%) 5.3 (1.1%) 
PD 7 27.2 (8.9%) 54.8 (17.9%) 44.6 (14.6%) 73.8 (24.2%) 100.2 (32.8%) 3.8 (1.3%) 
PD 8 20.5 (5.6%) 106.3 (29.2%) 52.0 (14.3%) 96.3 (26.4%) 87.4 (24.0%) 1.3 (0.4%) 
PD 9 27.6 (8.7%) 60.0 (18.8%) 48.3 (15.2%) 91.6 (28.7%) 88.2 (27.7%) 2.4 (0.7%) 

PD 10 27.7 (6.4%) 56.1 (12.9%) 46.0 (10.6%) 147.3 (33.9%) 153.9 (35.4%) 2.5 (0.6%) 
PD 11 7.1 (4.5%) 22.4 (14.3%) 19.4 (12.4%) 31.0 (19.7%) 74.8 (47.6%) 2.1 (1.4%) 
PD12 29.0 (17.5%) 22.8 (13.7%) 18.7 (11.3%) 17.0 (10.2%) 74.0 (44.6%) 3.4 (2.1%) 
WA1 1.4 (3.4%) 9.3 (22.6%) 8.6 (20.8%) 3.4 (8.1%) 15.0 (36.3%) 3.6 (8.7%) 
WA 2 0.7 (1.5%) 6.9 (15.4%) 8.6 (19.3%) 0.8 (1.9%) 27.7 (61.9%) 0.0 (0.0%) 
WA 3 5.7 (4.7%) 22.8 (19.0%) 18.7 (15.6%) 31.3 (26.2%) 40.8 (34.1%) 0.4 (0.3%) 



ID Developed Forested Herbaceous Cultivated Wetland Open water 
WA 4 2.9 (6.1%) 4.5 (9.5%) 4.9 (10.3%) 17.4 (36.6%) 17.6 (36.9%) 0.2 (0.4%) 
WA 5 1.2 (8.2%) 2.6 (17.9%) 2.4 (16.2%) 2.2 (15.1%) 5.9 (40.4%) 0.1 (0.8%) 
WA 6 2.7 (10.4%) 5.2 (19.8%) 2.7 (10.2%) 2.8 (10.8%) 12.5 (47.7%) 0.3 (1.1%) 

 
2.2. Analytical methods 
 
General water characterization methods, including dissolved organic carbon (DOC) and specific 
UV absorbance at 254 nm (SUVA254), have been previously reported elsewhere Majidzadeh et 
al. (2017). DOM optical properties were characterized using 3D spectrofluorometry (Shimadzu 
Spectrofluorometer RF5301). Fluorescence excitation-emission matrices (EEM) were divided 
into five operationally defined regions based on their excitation (ex) and emission (em) 
wavelength: (I) aromatic protein I (ex: 220–250 nm, em: 280–330 nm), (II) aromatic protein II 
(ex: 220–250 nm, em: 380–550 nm), (III) fulvic acid-like (ex: 220–250 nm, em: 380–550 nm), 
(IV) soluble microbial byproduct-like (250 nm < ex < 400 nm, em: 280–380 nm), and (V) humic 
acid-like compounds (250 nm < ex < 400 nm, em: 380–550 nm) (Majidzadeh et al., 2015; Wang 
et al., 2015; Zhou et al., 2013). 
 
The FP tests were conducted to quantify the maximum formation of DBPs with the presence of 
excess oxidants in incubation bottles (pre-washed amber) for 5 days of contact time at room 
temperature (21 ± 2 °C). Before DBP FP tests, raw water samples were filtered with pre-
conditioned 0.7 μm glass filters (Whatman glass microfiber filters 934-AH), and 20 mM 
phosphate buffer was added into each bottle to maintain pH at ~7.8. FPs of regulated DBPs 
(THM and HAA) were measured by spiking excess amount of chlorine (Cl2) (initial chlorine 
dose in mg/L was calculated by: 3 × DOC (mg/L) + 8 × NH4

+ (mg/L) + 10 into the samples. FPs 
of emerging N-DBPs, HANs, and NDMA were also tested in this study. N-DBPs were quantified 
by spiking the pre-determined amount of pre-formed monochloramine (NH2Cl) stock solution to 
achieve 100 mg/L (Cl2: N ~ 4:1) of initial oxidant in bottles (Uzun et al., 2018). After incubation, 
residual oxidants (Cl2 > 10 mg/L, and NH2Cl > 25 mg/L) were measured, and samples were 
quenched with slightly excess ascorbic acid (THM, HAA, and HAN), and sodium thiosulfate 
(only for NDMA) solutions. Finally, samples were extracted and analyzed for target DBPs. 
THMs (trichloro-, dichlorobromo-, dibromochloro- and tribromomethane), HAN4 (dichloro-, 
trichloro-, bromochloro-, and dibromo acetonitriles), and HAA5 (chloro-, dichloro-, trichloro-, 
bromo- and dibromo acetic acid) were extracted following USEPA methods 551.1, and 552.2, 
and analyzed with Agilent 6890 GC-ECD (autosampler equipped with Phenomenex ZB-1 
column [30 m × 0.25 mm × 1 μm]), respectively. NDMA samples were extracted following 
USEPA methods 521, and analyzed Agilent 7000C GC/MS/MS equipped with DB1701 
(30 m × 0.25 mm × 1 μm) column under the electron ionization mode. Specific DBP FP, which 
represented the reactivity of DOM in forming DBPs, was calculated by dividing DBP FPs with 
DOC concentration. DOM reactivity also represented by the slope of individual DBP versus 
DOC (ΔSDBP FP). A summary of analytical methods, equipment use, and minimum reporting 
levels are provided in the supplementary information (Table S.2). 
 
2.3. Statistical analysis 
 
“R” software (version 3.1.2) was used for all statistical analyses in this study. Spatial analysis 
conducted using a linear mixed-effects model (nlme package of “R” software) with site locations 



as the random effect. To differentiate the means, Tukey's Honestly Significant Difference (HSD) 
following an analysis of variance (ANOVA) test was used (Agricola package, α = 0.05). Time 
series analysis conducted to evaluate changes in water quality over time. Principal component 
analysis (PCA) was performed by the prcomp function in the stats package to describe the 
variety of DOM reactivity in forming DBPs and the LULC composition among samples 
collected from the sub-watersheds of PD1 to PD12 and W1 to W6. 
 
3. Results and discussion 
 
3.1. Formation potential of regulated C-DBPs using chlorine as a disinfectant 
 
Changes in dissolved organic carbon (DOC) and nitrogen (DON) exports and optical properties 
of DOM during the hurricane Matthew was previously reported in Majidzadeh et al. (2017). 
General water quality characteristics, including DOC, SUVA254, DON, and NH4

+-N are reported 
at the supplementary information (Table S1). Briefly, 22 to 99% increase in DOC load was 
observed in the outflow of 18 sub-watersheds during the flooding compared to baseflow 
conditions. DOM aromaticity (SUVA254) and humification index (HIX, an indicator of the 
abundance of humic substances) also increased significantly during the flooding compared with 
baseflow conditions. Both HIX and SUVA254 were positively correlated with wetland areas 
during the flooding condition suggesting a change in source and quality of DOM during the 
flooding, which could consequently impact the formation potential (FP) and speciation of DBPs 
(Majidzadeh et al., 2017; Ruecker et al., 2017). Emission from regions I (humic acid-like) and II 
(fulvic acid-like) of 3D fluorescence EEMs were also positively correlated with percent wetland 
area during the flooding, further confirming the observation from HIX and SUVA254 
(Majidzadeh et al., 2017). Samples (flooding and baseflow) were collected from October to 
December 2016, which was the peak litter fall season in the area and often associated with 
intense rainfall events (Chow et al., 2013). Chow et al., 2013 found that the DOC and DON 
concentrations were significantly higher during the peak litterfall season (October to December) 
compared to spring (March to May). 
 
In this study, THMs FP and HAA FP were initially quantified using chlorine as a disinfectant at 
all 18 sub-watersheds (Fig. 2A, B). The average THM FP was 238% (± 117%, p < .001) higher 
under the flooding condition (average = 2013 ± 254 μg/L) than the baseflow condition 
(average = 1183 ± 217 μg/L) at all sub-watersheds except PD2. 
 
The relationship among DBPs FP, DOM concentration, and optical properties varied under both 
baseflow and flooding conditions. While THM FP was only related to DOC concentration under 
the baseflow condition, THM FP was positively related to both DOC concentration (p < .001) 
and SUVA254 (p = .006) under the flooding condition, suggesting that the changes in DOM 
composition were in favor of THM formation. This was further confirmed by a higher DOM 
reactivity in forming THM under the flooding condition. The DOM reactivity, quantified as the 
slope of THM FP against DOC concentration (ΔTHM FP), was significantly higher under the 
flooding condition (ΔTHM FP = 95.5 ± 6.3 μg-THM/mg-DOC) than the baseflow condition 
(ΔTHM FP = 71.4 ± 13.3 μg-THM/mg-DOC, Fig. 3A). 
 



 
Fig. 2. THM (A), HAA (B), HAN (C), and NDMA (D) formation potential under flooding and 
baseflow conditions at 18 studied sub-watersheds, using chloramine as a disinfectant. 
 

 
Fig. 3. The slope of THM FP (A), HAA FP (B), HAN FP (C), and NDMA FP (D) against DOC 
concentration at Waccamaw (WA) and Pee Dee (PD) sub-watersheds. FP of C-DBPs (THM and 
HAA) were quantified using chlorine as disinfectant and FP of N-DBPs (HANs and NDMA) 
were quantified using chloramine as disinfectant. 
 



The average HAA FP was not significantly different between the flooding and baseflow 
conditions at PD sub-watersheds (p = .3, Fig. 2B). At WA sub-watersheds (sites WA1-WA6) 
with a higher percentage of wetland area, HAA FP was even higher at the baseflow condition 
compared to the flooding condition. Specific HAA FP (HAA FP normalized by DOC 
concentration) was higher under baseflow condition (average = 132.2 μg-HAA/mg-DOC) 
compared with the flooding condition (average = 76.7 μg-HAA/mg-DOC, p = .001) at both sub-
watersheds. ΔHAA FP also showed a larger slope under baseflow than flooding conditions. This 
trend was more evident at WA sub-watersheds with a higher percentage of wetland areas 
compared with PD sub-watersheds (Fig. 3B). The decrease in the reactivity of DOM in forming 
HAA (SHAA FP) can be attributed to the increase in abundance of hydrophobic compounds 
under the flooding condition (Hua and Reckhow, 2007a). During the hurricane, the abundance of 
fulvic acid-like compounds [percent fluorescence response in region III (PIII,n)] decreased 
significantly at all sites (Fig. 4), while DOM aromaticity (SUVA254) significantly increased. A 
decrease in the abundance of fulvic acid-like compounds and increase in SUVA254 values under 
the flooding condition suggested that abundance of hydrophobic compounds under the flooding 
condition was higher than the baseflow condition (Hua and Reckhow, 2007a; Wang and Chen, 
2014). Hydrophobic compounds favor the formation of THMs rather than HAAs (Ruecker et al., 
2017; Wang and Chen, 2014). Thus, a decrease in reactivity in forming HAA but an increase in 
reactivity in forming THM was observed under the flooding condition. The increase in 
abundance of hydrophobic compounds also impacted the speciation of HAAs. Trichloroacetic 
acids (TCAA) and di-chloroacetic acid (DCAA) constituted 57.4% and 36.1% of HAAs, 
respectively in baseflow. However, in the flooding condition TCAA constituted increased to 
63.0% (p = .008), while DCAA constituted decreased to 29.8% (p < .001) which was in 
accordance with previous studies suggesting that hydrophilic fraction of DOM favors formation 
of DCAA and hydrophobic fraction of DOM favors formation of TCAA (Bond et al., 2012; Hua 
and Reckhow, 2007a). 
 

 
Fig. 4. 3D fluorescence excitation-emission matrices and percent response of water samples at 
one of the sites (PD10). Roman numerals I, II, III, IV, and V are five operationally defined 
regions in Fluorescence Regional Integration. Values for other sites can be found at 
supplementary information table S3 and S4. Groups labeled with the same letter are not 
significantly different based on Tukey's honest significant difference tests at α = 0.05. 
 
In contrast to HAA, THMs speciation did not alter significantly, and trichloromethane (TCM) 
constituted 99.6% and 97.5% of THMs under both baseflow and flooding conditions, 
respectively. Brominated HAAs such as bromodichloro acetic acid (BDCAA) only formed under 



the baseflow condition, which could be mainly due to the dilution of bromide under the flooding 
condition. Bromide concentration decreased by 52% (±19%, p < .001) under the flooding 
condition (average = 16.9 ± 8.8 mg/L) compared with the baseflow (37.1 ± 15.8 mg/L). We did 
not observe any formation of HANs and NDMA when using chlorine as a disinfectant, which 
may be due to their degradations during the five-day incubation. 
 
3.2. Formation potential of DBPs using chloramine instead of chlorine 
 
Chloramine has been widely used as an alternative disinfectant by drinking water utilities in 
response to the US Environmental Protection Agency (USEPA) regulations on four THMs and 
five HAAs (Hua and Reckhow, 2007b). THM FP significantly decreased using chloramine 
instead of chlorine under both flooding and baseflow conditions by 84 ± 13% and 78 ± 8%, 
respectively (p < .001). THM FP under the flooding condition using chloramine, was even lower 
than THM FP under the baseflow condition using chlorine (Table 2). Although chloramine 
reduced THM FP significantly under both baseflow and flooding conditions, it resulted in 
forming elevated levels of nitrogenous DBPs (Liew et al., 2016). The average HAN FP under the 
baseflow condition using chloramine was 64.4 ± 15.8 μg/L and its FP increased by >119% under 
the flooding condition to 141.3 ± 21.9 μg/L (Fig. 2). A higher HAN FP was observed under the 
flooding condition compared with the baseflow at all sub-watersheds except for PD1, PD2, and 
PD3, which were probably due to the lower amount rainfall received at these sites and also a 
lower percentage of wetland area in these sub-watersheds (<1%) compared with those in coastal 
sub-watersheds. 
 
Table 2. THM formation potential using chlorine and chloramine during flooding and baseflow. 

ID THM FP- Baseflow (μg/L) THM FP-Flooding (μg/L) 
CL2 NH2Cl Cl2 NH2Cl 

PD1 108.8 16.6 142.3 10.8 
PD2 175.2 21.2 140.8 9.6 
PD 3 125.1 13.3 123.6 11.7 
PD 4 129.9 11.3 284.3 84.8 
PD 5 189.6 22.4 303.7 89.5 
PD 6 272.0 30.7 825.4 179.7 
PD 7 269.1 25.2 962.7 293.1 
PD 8 539.1 47.3 2549.1 546.2 
PD 9 1158.1 87.4 2919.2 667.8 

PD 10 1396.7 97.1 2275.5 536.9 
PD 11 825.9 66.1 2120.8 538.0 
PD12 834.0 54.4 1877.5 529.6 
WA1 1320.3 656.6 2909.4 693.2 
WA 2 1775.0 519.2 2450.7 729.6 
WA 3 3507.1 672.0 2644.8 770.4 
WA 4 2056.3 495.6 2886.9 687.2 
WA 5 521.4 236.1 2561.8 352.2 
WA 6 2956.5 171.4 2622.6 704.6 

 
The increase in HAN FP could be attributed to an increase in DOC concentration and abundance 
of aromatic protein compounds during the flooding. HAN FP was positively related to DOC 
concentration (p < .001) and abundance of aromatic protein compounds (PI,n), both of which 
increased significantly during the flooding (Majidzadeh et al., 2017). DOM reactivity in forming 
HAN (SHAN FP) was also higher (p = .001) under the flooding condition (6.28 μg-HAN/mg-



DOC) than the baseflow (3.74 μg-HAN/mg-DOC) (Fig. 3C). At all sites, NDMA FP and specific 
NDMA FP were higher under the flooding condition (average FP = 38.3 ± 1.76 ng/L) compared 
to the baseflow (average FP = 12.2 ± 1.9 ng/L, Fig. 3D). However, NDMA FP did not show a 
significant relationship with DOC concentration, DON concentration, or optical properties of 
DOM. 
 
The FP of studied DBPs under the flooding condition compared to the baseflow followed the 
order of HAN (356.5%) > NDMA (246.4%) > THM (115.2%) using chloramine as a 
disinfectant. A higher increase in FP of N-DBPs (HAN and NDMA) than THM was alarming, 
considering that N-DBPs are more genotoxic compared with the regulated C-DBPs (Plewa et al., 
2002; Zeng et al., 2016). 
 
3.3. DBPs formation in sub-watersheds with contrasting land use and land cover 
 
The 18 studied sub-watersheds had contrasting LULC. For instant, percent developed, forested 
and wetland areas ranged 1.5–29.6%, 9.5–53.9%, and 0.1–61.9% respectively. The contrasting 
LULC enabled us to study the interactions between LULC and DBP FP during the hurricane. 
The results revealed that forested wetlands were the major contributor of THM, HAA, and HAN 
precursors during the hurricane event whereas NDMA precursors was mainly from the 
developed areas. Under the flooding condition, THM FP and HAA FP increased by 46.5 μg/L 
(±16.1 p < .001) and 43.8 μg/L (±5.9, p < .001) respectively, for each 1% increase in wetland 
area using chlorine as a disinfectant (Fig. 5A, B). HAN FP also increased by 4.1 μg/L 
(±0.7, p < .001), for each 1% increase in wetland area using chloramine as disinfectant. Wetlands 
act as a source of organic matter during hurricane events, exporting large amounts of organic 
matter into riverine systems (Chen et al., 2019; Majidzadeh et al., 2017; Sharifi et al., 2013). For 
an instant, PD7 and PD8 sites received a similar amount of rainfall during the hurricane event 
(Fig. 1) and had similar discharge rates; however, THM FP, HAA FP, and HAN FP were 
respectively 214%, 238%, and 993% higher at PD8 (with 24% wetland area) than PD7 (with 
11% wetland area). The PCA analyses further confirmed the results from the aforementioned 
multivariable analysis showing the positive relationship between HAA, THM, HAN, and percent 
wetland area (Fig. 6 A). The positive PC1 can be interpreted as an increase in the formation 
potentials of THM, HAA, HAN, and a higher percentage of herbaceous and wetland areas, while 
the negative PC1 is associated with developed and forested LULC (Fig. 6B). WA sub-
watersheds and PD8 to PD12, sub-watershed with higher percentage of wetland areas, are 
showing more positive PC1 values further confirming that THM FP and HAA FP would be 
higher at sub-watersheds with a higher percentage of wetland area while PD1 to PD7 sub-
watersheds with a lower percentage of wetland area are showing lower PC1 values. 
 



 
Fig. 5. Relationship between percent wetland area and THM FP (A), HAA FP (B), HAN (FP), 
and NDMA FP (D) under the flooding condition at eighteen sampled sub-watersheds. THM FP 
and HAA FP were quantified using chlorine as disinfectant and HAN FP and NDMA FP were 
quantified using chloramine as disinfectant. 
 

 
Fig. 6. Principal component analysis showing the positive relationship between HAA, THM, 
HAN and percent wetland area. The positive PC1 can be interpreted as the formation potentials 
of THM, HAA, HAN and herbaceous and Wetland, while the negative PC1 is developed and 
forested lands. 
 



Under the flooding condition, NDMA FP was not related to any of the studied LULC, DOC 
concentration, or optical properties. However, the reactivity of DOM in forming NDMA FP 
(SNDMA FP) was positively related to the percentage of developed area under both baseflow 
and flooding conditions (p = .001, Fig. 7). The positive correlation between NDMA FP and the 
percentage of developed area in this watershed revealed that NDMA precursors could have 
anthropogenic origins under both flooding and baseflow conditions. Such relationships in other 
urbanized watersheds under non-flooding conditions were previously reported (Uzun et al., 
2015). Relatively low NDMA FP values (< 68 ng/L) under both baseflow and flooding 
conditions could be attributed to the low degree of anthropogenic impacts in this area. 
 

 
Fig. 7. Relationship between percent wetland area and the reactivity of DOM in forming NDMA 
FP (SNDMA FP) under flooding (left) and baseflow (right) conditions at eighteen sampled sub-
watersheds. 
 
3.4. Temporal changes of DBP FP during the hurricane event 
 
Temporal changes of DBP FP during Hurricane Matthew were measured at the outflow of sub-
watersheds PD1 to PD12 (PD-out) and W1 to W6 (WA-out). FP of C-DBPs (THM and HAA) 
were quantified using chlorine as disinfectant and FP of N-DBPs (HANs and NDMA) were 
quantified using chloramine as a disinfectant. 
 
Pre-event THM FP (1460 ± 7.81 μg/L), was significantly higher at WA-out than PD-out 
(585 ± 17.7 μg/L). Similar to THM FP, was also higher at the WA-out than PD-out in pre-event 
conditions (Fig. 8). However, HAA FP and NDMA FP were not significantly different between 
the two sites. The higher THM FP and HAN FP at the WA-out than the PD-out was attributed to 
higher percentage of wetland areas along the Waccamaw River compared with the Pee Dee 
River, which resulted in a higher DOC concentration at the WA-out (pre-event 
average = 22.5 ± 5.82 mg/L) than the PD-out (pre-event average = 16.7 ± 5.51 mg/L). 
 

During the hurricane, THM FP increased by 61.7 μg/L (±29.2, p = .008) per day at the PD-out 
site for 14 days after the maximum rainfall with a higher FP found on the falling limb of the 
hydrograph than the rising limb (Fig. 8A). While the pre-event THM FP did not exceed 
585 ± 17.7 μg/L at the PD-out, it increased to 2510 μg/L (>329% increase) 14 days after the 
maximum rainfall, and then decreased gradually. At the WA-out, THM FP increased by 
55.3 μg/L (±23.1, p = .003) per day for 28 days after the maximum rainfall and reached a 
maximum of 3513 μg/L (1980 ± 40.8 μg/L before the hurricane). Maximum THM FP was 
observed on November 8th, in which flow rate was back to baseflow (Fig. 8A). The prolonged 
increase in THM FP at the WA-out and PD-out sites was attributed to an increase in DOC 
concentration with a similar pattern. Similarly, HAA FP increased for 17 and 28 days after 



maximum rainfall at the PD-out (p = .004) and WA-out sites (p = .001), respectively (Fig. 8B). 
The pre-event HAA FP of 404.3 ± 46.4 μg/L at the PD-out site and 1460 ± 1.71 μg/L at the WA-
out site increased to the maximum FPs of 2380 μg/L (488% increase) and 2760 μg/L (89.1% 
increase) 17 days after maximum rainfall at PD-out and WA-out, respectively. We also studied 
the temporal changes in THM FP and HAA FP at WA-out during another extreme rainfall event 
a year before this event (Ruecker et al., 2017). The pre-event values and temporal changes of 
THM FP were similar in both events. However, maximum HAA FP during the 2015 event 
(5722 μg/L) was significantly higher than that in the 2016 event (2756 μg/L), which can be 
attributed to higher abundance of fulvic acid-like compounds [percent fluorescence response in 
region III (PIII,n) during the 2015 event. Majidzadeh et al. (2017) showed that the lower amount 
of rainfall during the 2016 event reduced the relative contribution of the subsurface flow, which 
potentially resulted in the decreasing export of organic matter from riparian zones and wetlands. 
 

 

Fig. 8. Maximum formation potential of THM (A), HAA (B), and HAN (C) were observed after 
the peak flow at both WA-out and PD-out sites, whereas formation potential of NDMA (D) did 
not show a temporal pattern along the hydrograph (blue line). Note: Discharge only dipicted for 
the PD-out as both sites had a simillar pattern.  
 
HAN FP increased from 47.4 ± 0.7 μg/L (pre-event) to a maximum FP of 181.4 μg/L on day 14 
after the maximum rainfall at the PD-out site (p < .001, Fig. 8C). Similarly, HAN FP increased 
for 14 days at WA-out to reach a maximum FP of 202.0 μg/L. NDMA FP did not show any 
significant change during the hurricane at WA-out and PD-out (Fig. 8D). This pattern was 
expected as NDMA precursors were mostly anthropogenically originated, and the percentage of 
developed areas did not exceed 1.1% at these two sites. 
 
4. Conclusion 
 



In this study, we quantified the formation potential (FP) of two carbonaceous [trihalomethanes 
(THMs) and haloacetic acids (HAA)] and two nitrogenous DBPs [haloacetonitrile (HAN) and N-
nitrosodimethylamine (NDMA)] under the baseflow and the flooding conditions caused by 2016 
Hurricane Matthew using two common disinfectants, chlorine and chloramine at eighteen sub-
watersheds with varying LULC. THM FP was 238% (±117%) higher under the flooding 
condition compared with the baseflow (p < .001) using chlorine as a disinfectant. Using 
chloramine as a disinfectant resulted in a significant decrease in THM FP under both baseflow 
and flooding conditions by 84 ± 13% and 78 ± 8%, respectively (p < .001). While water facility 
can use chloramine as an alternative disinfectant to control the formation of regulated DBPs such 
as THMs during flooding events, the use of chloramine resulted in formation of emerging DBPs, 
including more genotoxic nitrogenous DBPs such as HAN and NDMA. Using chloramine as a 
disinfectant, HAN, NDMA, and THM FPs under the flooding condition were respectively 357%, 
264%, and 115% higher than the baseflow conditions, revealing that more precursors of 
nitrogenous DBPs than carbonaceous DBPs were exported during the hurricane event. 
 
Temporal changes of DBP FP during Hurricane Matthew at the outflow of 18 sub-watersheds 
PD1 to PD12 (PD-out) and W1 to W6 (WA-out) revealed a prolonged increase in FP of all 
studied DBPs (THM, HAA, HANs, and NDMA). THM FP, HAA FP, and HAN FP increased for 
14, 17, and 14 days after the maximum rainfall, respectively. This extended increase in DBP FP 
after a major flooding suggests that drinking water treatment plants may need adjustment and 
considerations for weeks after a flooding event. This is of great importantly considering that the 
frequency and intensity of hurricane-like storms have been predicted to increase significantly in 
the eastern US (Bender et al., 2010). LULC analysis highlighted the forested wetlands in 
southeastern coasts of the US as the major contributor of THM, HAA, and HAN precursors 
during the hurricane event by exporting large amounts of DOM into riverine systems, whereas 
DOM reactivity in forming NDMA was correlated with developed areas. Considering that, the 
coastal areas of the southeastern US are developing at rates exceeding the national average 
(Sanger et al., 2015), the speciation of DBPs may shift toward formation of more toxicogenic 
nitrogenous DBPs such as NDMA. 
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