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A B S T R A C T

Extreme climatic events like floods and hurricanes have the potential to significantly alter coastal carbon cycling. However, due to the challenges associated with
sampling these events, they can be difficult to incorporate into regional and global carbon budgets. To address this data gap, we bracket a major flooding event
associated with the passing of Hurricane Joaquin (October 2015) with direct and high-resolution pCO2 measurements in the Neuse (NeuseRE) and New River Estuary
(NewRE), North Carolina. Enhanced river discharge quickly flushed the relatively small NewRE, causing residence time to fall from 90 to 9 days, while the larger
NeuseRE responded relatively slowly to flooding. This period of rapid flushing coincided with a significant increase in CO2 fluxes. The effect of cooler flood-waters,
which reduce pCO2, was counteracted by allochthonous DIC inputs, which drove large increases in pCO2 relative to dissolved O2. The spatial distribution of carbonate
buffering differed between estuaries, enhancing CO2 fluxes in the NewRE (178mmol C m−2 d−1), while partially limiting air-water exchange in the NeuseRE
(62mmol C m−2 d−1). While windy storms may drive larger CO2 fluxes from estuaries, we show that flooding events can also contribute significantly to annual
carbon budgets. CO2 emissions during this ~14-day flood period accounted for 31% (NeuseRE) to 44% (NewRE) of the total annual CO2 flux. Our findings show that
sufficient spatial and temporal coverage during storms is necessary for estuarine CO2 fluxes to be reliably assessed over annual or longer time scales.

1. Introduction

Estuaries play a disproportionately large role in the global C cycle.
While comprising only ~0.2% of the area of the ocean, they release
between 0.1 and 0.5 Pg C yr−1, approaching the rate of CO2 uptake
over continental shelves (Cole et al., 2007; Bauer et al., 2013; Cai,
2011; Chen and Borges, 2009; Chen et al., 2013). These estimates are
largely based on estuarine CO2 fluxes determined at infrequent inter-
vals and scaled to a full year. Thus, they inevitably miss short-term
variability driven by episodic events like storms and droughts. At long
time scales, most estuaries are CO2 sources to the atmosphere. How-
ever, some estuaries can be CO2 sinks when assessed on annual (Maher
and Eyre, 2012) to diel (Crosswell et al., 2017) time scales. This un-
certainty in the short-term spatial and Temporal variability in estuarine
CO2 emissions remains a key data gap (Zscheischler et al., 2017). Ex-
treme events like tropical cyclones and nor'easters generally have a
small to moderate impact on air-water CO2 exchange in coastal waters
(Ye et al., 2017) and the open ocean (Lévy et al., 2012), but these events
(and associated flooding) may significantly affect estuarine pCO2

through their effects on resident biogeochemical and physical processes
(Crosswell et al., 2014; Evans et al., 2012; Jeffrey et al., 2016; Mørk
et al., 2016). For example, floods can deliver large pulses of labile
terrestrial organic carbon (OC) to estuaries (Bianchi et al., 2013; Dahal
et al., 2014), which can be respired within the estuary, contributing to

net ecosystem heterotrophy and pCO2 (Osburn et al., 2012; Yao and Hu,
2017). On the contrary, if these flood waters are high in nutrients but
low in organic carbon, primary production may be stimulated during
and after the storm, resulting in a drawdown in pCO2 (Fagan and
Mackenzie, 2007; Drupp et al., 2011). However, if floodwaters are high
in both dissolved organic carbon (DOC) and inorganic nutrients, mi-
crobial heterotrophic production as well as autotrophic primary pro-
duction could be enhanced (Sarma et al., 2011). In this case, storms
may affect the net metabolic state of the estuary in a manner consistent
with variations in the ratio of OC to inorganic nutrient loading
(Hopkinson and Vallino, 1995; Kemp et al., 1997; Herrmann et al.,
2015). In turn, these shifts in net metabolism would affect pCO2 dis-
tributions. Alternatively, increased precipitation can reduce dissolved
inorganic carbon (DIC) faster than total alkalinity (TA), decreasing the
air-water pCO2 gradient and associated CO2 fluxes. Storm-associated
wind, storm surge, and intense rainfall will enhance the rate of air-
water CO2 exchange, while elevated river discharge may decrease the
fresh water residence time, potentially affecting post-storm carbon ex-
changes (Paerl et al., 2006b; Paerl et al., 2018; Wetz and Yoskowitz,
2013).

Estimates of storm-related CO2 fluxes from estuaries are few and
highly variable, ranging from CO2 uptake (Evans et al., 2012) to sig-
nificant CO2 degassing (Sarma et al., 2011; Crosswell et al., 2014; Hunt
et al., 2014; Mørk et al., 2016), depending on storm characteristics and
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discharge (Van Dam et al., 2018). The NeuseRE is eutrophic, with
average primary production (PPR) of 200–500 gC m−2 yr−1 (Boyer
et al., 1993; Mallin et al., 1993), frequent phytoplankton blooms and
bottom-water hypoxia (Paerl et al., 1998; Paerl et al., 2006a). The
NeuseRE has been subject to decades of extensive study associated with
a long-term monitoring project, the Neuse River Estuary Modeling and
Monitoring program (ModMon; http://www.unc.edu/ims/neuse/
modmon/). A similar water-quality monitoring program associated
with the Defense Coastal Estuarine Research Program (DCERP; https://
dcerp.rti.org/), provided field data for the NewRE. As with the Neu-
seRE, the NewRE has a history of cultural eutrophication with an
average PPR of< 250 gC m−2 yr−1, that places it the mesotrophic ca-
tegory (Anderson, personal communication; Mallin et al., 2005). De-
spite relatively limited flushing through the New River Inlet, which
directly connects the NewRE to the ocean, the average residence time of
the NewRE is slightly lower than the NeuseRE at 46 days (range
9–91 days) (Van Dam et al., 2018). Both the NeuseRE and NewRE in-
habit watersheds that are largely agricultural, but the NewRE itself is
immediately surrounded by the rapidly expanding city of Jacksonville,
and Marine Corps Air Station Camp Lejeune (Fig. 1). The relatively
small size of the NewRE watershed, along with extensive paved surfaces
surrounding its tributaries, result in a very ‘flashy’ rainfall-runoff re-
sponse in the New River (Hall et al., 2012; Peierls et al., 2012). This is
in stark contrast with the Neuse River and its lagged response to pre-
cipitation events. Both the NewRE and NeuseRE often experience ver-
tical stratification and seasonal bottom water hypoxia.

2.2. Spatial surveys

One survey was conducted in the NewRE (Sept. 8, 2015) and
NeuseRE (Sept. 29, 2015) before Hurricane Joaquin passed the study

Fig. 1. Site map showing three-day rainfall totals (mm; October 1–3, 2015) and Hurricane Joaquin storm track (inset map), as well as the locations of the NewRE and
NeuseRE within their respective watersheds. Upper (U), middle (M), and lower (L) estuarine segments are shown in pink. Rainfall averages were obtained from the
PRISM database (http://www.prism.oregonstate.edu/), and the storm track was acquired from the National Hurricane Center (http://www.nhc.noaa.gov/gis/). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

estuarine morphology. Hurricane Irene (2011) drove large CO2 fluxes in 
the Neuese River estuary, North Carolina (NC), which exceeded the 
annual riverine input of C by a factor of 4 (Crosswell et al., 2014), while 
a large storm caused the Columbia River estuary to transition rapidly 
from CO2 source to sink behavior (Evans et al., 2012). In this study, we 
bracket a large flooding event in the fall of 2015 with direct pCO2 

measurements in the adjacent New River Estuary and Neuse River Es-
tuary, NC. Both estuaries have been intensely monitored for decades, 
and a set of recent studies (Crosswell et al., 2012, 2014, 2017; Van Dam 
et al., 2018) serve as a backdrop for investigating the impact of storms 
relative to normal conditions in the present analysis. We employ a set of 
biogeochemical proxies to 1) estimate the impact of changing water 
temperatures on CO2 emissions, 2) explore trends in DIC and TA in the 
context of chemical buffering, and 3) better understand the biological 
factors driving CO2 dynamics.

2. Methods

2.1. Site description

The Neuse River Estuary (NeuseRE) and New River Estuary 
(NewRE) are shallow (< 3 m average depth), microtidal systems lo-
cated in the eastern North Carolina coastal plain. The NeuseRE begins 
at the confluence of the Neuse and Trent Rivers near New Bern, NC, and 
flows into the Albemarle-Pamlico Sound, the second largest estuarine 
system in the US (Fig. 1). A string of barrier islands surrounds the es-
tuary with only narrow tidal inlets, significantly dampening the ex-
change of water with the ocean; hence, water circulation is primarily 
affected by freshwater discharge, wind, and seiching (Luettich et al., 
2000). The average freshwater residence time in the NeuseRE is 58 days 
but varies significantly between 7 and 136 days with changes in river

http://www.unc.edu/ims/neuse/modmon/
http://www.unc.edu/ims/neuse/modmon/
https://dcerp.rti.org
https://dcerp.rti.org
http://www.prism.oregonstate.edu
http://www.nhc.noaa.gov/gis/
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where ΔpCO2 is the air-water pCO2 gradient (μatm), and by convention,
a positive ΔpCO2 indicates CO2 release to the atmosphere. Ko is the T-

area, and is considered representative of “Pre-flood” conditions. 
Another survey was conducted on Oct. 7, 2015 in the NewRE, and on 
Oct. 12, 2015 in the NeuseRE, which we consider to be “flood” surveys 
because they coincide with peak discharge from both rivers. A final 
survey was conducted in each estuary after river discharge returned to 
pre-flood levels, on Oct. 29 and Nov. 4 in the NeuseRE and NewRE, 
respectively. Hurricane Joaquin passed well east (~900 km) of the 
study area as a category 3 or 4 storm, producing > 38 cm of rainfall 
over much of the study area, including most of the New and Neuse 
River watersheds (Fig. 1). In contrast to direct hurricane landfalls 
(Hurricane Irene, 2011), wind speeds over eastern NC remained rela-
tively low during Joaquin, rarely exceeding 20 m s−1. These surveys 
took place in conjunction with well-established water-quality mon-
itoring programs, DCERP and ModMon, that were previously expanded 
to include high-resolution pCO2 spatial surveys. Each survey consisted 
of a transect along the longitudinal axis of the estuary (Fig. 1), where a 
flow-through system was used to collect underway pCO2 and auxiliary 
parameters at 0.5 hz, corresponding to an approximate spatial resolu-
tion of 10–20 m. Surveys began at a mid-morning time (~09:00 am) at 
the seaward extent of each estuary and proceeded up-estuary, finishing 
in the early afternoon. Detailed descriptions of the methods, including 
equipment calibration procedures are available (Crosswell et al., 2012; 
Van Dam et al., 2018).

2.3. Discrete samples

At 8 stations in the NewRE, and 12 in the NeuseRE, water was 
sampled in conjunction with water-quality monitoring programs 
ModMon and DCERP. At each station, approximately 2 L of water was 
collected using a diaphragm pump, at both surface and bottom depths 
(0.1 below surface and 0.5 m above bottom respectively). Samples were 
stored covered in a cooler, and processed upon return to the lab, fol-
lowing methods previously reported for analysis of dissolved organic 
carbon (DOC), total dissolved nitrogen (TDN), and Chlorophyll-a (Chl-
a) (Peierls et al., 2012). Subsamples for dissolved inorganic carbon 
(DIC) were taken upon return to the lab, typically 4–6 h after bulk water 
samples were collected, and stored in unpreserved 20 mL scintillation 
vials with no headspace. DIC was then determined within 24 h using a 
Shimadzu TOC-5000A in inorganic carbon mode. A difference between 
DIC in preserved and unpreserved samples taken in this manner exists 
(regression standard error = 57.64 μmol kg−1; Crosswell et al., 2012), 
but this difference is small relative to observed spatial and temporal 
variability in DIC. Therefore, we did not apply a correction to the DIC 
values in this study. At each station, a vertical profile of salinity (Sal), 
temperature (T), pH, DO, and Chl-a was conducted at a resolution of 
~0.5 m using a YSI 6600 datasonde. Additional carbonate system 
parameters like Total Alkalinity (TA) and Revelle Factor (R) were cal-
culated using CO2SYS (Lewis and Wallace, 1998), according to the 
carbonic acid dissociation constants of Millero (2010), and the NBS 
buffer scale. The use of carbonic acid dissociation constants from 
Millero (2010) may cause pCO2 to be significantly overestimated, 
especially at low salinity (Dinauer and Mucci, 2017). However, in this 
study, estimates of TA and R were relatively robust to different dis-
sociation constants. Directly measured pCO2, DIC, T, and Sal were used 
as inputs in all cases.

2.4. CO2 flux

Air-water CO2 fluxes were determined by first assembling distance-
weighted averages of pCO2, T, and Sal for upper, middle, and lower 
estuarine segments (Fig. 1). Air-water CO2 exchange was then calcu-
lated from pCO2, Sal, and T by:

and Sal-dependent solubility coefficient for CO2 (Weiss, 1974), and k is 
the gas transfer velocity (cm h−1). The choice of different k para-
meterizations can yield widely diverging calculated CO2 fluxes. We 
chose the parameterization of Jiang et al. (2008) because it is a mod-
erate estimate of k that integrates data from both marine- and river-
dominated estuaries, and is consistent with previous studies in the 
NewRE and NeuseRE (Crosswell et al., 2012; Crosswell et al., 2017; Van 
Dam et al., 2018). In all cases, daily average wind speeds were obtained 
from two autonomous vertical profilers deployed in the NewRE 
(Reynolds-Fleming et al., 2002), and from two meteorological stations 
(KEWN and KNKT) near the NeuseRE (Fig. 1). Due to obvious safety 
concerns, no measurements were made during the storm.

2.5. Thermal effects

The solubility of CO2 varies inversely with T, causing pCO2 to de-
crease by ~50% for every 16 °C decrease in T (Takahashi et al., 1993). 
This solubility effect acts in concert with mixing, atmospheric ex-
change, and biological consumption/production to alter pCO2. We ap-
plied the formulas of Takahashi et al. (2002), which were used to assess 
the temperature effect on pCO2, using a standard temperature effect 
(∂ln pCO2/∂T) of 0.0423 °C−1. It is acknowledged that this temperature 
effect is not a constant, and in fact may fall below 0.03 °C−1 in river-
dominated estuaries (Jiang et al., 2008; Joesoef et al., 2015). However, 
the use of this constant temperature effect allows us to present an 
upper-bound for the temperature effect, and importantly, a con-
servative estimate for combined non-thermal drivers (biology, mixing, 
air-water exchange). In estimating thermal effects on variations in 
pCO2, it is useful to assume some average value for pCO2, and calculate 
the effect of known changes in temperature. To do this, average pCO2 

(for the entire study period) was normalized to the observed tempera-
ture at each sampling time, such that pCO2(T) = pCO2(avg) * exp 
[0.0423 * (TObs – TAvg)]. pCO2(avg) was 1217 and 755 μatm in the 
NewRE and NeuseRE respectively, TObs is the observed temperature, 
and Tavg is the study-average temperature (23.5 and 22.8 °C in the 
NewRE and NeuseRE). pCO2(T) was calculated for each estuarine sta-
tion, then averaged over each segment shown in Fig. 1. It should be 
noted that variations in pCO2(T), by this estimate, are only a function of 
changes in temperature, and are independent of variations in observed 
pCO2. Next, measured pCO2 (pCO2(obs)) was normalized to Tavg, al-
lowing us to calculate pCO2(N-T), which represents the combined non-
thermal effects on pCO2, after the effect of temperature changes on 
solubility have been approximated: pCO2(N-T) = pCO2(obs) * exp 
[0.0423*(Tobs – Tavg)]. Finally, the average thermal and non-thermal 
effects on pCO2 over the entire study period were then determined as 
the range (maximum – minimum) in pCO2(T) and pCO2(N-T) respec-
tively. It is important to note that pCO2(T) and pCO2(N-T) calculated in 
this manner are not intended to represent two components of measured 
pCO2, such that pCO2(T) + pCO2(N-T) = pCO2(obs). Instead, pCO2(T) 
and pCO2(N-T) are independent estimates of the relative impact of 
thermal and non-thermal effects on variations in pCO2.

2.6. Timescales of flushing and air-water exchange

Previous studies have shown that freshwater age (τFW), or flushing 
time, along with organic matter (OM) and nutrient supply, drive inter-
annual variability in CO2 fluxes (Laruelle et al., 2017), especially in 
poorly flushed lagoonal estuaries like the NewRE (Crosswell et al., 
2017) and NeuseRE (Van Dam et al., 2018). Here, we calculate τFW 

using the date-specific freshwater replacement method of Alber and 
Sheldon (1999). Details of the adaptation of this method to the NewRE 
and NeuseRE can be found in Crosswell et al. (2017) and Van Dam et al.
(2018). Similar to the concept of τFW is that of gas transfer residence 
time (τGTV), which is the amount of time required for dissolved gasses in 
a given parcel of water to come to equilibrium with the atmosphere, 
holding all other exchanges constant. For an ideal gas, τGTV is
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where k is the gas transfer velocity, R is the Revelle factor (calculated in
CO2sys from pCO2, DIC, T, and Sal), and Ko is the CO2 solubility. For
surveys where vertical stratification was evident in a given segment
(Salsurface− Salbottom > 3; n= 3 in the NewRE, n=5 in NeuseRE), h
was approximated as half of the total water depth; h was set to the total
water depth when waters were vertically mixed.

3. Results

3.1. Pre-flood surveys (Sept 8-Sept 30, 2015)

Prior to the arrival of hurricane Joaquin, discharge from the New
and Neuse River fluctuated around median values for the season
(Fig. 2a,b), and both estuaries were weakly stratified with hypoxic to
anoxic bottom waters (Table 1). Consistent with typical Fall conditions
and relatively high T (26–29 °C), PPR and Chl-a were elevated in the
upper regions of both estuaries. As reported previously for the NeuseRE
under moderate-flow conditions, pCO2 was spatially variable in the
lower estuary, with regions above and below equilibrium with the at-
mosphere (Fig. 3) (Crosswell et al., 2012; Van Dam et al., 2018). Due to
the high spatial variability in pCO2 in the NeuseRE, and high salinity in
the NewRE, average pre-storm CO2 fluxes were low, at< 20mmol C
m−2 d−1 in both estuaries (Table 2).

3.2. Event characterization

Hurricane Joaquin reached tropical storm designation on Sept 29,
2015 and peaked at category 4 status just north of the Bahamas on
October 3 (Berg, 2016). While the hurricane passed well east
(~900 km) of the study area, moisture associated with the storm in-
teracted with a stalled low-pressure system that lingered over the
southeastern US, contributing to significant rainfall and historic
flooding in South and North Carolina. Total rainfall during this event
was> 38 cm over much of the study area, including most of the New
and Neuse River watersheds (Fig. 1). This precipitation drove peak river
discharges of 53 and 278m3 s−1 in the New (Oct 4, 2015) and Neuse
(Oct 7, 2015) respectively. Wind speeds over eastern NC were only
moderately impacted by hurricane Joaquin; daily averages were al-
ways< 10m s−1, and gusts rarely exceeded 20m s−1. This is in con-
trast with previous hurricanes to directly impact the study are, like
Irene, when sustained winds were 30–40m s−1.

3.3. Flood surveys (Sept 30-Oct 13, 2015)

Strong NE winds have been shown to disrupt vertical stratification
in the NeuseRE (Luettich et al., 2000), and winds above 7m s−1 can
drive sediment re-suspension in the NewRE (Brown et al., 2014; A.
Whipple, personal communication) Conditions such as these persisted
from Oct 3 to 7, which thoroughly mixed the middle NewRE, although
stratification persisted throughout the storm in the upper estuary
(Fig. 4a). Continuous vertical profile data were not collected in the
NeuseRE, but wind speeds of up to 10m s−1 during the storm (Fig. 2a)
likely drove some degree of vertical mixing (Luettich et al., 2000).
Nevertheless, the Oct 12 survey in the NeuseRE showed strong strati-
fication, suggesting that wind-driven vertical mixing was not sufficient
to completely aerate bottom waters. This is in stark contrast to the
impact of Hurricane Irene on the NeuseRE, where inferred sediment re-

Fig. 2. Time-series of river discharge (m3 s−1) and wind speed (m s−1) in the NeuseRE (a) and NewRE (b). Time-series of sectional-average CO2 fluxes for both
estuaries (c); the horizontal line represents net air-water equilibrium with respect to CO2. The period of maximum storm impact is indicated by the black arrow on the
date axis.

proportional to the depth of the surface mixed layer (h) divided by the 
molecular diffusivity (D/z) (Broecker and Peng, 1974). Because CO2 

exchanges not only with the atmosphere, but also with the carbonate 
buffering system, τGTV for CO2 increases with the size of the DIC pool 
and 1/pH, and can be approximated by the following equation (Ito 
et al., 2004; Jones et al., 2014):



suspension and water column de-stratification supported approximately
40% of during-storm CO2 fluxes (Crosswell et al., 2014).

High river discharge was associated with increased DOC and de-
creased DIC concentrations in both rivers, consistent with a logarithmic
relationship between DOC (positive slope) or DIC (negative slope) with
discharge (Fig. 5). No clear relationship between TDN and discharge
was observed. The concentration of DOC during the storm exceeded the
value predicted by the relationship between discharge and concentra-
tion in both estuaries (Table 1), suggesting the input of additional
terrestrial organic matter. DIC during the storm was greater than a log-
linear relationship between discharge and concentration would predict
(Fig. 5), by a factor of ~30% in the New River. However, DIC did not
depart significantly from the long-term relationship between discharge
and concentration in the Neuse River. Consistent with elevated DOC
loading, and reduced PPR (Table 3), ΔpCO2 rose rapidly to a maximum
of 4293 and 3302 μatm in the NeuseRE and NewRE respectively. In-
creases in pCO2 were strongly associated with decreased T, DO, Sal, and
pH, which fell steadily in both estuaries until reaching a minimum on
Oct 12 (NeuseRE) and Oct 7 (NewRE) (Table 3). DO fell to 65 and 57%
in the upper NewRE and NeuseRE respectively, suggesting that much of
the pCO2 increase was generated through the respiration of terrestrial
organic matter. Average CO2 fluxes for the during-storm period were
between 4 and 16 times greater than during the pre-storm period, 265
and 62mmol C m−2 d−1 in the NewRE and NeuseRE respectively
(Table 2).

3.4. Post-flood surveys (Oct 13-Nov 4, 2015)

River discharge began to decrease in the week following the storm
(Fig. 2a,b), but historic rainfall in the upper reaches of the watershed
(Fig. 1) maintained levels well above base-flow. DOC inputs from the
New River remained high after the storm, compared with values pre-
dicted by the log-linear relationship with discharge (Fig. 5b), while
DOC in the Neuse River returned to predicted concentrations by the 29
Oct survey (Table 1). Both estuaries were moderately to strongly

Table 1
River end-member DOC/DIC/DIN values for each survey date, along with the expected concentration derived from the best-fit equations shown in Fig. 4.

Measured Expected (long-term average) % difference

Survey date Discharge (m3/s) DOC (μM) DIC (μM) TDN (μg L−1) DOC (μM) DIC (μM) TDN (μg L−1) DOC (μM) DIC (μM) TDN (μg L−1)

New river 9/8/15 1.1 929 1615 127 637 1871 156 46 −14 −19
10/7/15 37.5 2174 507 115 1560 389 128 39 30 −10
11/4/15 7.1 1314 902 133 1022 818 140 29 10 −5

Neuse river 9/29/15 36.1 559 825 53 541 532 62 3 55 −15
10/12/15 209.2 894 325 61 723 337 77 24 −3 −21
10/29/15 28.0 526 708 81 519 569 60 1 25 35

Fig. 3. Scatter plots of salinity vs pCO2 (μatm) in the NeuseRE (a) and NewRE
(b), for pre-flood (blue), flood (red), and post-flood (green) surveys. The hor-
izontal black dotted line represents approximate equilibrium with the atmo-
sphere (pCO2=400 μatm). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Average ΔpCO2 (μatm) and CO2 flux (mmol C m−2 d−1) for each survey period before, during, and after flooding. Total column represents the sum of sectional
averages, weighted by the respective surface area of each segment.

Upper Middle Lower Total

ΔpCO2 CO2 Flux ΔpCO2 CO2 Flux ΔpCO2 CO2 Flux ΔpCO2 CO2 Flux

NeuseRE 9/29/15 2790 175 113 8.3 81 5.7 258 17
Pre-flood
10/12/15 4293 201 1671 99 562 32 1109 62
Flood
10/29/15 628 34 −59 −4.2 0.25 0.017 22 0.9
Post-flood

NewRE 9/8/15 617 28 252 11 233 9.6 379 17
Pre-flood
10/7/15 3302 446 1530 201 389 49 1982 265
Flood
11/4/15 1550 87 409 23 132 6.9 772 43
Post-flood



stratified during the post-flood survey, and bottom waters were hypoxic
or sub-oxic (Table 3). Despite moderate decreases in ΔpCO2 accom-
panied by elevated DO and Chl-a in the upper NewRE, low rates of PPR
kept ΔpCO2 above 0, between 132 and 1550 μatm in the lower and
upper segments, respectively (Fig. 2). In the NeuseRE, however, ΔpCO2

fell to 0 and− 59 in lower and middle segments by the time of the post-
storm survey on October 29. This ΔpCO2 decrease was accompanied by
elevated Chl-a, DO, and PPR (Table 3). Despite net CO2 uptake in the
large lower segments, high ΔpCO2 in the upper estuary (628 μatm)
maintained small but positive CO2 fluxes in the NeuseRE as a whole
during the post-flood period (Fig. 2a). Average CO2 fluxes during this
period reflect combined increases in DOC and DIC loads, along with
elevated phytoplankton biomass. Hence, post-storm CO2 fluxes were
midway between pre- and during-flood values, at 43 and 0.9 mmol C
m−2 d−1 in the NewRE and NeuseRE respectively (Table 2).

3.5. Timescales of flushing and air-water exchange

Before the storm, cumulative τFW was 136 and 90 days in the
NeuseRE and NewRE respectively, above the annual average (58 and
46 days), while τGTV was 6.5 and 6.8 days (Fig. 6). This is well below
the approximately 1-year mean τGTV typically reported for the global
ocean, but much closer to the week- or month-long time scale of many
coastal and equatorial regions (Jones et al., 2014). It is unclear whether
our estimates of τGTV are representative of other estuaries, either
globally or regionally. As pCO2 rose during the flood surveys, τGTV

correspondingly fell by around 60% to 2.0 and 2.6 days in the NeuseRE
and NewRE respectively. At the same time, elevated river discharge
caused average τFW in the NewRE to rapidly fall to 9 days. Total τFW for
the NeuseRE only fell to 128 days, apparently due to the slow response
time of the large lower segment of this estuary. τFW in the relatively
small upper and middle segments of the NeuseRE were 1.7 and
8.4 days, respectively, during the storm survey. After the study period, a
series of winter storms inundated the watershed in the months fol-
lowing Joaquin, decreasing τFW in the lower NeuseRE to a minimum of
19.8 days on 20 January 2016 (Van Dam et al., 2018).

In both estuaries, τFW and τGTV decreased during Joaquin, indicating
that water spent less time in the estuary, while at the same time, CO2

was vented more rapidly to the atmosphere. This was most prominent
in the NewRE, where τFW was approximately 20 times greater than
τGTV. Both τFW and τGTV were very low in the upper NeuseRE, but τFW in
the lower segment did not change significantly during the storm, due to
a large lag-time between water leaving the head of the estuary and
reaching this segment. We can summarize by inferring that both τFW
and τGTV responded similarly to the elevated discharge during Joaquin
across the entire NewRE. In the NeuseRE, however, there was a long-
itudinal gradient. The upper estuary was sensitive to changes in both
τFW and τGTV, while the lower segment only responded to changes in
τFW.

Fig. 4. Time-series contour plots showing vertical salinity distributions in the upper NewRE (a), and middle NewRE (b). The period of maximum storm impact is
indicated by the black arrow on the date axis. Data collected by Autonomous Vertical Profiler (AVP) buoys at two stations in the NewRE.

Fig. 5. Scatter plots of river discharge (Q, m3 s−1) against DIC (μM) and DOC (μM) for the Neuse RE (a) and NewRE (b), where the sampling point closest in time to
peak storm flow is emphasized as the enlarged dot. Linear regression and correlation coefficients (R2) are shown for the relationship between log Q and solute
concentration.



4. Discussion

4.1. Role of flooding in the context of annual CO2 fluxes

Annual CO2 emissions for the 2015 water-year (27 Oct 2014–26 Oct
2015) were 15.7 and 7.7 mmol C m−2 d−1 (Van Dam et al., 2018),
corresponding to a total annual flux of 4.5× 108 and 9.9×108 mol C
in the NewRE and NeuseRE, respectively. Average CO2 fluxes during
the storm surveys were 265 and 62mmol m−2 d−1 in the NewRE and
NeuseRE (Table 1), corresponding to a total flux of 3.0× 108 and
3.1×108mol C, if daily fluxes are scaled up to the 14 day ‘storm’
period. Hence, CO2 fluxes during Joaquin were responsible for ap-
proximately 44% of the total annual flux in the NewRE, and 31% in the
NeuseRE. Crosswell et al. (2014) determined that the combined effects
of high winds and storm surge during Hurricane Irene drove CO2 fluxes
of 4080mmol C m−2 d−1, approximately 9 times higher than the
maximum observed value of 446mmol C m−2 d−1 during this study
(Fig. 2). Wind-dominated events in other estuaries were associated with
CO2 fluxes well below those during Irene (Fig. 7). Flooding events had
variable impacts on air-water CO2 exchange, from a minimum of
51.5 mmol C m−2 d−1 in a small New England estuary, to a maximum
of 669mmol C m−2 d−1 for the Mississippi River plume, with CO2

fluxes determined in the present study lying between these extremes.
Both the NewRE and NeuseRE have the potential to be net sinks for
atmospheric CO2 during relatively dry years, and are otherwise small
CO2 sources (Crosswell et al., 2012, 2014, 2017; Van Dam et al., 2018).
Therefore, it is clear that storm events such as Joaquin must be ac-
counted for when estuarine CO2 fluxes are incorporated into annual
ecosystem C budgets, or broader, regionally or globally scaled budgets.

4.2. Drivers of pCO2: thermal effects

Before the storm, pCO2(T) was well above pCO2(N-T) in the NewRE
and all but the upper NeuseRE. As cooler floodwaters entered both
estuaries, pCO2(T) decreased slightly, but pCO2(N-T) increased by a
factor of 2-8× (Fig. 8b-g). Hence, the rapid increase in pCO2 observed
during the storm was driven by inputs of CO2 from mixing and net
respiration, which far outweighed the thermal effect, acting to decrease
pCO2. Following the storm, pCO2(N-T) began to fall as PPR increased
(Table 3) and DOC loads decreased (Table 1), while pCO2(T) remained
relatively low. Over the entire study period, however, pCO2 closely
tracked pCO2(N-T), suggesting that non-thermal effects like net eco-
system metabolism and mixing drove temporal variations in pCO2. The
ratio of thermal to non-thermal effects (T/N-T= pCO2(T)/pCO2(N-T))
was below 0.3 in all estuarine segments except the lower NewRE (T/N-
T= 0.76). In this portion of the lower NewRE, PPR and Chl-a are
generally low (Table 3), and the estuary is strongly influenced by tidal
exchange with the ocean.

While non-thermal drivers of pCO2 (net biological and mixing ef-
fects) were dominant during this flooding event, solubility-related
thermal effects were non-negligible. We estimate that if T had remained
at pre-flood values throughout the storm, average pCO2 for the flood
survey would have increased from 2431 and 1563 μatm to 3341 and
1964 μatm in the NewRE and NeuseRE respectively (holding the bio-
logical effect of decreased T constant). Hence, cooler temperatures
during the flood had the counterintuitive effect of reducing pCO2 by
between 27 and 38%. Similarly, the return of warmer, saltier water was
responsible for an approximate doubling of pCO2 after a large flood in a
subtropical Australian estuary (Ruiz-Halpern et al., 2015), although this
effect was limited to downstream reaches closest to the ocean. On the
contrary, thermal effects were deemed insignificant during Hurricane
Irene (Crosswell et al., 2014), highlighting an important distinction
between wind- and flood-driven events. While relatively stable tem-
peratures typical of a wind-dominated event may allow biological and
physical factors to drive variations in pCO2, temperature change during
flooding may conceal or amplify these non-thermal pCO2 variations. InTa
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the present study, cool fresh water extended across the length of both
estuaries (Table 3), effectively ‘trapping’ CO2 in the water by increasing
its solubility and limiting its loss to the atmosphere. Hence, the net
result of this thermal effect was that more of the CO2 generated within
the estuary (or brought in from the river) was transported laterally to

the coastal ocean, rather than being lost to the atmosphere via air-water
exchange. This lateral export of CO2 may have been significant to the
annual C budget of these estuaries, but a precise quantification of this
flux is beyond the scope of this study.

4.3. Drivers of pCO2: non-thermal effects

4.3.1. Variability in end-member TA and DIC
Respiratory inputs often drive CO2 emissions during storms, but this

CO2 may be produced within the estuary (Crosswell et al., 2014; Ruiz-
Halpern et al., 2015) or in the watershed, and be transported in by
rivers (Hunt et al., 2011, 2014; Van Dam et al., 2018). DOC loads from
both the New and Neuse Rivers increased during the storm, beyond
levels that would be expected for the respective discharge conditions
(Table 1), providing ample organic material to support heterotrophic
processes in the estuary. However, inputs of DIC and TA from rivers
may also vary with discharge, and the ratio of DIC:TA significantly
impacts carbonate system buffering (Joesoef et al., 2017). Hence, these
altered DIC and TA loads may also affect the fate of CO2 in the estuary.
Trends in TA across both the NewRE and NeuseRE were dominated by
mixing between marine water high in TA, and river water relatively
depleted in TA (Fig. 9b). Before the storm, mixing plots show river
water (Sal= 0, TA~900 μM) mixing conservatively with the saltwater
end-members in Pamlico Sound (Sal~20, TA~1500 μM) and Onslow
Bay (Sal~35, TA~2100 μM). During the storm surveys, the saltwater
end members remained constant, while both riverine end-member TA
values fell dramatically, to approximately 270 μM. Following the storm,
riverine TA recovered to nearly pre-storm values, while rainwater di-
luted both the Pamlico Sound (Sal= 20, TA~1000 μM) and Onslow
Bay (Sal= 30, TA~1500 μM) end-members. Accounting for these
shifting end members, conservative mixing appeared to govern TA
distributions in both the NewRE and NeuseRE throughout the study. A
variety of redox and geochemical reactions can contribute to non-
conservative behavior in the TA vs salinity relationship (Cai et al.,

Fig. 6. Time-series plots of τGTV (a) and τFW (b) for the NewRE and NeuseRE. The period of maximum storm impact is indicated by the black arrow on the date axis.

Fig. 7. Horizontal bar chart of storm-driven CO2 fluxes (mmol m−2 d−1) de-
rived from the literature, separated by whether the dominant driver was
flooding (blue) or wind-induced mixing (red). The golden highlighted bars
show the results of this study. References are as follows: a) Crosswell et al.,
2014; b) Bianchi et al., 2013; c) Jeffrey et al., 2016; d) Ruiz-Halpern et al.,
2015; e) Sarma et al., 2011; f) Mørk et al., 2016; g) Hunt et al., 2011; h) Evans
et al., 2012. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)



2017), but these TA sinks/sources must have been in balance, or small
relative to mixing.

While trends in TA through Joaquin were similar between both
estuaries studied, a combination of factors caused the ratio of TA:DIC to
vary with discharge, with important implications for acid-base buf-
fering. Previous studies have identified variations in TA:DIC as an im-
portant driver of estuarine DIC dynamics (Joesoef et al., 2017; Li et al.,
2017). As discussed in Hu and Cai (2013), estuaries where TA:DIC ratio
falls below 1 may exhibit larger pCO2 variations than those where
TA:DIC remains above 1 across the system (Yao and Hu, 2017). In both
the Neuse and New rivers, this TA:DIC ratio is most often below 1, as
reflected in the low-salinity values in Fig. 9b. TA:DIC fell significantly
during the storm in the upper NeuseRE, but by a lesser amount in the
NewRE. The effect of changing TA:DIC on buffering can be represented
with a commonly-used buffer factor, the Revelle factor (R), which is
defined as ∂ln(pCO2)/∂ln(DIC). R varied around 16 as an estuary-wide
average, but a slight increasing trend (insignificant, p-value>0.05) in
both estuaries can be seen (Fig. 9a). Spatial trends, however, were more
complex. Before the storm, R was ~15 in the upper regions of both
estuaries, but low TA flood waters caused R to fall to 5.2 and 2.5 in the
upper NewRE and NeuseRE respectively (Fig. 9a,b). It is likely that
precipitation served to dilute TA of incoming river water, while DIC
remained relatively high (perhaps due to respiratory inputs), effectively
decreasing the TA:DIC ratio and thus R. Because R quantifies the sen-
sitivity of pCO2 to changes in DIC, we can estimate that, for a given
respiratory addition of DIC, the subsequent increase in pCO2 would
have been ~5× larger in the lower estuary than in upper reaches.

Many estuaries exhibit a minimum buffer zone (MBZ), where R is
locally maximized, and pCO2 is most sensitive to DIC inputs (Hu and
Cai, 2013). Van Dam et al., 2018 showed that under normal conditions
the MBZ in the NewRE and NeuseRE occurred at salinity ranges of

10–15 and 4–8, respectively. Here, we show that the MBZ occurred in
the same respective salinity ranges during floods, even though the en-
tire gradient was shifted towards the ocean. Drawdowns in pCO2 as-
sociated with the MBZ occurred in the lower regions of both estuaries;
however, this region constitutes a large fraction (65%) of the total
surface area of the NeuseRE, but a relatively small fraction of the
NewRE (16%). Therefore, these pCO2 reductions had a large influence
in the NeuseRE, driving low CO2 fluxes as a system-wide average, as
opposed to the NewRE, where CO2 drawdown in the lower estuary
could not counteract high CO2 flux in the upper estuary to the same
extent as in the NeuseRE (Table 2). A similar mechanism was invoked
to explain large storm-driven pCO2 variations in the Columbia River
estuary. There, extremely high values of R (~30) interacted with high
wind speed to drive rapid air-water equilibration of CO2 (Evans et al.,
2012).

5. Conclusions

5.1. Key drivers of pCO2 and CO2 fluxes during flooding

Prior studies have demonstrated highly variable impacts of storms
on CO2 emissions from estuaries, ranging from CO2 uptake (Evans et al.,
2012) to significant CO2 degassing (Sarma et al., 2011; Crosswell et al.,
2014; Hunt et al., 2014; Mørk et al., 2016), with the sign and magni-
tude of CO2 flux varying with storm characteristics and estuarine
morphology. In this study, we expand on these studies by investigating
the effect of a large flooding event on air-water CO2 exchange in two
adjacent, but markedly different, estuaries. Despite relatively low wind
speed, CO2 emissions during this ~14-day flood period were high, ac-
counting for 31% to 44% of the total annual CO2 flux in the NeuseRE
and NewRE, respectively. Average CO2 fluxes during Joaquin were

Fig. 8. Bar graph of sectional mean T/N-T for each estuary (a). Time series plots of pCO2, pCO2(T), and pCO2(N-T) for the NewRE (b-d) and NeuseRE (e-g). Arrows
indicate approximate duration of storm impact. In figures b-g, pCO2 is not equal to the sum of pCO2(T) and pCO2(N-T). As discussed earlier, pCO2(T) and pCO2(N-T)
are not intended to represent two components of measured pCO2, but instead, are independent estimates of the relative impact of thermal and non-thermal effects on
variations in pCO2.



within the range of other literature values for both wind-driven and
flood events.

Massive inputs of low-alkalinity fresh water to the expansive lower
NeuseRE, combined with a post-storm phytoplankton bloom, resulting
in a rapidly draw-down of pCO2. This CO2 uptake counteracted rela-
tively high CO2 emissions in the upper NeuseRE, which was likely
sustained by a combination of autochthonous and allochthonous CO2.
On the other hand, respiration of terrestrial organic matter combined
with riverine C inputs drove large CO2 emissions in the relatively large
upper NewRE, which were not mitigated by a similar down-estuary
bloom. While non-thermal drivers like biology, mixing and air-water
exchange dominated variations in pCO2 in the present study, the effect
of decreasing temperature on increasing solubility was non-negligible.
We estimate that a 5 °C drop in temperature during the storm drove

pCO2 reductions of ~30% in both estuaries, likely resulting in an in-
creased export of DIC to the coastal ocean. The results of this study
demonstrate that flooding events can contribute significantly to annual
estuarine carbon budgets, and that sufficient spatial and temporal
coverage during storms is necessary for estuarine CO2 fluxes to be re-
liably assessed over annual time scales.
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