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Abstract: The Mississippi River (MR) discharges on average 474 km3 of water annually into the
Northern Gulf of Mexico (NGOM) with a large quantity of carbon, playing a vital role in the
ecosystem’s food chain and water quality. In this study, we analyzed exports of dissolved inorganic
(DIC) and organic carbon (DOC) from January 2021 to December 2021, during which the contiguous
United States experienced one of the coldest winters as well as the hottest summer on record. Bi-
weekly in situ river measurements and water sampling were conducted in the lower MR at Baton
Rouge in Louisiana, USA, approximately 368 km from the river’s mouth. We found that the MR
transported 12.61 Tg C of DIC and 4.54 Tg C of DOC into the NGOM during the study period. Much
of the DOC mass export occurred during the winter (~38%), while much of the DIC mass export took
place in the spring months (~35%). The seasonality of DOC and DIC exports was affected by their
concentrations, water temperature, and discharge. DIC concentrations were significantly higher in
the fall (32.0 mg L−1) than those during the winter (20.4 mg L−1), while DOC concentrations were
highest during the winter months (11.3 mg L−1) and varied seasonally, however, not significantly.
Partial pressure of dissolved carbon dioxide (pCO2) in the MR averaged 1703 ± 646 µatm peaking in
the summer at 2594 µatm and reaching a low in the winter at 836 µatm. Outgassing of CO2 (FCO2)
peaked in the spring averaging 3.43 g C m2 d−1 and was lowest in the winter at 1.62 g C m2 y−1. Our
findings validate our initial hypotheses that seasonal variability and weather extremes strongly affect
terrestrial-aquatic carbon transfer, and that climate change will likely intensify carbon export from
the Mississippi River Basin.

Keywords: carbon outgassing; seasonality; dissolved inorganic carbon; dissolved organic carbon;
Mississippi River

1. Introduction

Riverine carbon transport is a significant component of the global carbon cycle cur-
rently not well constrained. Despite covering a relatively low portion of the global area,
rivers are a critical conduit connecting two of the world’s largest carbon reservoirs [1–3].
Globally rivers transport inland waters carrying terrestrially derived carbon and essential
nutrients to coastal environments [4–6]. Riverine carbon is transported through outgassing
to the atmosphere as carbon dioxide gas (FCO2) or laterally exported to the ocean. Lat-
eral export of river carbon includes particulate organic carbon (POC, 0.17–0.24 Pg C/y),
dissolved organic carbon (DOC, 0.20–0.36 Pg C/y), dissolved inorganic carbon (DIC,
0.38-0.41 Pg C/y), and particulate inorganic carbon (PIC, 0.05–0.17 Pg C/y) [2,7–10]. Global
fluxes of riverine dissolved carbon are typically greater than that of particulate carbon,
indicating the importance of an accurate estimation of their total flux [4,6,8]. As a signifi-
cant component of the global carbon budget, recent studies have aimed to estimate global
dissolved carbon export from rivers [2,4]. However, our knowledge of the seasonality of
the riverine carbon transport is still limited for predicting future riverine carbon dynamics.
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Dissolved inorganic carbon (DIC) is of critical importance to fluvial and coastal
ecosystem health originating from soil respiration, groundwater, and carbonate weather-
ing [7,11,12]. DIC is utilized by phytoplankton and submerged aquatic vegetation through
photosynthesis and regulates aquatic CO2 concentration. DIC remains the largest terrestrial
carbon pool delivered to coastal ecosystems by fluvial transport [4,8,11]. Consumption and
oxidation of DOC is a significant energy source within aquatic food webs, with implica-
tions for the health of coastal and estuary environments [13–15]. DOC sources primarily
from the decomposition of terrestrial vegetation, runoff of detrital, and autochthonous
DOC from in-stream microorganisms [16–18]. Past estimations of dissolved carbon have
typically utilized long-term data sets to model carbon transport [2,19]. Many of the data
sets used in these studies only account for a particular carbon form, with very few studies
collecting direct measurements of dissolved carbon and fewer collecting multiple carbon
forms [2,4,19]. Past models tend to have a wide discrepancy in total export as they often fail
to account for seasonal variations which have significant impacts on river hydrology and
environmental factors [2,4,6]. The restraints from these global models have emphasized the
need for high resolutions studies on dissolved carbon transport with a direct collection of
river carbon.

In addition to lateral carbon transport, rivers are known to act as a carbon source to
the atmosphere through the outgassing of CO2. Large rivers are often supersaturated with
CO2 with respect to the atmosphere as respiration from aquatic organisms and oxidation of
DOC typically overcome in-stream primary production [5,20,21]. As a greenhouse gas, CO2
outgassing from rivers presents a critical component of atmospheric CO2 with considerable
uncertainty [2,5]. Globally inland waters are estimated to outgas between 0.23–1.80 Pg
of CO2 to the atmosphere annually, potentially equivalent to the total carbon exported
laterally [4,6,20,22,23]. The variability in estimation has largely been due to low-resolution
data and estimations of riverine partial pressure of CO2 (pCO2) based on DIC concentration,
total alkalinity, and river pH [24]. Evasion of CO2 is known to vary both spatially and
temporally due to changes in environment, hydrology, and land-use conditions [20,25,26].
These variations are particularly prevalent in today’s large rivers in subtropical climate
regions [27]. Subtropic rivers have a relatively high pCO2 due to warmer climate, high
precipitation, and increasing biogeochemical activity [21,27,28]. Subtropical regions have
been subject to environment and hydrologic shifts as climate change has increased global
precipitation and atmospheric temperatures [29,30]. Currently, climate change is often
observed as changing mean conditions, less often considering the drastic change in weather
highs and lows. As these changes continue in severity, seasonal variability is predicted to
decline, with summers becoming hotter and longer and winters shorter and milder with
more extreme heat waves and cold snaps [31]. Therefore, studies are needed to quantify
seasonal variation in riverine carbon transport during the extreme years.

In recent years, intensifying effects of climate change have resulted in increased
precipitation, temperatures, and discharge across the Mississippi River Basin [32]. Rising
temperatures throughout the year have resulted in longer summers and shorter winter
seasons with extreme weather events increasing in intensity [31,33,34]. Current models
are projecting these trends to continue, with water temperature in the Mississippi River
expected to increase between 1–8 ◦C over the next 80 years [35]. Additionally, river
discharge has continued to follow a similar trend increasing steadily over the past century
due mainly to land-use change [18,33,36]. River discharge is predicted to increase 11–60%
in the coming century resulting in more regular flooding events [37,38]. These changes
are predicted to increase riverine dissolved carbon exported to the Gulf of Mexico [18,39].
Recent modeling work by Tian et al. [33] has suggested DOC export has increased by
nearly 40% in the last 100 years as much of the basin has undergone severe land use
change and urbanization. Similarly, a study by Ren et al. [18] found DIC is predicted to
increase by up to 65% in the coming century due largely to climate changes, including
increased atmospheric temperature and precipitation. Previous studies simplified seasonal
export from the Mississippi River into a wet and dry season where the bulk of carbon
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is exported during the wet season and the least in the dry season [39,40]. With seasonal
climate continuing to evolve, a more comprehensive evaluation of the temporal variability
of carbon export from the Mississippi River is critical to accurately model future carbon
fluxes and evaluate changes in the export and of carbon from this extensive river network.

With the above introduction in mind, we conducted this study measuring riverine DIC,
DOC, and pCO2 from January to December of 2021, a year with extreme weather variability
across the Mississippi River Basin. Our primary goal was to determine if there was a
significant relationship between seasonality and carbon export in the lower Mississippi
River near its mouth to the Gulf of Mexico. Additionally, we aimed to provide an updated
estimation of the total export from the Mississippi River during a year with unprecedented
weather extremes. Our objectives were to: (1) determine if a substantial seasonal variation
in carbon export was present during an extreme cold winter and hot summer; (2) confirm
the increasing trend in the export of dissolved carbon from the Mississippi River; and
(3) provide direct measurements to assist in future modeling of carbon flux estimations.
With these objectives in mind, we aimed to test the hypothesis that riverine carbon export
will be highest in the warm and wet spring and lowest in the dry and cold winter seasons.

2. Materials and Methods

This study was conducted in the Lower Mississippi River at Baton Rouge in southern
United States (30◦26′23.5′ ′ N 91◦11′30.4′ ′ W). The Mississippi River drains 3.2 million
km2 of land, roughly 41% of the contiguous United States, and discharges each year, on
average over the past four decades, a total of 673 km3 of freshwater into the Gulf of
Mexico through its mainstem channel (474 km3) and its distributary the Atchafalaya River
(199 km3) [41,42]. The study site was on the mainstem and was chosen as it rests roughly
370 km from the river’s outlet into the Gulf of Mexico, eliminating the potential effect of
tidal change and the resulting salinity. Over the last century, the Mississippi River Basin has
undergone rapid urbanization and land-use change, severely impacting terrestrial loading
and transport of carbon [18,36]. Large wetland and forest areas have been converted into
urban and agricultural regions across the Mississippi Basin. These landscape changes
have increased runoff and nutrient addition from wastewater effluent and agricultural
fertilizers to the Mississippi River [32,43]. The lower portion of the Mississippi River has
been heavily engineered to run through a series of levees, effectively cutting the river
off from its floodplain. This modification has increased the speed of carbon transport,
resulting in less organic carbon being stored along the rivers banks [44,45]. The faster rate
of transportation has also decreased the time for organic carbon to be oxidized to CO2 on
this route, increasing overall organic carbon export [45].

Climate conditions in this region are humid and subtropical, with hot and humid
summers and mild winters rarely reaching sub-freezing temperatures. Our study location
is in a 16 km straight shot of the river, where the water is well mixed. According to a river
channel study of the Mississippi River by Wang and Xu [46], the average width of the
Mississippi River at Baton Rouge was about 1200 m and the average depth at the location
was 10 m. Our sampling location was on a local barge approximately 80 m into the river,
where conditions were turbulent and under constant flow.

We conducted monthly and bi-weekly in situ measurements at the sample site between
January and December of 2021 (Figure 1). Our sample schedule ensured we collected all
samples and measurements between 9:00 and 9:30 AM Central Standard Time (CST). During
each sampling trip, we took in situ measurements of partial pressure of carbon dioxide
(pCO2) (C-SenseTM sensor Turner Designs, San Jose, CA, USA) and measured dissolved
oxygen (DO), water temperature, conductivity using a YSI 556 multi-probe meter (YSI
Inc., Yellow, Springs, OH, USA). NO2 + NO3 concentrations were taken from USGS gauge
station # 07374000 (https://waterdata.usgs.gov/nwis/uv?site_no=07374000, accessed on
31 July 2022), choosing an hourly reading closest to our sample time. We collected water
samples approximately 80 m from the riverbank in well-flowing river water. Samples were
taken approximately 30–50 cm below the surface using a grab sampler.

https://waterdata.usgs.gov/nwis/uv?site_no=07374000
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Figure 1. Discharge of the Mississippi River at Study site (USGS # 07374000) over study period
January–December 2021. Red dots represent sample dates.

Each trip, the grab sampler was rinsed three times with river water, in addition to
rinsing the acid rinsed HDPE sample bottle three times with river water. Once thoroughly
rinsed, we collected a composite sample consisting of three individual water samples
into the HDPE sample bottle. We then filtered river samples into a precleaned 40 mL
glass vial using a 0.2 µm filter with a capped pierceable lid and immediately placed the
sample on ice. Following the sample, trip samples were placed in a fridge until delivered
to LSU Wetland Biogeochemistry Analytical Services (WBAS) laboratory in Baton Rouge
LA, United States for DIC and DOC analysis. Water samples were analyzed using a
Total Organic Carbon Analyzer (TOC-L CHS/CSN Shimadzu, Kyoto, Japan) using the
680 ◦C combustion catalytic oxidation method with nondispersive infrared sensor (NDIR)
detection. The instrument was calibrated using TC and IC standards, TOC was then
calculated from the TC (Total Carbon) and IC (Inorganic Carbon) concentrations.

We calculated the mass flux of DIC and DOC using supplemental discharge data
from USGS# 07374000. We multiplied discharge data by average monthly DIC and DOC
concentrations to determine annual total DIC and DOC mass loadings (Lannual) in tera
grams per day (Tg/d). Average monthly DIC/DOC concentration values were assumed to
represent the month due to the frequency of samples:

Lannual = ∑
month

Q×
(

∑ Ldaily

∑ Qdaily

)
(1)

whereby Ldaily is the daily load of sampled DIC and DIC from each sample date (Tg C d−1).
Qdaily is the total daily discharge (km3 d−1) of each sample date in each month. Q is the
average total discharge of a given sample month (km3 mo−1) CO2 outgassing (FCO2 in
mmol CO2 m2 h−1) estimates between the river and air were calculated using the following
equation from Cai and Wang [47]:

FCO2 = KTKH(pCO2 water − pCO2 air) (2)

KT is the gas transfer velocity (m/d), we elected to use 3.9 as was consistent with a recent
study conducted at the same location by Reiman and Xu [39]. The value is slightly higher
than 3.0 found by Raymond et al. [5] for 10th order streams. However, as gas transfer
velocity is highly variable and not well constrained, we elected to remain consistent with
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previous finding confirmed by Dubois et al. [48]. We calculated KH using the following
equation developed by Weiss [49]:

LnKH = A1 + A2

(
100
T

)
+ A3

(
T

100

)
+ S

[
B1 + B2

(
T

100

)
+ B3(

100
T

)
2
]

(3)

T is the water temperature in kelvin and constants A1, A2, A3, B1, B2, and B3 are
given to be A1 = −58.0931, A2 = 90.5069, A3 = 22.2940, B1 = 0.027766, B2 = −0.025888,
B3 = 0.0050578. S is the salinity, which was assumed to be 0 as the Mississippi River is
considered freshwater. pCO2 water is the value measured using the C-Sense sensor (Turner
Designs, San Jose, CA, USA). Due to damaged equipment during the summer month, we
used a regression model (r2 = 0.792) shown below to account for three pCO2 readings
during June and July. Where Q is river discharge (m3 s−1) at the time of sampling (09:00
CST) and DO is recorded dissolved oxygen at time of sampling (mg L−1).

pCO2 = 0.02352×Q− 302.23305× DO + 3786.45046 (4)

pCO2 air was assumed to be 410 µatm for all calculations; however, due to the local
oil refinery and infrastructure, atmospheric CO2 at Baton Rouge can often be higher than
average conditions. While temporal changes in atmospheric CO2 are known, a constant
value was assumed for all calculations of FCO2.

Discharge data were averaged into monthly means for flow-weighted mass export
calculations. A Pearson’s correlation matrix was used to look for significant (p < 0.05)
correlations across the overall data, specifically between carbon measurements and ambient
water parameters. Linear regressions were used for modeling the relationships between
carbon measurements and river discharge and temperature across the entire study. With
seasons as factors, a one-way analysis of variance (ANOVA) was chosen to determine if
seasonal variation occurred across any of our carbon data or highly correlated variables. All
ANOVAs were followed by a post hoc Tukey test to determine the significant differences
across factors of the ANOVA. While some data management and organization were done
using Microsoft Excel, all statistical analysis was done in R version 4.2 and ran in R studio
(Boston, MA, USA).

3. Results
3.1. River Discharge and Ambient Conditions

During the study period from January 2021 through December 2021, discharge of the
Mississippi River at Baton Rouge (USGS# 07374000) averaged 15,852 m3 s−1 (Std. Dev,
± 6897 m3 s−1). Discharge ranged from a maximum of 31,998 m3 s−1 in April to a low
of 6909 m3 s−1 in December (Figure 1). Spring flow was highest during the study year
accounting for 37.3% of total annual discharge. Comparatively, summer, fall, and winter,
19.9%, 14.2%, and 28.6% of annual discharge. Discharge during 2021 was on average 6%
lower than the previous 16 years at the same site (16,859 ± 8247 m3 s−1).

Annual mean water temperature in the Mississippi River at Baton Rouge in 2021
(18.76, ±8.48 ◦C) was nearly identical to the previous 12-year average from 2008–2020
(18.31, ±8.68 ◦C). While mean temperature was consistent with previous years, a seasonal
breakdown revealed increased temperature variability (Table 1). The 12-year mean water
temperatures during spring (21.0 ◦C) and summer (28.7 ◦C) were both 1 ◦C higher in this
study. Long term averages for fall (15.4 ◦C) and winter (8.1 ◦C) deviated more drastically
with winter temperatures 16% lower (6.82, ±3.18 ◦C) and fall 28% higher (19.7, ±7.09 ◦C)
than previous years. Fall water temperature remained above 10 ◦C for the entire season for
the first time in the past decade, stressing the rising temperatures and unique weather of
this study. River temperature ranged from a three-decade low of 2.3 ◦C in mid-February
to a high of 30.5 ◦C in late July. Water temperatures were considerably lower in February
following a disturbance in arctic oscillation resulting in a drastic temperature drop across
the Mississippi River Basin which brought water temperatures to a near record low. With
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seasonal water temperatures on average greater during our study period it is of note that
the previous 12 years have shown an already increasing trend in water temperature.

Table 1. Average concentration of water measurements across seasons with (±standard deviation).
Turbidity measured in NTU (Nephelometric Turbidity Units) cDOM, NH4, Chl-a, and Phycocyanin
measured in AFU (Arbitrary Fluorescence Units).

Season Temp
◦C

DO
mg L−1

pH Turbidity
NTU

cDOM
AFU

NH4
AFU

Chl-a
AFU

Phyco
AFU

Winter 6.82 ± 3.18 11.43 ± 1.31 8.06 ± 0.7 92.85 ± 36.55 59.31 ± 5.13 83.75 ± 7.24 230.62 ± 45.02 127.32 ± 29.08
Spring 22.6 ± 4.92 6.81 ± 0.73 7.89 ± 0.22 41.6 ± 17.54 59.56 ± 2.62 83.55 ± 3.59 148.85 ± 17.05 77.35 ± 27.45

Summer 29.0 ± 0.95 6.07 ± 0.39 7.79 ± 0.09 85.32 ± 77.91 61.47 ± 12.04 88.64 ± 19.32 175.95 ± 55.08 97.05 ± 61.37
Fall 19.7 ± 7.09 8.21 ± 1.56 7.84 ± 0.06 30.37 ± 20.04 54.97 ± 4.67 76.41 ± 6.49 130.73 ± 24.05 54.38 ± 19.24

Other ambient parameters also showed seasonal differences. Dissolved oxygen con-
centration was highest in the winter season averaging (11.4 ± 1.3 mg L−1) and lowest in
the summer at (6.2 ± 0.4 mg L−1) (Table 1). cDOM (61.47, ±12.04 AFU) and NH4 (88.64,
±19.32 AFU) showed a slight increase in the summer months following a spike in discharge
in mid-July. Chlorophyll-a (230.62, ±45.02 AFU) and phycocyanin (127.32, ±29.08 AFU)
where highest in the winter season correlating positively with low temperatures and high
turbidity (92.85, ±36.55 NTU). NO3+NO2 concentrations were significantly correlated to
river discharge across our study period (r2 = 0.29, p < 0.05). Concentrations of NO3+NO2
were highest during the spring season (1.15 ± 0.18 mg L−1) and lowest during the late
summer (0.82 ± 0.41 mg L−1).

3.2. Seasonal Trend of DIC and DOC Concentrations

Mean concentrations of dissolved organic and inorganic carbon had a strong seasonal
distribution within the Mississippi River. DIC concentrations increased throughout the year
from a minimum average in the winter at (20.4 ± 1.5 mg L−1) (standard deviation) rising
steadily through the spring and summer to a mean fall concentration of (32.0 ± 3.9 mg L−1)
(Table 2). DOC concentrations inversely were highest in the winter months, correlating
significantly with the low winter temperatures (p < 0.05). Discharge was significantly and
inversely correlated with DIC concentrations (p < 0.05). Based on a one-way ANOVA
and post hoc Tukey test, DOC concentration had no significant seasonal concentration
variation. While not significant, DOC did decrease in the spring and summer with rising
discharge and temperatures. Meanwhile, DIC displayed a significant difference in mean
concentration between winter and the remaining three seasons (Figure 2).
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The DIC: DOC ratio within the Mississippi River increased steadily throughout the
year from a low in March (1.4) directly following the cold winter event to a high (6.1) in
late August following a month-long heatwave with temperatures averaging >29 ◦C. The
ratio of DIC: DOC remained below 2.0 for one of the winter samplings dates (19 March),
which was on the latter end of the season when temperatures and discharge of the river
had begun to rise. The ratio remained above 2.0 for the remainder of the year aside from
one sample point in July following a two-week period where river discharge rose 30%.

Table 2. DIC, DOC, NO3 and NO2 and river discharge across all sample dates.

Sample Date DIC
mg L−1

DOC
mg L−1

NO3 + NO2
mg L−1

Q
m3 s−1

15 January 2021 18.8 9.58 0.98 19,708.53
12 February 2021 20.1 12.4 1.06 18,009.51
26 February 2021 22.3 12.5 1.09 14,186.74

03 March 2021 21.1 12 1.04 16,395.45
07 March 2021 18.5 13.1 0.92 20,048.33
19 March 2021 21.4 8 1.11 25,570.11
20 April 2021 25.3 5.58 1.15 30,299.03
14 May 2021 24.7 7.06 1.16 23,587.93
16 June 2021 25.3 7.69 1.37 20,416.45
29 June 2021 29.3 11.1 0.93 16,083.97
16 July 2021 21.4 13 1.37 17,867.93
28 July 2021 25.36 8.97 1.09 18,547.53

14 August 2021 32.2 8.46 0.7 9259.61
27 August 2021 29.3 4.81 0.37 9882.58

24 September 2021 29.1 8.5 0.56 7928.72
15 October 2021 30.76 10.3 0.6 7475.65

12 November 2021 28.83 13.01 1.12 11,468.32
13 December 2021 36.4 8.26 1.24 6937.63

3.3. Seasonal Variation in Partial Pressure and Outgassing of CO2

The partial pressure of CO2 in the Mississippi River was supersaturated with re-
spect to the atmosphere (greater than 410 µatm) across all 18 sample dates, averaging
(1703 ± 646 µatm, Figure 3). pCO2 varied widely across seasons rising from low win-
ter (1002 ± 233 µatm) concentrations to a high in the spring (2326 ± 40 µatm) summer
(2223 ± 283 µatm) then steadily declining into the late fall (1408± 442 µatm). pCO2 reached
a low of 836 µatm directly following a drop in water temperature to near record low of
2.3 ◦C. pCO2 was near twice the winter concentration in all other seasons. pCO2 had a
significant and positive correlation with water temperature and inverse relationship with
DO (p < 0.05, Figures 4 and 5). Dissolved oxygen correlated negatively and significantly
with pCO2 (p < 0.05, Figure 6) and positively with Chlorophyll-a (p < 0.01, Table 2). River
turbidity, Chlorophyll-a and cyanobacteria presence were all highest in the winter season
at 92.85 NTU, 230.62 AFU and 127.32 AFU. These parameters saw a drastic decline in the
spring season at nearly half their winter values.
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Outgassing rates followed a similar trend to pCO2, averaging 2.32 ± 0.77 g m−2 d−1

and ranging from a winter low of 1.62 g m−2 d−1 to a spring high of 3.43 g m−2 d−1

(Figure 3). Rates remained much higher in the warmer spring and summer months, nearly
double the winter, and fall. The highest rate of CO2 outgassing occurred in April 3.70 g
m−2 d−1 in concurrence with the peak discharge of 31,998 m3 s−1 witnessed in our study.

In total, the Lower Mississippi outgassed 865 g C m−2 (Table 3) totaling 267.18 Gg
C for the study year. The bulk of this occurred in the spring and summer, i.e., 169.92 Gg
C (or 63.6%). Outgassing was calculated based on direct pCO2 measurements and water
temperature which both followed a similar seasonal trend. The least amount of outgassed
CO2 occurred in the winter season (43.28 Gg C) and this corresponded with low river
temperature and pCO2.

3.4. Mass Export of DIC and DOC

During our study period, a total of 12.61 Tg of DIC was exported to the Northern
Gulf of Mexico from the lower Mississippi River (Table 4). During this period the greatest
export occurred in the spring at 37.9%. The lowest export was in the fall where only 18.1%
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(Table 3) of the annual load was exported. This ratio was nearly identical to that of the river
discharge that accounted for 37.3% of annual flow in the spring compared with 14.2% in
the fall. However, this was inverse when looking at concentration of DIC which increased
throughout the year and was highest in the fall (32.0, ±3.9 mg L−1) (Figure 5).
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Table 3. Total mass export of dissolved inorganic carbon (DIC) dissolved organic carbon (DOC), CO2

outgassing (FCO2), and river discharge (Q). with seasonal percentage of the annual total.

Season DIC
Tg

DOC
Tg

FCO2
g C m−2 d−1

Q
km3

Winter 2.88
(22.8%)

1.56
(34.5%)

1.62
(16.2%)

143.1
(28.6%)

Spring 4.78
(37.9%)

1.31
(28.9%)

3.43
(35.9%)

186.4
(37.3%)

Summer 2.68
(21.2%)

0.91
(20.1%)

2.72
(27.7%)

99.5
(19.9%)

Fall 2.28
(18.1%)

0.75
(16.5%)

2.03
(20.3%)

71.0
(14.2%)

Total 12.61 4.54 864.6 500

During the same period the Mississippi River exported 4.54 Tg of DOC, about one
3rd the DIC load. DOC load (1.56 Tg) was greatest in the winter, accounting for 34.5%
of the annual total (Table 3). DOC correlated significantly with both cyanobacteria and
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chlorophyl-a which were both significantly higher in the winter (p < 0.05) and nearly half
in the drier and warmer fall months.

Table 4. Comparison of previous studies of dissolved carbon and outgassing from the Missis-
sippi River.

Study
Period

Q DOC DIC pCO2 FCO2

Km3 yr−1 Tg C yr−1 µmol L−1 Tg C yr−1 µmol L−1 µatm g C m−2 yr−1 Reference

2021 500 4.54 806 ± 218 12.61 2129 ± 419 1703 ± 646 864.6 This Study
2015–2018 548 3.95 607 ± 158 12.25 1782 ± 585 1500 ± 743 654 [39]
2009–2010 550 1.6 296 ± 54 - - - - [50]
2006–2008 457 1.88 307 ± 28 13.6 2421 ± 480 - - [40]
2000–2001 374 1.51 375 ± 42 - - 1362 ± 267 1077 ± 407 [48]
1971–2000 - 2.6 ± 0.4 - 18.8 ± 3.4 - - - [33] *

Note: * Findings based on simulated models.

4. Discussion

Our study took place during a year with significant seasonal variability. 2021 was one
of the hottest years on record across the Mississippi River Basin and was above average
in annual precipitation. Severe weather extremes throughout the year contributed to
conditions being above the long-term average. One such example was intense variability
in winter conditions as a severe weather event brought on by a destabilization of the polar
vortex event provided much of the basin one of the coldest winters on record. Across
the basin the bulk of the annual precipitation occurred in the spring and summer with
conditions becoming much drier and hotter leading into the fall season. The abnormal
precipitation and temperature contributed and were emphasized by the seasonal variation
in riverine carbon transport.

Table 5. Pearson correlation coefficients for measured parameters. Phycocyanin (Phyco), chloro-
phyll-a (Chl-a), colored dissolved organic matter (cDOM), ammonium (NH4), turbidity (N), water
temperature (T), specific conductivity (SC), dissolved oxygen (DO), pH, partial pressure of carbon
dioxide (pCO2), dissolved inorganic carbon (DIC), dissolved organic carbon (DOC) and discharge Q.
Only significant relationships displayed (p < 0.05).

Phyco Chl a cDOM NH4 N T SC DO pH pCO2 DIC DOC Q

Phyco 1.00
Chl a 0.94 1.00

cDOM 0.69 0.63 1.00
NH4 0.67 0.62 0.99 1.00

N 0.79 0.70 0.58 0.63 1.00
T - −0.59 - - - 1.00

SC −0.57 −0.51 - - −0.54 - 1.00
DO - 0.57 - - - −0.97 - 1.00
pH - - - - - - - - 1.00

pCO2 - - - - - 0.90 - −0.95 −0.15 1.00
DIC −0.78 −0.77 −0.48 −0.48 −0.71 0.54 0.86 −0.48 −0.09 - 1.00
DOC 0.49 0.55 - - - - - - 0.05 −0.49 - 1.00

Q - - - - - - -0.91 - 0.20 - −0.66 - 1.00

Findings from this study indicate significant seasonal variability in dissolved carbon
export from the Mississippi River to the Northern Gulf of Mexico. As shown in previous
studies by Reiman and Xu [39] & Joshi [41], DIC export varied significantly with tempera-
ture and discharge [51]. Extreme and abnormal temperature, precipitation, and discharge
variability across the study period magnified this effect. One such event during the winter
was followed by river temperatures far below the 14-year seasonal average at near-record
lows with river temperature below 5 ◦C for over a week. Following this event, the highest
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DOC concentration (13.1 mg/L) and lowest pCO2 (836 µatm) from our study were recorded.
Recent studies on carbon transport by Raymond and Bauer [15] and Bianchi et al. [17] sug-
gested instream processing of organic carbon increases from headwaters to the coast [39].
The abnormally high winter DOC was considered to be attributed to a decrease in stream
processing of DOC to DIC as low temperature hindered biogeochemical processes. As a net
heterotrophic system [52] decreased winter processing of DOC is consistent with previous
findings by Reiman and Xu [53] of diel variability of pCO2 during the summer months
compared to spring. While winter discharge was around one quarter of the annual, over
1/3rd of total DOC was exported this season (Table 3).
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DIC was the primary form of carbon in the Mississippi River, accounting for approx-
imately 75% of total dissolved carbon exported in our study. While DIC was negatively
correlated to river discharge (r2 = −0.66 p < 0.05), it remained the dominant form of carbon
through all seasons. DIC concentration increased throughout the year with increasing
water temperature and decreasing discharge. DIC concentration was correlated most sig-
nificantly with discharge and water temperature (Table 5), as found in previous works by
Tian et al. [33] & Reiman and Xu [39]. DIC and pCO2 were not correlated significantly, as in
the fall season, pCO2 decreased while DIC increased. A study by Abril et al. [24] found the
use of DIC or total alkalinity to calculate pCO2 empirically resulted in an overestimation
of overall pCO2 from rivers. These findings suggest that in the Mississippi, DO and dis-
charge may be a better fit for determining pCO2 as nearly all study parameters significantly
impact DIC.

Nearly 40% of total carbon exports occurred during the spring season. This was consis-
tent with the annual river flush, where river discharge was highest and high concentrations
of soil DOC and nutrients from agriculture fertilizers are released through runoff from
high precipitation and headwater snow melt [54]. While no correlation was seen between
nitrates and either carbon species, the positive correlation with discharge and NO2 + NO3
may be evidence of increased fertilizer leaching during the spring flush and increased
biological activity within the river. Rivers are known to be more heterotrophically active in
the spring and summer months as water temperatures rise [55,56]. During these warmer
months, organic carbon can be mineralized into DIC at a more rapid rate, leading to the
drop in DOC as seen in the spring and summer. While DOC and DIC did not have a clear
significant inverse relationship, our study did find high pCO2 in the spring and summer to
be consistent with rising DIC and lower DOC. As seen in previous studies by both Joshi
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et al. [41] and Shen et al. [50] of the Mississippi River this was likely due to the rising
temperatures throughout the year in the region and likely increased DOC mineralization.

This study is the first that investigated carbon export during one of the coldest winters
and hottest falls in the Mississippi River. Severe winter conditions during our study resulted
in an intense drop in temperature lasting for three weeks between 13 February and 7 March
2021. The winter weather event coincided with some of the lowest pCO2 measurements
recorded in the Lower Mississippi River and our study’s highest recorded concentration
of DOC. The increase in riverine DOC may be attributed to several factors. (1). As a net
heterotrophic system, the low temperatures can result in less instream processing of DOC to
DIC, decreasing the DIC: DOC ratio and river pCO2 concentration [40,57] (2). The increased
flow from the spring flush is known to flush a large amount of soil organic carbon into the
river [18,40]. The increased flow also acts as a diluting effect on DIC, which could partly
explain the sudden shift in the DIC: DOC ratio [33,58]. While previous studies such as
Reiman and Xu [39] have reported similar seasonal trends, the sudden and pronounced
change in weather resulted in ambient winter conditions significantly below the long-term
average. While we did not observe a net sink of CO2, the low pCO2 resulted in less overall
CO2 outgassed during the winter. A recent study by Reiman and Xu [53] showed a diel
variation in pCO2 at the exact location, suggesting values may have been even lower
in the middle of the day. Additionally, the rising discharge from the early spring flush
corresponding with peak DOC concentrations resulted in the most significant seasonal and
annual reported export of DOC to the Northern Gulf of Mexico to date (Tables 3 and 4).
When ignoring the extreme winter weather and using only monthly measurements DOC
concentrations and pCO2 were 20% lower and 10% higher respectively. These findings help
to confirm the significant role of weather events on long terms carbon export sums.

In addition to one of the coldest records, our study also witnessed one of the warmest
falls. Water temperatures during the fall season of 2021 remained above 10 ◦C for the
entirety of the fall season, a shift from the past decade where temperatures typically
drop around late November. The concentration of DIC was higher during our study
(25.57 ± 5.03 mg L−1) than in the most recent update of carbon export in the Mississippi
River from 2019 [39] (21.40 ± 7.02 mg L−1, Table 4). DIC in our study followed the season
trend found in previous findings by Cai et al. and Raymond et al. of increasing throughout
the year with rising temperature and decreasing discharge [36,40]. Due to a warmer
and drier fall than last year, DIC concentration in the fall averaged above 30 mg L−1

throughout the season. As previously found, DIC concentration in the Mississippi is
primarily attributed to carbonate dissolution of soil CO2 in the Upper Mississippi [48]. High
river discharge can reduce contact time with minerals and dilute the overall concentration
of DIC [58,59]. Under the changing seasonal conditions in our study, DIC concentrations
were subject to more extreme variability, resulting in a much higher DIC: DOC ratio in the
fall season. While conditions during our study were considered irregular, climate change
is expected to shift seasonal conditions to extremes. Based on their analysis of extreme
temperature indicators in the Mississippi River Basin during 1948–2017, Tavakol et al. [34]
postulated that the region has a growing risk of extreme temperatures with more frequent
and longer hot events. Summer and fall are expected to become hotter and drier, with
spring precipitation and flooding events increasingly regular [60]. While our study has
shown a clear seasonal trend and increased overall export of carbon from the Mississippi
River, it is only representative of a single year of data collection in the river. To further
support these findings, more work is needed in rivers throughout different climate regions
and over longer study periods. While winters are expected to become milder, the findings
from our study on dissolved carbon transport have implications for predicting future
seasonal and annual variation. As these conditions continue to change, our findings point
to the importance of considering these events in carbon export models to assess the role of
large rivers more accurately in the carbon budget.
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5. Conclusions

This study demonstrates a significant seasonal effect on riverine carbon export in a
large river basin. This effect is likely to become more variable as climate change continues
to impact basin weather resulting in longer and hotter summers followed by shorter and
more mild winters. Our study found that the bulk of carbon export occurs in the spring
season in concurrence with the highest discharge of the river and rising temperatures. The
unique weather patterns from our study confirmed a strong effect of extreme weather
on carbon transport in the short term, with rippling effects throughout the year. The
lower Mississippi River exported 4.54 Tg of DOC and 12.61 Tg of DIC. CO2 outgassing
(864.6 g C m−2 yr−1) was greater during our study than all previous findings, supporting
the effect of rising water temperature and discharge on outgassing. High riverine pCO2
during the spring (3.43 g C m2) led to outgassing rates more than double that of winter
(1.62 g C m2). DIC showed no significant increase compared to previous findings. However,
seasonality strongly affected DIC as concentration increased with warming temperatures
and drier conditions throughout the year ultimately 50% higher in the fall (32.0 mg L-1) than
the winter 20.37 mg L−1. The impact of shifting seasonal conditions is seen in changing DIC:
DOC export ratios throughout the year. While our finding saw an increase in DOC export
due to low temperatures, moving forward, DIC will increase in concentration with rising
temperatures owing to increased in-situ processing of DOC and carbonate weathering rates
throughout the basin. Outgassing rates of CO2 are most significant in the high flow warmer
conditions and will likely increase in the future as these conditions intensify. While our
study reaffirmed the river as a carbon source to the atmosphere, the low pCO2 observed
during the winter may suggest a negative feedback loop if extreme winter weathers events
persist, resulting in lower winter outgassing or a temporal carbon sink. Our findings
imply that seasonality is critical in assessing total carbon load from large rivers such as
the Mississippi River. As seasonal variation in the Mississippi River Basin continues to
intensify under the changing climate, dissolved carbon transport to the Gulf of Mexico will
become more seasonally dependent. As the weather becomes more unpredictable under
the changing climate, more work on short-term events will be needed to confirm their effect
on total seasonal transport. These findings will help future models better account for river
carbon budgets under changing seasonal conditions and further validate these findings.
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