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The northern Gulf of Mexico (GOM) is well known for hypoxic water conditions (0,<2 mg L~ '), and is
often referred to as the “Dead Zone”. The area of the Dead Zone has increased remarkably during the
recent decades due to the increased coastal eutrophication. Under such conditions, denitrification
process that removes “available nitrogen” from the system would likely become more active, and it needs
to be better quantified to understand the nature of biogeochemical nitrogen cycles in the northern GOM.
Despite its significance, few denitrification studies have been conducted for this area. We estimate the
temporal variation of denitrification rates of the bottom waters at the northern Gulf of Mexico
encompassing the “Dead Zone” during July of the 1985-2007 period (except for 1988-1990). We use
historic hydrographic data and the extended Optimum Multi-Parameter analysis. Denitrification rates of
the bottom waters in the region have gradually decreased from 1985 to 1997, and then increased to 2007.
The water mass mixing composition of bottom waters on the Texas-Louisiana inner shelf has changed
since ~1997. The Texas-Louisiana Coastal Water part has increased and that of the Subtropical
Underwater has decreased. This change appears to have influenced the denitrification rates in the study
area. We suggest that denitrification rates of bottom waters in the northern Gulf of Mexico are controlled
not only by biogeochemical factors (i.e. organic matter supply and remineralization), but also by physical

factor (i.e. stratification and relative contributions from different water masses).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Denitrification is a dissimilatory process in which bacteria use
nitrate as electron acceptor instead of oxygen under low oxygen
conditions. Nitrate (NO3 ™) is typically reduced to nitrite (NO, ™), and
then to nitrous oxide and di-nitrogen (N,O and N,) in the process.
In the ocean environment, denitrification is directly related to
modern climate change through N,O production, which is a green-
house gas (Nevison and Holland, 1997; Nevison et al., 2003; Naqvi
et al.,, 2010), and indirectly to glacial-interglacial climate change via
regulation of the nitrogen availability in the ocean, which can
enhance biological pump along with iron fertilization (McElroy,
1983; Altabet et al, 1995; Ganeshram et al, 1995, 2000, 2002;
Falkowski, 1997).

The northern Gulf of Mexico (GOM) is known for frequent
hypoxic water conditions in the sub-surface coastal waters with very
low dissolved oxygen concentration (0,<2 mg L~ or 62.5 pmol L)
and often referred to as the “Dead Zone”. Hypoxia frequently
develops during the summertime by combination of high biological
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production and strong stratification in the coastal waters (Wiseman
et al, 1997). The area of the Dead Zone has increased remarkably
during the recent decades due to the increased coastal eutrophica-
tion (Rabalais et al,, 2002). The recent “Deepwater Horizon” oil spill
event occurred in the northern GOM has raised a concern for
potential development of more extensive hypoxia in the region.
Under such conditions, denitrification will play a more active role in
biogeochemical cycles in the northern GOM and it needs to be better
quantified. It may also be an important link to N,O production in the
northern GOM.

Only a few denitrification studies have been published for this
area despite the importance of the process in biogeochemical cycling
of nitrogen. Denitrification flux in the northern GOM was estimated
from sediment samples at 21-44 ymol N m~2h~' by Gardner et al.
(1993) from the mass balance between decrease of net organic
nitrogen concentration and increase of inorganic nitrogen (NH4*,
NOs~, and NO, ™) concentrations in July 1990, estimated at 91-462
(149.31 + 58.19-406.37 + 55.30) pmol Nm~2h~! from sediment
samples in July 1999 by Childs et al. (2002, 2003) using the acetylene
inhibition technique, and estimated at 45-149 pmol Nm~2h~! from
sediment samples in August 2003 by Delaune et al. (2005) using the
acetylene inhibition technique. The error in estimates of Childs et al.
(2002) is reported at Table 1 of Childs et al. (2003). The results of
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Table 1
The summertime physicochemical characteristics of four mixing end-members
defined in the northern Gulf of Mexico used for the extended OMP analysis.

Parameter End-members

SUW (HS&LT) TLCW (HS&HT) ADW (LS)  MDW (LS)

T(°C) 18614030 29.59+037  3114+0.60 29.35+ 113
S (psu) 36.65+007 35324021 0+0 0+0

DO (pmolL~') 1008+20.6 150.9+59.0  2594+404 248.6+28.9
P(umolL™')  025+007  0.64+0.46 1.00+0 3.56 + 1.06

N (pmol L=1) 7.00 + 1.56 3.23 +5.07 31.00+0 126.51 +35.16
Si (pmol L) 1110 +3.11 13.50 +£6.91 90.70+0 112.90 + 40.56

H(L)S: high(low) salinity, H(L)T: high(low) temperature.
SUW: Subtropical Underwater, TLCW: Texas-Louisiana Coastal Water.
ADW: Atchafalaya Discharge Water, MDW: Mississippi Discharge Water.

Childs et al. (2003) are much higher than those of other two groups.
Considering generally high level of variability of coastal oceans, it is
difficult to determine whether these diverse estimates are at norm or
anomalies, without the information on temporal variation and the
type of techniques used to estimate denitrification.

To address these issues we conduct a study to: (1) estimate the
denitrification rates in the inner continental shelf area of the
northern GOM by using the long-term hydrographic data (1985-
2007) and the extended Optimum Multi-Parameter (OMP) analy-
sis, (2) model the temporal variation of denitrification rates, and
(3) determine probable factors causing temporal variation in
denitrification rates in the northern GOM.

2. Materials and methods
2.1. Data

The summertime Texas-Louisiana shelf-wide cruise data are
obtained from http://www.nodc.noaa.gov (1985-1987, 1991-1993,
and 1998-2007 periods) and http://www.aoml.noaa.gov/ocd/necop/
(1994-1997) sites. The selected study area is a broad continental
shelf (bottom depth < 100 m) with two large river systems, the
Mississippi and Atchafalaya Rivers (Fig. 1). The parameters used for
the extended OMP analysis are latitude, longitude, depth, tempera-
ture (T), salinity (S), dissolved oxygen (DO), nitrate+nitrite (N),
phosphate (P), and silicate (Si). Nutrient measurements were made

T, + + T4 + 0 + 0 X Tops
1
St o+ + S + 0 + 0 X Sobs
2
DO; + + DO4 - ro,p + 0 DO,ps
X3
Py + + Py + 1 + To| X X —| Pops | =
4
N: + + Ng + 1y P = 1 Nops
. . AP remi .
Sip  + + Siy + Tsipp + 0 Sigps
AN deni
1 + + 1 + 0 + 0] — 1
X S———
A d

at only two depths during the original hydrographic surveys: near
surface (i.e. ca. 1 m from surface) and near bottom (i.e. ca. 1 m from
the bottom). The surface and bottom T, S, and DO data are selected at
the depths of nutrient measurements to use the data from the same
depths in the extended OMP calculations.

2.2. The extended optimum multi-parameter (OMP) analysis

The magnitudes and changes of ocean properties are determined
by physical mixing and biogeochemical processes (Anderson and
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Fig. 1. The study area map. Texas-Louisiana shelf-wide cruises were conducted
regularly by LUMCON (The Louisiana Universities Marine Consortium) since July
1985. All sampling station locations (dots) for the July 1988-1990, except for July
1988-1990, are shown with the sediment sampling sites of previous denitrification
studies (square: Childs et al, 2003, diamond: Delaune et al., 2005, and star:
Gardner et al.,, 2010) in the northern GOM. Note that we did not plot the sediment
sampling locations of Gardner et al. (1993) as they did not provide the information
of locations with number (Instead, see their Fig. 1).

Sarmiento, 1994). The extended OMP analysis is a useful way to
quantify such conditions. The basic OMP analysis was originally
developed to analyze physical mixing processes (Tomczak and
Large, 1989). The Redfield ratios were later added in the calculations
to analyze the influences of basic biogeochemical processes, and this
version is called the “extended OMP analysis” (Karstensen and
Tomczak, 1998). The extended OMP analysis was further improved
to estimate the biogeochemical changes in remineralization, deni-
trification, and carbonate dissolution (Hupe and Karstensen, 2000).
The extended OMP analysis is essentially an inverse method based on
an over-determined linear system that has copious solutions for the
unknown variables (i.e. number of equations is more than number of
unknown variables). However, the solutions can be found by a non-
negative least squares method (NNLS) (Tomczak and Large, 1989).
The matrix structure of the extended OMP analysis used here is
expressed as:

Rr

Rpo
Rp (1)

where, the matrix A is defined by the physicochemical character-
istics of water masses, the Redfield ratios (ro,p, r'n/p, and rsijp), and
r, (1/104) to estimate the amount of phosphate remineralized by
denitrification (Gruber and Sarmiento, 1997; Hupe and Karstensen,
2000), the column x is composed of relative mixing ratios of x;
among water masses, the amount of remineralized phosphate
(APemi), and the amount of denitrification (ANgeni), the next
column d contains observation data for the physicochemical
properties, and the last column R represents residuals from the
extended OMP calculation for each parameter. The last row of the
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matrix consisting of “1” constrains mass conservation among
the source water masses (}7_;X;=1). The computations of the
extended OMP analysis are carried out by (1) defining the
physicochemical characteristics of source water types (or end-
member types) to form the matrix A, (2) assigning the Redfield
ratios (rn:p:si:—o,) to the matrix A, (3) estimating the weights of
each parameter, and (4) finding the non-negative solutions for x;,
APremi, and ANgen; by minimizing the residual. An extended OMP
program written in MATLAB™ was used in the analysis (http://
www.ldeo.columbia.edu/ ~ jkarsten/omp_std/)

The detailed information on physicochemical characteristics of
end-members, assignment of Redfield ratios, weights for each
parameter, validation for the extended OMP analysis, and limita-
tions for the extended OMP analysis is described in below
(Sections 2.2.1-2.2.5).

2.2.1. Physicochemical characteristics of end-members

We use temperature and salinity data collected in the Texas-
Louisiana shelf region during the July 1985-2007 period, except
for July 1988-1990, to investigate physical properties of waters on
a T-S diagram (Fig. 2). Based on the data distribution pattern, three
different end-members are assumed to participate in mixing
process in the study area: low temperature and high salinity
waters, high temperature and high salinity waters, and high
temperature and low salinity waters. Geographical locations and
temperature and salinity properties based on T-S diagram used to
define the physicochemical characteristics of end-members are as
follows (Fig. 3). Low temperature and high salinity waters are
ranged from 18<T<19 and 35.2<5<37.5 on the T-S diagram. We
adopt mean values of physicochemical properties of two stations
that satisfy these conditions as characteristics of end-member 1
(Fig. 3a). The end-member 1 is at salinity maximum (Fig. 2).
Salinity maximum waters are the Gulf Water (GW; 36.4<5<36.5) in
the western GOM and the Subtropical Underwater (SUW; S > 36.5)
in the eastern GOM (Morrison et al., 1983; Vidal et al., 1994). The
end-member 1 is geographically close to the GW, but the salinity
characteristic (S=36.65) is greater than that of GW. SUW enters

36 T T T T T T T T T T T T T T T T T T

“t 1

32

30

28

26

24

Temperature (°C)

2

20

oo

July1985-2007 4

10

@
N

el} N
1 1 1 1 1 1 I 1 1 1 1 1 I 1 1

1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Salinity (psu)

Fig. 2. A temperature-salinity diagram for the study area in GOM during the study
period (July of 1985-2007; except for July 1988-1990). The end-members (stars)
and distributions of their physical characteristics are shown in the diagram.

the western GOM with the Loop Current (Jochens and DiMarco,
2008). The temperature and density of end-member 1 (T=18.61
and ¢,=26.4) appears similar to those of Eighteen Degree Water
(EDW) from the Sargasso Sea, but EDW is distinct with its oxygen
maximum (3.6-3.8 ml 1! or 161-170 pmol L~ ') and lower salinity
at about 36.3 (Morrison and Nowlin, 1977). The water properties of
EDW, except for temperature, do not fit those of end-member 1.
We thus define the end-member 1 as SUW. High temperature and
high salinity waters (29<T<30 and 35<S<37 on the T-S diagram),
end-member 2, are distributed widely in the study area (Fig. 3b).
The mixture of Mississippi and Atchafalaya discharge waters and
inner shelf waters spreads as the Texas-Louisiana Coastal Current
(TLCC) (Wiseman and Kelly, 1994; Jarosz and Murray, 2005). TLCC
occupies large part of the study area, and flows seasonally along
the Texas-Louisiana coast. Thus, we refer to the end-member 2 as
the Texas-Louisiana Coastal Water (TLCW). Two large rivers
contribute fresh surface waters in the study area; the Mississippi
River (~70%), and the Atchafalaya River (~30%) (Dagg and Breed,
2003). We distinguish these two rivers by their geographic
locations. The nutrient concentrations of the Mississippi River
water are substantially higher than those of Atchafalaya River
water (Pakulski et al., 2000).

The physicochemical characteristics of end-member 3, Atcha-
falaya Discharge water (ADW), are defined by S<5 and longitude:
west of 91 W. Several stations near the plume of Atchafalaya River
inshore of 20 m isobath belong to this group (Fig. 3c). Although the
physical properties are similar among the selected stations, their
chemical properties (N, P, and Si) are distinct. Temperature,
salinity, and oxygen characteristics of ADW are defined by aver-
aging data from the different stations (Fig. 3c). The characteristics
of nitrate+nitrite (N), phosphate (P), and silicate (Si) of ADW are
selected from a station at the plume of Atchafalaya River (square
symbol in Fig. 3c), where N, P, and Si concentrations are highest
among the stations. Two stations at the mouth of the Mississippi
River mouth are selected for the end-member 4, the Mississippi
Discharge Water (MDW), with S<5 and longitude: east of 90W
conditions (Fig. 3d). Only the nutrient concentrations were origin-
ally measured at the mouth of Mississippi River during the Texas-
Louisiana shelf-wide cruises with no physical property measure-
ments (Table 3). Thus, the temperature, salinity, and oxygen
characteristics of MDW are defined by averaging those two
stations’ data shown in Fig. 3d, and its chemical characteristics
(N, P, and Si) are selected from the mean values shown in Table 2.
Note that the salinity characteristics of ADW and MDW are
assumed as zero at the river mouths. The defined characteristics
of end-members used in the extended OMP analysis are summar-
ized in Table 1.

2.2.2. Assignment of Redfield ratios

The extended OMP analysis accounts for the effects of biogeo-
chemical processes by using the Redfield ratios. In general, the
Redfield ratios are estimated through linear regression analysis with
the nutrient data. Our dataset shows, however, wide scatters of P and
N, so appropriate numbers cannot be defined with the regression
analysis. We consider, therefore, 4 different cases of different Redfield
ratios: (1) the traditional Redfield ratios (Redfield et al, 1963),
™N:pi—0,=16:1:138, (2) slightly revised Redfield ratios, rn.p.—o,=
16:1:150 (Anderson, 1995), (3) a simple average N:P ratio of
individual samples (=[X!_ 1N§’bs /P5]/m) in the study area,
'n:p;—0,=11:1:138, and (4) a simple average N:P ratio in the study
area with slightly different rp._o,, ™n:p:—0,=11:1:150. The silicates
regenerated in the water column are the result of remineralization
and dissolution (Park, 1967; Kido and Nishimura, 1973). The part of
remineralization is represented by the ratio of Si/P, and the dissolu-
tion part is placed on the column vector x as an unknown variable.
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Fig. 3. Hydrographic stations (circles) used to determine physicochemical characteristics of 4 end-members. (a) Subtropical Underwater (SUW), (b) Texas-Louisiana Coastal
Water (TLCW), (c) Atchafalaya Discharge Water (ADW), (d) Mississippi Discharge Water (MDW). The square station in (c) was selected to define the nutrient characteristics
of ADW.

Table 2 Table 3
The observed N and P concentrations at the mouth of the Mississippi River for July Four cases of different Redfield ratios (rn:p:si.—o0,) used for the extended OMP
of 1993-2007 period. analysis (see details in Section 2.2.2).
Year NO,+NO3 (pmol L) PO, (pmol L™ 1) Si (pmol L~1) Parameter Redfield ratios (N:P:Si: —0,)
Case
1993 150 5.50 167.7
1994 1013 420 103.5 1 2 3 4
1995 95.2 2.90 173
1996 2222 430 107.8 N 16 16 11 1
1998 150.5 3.40 128.6 P 1 1 1 1
1999 17 3.60 1204 Si 15 15 16 16
2000 136.3 3.40 1270 0, 138 150 138 150
2001 119.2 5.00 138.8
2002 1571 1.00 62.7
2003 94.1 2.90 614
2004 113 3.50 168.3
2005 121 3.60 99.4 . )
2006 95.6 3.00 275 the column vector x makes it an even-determined system of equal
2007 98.6 3.60 149.76 number of equations and the unknown variables. In addition, the
Mean  std 1265 +35.2 3.56 + 1.06 1129.£406 remineralization and dissolution processes are difficult to distinguish

in the shallow coastal water environment. Thus, the ratio of Si/P is

assumed to represent the mixed results of remineralization and
The extended OMP analysis is based on over-determined system with dissolution. We use the Si/P ratio of 15 for the cases 1 and 2 (Redfield
more known equations (number of rows) than unknown variables et al, 1963), and 16 for the cases 3 and 4, that were previously
(number of columns). So the addition of a new unknown variable to estimated in the northern GOM (Justic et al., 1995) (Table 3).
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2.2.3. Weights for each parameter

The parameters for the extended OMP analysis contain differ-
ent precisions and accuracies from each other. Appropriate
weights can be assigned to each parameter to consider this matter
(Tomczak and Large, 1989)

o

Wj= J )
’jmax
where, ¢/ is the variance of parameter j calculated from the

physicochemical characteristics of end-members defined, and
Sjmax 1S the largest among the variances of parameters estimated
in the source regions for each end-member. Since we cannot have
the information on &jma.x, we use a different weight equation
previously applied to a marginal sea system (Kim and Lee, 2004).
The weight equation is written as
_ 9j
accuracy;

W; 3)
where, ¢; is the standard deviation of parameter j calculated from
the physicochemical characteristics of end-members defined. It
allows each parameter j to distinguish end-members (Leffanue
and Tomczak, 2004). The accuracy; is defined as the measurement
error of parameter j. The weights used for the extended OMP
analysis are summarized in Table S1.

2.2.4. Validation of the extended OMP analysis

The extended OMP analysis is based on over-determined
system, which means that there can be multiple copious solutions,
but it ultimately finds a best solution by minimizing the residuals.
The residuals provide a way to evaluate determination of number of
end-members and the validation of solutions (Tomczak and Large,
1989). The residuals of mass conservation (Ryc), for example, are
calculated as follows:

i=1

Ryc(0) = (i Xi1> x 100 @)

The salinity distinguishes the end-members (ADW and MDW
vs. TLCW vs. SUW) clearly in the study area. The plot of Salinity vs.
Ryic is used to determine which waters have high residuals. The
residuals increase slightly near the salinity of 36, which is a

Case1 |+
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Case 4

*» b o QO

Salinity (psu)
N
o

, ©,
08 1 12 14 16 18 2

0 02 04 06
Residuals of mass conservation (%)

Fig. 4. The plot of salinity vs. residuals of mass conservation for 4 Redfield ratio
cases. The pattern shows how the solutions follow the constraint of mass
conservation, Y7_;x;=1. The residuals are slightly increasing near 36 psu of
salinity, but overall they are well confined within ~2%.

mixture of TLCW and SUW, but overall the residuals are well
constrained within ~2% (Fig. 4). Poor choices of end-members or
their characteristics would have resulted in larger residuals.

2.2.5. Limitations for the extended OMP analysis

The extended OMP analysis can be used with any hydrographic
data (Tomczak and Large, 1989), and it requires good definitions of
physicochemical characteristics of end-members at their source
regions. In general, however, it is difficult to define pure end-
members in coastal oceans due to high spatiotemporal variability,
lack of source water information, and insufficient long-term
hydrographic data. We defined the 4 different end-members (i.e.
ADW, MDW, TLCW, and SUW) and their physicochemical char-
acteristics with the data obtained in the study area (Table 1).
Although the currently defined characteristics of end-members
(see Section 2.2.1) do not completely fulfill the needs to be defined
at the actual source regions, since the observations were con-
ducted in the same area of the northern GOM for the July season
over 20-year of period (see details in Section 2.1), the character-
istics defined with the long-term data can represent the system
within particular space and time.

The end-member characteristics of ADW and MDW are defined
near the mouth of Atchafalaya and Mississippi Rivers (Fig. 3¢ and d),
of TLCW in the shallow inner shelf area, and of SUW south of the
Mississippi River delta where a branch of SUW approaches
onshore along with the Loop Current (LC) or Loop Current Eddies
(LCEs). SUW enters GOM through the Yucatan Channel along with
LC as a shallow salinity maximum (Jochens and DiMarco, 2008),
after it is formed by subduction in subtropical Atlantic Ocean
(O’Connor et al., 2005).

We assume that the currently defined end-member properties
can represent the source water contributions for the study area
although they may not be the actual source waters at the original
formation areas. Therefore, SUW contribution in our analysis is
indeed a contribution of the ‘modified’ SUW in the northern GOM,
as we cannot account for the property changes between the
formation area and the study area for SUW.

The end-member definitions are significantly important in the
extended OMP analysis, because the solutions can be underesti-
mated or overestimated if wrong information on them is used for
the extended OMP analysis. Although we defined the end-member
characteristics with the long-term hydrographic data and the
residuals of mass conservation were within ~2% (Fig. 4), there
might be still potential error in terms of the definitions of end-
member characteristics.

Considering the limitations above, we confine that the end-
member characteristics and the results (x; AP, and AN) from the
extended OMP analysis are valid within the study area and July of
summer season only. In addition, we assume that the effect of
wintertime source water conditions is insignificant during the
summertime since the study area is shallow ( < 100 m) and does
not show the bottom topography that may entrap significant
waters with wintertime signatures (Fig. 1).

3. Results

3.1. Temporal variation of bottom water mixing ratios among
end-members

The composition of the bottom waters (i.e. mixing ratios for
individual end-members) in the study area exhibits a significant
temporal variability over time (Fig. 5). The contributions from
SUW and TLCW dominate the composition of the bottom water
(>90%), whereas the contributions from the River inflows (ADW
and MDW) are insignificant in the bottom water (Fig. 5). Since the
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Fig. 5. The temporal variability of mean mixing ratios among the Subtropical
Underwater (SUW), Texas-Louisiana Coastal Water (TLCW), Atchafalaya Discharge
Water (ADW), and Mississippi Discharge Water (MDW) in the study area. (a)
Mixing ratios with Case 1 (rn:.p:si: —0,=16:1:15:138), and (b) with Case 3
(rn:p:si: - 02 =11:1:16:138). Error bars represent standard deviation (Table S2).

4 Redfield ratios used in the analysis do not differ greatly, only
results of cases 1 (rn:p:si:—0,=16:1:15:138) and 3 (rn:p:si:—o0,=
11:1:16:138) are shown in Fig. 5. The results of the cases 2 and
4 are shown in Table S2, along with the estimated mixing ratios
with individual cases. The mixing ratios of SUW and TLCW show
little variation with time until 1997. Since then, the SUW fraction
for the bottom water has decreased gradually, whereas the TLCW
fraction has increased with time, indicating that the bottom water
composition in the study area can change substantially with time.
TLCW has dominated the bottom water composition in the study
area during the 2000s.

The water temperature characteristic helps distinguish SUW
(colder) from TLCW (warmer) (Table 1). The mean temperatures of
the surface and the bottom waters have increased significantly
during the study period (Fig. 6). Since our datasets are mere
snapshots obtained only in July time at a highly variable and
dynamic coastal ocean environment, one cannot relate this
phenomenon to climate change. However, the bottom waters have
been occupied predominantly by warmer TLCW in the recent
period is likely related to large-scale circulation processes in GOM.
The potential effects of bottom water compositional changes to
denitrification rates are explored below.
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Fig. 6. The changes of surface and bottom temperatures in the study area of
northern GOM between 1985 and 2007 (except for 1988-1990). Error bars
represent standard deviation. P values were calculated by t-test (n=20).

3.2. Estimation of denitrification rates

Denitrification likely occurs in suboxic (0,<4.5 pmol L™!=
0.1 mlL"'=0.14 mg L~ ") condition (Naqvi et al., 2010). Significant
denitrification (ANgen; >0) and suboxia are found only at the
bottom waters in the study area. However, denitrification signals
estimated from the extended OMP analysis derived from bottom
waters cannot be distinguished from those derived from sedi-
ments. The thickness of the bottom layer (AH) is 1 m on average.
Here, we assume that denitrification is occurring in a bottom layer
that includes both bottom waters and sediments. All the water
properties are assumed to be vertically uniform in this layer. The
unit of denitrification estimated by the extended OMP analysis
(Eq. (1)) is given as concentration, pmol L~ (or, mmol m~3). Time
and volume (m?) data are necessary to transform the concentration
unit to a rate. We estimate the denitrification rates only for the
study area (mean area; A); that is approximately 3.24 x 10'° m2. We
also assume that the denitrification rate is constant during July time
period (AT). Since we have no information on significance of
anaerobic ammonium oxidation (Anammox) and dissimilatory
nitrate reduction to ammonium (DNRA) in nitrogen loss in the
study area, we also assume that denitrification (ANgen;) alone is a
major nitrogen sink in the study area. With the above assumptions,
the denitrification rate can be expresses as:

14 g N

deni. rate(Gg N mon~') = AN jp; (mmol) Tiaol x A(m?)

m3
x AH(m) x AT(mon) ! 5)

where, AN 4,,; is the mean denitrification within the study area, and G
denotes Giga or 10~°. The estimated mean denitrification (AN gey;) OF
denitrified nitrogen concentration is 5.83 + 2.68 mmol m 3, and the
mean denitrification rate is 3.40 + 1.80 Gg N mon~".

3.3. Temporal variation of denitrification rates

The estimated denitrification rates show substantial variability
with time in the study area (Fig. 7) at the ranges of 2.22 + 3.06 to
13.50 + 9.98 Gg N mon ! and 1.05 + 3.06 to 4.73 + 4.15 Gg N mon !
for the Redfield ratio cases of 1 and 3, respectively (Table S3). The
denitrification rates had gradually decreased from 1985 to 1997.
Since July 1997, when the denitrification rate was lowest, the
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Fig. 7. The temporal variability of mean denitrification rates (Gg N mon~"') in the
study area. Different symbols indicate the denitrification rates with Case 1 (circle),
the denitrification rates with Case 3 (triangle), and three other previous estimates
in the study area (cross for Gardner et al., 1993, diamond for Delaune et al. (2005),
and star for Gardner et al., 2010). Different line styles represent the latitudinal
mean denitrification rates at 0-20°N (solid line), 20-45°N (broken solid line), and
> 45°N (dotted line), respectively, in the North Atlantic continental shelf regions
(Seitzinger and Giblin, 1996). Error bars represent standard deviation (Table S2).
Note that the result of Childs et al. (2003) was not included in this Fig. for better
resolution as its range (~30-151 Gg N mon~') was not comparable with other
estimates.

denitrification rates have increased with time to 2007, with some-
what large variation.

Three other previous estimates obtained in the similar area
(Gardner et al., 1993; Childs et al., 2003; Delaune et al., 2005) and
the latitudinal mean denitrification rates (at 0-20°N, 20-45°N, and
> 45°N) in the North Atlantic continental shelf regions (Seitzinger
and Giblin, 1996; See their Table 1) are compared to the current
estimates (Fig. 7). A denitrification rate recently measured from
the sediments in July 2008 at the same study area by Gardner et al.
(2010; unpublished data, ~25 pmol Nm~2h~! at 28.8°N/90.2°W)
using the Membrane Inlet Mass Spectrometer (MIMS) system is
fairly consistent with the current estimates (Fig. 7), even though
just one station is available. The literature values are converted to
the unit of Gg N mon~" by multiplying A~3.24 x 10! m? for the
study area. Overall, the estimated denitrification rates of the
current study are similar to the mean denitrification rates of
the latitudinal bands of 0-20°N and > 45°N in the North Atlantic
Ocean (Fig. 7). The previous estimates, made in July 1990
(6.85-14.36 Gg N mon~ ) by Gardner et al. (1993), in August 2003
(14.6-48.6 Gg N mon~!) by Delaune et al. (2005), and in July 2008
(~8.17 Gg N mon ') by Gardner et al. (2010) are comparable to the
current analysis within the given standard deviations, even though
the upper bound value of Delaune et al. (2005) is somewhat higher
(Fig. 7). Although the lower bound value (~30GgN mon~!) of
Childs et al. (2003) resembles the estimates of this study, their
upper bound value (~151 Gg N mon~!) is much higher than the
current estimates and the latitudinal mean denitrification rates of
the North Atlantic continental shelf regions (Fig. 7). Childs et al.
(2002) described sediment denitrification in the northern GOM,
and their estimates were comparable to the estimated values
(Gardner et al., 1993, 2010; Delaune et al., 2005) and the modeled
values from this study. However, later Childs et al. (2003) reported
the erratum on their estimation of denitrification rates due to the
use of wrong gas constant. They did not provide additional
description with the corrected denitrification rates. Furthermore,
their upper bound value (~150 Gg N mon~') is much higher than

all other literature values, so we suppose that their high values may
be an overestimate. Direct denitrification measurements within
short time intervals are necessary to accurately estimate the
representative values for this region of high spatiotemporal varia-
tion. The details of the estimated denitrification rates are summar-
ized in Table S3.

4. Discussions
4.1. The effect of water mass distributions on denitrification rate

Potential factors causing the low denitrification rate in July 1997
and high rate in July 2002 (Fig. 7) are considered. The distributions of
water mass mixing ratios (as mean values of the cases 1-4) of SUW
and TLCW for the bottom water are shown in Fig. S1, along with a
contour line of DO=2 mg L~ ! (or=65 pmol L~ !) as a demarcation of
hypoxia in the area. A hypoxic condition developed widely in the
study area in both years during July. On the other hand, the
distributions of mixing ratios of SUW and TLCW were significantly
different; SUW extended farther into the coast from offshore and
TLCW was confined inshore within ~20 m isobath in July 1997
(Fig. S1a and c), whereas the SUW’s contribution was very weak and
the TLCW's occupation was widespread in July 2002 (Fig. S1b and d).

The meso-scale sea surface height anomalies (http://argo.color
ado.edu/~realtime/gsfc_gom-real-time_ssh/) show that an antic-
yclonic (clockwise circulation) warm core eddy (89-92°W and
27-28.5°N) approached the southern boundary of the study area
with an enhanced contribution of SUW in July 1997 (Fig. Sla
and e); although warm eddies were separated from the LC near
the study area in July 2002, they were not as close to the study
area as in July 1997 with lesser input of SUW (Fig. S1b and f). SUW,
originates in the subtropical Atlantic Ocean, enters GOM through
the Caribbean Sea following LC. It spreads further into the interior
of GOM along with LCEs that are separated from the main LC. The
influence of SUW to the study area would likely depend on the
extension of LC and the distribution of LCEs.

Denitrification rate depends generally on the availability of nitrate
recycled through remineralization process, so it may correlate with
the supply of organic matter in the water column. The enhanced
presence of colder and saltier SUW in July 1997 presumably
generated a stronger stratification of the water column with a steep
vertical density gradient, and this pattern can reduce the supply of
organic matter to the bottom layer in the study area. In addition,
oligotrophic SUW contains lower nutrient concentrations. The bot-
tom water N concentration (NOs;~+NO, ) was much higher in July
2002 than that in July 1997 (Fig. S2). Therefore, the magnitude of
extension of SUW may significantly influence the denitrification rate
of bottom waters in the study area.

4.2. Correlations of denitrification rate with remineralization vs.
water mass composition

Relationships among the denitrification rate, the amount of
remineralized organic carbon, and the water mass mixing ratios
are analyzed to examine the relationships between biogeochemical
and physical factors. The amounts of denitrification (ANge,;) and
remineralized phosphate (APen;), averaged from the cases 1-4
(Tables S3-4), are estimated by the extended OMP method. The
amount of remineralized organic carbon for the rate of organic
matter supply into the bottom layer is estimated from AP,em; x 106
(rc.p) assuming that the amount of remineralized phosphate is
positively correlated with the supply rate of organic matter follow-
ing the Redfield ratios. The denitrification rate and the amount of
remineralized carbon show a significant positive correlation
(R=0.71) (Fig. 8a). The correlations between the denitrification rate
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Fig. 8. Relationships between denitrification rate (GgNmon~!) and (a) the
amount of remineralized carbon (pmol L~1), (b) mixing ratios of SUW (%), and
(c) mixing ratios of TLCW (%), with corresponding correlation coefficients (R). The
mean values are averaged from the cases 1-4 (Tables S2-4). P values were
calculated by t-test (n=20).

and SUW (Fig. 8b), vs. TLCW (Fig. 8c) are significantly negative
(R=-0.57) and positive (R=0.51), respectively. The mean mixing
ratio of SUW in the study area was higher in July 1997 than in July
2002 (Fig. 8b and Table S2), while the amount of remineralized
carbon was much lower in July 1997 (=8 umol L~!) than that in July
2002 (~103 pmol L~ 1) (Fig. 8a and Table S4).

The mean mixing ratio of SUW was lower again in July 2005 like
in July 2002 (Fig. 8b and Table S2), but the denitrification rate
(=4.22 +2.04 Gg N mon~1) in July 2005 was not similar to that in
July 2002 (=740 + 417 Gg N mon ') (Fig. 8b and Table S3). It is due

to the fact that the amount of remineralized carbon was lower in July
2005 (~35 pmol L) than that in July 2002 (~103 pmol L~ 1) (Fig. 8a
and Table S4). We speculate that the supply of organic matters into
the bottom layer was relatively higher in July 2002 than in July 2005.

In summary, the denitrification rates were low in July 1997,
because SUW was dominant in the bottom waters with low
remineralized carbon. The enhanced vertical density gradient
might have impeded an input of organic matter into the bottom
layer (i.e. negative connection between the biogeochemical factor:
lower remineralization and the physical factor: enhanced stratifi-
cation). On the other hand, the extent of SUW was limited and the
amount of remineralized carbon was high in July 2002. The
increased remineralization and reduced stratification might have
caused higher denitrification rates (i.e. positive connection
between the biogeochemical factor: increased remineralization
and the physical factor: weakened stratification). Our analysis
therefore indicates that the magnitude of denitrification rate does
not necessarily correlate with the size of hypoxia in the study area.
In the bottom layer of northern GOM, hypoxia can develop broadly
in the study area by physical (stratification) and/or biogeochemical
(remineralization) factors, but denitrification is determined by a
rather competitive relationship between physical (stratification)
and biogeochemical (remineralization) factors.

5. Conclusions

We present the magnitude and temporal variation of denitri-
fication rates at the hypoxic area of the northern GOM during July
1985-2007 (except for July 1988-1990), estimated by the
extended OMP analysis. The denitrification rates estimated at the
bottom waters range from 1.36 + 0.58 to 7.40 +4.17 Gg N mon !
(for July and for the mean study area of 3.24 x 10'° m?). The
denitrification rates have gradually decreased from 1985 to 1997,
and increased during the 1998-2007 period. The composition of
bottom waters on the Texas-Louisiana inner shelf has changed
since ~1997, with the increase of TLCW and decrease of SUW. This
change appears to have influenced the denitrification rates at the
bottom water layer in the study area. We found that the bottom
water denitrification rates in the coastal northern Gulf of Mexico
are controlled not only by organic matter supply (biogeochemical
factor: remineralization), but also by the relative contribution from
different water masses (physical factor: stratification).
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