
1.  Introduction
Submarine groundwater discharge is an important pathway for land-derived nutrients and contaminants to near-
shore marine environments, potentially rivaling riverine nutrient inputs on a regional scale (Burnett et al., 1999; 
Moore, 1999; Slomp & Van Capellan, 2004; Tanaguchi et al., 2002). High concentrations of nitrogen (N) in 
groundwater discharging to the coastal ocean can lead to eutrophication, algal blooms, and hypoxia, negatively 
impacting coastal ecosystems (Guo et al., 2020; Lecher, et al., 2015; Paerl, 1997). In addition to contributing to 
algal growth, elevated fluxes of nutrients in submarine groundwater discharge can also affect the distribution of 
seagrass (Rutkowski et al., 1999), meiofauna assemblages (Grzelak et al., 2018), and at higher trophic levels, fish 
community composition (Pisternick et al., 2020). However, nutrient transformations along the saltwater-freshwa-
ter interface can reduce nutrient loads to surface water (e.g. Kroeger & Charette, 2008). Thus, nutrient cycling 

Abstract  Coastal aquifers are host to a range of biogeochemical reactions that alter groundwater-derived 
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mediated reactions; thus, chemical reactivity in coastal aquifers may vary spatially and temporally with changes 
to groundwater temperature. In this study, we investigated the influence of global groundwater and sea surface 
temperature controls and seasonal temperature variability on biogeochemical processing in coastal aquifers 
using variable-density groundwater flow, heat transport, and reactive transport models. The coupled models 
showed that nitrate removal efficiency in coastal aquifers increased from 5% to 88% as fresh groundwater 
temperature increased from 5°C to 35°C, while ocean temperature had a negligible effect on removal efficiency. 
Transient simulations based on monthly groundwater and ocean temperature measurements showed that 
denitrification and ammonification hotspots migrated seaward seasonally within warm fresh groundwater 
masses. The reaction hotspots were separated by colder groundwater emplaced during winter months. The 
reaction hotspots and nitrate plumes oscillated vertically along horizontal flow paths due to buoyancy effects 
between warm and cold groundwater. Comparison between transient and temperature-equivalent steady-state 
models suggests that steady-state models adequately capture mean annual NO3

− removal, but neglect local 
reactive transience and changes to plume geometry. The sensitivity analysis provides a first-order estimate 
of the reactive potential of coastal aquifers considering globally diverse thermal regimes. The findings have 
implications for regional-scale estimates of groundwater nutrient fluxes and for predicting coastal aquifer 
reactivity in a warming climate.

Plain Language Summary  Nitrate is a groundwater contaminant that enters the subsurface from 
fertilizer application and septic system release and is later discharged into the ocean at concentrations that 
are often higher than in river runoff, damaging coastal ecosystems. Microorganisms in porewater beneath the 
coastline consume nitrate and remove it before it can enter the ocean. The rate that nitrate is consumed depends 
on temperature, so nitrate removal efficiency may vary seasonally and in different climates. In this study, we 
used mathematical models to study the influence of climatic and seasonal temperature variations on nutrient 
cycling in coastal aquifers. Our results indicate that coastal aquifers are more reactive when groundwater 
temperatures are warmer and that buoyant and highly reactive plumes travel through the aquifer following 
warm groundwater input. A better understanding of the influence of temperature on coastal aquifer reactivity 
is essential for the long-term maintenance of coastal ecosystems and water resources and will aid in predicting 
future responses to climate change.
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in coastal aquifers can play an important role in regulating coastal ecosystem health and is essential for coastal 
ecosystem management.

A number of field and modeling studies have investigated N cycling along the saltwater-freshwater interface in 
coastal aquifers. In Waquoit Bay (Massachusetts, USA), two seaward-flowing plumes with different chemical 
characteristics have been observed to travel conservatively until being forced to mix due to converging flow near 
the freshwater discharge zone, driving chemical transformations (Kroeger & Charette,  2008; Spiteri, Slomp, 
Charette, et  al.,  2008; Talbot & Kroeger et  al.,  2003). Farther landward at the same field site, Kroeger and 
Charette (2008) showed significant nitrate (NO3

−) removal in a NO3
− plume in the freshwater aquifer prior to 

discharge, supported by low concentrations of dissolved oxygen. In these anoxic porewater environments on the 
freshwater side of the saltwater-freshwater interface, N is removed primarily through denitrification, the reduc-
tion of NO3

− and nitrite (NO2
−) to dinitrogen gas (N2) (Kroeger & Charette, 2008). Seasonality can affect the 

timing and magnitude of nutrient loading to coastal surface water, as flow paths and residence times respond to 
changes in the land-sea hydraulic gradient (Gonneea & Charette, 2014). These studies indicate that freshwater 
flow near the saltwater-freshwater interface can support varying denitrification, nitrification, and mineralization 
pathways prior to efflux.

Temperature is an important control on groundwater flow and biogeochemical activity in shallow unconfined 
aquifers due its effect on fluid viscosity and microbial reaction kinetics. Pu et al. (2020) conduced laborato-
ry tank experiments and used numerical variable-density flow and heat transport models of an unconfined 
coastal aquifer without tidal influence and showed that the saltwater-freshwater interface shifted seaward with 
an increase in seawater temperature or a decrease in fresh groundwater temperature. Temperature controls on 
flow and salt transport have also been investigated in beach aquifers. Nguyen et al. (2020) revealed that tidally 
induced seawater circulation in intertidal aquifers increases up to 40% when seawater temperature is 15°C 
warmer than fresh groundwater compared to the case of equal temperatures. Fewer studies have considered 
the role of temperature on biogeochemical transformations in shallow groundwater-surface water exchange 
zones. Zheng et al. (2016) numerically simulated heat transport and temperature-dependent reaction kinetics 
in a stream bedform and showed that a 30°C increase in porewater temperature from 5°C to 35°C resulted in 
an order of magnitude higher denitrification rates. More efficient NO3

− consumption in warmer temperature 
scenarios led to a shallower denitrification zone. In beach aquifers, lower porewater temperatures can decrease 
respiration rates (e.g. Degenhardt et al., 2020). For instance, on Spiekeroog Island, Germany, seasonal chang-
es in beach porewater temperature have been linked to seasonality in porewater dissolved O2 concentrations 
(Waska et al., 2019) and microbial activity (Ahrens et al., 2020). Seasonal groundwater temperatures have also 
been suggested to control aerobic respiration rates in a beach in France (Charbonnier et al., 2013; Charbonnier, 
Anschutz, et al., 2016; Charbonnier, Lavesque, et al., 2016). However, to our knowledge, no study has system-
atically investigated the temperature dependence of N cycling within coastal aquifers. Porewater temperature is 
likely an important control on coastal aquifer reactivity due to the strong influence of temperature on the kinetic 
energy of reactants (Dawson & Murphy, 1972). Additionally, Benz et al. (2017) compiled a global groundwater 
temperature data set of satellite-derived temperature measurements and indicated that a wide range of coastal 
groundwater temperatures exist across climates; thus, the reactive potential of coastal aquifers is likely to vary 
along the global coast.

The goal of this study was to investigate the role of global and seasonal variability in groundwater and sur-
face water temperatures on N cycling and NO3

− removal efficiency along the saltwater-freshwater interface 
in coastal aquifers. To investigate links between temperature and aquifer biogeochemistry, we used varia-
ble-density groundwater flow, heat transport, and reactive transport models with global groundwater and 
coastal ocean temperature data sets along with measured groundwater and surface water temperatures. We 
hypothesized that biogeochemical reactivity and solute transport patterns that arise from temperature-con-
trolled density-dependent flow and reaction kinetics lead to temporal variability in coastal aquifer nitrate 
removal efficiency and spatial variability in the reactive potential of coastal aquifers along coastlines. The 
results showed that nutrient processing along the saltwater-freshwater interface in warmer climates and dur-
ing warmer months was higher than in colder climates and during colder months, and that reaction hotspots 
traveled buoyantly through the aquifer within seasonal warm groundwater masses.



Journal of Geophysical Research: Biogeosciences

COGSWELL AND HEISS

10.1029/2021JG006605

3 of 21

2.  Methods
2.1.  Numerical Simulations

Variable-density groundwater flow and salt and heat transport were simulated using the numerical finite-dif-
ference model SEAWAT v4.0 (Langevin et  al.,  2007), which couples the groundwater flow equation in 
MODFLOW-2000 (Harbaugh et al., 2000) with the advective-dispersive transport model MT3DMS (Zheng 
& Wang, 1999). The flow field generated by SEAWAT was coupled to the multispecies reactive transport 
model PHT3D v2.13 (Prommer & Post, 2002) to simulate temperature-dependent biogeochemical process-
ing of solutes transported in porewater by advection and dispersion. The model represented a shore-perpen-
dicular cross section of a homogeneous and isotropic coastal aquifer that extended 60.5 m landward of the 
shoreline, 29.5 m offshore, and to a depth of 20 m below sea level (Figure 1). The model grid was uniform 
(Δx = 0.5m, Δy = 0.5m) and was 40 cells deep by 180 cells long. All simulations used the same model 
domain parameterized for a generic coastal aquifer, with flow and transport boundary conditions adopted 
from Spiteri, Slomp, Tuncay, et al.  (2008) to loosely reflect flow conditions and N speciation at Waquoit 
Bay, Massachusetts, USA.

2.2.  Groundwater Flow and Heat Transport Models

We performed twenty-two steady-state simulations and one transient simulation. In all models, the landward 
vertical boundary was assigned a constant hydraulic head of 0.53 m above mean sea level and a constant salinity 
of 0 ppt. The hydraulic head at the landward boundary was kept constant across all steady-state models to isolate 
the effects of temperature on biogeochemical processing in the aquifer. A constant hydraulic head representing 
mean sea level was applied to cells along the aquifer-ocean interface. These cells were assigned a constant sa-
linity of 35 ppt. The outflowing portions of the aquifer-ocean interface were specified as a zero-concentration 
gradient boundary for both salinity and temperature. The non-inundated top of the models and the bottom and 
seaward vertical boundaries were set as zero flow and zero salt and heat flux. The permeability was set to 1.05 
x 10−11 m2.

Salt concentration and temperature were related to fluid density in the equation of state (Thorne et al., 2006):

𝜌𝜌(𝐶𝐶𝐶 𝐶𝐶 ) = 𝜌𝜌𝑓𝑓 +
𝜕𝜕𝜕𝜕
𝜕𝜕C

𝐶𝐶 +
𝜕𝜕𝜕𝜕
𝜕𝜕T

𝑇𝑇� (1)

where 𝐴𝐴 𝐴𝐴𝑓𝑓 is the reference density of the fluid (1,000 kg/m3), 𝐴𝐴 𝜕𝜕𝜕𝜕
𝜕𝜕C

 = 0.71, 𝐴𝐴 𝜕𝜕𝜕𝜕
𝜕𝜕T

 = −0.375 kg/m3/°C, and C (ppt) and T 
(°C) are the salinity and temperature of the porewater, respectively.

Fluid viscosity μ (kg/m/s) was related to temperature T (°C) following Hughes and Stanford (2004):

Figure 1.  Conceptual diagram of the model domain and generalized flow paths in an unconfined coastal aquifer. The red 
boundaries represent boundaries with constant hydraulic head, specified concentrations, and specified temperature. In the 
transient model, the temperature at the red boundaries varied seasonally.
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𝜇𝜇 = 239.4 × 10−7 × 10
248.37

𝑇𝑇+133.15� (2)

Heat transport is mathematically analogous to advection and dispersion for solute transport and is retarded rela-
tive to conservative transport due to thermal exchange between the porewater and solid matrix. The retardation 
factor 𝐴𝐴 𝐴𝐴 is defined as

𝑅𝑅 = 1 +
𝜌𝜌𝑏𝑏
𝜃𝜃
𝐾𝐾𝐷𝐷𝐷𝐷 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑏𝑏 = 𝜌𝜌𝑠𝑠 (1 − 𝜃𝜃)� (3)

and

𝐾𝐾𝐷𝐷𝐷𝐷 = 𝑐𝑐𝑠𝑠
𝜌𝜌𝑏𝑏𝑐𝑐𝑓𝑓� (4)

where 𝐴𝐴 𝐴𝐴𝑏𝑏 is the bulk density (kg/m3), 𝐴𝐴 𝐴𝐴 is porosity (-), 𝐴𝐴 𝐴𝐴𝐷𝐷𝐷𝐷 is the thermal distribution coefficient (m3/kg), 𝐴𝐴 𝐴𝐴𝑠𝑠 is the 
solid matrix density (kg/m3). 𝐴𝐴 𝐴𝐴𝑠𝑠 is the specific heat of the solid (J/(kg°C)), and 𝐴𝐴 𝐴𝐴𝑓𝑓 is the specific heat of the fluid 
(J/(kg°C)). A linear isotherm was assumed for sorption. Thermal conduction is similar to molecular diffusion; 
thus, the thermal diffusivity 𝐴𝐴 𝐴𝐴𝑀𝑀𝑀𝑀  (m2/d) is defined as

𝐷𝐷𝑀𝑀𝑀𝑀 =
𝛾𝛾𝑏𝑏

𝜃𝜃𝜃𝜃𝑓𝑓 𝑐𝑐𝑓𝑓� (5)

where 𝐴𝐴 𝐴𝐴𝑏𝑏 is the thermal conductivity of the solid. Standard parameter values were used in the flow and heat 
transport models, including thermal diffusivity (0.156 m2/d), bulk thermal conductivity (2.3 W/(m°C)), and spe-
cific heat capacity of the solid (860 J/(kg°C)) and fluid (4,183 J/(kg°C)) (Table 1; Hughes & Stanford, 2004; 
Vandenbohede & Lebbe, 2011; Voss & Provost, 2010). The flow field from SEAWAT is read by PHT3D to drive 
the transport of reactive solutes; however, concentrations in SEAWAT cannot be directly incorporated into the 
rate expressions in PHT3D. Therefore, for each model case, heat transport was also simulated in PHT3D using 
identical heat transport parameter values.

2.3.  Temperature Boundary Conditions: Steady-State and Transient Models

We ran three sets of steady-state models to quantify biogeochemical reactivity for the range of thermal conditions 
present along the global coast (Table S1 in Supporting Information S1). The temperatures applied to the landward 
vertical and ocean boundaries were adopted from Nguyen et al. (2020) and Pu et al. (2020) who performed a glob-
al analysis of coastal groundwater and nearshore surface water temperatures using data in Benz et al. (2017) and 
Locarnini et al. (2013). The analysis found that the mean annual coastal groundwater temperature ranges from 5 
to 35°C globally with a few areas (e.g., the Horn of Africa) reaching 40°C (Nguyen et al., 2020; Pu et al., 2020). 
Nearshore sea surface temperatures exhibit a similar global pattern; however, local groundwater and seawater 
temperatures diverge due in part to ocean circulation patterns, upwelling zones, and climate, leading to ground-
water-ocean temperature contrasts ranging from 0 to 15°C (Nguyen et al., 2020; Pu et al., 2020). The temperature 
of inflowing fresh groundwater and seawater in our first model set (GWa) was uniform and increased from 5 to 
35°C. The second model set (GWb) considered variability in fresh groundwater temperature only; inflowing fresh 
groundwater temperature increased from 5 to 35°C, while seawater temperature was constant at 20°C. Models in 
set three (SST) were assigned a constant fresh groundwater temperature of 20°C, while the sea surface tempera-
ture increased from 5 to 35°C.

The transient model setup was designed to investigate the influence of seasonal variability in groundwater 
and surface water temperature on aquifer reactivity. The model was assigned the same flow and salt trans-
port boundary conditions as the steady-state models and incorporated seasonal temperature variability in the 
ocean and groundwater. Time-varying groundwater and seawater temperatures were assigned to the landward 
vertical and aquifer-ocean interface boundaries, respectively, using 12 monthly stress periods per year. Tem-
peratures assigned to the boundaries were assigned according to field measurements conducted at Waquoit 
Bay National Estuarine Research Reserve, Massachusetts, USA (see Supplemental Information for sampling 
details). Briefly, we conducted monthly sampling of porewater from ports along a 9-m-deep sampler in the 
freshwater aquifer for one year. The measurements revealed nearly vertical temperature profiles throughout the 
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year, indicating that horizontal flow dominates over recharge-induced vertical flow at the Waquoit Bay field 
site (Figure S1 in Supporting Information S1). Thus, the average groundwater temperature measured during 
each month (range 7.7°C to 17.6°C) was applied to the corresponding monthly stress period at the left model 
boundary. Monthly surface water temperatures were assigned to the ocean boundary. The 12 monthly stress 
periods were repeated until temperatures in the aquifer reached dynamic steady state (year 7) to ensure that in-
itial conditions had no effect on model results. Simulated temperatures, concentrations, and reactivity for year 
8 are reported. An additional steady-state "temperature-equivalent" simulation was performed with boundaries 
set to the measured mean annual fresh groundwater and ocean temperature at Waquoit Bay to assess the impor-

Symbol Parameter Value Reference

αL Longitudinal dispersivity 0.5 m Gelhar et al. (1992)

αT Transverse dispersivity 0.05 m Gelhar et al. (1992)

θ Porosity 0.3

ρs Solid matrix density 2801 kg/m3 Approx. value for sand

cf Specific heat of fluid 4183 J/(kg°C) Approx. value for water

cs Specific heat of solid 860 J/(kg°C) Approx. value for sand

KDT Thermal distribution coefficient 2.06 × 10−4 m3/kg Calculated

γb Bulk thermal conductivity 2.3 W/(m°C) Nguyen et al. (2020)

DMT Thermal diffusivity 0.156 m2/d Calculated

X Microbial biomass 4.2x10−5 (M) Gu et al. (2007); Knights et al. (2017)

Var Maximum specific O2 reaction rate at 20°C 2.8 × 10−5 (s−1) Zarnetske et al. (2012)

Vnit Maximum specific NH4
+ reaction rate at 20°C 1 × 10−4 (s−1) Zarnetske et al. (2012)

Vden Maximum specific NO3
− reaction rate at 20°C 1.4 × 10−6 (s−1) Sheibley et al. (2003)

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑂𝑂2 Stoichiometric coefficient: aerobic respiration (O2) 1 Stoichiometry

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝐷𝐷𝐷𝐷𝐷𝐷 Stoichiometric coefficient: aerobic respiration (DOC) 1 Stoichiometry

𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛𝑂𝑂2 Stoichiometric coefficient: nitrification (O2) 2 Stoichiometry

𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛𝑁𝑁𝑁𝑁3
Stoichiometric coefficient: nitrification (NO3

−) 1 Stoichiometry

𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛𝑁𝑁𝑁𝑁4
Stoichiometric coefficient: nitrification (NH4

+) 1 Stoichiometry

Stoichiometric coefficient: denitrification (NO3
−) 0.8 Stoichiometry

Stoichiometric coefficient: denitrification (DOC) 1 Stoichiometry

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑁𝑁𝑁𝑁4
Stoichiometric coefficient: aerobic ammonification 0.104 Stoichiometry

Stoichiometric coefficient: anaerobic ammonification 0.104 Stoichiometry

KDOC Half-saturation constant for DOC 7.23 × 10−4 (M) Knights et al. (2017); Zarnetske 
et al. (2012)

KNH4 Half-saturation constant for NH4
+ 3.07 × 10−5 (M) Knights et al. (2017); Zarnetske 

et al. (2012)

KO2 Half-saturation constant for O2 3.30 × 10−4 (M) Knights et al. (2017); Zarnetske 
et al. (2012)

KNO3 Half-saturation constant for NO3
− 1.18 × 10−4 (M) Knights et al. (2017); Zarnetske 

et al. (2012)

KI Inhibition constant 1.50 × 10−5 (M) Knights et al. (2017); Zarnetske 
et al. (2012)

E(Nitrification) Activation energy nitrification 162,000 J/mol Sheibley et al. (2003)

E(Denitrification) Activation energy denitrification 97,300 J/mol Sheibley et al. (2003)

E(Aerobic respiration) Activation energy aerobic respiration 60,000 J/mol Zheng et al. (2016)

R Ideal Gas Constant 8.31 J/mol

Table 1 
Model Parameters Used in the Flow, Heat Transport, and Biogeochemical Models

������3

�������

������4
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tance of incorporating seasonal temperature variability in biogeochemical 
models of coastal aquifers. Comparison of model results from the transient 
model and the "temperature-equivalent" model (Section  3.2.1 and  3.2.3) 
confirmed that the use of steady-state models in the global assessment is 
a reasonable approach for modeling spatial variability in aquifer reactivity 
along coastlines.

2.4.  Reactive Transport Model

The model considered the key solutes involved in N cycling in coastal 
aquifers: DOC, dissolved oxygen (O2), NO3

−, and NH4
+. These solutes 

were incorporated into a reaction network to simulate aerobic respiration, 
denitrification, nitrification, and aerobic and anaerobic mineralization. 
The governing reaction equations used in the model were adopted from 
previous studies investigating N cycling in shallow unconfined aquifers 
(e.g., Knights et al., 2017; Zarnetske et al., 2012) and follow the classi-
cal cascade of electron acceptors using multiple Monod kinetics (Molz 
et al., 1986):

��2 = −��������2

(

���
���� +���

)(

�2

��2 + �2

)

− ����������2

(

��4

���4 +��4

)(

�2

��2 + �2

)

� (6)

�
(7)

���4 = −�����������4
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��4

���4 +��4
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�2

��2+�2
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+ ���������4
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���
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)

+ �����������4
�
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���� +���
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��3
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� (8)

���� = −����������

(

���
���� +���
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��2 + �2
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− ������������ �
(

���
���� +���
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��3
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)

� (9)

𝐼𝐼 = 𝐾𝐾𝐼𝐼

𝐾𝐾𝐼𝐼 + 𝑂𝑂2
� (10)

where 𝐴𝐴 𝐴𝐴𝑂𝑂2 , 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁3 , 𝐴𝐴 𝐴𝐴𝑁𝑁𝑁𝑁4 , and 𝐴𝐴 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷 (M−1) are the net reaction rates of the i-th solute, 𝐴𝐴 𝐴𝐴𝑖𝑖 (s−1) is the maximum 
specific uptake rate of the i-th solute, 𝐴𝐴 𝐴𝐴 (M) is the microbial biomass, and 𝐴𝐴 𝐴𝐴𝑟𝑟𝑖𝑖 (-) is the stoichiometric coefficient 
for reaction r and solute i. The inhibition of denitrification in the presence of O2 is represented in Equation 10 
and incorporated into the denitrification terms in Equations 7–9 (Widdowson et al., 1988). The model parameter 
values are shown in Table 1.

The influence of temperature on reaction rates was incorporated into the reactive transport model using the Ar-
rhenius equation (Dawson and Murphy, 1972):

𝑉𝑉 (𝑇𝑇 ) = 𝐴𝐴𝐴𝐴−𝐸𝐸∕𝐶𝐶𝐶𝐶� (11)

where V (M−s) is the reaction rate constant (e.g., 𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎 , 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 , and 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑) , T is temperature in Kelvin (K), A is the pre-ex-
ponential factor, E (J/mol) is the activation energy, and C (J/mol-K) is the ideal gas constant. Rate constants were 
dynamically calculated within the model for each time step according to the temperature of the porewater at each 
model cell. Table 1 lists the rate constants at 20°C and the activation energies for aerobic respiration, nitrification, 
and denitrification. Rate constants for aerobic respiration, denitrification, and nitrification increase across the full 
temperature range considered in the simulations (Figure 2).
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Figure 2.  Aerobic respiration (Var), nitrification (Vnit), and denitrification 
(Vden) rate constants as a function of temperature plotted using the Arrhenius 
equation (Equation 11).
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Constant concentrations of DOC, O2, NO3
−, and NH4

+ were assigned to the aquifer-ocean interface and landward 
boundary. The specified concentrations and depth of inflowing nutrients at the left boundary (NO3

−: 2.5 x 10−4 
mol/L; NH4

+: 2.0 x 10−4 mol/L) were adopted from case 3 in Spiteri, Slomp, Tuncay, et al. (2008). The middle 
third of the boundary served as a source of NO3

− and the bottom third of the boundary served as a source of NH4
+, 

consistent with the vertical layering of the nutrients measured in other studies (e.g., Figure 1; Erler et al., 2014; 
Santos et al., 2008). The top third of the landward boundary served as a source of O2 (5.0 x 10−5 mol/L), following 
previous studies that have measured elevated O2 levels in the freshwater aquifer (e.g. Kroeger & Charette, 2008; 
Santos et al., 2008; Tamborski et al., 2017). The bottom two thirds of the landward boundary served as a source 
of DOC (7.5 x 10−4 mol/L), following Spiteri, Slomp, Tuncay, et al. (2008). Seawater was set as a source of DOC 
(2.0 x 10−4 mol/L) and O2 (1.3 x 10−4 mol/L) for inflowing portions of the aquifer-ocean interface.

2.5.  Reactivity Metrics

The net mass of NO3
− removed or produced in the models was calculated as the difference between the denitrifi-

cation and nitrification rate at each model cell integrated across the model domain. NO3
− removal efficiency was 

calculated by dividing the net mass of NO3
− removed by the mass influx of NO3

− across the left boundary. The net 
change in NH4

+ flux was calculated as the difference between the NH4
+ influx and outflux divided by the influx.

We used the dimensionless Damköhler number (Da) to relate changes in reactivity due to temperature variability to the 
advective transport rate. The Da number signifies the relative balance of reactant supply to microbial demand. A Da of 
1 indicates that reactant supply is balanced by microbial demand and a Da greater than 1 indicates the reactant supply is 
unable to match microbial demand. Below a Da of 1, the supply of reactive species outpaces demand. Da is defined as

𝐷𝐷𝐷𝐷 = 𝑅𝑅𝑖𝑖 ⋅ 𝐿𝐿
𝑣𝑣� (12)

where 𝐴𝐴 𝐴𝐴𝑖𝑖 (moles/d) is the denitrification rate, 𝐴𝐴 𝐴𝐴 (m) is a characteristic length scale, and 𝐴𝐴 𝐴𝐴 (m/d) is the advective 
transport rate. A characteristic length scale of 60.5 m was used to quantify the balance of NO3

− supply-demand 
along the length of the freshwater flow path.

We quantified the movement of reaction hotspots in the transient model by computing the spatial moments of the 
aerobic respiration, denitrification, nitrification, and ammonification reaction zones in the freshwater. In a 2D 
cross section, the centroid (xc, zc) coordinates are defined as

𝑥𝑥𝑐𝑐 =
𝑀𝑀𝑥𝑥𝑥1

𝑀𝑀𝑥𝑥𝑥0
� (13)

𝑧𝑧𝑐𝑐 =
𝑀𝑀𝑧𝑧𝑧1

𝑀𝑀𝑧𝑧𝑧0
� (14)

where M is the spatial moment in the x or z direction;

𝑀𝑀𝑠𝑠𝑠𝑠𝑠 =
𝑁𝑁𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
∑

𝑖𝑖=1

𝑠𝑠𝑚𝑚𝑖𝑖 𝑟𝑟𝑖𝑖� (15)

where s = x or z, m = 0 or 1, Nnode = total number of nodes, and ri = reaction rate at the ith node.

Lastly, the cross-sectional area of each solute plume was calculated by summing the area of model cells with a 
concentration higher than 5% of the end-member concentration.

3.  Results
3.1.  Steady-State Simulations: Spatial Temperature Controls Along Coastlines

3.1.1.  Concentration Distributions

The base of the saltwater-freshwater interface in the steady-state simulations migrated landward as seawater tem-
peratures decreased and migrated seaward as freshwater temperatures decreased. These findings are consistent 
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with Pu et al. (2020) and are expected due to temperature controls on density contrasts between the fresh and 
saltwater aquifers. In simulations where seawater and freshwater temperatures were equal and varied uniformly 
(Figure 3; GWa), the density contrast between the freshwater and saline porewater was constant; thus, the base of 
the interface remained stationary between temperature scenarios (Figure 3; left column). As fresh groundwater 
temperature increased from 5°C to 35°C in GWb simulations (seawater temperature constant), the base of the 
interface moved inland 25 m due to an increase in the density ratio between seawater and fresh groundwater 
(Figure 3; right column).

NO3
− concentrations in model sets GWa and GWb decreased with an increase in fresh groundwater temperature 

(Figure 3). The NO3
− concentration at the fresh discharge zone at a fresh groundwater temperature of 5°C was 

41% of the inflowing concentration at the left boundary, which decreased to 17% when the fresh groundwater 
temperature increased to 35°C. NO3

− concentrations along the length of the NO3
− plume in warmer fresh ground-

water decreased more rapidly between the landward boundary and discharge zone (Figure 3). Conversely, in sce-
narios with increasing seawater temperature and a constant fresh groundwater temperature (model set SST), the 
concentration of discharging NO3

− was 36% of the inflowing concentration across all model scenarios, indicating 
that seawater temperature has a negligible effect on NO3

− consumption (Figure S2 in Supporting Information S1). 

Figure 3.  NO3
− concentrations, salinity, and flow vectors for model sets GWa (left column) and GWb (right column). Fresh 

groundwater and seawater temperatures are labeled in white. The white contours are the 5%, 50%, and 95% seawater salinity 
contours. The gray vectors show the normalized flow field.
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These results indicate that fresh groundwater temperature was a more important control on NO3
− concentrations 

than seawater temperature, and that fresh groundwater temperature modified NO3
− concentrations by controlling 

NO3
− consumption along fresh groundwater flow paths.

The spatial distribution of dissolved O2 and NH4
+ varied across the range of fresh groundwater temperatures 

due to changes in both chemical transformation rates and the position of the saltwater interface. The oxic zone 
in GWa (not shown) and GWb models (Figure 4; left column) narrowed vertically seaward of x = ∼20 m as O2 
consumption rates increased with fresh groundwater temperature. At the bottom of the aquifer, the NH4

+ plume 
was displaced upward as the saltwater interface intruded inland under warmer and less dense fresh porewater 
(Figure 4; right column). The displacement of the NH4

+ plume did not occur in cases where fresh groundwa-
ter and seawater temperatures increased uniformly because the density contrast across the interface remained 
constant. The degradation of DOC served as a source of NH4

+ through ammonification, and the release of NH4
+ 

into porewater was higher for warmer groundwater temperatures. This was most evident along the top boundary 
of the NH4

+ plume for the warmest fresh groundwater case, where there was a moderate increase in NH4
+ from 

x = 0–20 m (Figure 4; row 3).

3.1.2.  Reactivity

The spatial distribution of denitrification and ammonification rates illustrates the role of groundwater tem-
perature on controlling the biogeochemical reactivity of the coastal aquifer. Denitrification rates in the 
landward half of the freshwater aquifer (x = 0–30 m) in GWa and GWb increased with fresh groundwater 
temperature, regardless of the seawater temperature (Figure 5). NO3

− consumption rates within this region of 
the aquifer increased slowly from 5°C to 20°C and then rapidly from 20°C to 35°C owing to the exponential 
rise in DOC reactivity with an increase in temperature (Figure 2). The highest denitrification rate between x 
= 0–30 m increased 25.2% from 5°C to 20°C and 57.8% from 20°C to 35°C. Denitrification rates in the sea-
ward half of the freshwater aquifer (x = 30–60.5 m) increased from 5°C to 25°C; however, there was a small 
decrease in nitrite consumption in that region of the aquifer from 25°C to 35°C. Efficient NO3

− removal near 
the landward boundary at 35°C significantly reduced NO3

− availability closer to the shoreline; thus, NO3
− 

supply was unable to match microbial demand and reaction rates decreased seaward of x = 30 m (Figure S3 
in Supporting Information S1). The spatial pattern of ammonification was similar to denitrification, as DOC 
degradation and NH4

+ production were coupled to NO3
− reduction (Figure 6). A narrow horizontal strip of 

Figure 4.  O2 (left) and NH4
+ (right) concentrations for a subset of GWb models. Freshwater and seawater temperatures are 

shown in white text. The white contours are the 5%, 50%, and 95% seawater salinity contours. The gray vectors show the 
normalized flow field.
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elevated ammonification rates beginning at a depth of 6 m at the left boundary occurred due to mixing be-
tween DOC and O2 plumes, resulting in aerobic respiration and subsequent DOC mineralization and NH4

+ 
release.

3.1.3.  NO3
− Removal Efficiency

The model results show that warmer fresh groundwater increased NO3
− removal efficiency. (Figure 7a-b). In 

GWa simulations (uniformly increasing fresh groundwater and seawater temperature), NO3
− removal efficiency 

increased from 5.2% to 88.3% as temperature rose from 5°C to 35°C (Figure 7a). The trend in NO3
− removal 

efficiency for GWb simulations (increasing fresh groundwater temperature, constant 20°C seawater temperature) 
was similar, with NO3

− removal efficiency increasing from 3.9% to 88.0% as fresh groundwater temperature in-
creased from 5°C to 35°C (Figure 7b). There was no change in NO3

− removal efficiency when fresh groundwater 
temperature was held constant as seawater temperatures increased from 5°C to 35°C (Figure 7c; SST). These 
results indicate that fresh groundwater temperature was the primary control on NO3

− processing in the system. 
Although the toe of the interface moved 20 m seaward as seawater temperature increased in SST simulations 
(Figure S2 in Supporting Information S1), the corresponding shifts to freshwater flow paths along the interface 
had negligible influence on NO3

− attenuation.

We quantified the net change in NH4
+ to explore the relative balance of ammonification and nitrification with-

in and across thermal regimes. In nearly all models in GWa and GWb, NH4
+ outflux across the seabed was 

greater than freshwater NH4
+ influx (Figure 7d-e). The net change in NH4

+ flux across the seabed increased 
from 0.1 to 13.4% and from −1.0 to 17.0% in GWa and GWb model sets, respectively, indicating that DOC 

Figure 5.  Denitrification rates for model sets GWa and GWb. White contours are 5%, 50%, and 95% seawater salinity 
contours. The gray vectors show the normalized flow field. Reaction rates are normalized by the maximum reaction rate 
across all models.
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degradation and NH4
+ release increased in warmer fresh groundwater. In 

GWb (increasing fresh groundwater temperature, constant 20°C seawater), 
a negative (−1%) net change (net NH4

+ removal) occurred when the fresh 
groundwater temperature was between 5 and 10°C (Figure  7e). At these 
low fresh groundwater temperatures, ammonification was inhibited, while 
mixing between colder freshwater and warmer 20°C seawater along the 
shallow portion of the saltwater interface supported nitrification sufficient 
to result in net NH4

+ removal; O2 that recharged across the seabed due to 
density-driven circulation supported nitrification along the upper interface. 
SST simulations showed net NH4

+ production over a narrow range from 
3.9% to 1.6% (2.3% change), indicating that the effect of sea surface tem-
perature on density-driven circulation had little influence on NH4

+ fluxes 
to surface water.

3.2.  Transient Simulation: Seasonal Temperature Controls

3.2.1.  Transient Model Solute Concentration Distributions

The transient model results show that the toe of the saltwater-freshwa-
ter interface moved only 1-2 m across the base of the aquifer when the 
temperature of inflowing fresh groundwater and seawater varied season-
ally. These interface dynamics are similar to the results of the steady-
state GWa models where the interface toe remained stationary as fresh 
groundwater and seawater temperature increased uniformly. To further 
assess the importance of incorporating seasonal temperature variability in 
groundwater flow models of coastal aquifers, we performed a "tempera-
ture-equivalent" steady-state simulation. The measured mean annual fresh 
groundwater and seawater temperatures, 12.3°C and 14.7°C, respectively, 
were assigned as boundary conditions in a steady-state model. Compari-
son between the transient model and the "temperature-equivalent" steady-
state model showed that the position of the interface along the base of 
the aquifer was nearly the same (±2 m) in both models and that the mass 
of saltwater in the aquifer differed by less than 2%. Thus, steady-state 
(boundary conditions) heat-transport models of coastal aquifers that con-
sider mean annual temperatures can closely approximate the location and 
dynamics of the saltwater-freshwater interface when temperature is the 
only controlling factor.

O2, NO3
−, and NH4

+ were transported along undulating flow paths from the 
landward boundary to the discharge zone (Figure 8). The undulating flow 
paths formed due to buoyancy forces as warm and cold groundwater masses 
moved through the system. Warm buoyant porewater lifted the oxic, NO3

−, 
and NH4

+ plumes upward, while adjacent cooler and denser zones coincid-
ed with sinking groundwater and a downward shift in the plumes (Figures 8 
and 10). Warm water that entered the aquifer in July caused the NO3

− plume 
to undulate up to 5 m as warm groundwater flowed through the aquifer to the discharge zone. The seaward move-
ment and changes to the strength of the undulation along the NO3

− plume coincided with changes to the plume 
area (Figures 8 and 9b). For example, the NO3

− plume decreased seasonally in size by 15 m2 from March to Sep-
tember as the seaward half of the plume straightened until a lagged pulse of warm water from summer entered the 
aquifer and caused the NO3

− plume to locally uplift near x = 10 m, leading to an increase in plume area starting 
in October. At depth, the NH4

+ plume decreased in size from spring to summer as a result of a downward shift in 
the overlying NO3

− plume (Figures 8 and 9c).

O2 concentrations on the saltwater side of the interface varied in response to changes in aerobic respiration rates 
(Figure 8; left column). High rates of density-driven inflow and circulation between the top of the interface and 
10 m seaward (x = 60–70 m) maintained elevated O2 concentrations below the seabed. The O2 concentrations 

Figure 6.  Ammonification rates for GWa models. Fresh groundwater and bay 
water temperatures increase from 5°C to 35°C. GWb models yielded similar 
results and are not shown. The white contours are the 5%, 50%, and 95% 
seawater salinity contours. The gray vectors show the normalized flow field. 
Reaction rates are normalized by the maximum reaction rate.
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were highest in March when aerobic respiration was inhibited by colder inflowing seawater. In September, warm 
seawater from the summer months occupied the upper portion of saltwater side of the interface. The warmer 
porewater supported higher aerobic respiration rates, resulting in lower O2 concentrations.

3.2.2.  Transient Model Reactivity Distributions

Periods of warm fresh groundwater input corresponded to a zone of enhanced denitrification at the left boundary, 
which moved seaward with the warm fresh groundwater over a period of 335 days (Figure 10). Ammonification 
in the denitrification hotspot was elevated due to the higher DOC oxidation rates in the warm fresh groundwater 
(Figure 10; column 2). The intensity of the ammonification and denitrification hotspots subsided as they mi-
grated seaward due to a decrease in reactant availability along the flow path. A thin horizontal zone of aerobic 
respiration formed where O2 near the ground surface overlapped with DOC at depth (Figure 10; column 3). Far-
ther seaward, density-driven recharge of seawater across the seabed supplied O2 and DOC to the saltwater side of 
the interface, which maintained elevated aerobic respiration rates. Nitrification occurred within the same offshore 
area as the aerobic respiration zone, owing to the coupled release of NH4

+ from DOC degradation (Figure 10; 
column 4). While individual denitrification hotspots migrated from the left model boundary to the discharge 
zone, the denitrification zone centroid exhibited less motion (Figure S4 in Supporting Information S1). The ex-
planation for the disconnect between individual hotspot movement and the reaction zone centroid is the frequent 
occurrence of two separate denitrification hotspots along the freshwater flow path (Figure 10). As one hotspot 
exited the aquifer, a second emerged from the left boundary, which led to a computed centroid location between 
the two hotspots and reduced centroid movement.

Figure 7.  NO3
− removal efficiency and net change in NH4

+ for GWa, GWb, and SST model sets. Left column: NO3
− removal 

efficiencies. Right column: NH4
+ net change. The seawater temperature in panels (b) and (e) is constant at 20°C. The fresh 

groundwater temperature in panels (c) and (f) is constant at 20°C. A positive NH4
+ net change indicates production, negative 

signifies net NH4
+ consumption.
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3.2.3.  Transient Model NO3
− Removal Efficiency

We computed NO3
− removal efficiency and the mean fresh groundwater temperature in the aquifer for each sim-

ulated time step to further analyze the influence of seasonal temperature variability on N cycling. NO3
− removal 

efficiency oscillated seasonally with fresh groundwater temperature, peaking at 13.8% in summer at 13.0°C and 
reaching a low of 12.5% in winter at 11.5°C (Figure 11). The small 1.3% range was due to the effect of averaging 
temperature and integrating the mass of NO3

− removed across the domain, which dampened variability along the 
freshwater flow paths shown in Figure 9. The temporal trend was similar to the findings of Addy et al. (2005) 
where a seasonal effect on denitrification was measured in a salt marsh aquifer, with higher rates in summer. 
Ahrens et al. (2020) similarly observed increased respiration rates in a coastal aquifer in summer.

The transient model results were compared to the "temperature-equivalent" steady-state model to assess the impor-
tance of incorporating seasonal temperature variability in models when estimating NO3

− removal efficiency. NO3
− 

Figure 8.  Bimonthly simulated concentrations from the transient model. Left: O2. Middle: NO3
−. Right: NH4

+. The white contours are the 5%, 50%, and 95% seawater 
salinity contours. The gray vectors show the flow field.
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removal efficiency in the "temperature-equivalent" steady-state model was 
9.7%, which is similar to the mean annual removal efficiency (13.2%) in the 
transient model. These results suggest that steady-state models with site-specif-
ic mean annual fresh groundwater and ocean temperatures applied as boundary 
conditions can be used to approximate mean annual NO3

− removal efficiency.

3.3.  Temperature and Reactant Supply and Demand

Fresh groundwater temperature controlled the relative balance of NO3
− supply 

and microbial uptake through its influence on the reaction rate. In model cas-
es where fresh groundwater and seawater temperatures increased uniformly 
(GWa) from 5°C to 20°C, Da was less than 1 throughout the freshwater aqui-
fer, indicating that colder groundwater temperatures maintained low enough 
denitrification rates to allow NO3

− to be transported to the discharge zone 
more conservatively (Figure S5A–D in Supporting Information S1). From 
25°C to 35°C (Figure S5E–G in Supporting Information S1), Da in sections 
of the NO3

− plume was greater than 1 as NO3
− supply was unable to match 

higher microbial demand in warmer fresh groundwater. The spatial average 
(0.09–0.96) and variability of Da increased as fresh groundwater temperature 
rose from 5°C to 35°C (Figure 12a). Thus, while localized areas with Da > 
1 formed in the aquifer, the broader system was rate-limited across the full 
range of thermal conditions tested, with NO3

− consumption approaching sup-
ply (Da = 1) only for the case with the warmest fresh groundwater tempera-

ture. The variability and spatial average of Da were the same across SST cases, further indicating the negligible 
effect of sea surface temperature on the consumption of land-derived NO3

− prior to discharge (Figure 12b).

4.  Discussion
4.1.  Effects of the Position of the Saltwater Interface

Model sensitivity tests show that fresh groundwater temperature exerts greater control over aquifer reactivity than 
seawater temperature. Such influences are expected, as inflowing fresh groundwater served as a source of nutrients 
to the aquifer, which is common in many coastal systems (e.g., Kroeger & Charette, 2008; Beck et al., 2017; Kim 
et al., 2017). While seawater temperature was not important to NO3

− removal, it affected the depth of the contaminant 
plumes by controlling the amount that contaminants were displaced upward by intruding seawater prior to discharge 
(Figure 4). This temperature-controlled saltwater intrusion and its effect on lifting groundwater contaminants closer 
to the land surface may have implications for nutrient and other contaminate fluxes to coastal streams and lakes. A 
recent global assessment of total nearshore (onshore and offshore) groundwater discharge suggests that 66% of coastal 
groundwater discharges onshore landward of the shoreline (Luijendijk et al., 2020). The onshore discharge contributes 
to surface runoff, base flow, lakes, and wetlands before reaching the coast (Bokuniewicz, 1992). This suggests that 
water quality of coastal aquatic systems may be at a reduced or heightened risk of impairment depending on the depths 
of contaminant plumes and present and future temperature contrasts between groundwater and the coastal ocean.

4.2.  Implications for Measurements

Porewater incubation experiments have been used to quantify reaction rates in coastal aquifers (e.g., Lecher 
et al., 2015; Kim et al., 2017). In laboratory incubations, porewater is often incubated at a temperature that is 
different from in situ temperatures. The incubated reaction rates are then converted to in situ reaction rates using 
measured porewater temperatures and the Arrhenius equation. The transient model, which was assigned bound-
ary conditions based on field measurements, suggests that groundwater temperature can be highly variable spa-
tially and temporally near the saltwater interface. This suggests that the location where porewater is sampled for 
incubation can dictate whether the sample is from a colder or warmer groundwater mass. Therefore, incubated re-
action rates that are converted to in situ reaction rates using porewater temperatures measured in warmer regions 
and then spatially or temporally extrapolated may overestimate the reactivity of the broader freshwater aquifer.

Figure 9.  Area of the O2, NO3
−, and NH4

+ plumes on the freshwater side of 
the saltwater interface over a period of one year.
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4.3.  Implications for Potential Reactivity Along the Global Coast

The model results (Figures 3–9) and the global variability in coastal ground-
water and nearshore ocean temperature (see global temperature maps in 
Nguyen et al., 2020) suggest that for the model setup considered, the poten-
tial for coastal aquifers to process nutrients varies along the world coastline, 
with potential nitrate removal efficiencies of up to 88% at 35°C in the low lat-
itudes and as low as 5% at 5°C in the far northern and southern hemispheres. 
Coastal aquifers at lower latitudes have a higher reactive potential owing to 
warmer groundwater temperatures. Coastal groundwater temperatures are 
highest along the Horn of Africa and northwest Australia 10–20° N/S of the 
equator, demonstrating the role of regional climate in determining ground-
water temperature and hence the reactive potential of coastal groundwater 
systems in those regions.

Projections of nutrient enrichment in freshwater catchments show that North 
and South America and Europe are likely to suffer from algal growth asso-
ciated with phosphorous enrichment. Africa, the Middle East, and India are 

Figure 10.  Bimonthly simulated reaction rates from the transient model. Light blue to purple contours correspond to temperature. Reaction hotspots are bracketed by 
high temperature contours as they travel through the aquifer. The white contours are the 5%, 50%, and 95% seawater salinity contours. Reaction rates are normalized by 
the maximum reaction rate. The gray vectors show the flow field.

Figure 11.  NO3
− removal efficiency and mean fresh groundwater temperature 

over a period of one year.
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projected to experience N enrichment and associated algal growth (McDowell et al., 2020). Nutrient enrichment 
of inland areas is likely to lead to increased nutrient loading to coastal aquifers, and subsequently, increased 
nutrient fluxes to coastal waters via submarine groundwater discharge. Our model results provide a first-order 
temperature-dependent estimate of the potential of coastal aquifers in these regions to attenuate N loads in fresh 
groundwater before discharging to the nearshore marine environment. Additionally, regions with large ground-
water-ocean temperature contrasts are likely to host saltwater interfaces at different distances from the coast than 
for coastlines with the same fresh groundwater and seawater temperature. For instance, the cold California Cur-
rent that flows south along the Pacific coast of North America forms larger temperature contrasts between fresh 
groundwater and seawater than for the same latitude on the Atlantic coast. In addition to affecting the inland ex-
tent of the interface toe (Pu et al., 2020), the results of this study suggest that such spatially variable temperature 
contrasts can influence the geometry of contaminant plumes in fresh groundwater flowing to the sea.

4.4.  Implications for Climate Change

Climate change will affect groundwater temperatures due to an increase in the temperature of recharge (Burns 
et al., 2017) and from thermodynamic coupling between the atmosphere and ground (Hemmerle & Bayer, 2020). 
Coastal ocean temperatures will also increase due in part to shifts in ocean circulation patterns (Rahmstorf 
et al., 2015). Future warming of coastal fresh groundwater would likely lead to higher NO3

− removal efficiencies 
and lower groundwater NO3

− fluxes to coastal ecosystems, all else constant. Additionally, changes to groundwa-
ter and ocean temperatures lag climate change at different time scales (Burns et al., 2017; Hansen et al., 2005), 
which will generate conditions of nonuniform fresh groundwater and seawater temperatures. As discussed above, 
the models show that future inland shifts to the saltwater-freshwater interface that arises from nonuniform 
groundwater and coastal ocean temperature changes may displace seaward flowing chemical plumes upward, 
with implications for nutrient fluxes to coastal streams and lakes, as well as for contamination of pumping wells. 
Further, marine heat waves or periods of extreme high sea surface temperature relative to the long-term seasonal 
cycle (Hobday et al., 2016) are increasing in frequency due to anthropogenic warming (IPCC, 2019) and are be-
coming more intense and longer (Frölicher & Laufkötter, 2018; Smale et al., 2019; Laufkötter et al., 2020). These 
localized and intermittent seawater warming events would decrease the density ratio between seawater and fresh 
groundwater and may cause saltwater-freshwater interfaces to shift seaward. To characterize the influence of 
dynamic ocean warming events, future studies should consider interface response time scales relative to changes 
in sea surface temperature beyond seasonal cycles as considered in this study. Understanding long-term patterns 
in groundwater and coastal ocean temperature changes and corresponding lags to climate change will improve 
the understanding of future contaminant plume dynamics, biogeochemical processing rates in coastal porewater, 
and chemical fluxes to surface water.

Figure 12.  Summary statistics of Da within the denitrification zone for model sets GWa and SST. The red horizontal lines 
are the median, the green circles are the mean, the bottom and top edges of the boxes indicate the 25th and 75th percentiles, 
respectively, and the whiskers show the maximum and minimum values. Boxplots for model set GWb are nearly identical to 
GWa and are not shown.
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Climate change models predict greater warming over land compared to oceans, with the greatest warming in 
the Arctic and midlatitudes in the northern hemisphere (Collins et. al, 2013) where warming may reach 4–7°C 
by 2100 under intermediate carbon emission scenarios (IPCC,  2018). Assuming the temperature of shallow 
groundwater increases by the same amount, our model sensitivity tests suggest that a 4–7°C increase of cooler 
fresh groundwater could translate to a 5-10% increase in bulk reactivity of coastal aquifers under the contami-
nation scenario considered in this study. Thus, even if average global temperatures are held to 1.5–2°C, spatially 
nonuniform heating on land and Arctic amplification are likely to affect groundwater chemical loads to coastal 
systems through temperature controls on porewater reaction kinetics.

4.5.  Model Assumptions and Considerations

We used a simplified model setup to isolate the effects of temperature on biogeochemical transformations in coast-
al aquifers. The models assumed homogeneous aquifer material; however, sediment heterogeneity is ubiquitous 
in coastal environments (Holland & Elmore, 2008). Heterogeneity in hydraulic conductivity creates preferential 
flow paths that affect the width, inland extent, and configuration of the saltwater interface (Michael et al., 2016). 
Groundwater pumping in heterogeneous coastal aquifers introduces additional complexity in saltwater-freshwater 
mixing patterns (Yu & Michael, 2019). Changes to freshwater flow paths along the saltwater interface due to 
geologic structures would affect contaminant plume migration, residence times, and chemical processing. Ge-
ologic heterogeneity can also enhance NO3

− removal in intertidal saltwater-freshwater mixing zones (Heiss & 
Michael, 2020) and in the banks of tidal rivers (Wallace et al., 2020). These geologic controls on solute transport, 
mixing, and reactivity would lead to more complex biogeochemical responses than simulated in this study. Future 
studies should consider the influence of sediment composition and continuity on temperature-dependent nutrient 
cycling along the saltwater-freshwater interface. Further, chemical heterogeneity in the form of seawater-derived 
particulate organic carbon (Kim et al., 2020) and in situ buried wrack (Heiss, 2020) can serve as a carbon source 
to support coastal aquifer reactivity. However, these additional carbon sources are likely minimal inland from the 
shoreline.

The models did not include tidal fluctuations and therefore omit chemical processing in the intertidal saltwater 
circulation cell. Seawater infiltrating across the beachface due to tidal action introduces DOC into intertidal sed-
iments (Beck et al., 2017; Ullman et al., 2003), which supports the consumption of NO3

− in fresh groundwater 
flowing through the beach aquifer (Couturier et al., 2017). NO3

− removal efficiency in intertidal aquifers under 
tidal influence can span from 20 to 100% (Anwar et al., 2014; Heiss et al., 2017), depending on tidal amplitude 
and beach properties. The present study shows that temperature can have a similar effect on the range of NO3

− 
removal efficiencies along the saltwater interface, with NO3

− removal efficiencies ranging from 5 to 88%. While 
the ranges are similar, total removal is lower along the lower interface compared to intertidal circulation cells, 
suggesting that N reactivity supported by tides may be more important than redox processes along the saltwater 
interface for the model setup considered in this study.

The transient model did not consider seasonal oscillations in the freshwater hydraulic gradient that cause alter-
nating fresh and saline fluxes across the sea floor (Michael et al., 2005). An oscillating freshwater hydraulic 
gradient would affect the residence time of freshwater flowing from upland to the discharge zone, influencing 
the extent of time solutes that may undergo chemical processing. However, these impacts may be minimal for 
topography-limited systems that cover 70% of the world coastline (Michael et al., 2013). The effects of seasonal 
sea level anomalies on the position of the saltwater interface (Gonneea et al., 2013) were also not incorporated 
into the transient model to isolate temperature influences. Like seasonal variability in recharge, changes in sea 
level control the freshwater hydraulic gradient and would likely have similar effects on residence times and 
aquifer reactivity.

The boundary conditions and specified distribution of inflowing solutes used in our models are representative 
of a coastal aquifer in the Northeastern United States (Spiteri, Slomp, Tuncay, et al., 2008; Kreoger et al., 2007); 
however, the vertical extent and overlap of chemical plumes flowing to the coast are geographically variable 
(e.g., Santos et al., 2008). A variety of transport boundary conditions that represent other contaminant scenarios 
would allow for a more comprehensive characterization of the role of porewater temperature on nutrient transport 
behavior and chemical transformation in these systems.
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5.  Conclusions
In this study, we investigated the role of global and seasonal variability in groundwater and coastal ocean tem-
peratures on spatial and temporal trends in N cycling in coastal aquifers. Numerical variable-density groundwater 
flow, heat transport, and reactive transport models were used to explore the complex interactions between solute 
transport, thermally controlled buoyancy, and temperature-dependent biogeochemical processing. The model 
results are the first to systematically show the effects of temperature on biogeochemical processing in coastal 
aquifers. We performed a sensitivity analysis of the reactive potential of coastal aquifers across the range of ther-
mal conditions that exist between groundwater and the ocean along the global coast. The results show that tem-
perature strongly controls aerobic respiration, denitrification, and nitrification rates in fresh and saline porewater.

In steady-state models, NO3
− removal efficiency increased from 5% to 88% as fresh groundwater temperature 

increased from 5°C to 35°C due to the influence of temperature on the kinetic energy of reactants, while seawater 
temperature exerted negligible control over denitrification. However, seawater temperature affected the geometry 
and depth of contaminant plumes in the fresh groundwater by influencing the position of the saltwater interface 
through the density contrast between seawater and fresh groundwater.

We performed a transient one-year simulation that incorporated monthly groundwater and bay water temperature 
measurements from Waquoit Bay National Estuarine Research Reserve located on Cape Cod, Massachusetts, 
USA. The model showed that seasonal variability in fresh groundwater temperature can affect solute transport 
paths, the structure of contaminant plumes, and porewater NO3

− removal efficiency. Warm groundwater masses 
that entered the freshwater aquifer in summer migrated seaward in seaward flowing groundwater and hosted de-
nitrification and ammonification hotspots. Density contrasts between warm and cold fresh groundwater masses 
led to undulating transport paths due to thermally controlled buoyancy. Model comparisons showed that mean 
annual fresh groundwater and ocean temperatures can be incorporated as end-members in steady-state models of 
coastal aquifers when estimating annually averaged NO3

− removal efficiency.

The results of this study can be used to inform the timing and location of field measurements and can aid in 
extrapolating incubated laboratory reaction rates over time and space. The findings have implications for un-
derstanding regional variability in groundwater nutrient loads to coastal ecosystems and for predicting saltwa-
ter-freshwater interface and porewater biogeochemical responses to a warming ocean and climate.

Data Availability Statement
The data necessary to reproduce the findings of this manuscript are available on CAUSHI HydroShare 
(Cogswell, 2021).
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