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Abstract

The impacts of Atmospheric Nitrogen Deposition (AND) on the chlorophyll and nitro-
gen dynamics of surface waters in the western North Atlantic (25-45°N, 65-80°W) are
examined with a biogeochemical ocean model forced with a regional atmospheric chem-
istry model (Community Multi-scale Air Quality model, CMAQ). CMAQ simulations with
year-specific emissions reveal the existence of a ‘hot-spot’ of AND over the Gulf Stream.
The impact of the hot-spot on the oceanic biogeochemistry is mitigated in three ways by
physical and biogeochemical processes. First, AND significantly contributes to surface
oceanic nitrogen concentrations only during the summer period, when the stratification is
maximal and the background nitrogen inventories are minimal. Second, the increase in
summer surface nitrate concentrations is accompanied by a reduction in upward nitrate
diffusion at the base of the surface layer. This negative feedback partly cancels the nitro-
gen enrichment from AND. Third, gains in biomass near the surface force a shoaling of
the euphotic layer and a reduction of about 5% in deep primary production and biomass
on the continental shelf. Despite these mitigating processes, the impacts of AND remain
substantial. AND increases surface nitrate concentrations in the Gulf Stream region by
14% during the summer (2% on average over the year). New primary production increases
by 22% in this region during summer (8% on average). Although these changes may be
difficult to distinguish from natural variability in observations, the results support the view
that AND significantly enhances local carbon export.

1 Introduction

The surface of the global ocean warmed by ~ 0.11°C per decade between 1971
and 2010, resulting in a 4% increase in thermal stratification [Rhein et al., 2013]. This
increased stratification implies a decrease in surface nutrients and primary production in
the vast portions of the ocean where the nutrient supply depends on vertical mixing [e.g.,
Behrenfeld et al., 2006]. Wang et al. [2015] recently suggested that this trend could be
mitigated by anthropogenic aerosol deposition, a process where nutrients resulting from
human activities fertilize the upper ocean. An increasing number of studies are examin-
ing this process in different regions of the ocean [e.g., Doney et al., 2007]. In the North
Pacific Ocean, Kim et al. [2011] report that Atmospheric Nitrogen Deposition (AND) cou-
pled with increased riverine inputs forced a switch in the primary production from being
nitrogen-limited to being phosphorus-limited. The increase in atmospheric deposition was
due to anthropogenic activity and was concentrated near the Asian continent [Kim et al.,
2014a].

The waters of the northeastern United States (US) represent another region where
AND is expected to have a measurable effect on primary production. This area is posi-
tioned downwind of highly urbanized areas, agricultural centers and industrial centers in-
cluding coal-fired power plants (see the airsheds in Paerl et al. [2002]). All these sources
contribute to atmospheric nitrogen concentrations in oxidized or reduced forms [Linker
et al., 2013; Li et al., 2016]. Moreover, the waters offshelf are oligotrophic during the
summer with surface nitrate (NO3') concentrations as low as 0.2 mmol-N m~3 [Boyer
et al., 2013]. The nitrogen-limited surface layer is thus expected to respond to AND events.
For example, bioassays conducted in the Gulf Stream and Sargasso Sea showed stimulated
CO, fixation in response to natural rainfall [Paerl et al., 1999]. AND is estimated to rep-
resent 24% of the new nitrogen inputs in surface waters of the Sargasso Sea [Paerl, 1995].
The contribution from organic nitrogen remains uncertain but Peierls and Paerl [1997] es-
timate that 20-30% of the organic N deposited would be available to primary producers.

Kim et al. [2014b] examined the effect of AND in this area by comparing satellite-
derived surface chlorophyll to atmospheric conditions. The results show that precipitation
events in low-nitrate areas (< 1 mmol-N m~3) are associated with increased chlorophyll
while high-nitrate areas often exhibit a decrease in chlorophyll during such events. The



authors suggest that the strong winds accompanying precipitation events would reduce
light availability by mixing phytoplankton deeper into the water column and thus over-
come the beneficial effect of AND where NOJ is already abundant. However, the limited
data available made it difficult to disentangle such physical effects from the direct biogeo-
chemical effects of AND.

Here we present results from the Deposition of Atmospheric Nitrogen to Coastal
Ecosystems (DANCE) project, whose aim is to assess the impact of AND on surface wa-
ters of the western North Atlantic. A central hypothesis of DANCE is that precipitation
events elevate primary production and phytoplankton biomass in these waters during the
summer, when oligotrophic and stratified conditions prevail. Our goal here is to evaluate
the role of AND in the western North Atlantic over several years. We employ numerical
simulations for the period 2004-2008 at high spatial (~ 9km) and temporal (3-hourly at-
mospheric forcing) resolution. The model framework combines deposition rates from an
atmospheric chemistry model with a 3-D oceanic model (Figure 1) that includes an eco-
logical module for the lower trophic levels [Hofimann et al., 2011; Druon et al., 2010;
Cahill et al., 2016]. The numerical experiments allow us to isolate the impact of AND
from other physical processes such as wind mixing that often co-occur with precipitation
events. Though the impact of AND on marine biogeochemistry has been modeled in the
past, the focus has been primarily at the global scale using coarse-resolution models [hor-
izontal scale ~ 200 km; Duce et al., 2008; Krishnamurthy et al., 2007]. However, AND is
highly localized in coastal waters downwind of industrialized regions [e.g., Martins et al.,
2016]. Furthermore, coastal ocean physical and biogeochemical dynamics are character-
ized by high spatial variability, on the order of tens of km. This study therefore addresses
the need to model the impacts of AND on the western North Atlantic at the appropriate
spatial scale.

The next section describes the model framework, the datasets used and the numeri-
cal experiments conducted. The following sections examine the variability of AND events,
the surface NOJ budget in the presence/absence of AND, and the effect of AND on the
primary production of the system. A discussion of the results and their relevance in the
context of the carbon cycle conclude this study.

2 Method
2.1 Atmospheric nitrogen deposition forcing

The atmospheric nitrogen deposition estimates used in the present study were simu-
lated by the US Environmental Protection Agency (EPA) Atmospheric Science Modeling
Division using the Community Multi-scale Air Quality model [CMAQ version 5.0.2, Ap-
pel et al., 2013; Gantt et al., 2015]. CMAQ is an open-source (https://www.epa.gov/cmaq)
air quality modeling system that links together models of atmospheric chemistry, trans-
port, meteorology, and emission to predict fate and transport of a broad spectrum of at-
mospheric constituents. The model notably calculates the concentration of ions in rain at
regular interval over the course of a precipitation event and thus represents processes such
as the washout effect. We obtained from the EPA the archived monthly averaged outputs
of atmospheric deposition at the surface for all nitrogen species simulated by CMAQ. This
output is from the current regional EPA configuration of the model, with year-specific
emissions, meteorological simulations using the WRF 3.4 [Weather Research and Fore-
casting, Skamarock et al., 2008] meteorological model, and CBOSTUCL chemical mech-
anisms [Sarwar et al., 2011], set up at 12km horizontal resolution and 35 vertical layers.
CMAQ nitrogen species were aggregated into wet and dry deposition and, within each de-
position type, further aggregated into reduced (NH; and NH}) and oxidized (HNOs, NO3,
NO, NO,, N,Os, HNO,, organic nitrate, peroxyacetyl nitrate and higher peroxyacyl ni-
trates) species to respectively match the ammonium and nitrate pools of the ocean model
(see Section 2.3).



The archived monthly outputs from CMAQ represent long-term averages of individ-
ual events localized in space and time (duration is O(day) or less for precipitation events).
Some form of temporal downscaling is thus required to simulate the biological response to
individual events. This is particularly important for wet deposition events whose variabil-
ity follows that of rain events. The downscaling approach used in this study is to: (1) de-
rive monthly rain concentration fields from CMAQ’s archived monthly wet deposition and
rain fields, and (2) multiply these concentrations by 3-hourly precipitation fields [Huffman
et al., 2007, see below] to yield a 3-hourly flux at the ocean surface. The result of this
downscaling approach is a 3-hourly wet deposition that reproduces the episodic nature and
patchiness of precipitation.

In the first step of the downscaling approach, the concentration fields are calculated
as:

w Doxidized
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where OX 1., is the monthly rain concentration field for oxidized nitrogen, WDgg{gged is
the monthly wet deposition flux of oxidized nitrogen, and raincpaq is the monthly precip-
itation rate from CMAQ (and so on for reduced nitrogen). In the second step, the down-

scaled wet nitrogen fluxes are calculated as:
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where rainzpourly is a 3-hourly precipitation field. A comparison between four precipita-
tion products [Dee et al., 2011; Mesinger et al., 2006; Huffiman et al., 2007; Appel et al.,
2013] showed similar rates over the US mainland but major differences over the Gulf
Stream region. Given the importance of precipitation in this study, we use 3-hourly, 0.25°-
resolution fields from the Tropical Rainfall Measuring Mission [TRMM, Huffman et al.,
2007]. This product has been extensively compared against observations and is expected
to be the most accurate of the four over the open ocean.

Version 5.0.2 of CMAQ does not include the bulk of dissolved organic nitrogen
(DON) in rainwater even though DON contributes significantly to AND [Cornell et al.,
2003; Zhang et al., 2012; Jickells et al., 2013]. Wet deposition of DON is thus estimated
following Zhang et al. (2012, their Figure 5c). This parameterization assumes DON con-
centrations in rain to be proportional to total dissolved nitrogen (the sum of oxidized ni-
trogen, reduced nitrogen and DON):

DONrain ~ (.24 x (OXIrain + RED,—ain + DONrain) .

which can be solved for DON,,i,. Note that the regression of Zhang et al. (2012) has a
non-zero intercept (4.57 umol L=1). This intercept has a very small effect on the final val-
ues and has no physical meaning (DON must be zero when total dissolved nitrogen is
zero). We therefore neglect the intercept altogether. The downscaled wet DON flux is cal-
culated from DON,,i, as in Egs. 2.

A drawback of the downscaling procedure (Eqs. 1,2) is that the resulting wet de-
position rates are not exactly the same as in the original CMAQ outputs because CMAQ
precipitation differs from TRMM precipitation. To evaluate the magnitude of this error, we
conducted identical numerical experiments with the archived CMAQ wet deposition fields
and the downscaled wet deposition fields. The changes in biological fields caused by
AND in the two runs were typically indistinguishable. This indicates that the bias incurred
by the downscaling procedure is minor. Another drawback of using CMAQ’s monthly av-
eraged rain concentration fields (Eq. 1) is that the concentration is mostly constant during
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a single precipitation event. This means that high-precipitation events may have too much
N and low-precipitation events may have too little N.

For dry nitrogen deposition, CMAQ provides monthly deposition fields of oxidized
and reduced nitrogen. No temporal downscaling is applied to these fields as dry deposi-
tion is assumed to vary over longer temporal scales than wet deposition. Dry deposition
of DON is neglected altogether since no data are available. Note that the CMAQ domain
does not cover the entire oceanic domain (Figure 1). The CMAQ fields were thus extrap-
olated over the missing regions using a nearest-neighbor approach. The analyses of the
present study are limited to regions contained within the original CMAQ domain.

AND is introduced in the ocean model as a 3-hourly flux of nitrogen at the ocean
surface (see Section 2.3). The fluxes of oxidized and reduced nitrogen are added to the
oceanic nitrate and ammonium pools, respectively, while the flux of DON is added to the
semilabile fraction of oceanic DON. For experiments including both wet and dry nitro-
gen deposition, the monthly dry AND fields from CMAQ are temporally interpolated over
the same 3-hourly time-axis as the wet fluxes and then combined with the wet fluxes (see
Section 2.4).

2.2 Atmospheric data used for the evaluation of CMAQ

CMAQ has been extensively used to study air quality and atmospheric deposition
in the US, with several studies focused on its simulation of AND and related quantities,
such as ammonia, nitrate, and NO; concentrations. Appel et al. [2011] found that the wet
deposition simulated by an earlier version of CMAQ (version 4.7) over the eastern two
thirds of the US is, on average, too low for NHj in all seasons and for NOJ in the spring
and summer. Shortcomings of the ammonia simulation in this model version appear to
be related to CMAQ’s meteorology, NHj lifetime, and NH3; emissions [Eder et al., 2014].
Indeed, modifications by Bash et al. [2013], which coupled a photochemical air-quality
model with an agroecosystem model in CMAQ version 5.0 to simulate the bidirectional
exchange of NHj3, resulted in improved simulations of NH;; wet deposition and nitrate
aerosol concentrations. Canty et al. [2015] found that version 4.7’s simulation of the ver-
tical column NO;, which is expected to be related to nitrogen deposition, is too high in
urban areas and too low in rural areas of the northeastern US. Finally, Gantt et al. [2015]
evaluated CMAQ version 5.02’s ability to simulate surface nitrate concentrations near
Tampa Bay, Florida and found improvements due to inclusion of sea spray aerosols. This
version (5.02) is the one used in the present study.

Despite the fairly extensive evaluation of CMAQ AND and related quantities, we
are not aware of a detailed evaluation of any model version of CMAQ based on the de-
position of nitrate and ammonia along the US east coast, particularly during summer,
which is when, we hypothesize, that the impacts of nitrogen deposition will be greatest
on ocean biogeochemistry. We thus conducted an evaluation of CMAQ wet deposition of
nitrate and ammonia (see Section 3) at the 25 National Trends Network (NTN) stations
that were within 50 km of the coast between 2004 and 2008 (Figure 1); we are unaware of
any N deposition measurement inside the ocean model domain. The NTN deposition rates
are based on weekly measurements of precipitation and concentrations of NH; and NOJ
made as part of the National Atmospheric Deposition Program (http://nadp.sws.uiuc.edu/NTN/ntnData.aspx).
We did not include dry deposition in the model evaluation because observed estimates of
dry deposition are model dependent [Meyers et al., 1998; Schwede and Lear, 2014].

2.3 3-D oceanic model

The oceanic model is an application of the Regional Ocean Modeling System [ROMS,
Shchepetkin and McWilliams, 2005] for the North-Eastern North American (NENA) do-
main [Figure 1; Fennel et al., 2006, 2008; Hofmann et al., 2008]. The model has a quasi-



uniform horizontal resolution of 9 km with 30 topography-following vertical levels. The
thickness of the uppermost vertical level varies from a few centimeters in shallow wa-

ter to 13 m at the deepest point of the model domain. The model is forced at its oceanic
boundaries with outputs from the Navy Coupled Oceanic Data Assimilation reanalysis
[NCODA, Cummings, 2005]. In addition, five tidal constituents from the model of Egbert
and Erofeeva [2002] are prescribed at the oceanic boundaries (O1, K1, N2, M2 and S2).
The model domain includes 31 rivers positioned from Florida to Nova Scotia that provide
realistic fluxes of momentum, freshwater, temperature and the 19 state variables of the
biogeochemical module (described below).

Atmospheric conditions at the ocean surface are obtained from the North-American
Regional Reanalysis [NARR, Mesinger et al., 2006] except precipitation (see Section 2.1).
Surface fluxes are calculated from the atmospheric and oceanic surface fields using the al-
gorithms of Fairall et al. [2003]. The initial model condition (Nov. 5, 2003), the boundary
conditions and the spin-up procedure are described in detail in Hofmann et al. [2011]. The
ocean model is integrated in time from Nov. 5, 2003 to Dec. 31, 2008 with relaxation to
the NCODA fields along the perimeter of the domain (nudging zones; see Figure 1). Phys-
ical and biological scalar fields are advected with a sign-preserving 3-D advection scheme
[Smolarkiewicz and Margolin, 1998]. Sub-grid scale vertical viscosity and diffusivity are
parameterized with the level-2.5 model of Mellor and Yamada [1982].

The physical ocean model is coupled to a biogeochemical module representing the
lower trophic levels. This module was extended from Druon et al. [2010], Hofimann et al.
[2011] and Cahill et al. [2016] to include two size classes of plankton and better represent
the surface chlorophyll fields. These modifications were based on the optimal model com-
plexity study of Xiao and Friedrichs [2014a]. Parameter values for the additional plankton
size class formulations were obtained via variational adjoint parameter optimization analy-
ses [Xiao and Friedrichs, 2014b]. The version used in the present study has 19 state vari-
ables: NO3, NH}, oxygen, total inorganic carbon, alkalinity, small/large phytoplankton,
small/large chlorophyll, small/large zooplankton, small/large nitrogen/carbon from detritus,
and semilabile/refractory dissolved organic nitrogen/carbon. The model neglects the phy-
toplankton growth limitation by phosphorus availability and this simplification is discussed
in Section 6. The Supporting Information includes a model-data comparison for nitrate
and chlorophyll and a list of the model equations and parameters.

2.4 Numerical experiments conducted

We examine the effects of AND by conducting three different numerical experiments
covering the period of Nov. 5, 2003 to Dec. 31, 2008. The first experiment represents a
control simulation and does not include AND (Run 1). The second experiment includes
both wet and dry AND (Run 2). The third experiment (Run 3) only includes wet AND
and allows us to quantify the relative importance of wet and dry deposition. We assume
that the effects of dry deposition can be isolated by simple subtraction (i.e., we assume a
linear response to AND).

All three numerical experiments are conducted in identical conditions (model pa-
rameters, executable, processors) so that the physical fields (salinity, temperature, currents,
diffusivity; re-calculated in each experiment) are bit-for-bit identical. The differences in
the biological fields are thus solely due to the presence/absence of AND. This approach
allows us to isolate the impact of AND from other processes such as vertical mixing dur-
ing precipitation events [see Kim et al., 2014b].

We conduct our analyses of the biological response to AND in three regions of the
model domain: the Gulf Stream region (GS), the Sub-Tropical Gyre (STG), and the con-
tinental shelf of the Mid-Atlantic Bight (MAB; see Figure 1). These three regions were
chosen because they are located within the original CMAQ domain and represent differ-
ent regimes: low nitrogen inventory and high deposition (GS), low nitrogen inventory and



low deposition (STG), and high nitrogen inventory and moderate deposition (MAB). We
purposely exclude coastal systems such as estuaries and embayments from the regions an-
alyzed. These regions of high nitrate concentrations are less likely to respond to AND and
they are not well represented by the model mesh size (9 km).

3 Evaluation of CMAQ

The CMAQ-simulated wet deposition of NO; + HNO; and NHZ + NHj3 are com-
pared to observed wet deposition of NO3 and NHj (respectively) in Figure 2. Overall,
CMAQ is found to simulate AND quite well along the US east coast. There are slight
overall biases, with the annual mean CMAQ NO; + HNO; and NHI + NHj3 wet depo-
sition rates at the NTN sites differing from observed NOJ and NH} by —9% and —2%,
respectively. Summertime simulations are less skillful, with biases in NO3 + HNO3 and
NH; + NHj3 deposition of —~14% and +36%, respectively. The NH; + NH3 overestima-
tion stems from fairly large differences south of 35°N. However, the summer errors are
compensating such that the overall bias in wet deposition of inorganic nitrogen (NO; +
HNO; + NHj + NHj3) is only 7% above observed NO; + NHj. Finally, CMAQ cap-
tures the latitudinal pattern in the deposition rates, which show maxima at about 35°N in
annual and summer NH} deposition and somewhat weaker maxima for annual NO3 depo-
sition at 40°N.

4 Theory: Nitrogen enrichment and modeled biological response

To facilitate the interpretation of the results, we now discuss the factors regulating
primary production in the ocean model. The biogeochemical module includes two pools
of dissolved inorganic nitrogen (NO3 and NH}) and two size classes of phytoplankton:
small phytoplankton (SP) and large phytoplankton (LP). Primary production (PP) is the
resultant of four contributions:

PP

psp LT LIESSP + uppLEP LES LP
psp LT LIE SP + up pLEP LED LP
PPNO3 + PPNH4

+

where the upper line of Eq.4 represents the contribution from NOJ uptake (PPNO3) and
the lower line the NH] uptake (PPNH4). 11 is the growth rate, L; is the limitation from
light and the nutrient limitation is formulated as:

NO3 1 Lo NH4
NO3 + Knos | + NH4/Knss” U~ NH4 + K’

Lnos =

where Kno3, Knpga are half-saturation coefficients specific to SP and LP (see Supporting
Information). The model does not include a growth limitation by phosphorus availability
and this simplification is discussed in Section 6.

A simple expression for the relative change in PP due to AND can be obtained with
the following assumptions: the functions y and L; are largely unchanged by atmospheric
deposition (at least near the surface), the production is dominated by one phytoplankton
species (e.g. SP in the GS and STG regions), and water column nitrogen concentrations
are sufficiently low for the Michaelis-Menten relations (Eq. 5) to be linearized. With these
assumptions, the relative increase in NO; uptake reduces to:

Ppgi?l?deposition - NO3Withdepositi0n SP with deposition

NO3
no deposition

NO3 no deposition SP no deposition

with a similar expression for ammonium uptake. The relative increase in primary produc-
tion is thus linearly proportional to the relative increase of nitrogen and biomass.
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In absence of AND, the new surface primary production of the model is equiva-
lent to the nitrate uptake (PPNO3), while the ammonium uptake (PPNH4) represents the
regenerated production. In presence of AND, both PPNO3 and PPNH* contribute to the
new production since all forms of AND (oxidized N, reduced N and DON) are considered
‘new’ inputs of nitrogen. The relative increase in new primary production due to AND is

thus calculated as:
PP with deposition — PP no deposition

PPNO3

no deposition
The numerator of Eq.7 represents the gain in new production due to deposition of atmo-
spheric nitrogen. The denominator of Eq.7 is the new production in the absence of AND
(i.e., the NO; uptake of the control simulation).

5 Results
5.1 Variability of AND in the western North Atlantic

The spatial variability of the wet atmospheric deposition averaged over 2004-2008
is dominated by the presence of a large ‘hot-spot’ over the Gulf Stream (Figure 3a,b,c).
Wet oxidized N deposition reaches values of up to 3 mmol-N m~2 month~! in this par-
ticular area, comparable to the largest values observed over the mainland (Figure 3a).
Wet reduced N and DON deposition exhibit a similar ‘hot-spot’ but with significantly
lower absolute values. This spatial variability is influenced by precipitation events, which
are recurrent along the path of the Gulf Stream (Figure 3f; see also Hobbs [1987]). The
wet deposition rates over the mainland are consistent with similar maps from Paerl et al.
[2002]. The spatial variability of dry AND shows a qualitatively different distribution
(Figure 3d,e). Deposition rates are much lower over the ocean than on land. The contri-
bution of dry reduced N deposition is virtually zero over the Gulf Stream.

The seasonal variability over the Gulf Stream of atmospheric oxidized N deposition
is much greater than that of reduced N and DON (Figure 4). Both wet and dry oxidized N
deposition exhibit a large seasonal cycle with maximum values during the winter, despite
the fact that precipitation shows only a small seasonal cycle (Figure 4a,b). In January the
wet (dry) oxidized N deposition is approximately three times (seven times) as high as the
deposition of reduced N, whereas oxidized N and reduced N deposition become roughly
comparable in magnitude during the summer season. The seasonality of wet DON depo-
sition is essentially a scaled-down version of wet oxidized N deposition as expected from
Eq. 3 and the general dominance of oxidized N deposition. The causes of the seasonal
variability were not examined as this is beyond the scope of the present study.

5.2 Sources and sinks of N03‘ in the three regions

The modeling system described above is used to estimate the nitrogen sinks and
sources in our three regions of interest (GS, STG and MAB; Figure 1) and to better un-
derstand how AND modifies the existing balance. We specifically focus on NO3 because
of its importance in the total atmospheric flux (Figure 3). The sinks and sources are cal-
culated with daily averaged model outputs and spatially integrated over the upper 15 m of
the three regions. This depth is greater than the thickness of the uppermost vertical level
at the deepest point of the model domain to properly represent surface deposition in all ar-
eas of the model domain. Each budget term is then averaged over the period 2004-2008.
The NO; budget is represented as:

0
5 f f f NO3 dV = advection + vertical diffusion + biology + deposition + residual,

where the ‘residual’ represents nitrification (see Supporting Information) and errors due to
calculating the terms from time-averaged outputs. Note that the simulations do not include
explicit horizontal diffusion.
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The Gulf Stream domain (GS, Figure 1) is characterized by strong vertical gradients
of NOJ and a near-steady balance between vertical diffusion and NO; uptake (Table 1,
Run 1). Horizontal advection is a small sink partly counter-balanced by vertical advection
acting as a source of NO5. The last term (residual) is fairly small (its magnitude is only
~ 6% of the NO; uptake) and has no apparent seasonality (not shown).

The addition of wet and dry deposition represents an extra NOJ input (1.46X 10~% mmol-
N m~2 s~!) that amounts to ~ 10% of the mean NO; uptake in the GS (Table 1, Run 2).
Deposition produces a significant increase in surface NO; concentrations during the sum-
mer (when the background concentrations are lowest and sensitive to small changes, Sec-
tion 5.3) and thus contributes to reducing the vertical gradients of NOJ in the upper 20m
As a result, the NOJ input from deposition is mitigated by a 0.74x 10~ ¢ mmol-N m=2 5!
reduction in vert1ca1 diffusion resulting from these weaker vertical gradients. The net ef-
fect of these two tendencies is a 0.64 x 107 mmol-N m~2 s~! increase in NO;3 uptake.
In other words, 44% of the deposited NOJ is converted into extra production while the
remainder mostly compensates for the reduction in upward vertical diffusion. The other
terms of the budget (advection and temporal derivative) are not significantly affected by
the deposition. The lack of change in the other terms suggests a rapid (intra-seasonal) and
local utilization of the deposited NO3 with no long-term storage.

The offshore oligotrophic STG region is characterized by considerably lower rates
of NOJ uptake and vertical diffusion (Table 1, Run 1). The balance between the terms is
similar to the GS region with uptake and diffusion dominating the budget. Atmospheric
deposition is about a third of that in the GS region and it is (again) mitigated by a de-
crease in vertical diffusion. The net effect is a 0.31 x 107® mmol-N m~2 s~! increase in
NOJ uptake, with 57% of the deposited NOJ converted into extra production. The re-

mamder mostly compensates for the reductlon in upward vertical diffusion.

The balance between the terms of the budget is qualitatively different on the conti-
nental shelf of the MAB region (Table 1, Run 1). Vertical advection and vertical diffusion
are about equally responsible for the NO3 inputs to the upper 15 m, while horizontal ad-
vection acts as a sink of smaller magnitude. The NO3 uptake term is the highest of the
three regions (about twice that of the GS region) as expected from the higher nitrogen
concentrations on the continental shelf (Section 5.3). Finally, the residual term is six times
larger than in the other regions and again has no apparent seasonality (not shown).

Atmospheric deposition rates in the MAB are moderate (two thirds of the deposition
in the GS region) but they have a significant effect on all budget terms (notably horizon-
tal and vertical advection; Table 1). Changes in advective terms can be caused by changes
in the 3-D currents, the NO3‘ concentrations, or both. In our case the currents are identi-
cal among the model runs and thus these changes indicate a modification (increase) in the
mean NOJ fields (Section 5.3). This increase is apparent in the temporal derivative and
indicates that the deposited nitrate is not immediately consumed in this region. Deposition
causes a decrease in vertical diffusion (as in the GS and STG domain) that largely can-
cels the increase in advective inputs. The balance between advective and diffusive changes
allows all of the deposited NOJ to be stored or used for extra production. This result con-
tributes to the largest absolute gain in NO; uptake of the three regions (Table 1). Overall,
these NOJ budgets reveal important regional differences in the utilization of the deposited
NO;.

5.3 Impact of AND on surface nitrogen inventory

In this section we quantify the impact of atmospheric deposition on the nitrogen in-
ventories of the upper 15 m, expanding on the regional differences discussed above and
presenting the results in the form of time series to emphasize the strong seasonality. In
the GS region, the NOJ concentrations of the control experiment exhibit a large seasonal
cycle with highest Values in winter (~ 3 mmol-N m~3) and negligible concentrations dur-



ing the summer (Figure 5). Surface NH concentrations have a similar seasonality, but
with values of ~ 0.2 mmol-N m~3 during the winter and ~ 0.1 mmol-N m~ during the
summer. Semilabile DON generally increases during the period of biological production
(March-May) and decreases afterward during its conversion to NH}.

The effect of AND is relatively small in magnitude compared to the strong seasonal
cycle of the biological fields in the GS region. For example, the relative increase in sur-
face NO3‘ resulting from atmospheric deposition, computed as (NO3ryn2 — NO3Rrun1) /NO3Run1,
reveals that this deposited nitrogen has a negligible effect on the nitrogen inventory of the
GS during the fall, winter and spring seasons (Figure 5). The nitrogen is sufficiently abun-
dant during this period to overshadow the large deposition that characterizes the GS re-
gion (Figure 3).

The situation reverses in the GS region during the summer season when the strat-
ification is maximum and the nitrogen inventory of the upper layers is at its minimum.
Over the months of June—August in particular, the deposited nitrogen represents an in-
creasingly large proportion of the nitrogen inventory (Figure 5). This pattern is most ap-
parent for NOJ with peak increases of 80%. A large deposition event over the GS region
can provide 1 mmol-N m~2 over a period of one day (Figure 6a). Once distributed over
a depth of 15 m (comparable to the thickness of the uppermost model vertical level in
deep water), this flux translates into a temporary increase in NOJ +NHj concentration of
1/15 ~ 0.07 mmol-N m~3 (Figure 6b). This value is comparable with the ‘nitrate patches’
from rain events in the observational study of Kodama et al. [2011] (0.01-0.20 mmol-

N m~3 at a depth of 4.5 m; See their Table 1). Such increases are short-lived in the GS
region and concentrations typically fall back to pre-deposition levels after 1-2 days. The
importance of the deposited N gradually decreases after August and becomes negligible
in October when background concentrations rise again (Figure 5). The average increase in
surface nitrogen concentrations during Jul.—Sep. (summer/late summer) is 14% for NOJ,
6.5% for NH:{, and 11% for DON (Table 2). These numbers are considerably lower when
averaging over the entire year: 2%, 5% and 7.5%, respectively (Table 3).

The third experiment (Run 3) allows us to isolate the relative contributions of wet
and dry atmospheric deposition. In all cases the wet deposition is responsible for the bulk
of the nitrogen increases (Tables 2 and 3). In the GS region, wet deposition accounts for
66% of the changes in NO; and 84% for NH;. This proportion is consistent with the ra-
tio of wet and dry deposition in this area (Figure 4).

The effect of AND in the STG region is qualitatively similar to the GS region. The
deposited nitrogen becomes increasingly important from June to August before declining
and becoming negligible by October (Figure 7). The increase in the summer inventory is
7% for NO3, 2% for NH; and 10% for DON (Table 2). These values are lower than in
the GS, as expected from the lower deposition rates of the STG (Figure 3).

This picture changes dramatically on the shelf of the MAB region (Figure 8). Ni-
trate concentrations remain > 1 mmol-N m~> during the summer period, which is com-
parable to the half-saturation coefficients for NO5 limitation (0.5 and 1 mmol-N m~3 for
small/large phytoplankton, respectively; see Supporting Information). Ammonium concen-
trations are also relatively high throughout the year (~ 0.4 mmol-N m~3) leading to an
inhibition factor for NO3‘ uptake of (1 + [NH4]/ KNH4)_1 ~ 0.6. These nitrate-replete con-
ditions prevent the deposited nitrate from being immediately consumed and lead to sur-
face concentrations that are constantly above those of the control simulation (+0.27 mmol-
N m~3 on average in the MAB region; Table 3). This result is in stark contrast with the
GS and STG regions where nitrogen is limiting and the deposited NOJ is often rapidly
consumed.

The average increase in nitrogen concentrations in the MAB during summer (Jul.—
Sep.) is 16% for NO3‘ , 15% for NHZ, and 6% for DON, which represents the largest in-
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crease of the three regions (Table 2). These numbers remain significant when averaging
over the entire year (8%, 7% and 4%, respectively; Table 3) and quantify the substantial
effect of deposition on the mean nitrogen concentrations in the MAB.

5.4 Surface biological response to AND

In this section we examine the biological response in the upper 15 m of the three re-
gions, again using time series to emphasize the important seasonality. Phytoplankton pro-
duction and biomass in these regions typically exhibit a strong maximum in March—April
corresponding to the spring bloom (Figures 5,7, and 8). Between one third and half of the
primary production is from NO3 uptake while the remainder is from NHj (Tables 2 and
3).

In all three regions, AND generates the greatest biological response during the sum-
mer season (Figures 5,7 and 8), when the deposited nitrogen represents the largest fraction
of the nitrogen inventory (cf. Section 5.3). The summer NOJ concentrations are suffi-
ciently low in the GS and STG regions that the Michaelis-Menten functions can be lin-
earized and the increase in NOJ uptake becomes roughly proportional to the deposited
NO; (Eq.6). For example, in the GS region the 80% increase in NO3 concentration in
August 2005 leads to an 80% increase in NOJ uptake (Figure 5). On average, the increase
in NO3 uptake during the summer months is 19% for the GS and 9% for the STG (com-
parable to the increase in NO3_ concentrations; cf. Section 5.3 and Table 2). The lineariza-
tion is not valid in the MAB because of the more abundant nitrogen and the importance of
NO3 uptake inhibition by NHj. In this case, the relatively large summer increase in NO3
mventory (+16%) yields a comparatlvely modest increase in NO; uptake (9%; Table 2,
Figure 8).

Ammonium uptake is responsible for the bulk of the increase in total primary pro-
duction (60-70% of the increase; see Tables 2 and 3). During the summer, the NHZ up-
take is increased by 17% in the GS region, 11% in the STG, and 9% in the MAB (Ta-
ble 2). In the case of the GS and STG regions, the increase in NH, uptake is multiple
times larger than the increase in NHI concentration (6.5% in GS and 2% in STG; cf. Sec-
tion 5.3). Following Eq. 6, the increase in NH; uptake has to be driven by both increased
NHj concentrations and increased phytoplankton abundance. For example, note the simi-
larities between the green curves of chlorophyll and NH} uptake in Figures5 and 7. An-
nually averaged values of NHj uptake show smaller increases (9%, 8% and 5% in the GS,
STG, and MAB regions, respectively) as expected. Regarding chlorophyll concentrations
in the upper 15 m, deposition causes a negligible increase from fall to spring but a sub-
stantial increase in July to September: 14% in the GS, 7% in the STG and 10% in the
MAB (Table 2).

There is considerable spatial variability of primary production and chlorophyll as
well as in the absolute and relative impact of atmospheric deposition on these quantities
(Figures 9 and 10). The MAB region features the highest absolute increases in production
resulting from AND (as expected from its high absolute increase in nitrogen concentra-
tions). On the other hand, the high primary production and chlorophyll of the MAB im-
plies relative increases that are comparatively small (Figures9 and 10). The GS and STG
regions exhibit the opposite pattern. These more oligotrophic regions are generally charac-
terized by low productivity and chlorophyll concentrations, and thus although the absolute
increases due to AND are low, the relative increases are high (> 30%; Figures 9 and 10).
Finally, some areas of the model domain show no increase at all, e.g., the Bay of Fundy
or Georges Bank. We hypothesize that the year-round well-mixed conditions prevalent in
these regions [Garrett et al., 1978] limit surface accumulation of nitrogen and biomass.
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5.5 Variations in the response of algal species

We now address differences in the biological response to AND between the two size
classes of phytoplankton in the model (Figure 11). The smaller size class has lower nitro-
gen saturation coefficients and lower light requirements (Supporting Information). When
combined with the large cross-shelf gradient in nitrogen concentrations (Supporting Infor-
mation), the differences in the saturation coefficients generate a spatial segregation of the
two size classes. The large phytoplankton are typically confined to the nitrogen-rich conti-
nental shelf and are generally present in only very low concentrations in the nitrogen-poor
offshore regions (Figure 11b). The small phytoplankton are more ubiquitous with a weaker
onshelf/offshelf gradient (Figure 11a).

This spatial segregation affects the response of the phytoplankton classes to atmo-
spheric deposition since phytoplankton production is proportional to abundance (Eq.4).
For example, because the large phytoplankton are generally absent from the offshelf re-
gion, they show negligible increases from atmospheric deposition in this region (Fig-
ure 11d). The bulk of the increase in large phytoplankton occurs on the continental shelf
where large phytoplankton biomass is greatest. In contrast, the small phytoplankton show
a domain-wide increase in abundance in response to atmospheric deposition (Figure 11c).

Such variations in the response to deposition persist in regions where both size
classes have comparable abundance. This is the case in the MAB region, where chloro-
phyll concentrations are on the order of 1 mg m~3 for both size classes during the summer
(Figure 11a and b). Despite the similar abundances, the absolute increase in large phy-
toplankton is 2-3 times larger than for the small phytoplankton (Figure 11c and d). This
difference results from the distinct saturation coefficients for the two size classes and the
ambient nitrate/ammonium levels being close to these coefficients (Figure 8; Eq.5). With
its higher saturation coeflicients, the large phytoplankton is more strongly bound by nitro-
gen availability and thus benefits more from atmospheric deposition. Moreover, the large
phytoplankton is generally positioned higher in the water column (because of its higher
light requirements) and again benefits more from the deposition at the surface.

5.6 Biological response below the surface

The effects of AND extend below the surface layer, particularly in July—September
(summer/late summer) when the biological response to AND is strongest (cf. Section 5.4).
The relative increases in NO3 and NH caused by AND typically follow an exponential
function with maximum change in the surface layer and negligible changes at 100 m depth
(Figure 12a and b). The e-folding scale estimated from the profiles of relative change is
O(10m). The differences in nitrogen inventory change among the three regions (GS, STG,
MAB) are the same as the differences in surface layer nitrogen change (cf. Section 5.3),
with the largest change in the MAB and the smallest change in the STG (Figure 12a and
b).

The profiles of primary production and chlorophyll also exhibit maximum changes
in the surface layer and a gradual decrease with depth (Figure 12c and d). But in contrast
with the nitrogen profiles, the change in production and chlorophyll eventually reaches
negative values below a certain depth. In other words, AND would negatively impact the
production and biomass below a certain depth. This behavior is absent from the STG re-
gions, small in the GS region (—4%) and largest in the MAB region (up to —7%). The
depth where the sign reverses is ~ 15m in the MAB and ~ 50m in the GS region.

Nitrogen concentrations generally show increases at all depths and thus cannot ex-
plain the decrease in deep primary production. The penetration of light, on the other hand,
is negatively impacted by atmospheric deposition, which increases the chlorophyll and
dissolved organic matter at the surface, leading to stronger light attenuation (kq; see Sup-
porting Information). The increase in kq is largest in the MAB region (+4% in the upper
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15 m on average during the summer) and smallest in the STG region (+0.3%). Note that
the effect of a larger kq is cumulative with depth: the amount of light available at 50 m is
reduced by 14% in the MAB, 1.5% in the GS, and only 0.5% in the STG.

The decrease in deep production and deep chlorophyll has a minor impact on depth-
integrated quantities since both fields are generally small below 60 m. During the summer,
the depth-integrated primary productivity increases by 9% in the GS, 6% in the STG and
6% in the MAB. Similarly, the depth-integrated chlorophyll increases by 5% in the GS,
3% in the STG and 5% in the MAB during the summer. The relative increases in depth-
integrated quantities are thus approximately half of their surface counterparts (Tables 2)
and exhibit similar differences among the three regions (i.e. the largest relative increase
is in the GS region). Annually averaged values are significantly lower than summer val-
ues: a 4%, 5% and 3% increase in primary productivity and a 3%, 4% and 2% increase in
chlorophyll (in the GS, STG and MAB, respectively).

The relative increase in new depth-integrated production (Eq.7) amounts to 22%
in the GS, 14% in the STG, and 15% in the MAB during the summer. These values are
larger than the relative increases in total production (cf. Section 5.4) because PPi)%iposmon
is only one third of the total production during the summer (Table 2). The annually av-
eraged increase in new production is significantly lower (8% in the GS, 11% in the STG

and 5% in the MAB) as expected.

6 Discussion and Summary

This study highlights the presence of a ‘hot-spot’ of AND over the Gulf Stream re-
gion (Figure 3a—c). The hot-spot can be partly explained by large anthropogenic sources
of atmospheric nitrogen positioned directly upwind (west) of this area [e.g., Paerl et al.,
2002]. Another factor contributing to the localized maximum is the recurrent rainband
over the Gulf Stream (Hobbs [1987] and Figure 3f). This interpretation is supported by the
fact that dry deposition, which does not depend on precipitation, does not exhibit a strong
maximum over the GS (Figures 3d and e).

The influence of the hot-spot on the local primary productivity is ultimately miti-
gated by physical and biogeochemical processes (Figure 13). Of these processes, the sea-
sonal vertical stratification plays a key role by regulating the vertical nitrogen supply and
the background surface nitrogen inventory. AND is only found to be significant during the
summer period when the stratification is maximal and prohibits vertical diffusion of high-
nitrogen waters to the surface, thus resulting in relatively low background nitrogen levels
[Myriokefalitakis et al., 2016]. Another physical mechanism that limits the biological im-
pact of AND is the reduction in upward nitrogen diffusion. As AND increases surface
nitrogen concentrations, the gradient in the upper 20 m is reduced, which ultimately results
in a decreased rate of vertical nitrogen diffusion. This negative feedback is observed in the
three regions of our model domain and partly cancels the nitrogen enrichment of AND.
Finally, this study highlights how increased surface chlorophyll resulting from the nitrogen
enrichment of AND leads to a reduction in light availability at depth in the MAB. This
biogeochemical feedback again partially mitigates the impact of AND by decreasing the
net impact on depth-integrated primary production.

Despite these negative feedbacks, the gains in primary production remain signifi-
cant. The annually averaged increases in new depth-integrated production generated by
our modeling system (Section 5.6) are in broad agreement with the estimates of Kim et al.
[2014b] (7-15% for the offshelf region and 1-2% on the coastal shelf). Although these
changes may be difficult to distinguish from natural variability in observations, they sug-
gest that AND is increasing the carbon export in coastal regions impacted by human ac-
tivities. However, our model study suggests interesting differences in the way AND affects
small and large phytoplankton. Phytoplankton that are positioned in the upper part of the
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water column and have higher nitrogen requirements appear to benefit more from AND.
The contrasted response between the two size classes highlights the importance of multi-
ple plankton classes in biogeochemical and food web models [Ford et al., 2016; Xiao and
Friedrichs, 2014a]. On the other hand, the model underestimation of chlorophyll concen-
trations along the coasts (Supporting Information) suggests that primary production in the
nearshore region may not be well represented by the current model. The bias could be a
reflection of the coarse horizontal resolution (9 km) or a suboptimal choice of the biogeo-
chemical parameters affecting primary production.

Anthropogenic nitrogen emissions have varied substantially over past decades, with
a decline in oxidized nitrogen and an increase in reduced nitrogen in the eastern US [Paerl
etal., 2002; Li et al., 2016; Linker et al., 2013; Dennis, 2012]. These trends are generally
attributed to a reduction in the emissions from power plants and mobile sources (follow-
ing the Clean Air Act) and to increased inputs from agricultural activities (respectively).
Extrapolating the trend in the CMAQ data (~ —0.2mmol-N m~2 month~! per year, from
2002 to 2010) back to 1990 would roughly increase the AND over the Gulf Stream region
by 40%. It remains unclear whether such large fluxes could increase the new production
by 1.4 X 22% =~ 30% in the GS region during the summer (relative to a control simulation
devoid of AND; cf. Section 5.6) or if the aforementioned feedback processes [and limita-
tion by other nutrients; e.g., Kim et al., 2014a] would limit the changes to the biological
pump. For example, incubation experiments recently conducted off the continental shelf
of the Mid-Atlantic Bight show that nitrogen is the proximate limiting nutrient for phy-
toplankton growth with a secondary limitation by phosphorus availability (P.N. Sedwick,
personal communication, 2017). Limitation by phosphorus may thus play a role in miti-
gating the effect of AND. The temporal coverage of the present study (2004—2008) would
need to be expanded to capture the ecological significance of such long-term changes.

Recent studies have highlighted the importance of certain biogeochemical processes
that are not explicitly represented in the present model. Somes et al. [2016] show that
AND is accompanied by a reduction in nitrogen fixation by diazotrophs and an increase
in water-column denitrification. These two negative feedbacks effectively buffer the in-
crease in global marine productivity. However, these feedbacks appear to be concentrated
in the tropical portion of the North Atlantic and in oxygen-poor aphotic zones (respec-
tively). Their impact on the near-surface productivity of the US east coast is thus expected
to be minor. Another open question concerns the role of organic nitrogen in AND. Wet
organic nitrogen deposition is only parameterized in the present study while dry organic
nitrogen deposition is neglected altogether (because of insufficient data). Moreover, recent
evidence from Bermuda suggests that ammonium in rainwater and organic N in rainwater
and aerosols primarily have a marine source [Altieri et al., 2014, 2016]. Unfortunately this
two-way exchange of nitrogen between the atmosphere and ocean (e.g., via NHj3 gas ex-
change) cannot be easily incorporated into our modeling framework for two reasons. First,
CMAQ does not currently include nitrogen emissions from the ocean. Second, in order to
properly include the two-way exchange of nitrogen between the atmosphere and ocean,
we would have to couple the atmosphere and ocean models and run them simultaneously.
Such a coupling should be considered in future modeling studies.
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Figure 1. Extent of the oceanic (NENA) and atmospheric (CMAQ) model domains. GS: Gulf Stream,
STG: Sub-Tropical Gyre, MAB: Mid-Atlantic Bight. The three boxes represent the regions used in the anal-
yses. Note that the MAB region does not include the Chesapeake/Delaware bays nor Long Island Sound. Sea
surface temperature represents a snapshot from the model on Nov. 5, 2003. The model nudging zones are

indicated by the dashed line. The magenta dots represent the 25 stations used in the evaluation of CMAQ (see

Figure 2).
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Figure 2. Observed and CMAQ-simulated wet deposition as a function of latitude at NTN sites within

50 km of the US east coast (25 sites total; see Figure 1). (a) Comparison between wet deposition of NO3_ and
HNOj3 (CMAQ) versus NO3_ (NTN). (b) Comparison between wet deposition of NHZ and NH3 (CMAQ)
versus NHZ (NTN). Averages were made for 2004 to 2008 for the annual and summer (June—August) time

periods.
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Figure 3. Spatial variability of atmospheric nitrogen deposition from the atmospheric chemistry model
(average 2004-2008). (a,b,c) Wet deposition and (d,e) dry deposition. (f) Mean precipitation from CMAQ
(average 2004-2008). See section 2.1 for the list of nitrogen species included in oxidized/reduced categories.
The black lines indicate longitude and latitude every 5°. The gray rectangle is the oceanic model domain

(NENA). The three white boxes represent the three regions analyzed (GS, STG, MAB).
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Figure 4. Seasonal variability of atmospheric nitrogen deposition over the Gulf Stream region (GS, Fig-
ure 1, years 2004 to 2008). See section 2.1 for the list of nitrogen species included in oxidized/reduced
categories. The bars are standard deviations calculated from monthly values for 2004-2008.
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Figure 6. Example of a large wet deposition event simulated by the model. (a) Wet deposition of oxidized
and reduced nitrogen cumulated between Aug. 23 19:30 and Aug. 24 19:30 (year 2005). (b) Absolute in-
crease in NO3’ +NH1' between Aug. 24 7:30 and Aug. 25 7:30 (year 2005). The concentrations are averaged
over the upper 15 m. (c) Same as (b) but showing the relative increase. The control simulation does not ex-
hibit such an increase during this period (not shown) confirming that deposition is the cause of the increased

concentrations.
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Figure 9. Increase in the primary production of the upper 15 m due to atmospheric nitrogen deposition
during the summer (Jul.-Sep. 2004-2008). (a) Primary production from the control (Run 1) averaged over
the upper 15 m. The gray polygons represent the regions of interest (see Figure 1). (b) Absolute increase in
the primary production of the upper 15 m due to wet+dry deposition (Run 2). (c) Same as b but showing the

relative increase (%).
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Figure 10. Same as Figure 9 but for chlorophyll averaged over the upper 15 m.
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Figure 11. Response to atmospheric deposition for two size classes of phytoplankton. (a) Chlorophyll
concentration associated with small phytoplankton (control simulation/Run 1; values averaged over the upper
15m). (b) Same as a but for large phytoplankton. (c) Absolute increase of small phytoplankton due to wet and
dry deposition (Run 2). (d) Same as c but for large phytoplankton. The gray polygons represent the regions of
interest (see Figure 1). All fields represent averages over the summer period (Jul.—Sep. 2004-2008).
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Figure 12. Effects of atmospheric nitrogen deposition below the surface during the summer (average July—
Sept. 2004-2008). (a) Horizontally averaged nitrate profile from the control (Run 1) and relative change
caused by wet and dry deposition (Run 2). (b, c, and d) Same as ‘a’ but for ammonium, primary production,
and chlorophyll, respectively. MAB is Mid-Atlantic Bight, GS is Gulf Stream and STG is Sub-Tropical Gyre.

Hypothesized chain of events:

Deposition More nutrients More production More biomass
Caveats: Caveats: Caveats:

— Oxydized nitrogen deposition — High ambient nutrient — Ability to take advantage of
is highest during winter but concentrations (seasonally deposited nutrients depends on
nitrate is already abundant and/or regionally) mitigate the characteristics of the
(maximum) during this the impact of deposition (§5.3). phytoplankton species
particular season (see §5.3). — High ambient ammonium (saturation coefficients) as well

— Higher surface concentrations of concentrations limit uptake as their vertical distribution (§5.5).
nutrients lead to a smaller nutrient of deposited nitrate (§5.4). — Gains in biomass near the
input from vertical diffusion = Productivity gains in the MAB surface imply a shoaling of the
(a negative feedback; see §5.2). are large in absolute numbers euphotic depth and a decrease

but small in relative numbers in deep production/biomass (§5.6).

(opposite in GS region; §5.4).

Figure 13. Synthesis of the key results from the study. The schematic compares the hypothesized chain of
events and the caveats highlighted by the numerical experiments. MAB is Mid-Atlantic Bight and GS is Gulf

Stream.
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Table 1. Average nitrate budget (2004—2008) for upper 15 m of the three regions defined in Figure 14

Experiment Run# 4/0tr H.Adv®? V.Adv. Vdif. Biology Depos. Res.

Gulf Stream (GS)
Control 1 0 -4.68 +2.23 +1570 -14.12 0 +0.87
Wet+dry 2 0 -4.75 +2.20 +1496 -1476 +1.46 +0.89
AWet+dry 2 - 1¢ 0 -0.07 -0.03 -0.74 -0.64 +1.46 +0.02
Sub-Tropical Gyre (STG)
Control 1 0 -0.05 +0.41 +3.54 -4.75 0 +0.85
Wet-+dry 2 0 -0.05 +0.42  +3.28 -5.06 +0.54  +0.87
AWet+dry 2-1 0 0 +0.01  -0.26 -0.31 +0.54  +0.02
Mid-Atlantic Bight (MAB)
Control 1 -0.09 -9.61 +22.58 +1691 -37.80 0 +7.83
Wet+dry 2 -0.08 -890 +2335 +1549 -39.22 +1.07 +8.13

AWet+dry 2-1 +0.01 +0.71 +0.77 -1.42 —1.42 +1.07 +0.30

@Units are 107% mmol-N m~2 s~!. See Eq. 8 for the definition of the terms.
b Advection is decomposed into horizontal (H.Adv) and vertical components (V.Adv.).
“The third row (2 — 1) represents the changes caused by wet and dry nitrogen deposition.

Table 2. Effect of atmospheric nitrogen deposition to surface biogeochemistry during the summer?

Experiment Run#  sNO3? sNH4 sDON sChl sPPNO3 sPP
# mmolm™ mmolm™> mmolm™> mgm™> mgCm3d! mgCm™3d!
Gulf Stream (GS)
Control 1 0.036 0.077 0.70 0.16 3.1 10.7
AWet+Dry 2 - 1¢ +0.005 +0.0052 +0.08 +0.023 +0.59 +1.90
AWet 3-1 +0.004 +0.0047 +0.08 +0.019 +0.44 +1.56
ADry 2-3 +0.001 +0.0005 0 +0.004 +0.15 +0.34
Sub-Tropical Gyre (STG)
Control 1 0.029 0.062 0.38 0.086 1.81 5.5
AWet+Dry 2 -1 +0.002 +0.001 +0.04 +0.006 +0.17 +0.58
AWet 3-1 +0.001 +0.001 +0.04 +0.005 +0.12 +0.45
ADry 2-3 +0.001 < 0.001 0 +0.001 +0.05 +0.13
Mid-Atlantic Bight (MAB)
Control 1 1.0 0.40 1.90 0.78 11.9 33.1
AWet+Dry 2 -1 +0.16 +0.06 +0.11 +0.08 +1.1 +3.1
AWet 3-1 +0.12 +0.04 +0.11 +0.06 +0.8 +2.4
ADry 2-3 +0.04 +0.02 0 +0.02 +0.3 +0.7

“Values are averaged over the upper 15 m and over Jul.—Sep. 2004-2008 for the regions defined in Figure 1.
b Columns are surface nitrate, ammonium, semilabile DON, chlorophyll, nitrate uptake and primary production.
“Rows 2 to 4 represent the changes caused by wet and dry nitrogen deposition.
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Table 3. Same as Table 2 but averaged between Jan. 1, 2004 and Dec. 31, 2008

Experiment Run # sNO3 sNH4 sDON sChl sPPNO3 sPP
# mmolm—> mmolm™> mmol m™3 mg m3 mg C m~34d-! mg C m~34d-!
Gulf Stream (GS)
Control 1 0.97 0.12 0.53 0.26 9.8 17.4
AWet+Dry 2 -1 +0.024 +0.0056 +0.04 +0.014 +0.44 +1.14
AWet 3-1 +0.016 +0.0047 +0.04 +0.011 +0.30 +0.86
ADry 2-3 +0.008 +0.0009 0 +0.003 +0.14 +0.28
Sub-Tropical Gyre (STG)
Control 1 0.32 0.088 0.29 0.081 2.63 5.5
AWet+Dry 2 -1 +0.007 +0.002 +0.02 +0.005 +0.16 +0.40
AWet 3-1 +0.004 +0.002 +0.02 +0.004 +0.11 +0.29
ADry 2-3 +0.002 < 0.001 0 +0.001 +0.05 +0.11
Mid-Atlantic Bight (MAB)
Control 1 3.5 0.41 1.73 0.87 17.8 36.0
AWet+Dry 2 -1 +0.27 +0.03 +0.07 +0.04 +0.6 +1.6
AWet 3-1 +0.18 +0.02 +0.07 +0.03 +0.4 +1.1
ADry 2-3 +0.09 +0.01 0 +0.01 +0.2 +0.5
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