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17 Abstract. Oceanic eddies are ubiquitous features of the circulation through to be involved in transporting water
18 mass properties over long distances from their source region. Among these is a particular type with a core
19  within the thermocline with little signature visible from space. Despite their significance, their role in the ocean
20  circulation remains largely undocumented from observations. This study characterizes the variations in internal
21  biogeochemistry, disparities with external properties, and processes influencing the dissolved oxygen budget
22 of Poleward undercurrent eddies (PUDDIES) during their transit to oceanic waters. Employing a high-
23 resolution coupled simulation of the Southeast Pacific, we scrutinize eddy dynamics and biogeochemical
24 processes associated with the nitrogen cycle, including characteristic mechanisms of Eastern Boundary
25 Upwelling Systems (EBUS) such as denitrification. Our findings reveal that Puddies capture a biogeochemical
26 signal contingent upon their formation location, particularly associated with the core of the Peru-Chile
27 Undercurrent at the core of the Oxygen Minimum Zone (OMZ). While permeability at the periphery facilitates
28  exchange with external waters, thereby modulating the original properties, the core signal retains negative
29  oxygen (O2) anomalies and positive anomalies of other biogeochemical tracers. These disturbances likely
30  contribute to average properties that exceed the 90" percentile threshold in the open ocean, contrasting with
31  the formation zone where they surpass 50" percentile levels. Suboxic cores are prevalent near the coast but
32 decrease in abundance with distance from shore, giving way to a predominance of hypoxic cores, indicative of
33 core ventilation during transit. The principal mechanism governing O input into, or output from the eddy core
34 entails lateral and vertical advection, with vertical mixing supplying O to a lesser extent. Biological activity
35 consumes O for approximately 6 to 12 months more intensely the first 100 days, thereby facilitating the
36 persistence of low O conditions and extending the lifetime of biogeochemical anomalies within the core. The
37 ammonium and nitrite depleted out of time in the eddy core with a decay rate greater than the nitrate and nitrous
38 oxide, while these are accumulating in open sea. Our observations suggest that southern regions of the southeast
39 Pacific OMZ undergo greater deoxygenation and nutrient enrichment due to Puddies compared to northern
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40 regions. This underscores the significant role of Puddies in modifying biogeochemical conditions in the open
41  ocean and in extending the boundaries of the Southern tip of the OMZ.
42

43 1 Introduction

44 Oxygen plays a fundamental role for life in the ocean, and numerous processes regulate its concentration in
45 the water column. In subsurface waters (100-800 m depth), oxygen concentrations (O,) decrease significantly
46 due to the abundance and decomposition of organic matter and limited ventilation, leading to the formation
47  of oxygen minimum zones (OMZ) in eastern boundary upwelling systems (EBUS; Wyrtki, 1962; Helly &
48 Levin, 2004; Karstensen et al., 2008; Paulmier & Ruiz-Pino, 2009; Stramma et al., 2010). Under these

49 conditions, heterotrophic metabolic processes prevail, dominated by activity of bacteria and archaea,

50 resulting in significant shifts in biogeochemical cycles when O; fall below 20 uM.

51  The nitrogen cycle manifests in the oceans through various chemical species with different oxidation states.
52  Outside the OMZ, where conditions are oxygenated, dinitrogen (N>) is transformed into ammonium (NH4*),
53  nitrite (NO2), and nitrate (NO3) through nitrification, with nitrous oxide (N.O) formed as a byproduct.

54 However, within the OMZ, where O, is depleted, nitrate becomes the primary oxidant, triggering

55  denitrification. In this process, nitrate is reduced to gaseous forms (N2 and N,O), which can then be released
56 into the atmosphere. This process has implications for primary production, carbon sequestration, and the

57 release of N2O into the atmosphere, a potent greenhouse gas (Goreau et al., 1980; Mantoura et al., 1993,;

58 Sarmiento & Gruber, 2006; Lam et al., 2009; Paulmier & Ruiz-Pino, 2009; Wright et al., 2012).

59 The southeast Pacific Ocean is the site of one of the most extensive and shallow OMZs (Paulmier & Ruiz-
60 Pino, 2009), where anoxic conditions can even be observed (Ulloa et al., 2012). Several authors have

61 determined the vertical and zonal extent of the OMZ, which exhibits significant seasonal variability,

62 modulated both meridionally by subsurface currents towards the pole, and zonally by mesoscale processes
63 (jets, eddies, fronts, filaments, etc.; Bettencourt et al., 2015; Chaigneau et al., 2011; Grados et al., 2016;

64 Hormazabal et al., 2013; Morales et al., 2012; Stramma et al., 2013; Vergara et al., 2016; Pizarro-Koch et al.,
65  2019). These processes result in changes in water mass properties, and together contribute up to a 25%

66 reduction in O, volume during spring (Pizarro-Koch et al., 2019).

67 Furthermore, future projections suggest the expansion of these O, depleted zones through the global warming
68 (Matear & Hirst, 2003; Stramma et al., 2010; Oschlies et al., 2018). VVarious mechanisms can potentially

69 modify ventilation processes, leading to changes in subsurface water properties. The increase in sea surface
70  temperature will affect O, solubility, and enhanced water column stratification will impact a range of

71 biological processes that influence O, concentrations (Couespel et al., 2019; Keeling et al., 2010; Matear &
72 Hirst, 2003; Oschlies et al., 2018; Schmidtko et al., 2017). The key role of turbulent dynamics in the

73 functioning of OMZs is not considered in the current generation of climate models, limiting confidence in
74 their projections, this is why understanding the role of mesoscale dynamics on the O, and carbon cycles in

75  EBUS has been a major concern of the community.



https://doi.org/10.5194/egusphere-2024-1290
Preprint. Discussion started: 5 June 2024 EG U
sphere

(© Author(s) 2024. CC BY 4.0 License.

76 'Poleward undercurrent eddies' (Puddies) are types of subsurface or intrathermocline eddies characterized by
77  coherent anticyclonic lenticular shaped vortices with cores located within the pycnocline and relatively

78  homogenous interior waters (Dugan et al., 1982; McWilliams, 1985; Kostianoy and Belkin, 1989). Puddies
79 originate in the Eastern Boundary Upwelling Systems (EBUS, Frenger et al., 2018) due to the interaction of
80  the poleward-flowing current with the continental slope, generating submesoscale instabilities with

81 anticyclonic vorticity, subsequently forming these characteristic mesoscale structures (Hormazabal et al.,

82  2013; Combes et al., 2015, Molemaker et al., 2015; Thomsen et al., 2016; Contreras et al., 2019). These

83  eddies represent 30-55% of the anticyclone eddies originating in the EBUS (Pegliasco et al., 2015; Combes
84 et al., 2015) with cores that are warmer, saltier, O,-depleted, and nutrient-enriched relative to surrounding
85  waters (Collins et al., 2013; Hormazabal et al., 2013; Morales et al., 2012; Johnson and McTaggart, 2010).
86 Therefore, Puddies can play a crucial role in transporting these water properties hundreds or thousands of

87 kilometers offshore to subtropical gyres, contributing to the expansion of the OMZ beyond the coastal region
88 (Frenger et al., 2018). Observations of low O, events in open ocean regions provide support for this idea

89 (Lukas and Santiago-Mandujano, 2001; Johnson and McTaggart, 2010; Schiitte et al., 2016b; Stramma et al.,
90 2013, 2014; Karstensen et al., 2015), with further evidence of biogeochemical processes typically observed
91  only in the OMZ, such as NO production (Cornejo et al., 2015; Arévalo-Martinez et al., 2016; Grundle et al.,
92  2017) and nitrogen loss through denitrification (Altabet et al., 2012; Loscher et al., 2015). Additionally, the
93 observed O; utilization rates within the eddy cores range from 0.29 to 44 nmol O, L d*%, which is up to 3 to
94 5times higher than in the surrounding waters (Cornejo et al., 2015; Karstensen et al., 2015). There is

95  evidence of harboring microbial communities and metabolisms associated with low-oxygen environments
96 that persist even when the eddies enter highly oxygenated waters, a phenomenon known as the "stewpot

97  effect" (Loscher et al., 2015; Frenger et al., 2018).

98 The Southeast Pacific (SEP) is characterized by extensive subsurface mesoscale eddy activity with radii

99 ranging from ~25 to ~50 km and cores of ~500 m of vertical extent (Chaigneau et al., 2009; Hormazabal et
100 al., 2013; Combes et al., 2015, Frenger et al., 2018). They transport a total volume of approximately 1 Sv (1
101  Sv=-~1x10° m? s?) westward with an average velocity of ~2 km d-* (Hormazabal et al., 2013). The cores of
102  these eddies exhibit homogenous salinity profiles (>34.5) and low O, concentrations (< 1.0 mL L), linking
103 them to Equatorial Subsurface Water (ESSW) transported poleward by the Peru-Chile Undercurrent (PCUC;
104  Hormazabal, 2004; Colas et al., 2012; Hormazabal et al., 2013). Generally, the low values of O in
105 subsurface eddies is related to higher concentrations of nitrate, phosphate, and silicate (Czeschel et al.,
106  2015). However, under suboxic conditions (O2 < 20 uM), the prevailing anaerobic metabolism is
107 denitrification, where nitrate is utilized as an electron acceptor, leading to increased production of NO, and
108 N20 (Goreau et al., 1980; Mantoura et al., 1993; Lam et al., 2009; Wright et al., 2012). Within these eddies,
109 various biogeochemical processes coexist that are highly sensitive to O, variations, while physical processes
110 modulate biogeochemical patterns through mixing, submesoscale effects, or mass exchange with water
111 masses from different origins through turbulent advection (José et al., 2017; Kartensen et al., 2017; Loveccio
112 etal., 2022).

113 This complexity of processes involved during the life cycle of a Puddy, along with the lack of continuous in

114  situ measurements, results in a limited understanding of nutrient recycling throughout their lifetime, and the
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115 balance between processes controlling the rate of change of O, and nutrients. In the present study, we aim to
116  characterize the internal biogeochemistry of eddies formed under various low-oxygen conditions in the SEP.
117  We then analyze factors generating natural variability during the lifespan of bioelements associated with the
118 nitrogen cycle during the trajectory of Puddies from the OMZ to better ventilated oceanic waters.

119  Specifically, we document the evolution of water mass properties and processes inside puddies with

120  contrasting initial characteristics in terms of O, concentration (suboxic versus hypoxic) in order to evaluate
121  the role of these properties in OMZ maintenance. Our aim is also to fill in knowledge gaps in the

122  biogeochemical dynamics of this type of eddy due to the lack of observational data, especially in the SEP. To
123 quantify the changes that Puddies undergo as a result of their complex dynamics, we use a regional

124 biogeochemical coupled model simulation. Two approaches are employed: 1) robust statistical analysis of
125 contrasting water masses properties and rates within and outside the Puddies, and 2) case studies focusing on
126 determining temporal changes in eddy properties along their trajectory. The organization of this study is as
127  follows: Section 2 presents the details of the model and methods used for the identification and

128  characterization of Puddies, Section 3 describes the biogeochemical characterization inside and outside the
129 Puddies, temporal changes to the O, budget and the biogeochemical properties, Section 4 discusses the

130 results and Section 5 presents the main conclusions and future projections.

131
132 2 Methods
133 2.1 Regional biogeochemical coupled model

134  We used a high-resolution, coupled physical-biogeochemical model simulation of the SEP that considers the
135 main processes involved in the transformation of the water masses relevant to the OMZ variability and the

136 dynamics of the Peru-Chile Undercurrent (PCUC). This current plays a significant role in generating Puddies
137  and in the southward extension of the OMZ in the Peru-Chile Eastern Boundary Upwelling System (EBUS).

138 The physical dynamics were simulated using the Regional Ocean Modelling System (ROMS), a regional
139 ocean circulation model that solves the primitive equations with free surface and sigma coordinates

140  (Shchepetkin and McWilliams 2005, 2009). ROMS was coupled with the biogeochemical model BioEBUS,
141 specifically developed for Eastern Boundary Upwelling Systems (EBUS) and based on the nitrogen cycle
142  using N2P2Z,D, model formulation (Koné et al., 2005; Gutknecht et al., 2013a). We adopted the same

143  configuration as specified in several other studies in the region (Dewitte et al., 2012; Montes et al., 2014;
144 Vergaraet al., 2016; Pizarro-Koch et al., 2019) using a spatial resolution of 1/12°, 37 vertical levels, with
145  outputs every three days, suitable for resolving mesoscale features. The overall domain covers the latitudinal
146 range of 12°N to 40°S from the coast to 95°W, although the present study focuses on latitudes off the coast
147  of Chile between 20° and 40°S (Figure 1a). The simulated period was from 2000 to 2008.

148
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150 Figure 1. Depth of the OMZ core, modeled dissolved O2 climatology offshore of the Chilean coast, and spatial
151 distribution of the occurrence density of the Puddies identified over the nine year period. (a) The OMZ core was
152 considered as being in the isopycnal layer 26.6 kg/m? (defined with Score layer; see Section 2.2). The study area
153 covers 20 - 40°S and from the coast to 88°W. The black contour shows the traditional OMZ limit ([O2]=1mL/L or
154 ~ 45 pM) at -300 m. Black lines represent isobaths of -1000 m and -500 m. (b) Subregions are defined by the

155  following O2 contours using the Score layer: Region A (O2< 20 pM), Region B and Region H (20 pM < 02 < 45 pM),
156  Region C and Region G (45 pM < 02< 90 pM), Region D and Region F (90 pM < O2< 120 pM) and Region E (120
157 pM < O2). Yellow dots indicate the path of the tracking of two Puddies for the case studies. Numbers are the total
158 profiles counted in each region. The same colors will be used in the following figures to refer to the subregions. (c)
159 Occurrence density (colormap) is quantified by the total number of Puddies identified in each 1°x1° area for each
160 snapshot (At =3 days), with the possibility that the same eddy may be counted more than once if remaining in the
161 same area. Numbers refer to the total occurrence density by region.

162 The model uses atmospheric forcing data from NCEP-NCAR (2.5° x 2.5°, Goubanova et al., 2011). Latent
163 heat flux and other variables —for estimating other air-sea fluxes— such as air temperature and humidity are
164 provided by monthly climatology with a resolution of 1° x 1° from COADS (da Silva et al., 1994). The

165  boundary conditions for temperature, salinity, and horizontal velocity were provided by the SODA 1.4.2
166 reanalysis (Smith et al., 1992). The BioEBUS model consists of 12 compartments interacting through

167  advection-diffusion equations and source-minus-sink (SMS) processes. The considered components include
168 inorganic dissolved nutrients (NOs", NO2, and NH4*), large and small phytoplankton (“small" representing
169 nanophytoplankton; mainly small flagellates between 2 and 20 um and "large" representing

170  microphytoplankton; mainly diatoms between 20 and 200 pum), large and small zooplankton (“small”

171 representing microzooplankton; mainly heterotrophic ciliates between 20 and 200 um, and “large”

172  mesozooplankton; mainly copepods between 200 um and 2 mm), and detritus (small and large). Dissolved
173  organic nitrogen (DON) was considered following the formulation of Dadou et al. (2001, 2004) and Huret et
174 al. (2005), O, including its ocean-atmosphere interaction according to Pefia et al. (2010) and Yakushev et al.
175 (2007), and the production of N,O using the parameterization of Suntharalingam et al. (2000, 2012). The
176 boundary and initial conditions for the BioEBUS model were obtained from the CARS2006 climatology
177 (CSIRO Atlas of Regional Seas) for O, and NOz, with constant vertical profiles adopted for NH.*, NO,, and
178  dissolved organic nitrogen (DON) (based on Koné et al., 2005). Phytoplankton biomass was estimated based
179  on chlorophyll concentration (Chl-a) —obtained from SeaWiFS climatological satellite data— and then

180 extrapolated vertically using the method of Morel and Berthon (1989). Detailed information on simulation
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181  and validation of the physical model (ROMS) is given by Dewitte et al. (2012) and Vergara et al. (2017). The
182  parameter configuration of BioEBUS is the same as used in Montes et al. (2014) for the Peruvian region,
183  Vergara et al. (2016) for the northern region of Chile, and Pizarro-Koch et al. (2019) for the central-southern
184  region of Chile.

185 The time rate of change of the concentration of each component is governed by the advection-diffusion

186 equation (Equation 1, see Gutknecht et al., 2013a). For instance, the O, balance is given

20,

do 9
187 22 = -7 (u0,) + Ky V20, + o (K, 2%

- ) + SMS(0,) @)

188  where u = (u, v, w) represents the fluid velocity, with component u for zonal, v for meridional, and w for

189 vertical. The first term on the right-hand side represents the advection (ADV = —V - (10,)), which is an

90,
ox

20,

190  scalar, but can also be decomposed in the sum of zonal (XADV = —u—2), meridional (YADV = v

191  and vertical (VADV = —w %) components. The second and third terms correspond to horizontal (HMIX)

192  and vertical (VMIX) diffusion, where K, is the horizontal eddy diffusion coefficient (set to 100 m?s ! in this
193  version of the model), and K, is the turbulent diffusion coefficient calculated using the K-profile

194 parameterization mixing scheme (Large et al., 1994). The last term SMS(0,) represents the effect of

195 sources and sinks associated with the relevant biogeochemical processes. For O, the source process is

196  primary production, and sink processes include remineralization, nitrification, and zooplankton excretion.
197 2.2 Characterization of the study area

198  The study area extends from 20° to 40°S and from the Chilean coast to 88°W. In this region the OMZ core
199  (O2<45uM or~1mL/L) is centered at a density surface of go = 26.6 kg m whose depth varies, being
200 shallower in the coastal area and deepening in the oceanic region (Figure 1a). Near the slope, a deepening in
201 Score IS Observed north of 30°S, where the slope is narrower. South of 30°S, it widens, as indicated by the
202 1000 m and 500 m depth isobaths.

203  All variables were interpolated from the original sigma vertical coordinate to depth every 5 meters from 800
204  m to the surface. In the deep ocean (~4000 m depth) typically 13 of the 37 vertical levels fall within this

205 depth range. Two main zones were considered: the northern zone (20°-30°S), where the OMZ is zonally
206  wider and characterized by suboxic conditions (O2 < 20 uM); and the southern zone (30° - 40°S), where the
207 OMZ is mostly hypoxic (O, < 45 pM) and much narrower (Figure 1b). Subsequently, we adopted additional
208 criteria to subdivide those regions, using ranges that define the various metabolic niches for organisms:

209 region A with O, < 20 pM, region B and H with 20 pM < O.< 45 pM, region C and G with 45 pM < 0,< 90
210  upM, region D and F with 90 pM < O, < 120 uM and region E with 120 pM < O.. This subdivision was based
211 on O, concentrations observed on a density surface that represent the core of the Pudies (Score = 26.6 kg m,
212 the Score depth is shown in Figure 1a).

213  The region within the first ~100 km off the coast was considered as a formation zone for Puddies where a
214 large number of surface and subsurface eddies are typically generated (e.g., Chaigneau et al., 2009; Figure
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215 1c). Along the coast, approximately 1° of latitude x 1° longitude boxes were selected to characterize the
216  biogeochemical properties of the source water that the Puddies eventually enclose upon formation.

217 2.3 Definition of “mean state” and mesoscale contribution

218  To estimate the physical and biogeochemical perturbations from the mean field associated with the eddies,
219 we use a Reynolds-like decomposition, which for the field of NOs™ concentration is written as follows Eq.
220 (2

221 NO3(x,y,2,t) = NO; + NO5'(x,,2,t) (2)

222 where NOs (x,, z) is the “mean state” of NO3™ over the period 2000-2008, with fluctuations of this “mean
223  state” corresponding to NO5'(x,y, z, t). Similarly, for other variables involved, S, N,0, etc., denoted the

224 “mean state”, whereas S, N,O” etc., correspond to anomalies, which includes eddy fluctuations and changes
225  associated with annual and interannual variability. This decomposition method was used for all variables
226 analyzed in each subregion of study. To evaluate the impacts of the Puddies on the various fields, we used an
227  algorithm to identify subsurface eddies (See details in Section 2.5) and then compared the perturbed fields

228 inside the Puddies with the total field. This procedure is further explained in section 2.6.
229 2.4 Calculation of AOU, ANO3 and AN20

230  The apparent oxygen utilization (AOU), NOs™ production (ANO3’), and N2O production (AN,0) provide an
231 estimate of how much has been produced/consumed by biological processes since the water mass was
232 formed. These estimates are associated with the time the water mass has spent without coming into contact

233 with the ocean surface or being ventilated.

234  The AOU calculation was derived from the Garcia & Gordon (1992) algorithm, based on the O, saturation

235  concentration at any temperature and salinity, and using the following Eg. (3):
236 AOU = [ozlsat - [Oz]obs (3)

237  The NO saturation (AN>O) was calculated using the Gruber & Sarmiento (2002) methodology and the
238  following relationship Eq. (4):

239 AN0 = [N20]obs - [N2O]sat 4)
240  NOs production (ANOs) is defined as follows Eqg. (5):
241 ANOz = [NOS-]ubs' [N03>]preformed (5)

242 The value of [NO3Jpreformed in subsurface waters considered for the above calculation was that of Equatorial
243  Subsurface Water (ESSW) in all regions except E, where the value for Antarctic Subsurface Water (SAAW)
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244 was taken from Llanillo et al. (2012). The assessment of the modeled surface NOs is provided in Appendix
245 1

246 2.5 Puddy ldentification and Tracking

247 For the identification of Puddies, the algorithm proposed by Faghmous et al. (2015) (see:
248 https://www.nature.com/articles/sdata201528) was adapted to deal with subsurface eddies that have a weak

249  dynamical signature at the surface of the ocean. The original algorithm is based on the presence of local

250 extreme values (minimum in the case of cyclonic eddies and maximum in the case of anticyclonic eddies,
251  considering a neighborhood defined a priori around it) of sea level anomalies (SLA). Because the SLA signal
252 from subsurface eddies may be rather weak or absent, the present study used anomalies in the layer thickness
253  (8h). This layer is bounded by the density surfaces Supper = 26.0 kg m=2and Siower = 26.9 kg m3. Thus,

254 positive anomalies (6h > 0) indicate the presence of subsurface anticyclonic eddies due to their convex shape
255 (for our case, Puddies). When &h is at its maximum (Shmax), the largest closed contour around the

256  geographical location of §hmax is considered as the edge of the eddy, as Shmax is associated with the center of
257 the eddy and the points contained within the eddy edge are the body of the eddy (Faghmous et al., 2015).
258  Starting from Shmax, a gradual decrease of 0.1 m was used to establish the size and amplitude of the eddy.
259 Only eddies that reached a minimum horizontal area of 30 grid points (Amin~1.95x10° m?, equivalent to a
260 radius of ~ 25 km) were considered here because eddies below that threshold size are not well identified. For
261  the present analysis, only eddies that did not exceed a radius of 150 km were considered. The identification
262  of eddies was conducted every three days over the entire period. Subsequently, all §hmax positions were

263 classified by subregion and in 1°x1° cells for their enumeration (Figure 1b, 1c) and for characterizing the

264 average properties of these Puddies (statistical analyses are shown in section 3).

265 For the case studies, two Puddies formed in zones with contrasting biogeochemical properties (i.e., zones A
266  and G) were selected and followed. The algorithm kept track of both eddies, although tracking was lost at
267 certain times. In the case of the eddy formed in region A, the track was lost for up to 87 days (29 time steps),
268  whereas for the eddy formed in region G, the maximum number of days without tracking was 27 days (9 time
269 steps). Long gaps were manually corrected with §hmax Search, the verification of the trajectory was carried
270 out under visual inspection of the vertical sections of vorticity fields and O contours. Finally, short gaps

271 (shorter than 3-time steps) in the Puddy trajectories were filled using linear interpolation.
272

273 2.6 Compound Formation

274  2.6.1 Average Profiles

275 To understand the typical conditions within Puddies identified in the formation zone and each subregion,
276 average profiles were constructed as follows: i) all eddy centers (i.e., §hmax positions) were classified

277  according to the regions defined in Figure 1 ii) for each eddy center, vertical profiles were extracted between
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278 the density surfaces Sypper and Siower for all variables, for each corresponding region iii) then, these profiles
279  were time-averaged to obtain typical profiles for each variable. The analysis of these results is presented in
280  sections 3.1and 3.2.

281
282  2.6.2 Puddy evolution

283 As a case study, we characterize the evolution of several variables within two Puddies. The selected eddies
284  exhibited a long trajectory toward the open ocean with a lifetime > 1 year. For these Puddies, we estimate
285 characteristics inside the entire eddy volume as follows: i) an average radius (rmean) during its entire trajectory
286 was calculated, ii) a circular polygon (eddy mask) with a rmean Was drawn around the Puddy center to extract
287 all the grid points within the circumference. The same mask was applied to all depths (every 5 meters)

288  creating a cylinder between Sypper and Siower. From the total volume enclosed by the cylinder, an average

289 vertical profile was obtained at each time step for each variable. The temporal evolution of these two Puddies
290 s presented in sections 3.4 and 3.5.

291 2.7 Calculation of percentiles

292  To quantify the significance of the internal contribution of Puddies compared to the average state, a random
293  sampling of positions (> 200) was conducted for each region to extract variables in the Score at approximately
294 100 different time points. Subsequently, the 50th, 75th, and 90th percentiles (P50, P75, P90) were calculated

295 from these samples and compared to results obtained in Section 3.2.3 (Table 4).
296
297 3 Results

298 3.1 Contrasting biogeochemical characteristics inside and outside the Puddies

299  Over the 9-year study period in the simulated study region (Figure 1), a mean of approximately 14 Puddies
300 were observed each day, resulting in a total of ~15,340 Puddy profiles identified over the entire study period.
301 If the same eddy remained within the same 1°x1° grid area, it was counted multiple times (using a 3-day time
302  step) until the center of the eddy moved to an adjacent 1°x1° grid. The area with the highest density of

303 identified Puddy profiles was concentrated in the coastal region (2,548), within the first ~100 km from shore,
304  with the maximum abundance noted between 29° — 35°S (Figure 1c). It should be noted that the number of
305  eddies in the coastal region may be slightly overestimated by our adopted algorithm due to difficulties in
306 distinguishing between perturbations of the density surfaces generated by eddies, coastal upwelling events,

307  coastally trapped waves or meanders of the coastal currents.

308 To assess the impact of Puddies along the coastal strip, we evaluated the mean distribution of several
309  variables (salinity, Oz, NOs", NO2, NH4*, and N2O) in coastal boxes of approximately 1°X1° between 20°S

310 and 38°S, and between the isopycnal surfaces Supper and Siower that define the OMZ core in the model (see
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311  details in Section 2.6.1). Then, we calculated the mean profiles of these variables in the center of the Puddies
312 observed in each coastal box, and estimated anomalies of the profiles with respect to the general mean profile
313 of the corresponding box (Figures 2, see also Figure S1 in the supplementary material).
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314
315 Figure 2. Average vertical profiles, standard deviation, and anomalies associated with biogeochemical features

316  within the center of the Puddies over the first ~100 km from the slope. Eddies’ average profiles (left boxes) were
317 obtained by calculating the mean of total profiles identified during nine years in 1°x1° boxes along the coast
318 between the isopycnal layers supper and Siower (See Methods 2.2, 2.3, 2.6.1). The standard deviation (right boxes) is
319 interpreted as the variability of the properties existing at the center, and the anomalies (middle boxes) were
320 calculated by removing the mean state related to the same volume element. (a) absolute salinity, (b) Oz, (c) NOs",
321 (d) NOz, (e) NH4*, and (f) N2O.

322 Meridional changes in water properties along the coastal strip impact the initial properties of the Puddies. In
323 the northern sector (between 20°S and 30°S), the waters are warmer, more saline, and have lower O, , with

10
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324 higher concentrations of NO2" and NH4* (Figures 2e and 2d); whereas towards the south (south of 30°S),
325  these characteristics generally show the opposite tendency, consistent with the water properties observed
326  within Puddy cores. However, NOz and N,O show maximum levels in the central region (near 30°S)

327 (Figures 2¢ and 2f), where eddies with the highest N2O concentrations are also observed. Oxygen levels were
328  higher at the upper and lower limits of the OMZ (i.e., near oo = 26.3 kg m=and oo = 26.7 kg m?) and

329  remained relatively low in the OMZ core (op ~26.5 kg m<). Both NH4* and NO,” anomalies generated by the
330  Puddies showed maximum values in the upper limit of the eddy cores (near oo = 26.3 kg m3) and were fairly
331  uniform along the coastal strip, except between 22° - 24°S and the north-central region, which showed

332 slightly higher anomalies (Figures 2d).
333 3.2 Biogeochemical characteristics inside the offshore Puddies

334  From the total of 15,340 Puddies profiles identified in the study region (more details in Section 2.2), the
335 number recorded for each region varied (Table 2, Figure 1b). The number presented in Table 2 were used as
336 sample size for different statistical estimation (see below). General characteristics associated with each
337  subregion are detailed in Table 1.

338

339  Table 1. General characteristics of the study subregions.

Depth Supper (M) Depth Siower (M)
Regions Number of Mean
9 pixels thickness (m)
Min Max Min Max
A 5550 -140 -50 -510 -435 377
B 7632 -190 -85 -465 -435 313
C 10202 -240 -130 -495 -435 280
D 4016 -250 -190 -500 -450 255
E 11709 -240 -145 -485 -380 240
F 9349 -235 -85 -485 -405 285
G 4190 -195 -90 -480 -420 308
H 1323 -130 -65 -485 -440 365
340
341

11
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342  3.2.1 Conditions of Suboxia and Hypoxia in the Oceanic Puddies

343 We assessed the number of Puddies exhibiting suboxia and hypoxia in each region by identifying the

344  predominant type of low-oxygen cores in coastal and oceanic regions. The percentage of Puddies exhibiting
345  hypoxia (02< 45 uM) and suboxia (O2 < 20 uM) was determined by classifying the range of O,

346 concentrations observed in the center of the eddies. The presence of Puddies with these characteristics in the

347 more remote regions was quantified (regions C, D and E in Table 2).
348

349  Table 2. Percentage of total identified Puddies showing suboxic (O2 < 20 pM) and hypoxic (02 < 45 pM) cores
350  within each region.

Mean thickness Suboxic cores Hypoxic cores

Regions Total profiles (m) (%) (%)
A 2,295 475 100 0
B 2,114 317 70 30
C 2,492 317 13.8 60
D 731 335.6 <1 3
E 1,754 445 0 0.1
F 3,027 505 <1 9
G 1,941 540 9.3 60
H 986 551.6 30 70

351

352  3.2.2 Relationship between internal biogeochemical components

353 Each water mass acquires characteristics through physical and biochemical processes, producing particular
354  relationships between the physicochemical variables. Low O, waters are closely related to relatively salty
355 ESSW waters. In our study region, this water mass is located between the low salinity and relatively well-
356  ventilated water masses (i.e., ESPIW above and AIWW below). Thus, salinity and O, show a linear inverse
357 correlation between the upper and lower oxyclines that delimit the OMZ. Nevertheless, the occurrence of

12
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358 biogeochemical processes can disrupt this relationship. Therefore, it is useful to quantify which regions show
359 these nonlinear biogeochemical processes in the context of a hypothesis that a linear relationship between O,
360  and salinity corresponds to an aging of the water mass due to lack of ventilation. A nonlinear relationship
361 would imply the presence of other processes such as denitrification. Linear regression was performed

362  between absolute salinity, O,, and AOU on the Score Surface, where AOU provides a measure of the apparent
363 O, consumption since the ESSW formation (Table 3).

364  Table 3. Linear regression between AQU, 0, (uM) and absolute salinity (g kg™) within the Score (09 = 26.6

365 kg m®) layer for each subregion.

366
A0U/S 0, /S
Regions —
R? Slope Intercept R? Slope Intercept
A 0.88 112.5+0.57 -3664.6x21 0.92 -142+0.6 4963.5+20.1
B 0.85 199.2+1 -6685.2+33.5 0.88 -229+0.9 7998.6+£33.4
C 0.92 301.8+0.8 -10252+28.8 0.94 -332.4+0.8 11590+28.6
D 0.94 457.45%1.7 -15642+59.6 0.95 -488.6x1.7 16999+59.2
E 0.39 302.8+3.4 -10308+117.9 0.45 -339.9+3.4 11872+117.3
F 0.44 202+2.3 -6807.9+80.5 0.53 -236.6+2.3 8281.6+79.8
G 0.95 294.5+1 -9989.3136.2 0.96 -327.1+1 11396+36
H 0.98 200.8+0.7 -6737+25.2 0.99 -232+0.7 8097+25.6
367

368 Oxygen and AOU exhibited a strong linear relationship with absolute salinity (R?> 0.85) in regions where
369 there is a greater contribution from ESSW (Regions A, B, C, D, H, G). The correlation coefficients varied
370 between 112.5 and 457.45, whereas regions F and E did not show a linear relationship (R? < 0.45), which can
371 be explained by the influence of SAAW and AAIW waters mixing properties with ESSW (Figure S2a, Table
372 3). Region H (R?=0.99) showed the strongest relationship, which decreased in regions A and B (0.85 < R?<
373 0.9) where denitrification processes are more evident.

374 On the other hand, the asymptotic behavior of NO, was similar to that of NH4*, occurring when O, < 45 uM
375 (regions: A, B, and H) and tending towards undetectable in regions where O2> 45 uM (Figure 3c, S3).
376 Nitrous oxide decreased under suboxic conditions, increased under hypoxic conditions in regions G and H,

13
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377 but decreased in regions B and C under similar O, conditions to those observed in G and H regions (Figure
378  3d).

379
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26
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380

381 Figure 3. Relationship between Oz concentration and the absolute salinity, NOs", NO2", and N2O at the Score layer
382 for all identified Puddies. Color dots corresponding to the mean property at the core of Puddy (section 2.5) are
383 contrasted with the mean state (color squares, section 2.3). The colors used for the regions are the same as Figure
384 1b. Vertical error bars show the y-axis standard deviation, whereas the horizontal error bars are the standard
385 deviation of O2. The smaller box shows a magnification of the larger box for hypoxic and suboxic conditions, the
386  red line indicates the threshold of Oz =20 pM.

387  3.2.3 Differences between biogeochemical properties inside and outside Puddies

388  Tounderstand the biogeochemical impacts of eddies in oceanic waters, the values found in the core of the
389 Puddies were compared with the "mean conditions" of each region (Figures 3, 4, S2b, S2c, S2d; see

390 Methodology in sections 2.5, 2.6.1). The presence of Puddies manifests a change in layer thickness (6h) with
391  respect to the average 8h by region (Table 1 and 2) with greater contrast observed away from the coast in the

392  south. Values of AQU’, ANO;' and, AN,0" observed inside the Puddies were higher than AOU, ANO; and

393 AN, 0 observed outside (Table 4) confirming that eddies maintain hypoxic or suboxic cores that impact

14
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394 regions farther offshore, as shown in the Section 3.2.2 (Table 2). Nonlinear biogeochemical processes

395  observed in the OMZ (Section 3.2.2) were commonly observed in the Puddies that arrived in regions C and G
396  (Figure 3), but less frequently in those arriving in regions D, E, and F. Additionally, in the hypoxic/suboxic
397 regions where these nonlinear processes are usually more pronounced, signals were intensified within the
398 Puddies (Regions A, B, and H; Figure 3). In general, in the coastal areas (A and H regions), Puddies

399  exhibited an increment of > 0.15 salinity, 1 — 4 uM NOs™ (+2.25 — 3.4%), up to 0.05 uM NH," similar to
400  NOy (+12.5-83%), and 3 — 12 nM N,O (+8.5 — 15%) associated with an increase of the 7 — 9 uM AOU
401 (+2.5 — 4%) higher than the "mean conditions"” (Table 2). These anomalies were close to the P75 (P90 for the
402 salinity) indicating a significant elevation over mean state contributed by the Puddies (Table 5). Offshore, the
403 contrast over mean state was greater, reaching >300% of NH4* (region F), +50% of NO3™ (region E), >85%
404 N0 (region F), 30 - 60% for AOU and 0.17 for salinity (Table 4). These values exceed the P90 in region E
405 and C, and P75 in other oceanic regions. Clearly, the perturbations to the mean state contributed by Puddies
406 in open sea is more significant than near the coast (Table 5). Salinity and biogeochemical tracers decrease as
407  the core becomes more oxygenated (Figures 3a, 4a; Table 4).

408 Table 4. Average values of AOU (uM), absolute salinity (g/kg), NHa* (uM), ANO3z (uM), and AN20 (nM) inside and
409 outside the Puddies (mean state) on the Score surface (ge = 26.6 kg m-3). (Q indicate the mean value of the

410 corresponding variable in the corresponding region, while Q’ is the value of the variable inside the Puddies (see

411 Methods 2.3 and 2.6.1).

Regions  AQU  AOU' S s NH, NH,’  ANO; ANO;' AN,0 AN,0'

A 250.8+1 265.0+1. 34.70:0. 34.87+0.  0.06% 0.1+  17.85:0 18.3:t0. 28.79:0 33.4%2.
43 91 011 010 0.007 0.026 11 65 .96 15

B 24142 256.6:4. 34.60:0. 34.77:0.  0.02% 007+  17.1:0. 18.7:0. 235:0. 34.9:3.
22 85 011 010 0.003 0.025 1 51 98 13

C 214.9:3 241.0+1 34.50:0. 34.68:0.  0.007+ 003t  1555:0 17.9:0. 19.5:1. 31.5:4.
.08 1.98 009 010 0.0005 0.012 19 93 34 1

D 177.246  205.5t1 34.40#0. 34.58:0.  0.002+  0.005:0. 13.2:t0. 152:1  14.6:0. 22.2:4.
21 6.16 013 013 0.00008 002 31 17 88 4

E 100.6+9 159.1+2 34.180. 34.36:0.  0.006% 001+  7.9:0.8 121#l  07+08 12.5%5.
41 41 013 006 0.0008 0.003 5 85 73

F 158.7+4 201.5:2 34.32t0. 34.49:0.  0.007+ 0.03t  11.9:0. 15.0+1. 11.2+2. 21.747.
73 0.75 021 015 0.001 0.016 32 6 44 3

G 208.1+2 236.8t1 34.45:0. 34.62:t0.  0.02% 0.06:  15.4:0. 17.6tl. 245:0. 33.8:5.
.96 5.37 012 009 0.003 0.028 21 15 97 52

H 240.4:0 249.8+7. 34.58+0. 34.75:0.  0.08% 009+  17.7:t0. 18.4:0. 34.65:0 37.8:2.
.97 43 004 004 0.005 0.028 07 6 47 95

412
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413 The AOU/ANO;5 ratio allows us to quantify the remineralization of organic matter through aerobic processes,
414  which is determined by the Redfield ratio (Rnjo; 16/138 = 0.11; Redfield et al., 1963). Changes in this

415 relationship indicate the presence of other biological processes that contribute/consume nitrogen in a system,

416  such as nitrogen fixation (ANO3 /AOU > Ryjo) and denitrification (ANOz /AOU < Ryjo). On the other hand,

417  the AN,O/AQU ratio provides a measure of N2O accumulation, so that a high AN,O/AOU is associated with

418  the denitrification process (Sarmiento & Gruber, 2006).

419  We observed a ANO3s /AOU < Ryo inside and outside the Puddies (Figure 4d), indicating a deficit of NO3-
420 and high O, consumption due to the high remineralization in subsurface waters. The ratio is higher in the
421 suboxic region (Region A, Figure 4d) with an AOU:ANO3 = 15:1, while in the other regions this signal of

ANO'3s  ANOs

T < ’
Aou Aou

422 old and poorly ventilated waters also extends, albeit in different proportions (Table 4).When it
423  must be the case that AQU’ > AQU or ANO'; < ANOs. Since the second assumption is not met, it follows
424 that AOU’ > AOU (Table 4). However, in regions B and C, ANO'; < AOU’, indicating that ANO'; > ANO,

425  or AOU' < AOU. Given that AOU’ > AOU, it must have occurred that ANO'; > ANO3, so the production of

426 NOs was greater in the Puddies found in these regions compared to others (Table 4). On the other hand, it

AN,0' AN,O
ADZU, > ﬁ . Since AOU’> A0U, it also follows that AN,0' > AN, 0, therefore the production

427  holds that

428 of N2O was proportionally larger than O, consumption in the Puddies (Table 4). Note that although in regions

AN,0" AN,0 ) ) .
=, = was also high (Figure 4d). Additionally, the
AoU' AoU

429  Hand G the eddies exhibited the highest values of

430 variability of physicochemical conditions in the core increased with distance from the coast and with

431  oxygenation.
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433 Figure 4. Mean properties and ratios of the average Puddy and mean state for each region. Relations between
434 AOU and (a) absolute salinity, (b) ANO3", and (c) AN20. (d) Ratios of ANO3/AOU and A/AOU (blue/yellow

435 squares (Puddy), blue/red circles (mean state)). (a-c) Values estimated inside eddies are shown in black squares
436 and the average for the whole subregion by red squares. Vertical error bars show the y-axis standard deviation,
437 whereas the horizontal error bars are the x-axis standard deviation. (d) Values estimated inside eddies are shown
438 in squares and the mean state in circles. The error bars show ¥ of the corresponding standard deviations. The
439 average was calculated for the Score layer (see Section 2.3, 2.5). The Redfield ratio (Rnio = 0.11) is shown on the left
440  axis.

441 Table 5. Percentiles 50t, 75t, and 90t (P50, P75, P90) of AOU (uM), absolute salinity (g/kg), NH4* (uM), ANO3"
442 (uM), and AN20 (nM) on the Score surface (o9 = 26.6 kg m=). The profiles were obtained from random samples (#
443  pro.) for each region.

AOU S NH4* ANOy AN;O

Reg

pro.
P50 P75 P90 P50 P75 P90 P50 P75 P90 P50 P75 P90 P50 P75 P90

A 1246 257 266 269 3472 3477 3479 0.06 0.12 0.17 18.08 18.47 18.87 32.48 35.6 39.56

B 1474 244 254 261 34.6 34.64 3469 0.009 0.019 0.048 16.98 1792 1861 25.28 32.24 37.78

C 2882 213 227 241 3449 3454 3458 0.002 0.005 0.01 1473 1612 1741 16.78 23 30.8

D 627 161 182 210 34.37 3442 3447 0.001 0.002 0.004 1148 1291 15.37 8.21 14.91 24.4

E 4750 72 95 121 3412 34.16 3422 0.006 0.009 0.013 5.58 7.73 9.59 -1.44 -1.11 177

F 2058 167 194 223 3432 344 3449 0006 0.011 0.018 1222 1432 16.47 13.74 21.46  29.89

G 521 222 236 248 34.49 3455 34.6 0.018 0.033 0.054 16.36 17.52 18.52 29.07 3496 41.13

H 235 240 256 264 3457 34.65 34.7 0.052 0.119 0.188 17.69 18.69 19.44 36.14 4296  47.11

444

445  To sum up, according to our model results, Puddies generate significant changes with respect to the mean
446 conditions observed in all regions, particularly large differences were found in AOU and ANO in region E.

447  In contrast the differences in the variables ANOs™ and AOU were not significant in regions A and H.
448 3.3 Oxygen Budget in the Puddies

449 The processes that contribute to the modulation of the total O, content are represented in the advection-

450 diffusion equation (Eq. 1, Section 2.1). One part of the equation is associated with O, changes due to
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451 physical processes (denoted by PHYS) and another part is related to the production/consumption of O,

452 through biogeochemical processes (SMS), so we can write 6@% = PHYS + SMS(0,). PHYS comprises

453 horizontal advective processes (HADV = XADV + YADV), horizontal mixing (HMIX) in the x-y plane,
454 vertical advection (VADV) and vertical mixing (VMIX) in the z-direction so that PHYS = HADV + VADV
455 + HMIX + VMIX. Note that HMIX and VMIX are mainly related to small-scale (subgrid-scale processes)
456 mixing (e.g., Pizarro-Koch et al., 2019). On the other hand, the SMS(O,) (source minus sink processes of Oy)
457 includes primary production, remineralization, nitrification, and zooplankton excretion (SMS(O2) = PP +

458  Rem + Nitrif + Exc).
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460 Figure 5. Mean terms involved in the Oz budget (see equation 1). The different terms were temporally averaged
461 inside the eddies in each subregion. PHYS is the sum of physical processes, which encompasses horizontal

462 advection (HADV = XADV + YADV), vertical advection (VADV), horizontal mixing (HMIX), and vertical mixing
463 (VMIX). The biogeochemical processes are included as sources minus sinks (SMS) processes impacting O>. In
464 particular, SMS includes the Oz fluxes by primary production, nitrification, remineralization, and excretion of the
465 zooplankton. Positive (negative) values indicate processes contributing to increasing (depleting) Oz inside the

466  eddy. A) HADV B) VADV, C) PHYS, D) HMIX, E) VMIX, and F) SMS. The averaging was conducted by dividing
467 the eddy into 2 parts to estimate the contribution above (red squares) and below (green circles) the isopycnal

468  surface 26.5 kg/m? which was asymmetric in the eddies.

469  We analyzed the contribution of each component of the equation to the O balance in the center of the

470 Puddies (Figure 5). Large changes in variance were observed in the upper part of the eddy cores (the

471  skewness also changed along the vertical profile, reflecting a marked vertical variability in the probability
472 density function of the different terms involved in the O, balance, Figure S4). In Figure 5, we separated the
473  average contribution of the different terms above and below the Score. Positive (negative) values indicate O,
474 increasing/production (decreasing/consumption). In general, we observed that the contribution of the PHYS
475  was negative, mainly in the lower part of the eddy, whereas there was greater variability in the upper part,
476  with positive values dominating in some regions (A, E, and H), indicating O increasing within the core

477 (Figure 5c). On the other hand, O, consumption through SMS (maximum in regions B and G) occurred in the

18



https://doi.org/10.5194/egusphere-2024-1290 d
Preprint. Discussion started: 5 June 2024 G
© Author(s) 2024. CC BY 4.0 License. E U Sp here

478  upper part of the Puddies (Figure 5f). This proves that elevated biological activity is maintained in the eddies
479  far from shore, with higher intensity in younger eddies but weakening in eddies that reach regions very

480 distant from the coast (regions D and E). Although the SMS fluxes are on the order of O(10-6), one order of
481 magnitude lower than the PHYS of O(10-%), small changes in O, due to SMS can also result in a sharp local
482  spatial gradient in O, that induces strong changes in the advection of O,. This could have a significant impact
483  on the behavior of biogeochemical components that are highly sensitive to minimal changes in O,

484  concentration, especially under hypoxic or suboxic conditions.

485  The advection components (O(107°)) can be interpreted as the ability to maintain O at the center of the eddy
486  during the eddy's displacement. They dominate the O, budget compared to mixing processes (O(1075))
487  involving diffusion of O, (Figures 5a, 5b). The lateral fluxes (HADV) showed O, leakage (HADV < 0) from

488  the core mainly in the northern eddies, but not in the southern eddies (HADV > 0) where O influx to the
489  core was evident (Figure 5a). Given that VADV = w%, in cases where VADV < 0, it can occur in the first
aa&’ or a second case where w < 0 and a@% (Figure 5b). When it occurs in the upper part

z

490 case where w >0 and

491 of the eddy (regions F, G, and H), the first case may be more probable due to the lifting of isopycnals and the
492  increase in O to the upper part of the eddy from the core. If VADV > 0, two possibilities can occur: w > 0

493 and a@% or, in the second case, w < 0 and %. If it occurs in the upper part of the eddy (regions A, B, C, E),

494 the second case is more likely to be fulfilled because there is always more O, outside the core, indicating w <
495 0. On the other hand, the lower part of the eddies (regions A and H, mainly) should experience the opposite
496 since the O, gradient is generally negative, then w > 0. Vertical mixing fluxes were positive in newly formed
497 eddies (mainly in regions A and H), while lateral diffusion fluxes showed high variability in magnitude and
498  direction (Figures 5d, 5e).

499 3.4 Biogeochemical evolution inside the Puddies: study cases

500 We considered two Puddies originated in coastal regions characterized by contrasting O, conditions, with one
501 was formed in suboxic waters (i.e., O» <20 uM) and the other in hypoxic waters (i.e., O2 <45 uM). We
502  quantified the lifespan and transformation of the biogeochemical compounds enclosed by the eddies. The

503 trajectories of these Puddies are shown in Figure 1b.
504  a) Case 1: Suboxic Puddy

505  The suboxic Puddy (SP) was first detected in region A (24°S, 71.85°W) from where it moved northwest for
506 420 days (~60 weeks) with an average radius of ~82 km. Its trajectory spanned between 22.36°S and 25.32°S
507  and 71.85°W and 86.53°W, passing through regions B and C, where it disappeared (Figures 1b). In week 11,
508 it showed a subsurface core with positive vorticity between Sypper and Score, With velocity in the edge

509 delimited by the rmean exhibits around 10 cm s (Figure S5a). Within the suboxic environment (Oz < 20 pM),
510 the puddy showed peak concentrations of NH4*, NOy (> 0.15 uM), NO3™ (30-40 uM), and N,O (60 nM), and
511  asmall volume where O, < 1 pM (i.e., close to anoxic conditions). The maximum NO3z >40 pM was found in
512  the lower part of the eddy (between 450 - 600 m depth) associated with O, values between 20 uM and 45
513  uM; the periphery showed O, <45 uM, and a decrease of NH4*, NO2", and N,O (Figures S5b, S5¢, S5d).
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514 SP showed a suboxic core for a year following formation (>80% of the eddy's lifespan; Figure S6), then,
515  becoming hypoxic for the rest of its lifespan. The coefficients associated with the exponential fit for the

516 Puddy were greater than mean state coefficients, except for O, where the relationship was inverse (Table 6).
517 For the first 50 days, the biogeochemical conditions remained similar to initial conditions with positive

518  anomalies of NOy, NH,*, and salinity but negative anomalies of Oz, N>O and NOs™ (the last two at the top of
519  the eddy). Subsequently, the largest positive anomalies in the variables occurred in the upper part of the SP
520  above Score (Figure 6). The increment in salinity after 50 days indicates intrusion of external waters (Figure
521  8a); however, the SMS < 0 indicated biological activity that consumes O, (ammonification, zooplankton
522 excretion and nitrification), prolonging the lifespan of NO,  and NH.* by around 6 months (see SMS term in
523 Figure 9c, Figure 8). PHYS predominantly exhibited positive flows that increased after 100 days, where the
524 dominant mechanisms were lateral advection (HADV; Figures 9a, 9b) as evidence for ventilation of the SP.
525 Concentrations of NO2” and NH,* declined with a high decay rate of k < 0.011, which is lower than the

526 average state rate (k > 0.011; Table 6; Figures 6c, 6e, 8c, 8e). For salinity, NOs", and N2O, the decay rate was
527 lower than that of NO2” and NH4* because even though their concentration decreased, they were not fully
528 depleted; however, these decreased more slowly in the SP than in the average state indicative of the capacity
529  of the eddy to enclose and maintain the initial source waters (Table 6; Figures 6a, 6d, 6f, 8a, 8d, 8f). At the
530  same time, O, had a higher rate of increase inside the SP than outside it, with rapid ventilation after 8 months
531  (Table 6; Figures 6b, 8b).

532  Table 6. The salinity (g kg'?), NOz, NOz, NH4*, Oz2 (uM), and N2O (nM) decay rates at the mean volume of the
533 suboxic Puddie (SP), hypoxic Puddie (HP), and their respective mean state of the same path. It was calculated

534 from exponential fit y = Ae~**, where k is the decay rate.

535
Decay rate (k) Coefficient A Decay rate (k) Coefficient A
TS e, MRS e, 4O
(SP) SP (HP) HP
Salinity -7.55x10¢ -1.01x10® 34.86 34.79 -7.08x10¢ -2.9x10® 34.65 34.51
NOs -8.34x10°  -2.42x10* 3595 3587  -2.72x10*%  -253x10*  34.71  31.21
NO2z -0.0094 -0.0155 0.08 0.05 -0.007 -0.0062 0.05 0.02
NH4* -0.0102 -0.0129 0.11 0.07 -0.007 -0.0057 0.11 0.05
0: 0.0032 0.0027 1212 25.34 0.0015 7.4x10" 53.06  102.43
N20 -6.88x10* -0.0014 4295 3975  -7.14x10*  -6.99x10*  38.67  27.06
536
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537

538 Figure 6. Vertical section of the biogeochemical components during the trajectory of the suboxic Puddy (SP)
539 which originated in region A with a radius of 72.8 km and a lifetime of ~400 days (left boxes). The mean state
540 (central boxes) and anomalies (right boxes) correspond to the same path of the SP. a) Absolute salinity, b) Oz, c)
541 NOz2, d) N20, e) NH4*, and f) NOs". The vertical section was obtained by averaging the volume of the eddy,

542 delimited by a cylinder of its mean radius within the intrathermocline band whose boundaries are the isopycnals
543 layers Supper and Siower (blue contours). Black contours show values of Oz < 45 pM (solid line) and O2< 20 pM
544  (dotted line). The trajectory of this puddy is shown in Figure 1b.

545

546  b) Case 2: Hypoxic Puddy

547  The Hypoxic Puddy (HP) was first observed in region G very close to the coast (36.2°S, 74.2°W), and its
548  northwest trajectory lasted approximately 600 days (~86 weeks) with an average radius of 76 km. The Puddy
549  moved within the area between 30.3°S, 74.2°W, and 36.9°S, 85.3°W, crossing through regions F and E

550 (Figures 1b) and showing positive vorticity in the core. Concentrations of O, <20 pM were observed initially,
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despite forming in an environment where generally characterized by hypoxia, and where NO2™ (max ~0.05

uM) and N0 (70 nM) showed maximum concentrations (Figure S5e). In the range of 20 < O,< 45 uM, NO3

reached its maximum (35 - 38 uM) whereas other nitrogen compounds decreased (Figures S5f, S5g, S59).
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Figure 7. Same as Figure 6 but for a selected hypoxic Puddy (HP) originated in region G with a radius of 82.7 km

and a lifetime of ~600 days. The trajectory is shown in Figure 1b.

The mean hypoxic condition in the core was associated with higher salinity, NO", and N>O concentrations

that persisted for >1 year (60% of the eddy's lifespan); however, on the periphery, O, concentrations were

higher than 120 pM (Figures 7a, 7b, 7c, 7d). In the first 50 days, O2 concentrations decreased to suboxic

levels, and later to 220 days, when oxygenation was observed, O- levels were subsequently decreased to

hypoxic range by respiration associated with biological activity (SMS < 0, Figure 9c, S6). A significant
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562 contrast was observed between the properties within the HP and the average state throughout the lifespan of
563  the eddy (Figure 7). Negative O, anomalies (> 50 uM), positive absolute salinity anomalies (> 0.2 g/kg), N2O
564 anomalies (> 20 nM), NO3™ anomalies (> 8 uM), and NH4* - NO> anomalies were observed during the first
565 250 days (> 0.08 uM; Figure 7) when the negative SMS fluxes were greatest, indicating O, consumption
566  (Figures 8 and 9c).
567  Simultaneously, negative PHYS fluxes were dominant where vertical advective processes occurred, although
568 in general, the dominant mechanism controlling the O, balance was lateral advection, which increased
569 positively after 300 days (Figures 8a, 8b, 9a, 9b, 9c, 9d). Horizontal and vertical mixing also supplied O into
570  the eddy during the life of the HP, but these are one or two orders of magnitude smaller than advective
571  processes (Figures 9e, 9f).
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572
573 Figure 8. Comparison between the temporal evolution of the average biogeochemical properties into the suboxic
574 (SP, magenta) and hypoxic (HP, blue) puddies shown in Figures 6 and 7. (a) Absolute salinity, (b) Oz, (c) N20, (d)
575 NOs', (e) NOz', and (f) NH4*. Shading is the standard deviation indicating the range of concentration of each tracer
576  within the eddies. Trajectories are shown in Figure 1b.
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577 The coefficients A of the exponential fit for the HP and the decay rate were greater than the coefficients for
578  the mean state (Table 6). In the case of O, coefficient A corresponding to the Puddy was almost half of the
579 coefficient outside. However, the HP maintained higher biogeochemical conditions than the average state for
580 an extended period, which may suggest that there is local production of these compounds as observed for the
581 increase of NO,  and NH4* concentrations after 50 days with SMS < 0 (Figure 8c, 8e, 9c).
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583 Figure 9. Comparison between the temporal evolution of the terms involved in the O2 budget corresponding to
584 suboxic (SP, magenta) and hypoxic (HP, blue) puddies shown in Figures 6 and 7. The terms are described in
585 Figure 5. (a) PHYS fluxes, (b) HADV fluxes, (c) SMS fluxes, (d) VADV fluxes, () HMIX fluxes, and (f) VMIX
586  fluxes.

587

588 4 Discussion

589  Several studies have reported on in situ subsurface eddies with similar biogeochemical characteristics to
590 those observed in the present study (Stramma et al., 2013; Stramma et al., 2014; Cornejo et al., 2016;

591 Arévalo-Martinez et al., 2016; Grundle et al., 2017; Hormazabal et al., 2013; Kartensen et al., 2017) but little
592 detail has been presented on the recycling of bioelements within these eddies. While recent studies have used
593 high-resolution coupled models to describe and quantify more complex processes involved in the O,

594  nutrient, or organic matter balance within eddies (José et al., 2017; Frenger et al., 2018; Loveccio et al.,
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595 2022), the agents generating natural variability in the lifespan of these bioelements associated with the
596 nitrogen cycle during their trajectory from the OMZ to oceanic waters have not been analyzed in detail.

597 4.1 Biogeochemical anomalies in Puddies from their formation

598 Subsurface anticyclonic eddies appear to be formed by the separation of the Peru-Chile Undercurrent from
599 the slope (e.g., Molemaker et al., 2015; Thomsen et al., 2016; Contreras et al., 2019). Here, we observed a
600 higher recurrence of Puddies in certain sectors, namely, between 29°-35°S (Figure 1c), related to the

601 widening of the continental shelf. This change in topography may lead to greater separation of the PCUC
602  from the slope creating favorable conditions for generation of Puddies, as previously observed by Chaigneau
603  etal. (2009). Puddies appear to originate from instabilities forced in the bottom boundary layer at the upper
604 continental slope — where the core of the PCUC interacts with the sea bottom (Contreras et al., 2019), and
605  where the core of the OMZ is observed — and this source water is characterized by positive NH4*, NOs,
606 NO-" and N>O anomalies, and very low O,, as described in Section 3.1. However, unlike O and salinity,
607  which exhibit a more uniform gradient along the coast, several other biogeochemical components have more
608 irregular spatial distributions depending in particular on whether conditions are hypoxic or suboxic.

609 In the northern part of the coastal zone, limited ventilation creates an environment with suboxic conditions
610  and denitrification, resulting in deficits of NOs~ and N»O, and enrichment of NO, and NH,*. In contrast, the
611 central coastal waters exhibit increased NOz, with the southern part showing higher N>O concentrations.
612 Additionally, as the formation of Puddies is associated with cross-shore velocities — exchanging nutrients
613 between the continental shelf and open sea (Thompsen et al., 2015) — the mixture of ESSW and SAAW
614  waters, affected also by the southward reduction of in contribution of ESSW (Silva et al., 2009), enhances

615 the biogeochemical variability of the Puddies generated along the Chilean coast (Figure 2).
616 4.2 Biogeochemical Anomalies of Puddies and Mean State

617 In each subregion shown in Figure 1b, the Puddies resulted in positive anomalies of nutrients and low-

618  oxygen values, and these varied with latitude. These data were summarized in Figures 3 and 4. For the

619 tracked Puddies, HP exhibited greater anomalies during its trajectory compared to SP, even though some
620 bioelements were found in lower concentrations in SP (Figures 6 and 7). This is related to the dominance of
621  SAAW in the southern regions, where hypoxic Puddies are more common and contain higher O

622  concentrations and lower levels of NOs", NH4*, NO2, and N,O than Puddies further north (Silva et al., 2009).
623  Consequently, Puddies that capture a larger fraction of ESSW during their formation have a biogeochemical
624  contribution nearer to the P75 (Table XX) and a larger O, deficit than the mean state. This suggests that the
625  southern regions are experiencing more deoxygenation and nutrient enrichment due to the influence of

626  Puddies than the northern regions where the OMZ is much wider.
627
628

629
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630 4.3 Persistence of Biogeochemical Anomalies Away from the Coast

631 Through the case studies, we observed changes inside Puddies formed under suboxic (SP case) and hypoxic
632 (HP case) conditions. In both cases, there was a decrease in dissolved inorganic nitrogen compounds as the
633 Puddies aged and mixed with external waters. Similar results were observed by José et al. (2017) in the

634 upwelling system off Peru, Frenger et al. (2018) in the four EBUS, and Loveccio et al. (2022) in the Northern
635 Canary upwelling system. Our results indicate that Puddies have a rather permeable boundary, but the level
636 of coherence and isolation can be important in the lifespan of compounds inside the Puddy core. The lifespan
637 of macronutrients was similar to what was observed by Frenger et al. (2018), but in our case, N0, although
638  found in minimal concentrations, has a path similar to other macronutrients like NOs™ (Figures 6, 7). In both
639  the SP and HP cases, NO, and NH4" decay rates were faster than those for NOs™ and N2O. Nitrate showed
640 higher concentrations than other micronutrients, additionally, as long as there is NH4* and NOy, nitrification
641 increases the NOs™ pool in subsurface waters where it is not consumed by photosynthesis. On the other hand,
642  the production of N2O is a function of [NH4*], [NO27, and [O], and depends on processes such as

643 nitrification and denitrification. Thus, according to the parameterization of the model (see Gutknecht et al.,
644 2013a), the part of the equation that is a function of Oz in SMS(NO) is calculated, for [02]=1 uM, as a

645  function of the form ae™%2. Hence, for very large values of O, the production of N,O tends towards zero,
646 and as O decreases, N-O production increases exponentially. However, this production is diminished when
647 there is less NO, and NH,* available for nitrification because during denitrification, they are depleted more
648 rapidly until the production of N,O stops. Since the model does not consider N,O consumption by biological
649 processes (by denitrification or fixation), only during exchange with the atmosphere, the decrease in N2O
650  observed within the Puddies that move away from the coast can only be due to the physical processes

651 involved that allow exchange with exterior waters. Therefore, Puddies are a source of this gas outward from
652  the coast. The evidence of higher O, consumption during the first 100 days due to SMS(O>) suggests greater
653  biological activity in newly formed Puddies that must be supported by dissolved organic nitrogen from the
654  source water, as proposed by Loveccio et al. (2022). In addition, although the decay rate is higher in the HP,
655  the SMS negative values are also higher than in the SP, which could suggest a greater local production of
656 nutrients due to the effect of remineralization that could extend the lifetime of these elements in the HP, as
657 we mentioned in Section 3.4. The biological activity allows low-oxygen cores to persist longer, facilitating
658 the maintenance of O < 20 uM in the cores of the Puddies, where denitrification processes continue, while
659 the edges ventilate the eddy generating unique conditions. In fact, this could explain the high biogeochemical
660 variability observed in the core of the Puddies identified in all regions, which increased the farther they were
661  from the coast (Figure 3, 4). The eddies characterized in each subregion provide insight into how and to what

662  extent these eddies evolved from their formation to their arrival anywhere in the SEP.
663 4.4 Advantages and Disadvantages of the Model for Low Oxygen Conditions

664  AOU:NOs ratios of 250:30 (up to 20:1) have been documented in the Atlantic from in situ monitoring of
665  NOs within eddies (Kartensen et al., 2017), with NO3™ < 25 uM observed in eddy cores with O,< 5 uM in
666  the SEP (Stramma et al., 2013). The eddies modeled here showed AOU values similar to those found by
667  Karstensen et al. (2017) in the eastern tropical North Atlantic, although NO3z was overestimated by 3 - 5 uM
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668  with a ratio AOU:ANO5 of 5:1 (Figures 3b, 4b, 5¢; Stramma et al., 2013). Suboxic Puddies build up NO2
669  and the maximum concentration appears underestimated in the model compared to previously reported in situ
670 results (Stramma et al., 2013; Cornejo et al., 2012; Cornejo-D’Ottone et al., 2016). The relationship between
671 NO; and ANO in the northern zone also showed underestimation for both parameters, particularly NO2. At
672  the NoO maximum produced by the model (>30 nM, Figure 4), field data shows NO2" values >1 uM (Cornejo
673  etal, 2012), but we obtained a NO,” maximum of 0.15 uM (Figures 3¢, 4c). Comparing our results with

674  eddies monitored in the Southeastern Pacific, the N,O concentrations observed in open ocean eddies agrees
675  with those measured by Cornejo et al. (2016; Figure 3d, 7 case 1, S4) in an eddy originated in front of

676 Concepcion (south zone), although there are differences of up to 20 nM with the eddy reported by Arévalo-
677 Martinez et al. (2016; Figure 7, S4) in north zone of Chile. These results indicate better representation of

678 biogeochemical processes by the model in a hypoxic than suboxic environment.

679 Biogeochemical components are challenging to model due to the numerous physical, biogeochemical, and
680  biological processes involved. Specifically, under hypoxic or suboxic conditions, the nitrogen cycle is more
681 complex due additional processes that occur within a narrow O, range, which increases the sensitivity of the
682  system. Processes such as denitrification remove nitrogen from the system but generate by-products such as
683 N20 and NO; through the alternative metabolic pathways that are less significant under oxic conditions (e.g.,
684 denitrification, NOs™ reduction). Denitrification is a complex process to parameterize, involving a range of
685 steps for each nitrogen component and various rates of decomposition of particulate (large and small) and
686 dissolved material. However, despite the attempt to consider these processes realistically, the model remains
687 an approximation, but does reasonably represent the processes involved, primarily within the

688 intrathermocline band (see Appendix 1). In the suboxic zone, while the model underestimated Oz, NO3z
689 remained overestimated, but in the subsurface band associated with the core of OMZ, the model represented
690 the lowest biases in Oz and nitrogen evaluated with CARS (see Appendix 1). This allowed us to present a
691 more robust statistical analysis of biogeochemical properties inside and outside the eddies. Despite the

692  difficulty in simulating realistically sharp mean gradients in water mass properties, the model did highlight
693  typical features, such as NOs™ consumption and production of NO2" and N»O, processes that persist within
694  Puddies far from their origin within the OMZ.

695
696 5 Conclusions

697 Using a high-resolution coupled simulation of the Southeast Pacific, we characterize the changes in internal
698 biogeochemistry, their differences with external properties, and the processes involved in the O balance of
699 Puddies during their transport to oceanic waters. The model resolved eddy dynamics and biogeochemical
700  processes related to the nitrogen cycle, which exhibit characteristic processes of EBUS, such as

701  denitrification. This methodology allowed us to make a statistical approximation of the biogeochemical
702  changes that occur within these Puddies, and the dominant mechanisms involved in modulating the

703 concentrations of these compounds during their trajectories from the formation zone to hundreds of

704 kilometers offshore.
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705 During formation, Puddies capture the biogeochemical signal that varies according to their origin, which is
706  associated with the core of the Peru-Chile Undercurrent. Permeability at the periphery enables exchange with
707 external waters that modulate the original signature, however, the core signal retains certain characteristic
708 negative anomalies of O, and positive anomalies of other biogeochemical tracers. These disturbances

709  associated with Puddies may contribute to the average properties being > P90 in the open ocean, contrasting
710  with the formation zone where it is over P50. Although a high percentage of Puddies near the coast exhibit
711  suboxic cores (all in the north and 70% in central-south Chile), the proportion decreases with distance from
712 the coast, where hypoxic cores become more predominant (60% in C and G regions) indicating core

713 ventilation during their trajectory, as observed in the OMZs of the SP and HP in Section 3.4. The dominant
714  mechanism for O input or output to/from the eddy core is lateral and vertical advection, with vertical mixing
715 supply two orders of magnitude smaller. Consumption of O, through biological activity was observed for
716 around 6 - 12 months, allowing longer term persistence of low Oz conditions in the core despite ventilation at
717  the periphery of the Puddy. This, in turn, can sustain processes — such as denitrification, which occur under
718  hypoxic or suboxic conditions within the OMZ — into areas far beyond the OMZ contained within niches in
719 the core with O, <20 uM. The southern regions experience more deoxygenation and nutrient enrichment due
720  to the influence of Puddies than the northern regions, where the OMZ is wider, and where water mass

721  transition occurs. Clearly, the formation of Puddies is an important process in the zonal extension of

722 boundaries at the Southern tip of the OMZ.

723 Biogeochemical tracers have a variety of lifespans depending on original concentration, and rates of demand
724 and production. Ammonium and NO; tend to decline within the first 6 months, most strongly the first 100
725 days of the life of the eddy, while other components decrease in concentration but persist longer. Despite
726  being produced in low concentrations, N2O is retained in Puddies further from the coast, thus serving as a
727 proxy of denitrification in the source water and also increasing the subsurface reservoir of this greenhouse

728  gasin the open ocean.

729 Higher-resolution models allow us to characterize the mixing processes involved in eddy core ventilation and
730 the exchange of properties with external waters by submesoscale dynamics. Coupling more complex

731 biogeochemical models will serve to quantify the effects of other SMS processes within Puddies that are not
732 considered in the present study. Validation and supplementary statistics of Puddies through further

733 observations in the study area are recommended in order to deepen our understanding of coupled processes
734 occurring in surface and subsurface eddies.

735
736
737
738

739
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740 Appendix 1: Biogeochemical model assessment
741
742  Al.lData

743  Climatological O, and NOs™ fields were taken from the CSIRO Atlas of Regional Seas (CARS2009;
744  www.marine.csiro.au/~dunn/cars2009/) for the biogeochemical model assessment, which has a spatial
745 resolution of 0.5 degrees for each month. For the study region, a depth of 800 m was adopted, distributed
746 every 10 meters to the first 300 m, every 25 meters to 500 m, and then every 50 meters down to 800m.

747  Al.2 Model Assessment
748 Al1.2.1 Surface Nitrate

749 Modeled concentrations of surface NO3™ were compared to data from CARS. Model predictions showed low
750 NOs (<2 uM) in general, except in the areas near the coast and in the southwest where concentrations

751  reached 8 uM (Fig. Ala). The observed concentrations were higher, particularly in the south (Fig. Alb).
752 Overall, the model underestimated NO3™ concentrations in most of the domain, although the differences

753 compared to CARS were relatively minor, ranging between 0 - 4 uM south of 30°S and between 0-2 uM
754 north of 30°S (Figs. Ala, Alc). Adjacent to the coast between 25°-35°S, the model overestimated

755 concentrations by ~7 uM (Fig. Alc). In general, differences were minimal over most of the study area, and it
756  can therefore be considered that the model fairly well represents surface NO3.
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757
758 Figure Al. Spatial distribution of mean surface NOs". () ROMS-BioEBUS simulation, (b) CARS climatology, and
759 (c) BIAS (model - observations).

760
761  Al.2.2 Oxygen and nitrate on the isopycnal layers

762 Observed data from CARS were used to assess the average O, and NO3” modeled in different density layers
763 Supper, Stower aNd Score (Figures A2, A3, A4). The model captured the principal characteristics of O, and NOs’,
764 displaying a similar structure and latitudinal and zonal gradients. Compared with observed data, lower O
765 concentrations and higher NOs™ concentrations were predicted near the coast and north of 30°S associated
766 with the meridional changes of the offshore extension of the OMZ.
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767 In the Supper Surface, observations revealed discontinuous areas with lower O, concentrations north of 25° S
768  (02<100 uM), between 30 - 31°S and 35 - 36° S (O, <150 uM). The model mostly underestimated these O
769  concentrations by 40 pM north of 30° S, by around 20 uM between 30 - 35° S, and overestimated them by 20
770 UM between 35 - 38° S near the slope, but performed better south of 35° S offshore. For NOg", observations
771  indicated very low concentrations mainly along the coast between 23 - 35° S (<10 uM), with an increase
772 to >15 uM in the oceanic region. Therefore, the model overestimated concentrations in the coastal zone (>10

773  uM) and in the northern oceanic zone (4 - 8 uM, Figures A2).

774  Regarding the Score layer, the model performed better in the northern region, underestimating O

775  concentrations between 0 - 10 uM. Off the coast, the bias ranged from -10 to 10 uM. However, south of 30°
776 S, between 75 - 80° W, the model overestimated O, concentrations by over 40 uM, whereas west of 82° W,
777  the bias varied between -10 to 10 uM. Nitrate overestimation was observed in the coastal region with

778  concentrations exceeding 6 - 8 uM, particularly in the northern oceanic area (2 - 4 uM). The model better
779  reproduced real NOs data in the region west of 78° W and south of 30°S (Figure A3).
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781 Figure A2. (a-c) Mean Oz and (d - f) mean NOs" concentration in the isopycnal layer Supper = 26.0 kg/m? from the
782 ROMS-BioEBUS simulation (left boxes), CARS climatology (middle boxes), and BIAS (right boxes).
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784 Figure A3. (a-c) Mean Oz and (d - f) mean NOs™ concentration in the isopycnal layer Score = 26.6 kg/m? from the
785 ROMS-BioEBUS simulation (left boxes), CARS climatology (middle boxes), and BIAS (right boxes).
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787 Figure A4. (a-c) Mean Oz and (d - f) mean NOs" concentration in the isopycnal layer Siower = 26.9 kg/m? from the
788 ROMS-BioEBUS simulation (left boxes), CARS climatology (middle boxes), and BIAS (right boxes).

789 In the Siower layer, the model underestimated O, concentrations north of 30° S by between 10 - 40 uM, with a
790  smaller underestimation south of 30° S (10 - 30 uM) and an overestimation in the southwest (0 - 10 pM). The
791  model represented NOs™ well, with deviations from observations ranging from -2 to 5 uM and with the

792  greatest overestimation occurring in the region where O, < 50 uM (Figure A4).

793
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794  Al1.2.3 Vertical Structure

795  The vertical structure of O; and NO3™ was evaluated by comparing the model with the CARS climatology
796  along zonal sections at 25°S, 30°S, and 35°S (Figures A5, AB). Along the latitudinal gradient, the contour of
797 50 uM O, decreased towards the south. Observations show an elongated low-oxygen tongue in subsurface
798 waters compared to model predictions, along with an intrusion of oxygenated waters both at the surface and
799  atdepth (~600 m), enclosing the low-oxygen water with pronounced oxyclines (Figure A5). This is

800 consistent with a greater bias within the oxyclines, where the model tended to underestimate observed data,
801  particularly in the lower oxycline (underestimated by up to 60 uM). In the subsurface layer between 200 -
802 400 m, the model better represented O levels, especially at 25 - 30°S where differences ranged from 0 - 10
803  uM (Figure A5c, ASf). At 35°S, there was an overestimation (40 uM) between 75-80°W low 200 - 300 m
804  depth (Figure A5i).
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806 Figure A5. Zonal section of mean Oz concentration at (a - ¢) 25°S, (d - ) 30°S, and (f - h) 35°S. (a, d, g) from the
807  ROMS-BioEBUS simulation (left boxes), CARS climatology (middle boxes), and BIAS (right boxes).

808  Along 25° S the model predicted higher subsurface NOs™ concentrations near the coast compared to

809 observations, showing differences of up to 15 uM. Below 400 m of depth, overestimations ranged from 0 - 4
810 uM (Figure A6a, A6b, A6c). These differences decreased towards the south; at 30° S and 35° S, the most
811  significant differences extended from the coast to 76° W and below -300 m (overestimations of 8 - 12 uM),
812  whereas elsewhere, differences remained between 0 - 4 pM. Subsurface NO3™ was underestimated by 2 uM
813 by the model at 35° W and west of 80° W (Figures A6f, A6i).

814  The Taylor diagram summarizes an annual average statistic of O, and NOs™ for each of the subregions by
815 comparing the model to the CARS climatology in the upper 800 m of the water column (Figures A7, A8).
816 Estimates of standard deviation, correlation, and RMSE reveal that the current model configuration is
817  generally in reasonable agreement with observations, primarily in the subsurface layer where most of the
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properties of Puddies were computed. Therefore, there is confidence in using the model for the
biogeochemical characterization of these mesoscale processes.
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Figure A6. Zonal section of mean NO3™ concentration at (a - ¢) 25°S, (d - e) 30°S, and (f - h) 35°S. (a, d, g) from the
ROMS-BioEBUS simulation (left boxes), CARS climatology (middle boxes), and BIAS (right boxes).
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Figure A7. Annual mean Taylor diagram for Oz concentrations in the eight subregions of the study zone (20-40 °S,
from the coast to 88°W). The average was calculated between 800 m depth and the surface. ROMS-BioEBUS
simulation (A, red circle) was compared with CARS climatology (B). The X-Y axis refers to the standard deviation
(black lines), correlations in the radial axis (blue lines) and RMSE is indicated by curved lines (green).
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829

830 Figure A8. Annual mean Taylor diagram for NOs™ concentrations in the eight subregions of the study zone (20-40
831 °S, from the coast to 88°W). The average was calculated for the water column between 0-800 m. ROMS-BioEBUS
832 simulation (A, red circle) was compared with CARS climatology (B). The X-Y axis refers to the standard deviation
833 (black lines), correlations in the radial axis (blue lines) and RMSE is indicated by curved lines (green).
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