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Key Points: 29 

 A three-dimensional dissolved-iron dataset of the global ocean was constructed. 30 

 Parameters of iron-cycle processes were optimized via a Green’s function approach. 31 

 A large differences in iron-cycle processes among the basins were represented by the 32 

data synthesis of the observations. 33 

 34 

 35 
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Abstract 37 

The availability of dissolved iron (dFe) exerts an important control on primary production. 38 

Recent ocean observation programs have provided information on dFe in many parts of the 39 

ocean, but knowledge is still limited concerning the rates of processes that control the 40 

concentrations and cycling of dFe in the ocean and hence the role of dFe as a determinant of 41 

global primary production. We constructed a three-dimensional gridded dataset of oceanic 42 

dFe concentrations by using both observations and a simple model of the iron cycle, and 43 

estimated the difference of processes among the ocean basins in controlling the dFe 44 

distributions. A Green's function approach was used to integrate the observations and the 45 

model. The reproduced three-dimensional dFe distribution indicated that iron influx from 46 

aeolian dust and from shelf sediment were 7.6 Gmol yr
–1

 and 4.4 Gmol yr
–1

 in the Atlantic 47 

Ocean and 0.4 Gmol yr
–1

 and 4.1 Gmol yr
–1

 in the Pacific Ocean. The residence times were 48 

estimated to be 12.2 years in the Atlantic and 80.4 years in the Pacific. These estimates imply 49 

large differences in the cycling of dFe between the two ocean basins that would need to be 50 

taken into consideration when projecting future iron biogeochemical cycling under different 51 

climate change scenarios. Although there is some uncertainty in our estimates, global 52 

estimates of iron cycle characteristics based on this approach can be expected to enhance our 53 

understanding of the material cycle and hence of the current and future rates of marine 54 

primary production. 55 

 56 

 57 
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 63 

1. Introduction 64 

Iron is known to be an essential element for phytoplankton growth, and a reduced availability 65 

of dissolved iron (dFe) in the ocean has been shown to limit primary production rates in the 66 

Southern Ocean, Pacific equatorial upwelling system, and parts of the subarctic Pacific. It has 67 

been challenging, however, to document the global distribution of dFe in the ocean since 68 

concentrations are very low making accurate measurements challenging (e.g., Bowie & 69 

Lohan, 2009). For that reason, neither the biogeochemical cycle of the iron nor its 70 

distribution have been fully understood and hence this is still an active research topic 71 

internationally (e.g., Blain & Tagliabue, 2016). 72 
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Progress has been made over the last decades in trace metal sampling and measurement 73 

techniques, and the number of observations of dFe in seawater has increased rapidly. In 74 

particular, the international program “GEOTRACES” has been promoting observations and 75 

data sharing through its Intermediate Data Products, the most recent being released in 2017 76 

(Schlitzer et al., 2018). Thanks to such efforts, it has become possible to discern the 77 

distribution of dFe on the basin scale along observational sections. However, in many regions 78 

of the World's ocean there are remain no dFe observations, making it difficult to grasp the 79 

overall picture of the global iron distribution. 80 

To study biogeochemical cycles in the ocean, use has been made of material cycle models 81 

that combine physical and biogeochemical processes with a focus on elements such as carbon, 82 

nitrogen, and oxygen (e.g., Schmittner et al., 2008). Lower-trophic-level ecosystem models 83 

have been used effectively to assess ocean primary production, and the importance of taking 84 

into account the influence of dFe in the modeling of phytoplankton primary production is 85 

commonly recognized (Aumont et al., 2015; Resing et al., 2015). The development of these 86 

material cycle models have allowed modeling studies of dFe dynamics in the ocean to 87 

become more sophisticated. Improved understanding of the dynamics of dFe in the ocean has 88 

implicated the importance of physical and biogeochemical processes (e.g., Archer & Johnson, 89 

1999; Aumont & Bopp, 2006; Doney et al., 2006; Gregg et al., 2003; Misumi et al., 2011; 90 

Moore & Braucher, 2008). Moore and Braucher (2008) and Misumi et al. (2014) have 91 

advanced understanding of the iron cycle on a basin scale with the use of a detailed 92 

lower-trophic-level ecosystem model containing a dFe compartment. Misumi et al. (2011) 93 

have clarified through analysis of their iron cycle model that estimation of the fate of iron that 94 

originates from shelf sediment is important in the North Pacific. Tagliabue et al. (2016) have 95 

summarized the performance comparison of several models. They report that various 96 

processes associated with the iron cycle have been proposed, and they discuss how well these 97 

processes do in replicating the observed distribution of iron. There remains a need to 98 

quantitatively define the importance of these processes, and analyses have revealed large 99 

ambiguities in inputs of iron from dissolution of aeolian dust (Luo et al., 2003), from shelf 100 

sediment (e.g., Moore et al., 2004), and from hydrothermal plumes (Tagliabue et al., 2010). 101 

In recent model studies, these inputs are given as forcing variables. Frants et al. (2016) used 102 

an inverse method to constrain an iron cycle model to the observational data and estimated 103 

the source and sink distribution of dFe and biogeochemical parameters. From the estimated 104 

results of them, the importance of iron supply from hydrothermal plumes was discussed along 105 

with aeolian iron and iron supplied from sediment. 106 

The aim of our study was to obtain new insights into the global ocean lower-trophic-level 107 

ecosystem by taking into account a realistic distribution of dFe. The first step of this effort 108 

was construction of a useful, gridded, three-dimensional dFe distribution by applying a data 109 
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assimilation approach. The available dFe observations were assimilated to a global 110 

circulation model by using a Green’s function (Menemenlis et al., 2005). The obtained 111 

gridded dFe data were spatiotemporally interpolated data with a dynamical consistency. We 112 

describe the numerical model that we used, the observational data, and the method of data 113 

synthesis used to assimilate results of estimated iron distributions. We discuss differences 114 

between ocean basins and conclude with a discussion of future approaches. 115 

2. Methods 116 

2.1 Model Description 117 

We used a simplified oceanic iron cycle model that included advection and diffusion as well 118 

as sources and sinks of oceanic iron (Figure 1). The temporal rate of change of the 119 

concentration of dFe was represented by two physical processes, advection (ADV) and 120 

diffusion (DIFF), and by source-minus-sink processes (SMS), as shown in equation (1), 121 

 122 

𝜕𝑑𝐹𝑒

𝜕𝑡
= 𝐴𝐷𝑉(𝑑𝐹𝑒) + 𝐷𝐼𝐹𝐹(𝑑𝐹𝑒) + 𝑆𝑀𝑆(𝑑𝐹𝑒)                 (1) 123 

 124 

The units of dFe are nmol L
–1

. The ADV and DIFF includes horizontal and vertical 125 

components, respectively. The iron cycle processes except to the advection and diffusion, 126 

SMS(dFe), are shown in Figure 1 and were drawn based on Moore and Braucher (2008) and 127 

Tagliabue et al. (2017). As the external sources of iron to the ocean, atmospheric dust that is 128 

deposited into the surface ocean and iron release from shelf sediments were considered. 129 

The dust supply from the atmosphere was taken from the Modern-Era Retrospective analysis 130 

for Research and Applications, Version 2 (MERRA-2) (Gelaro et al., 2017). The monthly 131 

mean dust fluxes averaged over the 10-year period from 1980 to 1989 were used as the 132 

climatological dust fluxes at the sea surface. Five categories of dust particle sizes are defined 133 

in MERRA-2. To simplify the model, the concentrations of dust in these categories were 134 

merged, and the total concentrations were used in the model. Moreover, the dry and wet dust 135 

deposition in MERRA-2 were combined as the total dust deposition. Figure 2 shows the 136 

horizontal distribution of the annual mean values of the calculated dust deposition. Following 137 

Moore et al. (2004), we assumed that the dust contained a constant percentage of 3.5% iron 138 

by weight, and that 2% of the iron dissolved instantaneously at the sea surface. 139 

The iron flux from seafloor sediments was set to a constant supply rate. This iron flux was 140 

hypothesized to be the source of iron from shelf sediments. Because of the coarse model grid, 141 

the seafloor to a depth of 1000 m was assumed to be the shelf. In the water column, settling 142 

particles of dust and organic matter were taken into account, and the processes of iron 143 
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dissolution and iron scavenging associated with the particles were parameterized. Following 144 

Moore and Braucher (2008), the scavenging process was estimated as a function of the dFe 145 

concentration as follows: 146 

 147 

𝑠𝑐𝑎𝑣 =  𝑆𝑐 ×  𝑑𝐹𝑒                                       (2) 148 

𝑆𝑐 =  𝑆𝑐𝑏                                                     (𝑑𝐹𝑒 < 𝐿𝐶)           (3) 149 

𝑆𝑐 =  𝑆𝑐𝑏 + (𝑑𝐹𝑒 − 𝐿𝐶) × 𝐶ℎ𝑖𝑔ℎ          (𝑑𝐹𝑒 ≥ 𝐿𝐶)           (4) 150 

𝑆𝑐𝑏  =  𝑆𝑐𝑝 × 𝑃𝑂𝐶 +  𝑆𝑐𝑑 × 𝐷𝑢𝑠𝑡                         (5) 151 

 152 

where scav is the amount of dFe scavenging, Sc is the scavenging rate, Scb is the standard 153 

scavenging rate, LC is the ligand concentration, Chigh is a proportionality constant, POC is the 154 

concentration of particulate organic carbon, and Dust is the concentration of dust particles. 155 

Scp and Scd are the scavenging rates for POC and Dust, respectively. For iron dissolution 156 

from particles, we assumed a constant rate of iron supply as follows: 157 

 158 

𝐷𝑠𝑝  =  𝑅𝑑𝑝 × 𝐹𝑒𝑝                                       (6) 159 

𝐷𝑠𝑑  =  𝑅𝑑𝑑 × 𝐹𝑒𝑑                                       (7) 160 

 161 

where Ds is the amount of dissolution from particles, Rd is the dissolution rate, and Fe is the 162 

iron concentration contained in particles. The suffixes p and d indicate POC and Dust, 163 

respectively. The process of iron dissolution from organic particles is described by a single 164 

parameter, which accounts for the reduction of Fe via decomposition by biological activity 165 

and desorption from particles. 166 

The consumption of dFe was parameterized as uptake by phytoplankton as follows: 167 

 168 

𝐶𝑠 =  𝑣𝑐ℎ𝑙 × 𝐶𝑐ℎ𝑙                                       (8) 169 

 170 

where Cs is the amount of dFe consumed by phytoplankton, vchl is the consumption rate, and 171 

Cchl is the biomass of phytoplankton expressed in terms of the chlorophyll-a concentration. 172 

We used SeaWiFS climatological monthly mean chlorophyll-a data (McClain et al., 1998) as 173 

metrics of the concentration of phytoplankton at the sea surface. We assumed that the 174 

phytoplankton concentration decreases linearly with depth from the sea surface to zero at a 175 

depth of 250 m. Although this assumption does not take into account subsurface chlorophyll 176 

maxima in the subtropics, our model gave priority to simplicity. Because of the assumption 177 

that the iron absorbed by phytoplankton becomes associated with POC through the mortality 178 

of phytoplankton and the grazing or excretion by zooplankton, the iron consumed by 179 

phytoplankton was added to the iron included in the POC. 180 
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As with the chlorophyll-a data, SeaWiFS climatological monthly mean POC data were used 181 

as metrics of the POC concentrations at the sea surface. The spatial distribution was 182 

estimated by extending the surface values to subsurface depths on the assumption that the 183 

POC concentration decreased as a power function of depth: (𝑧/100)−0.858, where z is depth 184 

(m). This form was the expression of the vertical profile of the POC flux estimated by Martin 185 

(1987) using the POM flux obtained from the sediment trap. 186 

We only include and focused on aeolian dust and shelf sediments as the sources of iron in this 187 

study, which recognizing that hydrothermal plumes on the seafloor and sea ice around the 188 

polar region may not be negligible sources of dFe (Bennett et al., 2008; German et al., 2016; 189 

Smith et al., 2007). As the first task of the assimilating observed iron in the global ocean, we 190 

sought to explain the observed dFe distribution by using three-dimensional gridded dFe data 191 

estimated from the simple oceanic iron cycle model shown in Figure 1. 192 

 193 

 194 

Figure 1. Schematic view of the simplified iron cycle model. 195 

 196 

 197 

Figure 2. Annual mean dust deposition taken from MERRA-2 data.  198 
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 199 

For the physical process of iron transport, the advection/diffusion model was used along with 200 

the ESTOC (Estimated State of Global Ocean for Climate Research) flow field that is 201 

published on the JAMSTEC web site. This dynamical ocean state (flow field, temperature, 202 

and salinity) was constructed from a long-term ocean state estimation derived by 203 

four-dimensional variational data assimilation of physical components. This synthesis system 204 

was used with an ocean general circulation model (OGCM), version 3 of the Modular Ocean 205 

Model (MOM3) of the US Geophysical Fluid Dynamics Laboratory (Pacanowski and 206 

Griffies, 1999), with major model parameter values optimized to better reproduce the 207 

deep-water masses and thus the abyssal circulation (Kouketsu et al., 2011; Masuda et al., 208 

2010; Osafune et al., 2015; Toyoda et al., 2015). This model covers the global ocean basin 209 

from 75˚S to 80˚N and the full depth range. The horizontal resolution of both latitude and 210 

longitude is 1°, and there are 45 vertical levels. 211 

The 1980 ESTOC flow field was used to specify the physical conditions for the offline model. 212 

Since mean states of ESTOC flow fields have inevitable biases such as those related to 213 

parameterizations of subgrid processes, an initial shock caused by an attempt to eliminate the 214 

biases forcibly may include. To avoid such biases, we chose the mean state in 1980, which is 215 

around the midpoint of the ESTOC assimilation window. The monthly mean ESTOC flow 216 

field in 1980 was temporally interpolated at the model time step, and the annual flow field 217 

was applied cyclically at the time steps of the iron cycle model. 218 

2.2 Observational data 219 

In this study, we used three dFe observational databases to optimize the model parameters: 220 

the data contained in the GEOTRACES Intermediate Data Product 2017 (GEOTRACES 221 

IDP2017) Version 2 (Schlitzer et al., 2018), the historical data compiled by Moore & 222 

Braucher (2008) and Tagliabue et al. (2012), and the more recent reported data in the North 223 

Pacific Ocean by Yamashita et al. (2020) and Nishioka et al. (2020). The GEOTRACES 224 

IDP2017 covers dFe data in Atlantic Ocean sections (GA03: Fitzsimmons et al., 2015; Hatta 225 

et al., 2014; GA02: Rijkenberg et al., 2014; GAc01: Saito et al., 2013), Arctic Ocean sections 226 

(GIPY11: Klunder et al., 2012a and b), Indian Ocean section (GI04: Nishioka et al., 2013; Vu 227 

& Sohrin, 2013), Pacific Ocean sections (GP02: Nishioka & Obata, 2017; Zheng et al., 2017; 228 

GP18: Minami et al., 2015; GP16: Boiteau et al., 2016; Fitzsimmons, et al., 2017; Heller, et 229 

al., 2017; John et al., 2018; Resing et al., 2015; Sanial et al., 2018; GP13: Ellwood et al, 230 

2018), and Southern Ocean sections (GIPY06: Bowie et al., unpublished, Tagliabue et al., 231 

2012; GA10; GIPY04: Abadie et al., 2017; Chever et al., 2010; Lacan et al., 2008; GIPY05: 232 

Klunder et al., 2011 and 2013). The GEOTRACES database includes quality check flags. We 233 

used ‘good’ data that were flagged as ‘1’. These data were arranged in 45 layers on a 1° grid. 234 

After removal of duplicate data, the data in each grid were averaged. We used this merged 235 
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observational dFe concentration data as the climatological data (Figure 3). The data set 236 

covered the Atlantic Ocean and North Pacific relatively well, but scarcely covered the Indian 237 

Ocean and South Pacific. 238 

 239 

 240 

Figure 3. Horizontal map of dFe observational data (nmol L
–1

), which was constructed by 241 

merging the three observational databases, GEOTRACES IDP2017, the historical data 242 

compiled by Moore and Braucher (2008) and Tagliabue et al. (2012), and the North Pacific 243 

Ocean data by Yamashita et al. (2020) and Nishioka et al. (2020). The merged data were 244 

considered as climatological data. 245 

2.3 Dynamical interpolation 246 

We carried out a data synthesis in which information available from observations was 247 

integrated to obtain a set of optimized model parameters. A Green’s function approach is 248 

known to be a powerful tool for data synthesis. Menemenlis et al. (2005) have successfully 249 

applied a Green’s function approach to an OGCM, and Toyoda et al. (2013) and more 250 

recently Brix et al. (2015) and Doi et al. (2015) have used this method with a biogeochemical 251 

model. In this study, we used a Green’s function approach because of its simplicity and 252 

power. 253 

We searched for an optimal set of model parameter values for the iron cycle model by 254 

minimizing the following cost function: 255 

ESSOAr | https://doi.org/10.1002/essoar.10503738.1 | CC_BY_NC_4.0 | First posted online: Wed, 22 Jul 2020 13:33:44 | This content has not been peer reviewed. 



 256 

J(x) = 
1

2
[H(x) − y]T R−1[H(x) − y]                          (9) 257 

 258 

where x is the control variable, y is an observation, R is the observation error covariance 259 

matrix, and H is the observation operator including the model time integration. If a linear 260 

approximation is used for the observation operator, equation (9) has the following stationary 261 

solution: 262 

 263 

x̂ = 𝒙𝑏 − (𝐃𝐇𝑇R−1𝐃𝐇)−1 × {𝐃𝐇𝑇R−1[𝐻(𝒙𝑏) − 𝒚]}           (10) 264 

 265 

where xb is the first guess. The derivative DH is approximated by a Green's function 266 

(Menemenlis et al., 2005): 267 

 268 

(DH)𝒋  ≅  
H(𝒙𝑏+𝒆𝑗)−H(𝒙𝑏)

‖𝒆𝑗‖
                                  (11) 269 

 270 

where ej is the perturbation of the j-th parameter. The optimal solution x̂ is thus computed 271 

from the results of perturbed model integrations H(𝒙𝑏 + 𝒆𝑗). The component of the cost 272 

terms with our Green's function approach incorporates observations. As observational data, 273 

we used the merged dFe concentration data (section 2.2). 274 

For the optimization, we used ten parameters as control variables: desorption or dissolution 275 

rate; scavenging rate; sinking velocity; ligand concentration; proportionality coefficient; 276 

consumption rate by phytoplankton; and supply rate from the seafloor. Desorption or 277 

dissolution rate, scavenging rate, and sinking velocity were assigned to dust and POC, 278 

respectively. These control variables correspond to the processes shown in Figure 1. Since the 279 

characteristics of the ocean general circulation and material cycle vary depending on the 280 

basin, it is considered that the iron cycle also has differences among basins. So, we divided 281 

the global ocean into five basins, as shown in Figure 4, and the ten parameters were 282 

optimized to fit the observational data in each of the five basins. 283 

 284 
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 285 

Figure 4. Delineation of each basin used in this study. The northern boundary was set at 64˚N. 286 

The southern boundary was set at 35˚S in the Atlantic Ocean and Indian Ocean and at 44˚S in 287 

Pacific Ocean. 288 

 289 

First, we searched out a set of ten parameters that could reproduce the averaged observational 290 

dFe concentration in the global ocean. Values of the ligand concentration and proportionality 291 

coefficient were chosen based on Moore and Braucher (2008); other parameter values were 292 

set arbitrarily. The set of ten parameter values shown in Table 1 were applied to all basins as 293 

the first guess xb. As the control run, we carried out an iron cycle model simulation by using 294 

this parameter set xb until the annual mean iron concentration was in steady state. Next, we 295 

carried out the ten perturbation experiments by perturbing the ten control variables with the 296 

perturbation parameters ej in each basin. Although the optimal solution was obtained with 297 

equation (10) by using the results of the control model and the perturbed models, we iterated 298 

equations (10) and (11) to obtain the stationary value of the cost function J(x). During the 299 

iteration, perturbation parameters ej were applied with a common value in each basin. We 300 

completed the iteration when the value of the cost function changed by  1%. Finally, we 301 

obtained that solution x̂ as the optimal solution. 302 

3. Validation of estimations 303 

3.1 Optimized parameters 304 

Table 1 shows the optimized values of the control variables for each basin along with the 305 

values for the first guess. The reduction rate of the cost is based on a comparison of the costs 306 

in the control run versus the optimized run, which were estimated with equation (9). A 307 

positive value means that the cost was smaller for the optimized run than for the control run. 308 

Optimization reduced the cost in every basin. 309 

The estimated dissolution rate from POC was higher than that from aeolian dust in all basins. 310 

The dissolution rates from POC were similar in every basin. However, the dissolution rate 311 

from aeolian dust was low in the Pacific Ocean and Southern Ocean, and high in the Atlantic 312 
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Ocean, Indian Ocean and Arctic Ocean. The rate of adsorption to particles was prescribed by 313 

the scavenging rate. In all basins, the scavenging rate by POC was higher than the rate by 314 

aeolian dust. In the Indian Ocean and Southern Ocean, the scavenging rate by POC was about 315 

4.5 times the rate by aeolian dust, and in the Pacific Ocean and Arctic Ocean, the scavenging 316 

rate by POC was about twice the rate by aeolian dust. In the Atlantic Ocean, the difference in 317 

scavenging rate was largest, and the rate by aeolian dust was less than one tenth the rate by 318 

POC. The sinking velocity of POC particles were the slowest in the Atlantic Ocean and the 319 

fastest in the Arctic Ocean. The range of the sinking velocity of POC particles was not large, 320 

2.1–3.3 m day
–1

. On the other hand, the sinking velocity of aeolian dust particles differed 321 

greatly among basins, from ~1.8 m day
–1

 in the Indian Ocean to ~10.2 m day
–1

 in the Pacific 322 

Ocean. Only in the Indian Ocean, the sinking velocity of POC was faster than the aeolian dust, 323 

and in other basins, the sinking velocity of aeolian dust was faster. Especially, the sinking 324 

velocity of aeolian dust in the Pacific Ocean was estimated to be large. As shown in equation 325 

(4), this model increases the rate of dFe adsorption when the concentration of dFe exceeds 326 

the ligand concentration. The proportionality coefficient prescribes how much adsorption is 327 

increased. The ligand concentrations in all basins were estimated to lie in the range 0.29–0.41 328 

nmol L
–1

; these values are estimated below the commonly used value of 0.6 nmol L
–1

 (Moore 329 

& Braucher, 2008). The highest ligand concentration, ~0.41 nmol L
–1

, and the smallest 330 

proportionality coefficient, ~0.0014, were estimated in the Pacific Ocean. The combination of 331 

the highest ligand concentration and the smallest proportionality coefficient suggests that 332 

scavenging by particles occurs more slowly in the Pacific Ocean than in other basins. The 333 

implication is that the dFe stays in the water column for a longer time in the Pacific Ocean. 334 

The supply rate from shelf sediment was highest in the Atlantic Ocean, next highest in the 335 

Pacific Ocean, and lowest in the Southern Ocean. It was estimated that large amounts of iron 336 

should be supplied from sediments in the Atlantic and Pacific Oceans. The consumption rate 337 

by phytoplankton in the Southern Ocean was small compared with that in other basins. 338 

Because the model was run offline, the consumption of dFe was estimated using the given 339 

phytoplankton distribution. The Fe/C ratio of phytoplankton uptake varies depending on the 340 

phytoplankton species and environmental conditions. The estimated result of the 341 

consumption rate by the model represented by one phytoplankton is a value assuming a 342 

virtual species of phytoplankton which averaged many conditions. If species of 343 

phytoplankton were considered, the analysis had been conducted online, or observations were 344 

increased spatiotemporally, the optimized consumption rates would have been estimated 345 

somewhat differently. 346 

The optimized parameter set for the five basins revealed the differences in the dynamics of 347 

the iron cycle in each basin. In the following section, we discuss the results of the estimation 348 

executed using the optimized parameters for each basin, with the exception of the Arctic 349 

Ocean. Since the treatment of the Arctic Ocean in the physical model was auxiliary and there 350 
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were very few iron observational data, the results of the Arctic Ocean were not mentioned. 351 

 352 

Table 1  353 

Optimized values for the control variables estimated by the Green’s function approach 354 

Parameter First guess 
Optimized values 

Atlantic Pacific Southern Indian Arctic Global 

Desorption or Dissolution Rate 

from POC (% day−1) 
1.302  1.330  1.308  1.308  1.306  1.301   

Desorption or Dissolution Rate 

from Aeolian Dust (% day−1) 
0.127  0.117  0.062  0.074  0.141  0.124   

Sinking Velocity of POC 

(m day−1) 
3.291  2.149  3.102  3.016  3.153  3.325   

Sinking Velocity of Dust 

(m day−1) 
3.291  3.551  10.196  4.751  1.822  3.747   

Scavenging Rate by POC 

(L gC
−1

 day
−1

) 
68.31  95.87  87.56  91.43  88.62  68.69   

Scavenging Rate by Dust 

(L g−1 day−1) 
33.76  6.60  43.68  20.41  20.00  34.29   

Ligand Concentration 

(nmol L−1) 
0.392  0.341  0.412  0.285  0.374  0.386   

Proportional Coefficient 

(L mol−1 day−1) 
8.94  16.12  1.38  4.72  7.14  10.91   

Consumption Rate by Phytoplankton 

(nmol mgChl−1 day−1) 
1.939  1.671  2.365  1.181  2.058  1.943   

Supply Rate from Seafloor 

(nmol m−2 day−1) 
848.3  1827.8  1125.9  485.9  732.4  594.4   

Percentage Reduction of Cost  16.9% 23.6% 20.7% 29.5% 31.3% 20.7% 

 355 

3.2 Cost reductions 356 

We ran the iron cycle model with the parameter set that was optimized for the five basins by 357 

the Green’s function approach. Steady state in the annual cycle of the model was obtained 358 

after an integration over time of 150 years. The fluctuation of the annual mean total amount 359 

of dFe was estimated to be 0.00001% year
–1

. 360 

Table 1 shows the results of the cost comparisons. The costs decreased by 16.9%, 23.6%, 361 

20.7%, 29.5%, and 31.3% in the Atlantic, Pacific, Southern, Indian, and Arctic oceans, 362 

respectively. The average reduction rate for the global ocean was 20.7%. To visualize the 363 
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effect of the cost reduction, we compared the estimated and observed dFe concentrations 364 

(Figure 5). The orange and black dots are the results for the control run and optimized run, 365 

respectively. The improvement in the correspondence for the optimized run was apparent in 366 

every basin; the black dots lie much closer to the 1:1 line. The correlation coefficients 367 

between observed and estimated dFe concentrations increased from the first guess to the 368 

optimized result. The correlation coefficients between the model results and observations at 369 

corresponding locations were all significant at the 95% confidence level. The correlation 370 

coefficients for the first guess in the Atlantic, Pacific, Southern, and Indian Oceans were 0.11, 371 

0.24, 0.16, and 0.72, respectively. The correlation coefficients for the optimized results 372 

improved to 0.17, 0.29, 0.18, and 0.74, respectively. In the Arctic Ocean, the correlation 373 

coefficients were negative and ranged from −0.12 of the first guess to −0.23 of the optimized 374 

result. The number of observational data used was 98, which was very few, and the 375 

relationships seemed to differ among the Arctic Ocean and other basins. 376 

 377 

 378 

Figure 5. Scatter diagrams between the estimated and observed dFe concentrations in the (a) 379 

Atlantic Ocean, (b) Pacific Ocean, (c) Indian Ocean, and (d) Southern Ocean. The black and 380 

orange dots indicate the results of the optimized and control runs, respectively. Comparisons 381 

were made at grid points where there were observational data. The dotted lines are the 1:1 382 

line. 383 
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4. Estimation of the global oceanic iron distribution 384 

4.1 Description of the climatology 385 

Figure 6 shows the horizontal distribution of the annual mean dFe concentrations obtained 386 

with the optimized run. The observed concentrations are also plotted as solid circles on the 387 

map using the same color scale. The horizontal distribution of the estimated results at each 388 

depth layers were in broad agreement with the distribution of aeolian dust shown in Figure 2. 389 

There were regions of high dFe concentrations at low latitudes in the Atlantic Ocean. In the 390 

Pacific Ocean, regions of high dFe concentration were apparent in the western North Pacific, 391 

and the eastern Pacific at low latitudes. Moreover, a region of high dFe concentrations was 392 

also apparent in the western Pacific Ocean, in the region from Maritime Continent to 393 

Australia, and in the northern Indian Ocean. A common feature of the dFe distributions in 394 

these regions was that the dFe concentrations were high from the sea surface to the seafloor. 395 

Because the distribution of dFe concentrations resembled the distribution of aeolian dust, we 396 

hypothesized that the dissolution of iron from aeolian dust sinking through the water column 397 

accounted for this pattern. However, as shown in Table 1, the optimized parameters in each 398 

basin suggested that the processes involved in the iron cycle differed in each basin. In 399 

particular, sinking velocity and scavenging rate of the aeolian dust were very different 400 

between the Atlantic and Pacific Oceans. These differences are discussed in section 4.4. 401 

In the upper layer, from the surface to a depth of 200 m (epipelagic zone), the comparison 402 

reveals that the estimated and observed concentrations at many locations did not coincide. 403 

Variations in meteorological conditions such as rainfall or seasonal variations of the mixed 404 

layer depth can have a large effect on observed dFe concentrations. Considering that the 405 

observations were sparsely distributed spatially and temporally, discussing the 406 

representativeness of the observed concentrations in the epipelagic zone is problematic, and it 407 

is also problematic to compare those dFe concentrations with the results of the climatological 408 

model. On the other hand, at depths greater than 300 m, where the influence of 409 

meteorological conditions and seasonal variations becomes small, the horizontal distribution 410 

of the estimated high and low dFe concentrations on a basin scale were by and large 411 

reproduced the observed distribution. By using only the observations ranging from the depth 412 

of 300 m to the bottom and excluding the high concentration value on the ocean ridge which 413 

seems to be the influence of the hydrothermal plume, we re-estimated the correlation 414 

coefficient. That shown in Section 3.2 was the values estimated by using all observations. 415 

The result in the Atlantic, Pacific, Southern, and Indian Oceans were 0.55, 0.61, 0.41, and 416 

0.75, respectively. The root mean square error (RMSE) estimated by the same data were 0.27, 417 

0.38, 0.21, and 0.23 nmol L
–1

, respectively. Since the REMS estimated from the result of 418 

control run were 0.28, 0.50, 0.23, and 0.30 nmol L
–1

, respectively, the effect of the 419 

optimization by data synthesis approach was shown. In the mesopelagic zone northeast of 420 
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New Zealand and in the Southern Ocean, the estimated dFe concentrations did not decrease 421 

in the same range as the observed concentrations. The estimated result of our current model 422 

seems that has tend not to decrease as low as the observations in the region of low 423 

concentrations. The observed high concentrations that appeared on the ridge at a depth of 424 

~3000 m was not reproduced by our model because the iron supply from hydrothermal 425 

plumes on the seafloor was not taken into account in our model.  426 

 427 

 428 

 429 

Figure 6. Horizontal distribution of the dFe concentration at representative depths. The units 430 

are nmol L
–1

. The observations are shown by solid circles over the estimated results and use 431 

the same color scale as the latter. 432 

 433 
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Figure 7 compares our estimates with some vertical sections of the GEOTRACES program. 434 

Figures 7a, 7b, and 7c show zonal sections in the Atlantic Ocean. Estimated dFe 435 

concentrations along the observational sections at GA03w (Figure 7a upper) and GAc01 436 

(Figure 7b upper) were compared with those observed in GA03w (Figure 7a lower, 437 

Fitzsimmons et al., 2015; Hatta et al., 2014) and GAc01 (Figure 7b lower, Saito et al., 2013). 438 

The waters containing high observed concentrations were apparent in eastern and western 439 

offshore regions, and over the mid-ocean ridge. The estimated concentrations in Figure 7a 440 

shows that the high dFe distributions in eastern and western offshores are well reproduced. 441 

The dFe concentration was low in the epipelagic zone, but did not reach low as much as 442 

observed. The estimated concentrations in Figure 7b shows the high dFe distributions in 443 

eastern and western offshores as with the observation, but the estimated concentration was 444 

lower than observation. In the western part of observed section, waters with a high dFe 445 

concentration were apparent at a depth of ~3000 m. The region of high dFe concentration in 446 

the estimated result was further west of the observation, but at similar depths. This high dFe 447 

concentration in the western deep appears to be formed by the transport of high dFe 448 

concentrations from the equatorial region by the southward flow of North Atlantic deep water. 449 

High concentrations over the mid-ocean ridge were observed both the observational sections 450 

at GA03w and GAc01. Because these patterns are likely the result of hydrothermal venting, 451 

the optimized model did not simulate this extend of high concentrations. In the 40˚S zonal 452 

section (Figure 7c lower, GA10), the tendency of high dFe concentrations near eastern and 453 

western continental shelf were estimated, but supply of iron on the African coast seems 454 

underestimated. Low concentrations in the epipelagic zone tended to extend into the 455 

mesopelagic zone around eastern region, which was consistent with the observation. High 456 

concentration water on the east side of the top of the mid-ocean ridge, which was not shown 457 

in the estimated result, was likely to be iron from hydrothermal supply. In Antarctic Bottom 458 

Water (AABW), which fills the bottom layer between the mid-ocean ridge and the African 459 

continent, decreasing dFe concentration near the seafloor was observed, but the 460 

corresponding distribution of low dFe concentration did not appear in the estimated result. It 461 

seems that the difference in concentration did not appear because the estimated dFe 462 

concentration in the bottom layer surrounding this zonal section was about 0.5 nmol L
–1

 463 

everywhere. Figure 7d shows a meridional section of the Atlantic Ocean (GA02: Rijkenberg 464 

et al., 2014). The estimated and observed concentrations were high near 35˚S, 10˚N, and 465 

45˚N that the meridional distributions were in good agreement. The observed high 466 

concentrations at depths of 2000–3000 m in the equatorial region and in 35˚S are likely the 467 

iron supplied from hydrothermal on the seafloor. There were discrepancies in the vertical 468 

distributions of estimated and observed high dFe concentrations. The estimated 469 

concentrations tended to stretch vertically. The distribution of observed concentrations 470 

suggests that the dFe concentration tends to be low in the bathypelagic zone. The vertical 471 
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transport of iron by settling particles in the Atlantic Ocean may have been somewhat 472 

overestimated in our estimation. 473 

In the zonal section of the North Pacific Ocean (Figure 7e), the optimized result successfully 474 

reproduced the distribution which was reported in observational study (GP02: Nishioka & 475 

Obata, 2017); the input of iron from the Sea of Okhotsk through the Kuril Strait and its 476 

advection to the east and into the mesopelagic zone. The result also reproduced a distribution 477 

of dFe that suggested a supply from the shelf sediments in the eastern Pacific basin. We 478 

examined a combination of some trial parameters before obtaining this optimized result. In 479 

the case of the tuned parameters based on Moore and Braucher (2008) settings, we obtained a 480 

distribution of dFe concentrations that did not much change from the surface to the ocean 481 

bottom. That is, the horizontal distribution of dFe concentration at any depth was similar to 482 

the distribution of dust deposition shown in Figure 2. We also examined the distribution of 483 

dFe when the vertical transport of iron by particles were constrained, which was realized by 484 

set a slow settling velocity of particles and a large ligand concentration. As the result, dFe 485 

concentration became high in the bathypelagic zone throughout the South Pacific Ocean. The 486 

characteristics of the optimal parameters in the Pacific Ocean revealed from these analyses 487 

was that the proportionality coefficient Chigh was much smaller than the value based on 488 

Moore and Braucher (2008), the sinking velocity of dust particles was fast, and the supply 489 

rate of the iron from the shelf sediments was high. The estimated result using optimized 490 

parameters successfully reproduced the situation in which iron supplied from shelf sediment 491 

was diffused slowly in the vertical direction while transported to the horizontal direction in 492 

the intercontinental scale. In the 10˚S zonal section (Figure 7f) of the estimated result, dFe 493 

was supplied from shelf sediments near the Solomon Islands and near the coast of Peru, and 494 

dFe concentration in the epipelagic zone was very low. The correspondence between the 495 

region of high estimated dFe concentrations in the eastern basin and the observed distribution 496 

(GP16: John et al., 2018; Sanial et al., 2018) suggests that dFe is supplied from the coast of 497 

Peru. However, the estimated concentration only supplying from the shelf sediments was low 498 

compared with the observation, and it should be necessary to consider the complicated supply 499 

process due to the resuspension from a wide region of the continental slope (John et al., 2018). 500 

A supply of dFe from the East Pacific Rise (Fitzsimmons et al., 2017; Resing et al., 2015) 501 

was not included in this estimation due to the hydrothermal supply. In the 30˚S section 502 

(Figure 7g), there was a region of high estimated dFe concentrations around the western shelf 503 

that was similar to the observed distribution near the western region of this section (GP13: 504 

Ellwood et al., 2018). Because the observed distribution suggests the existence of a source in 505 

the deeper layer at around 160˚E or 180˚ longitude, it seems likely that there is a supply of 506 

dFe from hydrothermal plumes that should not be neglected in this region. Figure 7h shows 507 

the distribution of estimated dFe and observed dFe (Yamashita et al., 2020) on the 155˚E 508 

meridional section. The estimated distribution indicated that dFe supplied from the Sea of 509 
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Okhotsk was transported toward the south, and hence the dFe concentration reached low 510 

around 20˚N. This distribution corresponds to the observation well. 511 

The last comparison of estimated and observed dFe concentrations was along the 70˚E 512 

meridional section in the Indian Ocean (Figure 7i). The observations showed that the northern 513 

Arabian Sea is a region of high dFe concentrations. The estimated region of the northern high 514 

dFe concentrations were consistent with the observations, although the estimated 515 

concentrations were somewhat higher. The observed distribution that stretch south–north 516 

around the seafloor of the Indian Ocean also suggests a large supply of iron from 517 

hydrothermal plumes (Nishioka et al., 2013; Vu & Sohrin, 2013). Because there were few 518 

observations in the Indian Ocean, it seems that the influence of high concentrations around 519 

the seafloor on the optimization was relatively strong. As the results, the high dissolution rate 520 

and slow sinking velocity of the aeolian dust were estimated by the optimization (Table 1). 521 

These parameter sets further increased the dissolution of iron from aeolian dust into the water 522 

column. 523 

 524 
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 525 

Figure 7. Vertical section plots of dFe distributions. The units are nmol L
–1

. Panels (a), (b), 526 

and (c) are zonal sections, and (d) is a meridional section in the Atlantic Ocean. Panels (e), (f), 527 

and (g) are zonal sections, and (h) is a meridional section in the Pacific Ocean. Panel (i) is a 528 

meridional section in the Indian Ocean. Each panel displays the distribution of estimated 529 

(upper) and observed (lower) dFe concentrations. 530 

 531 

4.2 Seasonal variations 532 

Figure 9 shows the annual fluctuations of the layer-averaged dFe concentrations. The values 533 
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were equated to the differences between the maximum and minimum concentrations over an 534 

annual cycle in each layer. Because the model assumed a constant supply of iron from the 535 

sediment, the seasonal variations of the dFe concentrations were controlled by monthly 536 

aeolian dust fluxes, the distribution of monthly mean phytoplankton and POC biomass, and 537 

the annual cycle of ocean physics. The largest fluctuations occurred at the surface of the 538 

Indian Ocean, 0.07 nmol L
–1

. The smallest fluctuations at the surface were found in the 539 

Pacific Ocean, 0.015 nmol L
–1

. At a depth of ~100 m in each basin, there was an inflection 540 

point of the rate of fluctuation attenuation, and the fluctuations decreased toward a depth of 541 

800 m from there. There was little evidence of seasonal variations below a depth of 1000 m, 542 

with the exception of the Indian Ocean. Below a depth of 900 m in the Indian Ocean, the 543 

seasonal variations of ~0.005 nmol L
–1

 suggest that the response to the physical field is 544 

barotropic. Future work will explore the possibility of seasonal variations in the supply of 545 

iron from sediments. It is a challenge to obtain the seasonal observational data in order to 546 

understand the seasonal variation characteristics of dFe and therefore validate the model 547 

study. 548 

 549 

 550 

Figure 8. Annual fluctuations of layer-averaged dFe concentrations. 551 

 552 

4.3 Iron cycle 553 

We used the dFe concentrations obtained from the optimized model to investigate how dFe 554 

moves through the ocean via the flow field and exchanges with particle matter. Figure 10 555 

shows the calculated fluxes for each process, and Table 2 provides a summary of the dFe 556 

concentrations in each basin. MERRA-2 monthly mean dust data were used as the aeolian 557 

dust data. If we assume that the iron content of the dust was 3.5% (section 2), the input of 558 

iron from aeolian dust to the global ocean was 120.2 Gmol yr
–1

 (Figure 10a). In accord with 559 

Moore and Braucher (2008), we assumed that 2.0% of the aeolian iron dissolved 560 

instantaneously at the sea surface. This instantaneous input of dFe from aeolian iron to the 561 
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surface water amounted to 2.4 Gmol yr
–1

. Of the remaining aeolian iron, 10.4 Gmol yr
–1

 562 

dissolved into the ocean during the sinking of dust particles. A total of 12.8 Gmol yr
–1

 of iron 563 

derived from aeolian dust therefore dissolved into the ocean. The remaining 107.4 Gmol yr
–1

 564 

sank along with dust particles and arrived at the seafloor. The sum of the estimated inputs of 565 

dFe from the sediments (11.8 Gmol yr
–1

) and aeolian iron (12.8 Gmol yr
–1

) was therefore 566 

24.6 Gmol yr
–1

. The consumption by phytoplankton was estimated to be 6.3 Gmol yr
–1

, and 567 

an estimated 25.0 Gmol yr
–1

 was captured by suspended organic particles and removed from 568 

the water column. Our estimates thus depict an iron cycle in which dFe enters the ocean from 569 

the atmosphere or from shelf sediment and is removed at the seafloor through sinking of 570 

particulate organic matter. The estimated standing stock of dFe in the global ocean was 748 571 

Gmol, the average concentration was 0.58 nmol L
–1

, and the residence time averaged 572 

throughout the global ocean was 30.4 years (Table 2). These estimates are within the range of 573 

results from other iron cycle models summarized by Tagliabue et al. (2016). In particular, our 574 

estimates are near the corresponding values from the PICES model (Aumont et al., 2015; 575 

Resing et al., 2015). 576 

The dFe concentrations and residence times estimated with our model for every basin 577 

revealed characteristic differences between basins. The estimated input of iron from aeolian 578 

dust to the Atlantic Ocean was 67.2 Gmol yr
–1

 (Figure 10b) but only 23.1 Gmol yr
–1

 to the 579 

Pacific Ocean, about one-third the input to the Atlantic Ocean (Figure 10c). Dissolution from 580 

shelf sediment was similar in the two basins: 4.4 Gmol yr
–1

 in the Atlantic and 4.1 Gmol yr
–1

 581 

in the Pacific. The estimated net dissolution rate of aeolian iron into the ocean was 7.6 Gmol 582 

yr
–1

 in the Atlantic and 0.4 Gmol yr
–1

 in the Pacific. The input of dFe via dissolution of 583 

aeolian iron in the Pacific was very small compared with the Atlantic. The amount of iron 584 

removed to the sediments by sinking organic particles was 11.9 Gmol yr
−1

 in the Atlantic and 585 

4.1 Gmol yr
–1

 in the Pacific. The residence time of dFe was estimated to be 12.2 years in the 586 

Atlantic and 80.4 years in the Pacific. The averaged dFe concentrations were estimated to be 587 

0.62 nmol L
–1

 in the Atlantic and 0.61 nmol L
–1

 in the Pacific. In the Atlantic Ocean, the flux 588 

of iron dissolution and scavenging through particles were very large compared with the 589 

Pacific Ocean, and the residence time of dFe was short. This suggests that the aeolian iron 590 

plays a dominant role in the formation of dFe distribution in many regions of the Atlantic 591 

Ocean. The high dFe concentration around 10˚N in the meridional section (Figure 7d) 592 

corresponds to the location of the atmosphere containing a large amount of dust particles in 593 

the Atlantic Ocean (Figure 2). Figure 7d also shows the vertically spread distribution of dFe 594 

concentration, and it can be seen that the influence of vertical transport due to sinking 595 

particles is large. Whereas the Pacific Ocean, since the net supply from aeolian iron is small, 596 

the ratio of iron supplied from sediments is relatively high. Because of the very long 597 

residence time, it is considered that the distribution of dFe in the mesopelagic and 598 

bathypelagic regions in the Pacific Ocean are formed under the influence of advection and 599 
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diffusion over a long time. 600 

In the Indian Ocean, the input of dFe via dissolution from aeolian iron (3.0 Gmol yr
–1

) was 601 

estimated to be about three times the rate via dissolution of sediments (1.1 Gmol yr
–1

) (Figure 602 

10d and Table 2). It seems that there is a large input of aeolian iron to the Arabian Sea. The 603 

residence time and the average concentration of dFe in the Indian Ocean were estimated to be 604 

23.7 years and 0.62 nmol L
–1

, respectively. The estimated inputs of dFe via dissolution of 605 

aeolian iron and sediments in the Southern Ocean were 1.7 Gmol yr
–1

 and 0.8 Gmol yr
–1

, 606 

respectively (Figure 10e). The residence time of dFe was estimated to be 57.2 years. The 607 

Southern Ocean was the basin that the dFe remains in the water column for the second 608 

longest time. The estimated average concentration, 0.46 nmol L
–1

, was the lowest among all 609 

basins.  610 

The fluxes of dFe between basins by advection and diffusion were relatively small. Figure 10 611 

also shows the flux of inflow and outflow to each basin. It was shown that dFe was 612 

transported toward high-latitude regions from low-latitude by advection and diffusion. 613 

In this model, the iron cycle was represented by the flux of iron that enters from the aeolian 614 

dust or shelf sediments and reaches the seafloor through biogeochemical processes. Since 615 

hydrothermal plumes play an important role in forming the distribution of dissolved matter in 616 

the mesopelagic and bathypelagic regions (e.g., Frants et al., 2016; Resing et al., 2015), iron 617 

source from hydrothermal also should be added to current sources in future work. Including 618 

iron supplies from hydrothermal in our optimization would change the current estimation; the 619 

amount of iron supply from shelf sediments may somewhat reduce; iron flux due to 620 

interaction through particles may change; the average concentration of the basin may increase 621 

a little; the ligand concentration also could be change. Assuming the supply rate of iron from 622 

hydrothermal in the global ocean ~0.7 Gmol yr
–1

 (Bennett et al., 2008, Frants et al., 2016), it 623 

corresponds to 2.4% of the total supply in our current estimation. Therefore, including 624 

hydrothermal supply in our optimization should improve the reproducibility of dFe 625 

distribution in the mesopelagic and bathypelagic regions, however, the features of the basin's 626 

iron cycle evaluated in our optimization may not be sensitive to considering hydrothermal 627 

supply. 628 

 629 
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 630 

Figure 9. Annual budgets of dFe obtained from the optimized model for (a) the global ocean 631 

and the (b) Atlantic, (c) Pacific, (d) Indian, and (e) Southern. The units are Gmol yr
–1

. 632 

 633 

 634 

 635 

 636 

 637 

 638 

 639 

 640 

 641 
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Table 2 642 

Summary of dFe metrics in the ocean basins 643 

 Fe source (Gmol year –1) Fe inventory Average Fe Residence time 

Dust Sediment Total (Gmol) (nmol L–1) (year) 

Global Ocean 12.8 11.8 24.6 748 0.58 30.4 

Atlantic Ocean 7.6 4.4 12.0 146 0.62 12.2 

Pacific Ocean 0.4 4.1 4.5 360 0.61 80.4 

Indian Ocean 3.0 1.1 4.1 98 0.62 23.7 

Southern Ocean 1.7 0.8 2.5 141 0.46 57.2 

 644 

5. Conclusions 645 

By using both a model and available observations, we constructed a gridded 646 

three-dimensional dFe dataset for the global ocean. Although the ocean iron cycle model was 647 

simple, it simulated the seasonal dFe distribution throughout the water column, and where 648 

there was sparse observational data, the model interpolated spatiotemporally with a 649 

dynamical consistency. A set of optimized parameters for expressing iron cycle processes was 650 

defined for each basin based on the observed data. By assimilating the observational data, the 651 

average concentration and distribution were reproduced, except for the distribution due to the 652 

influence of hydrothermal plumes. The optimized results successfully captured the features of 653 

the iron cycle in each basin. For example, the dFe distribution in the Atlantic Ocean was 654 

strongly affected by aeolian iron, whereas in the Pacific Ocean, the iron supply from shelf 655 

sediments had a greater impact on the iron distribution. 656 

In the model, the supply of dFe from hydrothermal plumes on ridges was not considered, and 657 

the inputs from shelf sediments were spatiotemporally invariant. Moreover, the transport of 658 

dFe was calculated using an offline model to which the physical field was provided as input. 659 

In a future study, the regional influence of iron supply from shelf sediments and the effects of 660 

hydrothermal plumes will be investigated, and the iron cycle model will be integrated into an 661 

online model in order to update the three-dimensional gridded dataset of dFe concentration. 662 

The improved model is expected to be useful for predicting and analyzing the effects of 663 

spatiotemporal variations of dFe on primary production and the associated response of a 664 

lower-trophic-level ecosystem. 665 

The basin-scale model of the dFe cycle used in this study is a simplified characterization that 666 

bundles many physical and chemical elementary processes. We expect that a simplified 667 

analysis of these complex processes will provide important implications for leading to more 668 

realistic and detailed understanding of the biogeochemical processes. 669 
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