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Abstract 22 

The mechanisms of spring phytoplankton blooms are investigated from a Lagrangian framework by using 23 

a Lagrangian NPZD model that can track the movement and transfers of nutrient parcels in a turbulent 24 

environment. The model reveals that the onset of spring blooms depends on the cumulative euphotic age, 25 

which is the total time that inorganic nutrient is exposed to light before the photosynthetic conversion to 26 

phytoplankton biomass. A spring bloom, defined as a 10-fold increase of near-surface phytoplankton, 27 

occurs when this cumulative euphotic age is approximately 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒−1 ∙ ln 10, where 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒  is the effective 28 

growth rate in the euphotic layer, regardless of the underlying mechanism. If the turbulent layer depth is 29 

shallower than the critical depth and turbulence is strong, nutrient parcels accumulate enough light 30 

exposure through multiple entries to the sun-lit zone near the surface. If turbulence is weak, as that 31 

considered in the critical turbulence theory, the accumulation of the light exposure depends on the 32 

residence time of the nutrients parcels near the surface. The spectral shape of the cumulative euphotic age 33 

can clearly distinguish these two modes of spring blooms. The spectrum shows a peak at the theoretical 34 

growth timescale when multiple entries become important, while it shows a maximum near age zero that 35 

decays with age when the near-surface residence time becomes important. Mortality increases the 36 

cumulative euphotic age necessary for a bloom but does not affect the spectral shape, suggesting that it 37 

does not alter the primary mechanism behind the accumulation of cumulative euphotic age. 38 

 39 
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1. Background 40 

A fascinating aspect of marine ecosystems is spring phytoplankton blooms; i.e., the exponential growth 41 

of surface-drifting microscopic algae occurring in various parts of the ocean, from coastal waters to the 42 

open ocean (Figure 1). These events are well known from the past, and satellite and in-situ observations 43 

show spring blooms occurring in a matter of days. This significant burst of phytoplankton is a major 44 

contributor to ocean productivity accounting for approximately half of global photosynthesis and 45 

sustaining the marine food web. It is also a major pathway for the sequestration of atmospheric carbon 46 

dioxide into the interior ocean (Schlesinger and Bernhardt, 2013).   47 

 In this paper, we will use a Lagrangian framework to examine how the growth of phytoplankton 48 

is regulated during a spring bloom event. By using a Lagrangian model, our goal is to directly answer how 49 

nutrients transform from an inorganic form into phytoplankton biomass, and then to zooplankton and 50 

detritus while moving around in the surface turbulent layer (Figure 2a). The main processes responsible 51 

for spring blooms will be examined based on an age defined by how long a nutrient parcel is exposed to 52 

light. The age spectrum (Kida 1984) has been found useful for examining the history of how parcels move 53 

in the atmosphere with a Lagrangian model. 54 

The manuscript is organized as follows. The mechanism behind spring blooms and their Eulerian 55 

and Lagrangian perspectives are introduced next. The formulations of a Lagrangian NPZD model are 56 

described in section 2. We then show the results from numerical sensitivity experiments in section 3 and 57 
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present an analysis based on age spectrum, focusing on the differences that turbulent layer depth and 58 

diffusivity play during spring blooms, in section 4. A summary and discussion are given in section 5. 59 

 60 

1.1 Mechanisms behind spring blooms 61 

Sverdrup (1953) proposed what is now known as the critical depth theory. Based on this hypothesis, spring 62 

blooms occur if the depth of the surface turbulent layer is shallower than the critical depth, 𝐻𝐻𝐶𝐶 . The critical 63 

depth can be derived from the phytoplankton concentration equation (Riley, 1946): 64 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝜇𝜇𝑑𝑑 −𝑚𝑚𝑑𝑑,       (1) 65 

where P is the phytoplankton concentration, µ is the photosynthetic rate, and m is the mortality rate. 66 

The magnitude of µ and m are complex functions of environmental condition but let us consider that m 67 

is a constant and µ is 𝜇𝜇0 at the surface and decays exponentially with depth with an e-folding scale of 68 

ℎ𝑙𝑙 (Figure 2b). With nutrients assumed abundant and the compensation depth (ℎ𝑒𝑒) defined as where µ =69 

m, we expect P to increase in the sun-lit zone above the compensation depth (µ > m), but to decrease in 70 

the dark zone below (µ < m). As turbulence makes phytoplankton go up and down the water column, it 71 

will experience this condition for growth over the depth range of the turbulent layer. When turbulence is 72 

strong enough to make P vertically well-mixed throughout the turbulent layer, the critical depth of the 73 

turbulent layer that is required for the growth of phytoplankton over the water column can be derived as 74 

𝐻𝐻𝐶𝐶~ℎ𝑙𝑙
𝜇𝜇0
𝑚𝑚

 (Sverdrup, 1953). Following Taylor and Ferrari (2011), an alternative way to express 𝐻𝐻𝐶𝐶  can 75 
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be derived by considering the turbulent layer to consist of two sub-layers, layer above and below the 76 

compensation depth (Figure 2c). We will refer to the layer above the compensation depth as the euphotic 77 

layer hereafter. By taking an appropriate vertical average of µ − m, the effective growth rate of the 78 

euphotic layer and the layer below can be represented by 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒  and −𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒, respectively. Based on the 79 

assumption that P in the two sub-layers are the same, one can then express 𝐻𝐻𝐶𝐶  as ℎ𝑒𝑒 �
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

+ 1� (see 80 

Eq. 7 of Taylor and Ferrari, 2011).  81 

The shoaling mixed layer hypothesis extends the critical depth theory by taking the mixed layer 82 

depth as the turbulent layer depth (Chiswell, 2015). This hypothesis suggests that spring blooms occur if 83 

the mixed layer depth shoals from winter to spring to become shallower than 𝐻𝐻𝐶𝐶 . By linking 84 

phytoplankton growth to the shoaling of the mixed layer beyond the critical depth, the hypothesis provides 85 

a simple explanation for spring blooms and is widely recognized as the primary principle in the literature 86 

(Fischer et al. 2014). However, there have been observations of phytoplankton blooms before the shoaling 87 

of the mixed layer depth, leading to the proposal of several additional mechanisms.  88 

The critical turbulence theory proposes that a reduction in the magnitude of turbulence can serve 89 

as the driving force for spring blooms (Huisman et al., 1999; Taylor and Ferrari, 2011). Unlike the critical 90 

depth theory, this hypothesis explicitly considers the magnitude of turbulence within the turbulent layer 91 

using diffusivity and a condition when this diffusivity is not large enough to make P vertically well-92 

mixed throughout the turbulent layer. Spring blooms occur if the diffusivity is less than the critical 93 
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diffusivity, 𝐾𝐾𝑐𝑐 . Note that the characteristic size of the turbulent eddies is considered to decrease as 94 

turbulence weakens. An approximate expression for 𝐾𝐾𝐶𝐶  can be derived as ℎ𝑒𝑒2
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
2

𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒
 (Eq. 13 of Taylor and 95 

Ferrari, 2011) by again considering two sub-layers within the turbulent layer (Figure 2c). However, 96 

turbulence is now assumed moderate and that P is uniform within the euphotic layer but decays below. 97 

Readers are referred to Taylor and Ferrari (2011) for an exact solution of 𝐾𝐾𝑐𝑐 based on an exponential 98 

profile of µ. A reduction or reversal in the sign of surface air-sea fluxes near the end of winter can result 99 

in weak and shallow surface mixing, creating a condition ripe for a spring bloom (Taylor and Ferrari, 100 

2011; Ferrari et al., 2015).  101 

Chiswell et al. (2015, and references therein) provide a detailed review of other possible 102 

mechanisms behind spring blooms. In this study, we will primarily discuss the critical depth and critical 103 

turbulence hypothesis just described above, two of the simplest one-dimensional models of a spring bloom. 104 

The roles of restratification and eddies at fronts are not discussed although these processes can alter the 105 

condition near the surface and are capable of inducing a spring bloom (e.g. Mahadevan et al. 2012). 106 

 107 

1.2 An Eulerian perspective and a Lagrangian perspective 108 

Previous studies have examined the mechanism of spring blooms in an Eulerian framework, which is to 109 

examine processes at a location fixed in space and to treat phytoplankton as a concentration. One way to 110 

express Eq. 1 in such framework in a one-dimensional setting is  111 
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𝜕𝜕𝑑𝑑
𝜕𝜕𝑑𝑑 = 𝜇𝜇𝑑𝑑 −𝑚𝑚𝑑𝑑 +

𝜕𝜕
𝜕𝜕𝜕𝜕 �𝐾𝐾𝑧𝑧

𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕� ,   (2) 112 

where we have parameterized the turbulent transport of phytoplankton by diffusion. Note that all 113 

parameters in Eq. 2 can vary in space and time. 114 

On the other hand, the dynamics of phytoplankton, drifting algae, are fundamentally Lagrangian 115 

as Eq. 1 can be evaluated following the trajectory of a water parcel in the turbulent layer. As the water 116 

parcel moves up and down in a water column, phytoplankton experience different environmental 117 

conditions such as varying light intensity. The Lagrangian framework is also suitable for analysis of 118 

nutrient cycles, where we follow a nutrient parcel that possesses a given amount of a nutrient element (e.g., 119 

phosphorus or fixed nitrogen). Photosynthesis can be viewed as the conversion of this nutrient element 120 

from an inorganic form to a living organic form while mortality and decomposition of organic matter 121 

return the nutrient element to its inorganic form. Gravitational settling for the particulate organic form of 122 

the nutrient element can also be represented by adding a sinking velocity to the velocity of the nutrient 123 

parcel. The dynamics of phytoplankton bloom has never been explicitly examined from such view.  124 

 125 

2. A Lagrangian NPZD model 126 

Our Lagrangian NPZD model tracks nitrogen parcels that are initially assigned to take one of four forms, 127 

nitrogen nutrient (N), phytoplankton (P), zooplankton (Z), or detritus (D). We use fixed number of parcels 128 
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and solve how each of these parcels transforms through the four forms (Figure 2a). Transfers between N, 129 

P, Z, and D occur according to the following equations: 130 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = −µ𝑑𝑑         + 𝜙𝜙𝜙𝜙 + 𝛤𝛤𝛤𝛤,                                                      (3) 131 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =   µP − m𝑑𝑑                       − 𝑅𝑅𝑚𝑚[1− 𝑒𝑒−Λ𝑃𝑃]𝛤𝛤,                   (4) 132 

𝑑𝑑𝛤𝛤
𝑑𝑑𝑑𝑑 =                                  −Γ𝛤𝛤  + 𝑅𝑅𝑚𝑚(1− 𝛾𝛾)[1− 𝑒𝑒−Λ𝑃𝑃]𝛤𝛤,    (5) 133 

𝑑𝑑𝜙𝜙
𝑑𝑑𝑑𝑑 =             m𝑑𝑑 − 𝜙𝜙𝜙𝜙           + 𝑅𝑅𝑚𝑚𝛾𝛾[1− 𝑒𝑒−Λ𝑃𝑃]𝛤𝛤.                 (6) 134 

These are commonly used set of NPZD-model equations and we basically follow Spitz et al. (2003) for 135 

the formulations of the transfer functions (see their A6-A9). Grazing is expressed using 𝑅𝑅𝑚𝑚 , the 136 

zooplankton maximum grazing rate, and Λ, the Ivlev constant. While m in Eq. 1 represents all the loss 137 

terms for phytoplankton, including respiration and grazing, m in Eqs. 4 and 6 now represents losses 138 

other than grazing. Remineralization is expressed using 𝜙𝜙, the detritus decomposition rate. 𝛤𝛤 is the 139 

zooplankton specific excretion mortality rate and γ is the fraction of zooplankton grazing egested. [See 140 

Table 1 for the specific values used]. The photosynthetic rate (µ) varies in the vertical but we have kept 141 

it simple, which is an exponential decay with depth with 1.0 day-1 at the surface and an e-folding depth of 142 

5 m (Figure 2b). Shading effect and nutrient limitation are neglected. Mortality rate of phytoplankton (m) 143 

is set to 0.05 day-1, which makes the compensation depth ℎ𝑒𝑒, 15 m. Eqs. 3-6 show that nutrients are used 144 

for growth of phytoplankton while mortality and grazing by zooplankton are the sinks for phytoplankton. 145 

There are no higher trophic levels than zooplankton so all zooplankton mortality remineralize as nutrients. 146 
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Detritus has two sources; inefficient grazing of zooplankton and phytoplankton respiration. We use fixed 147 

nitrogen to track the inorganic and organic biomass, and focus on the internal cycling of nitrogen nutrient; 148 

the effects of nitrogen fixation and denitrification are neglected. Therefore, the sum of Eqs. 3-6 leads to 149 

the cancellation of all source and sink terms, resulting in the conservation of total fixed nitrogen in the 150 

model: N+P+Z+D=constant.   151 

We will first explain how nitrogen parcels transfer from one form to another as they move around 152 

the turbulent layer. The methods for solving the trajectory (LHS of Eqs. 3-6) are described later. Initially, 153 

each nitrogen parcel is assigned as either nutrient, phytoplankton, zooplankton, or detritus. Then at every 154 

time step, a conversion can occur to each parcel according to the transfer probability based on Eqs. 3-6. 155 

For example, let us consider a nitrogen parcel in a nutrient form: 156 

[Step 1] Estimate the sink term in Eq. 3, µ𝑑𝑑. The rate of nutrients transferring to phytoplankton per time 157 

step (∆t) and per concentration of N is then estimated: ∆N
𝑁𝑁

= −µP∆t
𝑁𝑁

. For a nitrogen parcel, this transfer 158 

rate is equivalent to considering that the parcel will transfer from a nutrient form to a phytoplankton form 159 

with a probability of 𝜇𝜇𝑃𝑃∆𝑡𝑡
𝑁𝑁

 per time step. Concentrations of N, P, Z, and D are estimated from the number 160 

of parcels located within 1 m above and below.  161 

[Step 2] A uniformly distributed random number between 0 to 1 is generated and a nitrogen parcel is 162 

transferred to (assigned as) phytoplankton form if this number is below 𝜇𝜇𝑃𝑃∆𝑡𝑡
𝑁𝑁

 or kept as a nutrient 163 

otherwise. This is how photosynthesis is expressed in the Lagrangian framework.  164 
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[Step 3] Move to the next time step and repeat from Step 1 if the parcel is still in a nutrient form or estimate 165 

the sink terms in Eq. 4 if in a phytoplankton form.  166 

The RHS of Eqs. 3-6 show that each sink term of any component has a corresponding source term for 167 

another component, except that the grazing term for P is split into two sources. These pairs represent the 168 

transfer from one form to another and this transfer can be modeled from transfer probability: the magnitude 169 

of the sink terms multiplied by ∆t and divided by the concentration of its original form (N, P, Z, or D). 170 

The model thus computes only the sink terms in Eqs. 3-6 to update the form of nitrogen parcels each time 171 

step following the methods presented in Step 1-3. By assigning a parcel number to every nitrogen parcel, 172 

this Lagrangian model can track the transformation history of each nitrogen parcel. With enough parcels 173 

to statistically resolve the various transfers in Eqs. 3-6, the model reproduces the same result as that of an 174 

Eulerian model. A comparison to an Eulerian model is presented in the next section.  175 

A Lagrangian phytoplankton model used in the past, such as Backhaus et al. (1999), tracks the 176 

movement of a water parcel based on a Lagrangian framework and solves the growth of phytoplankton 177 

biomass following this parcel. Our model tracks the movement of a nitrogen parcel that represents a given 178 

amount of nitrogen and we solve how this parcel changes from one form to another. The growth of 179 

phytoplankton biomass thus occurs through an increase in the number of parcels in phytoplankton form. 180 

The Lagrangian nitrogen parcel-tracking model is capable of showing how a nitrogen parcel behaves as 181 
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nutrients before transforming from an inorganic form into phytoplankton biomass. We are not aware of 182 

such a Lagrangian NPZD model that tracks a nitrogen parcel explicitly.  183 

The trajectory of nitrogen parcels is calculated from a flow field that is determined a priori: 184 

z(t + 1) = z(t) + w ∙ ∆t, where w is the vertical velocity. Large-scale background flow is assumed 185 

quiescent but vertical mixing is present and is represented by a random walk: w = N ∙ �2𝐾𝐾𝑍𝑍/∆𝑑𝑑, where 186 

N is a normally distributed random number. Since we are focusing on phytoplankton growth in a relatively 187 

shallow domain, we neglect the sinking of detritus in this study. The Lagrangian timescale of vertical 188 

mixing is a few to few tens of minutes near the ocean surface (Denman and Gargett, 1983; Yamazaki and 189 

Kamykowski, 1991) and spring blooms occur on the order of few days or longer, so the use of random 190 

walk is a valid approximation of diffusion (Brickman and Smith, 2002). 191 

 192 

The control experiment (CTRL) 193 

4x104 nitrogen parcels are released randomly in a doubly periodic square domain that is 100 m wide and 194 

50 m deep (Figure 3c). Each parcel represents 250 mmol N, which makes the fixed nitrogen concentration 195 

20 mmol N m-3 throughout the model domain. Most parcels are initially in nutrient form and those in 196 

phytoplankton and zooplankton forms are 2.25% (=0.45 mmol N m-3) and 0.25% (=0.05 mmol N m-3) of 197 

the total parcels released, respectively. Detritus is initialized with zero. 𝐾𝐾𝑍𝑍  is set to 1x10-2 m2 s-1 and ∆𝑑𝑑 198 

is 60 s. The model depth represents the turbulent layer depth (H). We will focus on the turbulent layer and 199 
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distinguish this from the mixed layer (e.g. Franks, 2014), where the mixed layer depth is typically defined 200 

as the depth of uniform potential density (or within a small threshold from the surface value). Our interest 201 

is in the water parcels that are in motion through turbulence, which we parameterize by diffusivity. The 202 

turbulent layer depth in the ocean varies throughout the year, but we will keep this depth constant during 203 

the model integration. Although the model domain is three-dimensional, our analysis focuses on the 204 

vertical distribution only and all properties are averaged laterally. The results can thus be interpreted as a 205 

vertical one-dimensional problem. The parcels are distributed uniformly in the vertical and so the model 206 

results are not sensitive to the initial concentration.  207 

Grazing and remineralization are initially set to zero for simplicity, thus only transfer from 208 

nutrient to phytoplankton and then to detritus occur. The omitted processes are added later to examine 209 

their impacts. Model parameters are chosen such that the turbulent layer depth of 50 m is shallower than 210 

𝐻𝐻𝐶𝐶 , which is 100 m, so spring bloom is likely to occur according to the critical depth theory. The vertical 211 

diffusivity (𝐾𝐾𝑍𝑍) of 1x10-2 m2 s-1 is greater than 𝐾𝐾𝑐𝑐 of 4.3x10-3 m2 s-1, so the critical turbulence theory is 212 

unlikely relevant for the spring bloom that occurs in this specific parameter set. We will hereafter refer to 213 

the experiment based on the setup described above as CTRL.  214 

 215 

Sensitivity experiments 216 
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𝐾𝐾𝑍𝑍 and H are varied to clarify their roles in modulating the growth of phytoplankton. The sensitivity to 217 

H is first examined by increasing H to 150 m (DEEP). This makes the model depth deeper than 𝐻𝐻𝐶𝐶 , so 218 

a spring bloom will no longer likely to occur according to the critical depth theory. To keep the particle 219 

density constant across different experiments, the number of parcels is increased by a factor of three. 220 

Other setups, such as the initial ratio of parcels in nutrient, phytoplankton, zooplankton, and detritus forms, 221 

remain the same as CTRL (Table 2).  222 

The sensitivity of spring blooms to the magnitude of turbulence is examined by increasing 𝐾𝐾𝑍𝑍 223 

to 1x10-1 m2 s-1 (STR) or reducing 𝐾𝐾𝑍𝑍 to 1x10-3 (MOD) and 1x10-5 m2 s-1 (WEAK). Other setups remain 224 

the same as CTRL (Table 2). STR represents a scenario where turbulence is much stronger than 𝐾𝐾𝐶𝐶  like 225 

CTRL. MOD is when turbulence is moderate and slightly weaker than 𝐾𝐾𝐶𝐶  and WEAK is when 226 

turbulence is much weaker than 𝐾𝐾𝐶𝐶 . Spring blooms are likely to occur for these two experiments 227 

according to the critical turbulence theory. We further pursue an experiment where H is 150 m, like 228 

DEEP, and 𝐾𝐾𝑍𝑍  reduced to 1x10-3 m2 s-1 (DEEP-MOD). This experiment examines the sensitivity of 229 

spring blooms to H when 𝐾𝐾𝑍𝑍 is smaller than 𝐾𝐾𝐶𝐶 . 230 

We will also present experiments where mortality is set to zero for STR, CTRL, MOD, and 231 

WEAK, which are referred to as STRn, CTRLn, MODn, and WEAKn, respectively. The setup with no 232 

mortality makes the nitrogen cycle simpler and we find this helpful for understanding how nutrients move 233 

in different physical environments.  234 
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 235 

3. The development of spring blooms 236 

3.1. The control experiment and the impact of 𝐇𝐇 237 

Initially, nutrients are abundant and the number of phytoplankton is an order of magnitude lower than the 238 

number of nutrients (Figure 3a, 4a). In CTRL, phytoplankton increase by a factor of 10 in about 41 days 239 

(Figure 4a). We hereafter define a spring bloom as when the concentration of near-surface (> −10 m) 240 

phytoplankton reaches 10 times the initial value (=4.5 mmol N m-3). The definition of bloom is somewhat 241 

arbitrary, and here we focus on the surface phytoplankton concentration as it dictates the remotely-sensed 242 

ocean color observation, which is the primary means of detecting the synoptic-scale phytoplankton bloom. 243 

Phytoplankton continues to increase but eventually stops when nutrients are depleted and then begins to 244 

decrease (Figure 4a). Spring bloom also occurs throughout the 50-m deep water column because when 245 

turbulence is strong, phytoplankton is well-mixed (Figure 3b).  246 

A nearly identical result to CTRL is simulated by an Eulerian model based on Eqs. 3-6 with the 247 

same parameter setting as in CTRL (Figure 3b). The result confirms that the Lagrangian model simulates 248 

spring blooms reasonably. In the Eulerian model, we use a vertical resolution of 0.1 m, a time step of 0.5 249 

s, and zero photosynthetic rate when the nutrient concentration is less than 0.1 mmol N m-3. All other 250 

setups are the same as CTRL. 251 
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 In DEEP, we do not find a spring bloom (Figure 4b). Phytoplankton concentration remains small 252 

and well-mixed throughout the model depth as it gradually decays with time. The experiment confirms 253 

the sensitivity of spring bloom to H, as suggested by the critical depth theory. It also confirms that 𝐾𝐾𝑍𝑍 254 

used in CTRL is large enough to prevent the development of a spring bloom.   255 

 256 

3.2. The effect of turbulence intensity 257 

When the intensity of turbulence changes, we find that spring blooms occur earlier as 𝐾𝐾𝑍𝑍 decreases 258 

(Figure 4c). Spring blooms occur in about 5 days for WEAK, 16 days for MOD, and 46 days for STR. 259 

The intensity of turbulence also regulates the vertical distribution of phytoplankton. WEAK and MOD 260 

show vertically decaying profiles of phytoplankton with depth (Figures 3c, d) with WEAK showing 261 

phytoplankton mostly near the surface and the parcels below mostly remain as inorganic nutrients. MOD 262 

shows more phytoplankton reaching depth than WEAK. STR, on the other hand, shows phytoplankton 263 

well-mixed throughout the water column like CTRL. While the phytoplankton concentration near the 264 

surface is the same for all experiments during spring blooms by definition, the differences in the vertical 265 

distribution affect the total number of phytoplankton. The total number of phytoplankton is much larger 266 

for STR and CTRL than in MOD and WEAK (Figure 4d), suggesting a larger impact on the food web. 267 

 In DEEP-MOD, we find spring bloom occurring at about the same time as in MOD, indicating 268 

that the timing of the bloom is not affected by the change in turbulent layer depth (Figure 4b). It suggests 269 
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that the spring bloom in MOD occurs due to low 𝐾𝐾𝑍𝑍 rather than H being shallower than 𝐻𝐻𝐶𝐶 . This is 270 

understandable considering that P is found nonuniformly distributed in the vertical in MOD, which does 271 

not satisfy a major assumption of the critical depth theory. Since we do not find a spring bloom in DEEP, 272 

the experiment also suggests 𝐾𝐾𝐶𝐶  as a reasonable approximation of the critical diffusivity. 273 

 274 

3.3 The Lagrangian pathway of nutrients 275 

The Lagrangian model provides deeper insight into the history of each nitrogen parcel. Among those that 276 

are in phytoplankton form at spring bloom, we can select parcels that have transformed from an inorganic 277 

nutrient form to a phytoplankton form during the simulation period and plot their depths as a function of 278 

time. We can also plot a histogram of such parcels according to their initial positions. In CTRL, we find 279 

nutrient parcels moving throughout the model depth before transferring to a phytoplankton form (Figure 280 

5a) and as a result, their initial depths are uniformly distributed (Figure 5b). Although photosynthesis 281 

occurs only in the euphotic layer, strong turbulence brings inorganic nutrients into the euphotic layer 282 

multiple times and from a wide depth range. This is reasonable considering that the turbulent diffusion 283 

timescale of the turbulent layer T𝑀𝑀 = 𝐻𝐻2

𝐾𝐾𝑍𝑍
 is 44 hours in CTRL, much shorter than the spring bloom to 284 

occur (41 days). It also confirms why the resultant increase in the phytoplankton concentration occurs 285 

uniformly throughout the turbulent layer under strong turbulence (Figure 3b).  286 
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In WEAK, parcels no longer move freely around the turbulent layer over the timescale of 287 

phytoplankton growth (Figure 5c). The distribution of initial depths for the parcels that transformed from 288 

an inorganic nutrient form to a phytoplankton form shows that they primarily originate from the near 289 

surface waters (Figure 5d). Since T𝑀𝑀 is about 2000 days for WEAK, much longer than the time required 290 

for a bloom (5 days), spring bloom only draws inorganic nutrients from the near-surface waters. As a 291 

result, phytoplankton biomass is concentrated near the surface (Figure 3d). 292 

 293 

4. Phytoplankton growth and the euphotic age 294 

Based on the knowledge of the pathways for each nitrogen parcel, we can further diagnose how long a 295 

nutrient spends in the euphotic layer before it transforms into phytoplankton biomass. We shall define 296 

this as the euphotic age τ. It is set to zero below the euphotic layer and once a nutrient enters the euphotic 297 

layer, it begins to accumulate age for as long as it remains within the layer. This euphotic age is first 298 

examined using the experiments where mortality is set to zero because we find them useful for 299 

understanding the behavior of parcels under different physical environments. The impact of mortality is 300 

examined later in the section. STRn, CTRLn, MODn, and WEAKn all show spring blooms occurring 301 

earlier (Figure 6a) than the experiments with mortality (Figure 4c) and more sensitivity is found for 302 

experiments with strong turbulence, likely because nutrients spend more time below the euphotic layer. 303 
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Nonetheless, the basic sensitivity of spring blooms to 𝐾𝐾𝑍𝑍  remains the same for the number of 304 

phytoplankton near the surface and over the whole turbulent layer (Figure 4d, 6b). 305 

  306 

4.1. The euphotic age spectra 307 

The euphotic age is expected to be similar to the turbulent residence timescale of the euphotic layer T𝐸𝐸 =308 

ℎ𝑒𝑒2

𝐾𝐾𝑍𝑍
, which would be 38 minutes for STRn, 6.3 hours for CTRLn, 2.6 days for MODn, and 260 days for 309 

WEAKn. Indeed, the euphotic age spectra show distributions that are roughly constrained by T𝐸𝐸 for 310 

STRn, CTRLn, and MODn (Figure 7a-c), with average euphotic ages of 1.7 hours for STRn, 5.3 hours 311 

for CTRLn, and 32 hours for MODn. Spring bloom for WEAKn occurs much earlier than T𝐸𝐸 and the 312 

average euphotic age is 3.0 days, which is about when spring bloom occur (Figure 7d). Note that the 313 

euphotic age spectra are for parcels that existed near the surface in phytoplankton form when spring 314 

bloom occurred, so the number of parcels are the same. These parcels consist of those that transferred 315 

from nutrient form to phytoplankton form between time zero and when spring bloom occurred. 316 

The shape of the euphotic age spectra for STRn and CTRLn peak close to zero (Figure 7a, b), 317 

indicating that nutrients are either used for photosynthesis immediately after they enter the euphotic layer 318 

or exit quickly as nutrients under the strong turbulent mixing. For MODn, parcels remain in the euphotic 319 

layer longer (Figure 7c), which would increase the probability of photosynthesis over a wider window 320 

of euphotic age. For WEAKn, however, most inorganic nutrient parcels originate and remain within the 321 
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euphotic layer until they are consumed for photosynthesis. Spring bloom occurs before T𝐸𝐸 matters. The 322 

euphotic age spectra for WEAKn reflects the actual time inorganic nutrient parcels took to become 323 

phytoplankton parcels (Figure 7d). As phytoplankton accumulates in the euphotic layer, more inorganic 324 

nutrient parcels transfer to phytoplankton parcels. As a result, the number of parcels with older euphotic 325 

age increases exponentially in time as in Figure 6a. The spectral distribution drops abruptly at day 4 326 

because that is when the spring bloom occurs (= maximum limit of euphotic age).  327 

 328 

4.2. Cumulative euphotic age spectra 329 

How can spring blooms occur in CTRLn when the euphotic age of nutrients is so young? Here we show 330 

that there are two scenarios for a bloom to occur. The shape of the euphotic age spectra for CTRLn and 331 

MODn may appear similar, but the mechanisms behind the two spring blooms are largely different.  332 

In the real world, the growth of phytoplankton requires the inorganic nutrient parcel to come into 333 

close proximity with the phytoplankton parcel within the euphotic layer. µP in Eqs. 3 and 4 represent 334 

this process and the euphotic age is a parameter that expresses the length of time for such transfer to occur. 335 

Using the average photosynthesis rate of the euphotic layer 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′  (=𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 + m , since mortality is 336 

currently zero), the growth of phytoplankton while an inorganic nutrient parcel resides in the euphotic 337 

layer can be expressed as  338 
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∆𝑑𝑑
𝑑𝑑 =  𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ ∙ τ,        (9) 339 

where ∆P is the increase in the phytoplankton concentration and τ is the euphotic age. Equation 9 340 

shows that the growth of phytoplankton is basically set by the euphotic age and as shown in the previous 341 

subsection, the magnitude of the euphotic age is controlled by the strength of turbulence.  342 

Now we can consider a scenario to sustain photosynthesis under a high mixing environment by 343 

allowing the inorganic nutrient parcels to re-enter the euphotic layer repeatedly, which can be expressed 344 

as: 345 

∆𝑑𝑑
𝑑𝑑 =  𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ �τ,

𝑛𝑛

      (𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚𝑒𝑒 𝑒𝑒𝑒𝑒𝑑𝑑𝑓𝑓𝑚𝑚𝑒𝑒𝑒𝑒) (10) 346 

where n is the number of times the nutrient parcel enters the euphotic layer (shown schematically in 347 

Figure 6b). While τ may be small, its sum might not be; hereafter, we shall call ∑ τ𝑛𝑛  the cumulative 348 

euphotic age. The difference between the euphotic age and the cumulative euphotic age is that the 349 

euphotic age resets to zero once the parcel leaves the euphotic layer, whereas the cumulative euphotic 350 

age accumulates over multiple entries to the euphotic layer. With a Lagrangian model, we can readily 351 

track how many times an inorganic nutrient parcel enters the euphotic layer before photosynthesis occurs.  352 

Figure 9a-d display the cumulative euphotic age spectra of the four experiments (STRn, CTRLn, 353 

MODn, and WEAKn) at the time of a spring bloom occurrence. The average cumulative euphotic ages 354 

(first moment) are 5.1, 4.6, 3.8, and 3.0 days for STRn, CTRLn, MODn, and WEAKn, respectively; while 355 
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the ages are roughly similar, the shapes of the spectra are not. CTRLn (Figure 9b) shows a peak at about 356 

4-5 days, which is close to that estimated from the theoretical growth timescale of spring blooms 357 

(𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ −1 ∙ ln 10 = 7.3 𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒; the natural log of 10 comes from the definition of a spring bloom). Interestingly, 358 

the shape of this cumulative euphotic age spectrum is similar to that of WEAKn (Figure 9d) rather than 359 

that of MOD (Figure 9c). For WEAKn, the cumulative euphotic age increases with time so its spectrum 360 

peaks at about 4 days, which is roughly identical to its euphotic age (Figure 7d).  361 

CTRLn and WEAKn are significantly different in terms of growth speed (Figure 4c) and 362 

euphotic age (Figure 7b, d) so why are the cumulative euphotic age spectra so similar? In WEAKn, the 363 

nutrient parcels simply sit in the euphotic layer and gain cumulative euphotic age, so these parcels gain 364 

age uniformly and their cumulative euphotic age is approximately equal to the euphotic age. The time 365 

evolution of the cumulative euphotic age spectra shows the contributions from the old nutrients as time 366 

progresses (Figure 9d). With no mortality, the difference of cumulative euphotic age spectra in time 367 

simply reflects the cumulative euphotic age of the parcels that newly transferred to phytoplankton. The 368 

shape of the cumulative euphotic age spectrum for WEAKn thus establishes because of the increase in 369 

the number of old nutrients transferring to phytoplankton in time. 370 

The inorganic nutrient parcels in CTRLn (and STRn) are well mixed, so all parcels in the 371 

turbulent layer gain cumulative euphotic age uniformly. This uniform growth in age is similar to that of 372 

WEAKn, which is why the cumulative euphotic age spectra are similar. The time evolution of the 373 
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cumulative euphotic age spectra for CTRLn also shows old nutrients transferring to phytoplankton as 374 

time progresses (Figure 9b) similar to WEAKn. The probability of photosynthesis for a parcel in CTRLn 375 

increases not by residing in the euphotic layer for a long time but by accumulation over multiple entries. 376 

When this age reaches the theoretical growth timescale, a spring bloom occurs. Under strong turbulence, 377 

the fraction of time nutrient parcels can spend in the euphotic layer is the ratio between the euphotic depth 378 

and the turbulent layer depth, ℎ𝑒𝑒 𝐻𝐻� . The physical time required to reach the bloom condition in CTRLn 379 

(and STRn) is then 𝐻𝐻 ℎ𝑒𝑒�  multiplied by the theoretical bloom timescale. This is about 24 days, which 380 

matches with the model results (Figure 6a). While the theoretical bloom timescale depends 381 

fundamentally on the physiology of phytoplankton, this mechanism of a spring bloom is facilitated by 382 

the shallow turbulent layer depth. Critical depth theory naturally follows from this proposition under 383 

strong turbulence. Another important consequence is that young parcels cannot be dominant at the time 384 

of spring blooms because all parcels gain cumulative euphotic age. The spectrum of CTRLn showing a 385 

peak around the theoretical growth timescale is a strong indication that the depth of the turbulent layer is 386 

responsible for the spring bloom. 387 

The shape of the cumulative euphotic age for MODn shows a gradual decay with age with a long 388 

tail (Figure 7c). Why is this shape so different from those of CTRLn or WEAKn even though the shapes 389 

of the euphotic age spectra are similar? The difference suggests that spring blooms in MODn occur 390 

through a different mechanism. For MODn, TE is approximately 2.6 days and is of the same order of 391 
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magnitude as the theoretical growth timescale (𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒−1 = 3.2 𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒). In contrast to CTRLn or STRn, we 392 

cannot assume that the turbulent layer is completely homogeneous, and in this specific case, the parcels 393 

typically spend in the euphotic layer for about 80% of the growth timescale. Incremental increases in 394 

phytoplankton occur but cannot fully utilize the theoretical growth rate (schematically shown in Figure 395 

6a). Such condition can be expressed as 396 

∆𝑑𝑑
𝑑𝑑 = 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ 𝑇𝑇𝐸𝐸

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ −1 ∙ t,     (11) 397 

where 𝑇𝑇𝐸𝐸
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
′ −1 is the ratio between the surface turbulent timescale and the theoretical growth timescale. 398 

Equation 11 shows that the effective photosynthetic rate of MODn is 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ 2 𝑇𝑇𝐸𝐸, which predicts a spring 399 

bloom in about 8 to 9 days. This is somewhat earlier than the model result, likely because we neglected 400 

the background decrease in the phytoplankton concentration due to diffusion, but it successfully explains 401 

the overall delay of the spring bloom. Furthermore, the exponential decay of cumulative euphotic age 402 

spectrum with age indicates that the young inorganic nutrient parcels that exist below the euphotic depth 403 

contribute to phytoplankton growth. The time evolution of the cumulative euphotic age spectra for MODn 404 

shows young nutrients continuously transferring to phytoplankton as time progresses (Figure 9c). With 405 

such wide range of euphotic age continuously contributing to the growth of phytoplankton, the cumulative 406 

euphotic age results in maximum near age zero. The spectrum is not exactly like that of the euphotic age 407 

(Figure 5c) because some parcels do gain cumulative euphotic age by re-entering the euphotic layer 408 

multiple times. Turbulence is strong enough to prevent inorganic nutrient parcels from remaining in the 409 
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euphotic layer for a long time, but not enough to make all parcels within the turbulent layer to accumulate 410 

age. This causes parcels below the euphotic depth to remain young and contribute to growth of 411 

phytoplankton when they enter the euphotic layer. Such scenario naturally leads to the critical turbulence 412 

theory because as Eq. 11 shows, the magnitude of turbulence determines the rate and magnitude of the 413 

growth, and plays a central role in spring blooms. The depth of the turbulent layer has no impact. 414 

 Why do the mechanisms for spring blooms differ between MODn and CTRLn? This question 415 

can be answered by comparing the three timescales involved: the turbulent residence timescale of the 416 

euphotic layer (T𝐸𝐸), the turbulent diffusion timescale of the turbulent layer (T𝑀𝑀), and the theoretical 417 

growth timescale for phytoplankton (𝑇𝑇𝐼𝐼 = 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ −1). WEAKn represents a case where T𝐼𝐼 ≪ T𝐸𝐸 ,𝑇𝑇𝑀𝑀; the role 418 

of turbulence is negligible. MODn represents a case where T𝐸𝐸  ~ T𝐼𝐼 ≪ 𝑇𝑇𝑀𝑀; euphotic-age is long enough 419 

to cause a notable increase in phytoplankton concentration but turbulence is too strong for each parcel to 420 

gain cumulative euphotic age. CTRLn and STRn represent cases where T𝐼𝐼 ≫ T𝐸𝐸 ,𝑇𝑇𝑀𝑀; euphotic age is too 421 

young for spring blooms to occur based on turbulence alone, but strong turbulence enables nutrients to 422 

fully gain cumulative euphotic age through multiple entries to the euphotic layer. Based on Eqs. 10 and 423 

11, the primary mechanism of growth can be roughly evaluated based on whether ℎ𝑒𝑒
𝐻𝐻

 or 𝑇𝑇𝐸𝐸
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
′ −1 is larger 424 

and can overcome the growth of the other mechanism.  425 

The cumulative euphotic age spectrum is a valuable diagnostic for distinguishing the mechanisms 426 

behind spring blooms. Strong or weak mixing leads to a peak near the theoretical growth timescale 427 
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whereas moderate mixing leads to a decaying spectrum. In the presence of wind and surface 428 

heating/cooling, turbulence near the surface is more likely to be on the order of 1x10-3 m2 s-1 or more, 429 

which suggests that WEAKn is an unrealistic scenario. Thus, it is reasonable to say that spring blooms 430 

where the turbulent layer depth plays the important role would create cumulative euphotic age spectra 431 

like that of CTRLn (Figure 9b), while those where weak turbulence plays the important role would create 432 

spectra like MODn (Figure 9c).  433 

A similar quantity to the cumulative euphotic age can be further introduced by making the 434 

euphotic age to depend on the magnitude of light exposure, 𝜏𝜏𝐿𝐿 = ∫ e−ℎ𝑙𝑙z ∙ dt, rather than simply τ = t 435 

while in the euphotic layer. This new quantity, 𝜏𝜏𝐿𝐿, would represent the cumulative light exposure time. 436 

The occurrence of spring blooms can then be estimated as when this age reaches τ′ = 𝜇𝜇0−1 ln 10 (based 437 

on the definition of a bloom, 𝜇𝜇0 ∙ 𝜏𝜏′ = ln 10). The difference from using a cumulative euphotic age (τ =438 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′ −1 ln 10) is that the vertical dependence of light exposure is now embedded in age rather than in the 439 

form of effective growth rate. The benefit of using cumulative euphotic age is that it simplifies the concept 440 

of parcels entering and exiting the surface while the definition of entry/exit is somewhat ambiguous for 441 

cumulative light exposure. 442 

 443 

4.3. The impact of mortality 444 
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When comparing the cumulative euphotic age spectra for experiment with and without mortality, we find 445 

the average cumulative euphotic age to increase by about 5.9 days for STR, 5.2 days for CTRL, 1.3 days 446 

for MOD, and 0.4 days for WEAK (Figure 9). When mortality is present, the increase in phytoplankton 447 

concentration is suppressed and so the probability of photosynthesis reduces. Nutrients must spend more 448 

time in the euphotic layer to achieve the same magnitude of growth.  449 

When parcels enter/exit the euphotic layer multiple times, as in CTRL, the condition for growth 450 

can be expressed by modifying Eq. 10 to 451 

∆𝑑𝑑
𝑑𝑑0

= �𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 ℎ𝑒𝑒
𝐻𝐻 −𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

𝐻𝐻 − ℎ𝑒𝑒
𝐻𝐻 � ∙ 𝑑𝑑, 452 

which can be written as 453 

∆𝑑𝑑
𝑑𝑑0

= 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 �1 −
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 
𝐻𝐻 − ℎ𝑒𝑒
ℎ𝑒𝑒

� ∙
ℎ𝑒𝑒
𝐻𝐻 𝑑𝑑.   (12) 454 

The term in brackets shows the impact of mortality on the growth rate in addition to the decrease from 455 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′  to 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 . Equation 12 suggests spring blooms occur at about 49 days, a delay of about 25 days from 456 

CTRLn, which matches well with the model results (Figure 4c, 6a). It also suggests an increase in the 457 

cumulative euphotic age at spring blooms by about 7 days, which roughly matches with the changes in 458 

the peak of the spectrum (~6 days) and the average cumulative euphotic age (5.2 days) in CTRL. 459 

When parcels enter/exit the euphotic layer for a limited amount of time, as in MOD, the condition 460 

for growth can be expressed by modifying Eq. 11 to 461 
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∆𝑑𝑑
𝑑𝑑0

= 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑇𝑇𝐸𝐸
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒−1 ∙ 𝑑𝑑.     (13) 462 

The impact of mortality is embedded in the decrease from 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒′  to 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 . This decrease in the effective 463 

growth rate suggests spring blooms to delay by about 2 days from MODn, which is similar but slightly an 464 

underestimate from the model results (~5 days).  465 

When grazing and remineralization are allowed by setting these terms in Eqs. 3-6 to nonzero 466 

(Table 1), we find their impact on the growth of phytoplankton and cumulative euphotic age spectra 467 

negligible. These processes do not play a significant role on spring blooms with the parameter used. Note 468 

that the critical depth now differs from that derived by Sverdrup (1953) since grazing is allowed. 469 

Remineralization may affect the cumulative euphotic age spectrum at a much later stage after spring 470 

blooms when the number of recycled nutrient parcels increases. This is because the cumulative euphotic 471 

age is reset for parcels that remineralize and these recycled nutrients can transfer to phytoplankton as 472 

young parcels when the phytoplankton concentration is already high. 473 

 474 

5. Summary and discussion 475 

5.1. Summary 476 

How does a spring bloom look from a Lagrangian framework? By using a Lagrangian NPZD model, we 477 

examined the movement and transfers of a nutrient element during a spring bloom event in an idealized 478 

water column. Here we summarize the results. 479 
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 We find the mechanisms behind spring blooms to depend on the cumulative light exposure of 480 

nutrient parcels. The Lagrangian model provides a simple and unified framework to examine the history 481 

of nutrient parcels based on the cumulative euphotic age, defined as the total time that a nutrient parcel 482 

is exposed to light before photosynthesis. A spring bloom, defined as a 10-fold increase of near-surface 483 

phytoplankton, occurs when the cumulative euphotic age is approximately 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒−1 × ln 10, where 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒  is 484 

the effective growth rate in the euphotic layer. This is regardless of the underlying mechanism of the 485 

spring bloom, and thus the difference depends on how this condition is achieved. One way to accumulate 486 

sufficient light exposure is through multiple entries to the euphotic layer. This mechanism requires a 487 

shallow turbulent layer depth and enough turbulent intensity to make nutrients re-enter the surface 488 

euphotic layer many times. If turbulent intensity is strong enough to make properties well-mixed 489 

throughout the turbulent layer and the turbulent layer itself is relatively shallow (compared to the critical 490 

depth), this mechanism allows the bloom under the critical depth theory. Another way to accumulate 491 

sufficient light exposure is to rely on the residence time within in the euphotic layer. If turbulence is weak 492 

enough for nutrients to reside in the euphotic layer and create noticeable growth in phytoplankton, spring 493 

blooms occur. This mechanism leads to the critical turbulence theory. These two modes of light exposure 494 

create the different spectral shapes of cumulative euphotic age. The spectrum shows a peak at the 495 

theoretical growth timescale for those that depend on multiple entries to the euphotic layer, but a 496 

maximum near age zero that decays with age for those that depend on the residence time in the euphotic 497 
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layer. Mortality reduces the effective growth rate and increases the average cumulative euphotic age 498 

necessary for a spring bloom, since they compete against the production and accumulation of 499 

phytoplankton biomass through photosynthesis. However, it does not to alter the basic mechanism behind 500 

the accumulation of cumulative euphotic age. 501 

 502 

5.2. Discussion 503 

We have introduced cumulative euphotic age as a useful parameter for distinguishing the mechanism 504 

behind spring blooms. The question is then can we determine the likely mechanism a priori? As 505 

mentioned near the end of section 3, we consider two parameters, ℎ𝑒𝑒
𝐻𝐻

 and 𝑇𝑇𝐸𝐸
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
−1 , to be important. These 506 

parameters are actually two of the three non-dimensional numbers that govern Eq. 2, 𝐻𝐻
ℎ𝑒𝑒

, 𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ2

, and 507 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

, which can be derived from dimensional analysis (Price, 2006) assuming that 𝐾𝐾𝑧𝑧 is a constant. Note 508 

that we chose the effective rates to express photosynthesis and mortality. 𝐻𝐻
ℎ𝑒𝑒

 compares the thickness of 509 

the turbulent layer to that of the euphotic layer and expresses the shallowness of the turbulent layer. 510 

𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 compares the turbulent timescale to the photosynthetic rate and expresses the magnitude of 511 

turbulence. 
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

 compares the photosynthetic rate to the mortality rate and expresses the magnitude of 512 

photosynthesis. Estimates of the three non-dimensional numbers can provide a guidance to the likely 513 

mechanism behind spring blooms, where Figure 10 shows a schematic of this parameter space from 𝐻𝐻
ℎ𝑒𝑒

 514 

and 𝐾𝐾𝑍𝑍
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 (similar to Figure 3a of Taylor and Ferrari, 2011). These two parameters are controlling 515 
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factors of the growth rate (Eqs. 12 and 13), with larger values indicating smaller growth rate. Comparison 516 

of these two parameters to 
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

, which is controlled fundamentally by the physiology of phytoplankton, 517 

indicate where the thresholds for a spring bloom based on critical depth and critical turbulence theories 518 

likely exist. When 𝐻𝐻
ℎ𝑒𝑒

> 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

+ 1 and 𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

> 𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

, the condition does not meet the thresholds for both 519 

theories, as in DEEP, so spring bloom is unlikely to occur. This parameter space matches well with where 520 

the growth rate is less than zero based on the analytical solution of Taylor and Ferrari (2011). Spring 521 

blooms are likely to depend on the shallowness of the turbulent layer depth when 𝐻𝐻
ℎ𝑒𝑒

 is small provided 522 

that 𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 is large. This corresponds to CTRL and STR. Spring blooms are likely to depend on the 523 

weakness of turbulence when 𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 is small. This corresponds to MOD, WEAK and DEEP-MOD. The 524 

parameter space also shows that when 𝐻𝐻
ℎ𝑒𝑒

 and 𝐾𝐾𝑧𝑧
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 are both small (e.g. when the turbulent layer depth 525 

is shallow and turbulence is weak), the two mechanisms cannot be distinguished. 526 

 One of the challenges in ecosystem modeling is determining the proper parameters for the region. 527 

This is most likely associated with the diversity of the environment and species, but part of the difficulty 528 

might also lie in the use of the Eulerian framework. A Lagrangian model for biogeochemical elements, 529 

like the one presented in this study, can be a tractable tool for evaluation because the framework naturally 530 

follows the movement of materials. The parameters used in models can incorporate the behaviors of 531 

nutrient elements and phytoplankton based on their trajectories and experiences. This approach may be 532 

most suitable for complex physiological properties, such as the photosynthetic rate and effect of the 533 
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internal cell quota, where element transfer is not fixed in space but in each phytoplankton. By 534 

incorporating an approach like that of an individual-based model, we envision that the Lagrangian NPZD 535 

model can serve as a new tool for examining biogeochemical cycles in the future. 536 

 537 
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Tables 586 
 587 

Parameter Symbol Value 
Detritus decomposition rate ϕ 1.03 d-1 
Zooplankton specific mortality rate Γ 0.145 d-1 
Zooplankton maximum grazing rate 𝑅𝑅𝑚𝑚 0.52 d-1 
Ivlev constant  Λ 0.06 mmol N m-3 
Fraction zooplankton grazing egested γ 30% 

Table 1. Values used for model parameters in Eqs. 3-6. 588 
 589 
 590 
 591 

Experiments K𝑍𝑍 [m s-2] Mortality rate (m) [day-1] Turbulent layer depth (H) [m] 
CTRL 10-2 0.05 50 
CTRLn 10-2 0.0 50 
STR(n) 10-1 0.05 (0.0) 50 
MOD(n) 10-3 0.05 (0.0) 50 
WEAK(n) 10-5 0.05 (0.0) 50 
DEEP 10-2 0.05 150 
DEEP-MOD 10-3 0.05 150 

Table 2. Basic parameters used for the model experiments. The first two experiments differ in mortality. 592 
KZ varies for the next three experiments. Cases without mortality are indicated in brackets. DEEP and 593 
DEEP-MOD are identical to CTRL and MOD, respectively, except that H is 150 m.  594 
  595 
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Figures 596 
 597 

 598 
Figure 1 599 
Sea surface chlorophyll-a observed by MODIS (8-day composite) on 30 March 2011 (NASA Goddard 600 

Space Flight Center, Ocean Biology Processing Group, 2014). Spring blooms are observed from near the 601 

coast to the interior of the Japan Sea.  602 

  603 
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 604 

 605 
   606 

Figure 2 607 

(a) Schematic of the Lagrangian NPZD model. The model solves how nitrogen parcels transfer between 608 

nutrient, phytoplankton, zooplankton, and detritus forms, based on Eqs. 3-6. (b) Vertical profiles of the 609 

photosynthetic and mortality rates for CTRL. Compensation depth is where the two rates are of equal 610 

magnitude. (c) Schematic of the effective growth rates in the two sub-layers. 611 
 612 
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 613 

Figure 3 614 

(a) The initial position of the nitrogen parcels. Parcels are randomly distributed within the model domain. 615 

Green and blue dots represent parcels in inorganic nutrient form and phytoplankton form, respectively. 616 

(b) Location of parcels at the time of a spring bloom in CTRL, (c) MOD, and (d) WEAK.  617 

  618 
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 619 
Figure 4 620 

(a) Time series of phytoplankton (blue) and inorganic nutrient (green) concentrations in the top 10 m for 621 

CTRL. (b) Time series of phytoplankton concentration in the top 10 m for CTRL where the gray solid 622 

line is the Lagrangian model (same as that shown in a) and the blue dashed line is the Eulerian model. 623 

Those from DEEP and DEEP-MOD are shown in green and red, respectively. (c) Time series of 624 

phytoplankton concentration in the top 10 m for WEAK (black), MOD (red), CTRL (blue), and STR 625 

(green). (d) Time series of total phytoplankton in the turbulent layer for WEAK (black), MOD (red), 626 

CTRL (blue), and STR (green). Circles indicate when spring blooms occurred. 627 

 628 
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 629 

Figure 5 630 

(a) The depths of nutrient parcels in time for CTRL. Only those that transfer to phytoplankton are plotted 631 

and the open circles are the initial depths. (b) The distribution of initial depths for phytoplankton parcels 632 

found in the top 10 m at the time of spring bloom for CTRL. (c) The depths of nutrient parcels in time 633 

for WEAK. Only those that transfer to phytoplankton are plotted and the open circles are the initial depths. 634 

(d) The distribution of initial depths for phytoplankton parcels found in the top 10 m at the time of spring 635 

bloom for WEAK.  636 
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 637 

Figure 6 638 

(a) Time series of phytoplankton concentration in the top 10 m for WEAKn (black), MODn (red), CTRLn 639 

(blue), and STRn (green). (b) Time series of total phytoplankton in the turbulent layer for WEAKn (black), 640 

MODn (red), CTRLn (blue), and STRn (green). Circles indicate when spring blooms occurred. 641 

 642 
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 643 

Figure 7 644 
The euphotic age spectra estimated at the time of a spring bloom for (a) STRn, (b) CTRLn, (c) MODn, 645 

and (d) WEAKn. The vertical axis is the number of parcels; the horizontal axis is age. Note the difference 646 

in scale for the vertical axis. 647 

  648 
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 649 

 650 
Figure 8 651 
A schematic of how nutrients move around the turbulent layer before photosynthesis. White lines show 652 

when nutrients reside in the euphotic layer and accumulate euphotic age. (a) When cumulative euphotic 653 

age depends on the magnitude of turbulence. (b) When cumulative euphotic age is the sum of multiple 654 

entries to the euphotic layer. 655 
  656 
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 657 
Figure 9 658 
The cumulative euphotic age spectra for (a) STRn, (b) CTRLn, (c) MODn, (d) WEAKn, (e) STR, (f) 659 

CTRL, (g) MOD, and (h) WEAK. The vertical axis is the number of parcels; the horizontal axis is age. 660 

Bars drawn in black solid lines are the cumulative euphotic age spectra at the time of spring bloom. Bars 661 

drawn in light blue are the cumulative euphotic age spectra when phytoplankton increase by a factor of 6.  662 
 663 
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 664 

Figure 10 665 
The parameter space for the likely mechanism behind the accumulation of the cumulative euphotic age 666 

using 𝐾𝐾𝑍𝑍
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

, 𝐻𝐻
ℎ𝑒𝑒

, and 
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒

. The vertical axis 𝐾𝐾𝑍𝑍
𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒2

 indicates the impact of turbulent intensity. The 667 

horizontal axis 𝐻𝐻
ℎ𝑒𝑒

 indicates the impact of turbulent layer depth. The red region is where the accumulation 668 

depends on the shallow turbulent layer depth and strong turbulence. The blue region is where the 669 

accumulation depends on the residence time in the euphotic layer. Black solid lines show critical depth 670 

and approximate solution for the critical diffusivity based on Eq. 13 of Taylor and Ferrari (2011). Red 671 

solid line shows the solution for zero growth rate based on Eq. 39 of Taylor and Ferrari (2011) but with 672 

parameters adjusted. The parameter space larger than this line is where growth rate shows a decay, thus 673 

no bloom. The parameter spaces of STR, CTRL, MOD, WEAK, DEEP, and DEEP-MOD are indicated 674 

with asterisks. 675 

 676 


