Reviewer: E. Boss, UMaine

As I wrote before the topic of this paper is of importance and interest to
oceanographers.

While the authors have done a significant job to improve the manuscript, there are
still issues, that if addressed could improve the manuscript further.

Response: We are very grateful to the helpful comments and revise our manuscript
accordingly.

I am returning and annotated PDF. My major concerns are:

1. The upper layer plays no role, as it seems that it is assumed to have no
phytoplankton within it. This, obviously, is an approximation for the tail of the
Gaussian which is not discussed.

Response: Thank you for this comment. We modified the discussion of Gaussian
function and rewrite the second paragraph of Section 4.2, that is,

‘Without considering nutrient input directly to the surface mixed layer, phytoplankton
within it is assumed to be nearly zero. This assumption has been proved by Mellard et
al. (2011). The SCML is assumed to occur significantly deeper than the base of
surface mixed layer, and the vertical gradient of phytoplankton is assumed to be
identically zero at the transition between the two layers. This vertical profile of
phytoplankton (Fig. 1) is assumed to be fitted by a general Gaussian function (Eq. 7),
in which phytoplankton within the surface mixed layer is an approximation for the
tail of Gaussian function. The Gaussian assumption leads to the results that both
phytoplankton concentration and vertical diffusivity within the surface mixed layer
have no roles on the SCM. However, the assumption of a general Gaussian profile
can be broken in several ways. If nutrient input directly to the mixed layer due to
riverine inputs, surface runoff, or atmospheric deposition, Chl a concentration within
the surface mixed layer will be sustained, while a SCM by itself will be not possible
(Mellard et al. 2011). If the depth of surface mixed layer z; is large, this allows
another way for the surface Chl a concentration being positive by extracting some of
the Chl a from the SCML (Beckman and Hense, 2007), then the vertical gradient of

Chl a may not be identically zero at the transition between the two layers.

2. Most importantly, the BC for phytoplankton is not physical. Except at the ocean
surface, phytoplankton can do a flux to depth. P->0 as z-> infinite would be more
appropriate. The use of this BC is responsible to the fact that h and P, are
independent of the sinking velocity and also responsible to the large biomass when
trying to fit data from the environment.

Response: We agree with you. Based on this suggestion, the bottom boundary
condition (K,*dP/dz-wP=0) was modified to P->0 as z-> z. z; can be infinite (z->



infinite), in fact, only if z, is located at a sufficiently deep water where phytoplankton
vanishes together with flux, not necessarily infinite. For the BC, we get the same
solutions to 4 and P, (as shown in Egs. 21-22), compared to the results by using the
BC of K,*dP/dz-wP=0. More importantly, this BC of P->0 as z-> z, is more easily
understood for less mathematically-inclined readers.

3. The author have to explain that they substituted a Gaussian into (1-2) even though
this is NOT an exact solution (for example, it does not fit in layer 1 which is supposed
to be homogenous in P).

Response: Thank you for this suggestion. We rewrite the paragraph from line 191 to
196 as:

Previous numerical studies (Huisman et al., 2006; Ryabov et al., 2010) showed that
the ecosystem dynamical model (Eqgs. 1 and 2) can approximately reproduce the
bell-shape feature of the vertical Chl a profile (Fig. 1). If nutrient input to the mixed
layer due to riverine inputs, surface runoff, or atmospheric deposition, is considered in
the ecosystem, the surface concentration of Chl a should be positive (Mellard et al.
2011). Thus, the general Gaussian function is not an exact solution, at best, an
approximate solution of the dynamical Eqs. (1) and (2) by ignoring external nutrient
input.

4. In the comparison with in-water data, if you increased K, you are likely to fit better
the thickness of the layer as well as the total biomass.

Response: Following the suggestion, we find that the thicknesses of the SCML can be
increased by no more than 2% at the SEATS, HOT, and BATS stations when doubling
the vertical diffusivity (K,), though the SCML intensities (biomass) can increase by
83%, 88%, and 50%, respectively. It implies that we could not make a significant
progress on estimations of the thicknesses only by increasing K,. Therefore, we keep
Fig. 2 unchanged.



Review of the revised version of Steady-state solutions for subsurface chlorophyll
maximum in stratified water columns with a bell-shape vertical profile of chlorophyll
by X. Gong et al.

The authors have responded adequately to the majority of my comments. Hence, the
revised version is very much improved. A few (mostly minor) points, however, still
require attention:

Response: We thank the helpful comments and revise our manuscript accordingly.

* line 109 (Equation 2): The conversion factor 1.59 g Chl a per mol N needs to
appear in the first two terms on the right hand side of equation 2 (and possibly other
equations as well).

Response: Agree. The conversion factor 1.59 g Chl a per mol N is added in Eq. (2)
and (19-22).

* line 530ff: and Figure 2: It seems that there is a systematic underestimation of the
three quantities by the model. Is that something that can be explained?

Response: As suggested by Prof. Boss, we doubled the vertical diffusivity (K,,) and
found that the SCML intensities can increase by 83%, 88%, and 50% at the SEATS,
HOT, and BATS stations, respectively. Thus, in the revised version, we added “It
should be noted that the estimation is sensitive to the used values of these
environmental parameters. The values used in estimations above are representative for
the averages over a large spatial or temporal scale, but they may not reflect the real
values in a specific station.”

o line 18/19: “The shape of SCM layer (thickness and intensity) are ...” Thickness and
intensity do not affect the shape (which is Gaussian in this study). It suffices to write
“Thickness and intensity of the SCM are ...”

e line 23/24: “were also presented” should be “are also presented”.
e line 30: “while it existed” should be “while it exists”.

 line 38: the phrase “with vertically heterogeneous turbulent mixing” may be
misleading. Turbulent mixing does not have to be heterogeneous, it is sufficient if
there is a vertical profile that can be approximated by two layers of constant
diffusivity (as this and other studies have shown).

e line 52: “SCM has attracted” should be “SCMs have attracted’.

* line 70: “... depends strongly on sinking velocity of phytoplankton” the words
“and/or detritus” should added, as Beckmann and Hense (2007) do not assume
sinking phytoplankton.

* line 85: “of an infinite thickness” should be “of an infinitely small thickness”.

e line 155: “controls the width of the SCML” should be “controls the thickness of the
SCML”



’

e line 210: “Especially, ... ” should be “In particular, ...’
* line 364/366: “sceneries” maybe better “scenarios”.

* line 462: “Although these are important aspects that could be included ...” I don't
see how these aspects could easily be included in this approach without making the
system analytically intractable. Maybe just write “Although these are important
aspects, their addition is unlikely to change our conclusions qualitatively.”

* line 491: “... is the growth rate under the limitation of light intensity [...] is larger
than ...” should be “... is that the growth rate under the limitation of light intensity [...]
is larger than ...”

e line 527: Since BATS is spelled out, the same should be done for SEATS and HOTS.

¢ line 588: “Note that we have known ...”" is unclear. Do you mean “It is well known
that ...”?

* line 776. The description of colors in the figure caption is mixed up. In my copy, the
red solid line refers to f(I) (not the Chl a concentration, which is green), and there is
no black dashed line. Otherwise the figure is much improved.

* line 804: is the dN/dz value for HOTS from Beckmann and Hense (2007) or from
Hense and Beckmann (2008). Please check again.

Response: Many thanks for your detailed correction. We have revised them, please
see the revised manuscript.



A List of what we changed in the revised version of manuscript:

Revised version 2

Revised version 3

Line 18-19: Change “The shape of SCM layer (thickness and

Line 18-19 intensity) are ...” to “Thickness and intensity of the SCM
are ...”
Line 69: Change “... depends strongly on sinking velocity of
Line 70 phytoplankton” to “... depends strongly on sinking velocity of
phytoplankton and/or detritus”.
. Line 84-85: Change “... of an infinite thickness” to “... of an
Line 85 e .
infinitely small thickness™.
Line 98-99: Change “... match best for phytoplankton growth”
Line 99-100 to “... result in the maximal value of phytoplankton growth
rate”

Line 103-107

Line 106-110: The section from line 103 to 107 is placed at
line 106-110, and the reference of Cullen, 1982 is added in line
110 off.

Line 109

Line 105: The conversion factor 1.59 g Chl a per mol N is
added in the first two terms on the right hand side of Eq. (2).

Line 122-123

Line 122-123: Change “z; is the bottom of water column or
the location where the Chl a concentration reduces to nearly
zero below the euphotic zone.” to “z; is the location where the
Chl a concentration reduces to nearly zero in a sufficiently
deep water column.”

Line 142-143

Line 142-145: The boundary condition for phytoplankton
“The zero-flux boundary conditions for the phytoplankton at
the surface and bottom of the water column are used.” was
change to “The zero-flux boundary condition for the
phytoplankton at the surface is used. Like the study reported
by Ryabov et al. (2010), we also set the chlorophyll
concentration approaches zero at the bottom boundary z,, i.e.,
P—0 for z—z;. Fennel and Boss (2003) used an infinite depth
as zp.”

Line 145

Equation (6) was modified as

Kvla_P:()’ [{Vl aN :0’ atZZO,
“ 0z oz 79'
ON ON
P(Zb) =] 0, KVZ —az = KVZE r=sy at z = Zb‘

Line 191-196

Line 196-203: Add the explanation that we substituted a

Gaussian into Eq. (1-2) even though this is NOT an exact




solution, “We assume a general Gaussian function of P(z) (Eq.
7) is the solution for the Eqgs. (1) and (2) at steady-state to
derive explicit relationships between three characteristics of
SCM and the environmental parameters. If nutrient input to the
mixed layer due to riverine inputs, surface runoff, or
atmospheric deposition, is considered in the ecosystem, the
surface concentration of Chl a should be positive (Mellard et
al. 2011). Thus, the general Gaussian function is not an exact
solution, at best, an approximate solution of the dynamical

Egs. (1) and (2) by ignoring external nutrient input.”

Line 204

Line 211-213: Rewrite this sentence “From the property of
quadratic function with pointing downward (the right-hand

terms in Eq. 10), we know that for z, <z<z, the inequality

w, min(f(I),g(N))—&>0 1is satisfied.”

Line 274, 278, 283,
285

Line 282, 286, 291, 296: The conversion factor 1.59 g Chl a
per mol N is added in Eq. (19-22), respectively.

After line 283

Line 292-294: Add a new paragraph to interpret Eq. (21),
“This equality indicates that the total Chl a in the water
column (4) is independent of the sinking velocity of
phytoplankton. Both Ryabov et al. (2010) and Mellard et al.

(2011) obtained a similar result.”

Line 392

Line 403-406: Add an observed proof of the model result (Eq.
27), “Observations by four Bio-Argo floats in the North
Pacific Subtropical Gyre, the South Pacific Subtropical Gyre,
the Levantine Sea, and in the northwestern Mediterranean Sea
showed a significant positive linear relationship between the

two variables (Mignot et al. 2014).”

Line 462-464

Line 476-478: Modify the sentence “Although these are
important aspects that could be included, their addition is
unlikely to change our conclusions qualitatively (Fennel and
Boss, 2003)” as “Although these are important aspects, their




addition is unlikely to change our conclusions qualitatively
under the boundary conditions chosen in this study (Fennel
and Boss, 2003).”

Line 465-477

Line 479-495: Modify the discussion of Gaussian function
and rewrite this paragraph “Without considering nutrient input
directly to the surface mixed layer, phytoplankton within it is
assumed to be nearly zero. This assumption has been proved
by Mellard et al. (2011). The SCML is assumed to occur
significantly deeper than the base of surface mixed layer, and
the vertical gradient of phytoplankton is assumed to be
identically zero at the transition between the two layers. This
vertical profile of phytoplankton (Fig. 1) is assumed to be
fitted by a general Gaussian function (Eq. 7), in which
phytoplankton within the surface mixed layer is an
approximation for the tail of Gaussian function. The Gaussian
assumption leads to the results that both phytoplankton
concentration and vertical diffusivity within the surface mixed
layer have no roles on the SCM. However, the assumption of a
general Gaussian profile can be broken in several ways. If
nutrient input directly to the mixed layer due to riverine
inputs, surface runoff, or atmospheric deposition, Chl a
concentration within the surface mixed layer will be sustained,
while a SCM by itself will be not possible (Mellard et al.
2011). If the depth of surface mixed layer z is large, this
allows another way for the surface Chl a concentration being
positive by extracting some of the Chl a from the SCML
(Beckman and Hense, 2007), then the vertical gradient of Chl
a may not be identically zero at the transition between the two

layers.”

Line 486

Line 504-505 : Change “---Chl a concentration” to
“---phytoplankton and zooplankton concentrations”.




Line 527-528

Line 545-546 : Change “---and the Bermuda Atlantic
Time-Series Study (BATS)” to “--- and the BATS (Bermuda
Atlantic Time-Series Study)”.

Line 533

Line 551: Add an example for nutrient supplement
mechanism “--- (e.g., wind-driven nutrient pulse)---"

Line 536

Line 554-558: Add some explanations of the differences
between modeled and observations in Fig. 2 “It should be
noted that the estimation is sensitive to the used values of
these environmental parameters. The values used in
estimations above are representative for the averages over a
large spatial or temporal scale, but they may not reflect the real
values in a specific station.”

References

Add 1 reference in line 738-740.

Tables

Table 2: modify the reference (18) as Hense and Beckmann,
2008.
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Abstract:

A bell-shape vertical profile of chlorophyll a (Chl a) concentration, conventionally
referred to as Subsurface Chlorophyll Maximum (SCM) phenomenon, has frequently
been observed in stratified oceans and lakes. This profile is assumed to be a general
Gaussian distribution in this study. By substituting the general Gaussian function into
ecosystem dynamical equations, the steady-state solutions for SCM characteristics
(i.e., SCM layer depth, thickness, and intensity) in various scenarios are derived.
These solutions indicate that: 1) The maximum concentration of Chl a occurs at or
below the depth of maximum growth rates of phytoplankton located at the transition
from nutrient limitation to light limitation, and the depth of SCM layer deepens
logarithmically with an increase in surface light intensity; 2) Thickness and intensity
of the SCM are mainly affected by nutrient supply, but independent of surface light
intensity; 3) The intensity of SCM layer is proportional to the diffusive flux of
nutrients from below, getting stronger as a result of this layer being shrunk by a
higher light attenuation coefficient or a larger sinking velocity of phytoplankton. In
addition, the limitation and potential application of the analytical solutions are also

presented.
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1 Introduction

Vertical profiles of chlorophyll a (Chl a) concentration in lakes, coastal seas and open
oceans are highly variable. However, a bell-shape vertical profile of Chl a,
conventionally referred to as Subsurface Chlorophyll Maximum (SCM) phenomenon,
has been frequently observed in stratified water columns, e.g., it occurs through the
whole year in tropical and subtropical oceans while it exists only during summer in
temperate and high latitude oceanic zones. The subsurface biomass maxima (SBMs)
are also common in stratified water columns. The chlorophyll-to-biomass ratio
generally increases with depth in the euphotic zone. Thus, SCMs may not necessarily
represent SBMs (Cullen, 1982; Fennel and Boss, 2003) and are usually deeper than
SBMs (Fennel and Boss, 2003; Hodges and Rudnick, 2004). However, both the
subsurface maxima in chlorophyll and biomass are usually formed in certain regions
of the water column where two opposing resource (light and nutrient) gradients
combined with turbulent mixing is amenable for survival of phytoplankton. Thus,
SCMs are approximately equal to SBMs in many studies (Klausmeier and Litchman,
2001; Sharples et al., 2001; Huisman et al., 2006; Raybov et al., 2010). Fennel and
Boss (2003) reported that the photoacclimation of phytoplankton can be another

important reason for forming a SCM in oligotrophic waters.

The SCM phenomenon can be characterized by the thickness, depth, and intensity of
SCM layer (SCML) (Beckmann and Hense, 2007). On-site observations (Platt et al.,
1988; Sharples et al., 2001; Dekshenieks et al., 2001; Mellard et al., 2011) showed
that the SCML occurred relatively shallow (1-50 m) and was thin (several centimeters
to a few meters) in lakes and coastal seas, but the concentration of Chl a was high
(1-100 mg/m*). In open oceans, the SCML was deeper (80-130 m) and thicker (tens
of meters) while the concentration of Chl a was relatively low (<1 mg/m’) (Anderson,

1969; Platt et al., 1988).

SCMs have attracted much attention because of the significant contribution of SCML
to the total biomass and primary production in the whole water column (Cullen and
Eppley, 1981; Weston et al., 2005; Siswanto et al., 2005; Hanson et al., 2007;
Sullivan et al., 2010). Pérez et al. (2006) showed that 65-75% of the total Chl a in a
water column of the Atlantic subtropical gyres was presented in SCML and the layer

thickness was approximately 50 m. Weston et al. (2005) reported that the SCML
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accounted for 58% of the water column primary production in the central North Sea,
although the layer thickness was less than 5 m. Sullivan et al. (2010) found that the
fraction of Chl a in the SCML (thickness <3 m) out of the total water column ranged
from 33% to 47% in the Monterey Bay.

Many numerical studies have been conducted to link the thickness, depth and
intensity of the SCML to various environmental parameters (Jamart et al., 1979;
Varela et al., 1994; Klausmeier and Litchman, 2001; Hodges and Rudnick, 2004;
Huisman et al., 2006; Beckmann and Hense, 2007). The thickness of the SCML
mainly depends on the degree of vertical mixing in lakes (Klausmeier and Litchman,
2001). In oligotrophic oceans, light attenuation coefficient is the key factor in
determining the SCML depth (Varela et al., 1994; Hodges and Rudnick, 2004;
Beckmann and Hense, 2007) and the intensity of the SCML depends strongly on
sinking velocity of phytoplankton and/or detritus and vertical diffusivity rather than
growth rate of phytoplankton (Hodges and Rudnick, 2004; Beckmann and Hense,
2007). However, the thickness, depth and intensity of SCML are very sensitive to
variations of environmental parameters. Therefore, the relationships obtained from a
particular case may not be applicable for other cases. To understand the general
relationships between SCM phenomenon and environmental parameters, the

analytical solution for dynamic ecosystem equations is needed.

The algae game theoretical model, pioneered by Klausmeier and Litchmann (2001),
was perhaps the first one to derive the depth and intensity of SCML, although the
SCML is assumed to be infinitely thin. They adopted a delta function to approximate
the phytoplankton distribution in this thin layer. Yoshiyama et al. (2009) used this
model to examine more than one species competing for limiting nutrients and light
below the surface mixed layer. Mellard et al. (2011) included stratification into this
model. However, the SCML was still confined to an infinitely thin layer. In fact,
many observations showed that the thickness of SCML can reach as high as 100 m in
oceans (Platt et al., 1988). For those cases, the assumption of an infinitely small

thickness of SCML is contradictory to the observations.

In this study, we assume that the vertical profile of Chl a can be approximately treated
as a general Gaussian function, instead of a delta function. This parameterizing
approach was proposed firstly by Lewis et al. (1983), and has been widely used to fit
vertical profiles of Chl a (Platt et al., 1988; Weston et al., 2005; Ardyna et al., 2013).
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By incorporating the general Gaussian function into the ecosystem dynamical
equations, we derive the steady-state solutions for the thickness, depth, and intensity
of SCML in various scenarios and examine their dependence on environmental
parameters, such as light attenuation coefficient, vertical diffusivity, sinking velocity

of phytoplankton.
2 Methods
2.1 Models

The SCML occurs below the surface mixed layer, where the light attenuated from
above and nutrients supplied from the deep water result in the maximal value of
phytoplankton growth rate (Fig. 1). The partial differential equations for
phytoplankton and nutrients dynamics in which light and nutrients are two major
limiting factors (Eqgs. 1 and 2) (Riley et al., 1949; Lewis et al., 1986; Gabric and
Parslow, 1989; Huisman et al., 2006; Liccardo et al., 2013) were adopted in this

study.
oP . oP 0 oP
= = mm(f(l),g(N))P‘SP—Wgﬁ“g(Kv—62ja (D
o | o N 2
= =15, mm(f([),g(N))P+l.59agP+aZ(KV 62} 2)

where P denotes the Chl a concentration, N is the limiting nutrient concentration. The
photo-acclimation of phytoplankton is not considered here and the Chl a distribution
is supposed to represent the distribution of phytoplankton biomass. This is a
significant simplification. In fact, phytoplankton increases inter-cellular pigment
concentration when light level decreases (Cullen, 1982; Fennel and Boss, 2003).
Usually, the unit of Chl a concentration is mg m™, the concentrations of
phytoplankton and the limiting nutrients are in unit of mmol N m™. A ratio of 1.59 g

chlorophyll per mol nitrogen (Cloern et al., 1995; Oschlies, 2001) is thereby used for
unit conversion. £, is the maximum growth rate of phytoplankton, & is the loss
rate of phytoplankton (including respiration, mortality, zooplankton grazing), «is

the recycling rate of dead phytoplankton (0<a<1). w is the sinking velocity of

phytoplankton, which is non-negative in the chosen coordinate system and assumed

to be constant with depths. K is the vertical turbulent diffusivity and it is much

v
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larger within the surface mixed layer than that beneath. Here, K, depends on depth

in the following way (Hodges and Rudnick, 2004; Mellard et al., 2011):

K =

v

K, O<z<z,
3)

K, z, <z<z,

where z; is the depth of surface mixed layer, z, is the location where the Chl a
concentration reduces to nearly zero in a sufficiently deep water column. We assume
K1, Ky, are constant and K, is large enough to homogenize the Chl a and nutrient
concentrations in the surface mixed layer.

A gradual transition from the surface mixed layer to the deep one written in terms of a

generalized Fermi function is adopted (Ryabov et al., 2010), that is, K,(z) = K, +

Ky1—Ky;

TroGzo)/l where parameter / characterizes the width of the transition layer. In our

study, we assumed this transition layer is finitely thin.

The growth limited function rnin( f(1).g(N )) for light 7 and nutrients N is:

min(f(]),g(N))zmin( 1) N) Z)J, 4)

K, +1(z) K, +N(
where K; and Ky denote the half-saturation constants of light and nutrients,
respectively. The net growth rate, min( 7(1), g(N))—g, is positive only if both the
light limiting term g f ([ ) and nutrient limiting term gz, g(N ) are larger than the
loss rate e.

Light intensity is assumed to decrease exponentially with depth according to

Lambert-Beer’s law, i.e.,
](Z):]0 eXp(—Kdz), (5)

where I is the surface light intensity and K, is the light attenuation coefficient (Morel,
1988). Assuming a constant K;, we ignore the effects of the self-shading and the

dissolved and particulate material on the attenuation coefficient.

The zero-flux boundary condition for the phytoplankton at the surface is used. Like
the study reported by Ryabov et al. (2010), we also set the chlorophyll concentration
approaches zero at the bottom boundary z;, i.e., P—~0 for z—z,. Fennel and Boss

(2003) used an infinite depth as z,. Furthermore, we assume a zero-flux boundary
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condition for nutrients at the surface, while nutrients are replenished from below.

That is,

Kvla_PZOn Kvla_N:Oa at z=0,
* c (6)
ON ON
P(Zb):()’ KVZE:KVZEZZZI,’ atZ:Zb.

In addition, Lewis et al. (1983) first proposed a general Gaussian distribution function
(Eq. 7) to model the nonlinear feature of observed vertical Chl a profiles. In this study,
this function is adopted to represent the bell-shape vertical distribution of Chl a (Fig.

1.

_(Z_Zm )2
P(z)=P_e 2 0<z<z, (7)
where P(z) is Chl a concentration as a function of depth z, and P = " The
o2z

three Gaussian parameters (4, z,, o) can vary to characterize the SCM phenomenon.
Thus £ is the vertical integrated Chl a over the entire water column, z,, is the depth of
the maximum Chl a (the peak of the bell-shape), and o is the standard deviation of

Gaussian function, which controls the thickness of the SCML.
2.2 Three SCM characteristics

The thickness of SCML can characterize the vertical extent of Chl a distribution
below the surface mixed layer. It is still debatable how to best define the thickness of
SCML. One easy definition is to use the width between two locations below and
above the Chl a peak, where Chl a is a certain fraction (e.g. 50%, 100(e™"*)%) of the
maximum Chl a (Platt et al., 1988; Pérez et al., 2006). Some studies bounded the
layer by sharp vertical gradients in Chl a above and below the peak (Prairie et al.,
2011). Others defined the upper and lower boundary of SCML by ad hoc choices.
Pedros-Alio et al. (1999) proposed the SCML from the depth of the surface mixed
layer to the lower maximum gradient in the slope of the Chl a profile. Hanson et al.
(2007) defined that the upper boundary of the SCML was the minimum gradient
criterion of 0.02 mg Chl a m™ and the lower was the base of the euphotic zone.
Beckmann and Hense (2007) proposed to define the boundaries of SCML by the
existence of two community compensation depths in the water column, which were

located at the depths of two maximum phytoplankton gradients in phytoplankton
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biomass.

Building on the study by Beckmann and Hense (2007), the locations of the maximum

phytoplankton gradients are defined as the boundaries of SCML in this study. That is,

2
e ®)
zZ

z=2, 2,
where z, and z; are the upper and lower boundary of SCML, respectively.

By substituting Eq. (7) into this equality, we obtain z =z -o, z,=z, +o. Thus,
the thickness of SCML can thereby be expressed as 2o

From Eq. (8) and the steady state of Eq. (1), one gets the following equality at the
boundaries of SCML:

(um min(f(l),g(N))P—gP—wfl—fj senuz, =0 9)

That is, the boundary of SCML is located at the depth where there is the balance

between phytoplankton growth and all losses (including the divergence of the sinking
flux W‘:l—z and the loss ¢ due to mortality, respiration, and grazing), named the

community compensation depth (Ono et al., 2001). Thus, this definition reflects the

physical-biological ecosystem dynamics associated with SCML.

As described in Eq. (7), the depth of the SCML is defined as z,, that is, the location

of the point-wise maximum value of Chl a.

The third quantity, i.e. the intensity of SCML, refers to the maximum value of Chl a

(P, in Eq.7) in the water column.

2.3 Approach used in this study

Previous numerical studies (Huisman et al., 2006; Ryabov et al., 2010) showed that
the ecosystem dynamical model (Eqgs. 1 and 2) can approximately reproduce the
bell-shape feature of the vertical Chl a profile (Fig. 1). We assume a general
Gaussian function of P(z) (Eq. 7) is the solution for the Egs. (1) and (2) at
steady-state to derive explicit relationships between three characteristics of SCM and
the environmental parameters. If nutrient input to the mixed layer due to riverine
inputs, surface runoff, or atmospheric deposition, is considered in the ecosystem, the

surface concentration of Chl a should be positive (Mellard et al. 2011). Thus, the
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general Gaussian function is not an exact solution, at best, an approximate solution of

the dynamical Egs. (1) and (2) by ignoring external nutrient input.

Firstly, by substituting the general Gaussian function of P(z) with the steady-state
version of Eq. (1), we obtain that below the surface mixed layer the net growth rate of

phytoplankton can be expressed as follows

. K, wo? Y W K,
u,min(f(I),g(N))-e=- 0_42 [Z_Z”1+Ej +m + 0_22. (10)

Letting ,ummin( 7)), g(N))—g=0, we get the two compensation depths, z,, Z.,,

by solving Eq. (10):

wo’ wo’ ’ wo’ wo’ ’
zZ,=z,— - +0'2, Z,H,=2Z,— + +o’. (11)
2K 2K, 2K 2K,

v2 v2

From the property of quadratic function with pointing downward (the right-hand

terms in Eq. 10), we know that for z 6<z<z, the inequality
w, min(f(1),g(N))—&>0 1s satisfied. This indicates that the subsurface net

production occurs only between the two compensation depths where the growth rate

w, min(f(1),g(N)) equals the loss rate &. Beckmann and Hense (2007) found similar

results by numerical modeling and emphasized the often overlooked fact that an

SCML has to have two compensation depths.

From Eq. (11), we obtain z, <z, -o and z, 6 <z, <z, +o (Fig. 1). In particularly,

z,=z,—0,and z,=z +o when the sinking velocity of phytoplankton w is too

cl
small to affect the chlorophyll profile significantly. This result is identical to that of
Beckmann and Hense (2007) for neglecting sinking velocity of phytoplankton.

Hence, according to the property of quadratic function, there exists a depth z

between the two compensation depths,

2

WO
—y W 12
ZO Zm 2 ( )

v2

such that the net growth rate of phytoplankton is at its maximum, i.e.,

_K, W (13)

max(,ummin(f(l),g(N))—g)ZO > 4K‘,2.
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In other words, the maximum in net growth rates of phytoplankton occurs at the

depth of zy.

We define T =02/Kv2 as the characteristic vertical mixing time scale in the SCML of
thickness ¢ (Bowdon, 1985; Gabric and Parslow, 1989). Let the length scale be
L=2K »/w, which determines the scale height of the phytoplankton distribution
(Ghosal and Mandre,