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Abstract

Phytoplankton bloom in the Gulf of Elat/Aqaba was studied before mainly using one-dimensional models and observations
from the northern Gulf. Thus, the spatial variability within the Gulf and the contribution of physical processes such as
horizontal advection to the bloom have not yet been studied. Moreover, various factors such as light limitation are still debated.
Here we used a three-dimensional coupled physical-ecological model for the Gulf of Elat/Aqgaba to study the mechanisms for
phytoplankton bloom throughout the Gulf. We found the southern surface bloom to be higher than the northern surface. In
contrast, southern integrated bloom is lower than the northern bloom. These differences are due to spatial variations in the
mixed layer depth, which

is much deeper in the northern Gulf compared with the south. Moreover, horizontal advection controls phytoplankton integrated
biomass during the bloom, a process often neglected when dealing with phytoplankton

blooms. Finally, we found that light limits growth of the northern integrated bloom.
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Key Points:

+ Integrated phytoplankton concentration in the northern Gulf is driven by hori-
zontal advection

e Surface and integrated bloom behave differently in the southern and northern ends
of the Gulf

* Deep mixing causes light limitation in the deep mixed northern Gulf which inhibits
integrated growth
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Abstract

Phytoplankton bloom in the Gulf of Elat/Aqgaba was studied before mainly using one-
dimensional models and observations from the northern Gulf. Thus, the spatial variabil-
ity within the Gulf and the contribution of physical processes such as horizontal advec-
tion to the bloom have not yet been studied. Moreover, various factors such as light lim-
itation are still debated. Here we used a three-dimensional coupled physical-ecological
model for the Gulf of Elat/Agaba to study the mechanisms for phytoplankton bloom through-
out the Gulf. We found the southern surface bloom to be higher than the northern sur-
face. In contrast, southern integrated bloom is lower than the northern bloom. These
differences are due to spatial variations in the mixed layer depth, which is much deeper
in the northern Gulf compared with the south. Moreover, horizontal advection controls
phytoplankton integrated biomass during the bloom, a process often neglected when deal-
ing with phytoplankton blooms. Finally, we found that light limits growth of the north-
ern integrated bloom.

Plain Language Summary

Phytoplankton forms the base of the marine ecological system. Despite its impor-
tance, observing relevant processes and interpreting them is extremely complex. Phy-
toplankton are subject to both physical processes (e.g. currents and mixing) and inter-
nal ecological processes (e.g. growth and grazing). These processes are intermittent in
time, highly nonlinear, inhomogeneous in space, and span a wide range of spatial and
temporal scales. The phytoplankton bloom is a phenomena where phytoplankton con-
centration is enhanced rapidly. The mechanism for phytoplankton bloom initiation in
the Gulf of Elat/Agaba was studied before using a limited number of observations from
a single station in the north, which is insufficient to understand spatial variability or the
role of horizontal advection. We studied this phenomena in the Gulf using a 3D coupled
physical-ecological model. We found that despite the small dimension of the Gulf, there
is large spatial variability with significant differences between the north and south. The
ecological processes that occur in a water column are not sufficient to cause the integrated
bloom. The integrated phytoplankton bloom in the northern Gulf is driven by horizon-
tal advection from the south. In addition, light limits phytoplankton growth in the deep
mixed northern Gulf, contrarily to what was previously known.

1 Introduction

Phytoplankton blooms have been defined as rapid (order of days or weeks) phy-
toplankton biomass accumulation (Platt et al., 1991). They have been studied world-
wide, and various hypotheses for bloom initiation have been proposed over the years (e.g.
Sverdrup, 1953; Behrenfeld, 2010; Huisman et al., 1999; Smetacek & Passow, 1990; Chiswell
et al., 2015; Mahadevan et al., 2012; Zarubin et al., 2017). Phytoplankton blooms can
refer to two different quantities: surface (e.g. Sverdrup, 1953) and depth integrated (e.g.
Behrenfeld, 2010). The former refers to an elevated concentration of phytoplankton in
the surface water, and the latter refers to an elevated concentration in the whole water
column. Each of these quantities have corresponding rates of change which govern their
behaviour over time. These differences in defining the bloom are a cause for confusion
and inconsistency when dealing with phytoplankton blooms and can lead to contradict-
ing conclusions regarding the processes responsible for the bloom initiation (e.g. Behren-
feld & Boss, 2018; Chiswell et al., 2015; Zarubin et al., 2017).

One of the definitions used for phytoplankton blooms is a positive net growth rate
for a sufficient period of time (O(days/weeks), depending on location) (see for example
Behrenfeld & Boss, 2018; Sverdrup, 1953). The net growth is the sum of all processes
affecting phytoplankton concentration. These are comprised of ecological processes such
as growth, grazing and mortality, and of physical processes, such as horizontal advec-
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tion and vertical mixing (Behrenfeld & Boss, 2018; Chiswell et al., 2015). Both physi-
cal and ecological processes are important for changes in phytoplankton concentration.

Phytoplankton net growth rates are commonly inferred by using in-situ or satel-
lite observed chlorophyll or carbon (e.g. Behrenfeld, 2010; Zarubin et al., 2017; Chiswell
et al., 2015; Behrenfeld & Boss, 2018). Although net growth rate does not distinguish
between the different processes which control phytoplankton concentration, it is usually
used to understand the bloom initiation mechanism since it is the main rate that can
be estimated through observations. In order to do so, assumptions are made to neglect
physical processes in an attempt to understand the bloom ecological drivers (e.g. Behren-
feld, 2010; Chiswell et al., 2015). Vertical mixing can be neglected when looking at sur-
face bloom by presuming that phytoplankton concentration is vertically constant within
the mixed layer (e.g. Chiswell et al., 2015). Vertical mixing cancels out in the integrated
bloom when integrating over the whole water column. Horizontal advection, which is dif-
ficult to take into account, is also usually neglected by presuming a 1D domain (e.g. Chiswell
et al., 2015) or by averaging over a large area (e.g. Behrenfeld, 2010). In this work we
differentiate between the physical and ecological processes controlling the net growth rate
in the Gulf of Elat/Aqaba (hereinafter the Gulf). We conclude that horizontal advec-
tion cannot be neglected as it is an important driver for winter integrated net growth
rate in the Gulf.

As the effect of the 3D physics is complicated and hard to characterize through ob-
servations (Mahadevan, 2016) they are usually examined through numerical models. Ed-
dies can influence the bloom by causing changes in mixing and stratification (e.g Ma-
hadevan et al., 2012; Lévy et al., 1998; McGillicuddy et al., 1998). Horizontal advection
is linked to spatial heterogeneity and phytoplankton patchiness (Mahadevan, 2016; Mar-
tin, 2003). The effect of horizontal advection as a diluting process can have a positive
(due to dilution of grazers and viral infections) and negative (due to dilution of nutri-
ents) effect on the phytoplankton production (Lehahn et al., 2017). Horizontal advec-
tion can have an important effect on biological populations by frontal systems or coastal
upwelling (Daly & Smith Jr, 1993). Nutrient supply by horizontal advection was found
to be dominant in the North Atlantic subtropical gyre (Oschlies, 2002). Harmful algal
blooms in coastal upwelling regions can be controlled by the conditions in offshore wa-
ters instead of inshore waters where the bloom is measured due to horizontal advection
processes (Donaghay & Osborn, 1997).

We employ a 3D coupled physical-ecological climatological model of the Gulf. This
model enables us to distinguish between the processes controlling phytoplankton con-
centration. We confirm previous studies that showed that nutrient input has a major ef-
fect on phytoplankton surface and integrated bloom. Our new findings are: (1) spatial
variability within the Gulf is large, in spite of its small dimensions (length of around 180
km); northern surface and integrated bloom is higher and lower than southern bloom,
respectively; (2) while nutrients are the main limiting factor for integrated specific growth
in the southern Gulf, light significantly limits integrated growth in the deep mixed north-
ern Gulf; (3) integrated net growth rates in the Gulf are significantly affected by hor-
izontal advection from the south, thus neglecting them can lead to incorrect conclusions.

This paper is organised as follows: in the rest of the introduction we provide an
overview of the Gulf dynamics and ecological system (1.1). The model is described in
Section 2. Methods used in the paper are detailed in Section 3. Results are detailed in
Section 4 and are discussed in Section 5.

1.1 The Gulf of Elat

The Gulf is a deep (maximal depth 1800 m, mean 800 m. See Figure 1) elongated
(180 X 5-25 km), and arid (net evaporation range between ~1.8-3 m/y e.g. Ben-Sasson
et al. (2009); Cohen et al. (1977); Biton and Gildor (2011b)) semi-enclosed basin, con-
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nected to the Red Sea via the Straits of Tiran (maximal depth ~250 m). The shallow
depth of the straits prevents cold water from entering the Gulf, which results in relatively
warm deep water in the Gulf.

Our knowledge of the Gulf dynamics is based on a limited number of observations
and on numerical models. There are repeated monthly measurements in the northern
Gulf in Station A (illustrated in Figure 1) by the National Monitoring Program (NMP,
https://iui-eilat.huji.ac.il/Research/NMPAbout.aspx), which include temper-
ature, salinity, pressure and irradiance profiles. High resolution measurements in the north-
ern Gulf are conducted irregularly (Carlson et al., 2012, 2014). In the rest of the Gulf,
observations are sporadic (Manasrah et al., 2006; Plahn et al., 2002; Manasrah et al., 2004).
Numerical studies include simple models (Wolf-Vecht et al., 1992; T. Berman et al., 2003a;
Silverman & Gildor, 2008; Badran et al., 2005) and general circulation models (T. Berman
et al., 2000, 2003b; Brenner & Paldor, 2004; Biton & Gildor, 2011a, 2011b, 2011c).

Deep water is formed in winter, through shelf and open-water convection due to
surface cooling (Wolf-Vecht et al., 1992; Genin et al., 1995; Biton et al., 2008). Mixing
occurs in pulses, resulting from atmospheric forcing. The surface water in the Gulf is re-
placed by warm surface Red Sea water in the months after mixing (Biton & Gildor, 2011b).
Stratification can also occur by rapid pulses of water masses with elevated temperature
and is affected by short-lived eddies (Carlson et al., 2014). The advected water can have
an important effect on the nutrient concentrations in the Gulf (Biton & Gildor, 2011c;
Wolf-Vecht et al., 1992). Monthly averaged temperature and salinity observations from
two stations in the north and south Gulf between 1974 to 1977 show weaker water col-
umn stratification in the northern Gulf compared with the southern Gulf in both win-
ter and summer (Paldor & Anati, 1979).

Phytoplankton and nutrient dynamics have been studied in the northern Gulf us-
ing 1D numerical modeling (Kuhn et al., 2018) and observations (e.g. Lindell & Post,
1995; Genin et al., 1995; Al-Najjar et al., 2007; Labiosa et al., 2003); a limited number
of observations were also conducted in the south (Levanon-Spanier et al., 1979; Al-Qutob
et al., 2002; Stambler, 2005). The NMP collects monthly profiles of chlorophyll, nutri-
ents, particulate organic carbon, zooplankton, oxygen, PH, and more from Station A and
coastal stations. Chlorophyll a exhibits seasonal fluctuations, with low surface concen-
trations in summer, increased surface concentrations in winter and maximum surface con-
centrations in spring. During the mixing season the Gulf exhibits high integrated chloro-
phyll concentrations (e.g. Levanon-Spanier et al., 1979; Genin et al., 1995; Zarubin et
al., 2017). Following winter mixing, which causes nutrient enrichment, there is an ex-
ceptionally high surface spring bloom compared with other subtropic oligotrophic basins
(Zarubin et al., 2017). High surface chlorophyll concentration also follows winter mix-
ing in the northern main body of the Red Sea, and is linked to the nutrient input from
the deep water (Gittings, 2016).

The oligotrophic nature of the Gulf originates from input of nutrient depleted Red
Sea surface water. The Gulf resembles other larger oligotrophic basins, specifically olig-
otrophic central masses, such as the Sargasso Sea (Levanon-Spanier et al., 1979; Reiss
& Hottinger, 1984, Chapter 5). Phytoplankton growth in the Gulf can be limited by ni-
trogen alone (Levanon-Spanier et al., 1979) or co-limited by nitrogen and phosphorous
(Suggett et al., 2009).

It is still debated whether light limits phytoplankton growth in the Gulf. Stambler
(2006) claimed that due to the low turbidity of the water, light does not limit phytoplank-
ton growth in the upper 100 m throughout the year. Moreover, during deep mixing pe-
riods phytoplankton do not show effects of photoacclimation, suggesting that during win-

ter incident light does not limit growth in the whole water column (Stambler, 2006). Zarubin

et al. (2017) noticed that net growth rates (inferred from observations) were highest dur-
ing minimum incident light and thus concluded that incident light does not limit inte-
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Figure 1. The domain of the model and the bathymetry of the Gulf. The Gulf is connected
to the Red Sea through the Straits of Tiran in the south (more information in Section 1.1). NMP
monthly observations take place in Station A in the northern Gulf. The location of the Straits of

Tiran and Station A are illustrated.
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grated phytoplankton growth in the Gulf and that phytoplankton are mostly limited by
nutrients. In contrast, by using nitrogen budgets, Meeder (2012) found a decrease in in-
tegrated phytoplankton growth when mixing exceeded 550 m. Since nutrients are abun-
dant throughout the water column when mixing exceeds 550 m and increased mixing depths
are associated with light limitation (Gran & Braarud, 1935), Meeder (2012) suggested

that light was the dominant limitation for growth when mixing exceeded this depth. Here
we found that light availability is a dominant limitation for integrated growth during win-
ter mixing in the northern Gulf.

Spatial variability of primary production and chlorophyll concentrations in the Gulf
have been reported in the past. The Gulf exhibits east to west chlorophyll gradients, where
the eastern side, which is characterized by upwelling (and thus higher nutrient supply
compared with the western side), exhibits a larger phytoplankton concentration (Labiosa
et al., 2003). Using observations from summer 1997, Rasheed et al. (2002) showed that
chlorophyll concentration is lower in offshore stations (~3 km from shore ~600 m deep),
compared with inshore stations (up to ~30 m deep ~100 m from the Jordanian shore)
by up to 0.2 u g /1. This is in agreement with values reported by the NMP, which are
higher in the pier station compared with Station A in summer. According to NMP data
this difference is even more pronounced in winter, when surface values in the pier sta-
tion range between 0.8-2 p g /1 while surface values in Station A rarely exceed 0.5 u g
/1. Differences in chlorophyll concentration and primary production between the south-
ern and northern ends of the Gulf were reported by Levanon-Spanier et al. (1979). Oc-
casional cruises between the years 1975-1977 show differences in chlorophyll and primary
production vertical profiles between the northern and southern Gulf. The southern Gulf
has high chlorophyll values (~15 km north of the Straits of Tiran, maximum values in
the deep chlorophyll maximum of ~0.7 & g /1) compared with Station A in the north
(~0.2 p g /1) during winter (Levanon-Spanier et al., 1979). In addition, the southern Gulf
shows a more stratified pattern than the northern Gulf during winter months (Levanon-
Spanier et al., 1979). In this work we looked at the north-south spatial differences and
analyzed the differences in the mechanisms which control phytoplankton growth in the
southern and northern Gulf.

Despite the severe nutrient limitation, the Gulf exhibits an exceptional surface bloom
compared with other oligotrophic areas (Labiosa et al., 2003). Exceptional cooling, and
thus enhanced deep mixing conditions, causes stronger phytoplankton blooms (Genin
et al., 1995). Theories for the mechanisms responsible for the bloom initiation were pro-
posed and tested specifically for the Gulf. Meeder (2012) claimed that the integrated bloom
initiates when mixing depth increases beyond 250 m which is the depth of the base of
the nitracline. This threshold is sufficient for nutrient supply which limits phytoplank-
ton growth during summer. If the MLD increases beyond 550 m, light becomes the lim-
iting factor for integrated growth and the integrated bloom is inhibited. With the on-
set of stratification a rapid surface bloom occurs due to nutrient abundance and light
availability. Zarubin et al. (2017) offered the dispersion-confinement mechanism for the
bloom in the Gulf. In this hypothesis, high integrated net growth rate increases with MLD
deepening due to nutrient enrichment. This high integrated net growth rate is compen-
sated by dilution due to deep mixing (dilution phase), which results in constant chloro-
phyll concentration in the photic layer. Due to the high integrated net growth rates, the
integrated chlorophyll increases to a maximum when mixing is maximum. Stratification
(or the confinement phase) produces an increase in the surface chlorophyll concentra-
tion due to the lack of active mixing (or dilution), where they continue to grow until nu-
trient depletion.



214 2 Model description

215 2.1 Physical model

216 The model of the Gulf is based on the Massachusetts Institute of Technology Gen-
27 eral Circulation Model (MITgcm, Marshall, Adcroft, et al., 1997; Marshall, Hill, et al.,
218 1997). The physical model for climatological conditions was previously used to study var-
219 ious dynamical processes in the Gulf (Biton & Gildor, 2011¢, 2011a, 2011b, 2016). The
220 model’s domain includes the whole Gulf, ending 20 km south of the Straits of Tiran (See
221 Figure 1). The horizontal resolution is 300 m with 32 vertical levels concentrated mostly
222 in the upper 300 m. The model is a free-surface, hydrostatic primitive equation ocean

23 model with a KPP mixing scheme (Large et al., 1997) suitable for unstable regimes. The
24 horizontal viscosity is calculated using Smagorinsky scheme (Smagorinsky, 1963). There
25 is no explicit horizontal diffusion, but tracer’s horizontal eddy diffusivity is indirectly in-
226 fluenced by the advection scheme. An open boundary for the Straits of Tiran is used to
207 relax temperature and salinity to climatological profiles (more information in Biton &

208 Gildor, 2011b). The physical model was run for a period of 20 years to achieve quasi steady
229 state.

230 2.2 Ecological model
231 The ecological model is a simplified Nutrient-Phytoplankton-Zooplankton-Detritus
o3 (NPZD) model, including one Phytoplankton (P, [mmol — N/m?]) and Zooplankton
233 species (Z, [mmol — N/m?3]), Nitrogen as the limiting nutrient (N, [mmol — N/m?])
23 and Detritus (D, [mmol—N/m3]). In addition, we included an equation to convert phy-
235 toplankton biomass to chlorophyll (Chl, [ug/]), following Geider et al. (1997). The equa-
236 tions are based on Follows et al. (2007), but were altered to include processes shown to
237 be significant in the Gulf. Model equations are detailed in equations 1-6. More details
238 about the model equations and parameter optimization procedure can be found in Ap-
239 pendix 1.
DN N 0 ON
— = 1 imp kman znZ nP — (K —— 1
Dt uN—l—ksatN“ o tm T +az( 8z) (1)
240
DpP N p? g, 0P
— =p—itjgP —9g————72 —m,P —my, P+ — (K— 2
Dt MN"‘kgatN“ 3 gP2+kgSat my my +82( 62,’) ( )
241
DZ p? g ,..07
T =9y L~ manZ — 2 4 (K2
Dt 9P g2 m m +8z( 82') 3)

gsat
242

DD P?
— = P+m,Z? —kminD+ (1 —ecpp)g—=5—Z 4
B m,P +m + (1= cerr)9 53 T (4)
oD 0, 0D
ns o —(K——
w 0z 82( 0z )
243
DCHL N p? CHL
= i P —m,CHL — Z 5
Dt Pchz/phyMN T (2 mMp 9p2 + kggar P (5)
0,  OCHL
—mpnCHL + — (K
p + 82( 0z )
20 The ecological model was forced by monthly mean surface Photosyntheticaly Ac-
245 tive Radiation (PAR). The PAR data was retrieved from hourly data of surface PAR
246 from the Interuniversity Institute for marine sciences in Elat (IUI) meteorological data
247 (http://www.meteo-tech.co.il/eilat-yam/eilat _download_en.asp) in the period
218 between 2011-2020. The southern boundary of the model is relaxed to nitrate observa-

249 tions from the northern Red Sea station 28862 downloaded from the WOA13 (https://



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

www.nodc.noaa.gov/cgi-bin/0C5/woal3/woal3oxnu.pl). Relaxation time for the bound-
ary condition is one day. This is the only open boundary in the model, i.e. there is no
accumulation of matter in the sediments.

All variables were initialised based on NMP data from December 2010 throughout
the Gulf, although NMP data is only from the northern end, as there is no detailed data
elsewhere. Nitrogen was initialized from combined data of nitrite and nitrate. Phyto-
plankton concentration was converted from chlorophyll units (ug/l) by using a value of
40 mg—C/mg— Chl (Zarubin et al., 2017), the Redfield ratio (found to be similar to
the N/P ratio in the Gulf by Hése et al. (2006)) and carbon molecular weight to get units
of mmol — N/m3. Zooplankton was taken as 10% of phytoplankton concentration in
each depth (as in Lévy, 2015), as the NMP data does not provide depth resolution for
zooplankton data. Detritus was taken from particulate organic carbon data of NMP and
converted to mmol—N/m? using the Redfield ratio. The model was run for five years
of spin up, and reached quasi steady state. The presented results are the sixth year run.

2.3 Model comparison to observations

Model comparison to chlorophyll, nitrogen and zooplankton NMP observations in
Station A (taken from http://www.meteo-tech.co.il/EilatYam data/ey_data.asp)
are shown in figures 2, 3 and 4 respectively. Each month’s data is an average over the
years 2003-2020. Modeled chlorophyll structure showed reasonable agreement with the
NMP observations. The deep chlorophyll maximum is apparent and occurs in a similar
depth as in observations in summer months of June-August. The model nitrogen and
chlorophyll vertical profiles are homogeneous in the mixed layer between November-March,
in agreement with observations. Values of chlorophyll were lower in September-December
in the model compared with NMP observations, although the structure is similar. This
could be due to lower climatological PAR in these months compared with the values used
for the optimization of these months in the years 2011-2012, or due to insufficient input
of nutrients to the northern surface water by advection in the model. Nitrogen surface
observations (0-200 m) show good resemblance to observed values. Intermediate values
(200-500 m) differ from observations especially in the summer months. Deep (>500 m)
values of nitrogen were similar between model and observations. We stress that the depths
under 200 m were less important for phytoplankton production in summer. Modelled
zooplankton exhibits a rise between February and May as in the NMP observations. Sum-
mer modeled values are relatively constant and lower than the observed values.

We compared the model upper 50 m mean chlorophyll results (optical depth to com-
pare with MODIS in clear water as described in https://oceancolor.gsfc.nasa.gov/
forum/oceancolor/topic_show.pl?tid=553) to climatological chlorophyll obtained from
MODIS level 3 mapped 4km resolution (obtained from https://oceancolor.gsfc.nasa
.gov/13/) (Figure 5). The high surface chlorophyll concentration in winter is reproduced
by the model and the north to south gradient can be seen (Figure 5 left panels). The
summer chlorophyll values are low in both model and satellite observations (Figure 5 right
panels). Model results agree with Levanon-Spanier et al. (1979) observation for north-
south gradients in surface chlorophyll. Modeled Jan-Mar southern Gulf shows a max-
imum value of 0.6 u g/1 and north shows 0.2-0.3 u g /1 similar to what was showed by
Levanon-Spanier et al. (1979) observations (see Section 1.1.

3 Calculations and definitions
3.1 Surface and integrated phytoplankton concentrations

We examined phytoplankton dynamics in the surface water and in the whole wa-
ter column, using the following definitions:
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208 Surface phytoplankton concentration [mmol-N/m?3] was defined as the con-

209 centration in the upper layer of the model, which is 10 m deep. The results are insen-
300 sitive to this specific depth and will yield the same conclusions when using 35 m deep
301 as well.

302 Integrated phytoplankton concentration [mmol-N/m?| is calculated as the
303 phytoplankton depth integration over the whole water column, i.e. as X7 ; P;,Az;, where

304 P; is the phytoplankton concentration in each depth (z;) and n = 32 is the number of
305 grid points in the water column.

306 3.2 Phytoplankton rates of change

307 Phytoplankton biomass rates of change [1/d] are the measure of change in phyto-
308 plankton concentration in every given time and location, which is affected by both eco-
300 logical and physical processes, normalized by phytoplankton concentration. We calcu-
310 late various rates, as detailed below, to better understand the annual cycle of the eco-
su logical system and the bloom dynamics. Calculations of the integrated and surface rates
312 are similar to Chiswell et al. (2015). The following defined rates are either surface or in-
313 tegrated rates as detailed below.

314 Surface rate [1/d] is the rate of change in the model upper layer normalized by
315 the phytoplankton concentration e.g. Pilzl %.

316 Depth integrated rate [1/d] is the integrated rate over the whole water column

317 divided by the integrated phytoplankton concentration. For example, the integrated net

318 growth rate is calculated as: ﬁEﬁzl%Azi, (Similar to Chiswell, 2011).
i=1 11270
310 Specific growth rate [1/d] is the phytoplankton growth rate, which is dependent
320 on nutrient and light limitation, divided by the phytoplankton concentration (% ,LLWN;QWZ'ZMP).
2 PAR limited growth rate [1/d] is the specific growth rate if only light was lim-
522 iting phytoplankton growth (- uizimP).
323 N limited growth rate [1/d] is the specific growth rate if only nutrients were lim-
324 iting phytoplankton growth (%“N++m )
225 ];]cological growth rate [1/d] is the sum of the ecological rates (%(uﬁwmmP—
326 g%lﬁng—mpP—mpnP)).
327 Physical rate [1/d] is the sum of the advection and vertical mixing rates in the

28 phytoplankton equation (—%VﬁP + 5 % (K%—I:)).

320 Net growth rate [1/d], is the sum of all ecological and physical processes in the
330 equation for P (phytoplankton), Equation 2. The net growth rate is composed of the spe-
. . . . 2
o cific growth rate (%u#wmmP), mor_t’a_l’lty (—+ (mp+my,)P), grazing (_%Q%Z)’
e advection and vertical mixing rates (—5VVP + %%(K %—5)). Net growth rate deter-
333 mines the surface/integrated phytoplankton concentration in the surface/integrated wa-
334 ter column.
335 3.3 Mixed layer depth
336 Previous studies (e.g. Franks, 2014; Chiswell, 2011; Huisman et al., 1999; Lévy, 2015)

337 have shown the importance of using the Active Mixed Layer Depth (AMLD), as opposed
338 to Mixed Layer Depth (MLD) calculated from temperature gradients, when dealing with
339 the phytoplankton annual cycle. The AMLD takes into account the active mixing in the
340 water column. We compared the differences between the AMLD calculated using two

a1 thresholds for the Eddy diffusivity: 10~* and 1072 m?/s. The AMLD was set to be the
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minimum depth in which Eddy diffusivity was larger than the threshold. According to
Huisman et al. (1999), vertical eddy diffusivity can range between 10~2 (very turbulent
water) and 1075 (stratified conditions). As no significant difference was found between
the two thresholds in terms of the depth of of the AMLD, we used the value of 1072 m?/s
to calculate the AMLD.

3.4 Phytoplankton transport

Integrated normalized transport of phytoplankton from and into the three
selected areas (as detailed below) were calculated for each time step using:

1 m n AR VA . . i - -
ST S PA% AT, AY Y8 (Pi;Vij)AziAz;. Here V is the north-south veloc

ity, m is the number of grid points in the east-west direction and Ay, the size of a
grid cell in the north-south direction is equal to 300 m. The units of the normalized

transport are therefore 1/d.

4 Results
4.1 Surface and integrated phytoplankton

A Hovmoller diagram (Figure 6) shows the Gulf’s annual variability of the
zonal mean surface and integrated phytoplankton concentrations and AMLD. Two
important results can be seen: 1. Surface (Figure 6a) phytoplankton concentration
exhibits a negative (north to south) gradient during winter-spring. In contrast, inte-
grated (Figure 6b) phytoplankton concentration exhibits a positive (south to north)
gradient during winter-spring; and 2. Being a terminal basin, as expected, winter
AMLD (Figure 6c¢) is much deeper in the northern end of the Gulf (maximum of
370 m) compared with the central and southern parts of the Gulf. While summer
AMLD is nearly constant throughout the Gulf, AMLD deepening in the northern
Gulf precedes that of the south. To demonstrate these results, we calculated mean
values of surface and integrated chlorophyll and AMLD in three areas of the Gulf
(areas illustrated in Figure 6 by white, black and red shading). The Northern Gulf
(NG, includes station A, ~145-175 km from the Straits of Tiran, maximum depth of
~950 m), the Central Gulf (CG, ~75-105 km from the Straits of Tiran, maximum
depth of ~1760 m) and the Southern Gulf (SG, ~0-30 km north of the straits of
Tiran, maximum depth of ~1350 m). These areas are substantially different in their
mixing regimes and surface and integrated phytoplankton concentration.

Figure 7 shows the AMLD, integrated and surface phytoplankton concentra-
tion in the NG, CG and SG. The winter AMLD is deepest in the NG reaching down
to ~280 m (note that this value is lower than the 370 m mentioned above due to
averaging over the whole NG region), it is lowest in the SG reaching ~50 m, and
somewhere in between in the CG reaching down to ~125 m. During early spring,
surface phytoplankton concentrations (blue curves) are highest in the SG (~0.5

mmol — N/m3), lowest in the NG (~0.35 mmol — N/m?), and again, in between
in the CG (~0.4 mmol —  N/m?). In contrast, winter integrated phytoplankton
concentration is highest in the NG (~1.2 mmol — N/m?), lowest in the SG (~0.4

mmol — N/m?), with intermediate values in the CG (~0.7 mmol — N/m?). Summer
integrated phytoplankton concentration is somewhat higher than surface concentra-
tion as most of the summer phytoplankton is concentrated in the deep chlorophyll
maximum (~100 m) and not in the surface layer (Figure 2).

4.2 Processes governing phytoplankton dynamics

Mechanisms for phytoplankton dynamics were studied using the phytoplankton
rates of change defined in subsection 3.2. In the stratified season between June-
December, phytoplankton surface and integrated concentration does not change
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phytoplankton [mmol — N/m?]; and (c) AMLD [m] in the Gulf. X-axis is the distance from the
Straits of Tiran [km] and y-axis is date from Jan 1st. The plotted surface and integrated phyto-
plankton and AMLD are zonal means. The shaded areas indicate the NG (red) the CG (black)

and the SG (white).
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Figure 7. Surface (blue) and integrated (red) chlorophyll in three stations, NG (full line),

CG ( dotted line) and SG (dashed line) and their corresponding AMLD (green). Integrated
chlorophyll is divided by 100 m to achieve the same units of mmol — N/m?>.
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Figure 8. Upper panels: Phytoplankton surface rates in all three stations. Specific growth
rate (blue, NWNWilim)a grazing rate (red, g%%Z), mortality rate (green, (mp + mpn)),
sa gsat
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. . 2 .
ecological growth rate (black, F(ummmP — gﬁkng — mpP — my, P)), physical rate
(cyan, —%VﬁP + %%(K%—IZD)) and net growth rate (magenta, %%—f). AMLD is plotted in gray.
Lower panels: Surface specific growth rates, if only nitrogen was limiting (orange, uﬁ),

only PAR was limiting (purple, ui;im) and real growth (blue, Mmilim) Black dashed line
is the maximum growth possible in the water column (u). Notice that the orange and blue lines

almost completely coincide.

much (Figure 7), due to a near balance between the phytoplankton rates (explained
below). Vertical mixing, followed by nutrient supply to the mixed layer, resulted in
a rapid surface and integrated phytoplankton concentration increase. Net growth
rate, composed of both ecological and physical rates, controls the phytoplankton
concentration change - positive net growth rates may lead to a bloom. We note that
ecological and physical rates can counteract each other, and even if the ecological
rates are positive in a certain location promoting phytoplankton growth, physical
processes can effect the net growth by counteracting the ecological processes and
causing zero or negative net growth.

The surface ecological rates in summer were in a near balance between spe-
cific growth and mortality rates across the Gulf (Figure 8a-c). Other rates can be
neglected in summer due to their small values (Figure 8a-c). The winter mixed layer
deepening caused higher specific growth rate for surface phytoplankton concentra-
tion throughout the Gulf due to a decrease in nutrient limitation (orange curve in
Figure 8d-f; higher values mean less limitation).

Winter surface specific growth rate (blue curves in Figure 8a-c) is highest in
the NG (~0.3 1/d), followed by the CG and the SG which show similar rates (~0.2
1/d). Grazing (red curves in Figure 8a-c) is highest in the SG (~0.06 1/d) followed
by the CG (~0.03 1/d) and the NG (~0.02 1/d). Differences in grazing between the
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areas are further discussed below. Physical processes act to decrease winter surface
rates in all areas, in the NG and CG mostly due to vertical mixing of the surface
layer with the deeper ones (can be seen to correspond with AMLD) while in the SG
it is mainly due to horizontal advection.

The sum of all these rates, the surface net growth, is the rate that determines
the surface phytoplankton trend. The net growth rate (magenta curves in Figure
8a-c) fluctuates around zero. Summer surface net growth rates are mainly a balance
between specific growth and mortality, while in winter the balance is a combina-
tion of all rates, and the effect of the physical rate is important. The high winter
specific growth rate (which is highest in the NG, blue curve 8c) is counteracted by
the physical rates (cyan curve 8a-c) which are mainly due to vertical mixing in win-
ter. Winter grazing is more dominant in the SG compared with the CG and NG
(explained in more detail below).

As expected, Figure 8d-f shows that surface specific growth is limited in the
surface only by nutrients since the N limited growth rate is almost identical to the
specific growth rate. The nutrient limitation is weakest in the NG (i.e. N limited
growth rate is higher) due to the deep mixing.

Similar to the summer ecological surface rates, the summer integrated ecolog-
ical rates were in a near balance between specific growth and mortality rates across
the Gulf (Figure 9a-c), while other ecological rates were negligible during summer.
The winter mixed layer deepening caused higher specific growth for integrated phy-
toplankton concentration in the SG due to increased nutrients in the mixed layer
depth (orange curve in Figure 9d; higher values mean less limitation), but not as
much for the CG (Figure 9¢) and NG (Figure 9f) due to light limitation, as will be
explained below.

Integrated winter specific growth rates (Figure 9a-c) show the highest values
in the SG (~0.13 1/d), followed by the CG (~0.07 1/d) and the NG (~0.06 1/d).
Surprisingly, the integrated ecological rate in the NG and CG was positive only for
a short period of time in the beginning of winter (Jan/Dec-Feb). Negative ecolog-
ical rate in the NG winter is mostly driven by low specific growth rate (explained
below). The high integrated phytoplankton concentration in the NG was driven by
the advection rate (the physical rate is composed only of advection in the integrated
rates). Thus the integrated high phytoplankton concentration is not created in the
NG due to ecological processes, but is advected there from areas which do promote
ecological growth.

To demonstrate the previous point, and show that winter phytoplankton is
advected to the NG, depth integrated transport into the NG, out of the SG and into
and out of the CG were calculated (as detalied in Section 3.4). The transport of
phytoplankton can be seen in Figure 10. As was shown with the physical rate, the
transport shows that SG outflow transport is large, CG input and output transport
are similar to each other and approximately cancel out, while NG inflow is large in
winter months between January-April. Thus, in our model most of the integrated
phytoplankton into the NG is advected from the SG.

As opposed to the surface specific growth, which decreases from north to
south, the integrated specific growth decreases from south to north. Although the
N limited growth (orange curve in Figure 9f) is higher in the integrated NG (similar
to what was found in the surface), the PAR limitation is significant. Thus the PAR
limited growth (purple curves in 9d-e) is very low causing the specific growth rate
to decrease. Southwards in the CG and more so in the SG, although nutrients were
more limiting compared with the NG (orange curves in 9d-e), the light limitation
(purple curves in 9d-e) decreased due to the shallow mixing depth. Thus we found
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that the effect of light limitation is more dominant in the NG and decreases south-
wards due to the varying mixing depth. This increased light limitation in the NG
overcomes the nutrient limitation causing the specific growth to be higher in the SG
rather than in the NG. NG specific growth rate also exhibits a minima around April
due to a combination of high light limitation and high nutrient limitation (Figure
9f).

Both surface and integrated grazing in the NG and CG were highest in the
late winter/spring. Integrated grazing rates preceded surface grazing, corresponding
in these stations to the preceding integrated compared with surface phytoplankton
concentration. We found that the grazing rate is more important in the SG in both
surface and integrated rates, compared with the other stations. Surface grazing is
more dominant in the SG, as the surface phytoplankton and zooplankton concen-
tration is higher, causing both the ratio between zooplankton and phytoplankton
concentration to be higher and the % to be higher in the SG compared with

the NG. Integrated grazing was also higﬁé;tin the SG compared with the NG, but
for azdifferent reason. Integrated grazing is harder to understand because the term
P z

Pk, p cannot be separated due to the integration. However we found that the
gsat

integrated value of %Z was similar in the SG and in the NG, and the cause
for the large spatial differences in integrated grazing rates (Figure 9a-c, red curves)
is due to the high integrated P in the NG, which decreases %k:m% in the NG.
Thus, while grazing was similar in units of mmol — Nm™3, we found that its rate
in units of d~! was considerably lower in the NG due to the amount of phytoplank-
ton. The high specific growth was correlated with the high specific grazing in the
SG. The specific grazing has been shown to increase with increasing specific growth
before (Burkill et al., 1987). When specific grazing was very low, zooplankton con-

centration was also very low.

We conclude that winter surface phytoplankton specific growth is mostly bal-
anced by vertical mixing. Nutrients are the main limitation for specific growth in
the surface water, while the limitation is weaker in the NG compared with the CG
and SG due to the deeper mixing and thus higher nutrient concentration. Integrated
phytoplankton ecological rate is barely promoted in the NG (only for a short period
of time in January). Horizontal advection played a dominant role in adding phyto-
plankton to the NG from the SG. The integrated specific growth is highest in the
SG, since light limitation there is lowest, even though the NG is richer in nutrients,
since light limitation there is stronger.

5 Discussion

Phytoplankton spatial variability in the Gulf has not been studied much in
the past, although differences in the magnitude of phytoplankton biomass between
the northern and southern Gulf have been reported before (Levanon-Spanier et al.,
1979). Here we study for the first time, using a 3D physical-ecological model the
mechanisms behind the inverse behavior between the surface and integrated phyto-
plankton biomass magnitudes.

Our results, which show that phytoplankton is limited by nutrients in winter
both in surface and integrated rates, agree with previous work done in the Gulf
(Zarubin et al., 2017; Meeder, 2012). We found that when the ecological rate was
positive, specific growth rate was enhanced by nutrient enrichment. As in the
dispersion-confinement mechanism (Zarubin et al., 2017), the dilution effect lim-
its the phytoplankton concentration in surface water during winter and the timing of
the integrated bloom initiation corresponds to mixed layer deepening.
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While nutrients were the cause for growth enhancement in winter, we found
that light limits growth in the well-mixed NG. Previous studies claimed that light
was not a limiting factor for phytoplankton growth in the Gulf (Stambler, 2006;
Zarubin et al., 2017). Meeder (2012) suggested a CD that inhibited the integrated
bloom due to light. Our model results agree with Meeder (2012) that light was
a limitation on the winter growth. Although from the integrated phytoplankton
concentration it seemed that light was not a limiting factor, as integrated phyto-
plankton was sustained during winter, we found that the phytoplankton population
increase in the NG was due to horizontal advection from the SG as opposed to high
specific growth.

As opposed to previous work done in the Gulf, we showed that horizontal ad-
vection plays a significant role in the Gulf’s phytoplankton dynamics. It is nearly
impossible to reach this conclusion by observations alone. Inferring net growth rates
from phytoplankton concentrations, which is popular in the literature when using in
situ or satellite data (e.g. Behrenfeld, 2010; Zarubin et al., 2017), does not necessar-
ily represent the ecological rates. As shown here, net growth rates can be dominated
by physical processes, and thus do not represent the ecological growth rate.

To conclude, we found that even in the relatively small Gulf, spatial differences
are significant. Nutrient input from the deep waters was essential for phytoplankton
population to increase, however light inhibited integrated specific growth in areas
with deep mixing conditions. Although limited by light, integrated phytoplankton
concentration can still increase in deep mixing conditions due to horizontal advec-
tion from more productive areas. In a subsequent paper (H. Berman & Gildor, in
prep) we show that these differences are enhanced by increased cooling. Further
study should examine other effects on phytoplankton dynamics such as the effect of
viruses.

Appendix A Ecological model

Nutrient limitation on growth was modeled as a michaelis-menten equa-

tion. The nutrient limited growth is therefore Pm = MWNW' Light lim-
itation effect on phytoplankton growth (ilim, e.g. in Eq. 2) was modeled as
ilim = (1 — exp(—acPARO/Pm)) (Geider et al., 1997, eq. 1) where 6 is the

chl-c ratio, Pm is nutrient limited growth (see above), PAR is the amount of light
and agp; is the initial slope of the PI curve normalized to chlorophyll.

The model includes 15 parameters detailed in Table Al. Model parameters
were optimized using a genetic algorithm. Genetic algorithms are widely used for
optimization of dynamical models in general and specifically for NPZD models (e.g
Riickelt, 2010; Schartau & Oschlies, 2003; Kuhn et al., 2018). The genetic algorithm
searches for parameter values which result in the maximum fitness, which is the
inverse of the cost function (error). The optimization was run on a simplified 1D
offline model (only depth) in order to reduce computational time. The optimization
was run on the period between 1/12/2010-30/11/2012, one year of shallow mix-
ing and one year of deep mixing. Diffusivity values were read from the 3D physical
model (KPP coefficients). The cost function compared model output of chlorophyll,
nitrogen and zooplankton to monthly data collected by the NMP in the years 2011
and 2012.

The algorithm creates 24 ”chromosomes” in each generation, which contain
a combination of the parameters in binary form. The next generation is composed
partially by "mating” (taking part of two chromosomes) of the best fits and partially
by random "mutation”. The GA worked on 13 parameters for 600 generations in
realistic ranges (as can be found in Table Al). The GA searches for the maximum

—19—



Table Al.

ranges found in literature. The optimized value is detailed in the last column. The two bounded

parameters are detailed in the last two rows.

Parameters of the NPZD model. The first 13 parameters were optimized in the

Param  Units Parameter explanation Range Ref  Best fit
kmin d=! Remineralization rate 0.003-0.15 a,b 0.0042
Mean, d~! Z excretion rate 0.01-0.35 ad0.066
I d=! P maximum growth rate 0.2-3 be 0.59
KsatN mmol-Nm ™3 N half saturation coefficient 0.01-3.5 d,e 0.35
g d—t Maximum grazing rate 0.1-4 ede 35
kgsat mmol-Nm ™3 Grazing half saturation coefficient  0.1-5 ede 16
mp d=! P mortality rate 0.01-0.25 d 0.02
My, d—! P respiration rate 0.005-0.25 d 0.037
m, (mmol-Nm=3)"1d=1  Z mortality rate 0.01-1 b 0.97
Ceff non-dimensional Grazing efficiency 0.5-1 0.76
Wrs md~! PON sinking rate 0.0024-20 € 0.2
Qehl mmol-N pg-chl™! Initial slope of the PI

m2uE~! curve normalized to chlorophyll (0.18-3.15) - 10=7 / 0.77-10"
O, pg—chl - mmol-N~!  Maximum chl to N ratio 0.4-5.72 f 2.1
ke m?> - mg-chl ™! Light attenuation due to P 6.7-1074 9 -
ko m~1 Clear-water attenuation coefficient 0.04 h -

“Follows et al. (2007)

bSchartau and Oschlies (2003)
“Kuhn et al. (2018)

dKuhn et al. (2015)

¢Evans and Gargon (1997, chapter 8)
fGeider et al. (1997)

9Dishon et al. (2012)

hStambler (2006)
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Table A2. GA parameters used for optimization procedure.

GA Parameter Description Value

Precision Number of values tested between range of parameters 10 bit or 1024 values
Chromosome length Number of parameters to be optimized 13

Number of chromosomes Number of sets of parameters 24

Number of generations Number of generations to run the optimization 600

Probability for crossover Probability to mate 0.5

Probability for mutation Probability for mutation 0.01

Restart with elitism Difference between all chromosome fitness is less than  20%

fitness, which is the inverse of the cost function (error). If the GA converges and
fitness does not differ by 20%, the model parameters are initialized from random
values, while the best set of parameters are saved (elitism). The GA parameters are
detailed in Table A2.

The cost function was composed of the vertical sum of the common logarithm
of the squared errors for each of the variables - chlorophyll a, nitrate and zooplank-
ton, which are then summed up. The reasoning behind taking the logarithm is that
the chlorophyll distribution is skewed. Thus, by taking the logarithm of chlorophyll,
the distribution becomes less skewed and the squared error was then represented
more correctly. We added a constant of 0.02 to all measurements to avoid zero val-
ues. This was then done to all the variables that were being optimized. Thus, the
cost function was:

1 T D C[c»bsk C ik mod
Cost = Z T [loglo(% +0.02)? — loglo(% +0.02)?] (A1)
I=1 " j=1k=1

Where C) ; x is the compared variable I (Chl, N and Z) in time j and depth k. C°%
denotes the observation and C™°? denotes the model result. w is a weight factor
with same units as the compared variable and was found after trial and error best
suitable to be one for all optimized variables. L is the number of variables optimized
in the process and is equal to three. T is the number of measurements (number of
months) and D is the number of depths. Each variable was normalized to T. T is
equal to 24 for chlorophyll and nitrogen and 21 for zooplankton since these are the
data available in the NMP. Zooplankton has a lower influence on the cost function
because the cost function is not divided by number of measurements (zooplankton
data is depth integrated). The cost function was constructed in this way since nitro-
gen and chlorophyll observations are more accurate than zooplankton data, which
can represent also predators in higher trophic levels.

Monthly measurements collected by the NMP during the period December
2010 to November 2012 were used for the optimization procedure. Depth profiles of
chlorophyll a and nitrogen (nitrate and nitrite) from Station A, as well as zooplank-
ton in the upper 100 m, were used for the optimization algorithm. Zooplankton
AFDW (Ash Free Dry Weight) is converted to organic carbon using 50% of the
AFDW (Salonen et al., 1976).
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