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Abstract. Large differences in the vertical distribution of chlorophyll-a concentration (Chl) in a year with cold and warm winter 

are observed in the Black Sea on the base of Bio-Argo data. Stronger winter nutrient flux from deeper isopycnal layer in cold 2017 

caused an increase of Chl in the upper 40-meter layer observed throughout the whole year – from February to October, with a 

maximum exceeding 1.3 mg/m3 in February-May of 2017. In warm 2016 with weaker winter convection maximum of Chl during 10 

winter-spring in this layer was only about 0.8-0.9 mg/m3. However, the increase of Chl in 2017 led to strong light attenuation in 

the upper layer and a decrease of euphotic layer depth due to the “self-shading” mechanism. In 2016 with weaker bloom irradiance 

penetrated to a 40-70 m layer, below the maximum winter mixed layer depth (40-50 m) and reached the upper layer of nitroclyne, 

which was not affected by winter mixing. As a result, in warm 2016 the subsurface chlorophyll maximum deepens and Chl in 

deeper layers was on 0.2-0.6 mg/m3 higher than in 2017. The maximum difference (0.6 mg/m3) was observed during a summer 15 

seasonal peak of irradiance due to the largest increase of light attenuation in 2017. As a result, the column-averaged yearly values 

of Chl in warm 2016 and cold 2017 were comparable. These results demonstrate that the effect of self-shading largely compensates 

the role of winter convective entrainment of nutrients and causes the deepening of Chl subsurface maximum in warmer years. 

1 Introduction 

Convective mixing is one of the most important mechanisms supplying nutrients in the euphotic layer in mid- and high latitudes 20 

(see e.g. Sorokin, 2002; Williams & Follows, 2003). Vertically entrained nutrients during winter are further consumed by 

phytoplankton and remineralized throughout the whole year. These nutrients, first, cause the early-spring bloom in the upper mixed 

layer (Sverdrup, 1953; Sorokin, 2002) and, further, can fuel the subsurface bloom in summer months (Williams & Follows, 2003; 

Kubryakova et al., 2018). 

Particularly, in the Black Sea, the strongest winter-early spring bloom of diatoms (Mashtakova, 1985; Sorokin 2002; Mikayelyan 25 

et al., 2018) and early-summer bloom of coccolithophores (Mikaelyan et al., 2015; Silkin et al., 2014, 2019) are observed after 

severe winters. Several authors on the base of satellite data demonstrated that the variability of surface chlorophyll-а (Chl) on 

interannual time scales is correlated with winter sea surface temperature (Oguz et al., 2006; Finenko et al., 2014). Long-term 

analysis of in situ data (Mikaelyan et al., 2018) showed that winter severity significantly affects the taxonomic composition and 

seasonal succession of phytoplankton in the Black Sea.  30 

In a warm period of a year, Chl variability is characterized by so-called deep chlorophyll maximum (DCM) (Cullen, 2015), which 

position and strength have a strong variability in the Black Sea (Vedernikov, & Demidov, 1993; Finenko et al., 2002; Krivenko, 

2010). According to the classical point of view phytoplankton occupies layer between the maximal amount of nutrients, situated 

in deeper layers, and light, increasing near the surface (Cullen, 2015). The nutrients entrainment in the productive layer at this time 

is strongly related to the short-period mixing events (Williams & Follows, 2003) associated e.g. with storms (Iverson et al., 1974; 35 
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Zhang et al., 2014; Kubryakov, Zatsepin, et al., 2019), wind-driven or dynamic upwelling (McGillicuddy et al., 1998; Mikaelyan 

et al., 2020). Such physical processes provide vertical fluxes of nutrients in the lower part of the euphotic zone, which is one of the 

important reasons for phytoplankton grow in its subsurface maximum in summer (Jonhson et al., 2010; Cullen, 2015).  

Another reason of the formation of DCM is the summer rise of solar radiation, which leads photoinhibition and decrease of Chl in 

the upper layer (Platt et al., 1982), widening of the euphotic layer, and deepening of the productive zone (Letelier et al., 2004; 40 

Mignot et al., 2014; Lavigne et al., 2015). Such displacement is partly associated with the increase of Chl in the cell caused by the 

photoadaptive behavior of phytoplankton in (MacIntyre et al., 2002), documented for the Black Sea in (Finenko et al., 2002, 2005; 

Churilova et al., 2019).  

Intense phytoplankton bloom causes strong light attenuation, as photosynthetic pigments strongly absorb the light (Morel, 1991). 

This effect known as self-shading can significantly impact on the phytoplankton growth in deeper layers, where the highest amount 45 

of nutrients is observed throughout the year (Shigesada & Okubo, 1981). The amount of Chl and related water clarity largely 

control the depth of the euphotic zone (Shigesada & Okubo, 1981; Morel, 1991) and, therefore, impact on the position of DCM 

(Letelier et al., 2004; Leach et al., 2018). The self-shading mechanism is one of the important factors driving the phytoplankton 

variability and taxonomic composition in the most productive waters, e.g. lakes, rivers, and coastal waters (Morel, 1991; Leach et 

al., 2014; Churilova et al., 2020). On seasonal time scales, Letelier et al. (2004) have shown that this effect plays an important role 50 

in the variability of the euphotic layer, which additionally decreases in winter due to winter bloom of phytoplankton in the tropical 

Pacific Ocean. At the same time, the impact of self-shading on the interannual variability of the vertical distribution of Chl in the 

open ocean and, particularly, in the central Black Sea is mostly overlooked.  

Recently-deployed Bio-Argo buoys give a possibility to obtain continuous measurements of Chl and light characteristics on the 

interannual time scales with high vertical and time resolution (Claustre et al., 2010; Mignot et al., 2014). In our study, we use the 55 

measurements of these buoys in the Black Sea to investigate the effect of winter convection and irradiance on the vertical 

distribution of Chl in two years with contrasting winter conditions – warm 2016 and cold 2017. 

2 Data and methods 

The study is based on the bio-optical and hydrological measurements of two Bio-Argo buoys #6901866 and #7900591 located in 

the deep part of the Black Sea in 2016 and 2017. The trajectories of the Bio-Argo buoys in the 2016-2017 period are shown in Fig. 60 

1. The measurements of these buoys in both years were made in the central part and over the continental slope of the sea. We also 

note that the main results of this study do not change, if we analyze only data of buoy #7900591, which in the whole study period 

was situated in the east-central part of the sea.  
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Figure 1: trajectories of the buoys #6901866 and #7900591 in 2016 and 2017. Colorbar shows the date of the measurements. Purple crosses – 65 
the start of the trajectories, black crosses –end of trajectories. Gray lines show the position of isobaths.  

Data on the Chl and downwelling instantaneous irradiance (Ed, μmol photons m-2 s-1) integrated over 400–700 nm (PAR) were 

analyzed. Chl (mg m−3) was retrieved from the chlorophyll fluorescence sensor of the Wetlabs ECO Triplet Puck using the retrieval 

equation described by Xing et al. (2011). Multispectral ocean color radiometer (OCR-504, SATLANTIC Inc.) was used to measure 

the photosynthetic available radiation (PAR) in the water column. The precision of the device was 5 μmol photons m-2 s-1. Only Ed 70 

measurements made near the local noontime (+/− 1 hour), which represent approximately the maximal daily downwelling 

irradiance, were analyzed.  

Vertical gradients of Ed were used to compute the diffuse attenuation coefficient Kd(λ): 𝐾𝑑(λ) = ln (
𝐸𝑑( 𝑧+𝑑𝑧)

𝐸𝑑( 𝑧)
) /𝑑𝑧, here z is depth, 

dz=1 m.  

The Bio-Argo buoys provided data on salinity and temperature at the time of the bio-optical measurements. Mixed layer depth was 75 

estimated using a potential density threshold of 0.07 kg m−3 (Kubryakov, Belokopytov et al., 2019). Bio-Argo buoy data have a 

high time resolution (1 and 5 days) and vertical resolution (1 m), is regular and is publicly available (Claustre et al., 2010). 

3 Results 

The Black Sea is characterized by several specific features, related mainly by the impact of large river inflow. Rivers cause its 

strong haline stratification and bring a vast amount of organic matter (Vladimirov et al., 1997; Mankovsky et al., 2010), which 80 

reduces the transparency of its water. As a result, the diffuse attenuation coefficient in the sea is large (Organelli et al., 2017; 

Churilova et al., 2019) and the euphotic layer is relatively shallow, about 50 m (Vedernikov & Demidov, 1993). Due to the strong 

haline stratification the mixed layer depth also generally does not exceed 40-50 m in the central part of the sea and 50-70 m on its 

periphery and in anticyclonic eddies (Kubryakov, Belokopytov, et al., 2019). Due to these features, the upper border of the 

nitroclyne is relatively shallow. It is situated approximately at 40-50 m depth and tightly coupled to isopycnals (isohalines) positons 85 

(Konovalov et al., 2005). 

The results of this study are based on a comparative analysis of the bio-optical characteristics of the Black Sea in 2016 and 2017, 

which were characterized by different winter thermal conditions. In 2016, the winter was significantly warmer than in cold 2017 
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(Fig. 1a, b). The temperature in the upper 70-meter layer from January to March 2016 did not fall below 8.5°C (Fig. 2a), and its 

column-averaged value varied from 8.5 to 9.0°C (Fig. 3, solid red line). Due to such warm conditions in winter of 2016 the cold 90 

intermediate layer – a characteristic feature of the thermohaline structure of the Black Sea with a temperature of less than 8°C – 

was absent this year (Fig. 2a). In 2017, the temperature in the upper 50-meter layer was on 1℃ lower (Fig. 2b, Fig. 3, red dashed 

line) as a result of severe winter cooling of the sea surface and convection. The minimum temperature in February reached 7°C on 

the surface, and 7.5°C in the 0-70 m layer. As a result, the cold intermediate layer was observed in 2017 at 45-70 m in January -

September 2017. 95 

 

 

Figure 2: seasonal variability of temperature in 2016 (a) and 2017 (b), density in 2016 (c) and 2017 (d). 

The decrease of temperature in 2017 led to an increase in the density of the surface layer and the entrainment of the underlying 

isopycnal layer in the upper mixed layer (red line in Fig. 4a, b). Maximum entrainment was observed in February-March. In 2017, 100 

intensive cooling caused an outcropping of isopycnal 1014.4 kg m-3 on the surface. In 2016 the maximum density of the mixed 

layer did not exceed 1013.8 kg m-3 (Fig. 1c, d). Since the distribution of nutrients in the central part of the Black Sea is strongly 

linked to the position of isopycnals, the density of the upper mixed layer is an indicator of the intensity of their entrainment 

(Kubryakova et al., 2018). Thus, the cooling and entrainment of dense isopycnal layer (Fig. 1d) led to the fact that in 2017 a greater 

number of nutrients entered the upper mixed layer as a result of winter mixing. 105 
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Figure 3: average seasonal variability of Chl and temperature in 2016 (solid line) and 2017 (dashed) in the 0-70 m layer. 

The entrainment of nutrients in the upper layer caused the intense growth of phytoplankton, which is reflected in the increase in 

the Chl. In February 2017, the average Chl in 0-70 m layer was 0.75 mg m-3 (Fig. 3, black dashed line), and in the upper 30-meter 

layer it exceeded 1.2 mg m-3 (Fig. 4b). In the same period of 2016, column-averaged Chl in the 0-70 m layer was on 0.15 mg m-3 110 

lower (Fig. 3, black solid line) and was less than 0.9-1.0 mg m-3 in the 0-30 m layer (Fig. 4a). 

 

 

Figure 4: seasonal variability of Chl in 2016 (a) and 2017 (b). The black line marks the border of the photic zone (maximum photosynthetic 
active radiation Ed=3 μmol photons m-2 s-1), the red line marks the mixed layer depth. Seasonal variability of diffuse attenuation coefficient Kd 115 
(m-1) in 2016 (c), 2017 (d). 
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Lower Chl values in 2016 in the 20-40 m layer were observed almost until the end of the year. From mid-March to July, the Chl 

in this layer in 2016 was about 0.8-0.9 mg m-3, while in 2017 it was significantly higher – about 1.0-1.3 mg m-3. Thus, intense 

entrainment of nutrients in the winter of 2017 led to an increase in biological productivity not only in winter but also in the 

following months as a result of their remineralization. This effect, in particular, led to an unusually strong coccolithophore bloom 120 

in May-July 2017, which was observed from satellite measurements and Bio-Argo buoy data (Kubryakov, Mikaelyan, et al., 2019). 

At the same time, high concentrations of Chl (more than 0.5 mg m-3) in 2017 were observed only in the 0-50 m layer, and in 2016 

they were detected in a deeper layer, reaching 65 m. The changes in the vertical distribution of Chl are observed in the diagram of 

the Chl difference in 2017 and 2016 (Fig. 5a), which looked like “yin-yang sign”. In 2017, from January to October, the upper 0-

40 m layer of Chl was larger than in 2016. The maximum difference was detected in March-June and reached 0.4-0.6 mg m-3 in 125 

the 10-40 m layer. At the same time, Chl was significantly higher in the lower layers in 2016. Starting from March to November, 

the Chl values in the 40-60 m layer in warm 2016 were higher than in 2017 by the same value of 0.4-0.6 mg m-3. The maximum 

excess of Chl in 2016 was observed in the summer period in the layer of 35-60 m, when its values were 0.5-0.6 mg m-3 more than 

in 2017. 

 130 

 

Figure 5: seasonal diagram of a difference of vertical distribution of Chl (a) and Kd (b) between 2017 and 2016. 

In Fig. 4a, b the black line marks the border of the photic zone is related to the isolume Ed=3 μmol of photons m-2 s-1. It can be 

seen that in 2017, this border was higher by 10 m in April, and by 20 m in June compared to 2016. This indicates that in 2017, the 

growth of phytoplankton in the deep layer was limited by the low light conditions. The reason for this was an increase in the light 135 

attenuation coefficient Kd in 2017 (Fig. 4c, d). The diffuse attenuation coefficient Kd in the upper 30-meter layer from January to 

October 2017 exceeded 0.12 m-1, reaching maximum values of 0.15 m-1 in the summer period (Fig. 4d). At the same time, in 2016, 

the values of Kd in February-October in the subsurface layer was about 0.1 m-1 (Fig. 4c). 

The diagram in Fig. 5b demonstrates the differences in Kd distribution between 2017 and 2016. In 2017, the Kd values in the 30-

meter layer were higher than in 2016 from January to October by 0.01-0.03 m-1 (Fig. 5b). The largest differences (0.03-0.05 m-1) 140 

were observed in June-September in the 15-30 m layer. At the same time, in the deep layer of 40-60 m, Kd was lower in 2017 by 

0.01-0.02 m-1. The distribution of the Kd difference diagram (Fig. 5b) is very similar to that for Chl (Fig. 5a), which indicates that 

the increase of phytoplankton and Chl in 2017 were one the main cause of the light attenuation due to self-shading mechanism.  

Rise of Kd led to a decrease in the PAR in the subsurface layers and shallowing of the euphotic zone. Diagrams in Fig. 6 demonstrate 

PAR distribution in 2016, 2017, and their difference (2017-2016). It is well seen that in warm 2016 the decrease of production in 145 

the upper layers led to a larger amount of PAR in the subsurface layers of the sea (Fig. 6a). A significant increase of PAR by more 

than 1 µmol photons m-2 s-1 was observed in the entire layer of 0-60 m. Values of PAR were higher in February-March, June-

August, and October-December 2016 than in 2017, when a much larger amount of light penetrated in the subsurface layer. In the 
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10-30 m layer, the values of PAR difference during the early spring bloom in February-April and autumn bloom in October-

November reached 20 µmol photons m-2 s-1 (Fig. 6c). In summer, these differences were greatest and exceeded 200 µmol photons 150 

m-2 s-1 in the 0-25 m layer and were more than 10 µmol photons m-2 s-1 in the 40-meter layer. Taking the value of compensational 

irradiance in the Black Sea as 3 µmol photons m-2 s-1 such PAR increase caused a significant widening of the euphotic zone. 

 

 

Figure 6: seasonal variability of PAR in 2016 (a), 2017 (b), and PAR difference in 2017 and 2016 (c). Black lines indicate the boundaries of the 155 
photic zone (at the maximum photosynthetic active radiation Ed=3 µmol photons m-2 s-1 and Ed=25 µmol photons m-2 s-1). 

As a result of light penetration, phytoplankton could develop in the deep layer (40-60 m). At the same time, the maximum winter 

mixed layer depth (see Fig. 4a, b) did not exceed 45 m and winter convection did not reach these depths. Thus, the nutrients in the 

45-60 m layer were not entrained in convective mixing and their concentration was undiluted by surface waters and stayed high. 

The penetration of light into this layer in 2016 due to the decrease of self-shading caused the growth of phytoplankton directly in 160 

the nitroclyne without mandatory mixing. A similar process is observed, in particular, in subtropical regions, where winter cooling 

is almost absent. As a result, the largest rise of Chl in years with weak convection is observed in the deep layer and the subsurface 

maximum of Chl deepens into layers unaffected by winter convection. 

The increase of Chl in the deep layer in warm 2016 largely compensated its decrease in the upper layer caused by weak vertical 

entrainment of nutrients (Fig. 4c). Despite the significantly larger Chl values in upper 40-meter layer in 2017, the difference in 165 

column-averaged Chl over 0-70 m did not exceed 0.1 mg m-3 in the first half of the year, except the period of intense convection 

in February, when it reaches 0.15 mg m-3 (Fig. 3). In summer, the sign of this difference changed to the opposite. Due to the rise 

of light attenuation in the summer of 2017, the summer maximum of Chl was suppressed in this year. At the same time, in 2016, 

light penetrated to larger depths, contributing to the development of a deep and wide subsurface maximum in August 2016 at 20-

60 m located close to the zone of high gradient of nutrients. In July-August, the column-averaged Chl in 2016 exceeded its values 170 
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in 2017 by 0.1-0.15 mg m-3. Thus, the decrease in Chl in the first half of the year in the upper layer of 2016 due to the weak 

convective entrainment of nutrients in winter was compensated by its increase in the summer period due to the lack of self-shading 

effect and the development of a deep Chl maximum directly in the nitroclyne. Because of this, the yearly-averaged integral Chl in 

the euphotic layer in 2016 and 2017 became comparable (Fig. 3). 

4 Discussion 175 

The reasons for the variability of the characteristics of the deep chlorophyll maximum is one of the important and actively 

investigated oceanographic tasks (Cullen, 2015; Leach et al., 2018; Barbieux et al., 2019). Variability of its position and strength 

are related in different studies to the vertical distribution of nutrients (Hartman et al., 2014; Barbieux et al., 2019), optical 

characteristics of water and light availability (Morel, 1991; Mignot et al., 2014; Leach et al., 2018), density stratification (Navarro 

& Ruiz, 2013). Our study approves that all these factors are important and provide a link between their impact on the vertical 180 

distribution of Chl on the example of the Black Sea based on continuous Bio-Argo measurements (see scheme in Fig. 7). Nitroclyne 

in the highly-stratified waters of the Black Sea is closely related to the isopycnals position (Konovalov et al., 2005). The increase 

of density of the upper mixed layer in winter leads to the convective mixing reaching the isopycnals with the same density. Deep 

isopycnal layer with a high amount of nutrients mixes with surface waters and defines the concentration of nutrients in the winter 

mixed layer (0-40 m in the Black Sea) (Kubryakova et al., 2018; Mikaelyan et al., 2018; Silkin et al., 2019). Further thermal 185 

stratification stabilizes the water column but keeps the same concentration of nutrients. Rise of the irradiance causes the following 

spring growth of phytoplankton, which utilizes these nutrients. Part of them regenerates and another part sinks out to the nitroclyne. 

The regenerated nutrients further are used by the summer population of phytoplankton. For example, in the Black Sea, the strong 

coccolithophore bloom emerges after strong spring bloom of diatoms and their magnitude depends on the winter sea surface 

temperature (Silkin et al., 2014; Mikaelyan et al., 2015). Thus, the phytoplankton concentration in the upper layer through the year 190 

will depend on the density of the preceding winter mixed layer.  
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Figure 7: a scheme of the impact of convection and self-shading on the vertical distribution of chlorophyll-a. (a) In a year with cold winter, the 
larger amount of nutrients (grey color) is convectively entrained in the upper layer, which increases the growth of phytoplankton in the upper 
layer and causes self-shading of deeper layer. Therefore, DCM moves to the upper layer. (b) In years with warm winter convective nutrient fluxes 195 
are low, the amount of phytoplankton and light attenuation decreases. In the summer period with the increase of PAR, light penetrates the upper 

layer of nitroclyne and causes intense and deep summer subsurface bloom. Therefore, the total amount of nutrients used by the phytoplankton in 
both years is comparable.  

In the warm period of a year PAR strongly increases, euphotic layer deepens, and the surface layer becomes over-illuminated, 

which is one of the possible reasons for the formation of deep chlorophyll maximum in summer (Platt et al., 1982; Mignot et al., 200 

2014). The phytoplankton pigments, absorb light, and its variability largely define the optical characteristics of the water through 

the self-shading mechanism (Morel, 1991; Churilova et al., 2020). Thereby in the water with higher nutrient concentration (e.g. 

after cold winter), the light penetration to the deeper layer weakens. The water clarity decreases, which causes uplift of a productive 

layer or DCM to the surface (Mignot et al., 2014; Leach et al., 2018), as we observed in 2017 in the Black Sea (Fig. 3, Fig. 6a). 

On the opposite, in the water with relatively low nutrient fluxes (as in 2016 in the Black Sea), the absence of self-shading promotes 205 

the light penetration to the deeper layer, which leads to the deepening and widening of the productive layer (Fig. 6b). Thereby 

DCM displacement is driven by the amount of nutrients and related self-shading by phytoplankton.  

Light attenuation depends not only on the phytoplankton or Chl, but also on the attenuation by clear water and dissolved organic 

matter (DOM) (Morel, 1991). Independently of the phytoplankton concentration, the amount of light will additionally decrease in 

the deeper layer. Particularly, in the Black Sea, the impact of DOM on light attenuation is very high due to the intense river 210 

discharge (Mankovsky et al., 2010; Organelli et al., 2017). The impact of this effect and lower nutrient concentration should lead 

to a decrease in the total amount of Chl after warmer years. However, in our study column-averaged Chl in years with high and 

low winter nutrient fluxes was almost equal, which should have some explanation.  

Another source of light attenuation, which is nutrient-dependent, is autochthonous DOM formed due to the release of lipids during 

lysis of phytoplankton cells. Particularly, in the Black Sea, the termination of the strong coccolithophores, probably as a result of 215 

viral lysis, provides a large amount of DOM in the upper layer (Kubryakov, Mikaeyan et al., 2019). This process was, particularly, 

important after very strong coccolithophore bloom in 2017 resulting in the observed maximum attenuation in July-August at 10-

30 m depth (Fig. 5b). DOM release additionally increases the light attenuation, which plays a role in equalizing the total 

productivity in warm and cold years. 

However, significantly more important is that in the warm year light penetrates at a deeper layer. In our case, it penetrates at 40-220 

60 m in the Black Sea, where the upper border of nitrocline is located, below which concentration of nitrates sharply increases. In 

the Black Sea, the winter mixed layer is only about 40 m, and the underlying rich in the nutrients layer was unaffected by winter 

dilution. Therefore, due to the absence of self-shading in years with weak convection, the maximum of Chl is located close to the 

layer with a high concentration of nutrients, which will increase the biological productivity. This process will be most effective in 

the summer because in this time of the year the phytoplankton is fueled mainly from below by the intense diapycnal mixing caused 225 

by storms (Iverson et al., 1974; Zhang et al., 2014; Chacko, 2017) or, e.g. eddy-driven upwelling (McGillicuddy et al., 1998; 

Mikaelyan et al., 2020). Particularly, in the Black Sea, several storms in August 2015 led to the subsurface maximum of Chl at the 

base of the euphotic layer reaching 7 mg m-3 (Kubryakov, Zatsepin et al., 2019). Such nutrient fluxes depend on the gradient of 

nutrient concentration and will be larger in years with deeper bloom. Additionally, in the years with warm winter the cyclonic 

circulation in the basin is usually weak, which intensifies the cross-shelf exchange in the Black Sea providing horizontal nutrient 230 

fluxes in the basin (Oguz et al., 2002; Kubryakov, Stanichny, et al., 2018). Thereby increase of nutrient fluxes in summer 

compensates their decrease in winter during years with weak winter convection and the differences in yearly averaged Chl in cold 

and warm periods are small. 
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On the other hand, the phytoplankton after cold and warm winter grows at different depths and, therefore, the environmental (light 

and nutrients) conditions change significantly. Such variability can be one of the reasons for the changes in seasonal succession of 235 

phytoplankton after cold and usual winters, studied in detail by Mikaelyan et al. (2018). In agreement with our analysis, authors 

show that after cold winter nutrients in upper layers significantly increase. This causes intense spring diatom bloom (Mashtakova, 

1985; Sorokin, 2002; Silkin et al., 2014) which is followed by strong coccolithophore bloom (Mikaelyan et al., 2015). The lysis of 

coccolithophores causes the rise of DOM in the upper layer (Kubryakov, Mikaelyan, et al., 2019), which decreases the width 

thickness of the euphotic zone and the efficiency of the upward nutrient fluxes in it from the deeper layer. The release of DOM 240 

triggers the microbial loop, which transfers the trophic energy in smaller species. All these factors can explain the high biomass of 

diatoms in spring and low in summer after cold winters documented by Mikaelyan et al. (2018).  

In contrast after warm winter phytoplankton in spring grows in low-nutrient conditions. Thereby in spring diatom biomass is lower 

and dinoflagellates biomass reaches maximum, according to (Mikelyan et al., 2018). However, in summer phytoplankton develops 

in the deeper layer with a higher amount of nutrients, which may explain the larger diatom biomass and diversity in warmer years 245 

documented by Mikelyan et al. (2018). Deepening of the euphotic layer may also promote the growth of species adapted to low 

light with low biomass and high Chl content in cells (Falkowski & La Roshe, 1991; MacIntyre et al., 2002; Latasa et al., 2017). 

Particularly, in the Black Sea, the lower border of the euphotic zone is characterized by the domination of small flagellates and 

unicellular cyanobacteria (Churilova et al., 2019; Mikaelyan et al., 2020), which may have an advantage in the years with warm 

winters. 250 

5 Conclusions 

A comparative analysis of the bio-optical characteristics of the Black Sea for 2016 and 2017 based on Bio-Argo buoys showed 

that the intensity of winter convection largely controls the bio-productivity and the position of the deep maximum Chl throughout 

the year: 

- intensive water cooling in the cold winter of 2017 caused the involvement of deep waters in the upper layer of the sea, the growth 255 

of phytoplankton, and a significant increase in Chl in the upper layer. In the 0-40 m layer from March to October, the Chl values 

exceeded by 0.3-0.6 mg m-3 the values in the same period of 2016. This increase in Chl led to an increase in the light attenuation 

coefficient and a decrease in the euphotic layer of the basin as a result of the self-shading effect. As a result, the Chl values in the 

40-60 m layer in 2017 were significantly lower than in the warm 2016; 

- in 2016, which was characterized by a warm winter and weak Chl involvement in the upper layer was much lower than in 2017. 260 

Due to the increased transparency of the water, a large number of PAR penetrated the nitrocline to a depth of 40-60 m, which was 

not affected by convective mixing. As a result, in the lower 30-60 m layer, Chl in 2016 exceeded its values in 2017 by 0.1-0.6 mg 

m-3. Particularly significant difference was observed in the summer period, when the attenuation coefficient in the 10-30 m layer 

in 2016 was the lowest compared to 2017. 

Thus, the decrease in Chl in 2016 in the spring in years with warm winters because of the weakening of convection involving 265 

nutrients compensated its growth in the deep layer, directly at the top of nitracline in the summer, due to the weakening of the 

effect of self-shadowing. As a result, the estimates of the integral layer of Chl were comparable in years with warm and cold 

winters. At the same time, the intensity of winter convection led to significant changes in the vertical distribution of Chl. In the 

year with warm winter, the subsurface maximum of Chl was shifted to the lower layer; in the year with cold ones, it was observed 

closer to the surface. Such light-driven inverse relation between winter and summer nutrient fluxes can be one of the important 270 

reasons for the observed interannual changes of seasonal succession in the ocean.  

https://doi.org/10.5194/bg-2020-210
Preprint. Discussion started: 16 June 2020
c© Author(s) 2020. CC BY 4.0 License.



11 
 

Data availability 

Bio-Argo data were made freely available from IFREMER data archive [ftp://ftp.ifremer.fr/].  

Author contribution 

Elena Kubryakova and Arseny Kubryakov processed the data of Bio-Argo buoys, performed the analysis. Elena Kubryakova 275 

drafted the manuscript and designed the figures. Arseny Kubryakov was involved in planning and supervised the work.  

Competing interests 

The authors declare that they have no conflict of interest, no competing financial interests. 

Acknowledgments 

Analysis of the chlorophyll and light attenuation variability from Bio-Argo buoys is supported by the Russian Science Foundation 280 

(grant No. 19-77-00029). The study of the impact of PAR on the position of DCM is supported by the Russian Foundation for 

Basic Research (grant No. 20-05-00068). Data acquisition and processing were made with the support of Marine Hydrophysical 

Institute, Russian Academy of Sciences, under state assignment No. 0827-2019-0002. 

References 

Barbieux, M., Uitz, J., Gentili, B., de Fommervault, O. P., Mignot, A., Poteau, A., ... & d'Ortenzio, F.: Bio-optical characterization 285 

of subsurface chlorophyll maxima in the Mediterranean Sea from a Biogeochemical-Argo float database, Biogeosciences, 

16(6), 1321-1342, 10.5194/bg-16-1321-2019, 2019. 

Chacko, N.: Chlorophyll bloom in response to tropical cyclone Hudhud in the Bay of Bengal: Bio-Argo subsurface 

observations, Deep Sea Research Part I: Oceanographic Research Papers, 124, 66-72, 

https://doi.org/10.1016/j.dsr.2017.04.010, 2017. 290 

Churilova, T. Y., Suslin, V. V., Moiseeva, N. A., & Efimova, T. V.: Phytoplankton Bloom and Photosynthetically Active Radiation 

in Coastal Waters, Journal of Applied Spectroscopy, 86(6), 1084-1091, https://doi.org/10.1007/s10812-020-00944-0, 2020. 

Churilova, T., Suslin, V., Sosik, H. M., Efimova, T., Moiseeva, N., Moncheva, S., ... & Krivenko, O.: Phytoplankton light 

absorption in the deep chlorophyll maximum layer of the Black Sea, European Journal of Remote Sensing, 52(1), 123-136, 

https://doi.org/10.1080/22797254.2018.1533389, 2019. 295 

Claustre, H., Bishop, J., Boss, E., Stewart, B., Berthon, J.F., Coatanoan, C., Johnson, K., Lotiker, A., Ulloa, O., Perry, M.J., 

D'Ortenzio, F., D’Andon, O.H.F., Uitz, J.: Bio-optical profiling floats as new observational tools for biogeochemical and 

ecosystem studies, in: Proceedings of the "OceanObs’09: Sustained ocean observations and information for society", edited 

by: Hall, J., Harrison D.E. and Stammer, D., Conference, Venice, Italy, 21-25 September 2009, 2, doi: 

10.5270/OceanObs09.cwp.17, 2010. 300 

Cullen, J. J.: Subsurface chlorophyll maximum layers: enduring enigma or mystery solved? Annual Review of Marine Science, 

7:1, 207-239, https://doi.org/10.1146/annurev-marine-010213-135111, 2015. 

Falkowski, P. G., & LaRoche, J.: Acclimation to spectral irradiance in algae, Journal of Phycology, 27(1), 8-14, 

https://doi.org/10.1111/j.0022-3646.1991.00008.x, 1991. 

https://doi.org/10.5194/bg-2020-210
Preprint. Discussion started: 16 June 2020
c© Author(s) 2020. CC BY 4.0 License.



12 
 

Finenko, Z. Z., Churilova, T. Y., & Lee, R. I.: Dynamics of the vertical distributions of chlorophyll and phytoplankton biomass in 305 

the Black Sea, Oceanology, 45, S112, 2005. 

Finenko, Z. Z., Churilova, T. Y., Sosik, H. M., & Basturk, O.: Variability of photosynthetic parameters of the surface phytoplankton 

in the Black Sea, Oceanology, 42(1), 53-67, 2002. 

Finenko, Z. Z., Suslin, V. V., & Kovaleva, I. V.: Seasonal and long-term dynamics of the chlorophyll concentration in the Black 

Sea according to satellite observations, Oceanology, 54(5), 596-605, https://doi.org/10.1134/S0001437014050063, 2014. 310 

Hartman, S. E., Hartman, M. C., Hydes, D. J., Jiang, Z. P., Smythe-Wright, D., & González-Pola, C.: Seasonal and inter-annual 

variability in nutrient supply in relation to mixing in the Bay of Biscay, Deep Sea Research Part II: Topical Studies in 

Oceanography, 106, 68-75, https://doi.org/10.1016/j.dsr2.2013.09.032, 2014. 

Iverson, R. L., Curl, H. C., & Saugen, J. L.: Simulation model for wind-driven summer phytoplankton dynamics in Auke Bay, 

Alaska, Marine Biology, 28(3), 169-177, https://doi.org/10.1007/BF00387294, 1974. 315 

Johnson, K. S., Riser, S. C., & Karl, D. M.: Nitrate supply from deep to near-surface waters of the North Pacific subtropical gyre, 

Nature, 465(7301), 1062-1065, https://doi.org/10.1038/nature09170, 2010. 

Konovalov, S. K., Murray, J. W., and Luther III, G. W.: Black Sea Biogeochemistry, Oceanography, 18(2), 24-35, 2005. 

Krivenko, O.V.: The vertical distribution of chlorophyll fluorescence in the Black Sea during the warm period, Marine Ecological 

Journal, 2, V. 9, 5-21, 2010 (in Russian). 320 

Kubryakov, A. A., Belokopytov, V. N., Zatsepin, A. G., Stanichny, S. V., & Piotukh, V. B.: The Black Sea Mixed Layer Depth 

Variability and Its Relation to the Basin Dynamics and Atmospheric Forcing, Physical oceanography, 26(5), 397-413, 

doi:10.22449/1573-160X-2019-5-397-413, 2019. 

Kubryakov, A. A., Mikaelyan, A. S., & Stanichny, S. V.: Summer and winter coccolithophore blooms in the Black Sea and their 

impact on production of dissolved organic matter from Bio-Argo data, Journal of Marine Systems, 199, 103220, 325 

https://doi.org/10.1016/j.jmarsys.2019.103220, 2019. 

Kubryakov, A. A., Stanichny, S. V., & Zatsepin, A. G.: Interannual variability of Danube waters propagation in summer period of 

1992–2015 and its influence on the Black Sea ecosystem, Journal of Marine Systems, 179, 10-30, 

https://doi.org/10.1016/j.jmarsys.2017.11.001, 2018. 

Kubryakov, A. A., Zatsepin, A. G., & Stanichny, S. V.: Anomalous summer-autumn phytoplankton bloom in 2015 in the Black 330 

Sea caused by several strong wind events, Journal of Marine Systems, 194, 11-24, 

https://doi.org/10.1016/j.jmarsys.2019.02.004, 2019. 

Kubryakova E. A., Kubryakov A. A., & Stanichny S. V.: Impact of Winter Cooling on Water Vertical Entrainment and Intensity 

of Phytoplankton Bloom in the Black Sea, Physical oceanography, 25(3), 191-206, doi: 10.22449/1573-160X-2018-3-191-

206, 2018. 335 

Latasa, M., Cabello, A. M., Morán, X. A. G., Massana, R., & Scharek, R.: Distribution of phytoplankton groups within the deep 

chlorophyll maximum, Limnology and Oceanography, 62(2), 665-685, https://doi.org/10.1002/lno.10452, 2017. 

Lavigne, H., D’Ortenzio, F., D’Alcalà, M. R., Claustre, H., Sauzède, R., & Gacic, M.: On the vertical distribution of the chlorophyll 

a concentration in the Mediterranean Sea: a basin-scale and seasonal approach, Biogeosciences, 12, 5021-5039, doi: 

10.5194/bg-12-5021-2015, 2015. 340 

Leach, T. H., Beisner, B. E., Carey, C. C., Pernica, P., Rose, K. C., Huot, Y., ... & Jacquet, S.: Patterns and drivers of deep 

chlorophyll maxima structure in 100 lakes: The relative importance of light and thermal stratification, Limnology and 

Oceanography, 63(2), 628-646, https://doi.org/10.1002/lno.10656, 2018. 

https://doi.org/10.5194/bg-2020-210
Preprint. Discussion started: 16 June 2020
c© Author(s) 2020. CC BY 4.0 License.



13 
 

Letelier, R. M., Karl, D. M., Abbott, M. R., & Bidigare, R. R.: Light driven seasonal patterns of chlorophyll and nitrate in the lower 

euphotic zone of the North Pacific Subtropical Gyre, Limnology and Oceanography, 49(2), 508-519, 345 

https://doi.org/10.4319/lo.2004.49.2.0508, 2004. 

MacIntyre, H. L., Kana, T. M., Anning, T., & Geider, R. J.: Photoacclimation of photosynthesis irradiance response curves and 

photosynthetic pigments in microalgae and cyanobacteria 1, Journal of phycology, 38(1), 17-38, 

https://doi.org/10.1046/j.1529-8817.2002.00094.x, 2002. 

Mankovsky, V. I., Tolkachenko, G. A., Shibanov, E. B., Martynov, O. V., Korchemkina, E. N., Yakovleva, D. V., & Kalinsky, I. 350 

A.: Optical characteristics of coastal waters and the atmosphere in the region of the Southern coast of Crimea at the end of 

the summer season of 2008, Marine Hydrophysical Journal, 3, 52-74, 2010 (in Russian). 

Mashtakova, G. P.: Long-term dynamics of plankton community in the eastern part of the Black Sea, Oceanological and fishery 

researches of the Black Sea, Moskow, Nauka, 50-61, 1985. 

McGillicuddy, D. J., Robinson, A. R., Siegel, D. A., Jannasch, H. W., Johnson, R., Dickey, T. D., ... & Knap, A. H.: Influence of 355 

mesoscale eddies on new production in the Sargasso Sea, Nature, 394(6690), 263-266, https://doi.org/10.1038/28367, 1998. 

Mignot, A., Claustre, H., Uitz, J., Poteau, A., d'Ortenzio, F., & Xing, X.: Understanding the seasonal dynamics of phytoplankton 

biomass and the deep chlorophyll maximum in oligotrophic environments: A Bio‐Argo float investigation, Global 

Biogeochemical Cycles, 28(8), 856-876, https://doi.org/10.1002/2013GB004781, 2014. 

Mikaelyan A.S., Kubryakov A.A., Silkin V.A., Pautova L.A., Chasovnikov V.K.: Regional climate and patterns of phytoplankton 360 

annual succession in the open waters of the Black Sea, Deep Sea Res, Part I, 142, 44-57, doi: 10.1016/j.dsr.2018.08.001, 

2018. 

Mikaelyan, A. S., Mosharov, S. A., Kubryakov, A. A., Pautova, L. A., Fedorov, A., & Chasovnikov, V. K.: The impact of physical 

processes on taxonomic composition, distribution and growth of phytoplankton in the open Black Sea, Journal of Marine 

Systems, 208, 103368, https://doi.org/10.1016/j.jmarsys.2020.103368, 2020. 365 

Mikaelyan, A.S., Pautova, L. A., Chasovnikov, V. K., Mosharov, S. A., & Silkin, V. A.: Alternation of diatoms and 

coccolithophores in the north-eastern Black Sea: a response to nutrient changes, Hydrobiologia, 755(1), 89-105, 

https://doi.org/10.1007/s10750-015-2219-z, 2015. 

Morel, A.: Light and marine photosynthesis: a spectral model with geochemical and climatological implications, Progress in 

oceanography, 26(3), 263-306, https://doi.org/10.1016/0079-6611(91)90004-6, 1991. 370 

Navarro, G., & Ruiz, J.: Hysteresis conditions the vertical position of deep chlorophyll maximum in the temperate ocean, Global 

Biogeochemical Cycles, 27(4), 1013-1022, https://doi.org/10.1002/gbc.20093, 2013. 

Oguz, T., Deshpande, A. G., & Malanotte-Rizzoli, P.: The role of mesoscale processes controlling biological variability in the 

Black Sea coastal waters: inferences from SeaWiFS-derived surface chlorophyll field, Continental Shelf Research, 22(10), 

1477-1492, https://doi.org/10.1016/S0278-4343(02)00018-3, 2002. 375 

Oguz T., Dippner J. W., & Kaymaz Z.: Climatic regulation of the Black Sea hydro-meteorological and ecological properties at 

interannual-to-decadal time scales, Journal of Marine Systems, 60(3), 235-254, 

https://doi.org/10.1016/j.jmarsys.2005.11.011, 2006. 

Organelli, E., Claustre, H., Bricaud, A., Barbieux, M., Uitz, J., D'Ortenzio, F., & Dall'Olmo, G.: Bio‐optical anomalies in the 

world's oceans: An investigation on the diffuse attenuation coefficients for downward irradiance derived from 380 

Biogeochemical Argo float measurements, Journal of Geophysical Research: Oceans, 122(5), 3543-3564, 

https://doi.org/10.1002/2016JC012629, 2017. 

https://doi.org/10.5194/bg-2020-210
Preprint. Discussion started: 16 June 2020
c© Author(s) 2020. CC BY 4.0 License.



14 
 

Platt, T., Harrison, W. G., Irwin, B., Horne, E. P., & Gallegos, C. L.: Photosynthesis and photoadaptation of marine phytoplankton 

in the Arctic, Deep Sea Research Part A. Oceanographic Research Papers, 29(10), 1159-1170, https://doi.org/10.1016/0198-

0149(82)90087-5, 1982. 385 

Shigesada, N., & Okubo, A.: Analysis of the self-shading effect on algal vertical distribution in natural waters, Journal of 

Mathematical Biology, 12(3), 311-326, https://doi.org/10.1007/BF00276919, 1981. 

Silkin V. A., Pautova L. A., Giordano M., Chasovnikov V. K., Vostokov S. V., Podymov O. I., ... & Moskalenko L. V.: Drivers 

of phytoplankton blooms in the northeastern Black Sea, Marine pollution bulletin, 138, 274-284, 

https://doi.org/10.1016/j.marpolbul.2018.11.042, 2019. 390 

Silkin V. A., Pautova L. A., Pakhomova S. V., Lifanchuk A. V., Yakushev E. V., & Chasovnikov V. K.: Environmental control 

on phytoplankton community structure in the NE Black Sea, Journal of Experimental Marine Biology and Ecology, 461, 267-

274, https://doi.org/10.1016/j.jembe.2014.08.009, 2014. 

Sorokin Yu. I.: The Black Sea ecology and oceanography, Backhuys Publishers, Leiden, The Netherlands, p. 875, 2002. 

Sverdrup H. U.: On conditions for the vernal blooming of phytoplankton, J. Cons. Int. Explor. Mer., 18(3), 287-295, 1953. 395 

Vedernikov, V. I., & Demidov, A. B.: Primary production and chlorophyll in the deep regions of the Black-Sea, Okeanologiya, 

33(2), 229-235, 1993. 

Vladimirov, V. L., Mankovsky, V. I., Solov’ev, M. V., & Mishonov, A. V.: Seasonal and long-term variability of the Black Sea 

optical parameters, in: Sensitivity to Change: Black Sea, Baltic Sea and North Sea, Springer Netherlands, pp. 33-48, 1997. 

Williams R. G., & Follows, M. J.: Physical transport of nutrients and the maintenance of biological production, in: Ocean 400 

biogeochemistry, Springer, Berlin, Heidelberg, pp. 19-51, 2003. 

Xing, X., Morel, A., Claustre, H., Antoine, D., D'Ortenzio, F., Poteau, A., & Mignot, A.: Combined processing and mutual 

interpretation of radiometry and fluorimetry from autonomous profiling Bio‐Argo floats: Chlorophyll a retrieval, Journal of 

Geophysical Research: Oceans, 116(C6), https://doi.org/10.1029/2010JC006899, 2011. 

Zhang, S., Xie, L., Hou, Y., Zhao, H., Qi, Y., & Yi, X.: Tropical storm-induced turbulent mixing and chlorophyll-a enhancement 405 

in the continental shelf southeast of Hainan Island, Journal of Marine Systems, 129, 405-414, 

https://doi.org/10.1016/j.jmarsys.2013.09.002, 2014. 

 

https://doi.org/10.5194/bg-2020-210
Preprint. Discussion started: 16 June 2020
c© Author(s) 2020. CC BY 4.0 License.


