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Abstract
Using numerical methods for solving the radiation transfer equation, ocean albedo values were calculated for a set of 

bio-optical characteristics corresponding to situations with different chlorophyll concentrations (1 μg/L and 10 μg/L) and 
the case of intense coccolithophore bloom (8–12 million cells/L). Calculations were carried out in the spectral range of 
280–2800 nm for cases of cloudless sky at various wind speeds and atmospheric transmission. It has been shown that for 
Case 1 waters, a change in chlorophyll concentration from 1 to 10 μg/L does not lead to changes in albedo. In the case of 
intense coccolithophore blooms, the ocean albedo can increase more than threefold. Calculation of average monthly albedo 
values for selected points in the Barents and Black seas showed that the presence of intense coccolithophore blooms signifi-
cantly increases average monthly albedo values. The calculation of the values of radiation absorbed in the seawater column 
depending on the time of day, carried out for these points, demonstrated that the presence of blooms significantly reduces 
the values of absorbed radiation. It is shown that the contribution to the albedo of radiation emerging from water used in 
the state-of-the-art NEMO circulation numerical ocean model, amounting to 0.005±0.0005, corresponds only to Case 1 
waters. Intense coccolithophore blooms can increase this contribution by more than 14 times. A simple formula is proposed 
for correcting albedo values taking into account the influence of bio-optical characteristics.

Keywords: ocean albedo, solar radiation absorption, hydrooptical modeling, chlorophyll, coccolithophore bloom, Black 
Sea, Barents Sea
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Аннотация
С использованием численных методов решения уравнения переноса излучения рассчитаны значения аль-

бедо океана для набора биооптических характеристик, соответствующих ситуациям с различной концентраци-
ей хлорофилла (1 мкг/л и 10 мкг/л) и случаю интенсивного кокколитофоридного цветения (8–12 млн кл./л). 
Расчеты проводились в спектральном интервале 280–2800 нм для случаев безоблачного неба при различных 
скоростях приводного ветра и пропускания атмосферы. Показано, что для вод первого оптического типа изме-
нение концентрации хлорофилла от 1 до 10 мкг/л не приводит к изменениям альбедо. В случае интенсивного 
кокколитофоридного цветения альбедо океана может увеличиваться более, чем в три раза. Расчет среднемесяч-
ных значений альбедо для выбранных точек в Баренцевом и Черном морях показал, что наличие интенсивного 
кокколитофоридного цветения существенно увеличивает среднемесячные значения альбедо. Выполненный для 
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этих точек расчет величин поглощенного в толще морской воды излучения в зависимости от времени суток про-
демонстрировал, что наличие цветения существенно уменьшает величины поглощенной радиации. Показано, 
что принятый в современной циркуляционной модели NEMO вклад в альбедо выходящего из воды излучения, 
составляющий 0,005 ± 0,0005, соответствует только водам первого оптического типа. Интенсивное цветение кок-
колитофорид может привести к увеличению этого вклада более чем в 14 раз. Предложена простая формула для 
коррекции значений альбедо с учетом влияния биооптических характеристик.

Ключевые слова: альбедо океана, поглощение солнечной радиации, гидрооптическое моделирование, хлоро-
филл, кокколитофоридное цветение, Черное море, Баренцево море

1. Introduction

In oceanography, the impact of the hydro-optical characteristics of seawater on ocean albedo has tradi-
tionally been insufficiently addressed. Notably, in the monograph [1] dedicated to the radiation regime of the 
oceans, parameters such as the transparency and color of seawater are mentioned only in the context of wave 
effects on albedo values. However, albedo is one of the most critical parameters for calculating the Earth’s ra-
diative balance [2, 3], and its variations significantly influence the variability of the Earth’s climate system [4].

In several studies [5–7], researchers have focused on the albedo of the atmosphere-ocean system, common-
ly referred to as “Top of the Atmosphere Albedo”1. This focus is driven by the fact that planetary albedo is, on 
average, determined by approximately 88 % of the radiation reflected by the atmosphere [8]. In this context, 
the contribution of the underlying surface is often negligible, which helps to explain the limited attention given 
by researchers to the role of hydro-optical characteristics. However, for certain issues — particularly the assess-
ment of the amount of solar radiation absorbed in the seawater column — accurate values of ocean albedo are 
essential [9].

In the current NEMO circulation model [10], the results of study [11] are used, in which the contribution 
of outgoing radiation from the water is fixed. It is assumed that, for the wavelength range of 280–2800 nm, this 
contribution amounts to 0.005 ± 0.0005. This value is considered representative of most waters in the World 
Ocean. A detailed analysis of the main factors influencing ocean albedo — such as the solar zenith angle, wind 
speed, atmospheric transmittance (including gasses, aerosols, and clouds), and chlorophyll concentration — 
was conducted in study [12]. Based on numerical solutions to the radiative transfer equation, validated by direct 
albedo measurements from an oceanographic platform located 25 km off Virginia Beach (Atlantic Coast, USA), 
tables were compiled for each of the investigated factors. A relatively recent article [13] proposed a calculation 
scheme for ocean albedo that incorporates the aforementioned factors, presenting results from its integration 
into the RRTMG_SW atmospheric model developed by the U.S. Department of Energy. Comparisons of the 
simulation results with data from various field experiments demonstrated good agreement. It is important to 
note that both studies mentioned above assumed Case 1 waters, where the optical characteristics of seawater are 
described solely by chlorophyll concentration. Clearly, this approach can lead to errors in many regions of the 
World Ocean, where the correlation between chlorophyll concentration and hydro-optical characteristics is ab-
sent, particularly in areas affected by river runoff and mass blooms of coccolithophores [14]. Study [15] showed 
the significant impact of coccolithophore blooms on ocean albedo, although it was limited to a narrow spectral 
range and did not account for the effects of wind and atmospheric transmittance. The present work addresses 
these shortcomings by demonstrating the variability of ocean albedo driven by hydro-optical characteristics of 
natural waters with various phytoplankton communities in the relevant spectral range of solar radiation (280–
2800 nm) reaching the Earth’s surface, under different wind speeds and aerosol optical thicknesses. Examples 
of intense coccolithophore blooms in the Black and Barents seas are examined, with hydro-optical and biolog-
ical characteristics obtained during expeditions conducted by the P.P. Shirshov Institute of Oceanology of the 
Russian Academy of Sciences.

2. Methods

To calculate ocean albedo, numerical methods for solving the radiative transfer equation in the atmo-
sphere-ocean system were employed, primarily the matrix operator method [16], which is based on the applica-
tion of recursive formulas to the reflection (R) and transmission (T) operators for homogeneous plane-parallel 
layers. In our study, we applied a modified version of this method, which is described in detail in [17].

1 https://ceres.larc.nasa.gov/resources/images/ (date of access: 25.03.2024)
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For the atmosphere, we employ a three-layer model: the upper layer is a non-scattering absorbing layer of 
ozone (300 DU), the second layer represents a Rayleigh atmosphere, and the third layer consists of aerosols 

characterized by the Gordon and Castaño model [18] with an optical thickness of ( ) ( )
1.6869  869a a

 τ l =τ  l 
 and 

( )869 0.2.aτ =  In the infrared region of the spectrum, the absorption of water vapor significantly impacts the 
atmospheric transmittance. We applied HITRAN data for the spectral dependence of absorption coefficients 
for water vapor and ozone, which are available on the website [19] of the V.E. Zuev Institute of Atmospheric 
Optics, Siberian Branch of the Russian Academy of Sciences.

The surface is considered as a separate layer. The formulas for a smooth surface can be found in work [17], 
while the results for a wind-ruffled surface were obtained from [20].

To estimate the primary hydro-optical characteristics of the water layers, a one-parameter Case I new mod-
el [21, 22] was used, in which all optical characteristics are uniquely defined by chlorophyll concentration (Chl). 
In the case of coccolithophore blooms, scattering was described using the two-parameter Kopelevich’s model 
[23]. For the calculation of absorption and scattering by pure water in the spectral range of 280–2800 nm, data 
from [24] were used.

The discrete ordinate method (DISORT) [25] was employed to compute the reflection and transmission 
operators for individual layers.

Additionally, the HydroLight software [21] was used for the calculations. Case 1 new and Case 2 new mod-
els were applied under clear sky conditions and in the absence of wind. Effects of inelastic scattering were not 
modeled.

In modeling coccolithophore blooms, typical values of hydro-optical characteristics obtained from ship-
board expeditions in the Barents and Black seas [26] were used. The ratio of the backward scattering coefficient 
to the total scattering coefficient (bb/b) was assumed to be 0.02, consistent with the findings in study [27]. The 
seawater beam attenuation coefficient at the wavelength of 530 nm, c(530), was set to 3 m–1, which corresponds 
to an intense bloom with coccolithophore concentrations of 8–12 million cells/L [26]. The spectral depen-
dence of the scattering coefficient was taken as follows:

 ( ) ( ) ( ) ( ) ( )530  530 .b c a c al = l − l = − l
l

  (1)

The spectral albedo values were calculated using the formula:
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where Ed(l) is the spectral irradiance above the water surface created by the downward radiation flux, and Eu(l) 
is the spectral irradiance above the water surface created by the upward radiation flux.

The average albedo values for the range of 280–2800 nm were calculated using the formula:
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where q0 is the solar zenith angle.
Atmospheric transmittance was determined as:
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where F0(l) is the solar constant.
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Fig. 1. Spectral values of the sea remote sensing reflectance (left column) and albedo (right column), 
obtained using HydroLight for various solar zenith angles θ0. Case 1 model, with Chl = 1 μg/L (top row) 

and Chl = 10 μg/L (bottom row)

The calculation of daily average albedo values was conducted according to the expression:
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where the index i denotes the discrete temporal values included in the expression. In the calculations of daily 
average albedo, hourly values of the solar zenith angle were used, computed for selected points in the Barents 
and Black seas. The other variables were interpolated based on the data from the conducted calculations.

3. Results

Spectral values of the sea remote sensing reflectance Rrs(λ) and albedo A(λ), obtained using HydroLight for 
various solar zenith angles θ0 in the visible range of the spectrum — where the influence of hydro-optical char-
acteristics related to variations in phytoplankton parameters in seawater is most pronounced — are presented 
in Fig. 1. The calculations used the Case 1 new approximation with two chlorophyll concentrations of 1 and  
10 μg/L. Notably, the values of Rrs(λ) exhibit low variability with changes in θ0. This stability is attributed to 
the use of normalized water-leaving radiance in the calculation of this quantity. This resilience to variations in 
lighting conditions supports the widespread use of Rrs(λ) in remote sensing. In contrast, ocean albedo values 
exhibit significantly greater variability with changes in the solar zenith angle. This variability arises due to the in-
crease in the water surface reflection coefficient with increasing angle of incidence, according to Fresnel’s law. 
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Fig. 2. Left: Averaged albedo values in the range of 280–2800 nm, obtained using DISORT for various 
scenarios: Chl = 1 μg/L; Chl=10 μg/L; coccolithophore bloom, c(530) = 3 m−1. For comparison, data from 

work [11] are presented. Right: Atmospheric transmittance dependence for various solar zenith angles θ0

Table 1

Monthly average values of A in the 280–2800 nm range for the period of coccolithophore bloom  
in cases with (CB) and without its presence, as well as data from study [11]

Case 1, Chl = 1 μg/L Case 2, CB Payne, 1972 [11]
Barents Sea, August 0.106 0.156 0.09

Black sea, June 0.054 0.108 0.06

The results of the calculations performed for Case 1 waters indicate that the contribution of radiation reflected 
from the water surface to A(λ) is substantially greater than the contribution of radiation emerging from the sea-
water column, even at a relatively high chlorophyll concentration of 10 μg/L, which is typical for the waters of 
the World Ocean. This concentration primarily influences the shapes of the A(λ) spectra, resulting in minimal 
changes to their average levels (Fig. 1, right).

Similar calculations across the full spectral range of 280–2800 nm were conducted using software devel-
oped on the basis of the discrete ordinate method (DISORT) [17]. The averaged albedo values obtained for 
various situations in this spectral interval are shown on the left side of Fig. 2. In addition to the aforemen-
tioned examples of Case 1 waters, results obtained for the case of an intense coccolithophore bloom (Case 2) 
are presented. For Case 1 waters, variations in Chl from 1 to 10 μg/L do not lead to changes in albedo А. This 
is related to the combined changes in absorption and scattering coefficients. In the case of a coccolithophore 
bloom, however, ocean albedo can increase by more than threefold. For comparison, albedo values from 
work [11] have been added to the graph. In this analysis, in addition to the solar zenith angle, variations in 
atmospheric transmittance — also calculated during the modeling —were taken into account (Fig. 2, right). 
The results indicate that the widely accepted model does not account for the significant increase in the scat-
tered radiation emerging from the water, which is typical for coccolithophore blooms, and slightly overesti-
mates the values of A(q0) at solar zenith angles greater than 80° for Case 1 waters.

Table 1 presents the average monthly ocean albedo values for selected points in the Barents Sea (70° N,  
40° E) and the Black Sea (44.5° N, 38° E — Black Sea test site of the IO RAS) during months of regular 
coccolithophore blooms, with the results generated under the assumption of Case 2 waters. These values 
were obtained by averaging daily albedo values, calculated according to equation 5 for all days of the month.  
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Fig. 3. The relationship between the amounts of radiation absorbed 
in the water column and the time of day, during and without intense 

coccolithophore blooms, Black Sea, June 15

For comparison, calculations were also made assuming no blooms-representing Case 1 waters. The albedo 
values for waters free from coccolithophore blooms correspond well with classic results [11], showing a discrep-
ancy of about 15 % for the Barents Sea and around 10 % for the Black Sea. The presence of intense coccolitho-
phore blooms significantly increases the average monthly albedo values: by 1.5 times in the Barents Sea and by 
twofold in the Black Sea. The difference in the impact of blooms is explained by the larger solar zenith angles at 
higher latitudes, which reduces the contribution of radiation emerging from the water to the total albedo.

4. Discussion

Fig. 3 shows the contributions of solar radiation absorbed within the water column at different times of day, 
both during intense coccolithophore blooms and in their absence, for a location at the Black Sea polygon of 
the IO RAS. The significant differences are due to the considerable variability in albedo (Fig. 2). Notably, the 
contribution of dawn and dusk hours to total absorption is 0.32 % (0.4 % for the Barents Sea). This is explained 
by the fact that light conditions have a greater impact on the energy absorbed in the water column than albedo. 
During dawn and dusk, the solar zenith angle exceeds 80°. As a result, the inaccuracies in albedo estimates re-
ported in study [11], particularly beyond 80°, do not cause substantial errors in calculating the daily absorbed 
radiation within the water column. Similar results were found for the Barents Sea.

The dependence of ocean albedo on the solar zenith angle at various wind speeds for a Chl = 1 μg/L is shown 
in Fig. 4. At small solar zenith angles, albedo values are slightly higher for rough sea surfaces in comparison to 
calm conditions. It is the result of better reflection of incident rays from inclined surfaces than horizontal ones. 
At larger zenith angles, surface roughness reduces albedo, as the rays are more likely to penetrate the water col-
umn. As wind speed increases, albedo decreases more sharply at zenith angles greater than 60°.

As previously demonstrated, ocean albedo in the visible spectrum can be significantly influenced by the hy-
dro-optical properties of seawater, which are related to the variability in the structural and quantitative charac-
teristics of phytoplankton. Although the visible range constitutes only a portion of the spectrum, the variability 
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Fig. 4. The relationship between ocean albedo and solar zenith angle 
at different wind speeds

of bio-optical properties observed within it affects the values of A across the entire range. To verify the assertion 
made in study [11] that the contribution of radiation emitted from the water surface to albedo (Aw) is 0.005 ±  
± 0.0005, we will limit our calculations to a narrower spectral range. Since radiation in the near-infrared is 
largely absorbed by seawater and does not emerge from the water column, and because radiation with wave-
lengths shorter than 300 nm hardly penetrates the Earth’s ozone layer, it is sufficient to examine the range of 
300–1000 nm, outside of which hydro-optical properties do not influence albedo. The following expression is 
used to calculate the fraction of albedo formed by the water column:
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For the Case I waters with a chlorophyll concentration of 1 μg/L, the value of Aw = 0.0054, which fully 
aligns with the data from study [11]. However, during intense coccolithophore blooms, this value increases to 
Aw = 0.077, more than 14 times higher than the corresponding value observed in the absence of blooms. This 
component of albedo accounts for the discrepancies shown in Table 1. Such a difference is consistent with the 
results of study [27], where the authors modeled the impact of coccolithophore blooms on albedo by specifying 
values for calcite concentration. For model values of chlorophyll at 0.75 μg/L, a solar zenith angle q0 of 45°, 
wind speed of 5 m/s, and 25 % cloud cover, the fraction of radiation emitted from the water surface increases 
from 0.4 % to 5.2 % with the addition of 300 mg of CaCO₃–C m–3.

The obtained results highlight the importance of considering the hydro-optical properties associated with the 
variability in the structural and quantitative characteristics of phytoplankton when calculating ocean albedo. The 
necessary adjustment can be made using Equation (6) based on the standard product from ocean color scanners, 
specifically the remote sensing reflectance Rrs(λ). This consideration is crucial because coccolithophore blooms 
regularly cover significant areas of the global ocean and can persist for approximately one month [14].

Fig. 5 illustrates the relationship between ocean albedo and atmospheric transmittance as a function of 
the aerosol optical thickness for the aerosol optical properties model presented in Section 2. As shown, an  
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increase in optical thickness from 0.05 to 0.3 results in a smoothing of the angular dependence of albedo and an 
insignificant (<0.5 %) change in the daily average albedo. However, the change in the daily absorbed radiation 
within the water column is approximately 5 %.

Future developments of this work should take cloud cover into account. It is crucial to select the most ac-
curate source of data regarding the average density and optical properties of clouds. This selection appears to be 
a challenging task. Study [28] demonstrates that even the annual variation in hemispherically averaged cloud 
cover over the ocean, determined from various satellite data, observations, and reanalyses, can differ by nearly a 
factor of two. A more straightforward approach is to analyze the impact of differences in the bio-optical proper-
ties of seawater on the albedo of a clear sky during the day (“Top of the Atmosphere Clear-sky Albedo” 2), where 
the contribution of clouds is excluded, but the influence of the atmosphere is considered.

Furthermore, a promising direction for future research is the detailed examination of areas influenced by 
river runoff. An example of such a water body is the Kara Sea, where a significant area is affected by this phe-
nomenon [29]. Two opposing factors are expected to influence ocean albedo: scattering of radiation by sus-
pended particles tends to increase albedo values, while absorption by colored dissolved organic matter tends to 
decrease them. An illustration of the effects of these factors can be found in Table 1 of study [30], which presents 
albedo values for the waters of various rivers.

5. Conclusion

Using a numerical solution to the radiative transfer equation within the atmosphere-wind-roughened ocean 
system, this study demonstrates how phytoplankton influences the variability of ocean albedo. Calculations were 
conducted across the spectral range of 280–2800 nm, which corresponds to the solar radiation that reaches the 
Earth’s surface, under clear sky conditions, varying wind speeds, and atmospheric transmittance. While chang-
es in chlorophyll concentration from 1 to 10 μg/L have little impact on A, intense coccolithophore blooms can 
lead to more than a threefold increase in ocean albedo. This phenomenon is not accounted for in commonly 
used ocean albedo data sources [11]. It is shown that inaccuracies in determining A at high solar zenith angles 
do not lead to substantial errors in calculating the daily absorbed radiation within the water column during the 
summer months in both the Black Sea and the Barents Sea. The obtained results underscore the importance of 

2 https://ceres.larc.nasa.gov/resources/images/ (date of accesss: 25.03.2024)

Fig. 5. The relationship between ocean albedo (left) and atmospheric transmittance (right) as a function of 
solar zenith angle at different values of aerosol optical thickness
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considering bio-optical characteristics when calculating ocean albedo, particularly in areas experiencing cocco-
lithophore blooms. Future assessments of their role in the Barents and Black seas will apply materials from the 
Atlas of Bio-Optical Characteristics of the IO RAS [14].
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