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Abstract

The packaging effect of phytoplankton pigments is sometimes capable of accounting for over half of the variability in the

phytoplankton absorption coefficient (aph) in oceanic waters. Given the significance of aph in many marine biogeochemical and

environmental processes, exploring the packaging effect on absorption properties thus becomes a crucial task. In the present

study, two pigment compensation models for quantifying the packaging effect are developed for Case I and Case II waters,

respectively, based on high-performance liquid chromatography (HPLC)-derived pigments and aph data from the NOMAD

and the marginal seas of China. As a critical quantity in developing our models, phytoplankton “missing” absorption is

derived by subtracting the reconstructed aph without the packaging effect from the measured aph. Our proposed models use

the established relationships between “missing” absorption and specific absorption coefficients of pigment groups without the

packaging effect to quantify pigment group concentrations. Validation using independent in situ data sets demonstrates that

great improvements are achieved for the quantification of the packaging effect, especially for waters under abnormal packaging

effect conditions. Applying the proposed models to satellite data displays the spatial distributions of the packaging effect in

the Atlantic Ocean and the marginal seas of China, as delegates of Case I and II waters, respectively. The generated spatial

distribution demonstrates a rule that the packaging effect intensity positively covaries with chlorophyll-a distribution. The

findings of this study exhibit a capability of mapping a spatial distribution of the packaging effect from satellite observations

for the first time.
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Abstract 33 

The packaging effect of phytoplankton pigments is sometimes capable of accounting for over 34 

half of the variability in the phytoplankton absorption coefficient (aph) in oceanic waters. Given 35 

the significance of aph in many marine biogeochemical and environmental processes, exploring 36 

the packaging effect on absorption properties thus becomes a crucial task. In the present study, 37 

two pigment compensation models for quantifying the packaging effect are developed for Case 38 

I and Case II waters, respectively, based on high-performance liquid chromatography (HPLC)-39 

derived pigments and aph data from the NOMAD and the marginal seas of China. As a critical 40 

quantity in developing our models, phytoplankton “missing” absorption is derived by 41 

subtracting the reconstructed aph without the packaging effect from the measured aph. Our 42 

proposed models use the established relationships between “missing” absorption and specific 43 

absorption coefficients of pigment groups without the packaging effect to quantify pigment 44 

group concentrations. Validation using independent in situ data sets demonstrates that great 45 

improvements are achieved for the quantification of the packaging effect, especially for waters 46 

under abnormal packaging effect conditions. Applying the proposed models to satellite data 47 

displays the spatial distributions of the packaging effect in the Atlantic Ocean and the marginal 48 

seas of China, as delegates of Case I and II waters, respectively. The generated spatial 49 

distribution demonstrates a rule that the packaging effect intensity positively covaries with 50 

chlorophyll-a distribution. The findings of this study exhibit a capability of mapping a spatial 51 

distribution of the packaging effect from satellite observations for the first time. 52 

Plain Language Summary 53 

The packaging effect is a bio-optical phenomenon that enables to weaken the phytoplankton 54 

absorption coefficient, further causing the variability of remote sensing reflectance, especially 55 

in the blue waveband. However, the accurate quantification to the packing effect is greatly 56 

limited by commonly-existing underestimation to the phytoplankton absorption coefficient in 57 

solution by previous methods. To solve this problem, our study took six major pigment groups 58 

into account and developed two pigment compensation models for Case I and Case II waters, 59 

respectively. We found that the compensation of the major pigment groups could increase the 60 

accuracy of the packaging effect quantification, such as the contribution of the sixth pigment 61 

group at the green waveband that was seldom considered well in the previous studies. The 62 

satellite-derived spatial distribution on the packaging effect in the marginal seas of China and 63 

the Atlantic Ocean confirms a common rule, that is, the packaging effect increases along with 64 

the increasing chlorophyll-a concentration. We suggest that future ocean color satellite products 65 

should cover the packing effect, and assess its influence on the variability of the bio-optical 66 

parameters in waters. 67 

1 Introduction 68 

The packaging effect of phytoplankton pigments enables phytoplankton to distinctly change 69 

their absorption, and the effect commonly exists in Case I or Case II ocean waters, especially 70 

in water with large phytoplankton and high chlorophyll-a (Chla) concentrations (Nelson et al., 71 

1993; Bricaud et al., 2004; Ciotti et al., 2002; Jena, 2017; Lewis et al., 2016; Wang et al., 2014). 72 



 

By influencing phytoplankton absorption, the packaging effect is further capable of affecting 73 

the variability in the remote sensing reflectance (Rrs) in the visible light band. Previous studies 74 

have reported that errors in Rrs introduced by the packaging effect may lead to significant 75 

uncertainties in retrieving Chla from satellite observations (Alcântara et al., 2016; Jena, 2017). 76 

It can be inferred that the tasks associated with aph and Chla suffer from the potential influence 77 

of the packaging effect, such as phytoplankton primary production (Boatman et al., 2019; 78 

Claustre et al., 2005; Lewis et al., 2016) and phytoplankton functional types (Bracher et al., 79 

2009; Hirata et al., 2008; Mouw et al., 2017, 2010; Xi et al., 2020). Thus, accurate 80 

characterization and quantification of the packaging effect have become a significant and 81 

urgent problem for many aspects of oceanographic research. 82 

The phytoplankton absorption coefficient normalized to Chla is known as a specific absorption 83 

coefficient (aph
*), which is subject to the packaging effect (Brewin et al., 2019; Jena, 2017; 84 

Kirk, 1975; Morel & Bricaud, 1981). Berner et al. (1989) reported that the packaging effect 85 

could cause 51–57% variability in aph
*. According to previous studies (Berner et al., 1989; Kirk, 86 

1983), factors influencing the packaging effect can be generally divided based on two sets of 87 

characteristics. The first set includes the size, shape, number of phytoplankton cells, 88 

chloroplasts, and even the distribution of chloroplasts in phytoplankton cells. The second set 89 

includes the nature of thylakoid membranes, including their degree of stacking and optical 90 

properties, which enables them to decide how much optical radiation energy can be available 91 

to the chloroplast. Owing to the relative stability of the second set of factor characteristics, 92 

previous studies have mainly focused on the first set of factor characteristics, and the size and 93 

concentration of phytoplankton cells are also available from satellite observations at higher 94 

spatiotemporal resolutions (Brewin et al., 2015; Ciotti et al., 2006; Devred et al., 2006, 2011; 95 

Uitz et al., 2006; Wang et al., 2018). 96 

The packaging effect is traditionally quantified and defined as a ratio of in situ measured aph to 97 

that under a dissolved disperse state (aph,sol) (Bricaud et al., 1995, 2004; Morel & Bricaud, 1981; 98 

Nelson et al., 1993). Theoretically, the phytoplankton absorption coefficient could be 99 

reconstructed from the sum of different pigments and their specific absorption spectra. Bidigare 100 

et al. (1990) observed and reported the unpackaged specific absorption coefficients of several 101 

major pigment groups, namely, Chla, chlorophyll-b (Chlb), chlorophyll-c (Chlc), 102 

photosynthetically active carotenoids (also called photosynthetic carotenoids, PSC), and 103 

photoprotectant carotenoids (also called photoprotecting or photoprotective carotenoids, PPC), 104 

together with two types of phycobilins from pure pigment. Based on the specific absorption 105 

coefficients, the reconstructed aph values were then compared with those in situ measured aph 106 

sample values collected from different times and depths of the study area and found that the 107 

packaging effect was inconspicuous in open oceanic waters. Nelson et al. (1993) reported that 108 

the packaging effect cannot be obvious if aph,sol(λ) < aph(λ). Woźniak et al. (1999, 2003) 109 

obtained five major, specific absorption spectra using the Gaussian function decomposition 110 

method based on in situ measured samples from the Atlantic Ocean and Baltic Sea and further 111 

regarded the “Ocean version” for aph,sol derivation. Notably, the phycobilins showed an 112 

important effect on obtaining aph,sol. Unlike other pigments, phycobilins are dissolvable in 113 

water and difficult to extract by commonly used methods such as HPLC (Ficek et al., 2004; 114 



 

Woźniak et al., 2007). This increases the difficulty of accurately quantifying the contribution 115 

of phycobilins to the aph,sol. Ficek et al. (2004) presented a method to estimate the phycobilin 116 

content by taking the sixth pigment group, namely, the unidentified group (UP), and recorded 117 

its absorption-specific coefficient based on several phycobilin absorption-specific spectra 118 

referred to previous studies (Bidigare et al., 1990; Tarchevsky, 1977, Grabowski, 1984, Hall & 119 

Rao, 1999); this updated method was subsequently regarded as the “Baltic version” for 120 

accurately obtaining the aph,sol for Case II waters. It is a substantial breakthrough that provides 121 

the sixth pigment group to compensate for the absorption contribution from the part that HPLC 122 

cannot detect. The method to estimate the UP by Ficek et al. (2004) is only based on the 123 

assumption that a mass-specific integral absorption for the UP is equal to the similar integral 124 

absorption for phycobilins. Thus, the concentration of UP must be determined based on several 125 

specific absorption spectra of different phycobilins. However, it is not useful to use UP as a 126 

constant for all types of seawater under different conditions. Therefore, another starting point 127 

of our study was to seek an empirical and easier method to estimate UP concentration. A recent 128 

study reported the specific absorption spectra of 30 phytoplankton pigments in the dissolved 129 

state (Clementson & Wojtasiewicz, 2019). Compared to the “Ocean version” and “Baltic 130 

version”, these spectra provide more detailed pigments and unpackaged specific absorption 131 

coefficients, but phycobilins are still not covered, indicating that they need to be investigated. 132 

The abovementioned spectrum reconstruction method is not the only way to obtain aph,sol in 133 

oceanic waters. Assuming that phytoplankton cells are symmetrically spherical and optically 134 

soft particles, the packaging effect can be expressed as the absorption efficiency function 135 

(Morel & Bricaud, 1981) and finally transformed as a function of the product of specific 136 

absorption spectra (a*), the intracellular Chla concentration (CI), and cell diameter (d). 137 

Therefore, quantifying the three variables is an important yet challenging task. When the 138 

specific absorption coefficients were obtained using the Gaussian function, also discussed 139 

above, two empirical methods were used to establish the relationship between CId and Chla for 140 

the Atlantic Ocean and Baltic Sea in previous studies (Ficek et al., 2004; Woźniak et al., 1999). 141 

These two empirical models were subsequently regarded and built for Case I and Case II waters 142 

(Woźniak et al., 2007; Ye et al., 2019). The performances using the existing relationship models 143 

with other seas are probably uncertain and need to be evaluated. 144 

The model based on the absorption efficiency function has the advantage of a theoretical 145 

background, but some key parameters are still obtained through empirical models. On the other 146 

hand, the spectrum reconstruction method has fewer variables and is much easier to perform. 147 

The most frequent abnormal condition was that the retrieved packaging effect based on the 148 

spectrum reconstruction method may be larger than 1 (no packaging effect) in some cases 149 

(Bricaud et al., 2004; Nelson et al., 1993), which means that the reconstructed aph,sol is less than 150 

that measured in situ. 151 

In this paper, we assumed that the “missing” absorption of aph,sol may be caused by the 152 

underestimation of pigment groups and the development of several compensation equations for 153 

major pigment groups, including the UP group, was used to improve the illogical packaging 154 

effect based on the local data set. The performance of each model was validated by independent 155 



 

data sets, and satellite remote sensing was applied to analyze the potential space-time features 156 

of the packaging effect in different oceans.  157 

2 Data and methods  158 

2.1 HPLC-derived phytoplankton pigments and aph data sets 159 

In this study, four in situ measured data sets with HPLC-derived phytoplankton pigments and 160 

aph were collected in different oceans: (1) the marginal seas of China (Data set A), (2) the 161 

Atlantic Ocean (Data set B), (3) the South Atlantic Ocean (Data set C), and (4) the Pacific 162 

Ocean (Data set D). A detailed description of them is as follows (Figure 1): 163 

Data set A 164 

The marginal seas of China, consisting of the Yellow Sea, Bohai Sea (YBS) and East China 165 

Sea (ECS), are the marginal seas in the western Pacific, typically optically complex Case II 166 

waters. The methods of water sample collection and follow-up data treatment were based on 167 

steps in previous studies (Aiken et al., 2009; Sun et al., 2017, 2019). Data set A included five 168 

cruises in the marginal seas of China, namely, the ECS cruise in Spring 2016, the YBS cruise 169 

in Summer 2016, the ECS cruise in Autumn 2016, the YBS cruise in Winter 2016, and the ECS 170 

cruise in Spring 2017. This data set included a total of 183 samples with a Chla range of 0.1–3 171 

mg m-3, which was subsequently used for building the pigment compensation model.  172 

Data set B 173 

The NASA bio-Optical Marine Algorithm Data set (NOMAD) is a global, high-quality, in situ 174 

observation data set, publicly available for algorithm development and ocean-color satellite 175 

validation. It covers many bio-optical variables and can be obtained from the US National 176 

Aeronautics and Space Administration (NASA) website (Version 2.a, 18/07/2008, 177 

https://seabass.gsfc.nasa.gov/wiki/NOMAD). In this study, the absorption coefficient of the 178 

total suspended particles, ap(λ); and absorption coefficient of the detrital particles, ad(λ); and 179 

HPLC-derived pigments were used for our subsequent model establishment and comparison. 180 

A total of 277 in situ measured samples were selected according to the quality control method 181 

of Aiken et al. (2009) and were divided into two parts based on the fuzzy c-means clustering 182 

function (FCM), namely Data set B-I (n=203) and Data set B-II (n=74). The Data set B-I 183 

measurements were mainly distributed in the Atlantic Ocean, while the Data set B-II 184 

measurements were located in coastal waters with Chla concentrations above 1 mg m-3. Data 185 

set B-I was subsequently used for model development in Case I waters, and Data set B-II was 186 

used for model validation in Case II waters. 187 

Data set C 188 

The South Atlantic Ocean Data set was developed from the POLARSTERN cruise ANT-189 

XXVIII/3 in January and February 2012 and available from the PANGAEA (Data Publisher 190 

for Earth & Environmental Science) website 191 

(https://doi.pangaea.de/10.1594/PANGAEA.819614). The cruise collected samples in seven 192 

layers at different depths from the surface to 100 m along a longitudinal sample section. In this 193 



 

study, only the surface water samples (n=190) were utilized. A detailed description of the data 194 

measurement is in a previously published work (Soppa et al., 2013) and the PANGAEA website. 195 

This data set was then used for model validation for Case I waters. 196 

Data set D 197 

The Pacific Ocean data set (n=106) was collected from 42.628°N to 19.249°S in the West 198 

Pacific Ocean, during the SONNE cruise SO202/2 in Autumn 2009 (Zindler et al., 2013) 199 

(https://doi.pangaea.de/10.1594/PANGAEA.804525). The measurements of phytoplankton 200 

pigment and absorption coefficient data can be found in Zindler et al. (2013) and Taylor et al. 201 

(2011). The current study used this data set to validate the performance of the developed model 202 

for Case I waters, together with other data sets. 203 

 204 

Figure 1. Locations of in situ data collection used in this study. Data set A was collected in 205 

the marginal seas of China, Data set B distributes mainly in the Atlantic Ocean, Data set C is 206 

from the South Atlantic Ocean, and Data set D was obtained in the Pacific Ocean. 207 

2.2 Satellite data 208 

The Suomi National Polar-orbiting Partnership (SNPP) is the first satellite of the US National 209 

Polar-orbiting Operational Environmental Satellite System (NPOESS) and a member of the US 210 

Earth Observing System (EOS), providing long-term climate research and real-time weather 211 

forecasting. It was successfully launched on 28 October in 2011, carrying a Visible Infrared 212 

Imaging Radiometer Suite (VIIRS) sensor. VIIRS is a successful ocean color satellite sensor 213 

that has accumulated a large amount of high-quality data since its launch. In this study, VIIRS 214 

level-3 year-averaged (for the 2018 year) data at a 9 km resolution, including aph from quasi-215 

analytical algorithm (QAA) (Lee et al., 2002), aph_QAA (443); absorption due to dissolved 216 

organic matter from QAA, adg_QAA (443); backscattering coefficient of particulate from QAA, 217 

bbp_QAA (443); and chlorophyll-a concentration from OCX algorithm (Chlocx) (O’Reilly et al., 218 

2000), were obtained from the NASA ocean color data website 219 

(https://oceandata.sci.gsfc.nasa.gov/VIIRS-SNPP). 220 

2.3 Quantification of the pigment package effect 221 

The pigment package effect, Qa
*(λ), is conventionally defined as a ratio of in situ measured 222 

aph(λ) to aph,sol(λ) (Eq. 1). 223 

https://doi.pangaea.de/10.1594/


 

( ) ( ) ( )ph ph,solaQ a a   =                         (1) 224 

where λ is the wavelength in the visible light bands. In general, aph,sol(λ) can be reconstructed 225 

through the sum of multiple pigment absorptions (Ciotti et al., 2002; Ficek et al., 2004; G. 226 

Wang et al., 2018) using the product of specific absorption coefficients and pigment 227 

concentrations (Eq. 2). 228 

( ) ( )ph,sol i ia a C  =                            (2) 229 

where Ci is the concentration of the i-th pigment and ai
*(λ) represents the specific absorption 230 

coefficient of the i-th pigment measured in the dissolved state. In principle, more pigments are 231 

required in Eq. (2) for accurate estimation of aph,sol(λ). In this study, both versions, i.e., the 232 

“Ocean version” (Woźniak et al., 1999) and “Baltic version” (Ficek et al., 2004) algorithms, 233 

were applied to accurately estimate aph,sol in Case I and II waters, respectively. The flowchart 234 

of this study is shown in Figure 2. 235 

 236 

Figure 2. Schematic flow chart showing the developed model for reconstructing the 237 

packaging effect. Different colors, as shown in the legend, represent different processes, 238 

including inputs, key steps, judgment, and satellite application. 239 

2.4 Performance metrics 240 

Model establishment and satellite data processing were carried out using MATLAB software 241 

(MathWorks Inc., Natick, MA, USA). To evaluate the performance of the developed models, 242 

two indicators were used in the study, including the determination coefficient, R2, and root 243 

mean square error, RMSE. RMSE was calculated as follows: 244 
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= −                            (3) 245 

where xi and yi are the measured and model retrieved values in i-th sample, respectively. n 246 

refers to the sample number. 247 

3 Pigment compensation model for the packaging effect 248 

3.1 Model development 249 

Two in situ data sets, representing Case I and Case II waters, were first used to generate the 250 

absorption difference (∆aph) in the visible light bands between aph and aph,sol, based on the 251 

abovementioned “Ocean version” and “Baltic version” methods. The ∆aph was then regarded 252 

as the “missing” absorption of phytoplankton. A previous study reported that unavailable 253 

pigment measurements (such as phycobilins) would have an important influence on the 254 

“missing” absorption (Bricaud et al., 2004), which provided a basis for our study to attribute 255 

the “missing” absorption to the underestimation of the pigments’ contribution. 256 

The ∆aph(λ) distribution in the marginal seas of China and the Atlantic Ocean is listed in Figure 257 

3. In the marginal seas of China (Figure 3a), the wavebands at 490 nm, 520 nm, and 676 nm 258 

were selected as a reference to analyze the properties of the positive “missing” absorption, 259 

which indicated the absorption contribution from certain pigment groups. For instance, the 260 

number of samples under ∆aph (520) > 0 in the cyan line was a total of 144, which was the 261 

largest among the other conditions, and the positive peak at approximately 520 nm implied a 262 

lack of absorption from the UP group. The combination of ∆aph(520) > 0 and ∆aph(676) > 0 263 

(n=68) on the blue dotted line (Figure 3a) coincided very well with the purple lines of 264 

∆aph(676) > 0 (n=71), and the number was only approximately half of that under ∆aph(520) > 265 

0 (n=144). Notably, the positive peak at 676 nm was mainly from Chla. On the other hand, the 266 

combination number of ∆aph (490) > 0 and ∆aph (676) > 0 (n=46) was 23 samples less than that 267 

of ∆aph (490) > 0 (n=69), which indicates the discordance among PSC, PPC, and Chla. 268 

Considering all these positive peaks, we concluded that the underestimation of the UP group 269 

occurred more frequently than that of the other pigment groups, and the underestimate of the 270 

PSC and PPC groups occurred next most frequently. This result was normal for the UP group 271 

because the reconstruction process did not consider this group. That is, in comparison to Chla, 272 

PSC and PPC were much more influenced by the packaging effect. On the other hand, some 273 

typical pigment groups could represent certain species, so the difference between ∆aph(λ) may 274 

have indirectly revealed the diverse phytoplankton communities in the data sets here. 275 

In addition, the averaged ∆aph(λ), calculated by the “Ocean version” method based on NOMAD 276 

data (Data set B-I), appeared to have a narrow amplitude of the spectra than that in Figure 3a 277 

and was all greater than 0 among the visible light wavebands. This result implies that the 278 

“missing” absorption was more distinct in Case I waters than in Case II waters, similar to the 279 

results in Bricaud et al. (2004). Four reference wavebands (i.e., 455 nm, 489 nm, 520 nm, and 280 

665 nm) were selected for our new models. The distribution of each condition was close and 281 

even overlapped with each other in yellow and red wavebands (Figure 3b). The discrepancies 282 



 

of ∆aph(λ) in the different water regions indicated that the establishment of specific models for 283 

each case was necessary for accurately quantifying the packaging effect (Figure 3a and b). 284 

In general, the positive ∆aph(λ) peak in Figure 3a and b had a consistent feature when the 285 

wavelength increased, especially at approximately 520 nm and 675 nm. The UP group had an 286 

important absorption contribution in the yellow and green wavebands. Even though the positive 287 

peak at approximately 520 nm was smoothed easily after adding the UP group according to the 288 

specific absorption coefficient of the UP group in the “Baltic version”, those peaks in the blue 289 

and red wavebands, similar to ∆aph(443) and ∆aph(676), still existed. Thus, the only 290 

quantification for the UP group was still not enough to eliminate the positive ∆aph(λ) peak in 291 

other wavelengths, when the other five pigment groups also needed to be compensated, and 292 

using more reference wavebands needed to be considered. 293 

 294 

Figure 3. Averaged differences in visible wavebands between inversed and in situ measured 295 

aph(λ) values based on the “Baltic version” (a) and “Ocean version” (b) methods. The colored 296 

lines represent the errors under different conditions. 297 

After combining those positive peaks with the specific absorption coefficients of each pigment 298 

group in both the Baltic and Ocean versions, several wavelengths were selected to build 299 

equations to estimate the “missing” term of each pigment group in Table 1. Some slight 300 

differences existed in the selection of wavebands, which were mainly at centers of the blue 301 

waveband because many pigment groups have absorption peaks in this range. PSC and PPC 302 

showed obviously close peak contributions and were assumed to contribute the same at 490 303 

nm in the marginal seas of China. The “missing” pigments at 520 nm almost belonged to the 304 

UP group because only the UP group had a peak at approximately 520 nm according to the 305 

specific absorption spectra reported in Ficek et al. (2004). Notably, the specific absorption 306 

coefficients of Chlb at 590 nm showed similar values to the weak peak of Chlc. Therefore, both 307 

peaks were considered contributors at 590 nm. Finally, the positive ∆aph(676) was principally 308 

responsible for the compensation of Chla concentrations. The retrieval equations were as 309 

follows: 310 

( ) ( )ph ph,1

n

i j i jj
a a C 

=
 =                          (4) 311 

where i is the i-th band; j is the j-th pigment group; ( )ph, j ia 
  is the specific absorption 312 

coefficient of the j-th pigment group at the i-th band; ΔCj is the corresponding “missing” 313 

(b): the Atlantic Ocean(a): the marginal seas of China



 

concentration of the j-th pigment group. 314 

The quantization method for ∆aph(λ) is another process for successfully obtaining the 315 

concentrations of pigment groups. Here, due to the limitation of data resources, ∆aph(λ) was 316 

retrieved as a specific function of the Chla concentration in Case I and Case II waters. The 317 

equation coefficients are shown in Table 1, together with the validation error indexes (R2 and 318 

RMSE). The retrieval equations performed better in the blue and green wavebands than in the 319 

red waveband in both cases, where R2 decreased from approximately 0.7 to 0.4. Access to 320 

∆aph(λ) by Chla or other ocean color parameters is a step for further satellite applications. 321 

Table 1  322 

The specific absorption values and equation fitting coefficients of six pigment groups 323 

responding to ∆aph(λ) at different wavelengths. 324 

Type 

Wavelength 

(nm) 

Pigments (mg m-3) ∆aph (m-1) 

Chla Chlb Chlc PSC PPC UP a b  R2 RMSE 

Model for Case I  

watersa 

455 
 

0.08183 0.06882 
   

0.02498 0.6533 0.65 0.0029 

465 
  

0.06780 
 

0.08560 
 

0.02243 0.7209 0.69 0.0028 

489 
   

0.03450 0.07530 
 

0.01459 0.76 0.75 0.0017 

520 
     

1.94E-03 0.00482 0.3636 0.49 0.0014 

665 0.01122 0.02423 
    

0.00700 0.6139 0.24 0.0037 

670 0.02135      0.00798 0.8256 0.44 0.0023 

Model for Case II  

watersb 

440 0.03372 
 

0.04855 
   

0.00294 0.00644 0.68 0.0058 

490 - 
  

0.05586 0.06793 
 

0.00206 0.00329 0.67 0.0038 

520 
     

1.94E-03 0.00034 0.00518 0.58 0.0044 

590 
 

0.00744 0.00767 
   

0.00010 0.00333 0.48 0.0040 

676 0.02369 
     

0.00187 0.00525 0.58 0.0044 

Note. a: ∆aph(λ)=a*Chlab; b: ∆aph(λ)=a*Chla2+b*Chla. 325 

3.2 Model validation 326 

Independent data sets were used to validate the performance of the new models for the South 327 

Atlantic Ocean (Data set C), the Pacific Ocean (Data set D), and coastal waters (Data set B-II) 328 

for Case I and Case II waters. The improved packaging effect (blue mark) based on our 329 

established models was compared with that (magenta mark) without pigment compensation in 330 

the coastal waters (Figure 4a-d), South Atlantic Ocean (Figure 4e-h), and the Pacific Ocean 331 

(Figure 4i-l). Note that the packaging effects calculated in Figure 4 were all dependent on the 332 

“Ocean version” (Case I waters) and “Baltic version” (Case II waters), and our new models 333 

adjusted the concentrations of the major pigment groups in the “Ocean version” and “Baltic 334 



 

version”. Thus, the packaging effect in the abnormal state (Qa
*(λ) > 1) was transformed to 335 

normal (0 < Qa
*(λ) < 1). 336 

The packaging effect distributed in Case II waters (Figure 4a-d) showed a good improvement 337 

in Chla < 3 mg m-3, especially at 520 nm, where the mean ratio (the number of stations with 338 

significant Qa
* to that of the total stations in a certain Chla range) increased from 70% to 100%. 339 

Data set B-II is a part of the NOMAD data set, which had a high Chla concentration. Therefore, 340 

the original ratio in the magenta solid line was as high as 1, where Chla > 4 mg m-3. That is, 341 

aph,sol was no longer less than the in situ measured aph under a high Chla environment, even 342 

when influenced by the packaging effect. However, the “missing” absorption of those samples 343 

still needed to be revised, as the strong packaging effect is significant for further research. 344 

Validation for Case I water was carried out using Data set C (the South Atlantic Ocean, Figure 345 

4e-h) and Data set D (the Pacific Ocean, Figure 4i-l). The Chla concentration of Data set C 346 

ranged from 0.1 to 7.0 mg m-3, similar to that of NOMAD. As expected, the revised Qa
* in the 347 

South Atlantic Ocean showed comprehensive improvements in different wavebands (Figure 348 

4e-h), where the most significant improvements were observed in the blue waveband. The ratio 349 

of the effective packaging effect at 455 nm (Figure 4e) was nearly 100%, even at low Chla 350 

concentrations. The ratio was approximately 100% when Chla > 4 mg m-3, which was very 351 

close to that in Case II waters (Figure 4a-d). This result indicates that the quantification of the 352 

packaging effect at low Chla concentrations was more difficult than that at high Chla 353 

concentrations because the packaging effect had a greater possibility of being abnormal. 354 

On the other hand, the packaging effect during the Pacific Ocean cruise (Data set D) was 355 

constructed through our proposed new model for Case I waters, together with the “Ocean 356 

version” method. In Figure 4i-l, we found that Qa
* on the magenta line had a similar distribution 357 

as that in Figure 4a-d, which was within a reasonable range (0–1), and one difference was that 358 

the packaging effect in the Pacific Ocean was closer to 1 (approximately no packaging effect), 359 

except 520 nm. This result was consistent with those of Bidigare et al. (1990), where the 360 

pigment packaging effect was minimal in open-oceanic phytoplankton. The pigment 361 

compensation model for Case I waters performed well at 520 nm, where the blue line along the 362 

whole Chla-axis had a higher ratio (>90%) than that of the magenta line; this is additional 363 

strong evidence for the necessity of estimating UP, especially in open oceanic waters. 364 



 

 365 

Figure 4. A comparison of the results between the original and revised Qa
*. (a-d): Data set B-366 

II based on the model for Case II waters in coastal waters; (e-h): Data set C based on the 367 

model for Case I waters in the South Atlantic Ocean; (i-l): Data set D based on the model for 368 

Case I waters in the Pacific Ocean. 369 

3.3 Application to VIIRS satellite data 370 

The inversion of five major pigment groups, including Chla, Chlb, Chlc, PSC, and PPC, was 371 

accomplished through the multi-pigment inversion model (MuPI, Wang et al., 2018; Loisel et 372 

al., 2018). To simplify the optimization processes of MuPI, two unknown variables at λ0 nm, 373 

namely, bbp(λ0) and adg(λ0), were available from the satellite products, and another unknown 374 

variable, the peak magnitude of the Gaussian curve at λ1 nm, namely, aGau(λ1), was estimated 375 

through the Chla satellite product. Finally, the remaining two unknown quantities, namely, the 376 

peak magnitude of the Gaussian curve at λ2 nm, aGau(λ2), and the spectral decay constant for 377 

the absorption of detrital and dissolved materials, S, were obtained using the least-squares 378 

method. Here, monthly VIIRS-JNNP satellite data, including aph_QAA(443), Chlocx, 379 

bbp_QAA(443), and adg_QAA(443) products at 9 km spatial resolution, were available from the 380 

Ocean Color Data Website and used to map the spatial distributions of packaging effects in the 381 

Legends for (a) – (d):

Legends for (e) – (f) and (i) – (l): 



 

marginal seas of China and the Atlantic Ocean. Twelve monthly satellite data products in 2018 382 

were averaged to an annual mean. Figure 5 demonstrates the spatial distribution of Qa
*at the 383 

blue (443 nm) waveband for the annual average in 2018, together with the Chla isopleth (black 384 

solid line) in the marginal seas of China (Figure 5a) and the Atlantic Ocean (Figure 5b). 385 

The Qa
*(443) in the marginal seas of China shows more variation compared to that in the 386 

Atlantic Ocean (Figure 5b), which may have been caused by a large range of Chla 387 

concentrations in coastal waters. In general, an increasing latitudinal trend in Qa
*(443) from 388 

north to south was observed in addition to a decreasing Chla concentration, and this negative 389 

relationship appeared in the southern coastal area of the Shandong Peninsula and the western 390 

coastal areas of the Korean Peninsula. On the other hand, the slope of Qa
*(443) in the ECS 391 

matched well with the Chla isopleth, yet it still showed uncertainty in some highly turbid waters, 392 

such as the Subei shoal. 393 

By comparison with that in Figure 5a, Qa
*(443) showed a consistent trend in most areas of the 394 

Atlantic Ocean (Figure 5b). In coastal waters, a strong packaging effect (approximately 0.2) 395 

covered the areas where Chla > 0.5 mg m-3. There were two peaks of Qa
*(443), where a lower 396 

center (approximately 0.6) and a higher center (approximately 0.9) were located in the ocean 397 

at approximately 0–20°N and 0–30°S, respectively. The higher center was more coincident 398 

with the Chla center, where the lower center had a southeastern position ahead relative to the 399 

Chla isopleth of 0.05 mg m-3. This phenomenon indicates that the phytoplankton concentration 400 

may also lead to the variation in the packaging effect. Note that the relationship between the 401 

packaging effect and Chla concentration showed a positive correlation, which has also been 402 

reported by other studies (Nelson et al., 1993; Bricaud et al., 2004; Malerba et al., 2018). On 403 

the other hand, even though the Chla concentration in the Atlantic Ocean was lower than that 404 

in the marginal seas of China, the Qa
*(443) in the Atlantic Ocean (Figure 5b), with a Chla 405 

variation under 0.1 mg m-3, did not have the weakest packaging effect (Qa
*=1). 406 

 407 

Figure 5. Annual mean (2018) of the packing effect at the 443 nm waveband in the marginal 408 

seas of China (a) and the Atlantic Ocean (b). Black lines overlaid on the figures refer to the 409 

(a) (b)



 

isopleth for Chla concentration distribution. Blank regions imply abnormal value 410 

distributions that are removed. 411 

4 Discussion 412 

4.1 Pigment distribution in different oceans 413 

Our established pigment compensation models were probably influenced by the pigment 414 

concentration distribution. As shown in Figure 6a-e, the distribution of five major pigment 415 

groups, including Chla, Chlb, Chlc, PSC, and PPC, can be divided into three types according 416 

to the fit lines overlaid. The first type focused on Chla, Chlc, and PSC (Figure 6a, c, and d). A 417 

coincident feature was that the frequency peaks for Chla, Chlc, and PSC distribution showed 418 

similar shapes and concentration-value centers. The Chla, Chlc, and PSC pigment groups of 419 

the NOMAD data set revealed bimodal distribution characteristics. The left peak 420 

(approximately 0.2, 0.004, and 0.03 mg m-3 for Chla, Chlc, and PSC, respectively) was closer 421 

to that of the Pacific Ocean than that of the other data sets, while the right peak was closer to 422 

that of the marginal seas of China and the South Atlantic Ocean than that of Data set D. The 423 

pigment compensation model for Case I waters was developed by using Data set B-I, with a 424 

Chla range of 0.2–1 mg m-3, yet the Chla frequency peak in the Pacific Ocean was located at a 425 

range of 0.05–0.2 mg m-3. This may have caused a biased estimation by the model for Case I 426 

waters in the Pacific Ocean. The second type was specific to the Chlb distribution (Figure 6b), 427 

where a distinct difference from the first type was that Chlb had a nearly coincident area 428 

between the South Atlantic Ocean and the Pacific Ocean data set at approximately 0.01 mg m-429 
3. However, there was another peak at approximately 0.1 mg m-3 for the Chlb distribution in 430 

the South Atlantic Ocean (approximately 0.05–0.2 mg m-3). For the third type, four data sets 431 

showed a similar distribution where the PPC distribution peak was 0.05–0.2 mg m-3 (Figure 432 

6e). In short, compared to the other pigment groups, Chla had the highest proportion of the 433 

total pigment concentration and played a dominant role in modeling the packaging effect. Thus, 434 

the Chla distribution shows potential for indicating the packaging effect. Note that our model 435 

for Case I waters may generate biased estimations in some regions of the Pacific Ocean (Data 436 

set D) with most Chla concentrations below 0.2 mg m-3. 437 



 

 438 

Figure 6. Histogram showing the frequency distribution of in situ measured Chla, Chlb, 439 

Chlc, PSC, and PPC in the four sea areas. (a): the marginal seas of China (n=183); (b): 440 

NOMAD (n=277); (c): the South Atlantic Ocean (n=190); and (d): the Pacific Ocean 441 

(n=106). The black lines denote the normal distribution curves. 442 

4.2 Uncertainty analysis of pigment compensation model-derived Qa
*(520)  443 

Our developed pigment compensation models generally improved the quantification of the 444 

packaging effect in Case I or Case II waters, yet a potential limitation was an inaccurate 445 

quantification of the packaging effect at the green waveband, such as Qa
*(520), when other 446 

wavebands performed well. The model-derived Qa
*(520) in this study sometimes showed an 447 

abnormal distribution (>1) in a certain number of samples. The first reason this abnormal 448 

distribution has occurred is that it may be attributed to the influence of the UP group that mainly 449 

contributed to the green waveband. The specific absorption coefficient of the UP group used in 450 

this study was from that reported in Ficek et al. (2004), and there was no sufficient validation 451 

of its specific absorption in the marginal seas of China; this scenario may have introduced 452 

uncertainty to the quantification of Qa
*(520). Second, the UP group mainly consisted of 453 

phycobilins (Bidigare et al., 1990; Ficek et al., 2004). We did not truly measure its 454 

concentration but used an empirical relationship (between ∆aph(520) and Chla) to estimate its 455 

concentration. Therefore, the model-derived Qa
*(520) showed greater uncertainties than those 456 

of other wavebands. 457 

Here, we analyzed the Chla distribution under conditions where the packaging effect 458 

quantification was abnormal after performing our models. Those outliers were selected using 459 

a differentiation criterion (i.e., Qa
*(520) > 1) in the marginal seas of China (Data set A) and the 460 

Atlantic Ocean (Data set B-I) (Figure 7); the Chla ranges of those two data sets showed similar 461 

distributions , namely, 0.1 to 2 mg m-3 and 0.08 to 2 mg m-3, respectively. The majority of the 462 

samples (~82%) in the marginal seas of China fell within 0.2–1 mg m-3 (Figure 7a), whereas 463 

the same distribution in the Atlantic Ocean (Figure 7b) had approximately 73.91% of points 464 



 

distributed in the range of 0.1–0.4 mg m-3. Therefore, the underestimation of the reconstructed 465 

aph,sol at 520 nm wavelength appeared within a range of 0.1–1 mg m-3. The abnormal 466 

distribution (Qa
*(520) > 1) decreased rapidly when the Chla was close to 1 mg m-3 in Case II 467 

waters (the marginal seas of China); at the same time, they also decreased in Case I waters (the 468 

Atlantic Ocean) where the Chla was close to 0.1 mg m-3. The potential reason for the 469 

abovementioned underestimation is that the packaging effect at 520 nm wavelength showed 470 

different degrees of variation between Case I and Case II waters. The packaging effect in green 471 

waveband may have decreased more from the influence of other pigment groups due to the 472 

increasing pigment concentration, but the influence was not distinct at low pigment 473 

concentrations, similar to that in the Pacific Ocean. 474 

 475 

Figure 7. The frequency distribution of in situ measured Chla where Qa
*(520) > 1 after 476 

performing our compensation model in the marginal seas of China (a) and the Atlantic Ocean 477 

(b). The red lines denote the log-normal distribution fitting curves. 478 

4.3 Implications for future work 479 

Accurate quantification of the packaging effect is significant for evaluating its influence on 480 

phytoplankton absorption coefficients and other oceanic variables (Alcântara et al., 2016; 481 

Berner et al., 1989; Jena, 2017; Nelson et al., 1993). Our compensation models decreased the 482 

possibility of abnormal packaging effect appearance, which was based on the spectrum 483 

reconstruction method with in situ pigment and phytoplankton absorption data sets in Case I 484 

and Case II waters. Therefore, future research on the packaging effect could be explored for 485 

related factors, such as a relationship between the packaging effect and phytoplankton size 486 

structure and their influence on other bio-optical quantities. On the other hand, the input 487 

parameters for generating spectral and temporal distributions of the packaging effect through 488 

satellite observations still exhibited uncertainty to some extent, such as concentrations of the 489 

major pigment groups, especially in coastal waters (He et al., 2012). 490 

5 Conclusions 491 

This study develops novel pigment compensation models to quantify the packaging effect for 492 

Case I and Case II waters. The models demonstrated here enable us to improve the approach 493 

of estimating the packaging effect and distinctly decrease the appearance of abnormal cases 494 

with Qa
* > 1. Important progress in our models was characterizing the contribution of the UP 495 

group to the phytoplankton absorption coefficient under solvent conditions, which greatly 496 

increased the accuracy of the packaging effect quantification, especially in the green waveband. 497 

Data set A
Data set B-I

(a) (b)



 

Our new model for Case II waters performed well under conditions of 0.2 < Chla < 4 mg m-3, 498 

and the model for Case I waters performed well at Chla > 0.1 mg m-3. Applying our developed 499 

models to satellite data generated the spatial distribution of the packaging effect in the marginal 500 

seas of China and the Atlantic Ocean. The satellite-derived results followed a conventional rule 501 

well, that is, the higher the Chla concentration is, the stronger the packaging effect. The findings 502 

of this study provide an incentive to obtain significant knowledge on the changes in 503 

phytoplankton absorption in oceanic waters and further lay a foundation for exploring many 504 

related marine biogeochemical processes. 505 
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