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Abstract
During polar nights in January 2012 and 2017, significantly higher bioluminescence (BL) potential emissions in the upper 50 m 
were observed in the fjord Rijpfjorden (Svalbard, Norway) in comparison to offshore stations (located on the shelf-break, shelf-
slope areas and in the deeper water). The objective of this paper is to better understand why, during two polar nights (separated 
by 5 years), the values of BL potential in the northern Svalbard fjord are higher than at offshore stations, and what the role of 
advection is in observed elevated BL potential values in the top 50 m of the fjord. To address the above objective, we applied 
the same BL potential modeling approach and strategies during polar nights for both 2012 and 2017. For both years, advection 
of BL potential from offshore (including upwelling along the shelf, shelf-slope) produced an increase of BL potential in the 
fjord area, in spite of the introduction of mortality in bioluminescent organisms. Observations of BL potential indicated high 
emissions at depths below 100 m at offshore stations for both polar nights. Our modeling studies demonstrated that these high 
values of BL potential below 100 m are upwelled and advected to the top 50 m of the fjord. We demonstrated that upwelling 
and advection of these deep high BL potential values (and therefore, upwelling and advection of corresponding bioluminescent 
taxa) from offshore areas are dominant factors in observed BL potential dynamics in the top 50 m in the fjord.
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1  Introduction

Bioluminescence is light produced by organisms through 
chemical reactions, which structure ecological interactions in 
dim habitats, particularly in the marine environment (Haddock 
et al. 2010). At high latitudes, polar night is a prolonged period 
of seasonal darkness with the sun remaining below the horizon 
throughout the diel cycle for up to 177 days at the North Pole 
(Cohen et al. 2020). Accordingly, bioluminescence, rather 
than sunlight, represents a significant portion of the photons 
available for pelagic organism interactions during the Polar 
Night (Cronin et al. 2016; Cohen et al. 2015).

During the last decade, field studies have provided snap-
shots of bioluminescence and the distribution of biolu-
minescent organisms during the Polar Night (Berge et al. 

2012, 2020; Cronin et al. 2016). Because most biolumines-
cent organisms in the marine environment generate light 
in response to mechanical stimulation, bioluminescence is 
commonly measured as bathyphotometer bioluminescence 
potential (BL potential), defined as mechanically stimulated 
light measured inside of a chambered pump-through bathy-
photometer (Herren et al. 2005; Moline et al. 2005; Latz 
and Rohr 2013). The bathyphotometer pumps water into 
its detection chamber and mechanically stimulates marine 
organisms to produce light inside the detection chamber.

During the polar night of January, 2012, BL potential 
observations were significantly higher in the top 50 m in the 
area of a northern Arctic fjord (Rijpfjorden, Svalbard, Nor-
way) in comparison to offshore stations located on the shelf-
break, shelf-slope areas and in the deeper water (Shulman 
et al. 2020). In our previous studies, we demonstrated that 
the advection, upwelling and mixing of BL potential (repre-
senting bioluminescent taxa) from offshore were dominant 
factors in explaining the observed high BL potential values in 
the top 50 m of the fjord area in comparison to offshore sta-
tions (Shulman et al. 2020). The interpretation of our previous 
results is that during the Polar Night, the fjord represents an 
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area where bioluminescent organisms from offshore aggregate 
through advection and mixing. These conclusions were based 
on observations and modeling during only one polar night 
(January 2012), and we were concerned that they might be too 
specific to that particular polar night of 2012. How typical are 
these conclusions with respect to conditions during other years? 
It is a challenging question to address because of the paucity 
of observations, especially during polar nights in the Arctic.

In the present paper, we compare observations of BL potential 
during January of 2012 and 2017, and deploy the same modeling 
strategies for both polar night periods in order to compare dynamics 
of BL potential during two polar nights, separated by five years. 
As we will demonstrate below, observed BL potential emissions 
in the top 50 m in the fjord are higher than that in offshore areas 
for both years, indicating a higher presence of bioluminescent 
organisms in the top 50 m in the fjord area than offshore during 
both polar nights. Can physical processes explain why the values of 
BL potential in the top 50 m of the fjord would be higher than those 
at offshore stations for both years, and specifically, what is the role 
of advection in the observed elevation of BL potential values in the 
fjord in comparison to offshore stations?

To address the questions above, we deploy the modeling 
approach used in Shulman et al. (2020). Changes in BL potential 
are modeled with the advection–diffusion-source (ADS) model, 
and the focus is on modeling and predictions of changes in 
averaged values of BL potential over a specific domain of interest 
(in the present paper the domain of interest is the area around a 
sampling station near the fjord mouth). As we demonstrated in 
Shulman et al. (2020), the estimation of the ensemble of possible 
averaged values of BL potential in the area of interest requires: 
1) estimation of the adjoint (by backward in time integration 
of the adjoint model); 2) generation of ensembles of possible 
distributions of the BL potential initial conditions and source 
minus sink terms; and 3) estimation of two integrals over the 
modeling domain: the integration of the adjoint with the BL 
potential initial conditions, and the integration of the adjoint with 
the BL potential source minus sink terms.

The structure of the paper is as follows: BL poten-
tial observations for Polar Nights of 2012 and 2017 are 
described in Sect. 2; BL potential modeling is briefly pre-
sented in Sect. 3; Sect. 4 is devoted to the results, and Sect. 5 
is discussion and conclusions.

2 � Bioluminescence potential observations 
during polar nights of 2012 and 2017

Bathymetry around Svalbard (Spitsbergen and Nordaust-
landet, Norway), situated between the Barents Sea and the 
Arctic Ocean and locations of four observational stations 
sampled during the polar night in January 12–16 of 2012 and 
four observational stations sampled during the polar night in 
January 10–14 of 2017 are shown on Fig. 1. Stations A2012 

and A2017 are located at the mouth of the fjord Rijpfjorden; 
stations B2012 and B2017 are to the north of the fjord and in 
the shelf-break, shelf-slope area; stations C2012 and C2017 
are also located in the shelf-break, shelf-slope area, but are 
to the west-south of the fjord, and finally stations D2012 and 
D2017 are fur most offshore and in the Arctic basin.

Surveys of BL potential were conducted using a bathy-
photometer called the Underwater Bioluminescence Assess-
ment Tool (UBAT; WetLabs, Inc., Philomath, OR). For 
both years, the UBAT was mounted on the profiling cage. 
Downcasts from 2012 surveys down to 500 m depth were 
used in the present study. In 2017, each profile consisted of 
4 min stops at 20 m depth intervals down to 120 m depth. 
The UBAT outputs 60 Hz as well as one second averaged 
data. The BL potential measured by the bathyphotometer 
represents a sum of light emitted by different organisms 
in the detection chamber. Usually zooplankton emit bright 
flashes (larger than 1010 ph/s), while most dinoflagellate spe-
cies only emit flashes less than 109 ph/s. Figure 2 shows 
that during both polar nights there were higher BL potential 
emissions in the top 50 m in the fjord (at stations A2012 
ad A2017) in comparison to other stations located offshore 
(60 Hz data are plotted). This is well-supported by statistical 
properties of observed values of BL potential (60 Hz data) in 
Table 1 for 2012 and Table 2 for 2017. Johnsen et al. (2014) 
and Cronin et al. (2016) used 108 ph/s as a threshold value, 
below which the BL potential values were not considered. 
This value is about 100 times larger than the BL potential for 
filtered sea water. Here, we also considered only BL poten-
tial values, which are larger or equal to 108 ph/s (i. e. larger 
or equal 8 in log10 transformed sense).
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Fig. 1   Bathymetry around Svalbard, NO, and locations of obser-
vational stations. Stations sampled in 2012 are: A2012—blue star, 
B2012—blue diamond, C2012—blue triangle, D2012—blue circle. 
Stations sampled in 2017 are: A2017—red star, B2017—red dia-
mond, C2017—red triangle, D2017—red circle
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The tables present a number of emissions recorded 
(NOtotal) in the top 50 m, a number of non-zero emissions 
recorded in the top 50 m (NOO), a number of emissions with 
log10 transformed values larger or equal 8 in the top 50 m 
(NO), fractions NO/NOtotal and NO/NOO, and maximum 

values of log10 transformed emissions in the top 50 m for 
the considered stations.

In accord with Table 1, fractions of emissions with log10 
transformed values larger or equal 8 to total emissions (NO/
NOtotal) and to non-zero emissions (NO/NOO) are larger at 
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Fig. 2   Observed BL potential emissions (log10 transformed) at stations shown on Fig. 1

Table 1   Bioluminescence potential observations. NOtotal is a number of emissions (60 Hz) recorded in the top 50 m, NOO – number of non-
zero emissions recorded in the top 50 m, NO is a number of emissions with log10 transformed values larger or equal 8 in the top 50 m

Station NOtotal NOO NO NO/NOtotal NO/NOO max (log10 BL)

A2012 6425 3456 1979 0.31 0.56 11.76
B2012 8025 3607 558 0.07 0.15 10.40
C2012 10,914 1768 387 0.035 0.22 10.2
D2012 8921 3919 592 0.066 0.15 10.48

39Ocean Dynamics (2022) 72:37–48



1 3

A2012 station ( in the fjord) than at offshore stations (B2017, 
C2017 and D2017). Table 1 shows that 31% of total emis-
sions (fraction NO/NOtotal) and 56% of non-zero emissions 
(fraction NO/NOO) at station A2012 are larger or equal to 8 
(in log10 transformed sense). While these fractions are 7% 
of the total and 15% of non-zero emissions at B2012; 3.5% 
and 22% at C2012, and 6.6% and 15% for D2012. Table 2 
shows similar results for the Polar Night of 2017. About 14% 
of total emissions and 39% of non-zero emissions at station 
A2017 are larger or equal to 8 (in log10 transformed sense). 
While these fractions are 3% of total and 16% of non-zero 
emissions at B2017; 3.7% and 20% at C2017, and 1.9% and 
5.4% for offshore station D2017.

In the fjord, fractions NO/NOtotal and NO/NOO are larger 
at A2012 station (31% and 56% correspondingly) than at 
A2017 (14% and 39% correspondingly). At the same time, 
absolute values of NOtotal, NOO and NO are smaller at 
A2012 than at A2017. This is due to more extended sampling 
durations at particular depths during 2017, which resulted in 
registering more emissions in comparison to 2012 sampling. 
Note, that like for fjord stations, values of NOtotal, NOO, 
NO are also smaller for other 2012 stations in comparison to 
corresponding 2017 stations (Tables 1 and 2), while fractions 
NO/NOtotal and NO/NOO are mostly larger for 2012 stations 
in comparison to corresponding 2017 stations.

Histogram plots of log10 transformed BL potential emis-
sions in the top 50 m for 2012 and 2017 stations are shown 
on Fig. 3 (only log10 transformed BL potential emissions, 
which are larger or equal to 8, are considered). During both 
polar nights there were higher BL potential observed values 
in the top 50 m in the fjord (at stations A2012 ad A2017) in 
comparison to other stations located offshore.

Figures 2–3 and Tables 1–2 strongly demonstrate that 
observed BL potential emissions in the top 50 m in the fjord 
are higher than that in offshore areas for both years, indicat-
ing a higher presence of bioluminescent organisms in the top 
50 m in the fjord area than offshore during both Polar Nights.

3 � BL potential modeling

We suppose that changes in BL potential can be described 
with the advection–diffusion-source (ADS) model (Shulman 
and Anderson 2019, Shulman et al. 2020). In accord with 

derivations presented in Shulman et al. (2020), the average 
value of BL potential in the particular area of interest Ω 
(representing a subdomain of the modeling domain D) has 
the following representation at evaluation time T:

where C is BL potential normalized by a constant normali-
zation coefficient μ = 108ph/s, �(x, y, z) ∈ D , dτ is element 
of volume in the integral, VΩ is the volume of the domain 
Ω, C0(τ) is initial condition at t = t0, λ is an adjoint variable 
that equal 1 in the domain Ω at the verification time T and 
integrated backward in time to t0 in accord with the adjoint 
equation to the ADS model (Shulman et al. 2020), S(τ, t)—
represents local sources minus sink of C.

For the area of interest Ω, we selected the top 50 m of 
6 × 6 grid cells of the circulation model (see Appendix) 
around stations A2012 and A2017 in the fjord (Fig. 1). This 
translates into an approximately 12 km x 26 km x 50 m box 
(marked by red box on Fig. 4a). In this case, J in (1) repre-
sents the average value of BL potential in the top 50 m of 
the area around stations A2012 and A2017 in the fjord at 
evaluation time T. For polar night of 2012, we selected the 
evaluation time T as January 14th 12Z of 2012 (Shulman 
et al. 2020). For Polar Night of 2017, we selected the evalu-
ation time also January 14th 12Z but of 2017.

Based on an ensemble of initial conditions C0,n(τ) and an 
ensemble of sources minus sink of BL potential Sn(τ, t), Eq. (2) 
estimates an ensemble of possible distributions of mean values 
of BL potential JT−t0n  depending on the value of T-t0:

The ensemble of initial values of (2) has the following 
representation:

Properties of the ensemble JT−t0n  (2) can be evaluated by 
estimating the fraction of ensemble members with averaged 
values of BL potential larger or equal to 108 ph/s (our chosen 
threshold for BL potential) to the total ensemble size N:

(1)

J =
�

VΩ
∫
Ω

C(�, T)d� =
�

VΩ
∫
D

C0(�)�(�, t0)d� +
�

VΩ
∫
D

T

∫
t0

�(�, t)S(�, t)dtd�

(2)J
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�

VΩ
∫
D
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�
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∫
D
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∫
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�(�, t)S
n
(�, t)dtd�

(3)J0
n
=

�

VΩ
∫
Ω

C0,n(�)d�

Table 2   Same as in Table 1 but 
for stations in 2017

Station NOtotal NOO NO NO/NOtotal NO/NOO max (log10 BL)

A2017 48,401 17,167 6692 0.14 0.39 12.59
B2017 47,631 9327 1490 0.03 0.16 10.55
C2017 49,424 9460 1846 0.037 0.2 11.2
D2017 50,228 17,618 943 0.019 0.054 10.6
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where NT−t0
8

 is a number of ensemble members JT−t0n  (2) with 
values of log10 ( JT−t0n  ) larger or equal 8, N is chosen to be 
equal 10,000. Corresponding initial value of fractions (4) is:

where N0

8
 is a number of ensemble members J0

n
 (3) with 

values of log10 ( J0
n
 ) larger or equal to 8.

Comparisons of fractions �T−t0
8

 and �0
8
 provide the 

insight into dynamics of BL potential in the fjord area 
over time (T-t0). We considered values of T-t0ranging from 
2 to 10 days in one day increments.

(4)�
T−t0
8

= N
T−t0
8

∕N

(5)�0
8
= N0

8
∕N

Figure 4a shows the distribution of the adjoint at time 
evaluation T for 2017 (January 14th 12Z of 2017), when 
the adjoint equals 1 in the area of interest Ω (the red box 
on Fig. 4a) and equals 0 everywhere outside of Ω. From 
these initial values at t = T, the adjoint equation is integrated 
backward in time (Shulman et al. 2020). The circulation 
model physical fields (Appendix A) were averaged over 
the sampling period of Jan. 11–14, 2017. This is equiva-
lent to an assumption that changes in BL potential can be 
described with the advection–diffusion-source (ADS) model 
with averaged over sampling period (4 days) physical fields. 
Vertically integrated adjoint distributions (normalized by 
the volume of the area of interest Ω) after T-t0 = 4 days of 
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backward in time integration (at time t0 equals Jan. 10th 12Z 
of 2017) and after T-t0 = 10 days of backward integration (at 
time t0 equals Jan 4th 12Z) are shown on Fig. 4b and c. Over 
10 days of integration, the adjoint’s non zero values reached 
the location of station B2012 (Fig. 4c) but not areas around 
other stations. Adjoint distributions for 2012 (Fig. 2 of Shul-
man et al. 2020) are similar to adjoint distributions for 2017 
(Fig. 4), when after 10 days of backward integration, the 
adjoint’s non zero values for 2012 reached also the loca-
tion of station B2012 but not areas around other stations 
(Fig. 2 of Shulman et al. 2020). Following the approach out-
lined in Shulman et al (2020), BL potential observations at 
station B2012 were used to generate an ensemble of possible 
initial BL potential distributions (C0,n(τ)) and an ensemble 
of possible sources minus sink term of BL potential (Sn(τ,t)).

4 � Results

First, we present runs 2012GR1 for 2012 and 2017GR1 for 
2017 when the same ensemble of initial conditions C0,n(τ)
was used for both years, and the local sources of changes 
in BL potential (Sn(τ,t)) equal to zero. In this case, changes 
in JT−t0n  (2) are determined by the initial distribution of BL 
potential C0,n(τ) at time t0 and by physical processes (rep-
resented by the adjoint). In accord with Table 3, for runs 
2012GR1 values of �T−t0

8
 are increasing from the initial 

value �0
8
 = 0.03 to 0.17 for T-t0 = 2 days, then to 0.3 for 

T-t0 = 4 days (one order of increase in comparison to initial 
value �0

8
 ), and up to 0.45 for T-t0 = 10 days. For 2017 (runs 

2017GR1) values of �T−t0
8

 increase from the same initial 
values �0

8
 = 0.03 to 0.09 for T-t0 = 2 days, then to 0.15 for 

T-t0 = 4 days, and up to 0.31 for T-t0 = 10 days (one order 
of increase in comparison to initial value �0

8
 ). This is well 

illustrated on Fig. 5, showing histograms of log10 ( JT−t0n  ) 
values for 2012GR1 and 2017GR1 runs after T-t0 equal to 
2, 4 and 10 days together with a histogram for the ensemble 
of initial values log10 ( J0

n
 ). There is an increase in frequen-

cies of histograms with increasing time. Because 2012GR1 
and 2017GR1 runs were done with Sn(τ,t) equal to zero (no 
local sources of BL potential to increase or decrease local 
BL potential values), all increases in fractions �T−t0

8
 (Table 3) 

and in histograms frequencies (Fig. 5) should be attributed 
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Table 3   Ratios of ensemble 
members with log10 
transformed values larger or 
equal 8 to the total ensemble 
size (values of �T−t0

8
 (4))

T-t0 in days

0 2 3 4 5 6 7 8 9 10

2012GR1 0.03 0.17 0.25 0.3 0.34 0.37 0.4 0.42 0.44 0.45
2017GR1 0.03 0.09 0.12 0.15 0.19 0.22 0.25 0.27 0.29 0.31
2012GR2 0.03 0.15 0.22 0.25 0.27 0.28 0.29 0.29 0.28 0.27
2017GR2 0.03 0.08 0.1 0.13 0.15 0.17 0.18 0.19 0.2 0.2
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to advection and mixing of BL potential (representing bio-
luminescent organisms) into the area of interest.

Those increases in modeled BL potential values are due 
to the horizontal advection into the area of interest and verti-
cal advection from below 50 m to the top 50 m of the area of 
interest. In order to quantify relative contributions of hori-
zontal and vertical advection to the increase of BL potential 
values in the top 50 m in the fjord, we estimated the follow-
ing ensemble of ratios �n for 2012GR1 and 2017GR1:

where

and

(6)�
T−t0
n = J

T−t0
2,n

∕J
T−t0
1,n

(7)J
T−t0
1,n

=
�

VΩ
∫
D1

C0,n(�)�(�, t0)d�

In (7) and (8), D1 and D2 are subdomains of the modeling 
domain D: D1 covers the offshore area to the north of the red 
box on Fig. 4a and D2 is the domain below the 50 m of the 
red box. In this case, JT−t0

1,n
 (7) represents the contribution of 

offshore horizontal advection to the BL potential mean val-
ues in the area of interest for 2012GR1 and 2017GR1 runs. 
While, JT−t0

2,n
 (8) represents the contribution of vertical advec-

tion to the BL potential mean values in the area of interest. 
In this case, the ensemble of ratios �T−t0n  (6) represents the 
relative contribution of vertical advection versus horizontal 
advection to the total change in mean BL potential values 
in the area of interest. Ensemble members of �T−t0n  larger 
than one indicate that vertical advection contributes more 
to the increase in BL potential than horizontal advection 

(8)J
T−t0
2,n
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�

VΩ
∫
D2
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Fig. 5   Histograms of log10 ( JT−t0n  ) (2) for 2012GR1 (left) and 
2017GR1 (right): (a) initial values log10 ( J0

n
 ) (3); (b) for 2012GR1 

after T-t0 = 2  days; (c) for 2012GR1 after T-t0 = 4  days; (d) for 

2012GR1 after T-t0 = 10  days; (e) for 2017GR1 after T-t0 = 2  days; 
(f) for 2017GR1 after T-t0 = 4  days and (g) for 2017GR1 after T-
t0 = 10 days. Only histograms for values larger or equal 8 are shown
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for those ensemble members, and vice versa. Table 4 shows 
statistics for ensembles of �T−t0n  , estimated for runs 2012GR1 
and 2017GR1. It shows that the mean value for ensembles 
�
T−t0
n  decreases over time for both years. It is below 1 after 

2 days of integration for 2017GR1, and after 6 days of inte-
gration for 2012GR1. This means that for both years, hori-
zontal advection is the more dominant factor to the increase 
of BL potential than vertical advection. After T-t0 = 3 days 
for 2017GR1 and T-t0 = 7 days for 2012GR1, minimum and 
maximum values of all ensemble members of �T−t0n  are less 
than one for both years. This means that all ensemble mem-
bers of  �T−t0n   have a contribution of horizontal advection 
that is larger than the contribution from the vertical advec-
tion. All of this demonstrates that the horizontal advection 
from offshore (including upwelling of BL potential from 
offshore along the shelf, shelf-slope) is the dominant factor 
increasing BL potential in the fjord for both years.

In our next group of experiments 2012GR2 and 
2017GR2, we assumed that there is no reproduction during 
the polar night but mortality rates were uniformly distributed 
between 0.1 and 0.2 day−1. Table 3 shows fractions �T−t0

8
 (4) 

for 2012GR2 and 2017GR2. For T-t0 = 2 days, fractions �T−t0
8

 
increase from the initial value 0.03 to 0.15 for 2012GR2 and 
from the same initial value 0.03 to 0.08 for 2017GR2. Then 
for T-t0 = 4 days, fractions increase to 0.25 for 2012GR2 
and to 0.13 for 2017GR2. For 2012GR2, fractions �T−t0

8
 

reach a maximum value around 0.29 for T-t0 = 6–7 days, and 
then slightly drop to 0.27 for T-t0 = 10 days, while for runs 
2017GR2, fractions �T−t0

8
 steadily increase over 10 days to 

a 0.2 value. This indicates that without new reproduction 
and with mortality rates from 0.1 to 0.2 day−1, there is an 
increase in BL potential values in the fjord over time in com-
parison to offshore values. For both considered years, the 
advection and upwelling of BL potential from offshore to the 
fjord produce an increase of BL potential in the fjord area, 
in spite of the introduction of mortality of bioluminescent 
organisms in runs 2012GR2 and 2017GR2. Figure 6 shows 
histograms of predicted log10 ( JT−t0n  ) values for 2012GR2 
and 2017GR2 runs. As for 2012GR1 and 2017GR1 runs 

(Fig. 5), there is an increase over time in frequencies of his-
tograms. For both years, these histograms again support the 
conclusion that our modeling studies have demonstrated that 
higher values of BL potential in the fjord are the result of 
the advection of BL potential from offshore, irrespective of 
mortality.

The offshore station B2012 (used to build the ensem-
ble of initial distribution C0,n(τ)) has values of log10 (BL) 
higher than 8 at depths deeper than 50 m, with a prominent 
maximum value larger than 11 between 100 and 125 m depth 
(Fig. 2). Therefore, the ensemble of initial distributions 
C0,n(τ) has the similar high BL potential values in the mod-
eling domain (including the fjord area). As a result, those 
high BL potential values from the depths below100m are 
advected into the top 50 m of the fjord, which resulted in the 
increase of mean BL potential values. In accord with Fig. 2, 
at depths100-130 m, there are observed BL potential emis-
sions reaching value 11 and higher at stations A2012 and 
A2017 in the fjord, and at stations B2017, B2012, C2012, 
and D2017 offshore. Finally, there are emissions larger than 
11 at depths below 300 m at offshore stations C2012 and 
D2012, but note that these deeper depths were not sampled 
in 2017. This demonstrates that high BL potential emissions 
observed below 100 m are a typical phenomenon both off-
shore and in the fjord during both Polar Nights in the Arctic.

To further evaluate the impact of high BL potential values 
below 100 m on the BL potential dynamics in the top 50 m 
in the fjord, we conducted runs 2012GR3 and 2017GR3 
when high values of BL potential below 100  m were 
replaced with threshold values equal to 8 (in log10 sense) 
in the ensemble of initial conditions C0,n(τ) (see Supplemen-
tary Material (SM) for details). Due to a lack of subsurface 
high values of BL potential in the initial conditions in the 
entire modeling domain, histograms for runs 2012GR3 and 
2017GR3 (Figure SM1) show BL potential values not larger 
than 9.5 in the top 50 m of the fjord. For both polar nights, 
this demonstrates that high values of BL potential in the 
top 50 m in the fjord are a result of advection of subsurface 
(below 100 m) high values of BL potential (and therefore, 

Table 4   Statistical properties of  
�
n
 (6) (the ensemble of ratios of 

vertical advection to horizontal 
advection) for 2012GR1 and 
2017GR1

2012GR1 2017GR1

T-t0 (days) Min Max Mean std Min Max Mean std

2 1.63 3.88 2.36 0.72 0.54 2.68 0.84 0.56
3 0.78 2.29 1.79 0.29 0.36 1.39 0.61 0.31
4 0.53 1.72 1.43 0.19 0.28 0.89 0.47 0.19
5 0.39 1.37 1.16 0.15 0.23 0.63 0.39 0.13
6 0.31 1.13 0.97 0.13 0.2 0.49 0.33 0.09
7 0.25 0.96 0.83 0.12 0.16 0.41 0.3 0.07
8 0.21 0.83 0.72 0.11 0.13 0.36 0.28 0.05
9 0.18 0.73 0.64 0.10 0.11 0.32 0.25 0.04
10 0.15 0.65 0.57 0.09 0.1 0.3 0.24 0.04
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advection of subsurface bioluminescent organisms). In our 
next runs 2012GR4 and 2017GR4, we removed high val-
ues of BL potential below 100 m in the ensemble of initial 
conditions C0,n(τ) only in the area outside of the fjord, while 
for runs 2012GR5 and 2017GR5, we removed high values 
of BL potential below 100 m only in the area inside of the 
fjord (see SM for details). Comparisons of above runs with 
2012GR1 and 2017GR1 provide the impact of offshore ver-
sus inshore subsurface high values of BL potential on the BL 
potential dynamics in the top 50 m in the fjord.

For both considered years, the differences between runs 
YEARGR1 (where YEAR means 2012 or 2017) and cor-
responding runs YEARGR4 (with subsurface high values 
of BL potential in the initial conditions only in the fjord) are 
growing over time (Tables SM1 and SM2). This increase 
in differences is a result of an increased impact of offshore 
advection and upwelling of high BL potential values from 
below 100 m in YEARGR1 runs, and the lack of this advec-
tion and upwelling in YEARGR4. In opposite dynamics, the 
difference between runs YEARGR1 and corresponding runs 
YEARGR5 (with subsurface high values of BL potential in 
the initial conditions in the offshore area) are decreasing 
over time (Tables SM1 and SM2). This indicates that with 
time progressing, the advection and upwelling of high values 
of BL potential from below 100 m offshore, which is present 
in both YEARGR1 and YEARGR5 runs, becomes the domi-
nant factor in the BL potential dynamics in the top 50 m in 
the fjord. Finally, differences between runs YEARGR5 and 
YEARGR4 (see SM for details) also demonstrate that advec-
tion and upwelling from offshore is becoming the dominant 

factor in the BL potential dynamics in the top 50 m of the 
fjord over time.

5 � Discussions and conclusions

During Polar Nights of January 2012 and 2017, signifi-
cantly higher BL potential emissions in the top 50 m were 
observed in the northern Svalbard fjord (Rijpfjorden) in 
comparison to offshore stations (located on the shelf-
break, shelf-slope areas and in the Arctic basin). Around 
56% of BL potential non-zero emissions were larger or 
equal to 108 ph/s in the fjord area in 2012 and 39% in 2017, 
while no more than 22% in 2012 and 20% in 2017 were 
observed at offshore stations located on the shelf-break, 
shelf-slope areas and in the Arctic basin. The objective of 
this paper was to better understand why, during two polar 
nights (separated by 5 years), the values of BL potential in 
Rijpfjorden are higher than at offshore stations, and what 
role advection plays in the observed elevated BL potential 
values in the top 50 m of the fjord. This is important for 
biological studies because bioluminescence, rather than 
sunlight, represents a significant portion of the photons 
available for pelagic organism interactions during the 
Polar Night (Cohen et al. 2020, 2015; Cronin et al. 2016).

To address the above objective, we applied the same 
BL potential modeling approach (developed in Shulman 
et al. 2020) during both polar nights. The approach is 
based on estimation of the ensemble of possible averaged 
values of BL potential over a specific domain of interest 

Fig. 6   As on Fig. 5 but for runs 
2012GR2 (left) and 2017GR2 
(right)
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(in the present paper the domain of interest is the area 
around a sampling station near the fjord mouth). Numeri-
cal experiments were conducted when the local sources 
of changes in BL potential were equal to zero–this means 
that all changes in mean values of BL potential in the area 
of the fjord were determined by advection and mixing of 
BL potential. Results of those simulations demonstrated 
increases in ensemble members with BL potential values 
larger or equal to 108 ph/s in comparison to correspond-
ing ensemble members in the initial distribution for both 
years. After 4 days of simulations, the increase in the num-
ber of ensemble members with BL potential values larger 
than or equal to 108 ph/s was ten times in comparison to 
the initial distribution for 2012 and five times for 2017. 
After 10 days of simulations, the increase was fifteen times 
in comparison to the ensemble of initial BL potential val-
ues in 2012 and around ten times for 2017. In our next 
numerical experiments, we introduced mortality of bio-
luminescent organisms (from 0.1 to 0.2 day−1). For both 
considered polar nights, advection and upwelling of BL 
potential from offshore to the fjord produced an increase of 
BL potential in the fjord area, in spite of the introduction 
of mortality for bioluminescent organisms. These mod-
eling results indicate that the advection and mixing of BL 
potential from offshore are dominant factors in increases 
of BL potential in the fjord area in the top 50 m in com-
parison to offshore areas.

Observations of BL potential indicated high emissions 
(larger than 1011 ph/s), at depths below 100 m at the fjord 
as well as at offshore stations for both polar nights. As the 
result of this, the ensemble of initial conditions (which was 
derived from BL observations at the offshore station located 
in the area of shelf-break and was closest to the fjord) had a 
subsurface maximum of BL potential at depths between 100 
and 125 m. Our modeling studies demonstrated that these 
high values of BL potential below 100 m are upwelled and 
advected to the top 50 m of the fjord. We demonstrated that 
upwelling and advection of these deep high BL potential val-
ues (and therefore, upwelling and advection of correspond-
ing bioluminescent taxa) from offshore areas are dominant 
factors in observed BL potential dynamics in the top 50 m 
in the fjord.

The question remains regarding sources of biolumines-
cent taxa responsible for the high values of observed BL 
potential in offshore waters to the north of Rijpfjorden. It is 
well-known that the North Atlantic water enters the north-
ern Svalbard area from the west-south of Svalbard (Falk-
Petersen et al. 2015; Beszczynska-Moller et al. 2012; Base-
dow et al. 2018; Wassmann et al. 2019; Vernet et al. 2019), 
and that there is “Atlantification” of the Arctic including 
some Svalbard fjords which in turn influences plankton com-
munities (Csapó et al. 2021, Lind et al. 2018). Basedow et al. 
(2018) observed that the transport of North Atlantic Water 

into the Arctic is larger during the Polar Night (January) 
than in May and August, and that there is a strong influx 
of zooplankton with North Atlantic Water during the Polar 
Night. They observed an influx of the bioluminescent cope-
pod Metridia longa, which remains active during the Polar 
Night, and it has a relatively deep distribution (> 150 m; 
Blachowiak-Samolyk et al. 2015, 2017). Indeed, Hop et al. 
2019 reported similar processes contributed to higher abun-
dance of Metridia longa and ostracods (known to be biolu-
minescent, e.g. Cronin et al. 2016) on the slope and shelf 
outside of Rijpfjorden during summer across several years. 
Therefore, this indicates that the advection of zooplankton 
by the North Atlantic Water is one possible source of bio-
luminescent organisms offshore of the northern Svalbard 
during the Polar Night.

Another question remaining is why are bioluminescent 
taxa observed predominantly below 100  m in offshore 
waters? In accord with Webster et al (2015), “the moon was 
full during the sampling period” in January 2012. The full 
moon was also present on January 12 of 2017, right in the 
middle of the considered sampling period during January of 
2017. Therefore, we can suspect that full moon or near full 
moon conditions were present during both sampling periods 
of the two Polar Nights under consideration. As stated in 
Cohen et al. 2020, marine organisms are sensitive to light, 
and numerous recent studies demonstrated that the position 
of zooplankton is vertically controlled by light (Båtnes et al. 
2015, Cohen et al. 2015) and closely related to specific isol-
umes (Webster et al. 2015, Berge et al. 2012, 2020, Hobbs 
et al. 2021). Last et al. (2016) established that moonlight 
extends the depth of zooplankton vertical migrations in 
Svalbard fjords and across the Arctic during winter, while 
Båtnes et al. (2015) suggested copepods can migrate down 
to 120–170 m during moonlight under attenuation of light 
corresponding to the ambient (winter) conditions. Therefore, 
the vertical migration of the bioluminescent organisms (due 
to behavioral sensitivity to the light conditions) might be 
one of the reasons why high values of BL potential were 
observed below 100 m during both Polar Nights under con-
sideration. Another source might be a weak reproduction 
and different survivial strategies of the zooplankton during 
Polar Night in the Arctic (Berge et al. 2020). Research and 
modeling of possible sources of bioluminescent taxa pres-
ence below 100 m will be a topic of our future studies.

Appendix. The circulation model

The ocean reanalysis used here is similar to the operational 
Global Ocean Forecast System (GOFS) 3.1 (Metzger et al. 
2014) with the ocean model based on the HYbrid Coordi-
nate Ocean Model (HYCOM) (Bleck 2002) that is two-way 
coupled to the Community Ice CodE (CICE) (Hunke and 
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Lipscomb 2008). The model has ~ 1/12° (~ 9 km) horizontal 
resolution at the equator (~ 4.5 km resolution in the study 
area) and 41 vertical hybrid coordinate layers. It uses the 
Navy Coupled Ocean Data Assimilation (NCODA) system 
for assimilation of satellite surface height anomalies, tem-
perature, and sea ice concentration as well as available in-
situ vertical temperature and salinity profiles from XBTs, 
CTDs, Argo floats, moored buoys, gliders and marine mam-
mals (Cummings et al. 2009). Observations are assimilated 
on a 24-h update cycle. The system is forced with atmos-
pheric momentum and heat fluxes from the 0.3125° 1-hourly 
NCEP Climate Forecast System Reanalysis (CFSR) (Saha 
et al. 2010).
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