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A B S T R A C T

The basin water of a sill fjord is renewed intermittently, when the density of the water at sill level in the ocean
outside the fjord is high enough for it to sink down to the bottom of the fjord. How often the basin water is
renewed, the renewal frequency, depends on how fast diffusion and mixing cause the density in the basin to
decrease and on the variability of the density in the ambient ocean. Here, we suggest a statistical approach
to investigate how a trend – e.g. imposed by global warming – in the ambient ocean density will affect the
renewal frequency of a sill fjord. Negative ambient trends that are large compared to the rate at which density
decreases the fjord will have large impact on the renewal frequency. It is shown that the observed negative
trend in the annual maximum density at a hydrographical station near the Norwegian fjord Masfjorden, is
very likely to have reduced the renewal frequency and increased the length of the stagnation period compared
to pre-trend conditions. Negative trends in the annual maximum density since 1990 are observed at six out
of eight longterm hydrographical stations along the Atlantic Norwegian coast, suggesting that the deep water
renewal frequency in many Norwegian fjords has been reduced during the last 30 years.

1. Introduction

Fjords are long and narrow, steep-sided and glacially carved inlets
that are found at high latitudes in both hemispheres. A fjord typically
has one or many sills, which isolates the deep waters of the fjord
basin(s) from the coastal waters outside the sill (Fig. 1c). The basin
water, i.e. the water below sill level is only exchanged (or renewed)
when the density of the coastal water at sill level outside the fjord
(𝜌𝑐𝑜𝑎𝑠𝑡) exceeds that of the stagnant water within the basin (Gade and
Edwards, 1980). Diffusion and mixing will reduce the density of the
basin water with time (e.g. Stigebrandt and Aure, 1989), allowing
for a renewal of the basin water to take place. The mean length of
the stagnation period, i.e. the interval between two renewals, varies
greatly between fjord systems and ranges from a few weeks (e.g.
Gillibrand et al., 1995) to many years (Gade and Edwards, 1980). In a
poorly ventilated fjord, biological activity will with time consume the
available oxygen, leaving the basin waters in an hypoxic or even anoxic
state (e.g. Gillibrand et al., 1996). If the length of stagnation periods for
some reason were to increase, we can therefore expect the water quality
in the deeper part of the fjord to be reduced. In the Gullmar fjord,
Sweden, for example, the renewal rate is tightly linked to the NAO-
index, with long periods of positive NAO leading to fewer renewals,
hypoxic conditions and changes in the fjord eco-system (Polovodova
Asteman and Nordberg, 2013).
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Further to the north, in the Norwegian fjord Masfjorden (Fig. 1a–b)
oxygen concentrations has been observed to decrease in recent years,
causing authorities to question its suitability for e.g. fish farming. Ak-
snes et al. (2019) suggest that the changes are caused by a reduction
in the density of the coastal waters, which has led to reduced venti-
lation rates (i.e. longer periods of stagnation) and decreased oxygen
concentrations in the basin waters of the fjord. They apply a simplistic
empirical model to infer the evolution of the oxygen concentration
in the fjord, in which the annual renewal rate of the fjord, i.e. the
percentage of the basin water that is renewed with high oxygen open
ocean water in a year, increases linearly as a function of what they
call the ‘‘high density frequency’’, or the percentage of times that the
density at sill depth at a nearby hydrographic station (observed quasi
bi-weekly) is above a certain threshold. Aksnes et al. (2019) used a
constant threshold (𝜌0 = 1027.75 kg m3) based on the observed average
density of Masfjorden in the period 1975–2017. The ‘‘high density
frequency’’ has decreased since the 70s, leading to reduced ventilation
rates and lower oxygen concentration in Aksnes et al.’s (2019) model.
The predictions from the simple model match observed oxygen levels
in the fjord basin relatively well.

When the open ocean conditions are changing, e.g. in the presence
of a long-term trend, it evidently becomes problematic to use a fixed
density criteria to determine the renewal rate, as the density in the fjord
basin depends on and will evolve with the open ocean density.
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Consider, for simplicity, a case where the coastal density drops
so that the density no longer reaches above the threshold. The fjord
density will decrease (due to diffusion) and at some point the density
of the coastal water will be high enough for renewal to take place, even
if 𝜌𝑐𝑜𝑎𝑠𝑡 < 𝜌0.

We will here re-visit Masfjorden and the data sets used by Aksnes
et al. (2019), but following Gade (1973) we will take a statistical
approach to evaluate to what degree the observed trend in the density
of the coastal waters would affect the renewal rate of the deep water
in fjords such as e.g. Masfjorden. The proposed statistical framework
can be applied to other fjord areas where coastal densities show a
trend, for example Northeast Greenland, where the coastal waters
have been freshening since 2003 (Sejr et al., 2017), potentially halting
deep water renewal rate in the Young Sound-Tyrolerfjord in Northeast
Greenland (Boone et al., 2018). The framework can also be used to infer
future changes in fjord water quality based scenarios from numerical
models that do not resolve the small-scale fjord topography.

The framework does not allow for partial renewals (see Section 4)
and it cannot be applied to e.g. fjords on Svalbard where deep water
renewal is caused by convection during winter (Cottier et al., 2010),
or to fjords where deep water renewal is a continuous process, such as
e.g. in the Ilulissat Icefjord in western Greenland (Gladish et al., 2015).

2. Theory

We review and build on the work by Gade (1973) and consider the
deep water renewal in a fjord to be a stochastic process depending on
the statistical properties of the density variations outside of the sill. In
order to do so, we assume that:

1. the stagnant deep water in the fjord is homogeneous and that its
density (𝜌𝑓𝑗𝑜𝑟𝑑) decreases linearly with time at a rate −𝐷 kg m−3

yr−1 due to diffusion and vertical mixing.
2. Deep water is renewed when the density outside the sill at sill

depth (𝜌𝑐𝑜𝑎𝑠𝑡) is higher than 𝜌𝑓𝑗𝑜𝑟𝑑 . The renewal is total and
instantaneous, so that when the water is renewed we get 𝜌𝑐𝑜𝑎𝑠𝑡 =
𝜌𝑓𝑗𝑜𝑟𝑑 .

3. In a particular year, the deep water is either renewed or it is not,
and so the stagnation period 𝑁 is an integer number of years.

If 𝜌𝑐𝑜𝑎𝑠𝑡 can be described as a stochastic variable with a probability
density function 𝑔(𝜌𝑐𝑜𝑎𝑠𝑡), then the density of the basin water just after
renewal 𝜌 will also be a stochastic variable with its own probability
density function 𝑓 (𝜌), which is such that

∫

∞

0
𝑓 (𝜌0) 𝑞(𝜌|𝜌0) 𝑑𝜌0 = 𝑓 (𝜌), 0 < 𝜌 < ∞, (1)

where 𝜌0 is any initial condition and 𝑞(𝜌|𝜌0) is the probability density
function for the density of the next renewal given 𝜌0 (Gade, 1973).

While Gade (1973) solved Eq. (1) numerically, we take a Monte
Carlo approach and simulate a large number (𝑛 = 106) of deep water
renewals in order to obtain 𝑓 (𝜌) for a given 𝑔(𝜌𝑐𝑜𝑎𝑠𝑡), which we for
simplicity take to be normally distributed with a mean 𝜇 and a standard
deviation 𝜎.

For an initial fjord density 𝜌∗ (renewed at 𝑛 = 0 year), we ‘‘draw’’
a random sample 𝜌𝑐𝑜𝑎𝑠𝑡,1 from the coastal distribution 𝑔(𝜌𝑐𝑜𝑎𝑠𝑡) and
compare it with the fjord density at 𝑛 = 1 year, which is 𝜌𝑏𝑎𝑠𝑖𝑛,1 =
𝜌∗ −𝐷𝑛. If 𝜌𝑐𝑜𝑎𝑠𝑡,1 is smaller than 𝜌𝑏𝑎𝑠𝑖𝑛,1, then there is no renewal and
we repeatedly draw new samples (‘‘once a year’’) until after 𝑛∗ years
we have

𝜌𝑐𝑜𝑎𝑠𝑡,𝑛∗ > 𝜌𝑏𝑎𝑠𝑖𝑛,𝑛∗ = 𝜌∗ − 𝑛∗𝐷 (2)

and the fjord water is renewed. The process is started over, with the
new 𝜌∗ = 𝜌𝑐𝑜𝑎𝑠𝑡,𝑛∗ .

Fig. 2a shows the normalized probability distributions 𝑓 (𝜌) obtained
for various values of 𝐷∕𝜎, and we note, just like Gade (1973), that the
density within the fjord is higher and less variable than the density

along the coast outside. This tendency increases for decreasing values
of 𝐷∕𝜎 and at the same time, the mean length of the stagnation period
(the interval between two renewals) increases (Figs. 2b and 3a). Gade
(1973) found that the mean stagnation period, 𝑁 , can be described by

𝑁 = 1 + 0.729
(𝐷
𝜎

)−
√

3∕2
(3)

for 𝐷∕𝜎 in the range
√

2∕80 < 𝐷∕𝜎 <
√

2∕2.5.
Our results fall on this line for low values of 𝐷∕𝜎, but are about

10% lower for the higher values of 𝐷∕𝜎, potentially due to numerical
errors in Gade’s (1973) calculations.

Now, how does these results change if we after 𝑛 = 𝑛0 years
superimpose a trend (𝛼 kg m−3 yr−1) in the density of the coastal
waters, such that for 𝑛 > 𝑛0 we have 𝜇(𝑛) = 𝜇(0) + 𝛼(𝑛 − 𝑛0)?

We repeat the process described above, but (i) the initial density 𝜌∗
is now drawn from the corresponding distribution obtained without a
trend (𝑓 (𝜌)) and (ii) the fjord density 𝜌∗ − 𝑛𝑡0𝐷 is compared with the
coastal density 𝜌𝑐𝑜𝑎𝑠𝑡,𝑛 + 𝛼𝑛, i.e. we have 𝑛0 = 0 years (where 𝜌𝑐𝑜𝑎𝑠𝑡,𝑛
is drawn from 𝑔(𝜌𝑐𝑜𝑎𝑠𝑡) as in the example without a trend). The fjord
water is renewed if

𝜌𝑐𝑜𝑎𝑠𝑡,𝑛 + 𝛼𝑛 > 𝜌∗ − 𝑛𝐷, (4)

or, rewritten in the form of Eq. (2)

𝜌𝑐𝑜𝑎𝑠𝑡,𝑛 > 𝜌∗ − 𝑛𝐷∗, (5)

where 𝐷∗ = 𝐷+ 𝛼. The results obtained above can hence be applied to
a situation with a trend in the coastal density if we replace 𝐷 by 𝐷∗.

Fig. 3 shows how a trend 𝛼 = 𝑘𝐷 impacts the length of the stagna-
tion periods. As expected, positive trends (positive 𝑘) will decrease the
length of the stagnation period and negative trends (negative 𝑘) will
increase it. The effect of negative trends are larger than the effect of
a positive trend. A small trend (small relative to 𝐷, i.e. |𝛼| ≪ 𝐷 or
|𝑘| ≪ 1), will have little effect on the expected stagnation period. If
𝛼 < −𝐷 i.e. for 𝑘 < −1 or 𝐷∗ < 0, then renewal will stop altogether,
since the density outside of the fjord then decreases faster than the
density within the fjord (not shown).

3. Masfjorden: An example from the Norwegian west coast

Masfjorden (60◦51′53′′ N 05◦21′23′′E, Fig. 1) is a 24 km long and
0.5–2 km wide side-fjord to Fensfjorden, located on the west coast of
Norway. The main sill depth is 75 m and the deepest basin is about 470
m deep. Masfjorden is regularly discussed in regional media as recent
observations of low-oxygen conditions in the deep, stagnant basin
waters (Aksnes et al., 2019) are suggested to be caused by fish-farming
activities inside the fjord.

There exist quasi-annual hydrographic profiles from the inner, deep
basin since 1990 (data available from International Council for the
Exploration of the Sea and Norwegian Marine Data Center) and the tem-
poral evolution of bottom density (Fig. 4) suggests intermittent deep
water renewals separated by multi-year-long stagnant periods during
which the bottom density decreases with time. Since the observations
started in 1990 there have been at least five deep water renewals (red
circles in Fig. 4) and the length of the stagnation periods has been in
the range 2–10 years. The density decrease during the stagnant periods
suggests D = 0.010–0.015 kg m−3 yr−1. These values are slightly lower
than the values given by Aksnes et al. (2019), who considered the basin
average density while we use the bottom density.

The basin volume (below sill depth) in Masfjorden is about 0.4 km3

and the strait above the sill can be approximated by a 600 m wide and
70 m deep rectangle. Following Arneborg et al. (2004) it would take
1–3 days to renew the deep water if the density difference is 0.06 kg
m3 (as it was for the renewal in 2005, Fig. 4), the surface layer is
10 m and the flow is frictionally balanced. Following the classification
of Stigebrandt (2012), Masfjorden is hence a ‘‘mixing system’’, where
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Fig. 1. (a) Map showing the bathymetry (blue shading) and location of Masfjorden and the hydrographic station Sognesjøen. The positions of the repeated CTD-stations are marked
with colored dots according to the legend. The color scale is cut at 400 m—The Sognefjord is over 1000 m deep. The inset (b) shows the location of the study area (red star)
and the other hydrographic stations along the Norwegian coast: (from south) Lista (1), Inner and outer Utsira (2), Bud (3), Skrova (4), Eggum (5) and Ingøy (6). Stations showing
a significant trend in density after 1990 (Table 2) are shown in red (Stations 1–4 and Sognesjøen) and stations with no significant trend are shown in yellow (stations 5–6) c)
Sketch of a fjord basin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (a) Non-dimensional probability distributions of inflow density 𝑓 (𝜌) for different values of 𝐷∕𝜎 according to the legend. The probability distribution outside of the sill
𝑔(𝜌𝑐𝑜𝑎𝑠𝑡) is shown for reference (black line) and (b) probability distribution for the length of the stagnation periods.

the length of the stagnant periods are determined by the rate of mixing
and the density variability outside the fjord sill. This suggests that the
method described in Section 2 would be applicable to Masfjorden. To
do so, we need information about the density variability outside the
fjord 𝑔(𝜌𝑐𝑜𝑎𝑠𝑡).

3.1. Variability and trends on the continental shelf

There are limited data available from the area directly outside of
the sill of Masfjorden, and instead we turn (following Aksnes, 2019)
to the hydrographical station ‘‘Sognesjøen’’ (61◦01′04′′N 04◦50′04′′E),
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Fig. 3. (a) Mean length of the stagnation period 𝑁 as a function of 𝐷∗∕𝜎 = (𝐷 + 𝛼)∕𝜎: results from runs without trend (large, red dots), with trend (small, black dots) and
the relation given in Gade (1973), Eq. (3) (blue line). (b) 𝑁 for different values of 𝑘 = 𝛼∕𝐷 and 𝐷∕𝜎 (according to the legend). k=0 is highlighted with a dashed line. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Time series of density (𝜌 - 1000) at the bottom (470 m depth) of the inner,
deep basin of Masfjorden. The straight, colored lines are reference lines to show the
density decrease using the suggested values for 𝐷, 𝐷 = −0.015 kg m−3 yr−1 (red)
and 𝐷 = −0.010 kg m−3 yr−1 (magenta, dashed line). Black circles show observed
maximum density in Sognesjøen in between the occupations in Masfjorden; years
without black circles have maximum densities outside (below) the shown density range.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

situated about 30 km northwest of Masfjorden (Fig. 1a) where quasi-
bi-weekly observations of temperature and salinity are available since
1935 (data available at Norwegian Institute of Marine Research). The
depth at ‘‘Sognesjøen’’ is 400 m, but there is a sill of about 200 m
further out that restricts circulation at greater depths. Above sill depth,
however, water can circulate freely between Sognesjøen and the sill of
Masfjorden, and we assume that the conditions here are representative
for the area outside of the Masfjorden sill.

The density at Sognesjøen at 75 m depth (i.e. the sill depth of
Masfjorden) is highly variable (Fig. 5) and shows influences from

Table 1
Statistical properties derived from the observed maximum annual density (𝜌− 1000) at
Sognesjøen in the period 1935–1990 (no trend) and 1990–2019 (trend).

Depth [m] 1935–1990 1990–2019

μ [kg m−3] 𝜎 [kg m−3] 𝑎+𝑟ℎ𝑜 [kg m−3 yr−1] p 𝜎𝑑𝑒𝑡𝑟𝑒𝑛𝑑𝑒𝑑 a

75 27.33 0.059 −0.006 0.001 [0.059 0.099]
100 27.39 0.048 −0.005 0.001 [0.054 0.091]
125 27.45 0.045 −0.005 0.003 [0.052 0.087]
150 27.47 0.047 −0.004 0.02 [0.051 0.086]
200 27.49 0.047 −0.003 0.01 [0.051 0.086]
250 27.50 0.048 −0.003 0.05 [0.055 0.093]
300 27.52 0.048 −0.003 0.02 [0.048 0.081]

a95% confidence interval.

both Norwegian coastal water (salinity<34.5) and North Atlantic wa-
ter (salinity>35). For each year we identify the maximum observed
density (Fig. 5b), typically occurring during the summer months (May–
August). Prior to about 1990 this quantity varies around a mean of 𝜇
= 1027.33 kg m−3 (𝜎 = 0.059 kg m−3, Table 1, Fig. 6), while later
years shows a negative trend of 𝑎𝜌 = −0.006 kg m−3 yr−1 (unless
stated otherwise, given trends are significant at 95% significance level),
i.e. a decrease of about 0.2 kg m−3 over the thirty year period. The
decrease in density is observed at all investigated depths (Table 1)
although trends weaken with increasing depth. The decrease in density
appears to be accompanied by increased variability (𝜎) in the annual
density maximum (from 0.059 to 0.099, Table 1), but the increase is
not significant at the 95%-level.

3.2. Deep water renewal in Masfjorden

We simulated deep water renewal in Masfjorden using the proce-
dure outlined in Section 2 and the observed values for 𝜇 (1027.33 kg
m−3) and 𝜎 (0.059 kg m−3) from Sognesjøen prior to 1990 (Table 1) and
the mean value of 𝐷 (0.0125 kg m−3 yr−1) from Masfjorden. Results for
𝐷 = 0.015 kg m−3 yr−1 and 𝐷=0.010 kg m−3 yr−1 are also presented.
The obtained probability distribution for the renewal density (𝑓 (𝜌)) is
shown in Fig. 7.
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Fig. 5. Time series of observed annual maximum density (𝜌−1000) at Sognesjøen, 75 m
depth (black line, left axis) and the Atlantic Multidecadal Oscillation index (AMO, gray
line, right axis). The red line shows the observed trend in density 1990–2019 (𝛼𝜌 =-
0.006 kg m−3 yr−1, significant at 95% significance level). The AMO time series (Enfield
et al., 2001) were downloaded from NOAA Earth System Research Laboratory. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 6. Histogram showing the distribution of observed annual maximum density (𝜌-
1000) at Sognesjøen, 75 m depth (n = 56) prior to 1990, and the fitted normal
distribution (thick red line) with 𝜇 = 27.33 kg m−3 and 𝜎 = 0.059 kg m−3.

The exercise was then repeated including (case: Trend) the trend
observed after 1990 (𝑎 = −0.006 kg m−3 yr−1) and (case: Trend+𝜎) the
observed trend and the increased variability (𝜎∗ = 0.073 kg m−3).

When the trend is included, 𝑁 increases from 3.4 (3.0–4.0) years
to 5.6 (4.4–8.1) years for case Trend or 6.5 (5.1–9.6) years for case
Trend + 𝜎, where the numbers in parentheses gives the results for 𝐷
= 0.015 and 𝐷 = 0.010 kg m−3 yr−1. Consequently, the ‘‘age’’, i.e. the
time that the water beneath sill depth has been in the fjord increases on
average and the probability of finding old water in the fjord is higher.
For example, the probability of a stagnation period longer than 10 years
increases from 0.02 (0.01–0.04 ) prior to 1990 to 0.13 (0.06–0.28) for
case Trend, i.e. roughly with a factor of 6, or to 0.19 (0.10–0.36) for
case Trend + 𝜎, i.e. roughly with a factor of 9 (Fig. 8).

Prior to 1990, we would expect on average 8.7 (7.4–9.9) renewals
in a 30-year period. For case Trend, 95% (81–99) of the simulated 30

Fig. 7. Probability distributions of the Masfjorden renewal density (𝜌 − 1000) for
observed values of 𝐷 (Masfjorden), 𝜇 and 𝜎 from (Sognesjøen, prior to 1990). The
probability distribution for annual maximum density from Sognesjøen (from Fig. 6) is
shown in black for comparison. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. Cumulative probability distribution for the length of stagnation periods in
Masfjorden prior to 1990 (no trend: blue) and after 1990 (case Trend: green, case
Trend + 𝜎: red). The shaded area shows results with 𝐷 in the observed range 0.010–
0.015 kg m3 yr−1. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

year periods have less than 8.7 renewals and for case Trend + 𝜎 more
than 99% (92–99) of the simulations have less than 8.7 renewals. It is
thus very likely that deep water renewal in Masfjorden has occurred
less frequently (compared to the average without trend) during the last
30 years as a result of the warming and freshening trend along the
Norwegian coast.
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Table 2
Observed trends (after 1990) in annual maximum density at hydrographical stations
along the coast of Norway. For location, see Fig. 1b. Only stations and depths at which
the trend is significant at 90% is included in the table and trends significant at 95%
are marked in bold. No significant trends are observed at Eggum and Ingøy.
Source: Data are available from the Norwegian Norwegian Institute of Marine Research.

Location Depth [m] 𝛼 [kg m−3 yr−1] p-value

1. Lista 50 −0.005 0.032
75 −0.004 0.032
100 −0.004 0.009
150 −0.003 0.028
300b −0.002 0.045

2. Indre 50 −0.010 0.006
Utsira 75 −0.008 <0.001

100 −0.005 0.018
125b −0.008 0.002

2. Ytre 50 −0.009 0.002
Utsira 75 −0.004 0.02

100 −0.006 0.001
125 −0.005 0.016
150 −0.009 0.01
200 −0.008 0.016
250b −0.003 0.06

3. Bud 50 −0.007 0.075
125 −0.004 0.082
150 −0.005 0.047
200 −0.005 0.067

4. Skrova 150 −0.004 0.029
200 −0.003 0.031
250 −0.003 0.03
300b −0.002 0.068

bBottom.

3.3. Density trends along the Norwegian coast

In addition to Sognesjøen, there are seven more hydrographical
stations along the Norwegian coast (Fig. 1) for which temperature and
salinity data are available (with shorter and longer gaps) for fixed
depths (50, 75, 100, 125, 150, 200, 250, and 300 m are used here) on
a quasi-bi weekly basis since the 1940s (Data available from Norwe-
gian Institute of Marine Research). In the following analysis, we have
removed data points that where obviously erroneous (salinities>35.4,
although flagged good), notably at Lista and Skorva (Stations 1 and 4
in Fig. 1).

While no significant trend in the annual maximum density is ob-
served at the two northernmost stations (Eggum west of Lofoten and
Ingøy in the Barents Sea, Stations 5–6 in Fig. 1b), the other five stations
show significant trends with the same order of magnitude (and sign) as
we observed at Sognesjøen (Table 2).

4. Discussion

Following Gade (1973) we have considered deep water renewal in
a sill fjord to be a stochastic process depending solely on the density
variability at sill level outside of the sill (𝜎) and the rate at which
vertical mixing cause the density at the bottom of the fjord to decrease
(−𝐷 kg m−3 yr−1). Where the density variability is high and/or the
rate at which the fjord density decreases is low, the stagnation periods
are long. Motivated by the situation along the west coast of Norway,
where we observe a decreasing trend in the annual maximum density
of the coastal waters since the early 1990s, we have expanded Gade’s
(1973) framework to include a trend (𝛼 kg m−3 yr−1) in the coastal
density. We use this expanded theoretical framework to investigate how
a trend influences the renewal rate and hence the age of the water in
a fjord basin. As expected, imposed trends that are small compared
to the density decrease within the fjord (|𝛼| ≪ 𝐷) have little effect,
positive trends (𝛼 > 0) reduce the length of the stagnation periods and

negative trends (𝛼 < 0) increase the length of the stagnation periods.
The effect of negative trends on the length of the stagnation period is
larger than the effect of positive trends and the extreme case of 𝛼 < −𝐷
will cause deep water renewal to cease altogether. This is likely the
current situation in the Young Sound-Tyrolerfjord (74◦N) in Northeast
Greenland, where the coastal salinities (and thus densities) have been
decreasing since 2003 (Sejr et al., 2017). Boone et al. (2018) reports
that the salinity at sill level has decreased by 0.11 yr−1 between 2003
and 2015, while there was little change in temperature (< 0.01◦C) over
the same period. The last deep water renewal occurred in 2005, and
since then the bottom water salinity in the fjord has decreased by 0.056
yr−1 while its temperature increased by 0.17◦ C over ten years. This
gives, if we assume that the annual maximum density has decreased
at the same rate as the mean density, 𝛼 = − 0.09 kg m−3 yr−1, 𝐷 =
0.05 kg m−3 yr−1 and 𝐷∗ = −0.04 kg m−3 yr−1. Hence, the density of
the coastal water decreases more rapidly than that of the basin water
and the probability that deep water renewal occurs decreases with time.
With more information, e.g. about the coastal density variability (𝜎)
we could have used our statistical framework to say something about
the probability for a future deep water renewal (despite the trend), or
estimate historical renewal rates in the fjord.

The effect of climate trends in factors other than the coastal
hydrography—e.g. in local wind, temperature and precipitation are
not explored here, although they can be expected to influence fjord
circulation and stratification (Rysgaard et al., 2003), and hence the
value of 𝐷. If the value of 𝐷 is increased due to changing climate
conditions, it can offset a decreasing trend in the coastal density. On
the other hand, if 𝐷 is decreased, the length of the stagnation periods
would increase even further.

As pointed out by Gade (1973), the proposed statistical framework
suffers from the limitations imposed by the underlying assumptions
(Section 2). Notably, it does not account for partial renewals, i.e. that
it is possible that only some fraction of the fjord water is renewed in
a given year. It is assumed that a deep water renewal occurs instanta-
neously and that all water below sill depth is replaced. In a real fjord,
the basin water will to some extent be stratified, so that the inflowing
water might be dense enough to renew only the upper part of the basin
water. The results by Aksnes et al. (2019) suggests that this happens
regularly in Masfjorden. In addition, the period that the density at sill
level is high enough for deep water renewal to occur might be shorter
than the time it takes to replace all deep water, leading to a partial
renewal of the basin water. There will also be some degree of mixing
and entrainment during the renewal, so that some percentage of the old
fjord water may remain in the basin and cause the density in the fjord
after the renewal to be lower than the maximum density observed at
sill level (i.e. 𝜌0 <= 𝜌𝑐𝑜𝑎𝑠𝑡,𝑛). A partial renewal of the shallower basin
water will likely affect 𝐷, while ‘‘insufficient’’ or partial renewal of the
basin bottom water would reduce the length of the stagnation period
between renewals (at least if we define a renewal to have occurred as
soon as some of the bottom water has been replaced and the bottom
density increased).

We applied the statistical framework to Masfjorden, a sill fjord in
southwestern Norway for which 𝐷 can be estimated from observations.
The hydrographic data from a nearby coastal station Sognesjøen show
a decreasing trend in density (𝛼 < 0) and a (non-significant) increase
in the density variability after 1990. The results suggest, that it is very
likely that the length of the stagnation periods in Masfjorden during
the last 30 years has increased as a consequence of the negative trend
in density outside the fjord.

Aksnes et al. (2019) estimated that without deep water renewal,
biological oxygen consumption will cause Masfjorden to become anoxic
in 7–12 years. Our results show that the observed changes along the
coast (decrease in density and potentially also increased variability)
lead to a large increase (with a factor of five to ten) in the probability of
stagnation periods longer than 10 years, and the likelihood for anoxic
conditions at the bottom of Masfjorden then consequently increases.
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Prior to the trend (before 1990) the results indicate that Masfjorden
would be anoxic, i.e. the water at the bottom of the fjord would be
older than 7 (12) years, 9 (0.6)% of the time. During the period with
the trend (after 1990), the fjord would be anoxic 28 (8)% of the time
(or 34 (12)% if the increased variability is included). While Aksnes
et al. (2019) observe a decreasing trend in the oxygen concentration
in Masfjorden, the fjord has so far not been observed to be completely
anoxic, although values below 2 mL L−1 were observed in 2019 (unpub-
lished data). The consequences of the reduced oxygen concentrations
for the marine life in the fjord are discussed extensively by Aksnes et al.
(2019).

The negative trend in the annual maximum density at Sognesjøen
is observed at all depths (Table 1) and at five other hydrographical
stations along the Atlantic coast of Norway, reaching from Lista in
the south up to Skrova, east of Lofoten islands, in the north. The
northernmost station Ingøy in the Barents Sea does not show any trend
and neither does Eggum, located west of the Lofoten islands. While
the origin of the trend is beyond the scope of this work, we note that
the trend does not appear to be linked to the Atlantic Multidecadal
Oscillation (Fig. 5) and that trends in the regional hydrography have
been described elsewhere: Mork et al. (2019) show a warming and
freshening trend in the Norwegian Sea since 2010, while Albretsen et al.
(2012) showed that the mean temperature of both the surface and the
deep (200 m) waters along the entire Norwegian coast had increased
by more than 0.6◦ C between the periods 1961–1990 and 2000–2009.

The decreasing trend in the annual maximum density observed at
the six hydrographic stations suggests that a reduction in the renewal
rate (and as a consequence in the oxygen concentrations) must be
expected, not only in Masfjorden, but also in the majority of Norwegian
sill fjords. The increase in the length of the stagnation periods will
depend on the strength of the trend and on the initial value of 𝐷∕𝜎.
Fjords with low values of 𝐷 will be more sensitive, i.e. be more likely
to experience an increase in the length of the stagnation period, than
fjords with high 𝐷.
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