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1. Introduction

North Sea coastal waters are subject to both anthropogenic and natural drivers. Among the 
anthropogenic drivers, eutrophication had and still has a major impact on the environment. Measures 
have been taken during the 1970’s and 1980’s to reduce nutrient loads. These have lead to an 
improvement of the eutrophication status but the coastal ecosystem is still assessed as a problem area. 
Anthropogenic drivers interact with large-scale physical drivers like temperature and it remains a 
major research challenge to distinguish between both drivers. One step towards a better 
understanding of coastal dynamics has been to develop new observation methods enabling an 
enhanced spatial and or temporal resolution. 

The HZG has initiated an observation network for the coastal North Sea (COSYNA). Within this 
framework several in situ techniques like ferry boxes, gliders or observation poles are developed to 
enable synoptic observations. Among the standard parameters is oxygen.  Especially since the 
development of optode sensors, this parameter can be adequately monitored. In comparison to many 
other parameters like fluorescence, oxygen has the advantage that it reflects basic ecosystem 
processes like primary production (O2 production) or remineralisation (O2 uptake). In this sense, each 
day can be seen as a huge incubation experiment with remineralisation and primary production 
occurring during the day and only remineralisation during the night. However, deducing these 
processes from time series is not trivial.

The aim of is to combine the expertise by Antwerp University to analyse O2 time series with the 
COSYNA observational data by HZG covering both parts of the Wadden Sea and the coastal North 
Sea to quantify seasonal and regional differences in primary production. With a newly developed a 
method to derive primary production estimates from O2 time series combining a Fourier analysis 
with a simple production model describing primary production, we will analyse available O2 time 
series in the North-Sea, Wadden Sea and Elbe estuary. 

The first report dd. 28-06-2013 presented results from the first analysis of O2 time series from 
observation stations Hörnum Tief,  FINO1, FINO3, North Sea Buoy III and Elbe 1. There, we applied 
the Fourier-method without properly dealing with gaps in the time series. To a certain extent, the 
Fourier method is robust to sloppy data pre-processing. The report therefore hints at a very pragmatic 
and hands-on application potential of the method: in a first step, the method can be applied to 'raw' 
data. Results from this analysis can identify relevant sets O2 time series,  i.e. where the GPP signal in 
the time series is strong enough. In a second step these time series can be processed to remove 
outliers and to interpolate gaps in the time series. 

In the second report we improved the GPP estimates by proper data handling, in particular by 
interpolating small gaps in the time series and by splitting the time series when gaps were too large to 
be interpolated. The approach followed is to linearly interpolate gaps of maximum 4h.  Next, the time 
series is splitted at the larger gaps to obtain subsets of continuous, equally sampled observations.  
These continuous subsets are subdivided in 10 day intervals on which the Fourier method is applied. 

The second report also contains annually averaged GPP estimates. As the available O2 time series do 
not always cover a full year, further assumptions need to be made for calculating total annual 
production. We assumed that production outside observations is zero. The resulting underestimation 
of total production is obviously related to the amount of lacking observations. In Hörnum Tief for 
example, high production is observed in early spring. In years where observations only start in May, 
an important part of annual production remains unaccounted for if we assume zero production outside 



observations. The annual averages of GPP calculated as such were 20% lower than the estimate 
obtained from O2 bottle incubations for the List tidal basis in 2004. Some possible explanations were 
put forward in the report.

In this final report, we further elaborate on the potential explanations. It seems that the combined 
effect of truncated sinusoid approximation and the diel fluctuations in horizontal fluxes and air water 
exchange seems serious candidates to explain all or almost all the  difference between the Fourier 
estimate and the result from Loebl et al (2007). A more in depth analysis of the effects of diel 
fluctuations in horizontal fluxes is however needed to validate this.



2. Analysis results

2.1 Hörnum Tief

Daily primary production near Sylt (Figure 1, top) was 
determined with light
 and dark bottle oxygen method
 in 2004 (Loebl et al, 2004). Figure 1, middle, shows 
surface specific primary production derived from O2 time 
series recorded in 2008 at the measurement pole at Hörnum 
Tief. We applied the Fourier method, assuming an average 
water depth of 2.7 in the List tidal basin, and a PQ of 1.3. 
The O2 time series were quality checked: outliers and other 
unphysical observations were removed manually (Goetz 
Floeser, personal communication). Short gaps in the time 
series (< 4h) were linearly interpolated. The time series was 
splitted at larger gaps, and production was determined on 
10d intervals in the resulting continuous and equally 
sampled series. Figure 1, bottom, shows the Fourier 
transform of one such interval. The Fourier method 
calculates GPP from the height of the peak at 1 cycle per 
day.

The Fourier method calculates average GPP during the 
analysed 10day time interval, and therfore the annual 
evolution in Figure 1, middle should be equivalent to a 
smoothed version of the annual evolution of daily 
production, as pictured in Figure 1, top. Note however that 
annual pattern of GPP is can not be expected to be identical 
for each consecutive year. Some features are, however, 
similar: both the 2004 bottle method production as the 2008 
Fourier method production show a production peak in May, 
and a period of considerable production until late Summer. 
At first sight, however, the Fourier -derived production in 
2008 shows a less pronounced peak in May, but stronger 
peaks in Summer and late Summer. Inter-annual variability 
might well explain the differences. 

All available O2 data from Hörnum Tief between 2008 and 
2013 were treated similarly (Figure 2). Unfortunately the O2 
data do not cover the same time span for all years. In some 
years, observations start at the end of March (2008, 2009, 
2012); in other years observations only start in May (2010, 
2011). 

These results indicate visible inter-anual variability in GPP. 
The observed annual peak in 10d averaged GPP roughly varies between 800 and 1400 mg C/m2/d. 

Figure 1 Gross primary production calculated 
from 2008 O2 time series (mid), compared to 
14C derived GPP calculation in 2004 (top). 
Fourier transform of a single subset. The 
Fourier method calculates GPP from the 
height of the peak at 1 cycle per day. The peak 
at about 2 cycles per day is due to the tides. 
[below: 3.13 x 2.21” top: 2.77 x 2.26 “]



The seasonal pattern seems not invariable: in 2008, 2009 and 2011 a classical pattern is observed, 
with a clear spring bloom and a weak summer bloom. But in 2010 a strong summer bloom seems to 
have occurred. In 2010 and 2011 observations started only in May: and we don't know whether the 
2010 and 2011 spring blooms were similar than other years, or maybe weaker or stronger. The spring 
bloom itself is also variable, as can be seen from comparing 2012 and 2008 observations. Whereas in 
2008 a strong spring bloom is apparent in the GPP data, in 2012 this is much less pronounced. 

It would be very interesting to compare these observations with observations of chlorophyll a or 
fluorescence to check whether the observed interannual pattern in GPP is also reflected in annual 
patterns in the proxies for algal biomass. Next, of course, is the potential explanation of the inter-
annual variability. The different drivers of primary production: incident light, light avaiilability in the 
water column, riverine nutrient inputs are the first to analyse and correlate with the production.

In a next step we calculated annual total 
production  (Table 1). Therefore, we 
assumed first that production outside the 
observed period is zero. Second we 
calculated the cumulative distribution of 
GPP observed in 2004, relative to the 
Julian day in a year. We then assumed the 
same relative amount of production outside 
of observations as was observed in 2004. 
For 2008,2009, 2012 and 2013 the 
correction factor lie between 2.5 and 5%, 
which is small enough to have good faith 
in the resulting corrected GPP.  In 2010 
and 2011 the correction factor is about 
20%. This is rather large, and corresponds 

Figure 2 Observed O2-series at Hörnum Tief (Top) and derived GPP. The vertical line denotes April 1

GPP GPP corrected
[g C/m2/y] [g C/m3/y] [g C/m2/y] [g C/m3/y]

2004 146 54.1 146 54.1

2008 108.2 40.1 113.4 42.0

2009 107.2 39.7 112.5 41.7

2010 92.1 34.1 111.0 41.1

2011 79.2 29.3 94.9 35.1

2012 107.0 39.6 111.5 41.3

2013 109.9 40.7 112.6 41.7

Table 1 Annual production at Hörnum Tief calculated 
with Fourier-method, assuming zero production outside 
observations (GPP) and correcting for relative fraction 
of production outside observations according to 
cumulative distribution derived from observations in 
2004. Values for 2004 are taken from Loebl et al, 2007



to the fact that observations in those year start before or at the spring bloom. In 2010 and 2011 the 
assumption of zero production outside observations will clearly lead to an underestimate of annual 
production; correcting will result in a rough improvement at best. 

The internannual variability in seasonality notwithstanding, the annual production seems remarkably 
stable between 2008 and 2013, even more so after correcting for unobserved production. From the 
Fourier derived production, we derive production values between 111 and 113 gC/m2/y in 2008, 
2009, 2012 and 2013. In 2010 and 2011 it is clear from Figure 2 that significant production probably 
took place outside the observation interval. Nevertheless, also in 2010, corrected annual production 
lies within this range.

Loebl et al (2007) reported annual production of 146 gC/m2/y for the List tidal basin. This is 
significantly higher (22% for the 2008 estimate) than the estimates derived from the O2-pole at 
Hörnum. Different explanations are possible, all of them require further study. 

1. Differences between List and Hörnum
First we note that List and Hörnum are at opposite sides of Sylt. The surface specific production in 
table 1 is calculated by multiplying the volume specific GPP with the average depth of the List tidal 
basin (2.7 m, according to Loebl et al). There is, however, no guarantee that the Hörnum basin has the 
same average depth. Volume specific productions can easily be different at the two locations, while 
surface specific production is comparable – it suffices that the basin at the side of Hörnum has more 
deeper parts where no production takes place. Nevertheless when this is the only difference, surface 
specific production should be similar when computed correctly. To compare the GPP estimate of 
Loebl et al (2004) with the estimate derived from the Hörnum Tief O2 series, we need the average 
water depth of the basin around Hörnum. 

Many things won't be different at the two sides. The two sides receive the same incident radiation. 
Due to the intense mixing with the adjacent North Sea, no significant difference between algal 
biomass (Chl a concentration) and population (diatoms, non-diatoms) is expected. Neither will 
nutrient or suspended matter concentrations differ significantly. 

Differing bathymetry at the two sides of Sylt can, however, have multiple effects. The effect of a 
difference in deeper areas is discussed above and does not have an effect on surface specific 
production. When, at one of the two sites there are more shallow areas (i.e. where water depth is less 
than light penetration depth), the surface specific production in the water column will be lower. This 
will be partly compensated by benthic production which will be higher at the side with more shallow 
areas.  Benthic production accounts for xx (?) % of GPP in the List basin.

2. Differences between 2004 and recent years.
It could well be that current production is lower than production in 2004, caused by lower nutrient 
inputs in the area. This hypothesis would the be reflected in  concomitantly decreased N-fluxes in the 
area. 

3. Diel patterns in fluxes

3.1 Air water exchange
The Fourier-method underestimates production, by neglecting the effect of air-water exchange. In 
Cox et al (in prep) a theoretical correction factor for air-water exchange is presented,  which is 
negligible in many cases. However, the correction factor depends on the local piston velocity and the 



water depth in the area. Currently, no estimate is available for both, but we can estimate the order of 
magnitude of the correction factor. Assuming a high piston velocity of 7 m d-1 (a value representative 
for an estuarine setting with high wind speeds and high water currents, where high water currents 
enhance the exchange, Borges 2004) and an average water depth of 2.7 m (the value at the List tidal 
basin) the theoretical correction factor amounts to 8.2%. This bridges part of the gap between the 
Loebl et al (2004) estimate for the List basin and the O2 sensor derived GPP-estimate near Hörnum. 
Applying it to the 2008 time series, annual average GPP corrected for air-water exchange is 122.7gC 
m-2 y-1,  16% below the estimate of Loebl et al (2004). This is only a tentative calculation, 
demonstrating that correction for air-water exchange will change the GPP estimate with a few 
percent. 

The correction factor assumes instantaneous vertical mixing. In reality water columns are not 
perfectly mixed and atmospheric exchange will affect the upper water layers more than the deeper 
layers. The upper layer is also where oxygen production takes place. Therefore, in systems that are 
not perfectly mixed, the damping-effect of atmospheric exchange will be larger than calculated above. 

We assessed the importance of imperfect mixing by simulating a 1 dimensional water column, 
representative for Hörnum Tief. The model is described in Cox et al (in prep). 

We estimated depth averaged vertical turbulent diffusivity as Dz = 0.067 x u/C x d x sqrt(g), where C 
is the Chézy coefficient (set to a typical value for sandy sediments, 45 sqrt(m) s-1) u is the depth 
averaged horizontal velocity, d is the average depth of the basin (=2.7 m) and g the gravitational 
constant. Water currents are measured at the Hörnum Tief pole. The horizontal velocity was taken as 
the average of the observations in 2011, i.e. 0.37 m s-1. With these values, the estimate of vertical 
turbulent diffusivity is 5 x 10-3 m2 s-1. Piston velocity was set to a large value of 7 m s-1, which is a 
typical value for coastal areas where gas-exchange is enhanced due to high wind speeds and high 
water currents.

Fixing all other parameter values to the ones used in Cox et al (in prep), the simulated 
underestimation due to neglecting diurnal fluctuations in air-water exchange is 8.1%. This is very 
close to the theoretical value, assuring us that Hörnum Tief is indeed mixing very fast. 

The correction factor should be refined with a piston velocity representative for the area (or for a 
typical coastal setting) and with the real average water depth around Hörnum.

The correction factor does not account for a situation where O2 bubbles are formed and escape to the 
atmosphere. O2 saturation of up to 150% is observed near Hörnum.

3.2 Horizontal production gradients

As was demonstrated in Cox et al (in prep), in the occurrence of horizontal gradients in primary 
production there will be a diel pattern in the advective flux of oxygen. Cox et al (in prep) applied a 
1D horizontal model approach to estimate the bias and error associated with neglecting this diel 
pattern. The model was representative for their case study, time series of oxygen recorded at a 
estuarine monitoring station. These results can not be translated to the situation at Hörnum Tief. A 
model of horizontal transport near Hörnum Tief should be constructed to this purpose. From the 
Schelde case study we can derive that the order of magnitude of downward bias is about 5%.



4. Truncated sinusoid approximation

Hörnum Tief is relatively shallow and clear. In such circumstances the truncated sinusoid 
approximation lying behind the Fourier method results in an underestimate of depth averaged GPP. 
The bias is determined by the light attenuation in the water column and by the light saturation 
parameter of photosynthesis Ek. 

In 2004 the light attenuation coefficient ranged between 0.3 and 3.5 m-1, with an average value of 
about 0.5 m-1 between May and September  Ek ranged from 107 to 360 μmol photons m− 2 s− 1 with 
an average value of about 150 (Loebl et al, 2007).  

We can assess the bias with simulations as in Cox et al (in prep). With a value of kd=0.5 m-1 and Ek 
of 150 μmol photons m− 2 s− 1, the truncated sinusoid approximation was downward biassed on 
average with 3.9% with a standard deviation of 5.8%. 

Taken together, the combined effect of truncated sinusoid approximation and the diel 
fluctuations in horizontal fluxes and air water exchange seems serious candidates to explain all 
or almost all the  difference between the Fourier estimate and the result from Loebl et al (2007). 
A more in depth analysis of the effects of diel fluctuations in horizontal fluxes is however needed 
to validate this.

5. Accuracy of bottle method 

Finally, also the production estimates based on PI curves are prone to errors. These estimate depend 
on a range of different observations: incident light, light attenuation in the water column related to 
SPM concentration, chlorophyll a concentration and photosynthetic parameters. Each of these 
parameters come with observation error, and they can easily accumulate in significant error on the 
resulting GPP estimate. Daily production numbers are calculated from interpolated data; in the Loebl 
et al study, most parameters were determined on a weekly basis. SPM in tidal areas, in particular, 
often display marked variability, that is not adequately represented with linear interpolation. 



2.2 FINO3 (Marnet)

The FINO3-Marnet observation pole is equiped 
with an oxygen sensor at 6m depth.

First analysis of the oxygen time series shows 
marked differences with the observations at 
Hörnum Tief. In contrast with the latter, a summer 
bloom seems apparent. Both volume specific and 
surface specific production values are high, with a 
summer peak in 10d average GPP of about 500 
mg C/m3/d. If perfect mixing over the whole 
water column of 22 m depth is assumed, this 
translates in a peak of over 10 g C/m2/d.  This is 
high, but also previous studies have found such 
high peaks in productivity in the German bight. 
Rick et al (2006) reported productivity peaks in 
summer 1994 of 8-14 g C/m2/d off the island of 
Amrum.

Using the similar procedure as for the Hörnum Tief 
observations, in particular also using List tidal 
basin oxygen dark-light bottle results for correcting for GPP outside observations, Table 2 lists surface 
and volume specific annual production at the FINO3 station. The volume specific annual production is 
slightly less than observed in Hörnum 
Tief. At first sight the surface specific 
annual production is high. Rick et al 
(2006) report an annual average 
production in the German Bight of 430 g 
C/m2/y, half the number we find here. A 
number of possible explanations should 
be looked at more closely. First, it could 
well be that local conditions around the 
FINO3 station indeed support such high 
annual production, consistent with the local maximum in summer 1994. In general, the German bight 
is stratified in summer, with an average mixing depth in summer of about 15m (Rick et al, 2006). 
However, from the ferrybox data at FINO3 we know that oxygen concentrations at top (1m depth) and 
bottom (17m depth) do not differ substantially in 2011, 2012, 2013 (not shown). So, with oxygen as a 
proxy there is no sign of stratification and mixing is relatively fast. Currents at FINO3 are generally 
high, probably preventing stratification (Detlev Machoczek, personal communication). 

Second, perfect and instantaneous mixing is an assumption for the Fourier method, and this might 
result in an overestimation in deeper water bodies. Model results from Cox et al (in prep) indicate that 
the effect is negligible in water bodies of upto 5m depth. But here we are dealing with water bodies of 
~22m depth.

Finally, in stead of using the water depth at the measurement pole (22m), we could better use the 
average water depth in a zone of 100 x 100 m or even 1 square kilometer around FINO3, for more 

Figure 3: GPP derived from O2 series observed at 
6m depth at FINO3 station

GPP GPP corrected
[g C/m2/y] [g C/m3/y] [g C/m2/y] [g C/m3/y]

2012 816 37.1 838.2 38.1

Table 2 Annual production at FINO3 calculated with 
Fourier-method, assuming zero production outside 
observations (GPP) and correcting for relative fraction of 
production outside observations according to cumulative 
distribution derived from observations in 2004. Values for 
2004 are taken from Loeble et al, 2007



representative results.



2.3 FINO1 (Marnet)

The FINO1-Marnet observation pole is equiped with an oxygen sensor at 6m and 25m depth. 

As can be seen from the O2 observations (Figure 4): there are plenty of outliers present in the data as 
downloaded from the COSYNA project page. Also a strange upward jump in O2 concentrations occur 
about halfway 2013 at the 6m sensor. Apart from this time series, drawn directly from the Cosyna 
data base, we obtained a further quality checked version of the 2013 part of this series. We wil first 
apply the Fourier method to the series in the Cosyna database, and next to the cleaned version of it. 
This will allow us to investigate the importance of quality checking and cleaning of time series. 

2.3.1 FINO1 data from Cosyna database

The time series in Figure 4 displays large 
gaps, particularly at the summer season. 
Gaps have been handled correctly, but 
other artifacts (spikes, jumps) have not 
been removed.  Nevertheless, first 
analysis of the oxygen time series show 
differences with FINO3 station. In 
contrast to the latter, much lower volume 
specific gross primary production values 
are observed: during summer 2011, the 
highest production values are observed: 
about 100 mg C/m3/d. 

When we assume perfect mixing over the 
whole 25m deep water column, this 
translates into a maximum surface 
specific gross primary production of 
about 4000 mg C/m2/d in 2011. At times 
of higher productivity we observe a 
consistent lower GPP-estimate based on 
the lowest O2 sensor (25m) compared 
with the shallow (6m) sensor, both in 
2011 and 2013. This indicates that we are running here against the limits of one of the assumptions 
behind the Fourier method: the perfect and instantaneous mixing of the water column. This is an 
interesting data-set to look for possible first order corrections for this case (being: no stratification but 
'normal' turbulent mixing dynamics in a deep water column). 

In the first report, a first application of the Fourier method without proper gap handling, had a strange 
late autumn bloom in 2011 as output. There, we said that this would probably be an artifact due to 
improper gap handling and data pre-processing. This is confirmed here, since no such peak occurs in 
the results now where gaps are dealt with properly. 

The existing gaps in the time series is unfortunate, even more so since the O2 observations point at 
stratification in 2013 [note – this is not real, but due to bad data, see below], yet exactly there the O2 
data is missing at the 6m sensor. I have not tried to calculate annal production from this series with so 
much missing data. But maybe, BSH has better time series than the ones in the Cosyna database?

Figure 4: GPP calculated from O2 series at 6m and 25m 



2.3.2 FINO1 data from BSH

From the BSH FTP server we obtained FINO1 starting in Winter 2012 only (Figure 5). It is 
immediately clear from visual inspection that the BSH data is of better quality than the data stored in 
the Cosyna database. Also immediately clear: that GPP estimates are of better quality. The estimates 
from the top sensor are now consistently higher than the estimates from the bottom sensor. The 
maximal 10d average production is now close to 250 mg C/m2/d, almost twice the estimate obtained 
from the Cosyna data. This result is an important motivation for thorough quality checking sensor 
data.

With July and August data at the top 
station missing, it is bold to assume that 
we can compute annual production from 
this time series. Indeed, a potential mid-
summer bloom would be completely 
missed and unaccounted for. Anyhow, if 
we do so according to the procedure 
above, we get the results in Table 3. 
There is also a second reason to 
interprete these results with care. Similar 
to the 10d average production values, the 
annual production values calculated 
from the 25m sensor is lower than the 
one calculated from the 6m sensor.  As 
stated above, this is because we are 
running here against the limits of one of 
the basic assumptions behind the Fourier 
method: the perfect and instantaneous 
mixing of the water column. The real 
depth averaged production will be 
somewhere between the two values. 

Intuitively I think it must be possible to 
come up with an improved depth 
integrated GPP estimate when we 
complement these results with a model study. In part this depend on the question whether the water 
column is stratified or not in 2013. If this is not the case, we might be able to estimate a vertical 
mixing rate based on 1. the phase difference between 25m and 6m oxygen observations and 2. the 
ratio of 6m and 25m GPP estimate. Combining this information should allow for a much improved 
estimate depth integrated GPP. This is a valuable data set; an extremely interesting model study is 
emerging here! 

Figure 5: Quality checked FINO1 data obtained from BSH 
(top) and corresponding GPP estimates calculated with the  
Fourier method

Table 3: Annual production estimate at FINO1 from 6m and 25m 
sensor, assuming perfect mixing. 

GPP GPP corrected
[g C/m2/y] [g C/m3/y] [g C/m2/y] [g C/m3/y]

2013 – 6m 331.9 15.1 335.4 15.2
2013 – 25m 152 6.9 156.1 7.1



2.4 Elbe1 (HPA)

The Elbe1 HPA observation station in the Elbe estuary is 
equiped with an oxygen sensor at 3m depth. We estimated 
the average depth of the Elbe around the sensor as 18m 
(Andreas Schöl, personal communication).

First results show a summer bloom with multiple peaks, 
with a maximum volume specific gross primary 
production of almost 200 mg C/m3/d in 2012 and over 300 
mgC/m3/d in 2013 (Figure 6)This is lower than f at 
FINO3 and at Hörnum Tief, and could be explained by 
less light penetration or lower biomasses. It should be 
interesting to look at these proxies.

Table 4 presents annual average production, which 
compare similarly to Hörnum Tief and FINO3 data. 
Annual average volume specific production is lower. Due 
to the higher water depth, surface specific production is 
higher than in Hörnum Tief, though.

Figure 6: GPP derived from O2 series at 
the HPA Elbe1 station.

GPP GPP corrected
[g C/m2/y] [g C/m3/y] [g C/m2/y] [g C/m3/y]

2012 288 16 297 16.5
2013 308 17.1 321 17.8

Table 4 Annual production calculated with Fourier-
method, assuming zero production outside observations 
(GPP) and correcting for relative fraction of production 
outside observations according to cumulative distribution 
derived from observations in 2004. Values for 2004 are 
taken from Loeble et al, 2007



2.5 North Sea Buoy III

The North Buoy III is equiped with a deep (35m) and shallow (6m) oxygen sensor. From the oxygen 
time series, strong hypoxia in the Autumn of 2011 can be observed. Also, oxygen concentrations 
flucutate considerably near the bottom, while they are much more constant at the shallow sensor.

From these observations it is obvious that the water column at this station can not be assumed 
instantaneously mixed, so the Fourier-method cannot be applied to derive GPP estimates from a 
single sensor at a single depth. Also from oxygen data alone, we can't derive that the water column is 
stratified or not. However, since there is absolutely no 24h pattern in the bottom water (see further) I 
stronly suspect the water column was indeed stratified. If so, a GPP-estimate from the shallow sensor 
would be possible. Volume specific GPP would then be assumed to be valid in the mixed layer 
(values are realistic at least, see right axis Figure 7), and surface specific GPP could be calculated 
with the depth of the well-mixed layer, assuming no production below the mixed layer.

However, although the GPP numbers in Figure 7 are (mostly) meaningless, from the lack of 24h 
signal at the bottom  we learn that the fluctuations in the O2 signal are not linked to diurnal processes 
such as primary production.

Figure 7: Oxygen time series (top) at the North Sea Buoy III. The water 
column is clearly not instantaneously mixed. GPP numbers (bottom) are 
meaningless. However, from the lack of 24h signal at the bottom  we know 
that the fluctuations in the O2 signal are not linked to diurnal processes 
such as primary production.



3. Concluding remarks

3.1 Improving the accuracy of the Fourier-method

From an instantaneous measurement of wind speed and other parametrs we could estimate the piston 
velocity. As we demonstrated with simulations, mixing in Hörnum Tief is fast enough to be able to 
use the theoretical correction formula for diurnal changes in air-water exchange.

3.2 Respiration

The Fourier method singles out processes with a diel pattern. This is a big advantage in interpreting 
the highly complex oxygen-signal which is influenced by many physical, chemical and biological 
processes. The flip-side of this advantage is that processes that have no specific periodicity will not 
be more easily be quantified in the frequency domain. One such important process is respiration. 

Some oxygen consuming processes can exhibit a diurnal pattern: higher water temperatures during 
daytime will induce diurnal fluctuations in bacterial activity; light sensitivity of nitrifying bacteria 
can induce diurnal fluctuations in nitrification rates; and respiration by autotrophs can be higher 
during daytime. The effect on oxygen concentration of diurnal fluctuations in respiration is not 
discernible from an equivalently higher or lower GPP. In this sense, the applicability of the Fourier 
method rests on the same assumption of diel oxygen methods, namely that diurnal fluctuations in 
respiration are negligible. 

The effect of all other non-periodic respiration processes would be spread over all frequencies in the 
periodogram. And this also goes for any other process influencing oxygen dynamics, be it changes in 
boundary conditions, water current velocities, wind speeds, etc. There is no method for separating 
respiration from all these processes in the frequency domain. 

Consequently the Fourier method solves only half the puzzle of estimating metabolic state of aquatic 
systems. Estimating respiration, and with that net primary production, needs additional approaches. 
The classical diel oxygen method estimates respiration from the overnight decrease in oxygen 
concentrations. However, this approach fails in tidal systems with horizontal gradients, or any other 
system with more complex mixing dynamics for that matter. In such systems, decrease or increase 
during the night of oxygen concentrations at an observation station can not simply be interpreted as 
the net effect of air-water exchange and respiration processes. 

We are left with two options: either directly measuring respiration in dark bottle experiments, or 
estimating the parameters of a complete reactive-transport model by fitting it to observed oxygen 
series. 

A combination of the latter approach with the Fourier method might be possible. We could apply the 
Fourier method first to better constrain GPP in the model fitting. This is important in certain estuarine 
and coastal systems where suspended sediments and solids show complex dynamics. More specific in 
systems with high currents and muddy sediments where suspension-resuspension dynamics 
influences the light climate. In such systems the light field in the water column is highly variable, and 
difficult to measure. Model estimates of GPP are highly dependent on correct parameterization of the 
light field, which involves a light attenuation coefficient that depends on suspended solid 
concentrations. 
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