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Abstract. In this manuscript we present an an elegant approach tosgoetslowly varying GPP as a function of time, based
on O, time series. The approach, called complex demodulatiobased on on a direct analogy with amplitude modulated
(AM) radio signals. TheD, concentrations oscillating at the diel frequency (or 11./5%Z) can be seen as a 'carrier wave’,
while the time variation in the amplitude of this carrier \as related to the time varying GPP. The relation followsrfran
analysis in the frequency domain of the governing equatio®pdynamics. After the theoretical derivation, we assess the
performance of the approach by applying it to 3 artifi€haltime series, generated with models representative for lanmedd
vertical water column, a river and an estuary. These model$oaced with hourly observed incident irradiance, rasglin

a variblity of GPP on scales from hours to months. The dyndnild-up of algal biomass further increases the seasgnalit
Complex demodulation allows to reconstruct with great isien time varying GPP of the vertical water column and thermri
model. Surprisingly, it is possible to derive daily averd@ePP - complex demodulation thus reconstructs the amplitdid
every single diel cycle. Also in estuaries time varying GRR be reconstructed to a great extent. But there, the influehc
the tides prevent achieving the same temporal resolutiopaltticular, the combination of horizontal, gradients with the

01 and Q1 harmonics in the tides, interferes with the comgkmxodulation procedure, and introduces spurious amplitud
variation that can not be attributed to GPP. But also otlaad tiarmonics, in casu K1 and P1, introduce diel fluctuattbas

can not be distinguished from GPP. We demonstrate that 8ps@us effects also occur in real-world time series (ldérn
Tief, De). The spurious fluctuations introduced by O1 and @1 loe removed to a large extent by increasing the averaging
time to 15 days. As such, we demonstrate that a good estirh#te cunning 15 day average of GPP can be obtained in tidal
systems. Apart from the direct merits to estimating GPP ftatime series, the analysis in the frequency domain enhances
our insights inO2 dynamics in tidal systems in general, and in the performan€® methods to estimate GPP in particular.

1 Introduction

Accurate rate estimates of whole ecosystem metabolismraogat for our understanding of food web dynamics and bio-
geochemical cycling in aquatic ecosystems. Starting withgeminal work of Odum (1956), time series of in-situ oxygen
concentrations have been used to infer rates of gross pripraduction (GPP) and community respiration (CR) in ndtura
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waters (Staehr et al., 2010, 2012). This so-called diel erymethod (also often referred to as the Odum method) traeks t
0xygen concentration at a specific water depth over a 24 hyalg,and calculates GPP from the rate of change of oxygen dur
ing daylight hours, while adding the rate of community resfdon determined at night (Howarth and Michaels, 2000% diel
oxygen method has major advantages over methods that réheax-situ incubation of water samples. First, 'bottleef§’
are avoided: GPP and CR rates are obtained at ambient liddg, feend natural levels of turbulence, nutrients and grgzin
such conditions are hard to mimic in bottle incubation ekpents. Second, upscaling bottle incubation GPP ratesythde
integrated production depends on a range of assumptiong #imin-situ light field, and mixing of the water body. Thése
however, a major challenge associated with the in-situakgtien method: oxygen concentrations are not only affduyeati-
mary production and respiration, but also by turbulent ngxiadvective transport, and air-water exchange. Consdguihe
effect of these transport processes on the rate of change/gén needs to be properly constrained, before one can eotifid
estimate GPP and CR. In open systems with substantial gaamge, estimates of ecosystem metabolism critically ditpen
on the rate of reaeration, and the resulting GPP and CR vaheesighly sensitive to reaeration parameterizationsi@roét

al. 2009). Similarly, the diel oxygen method runs into trieyhen advection and dispersion processes strongly irfeuthe
oxygen concentration, as small errors in the paramet@izaf these transport processes can lead to order-of-ratgérrors

in resulting metabolic rates (Kemp and Boynton, 1980).

Recently we examined a novel strategy to apply the diel axygethod to aquatic systems that have a strong imprint of
transport processes (Cox et al., 2015). Based on an analyie frequency domain of the governing equation of oxygen
dynamics in aquatic systems, we derived a relation betweenaveraged GPP and the amplitude of the diel harmonic in an
oxygen time series. The central idea behind the analydigmigtrimary production is the dominant process that indac2sh
periodicity in the oxygen concentration while other pr@ssshave their imprint at other frequencies. We demonsititasg
this assumption is valid in systems with a range of rates afngi air—water exchange and primary production. Howeer,
method we outlined allowed only a single average GPP estimegtresentative for average GPP over the period ofhthe
time series was collected. This means that the slow vaitiabil GPP, on time scales ranging from days to years, couldao
resolved. This slow variability is expected due to seasandlweather related variation of light availability, builg of algal
biomass, reduction of algal biomass by grazing, varialdeldirges and upstream inputs of nutrients and algal biombiss
GPP-variability will show up irDs-recordings as slow variations in the amplitude of diut@aloscillations. Moreover, based
on simulations we concluded that the performance of the ogeithestuarine systems is less, due to the tidal movememt of a
O, gradient along the sensor, but we could not explain exactly this influences the estimate.

In this paper we investigate an elegant approach to recatdtne slowly varying GPP as a function of time, thereby
improving the temporal resolution of the Fourier methode Hpproach also enhances our theoretical understandirng of t
how the tidal movement of a@, gradient results in spurious diél, patterns that can not be attributed to GPP. This insight
is also relevant for classic di€); methods. The approach is based on on a direct analogy withtadgomodulated (AM)
radio signals. AM-radio transmits sound (0 - 15 kHz) by madinlg the amplitude of an electromagnetic carrier waver(glsi
frequency from the 150 kHz - 30 MHz band). The sound that wetwahear from our radio is translated to the time varying
amplitude of the carrier wave. This is conceptually simitaa time varying GPP, that will cause a time variation in tied d
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amplitude of oxygen concentrations: the 'carrier wavehthee theD, concentrations oscillating at the diel frequency, or 11.57
uHz.

2 Material and methods
2.1 Theory
In (Cox et al., 2015), we demonstrated that the time aver&je&i can be estimated from high frequency in-6ituseries as

P sinf — 0 cosf
GPP(t) = 4rAp, ——
®) o, f — 3sin26

with 0 = mfDL

@)

where fDL is the relative fraction of light hours during thayd andAo, is the amplitude of the diurnal fluctuations in the
O, series, derived from the Fourier transform4s, = | F(O2)(27)|. We derived this relation by analysing the Fourier trans-
formed differential equations describing oxygen dynamitss valid when 4 assumptions are satisfied. First, biodbaim
processes consuming oxygen have negligible diurnal pierigdan assumption underlying all diel oxygen methoddbel,

the measurement domain is perfectly mixed. This assumioecessary when one wants to estimate depth averaged GPP

from single deptiD, measurements with any diel oxygen method. Third, diurnatdlations of horizontal or vertical fluxes
into the measurement domain are negligible. Finally, thedugion of GPP over a day is approximated by a truncated sidus
In Cox et al. (2015) we assessed these assumptions and deddluat they are valid in a wide range of systems. In tidal
systems the performance of the Fourier method was leasouglh also there relation 2 holds to a large extent.

When GPP varies slowly with time, so willo,. The mathematical procudure to extract the slowly varyinglitude of
a signal is calleccomplex demodulation (Bloomfield, 2000). Assume we are interested in the slowlyivg amplitude of a

cosine function

z(t) = A(t)cos(wt+¢) 2
= Aét) (expi(wt + ¢) +exp —i(wt + ¢)) ()

where we used Euler’s relation to write the cosine functismaum of complex exponentials, and witthe imaginary unit.
The amplitudeA(t) is assumed to vary slowly when compared to the periodiclasioih in the cosine functions. Multiplying
with exp —iwt gives

A(t) A(t)
2

y(t) = expi¢ + — exp (—i(2wt + ¢)) (4)

As A(t) is assumed to vary slowly, we can low-pass filter yftpet

y'(t) = @ expi¢ (5)
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where the prime denotes low-pass filtering. After noting tbafixed amplitude sinusoiffF (A coswt)(w)| = A/2, we have

(6)

sinf — 6 cosb
60— % sin 260
with y(t) = Oo(t) exp 2mit

GPP'(t) ~ Ar)y’ (1)

This relation allows to estimate slowly varying GPP basedigih frequencyO, time series. It is the central result of this
paper.

Diurnal tidal constituents moving back and forth a horizbrtxygen profile will also result in diurn&, fluctuation, but
these can not be attributed to GPP. To assess their impactillvanalyse the first order order term in the spatial Taylor
expansion of simulated oxygen time series (see below faildein simulations). When we denote Oy (z,t) the horizontal
oxygen profile in a reference frame moving with the tidestitme series recorded by a senébf(t) at a fixed location: = 0
is given by

0,°(t)

Oz ((t),1) ()

= Og(o,t)+m27f’ﬂ z(t) + O(2%(t)) (8)
x=0

wherez(t) is the time varying tidal excursion at the sensor locatidre $econd term in the latter equation represents the first
order effect of the tides moving back and forth the gradient. Based on simulation results, we can calculagefitisit order
correction for the impact of the tides on the GPP estimatsugtitutingO, (¢) in equation 6 byO,” (t) — 00?07;1’” z:Ox(t).
Obviously, in real world situation such correction term ca be easily estimated and would require an estimate ofiange
ing horizontal gradients and tidal excursion at the sermation. But when numerically simulating oxygen conceitra this
additional information is readily available. Similarly,is straightforward to apply the classic Odum method, s€de et al.

(2000), to the model output for comparison.
2.2 Application to artificial data

To assess the performance of complex demodulation to dstitinge varying GPP, we use artificial data sets generatdd wit
two numerical models. The first model describes a water bdttyme appreciable lateral transport of oxygen, represieta
for a lake or the surface layer of the ocean, where verticddulence and air-water exchange are the dominant transport
processes. The second describes a typical riverine orrgstgituation, characterized by substantial horizontalgents in
the O concentration. A full description of these models is foum{Gox et al., 2015).

As the models are forced with observed hourly irradiance,daPP is a function of time. This causes an overall seaspnali
in GPP as well as shorter term variability due to changesandihess. As forcing we used incident light recorded in 2609
the roof of NIOZ-Yerseke (NI.) using a Licor LI-190 SA cosisensor. Additionaly, the dynamic build-up and break-dodvn o
algal biomass add both to the seasonality and to the shorivariability.

We use a single numerical model to simulate typical riveeing estuarine situations. To emulate the occurence of tides
output of the riverine model is resampled, using simulatddaities generated with a separate 1D tide resolved hydeaodic
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model. We thus simulate estuarine transport with the meemodel, assuming a reference frame moving with the tideis. T
allows us to investigate the influence of tides on the GPPnestis (more details in Cox et al. (2015)).

2.3 Application to real world data

To test the performance on real world data, we used a fullgle@s, measurements, recorded at the Hornum Tief measurement
pole near Sylt island in the German Wadden Sea. The O2 tiniesseere quality checked: outliers and other unphysical
observations were removed manually (G6tz Floeser, pefrsonamunication). There were short gaps in the time serie$h)

that were linearly interpolated to obtain a consistent datat a fixed sampling raté\¢(=10 min).

3 Results

The results of the simulations with the open water model hosva in figure 1. The top panel shows the simulated depth
averaged), concentrations over the course of the year. The bottom perels both simulated depth averaged GPP and
reconstructed GPP from complex demodulating@aesignal. Simulated GPP was filtered using a moving average 6ft1

day width - the values in figure 1 thus represent daily avet&feP. The correlation between simulated and reconstr@Red

is very strong {2 = 0.995). It might come as a surprise that it is possible to reconsthe daily averaged GPP froOy, series
since this means effectively that the amplitude of the digigen fluctuations were resolved up to every single cyclés &h
part of the power of complex demodulation.

Very similar results are obtained with the riverine modél£ 0.997, model output not shown). These results reaffirm that
under the simulated conditions, the impact of diurnal flattins in air-water exchange and in horizontal dispersiesport
on O is negligible compared to the impact of GPP.

The picture changes in the estuarine situation. The Foométhod nicely captures the seasonality in GPP as well as sbme
the variability on shorter scales (figure 2). But large misrhas are apparent, particularly during Winter and earlyn§pvhen
GPP is low. These mismatches are largely explained by thefuer effect of the tides. Indeed, including the first orgem
in the spatial Taylor expansion drastically improves thd?@stimate (figure 4, top panel). Short episodes of overagtm
are still present during Winter time, showing that highatesrterms of the impact of the tides are important in thosegsr

This motivates us to further analyze this term. If the hantabO, gradient is constant or slowly varying, the impact on GPP
of the correction term results from the effect of the complexodulation procedure on the tidal excursign). Thus, the
tidal constituents close to the diurnal frequency in thaltekcursion will dominate the correction term. The most aamt
harmonics in tidal velocity (and thus in tidal excursiong &ne lunar diurnals O1 (T=25.8193 hours, Amplitude=0.0284
s~1)and K1 (T=23.9344 hours, Amplitude=0.0162sm'), the solar diurnal P1 (T=24.0659 hours, Amplitude=0.0t84 ')
and the large lunar elliptic diurnal Q1 (T=26.868350 homsplitude=0.0098 ny~!) (Figure 3). Although these components
are very small compared to the major M2 component (Amplitdde8 ms—!) and other components with about semi-diurnal
periodicity, they are the ones that interfer with the dilifhectuations we want to attribute to primary production.
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The spectrum of the correction term is indeed dominated be@uiencies related to those dominant harmonics (figure 4,
central panel) - a low frequency peak #k1 — fp1]/2 and two peaks at larger fregencigs — fo1| and|f1 — fo1|. The low
frequency peak is the result of the interaction of the K1 ahtePms. Indeed, summing two cosine waves with slightlyedéht
frequenciesf; and f, results in a signal with frequendy1 + f2|/2 with a slowly varying amplitude, a phenomenon known
as "beat". If both waves have equal amplitude, the frequentlyis slow amplitude variation is given By1 — f2|/2 (when
the amplitudes are not equal, the frequency becomes a dmnafitime). Thus, approximately the interaction betweenaikd
P1 results in a signal with very close to diurnal periodi¢y0.9999985 days). The period of the amplitude variatio365.1
days.

The two other peaks result from the impact of complex dematdhri on the O1 and Q1 components. The multiplication of
the time series withxp(—iwt) has the effect of shifting all frequencies in the frequernaycsrum of the signal down with.

As a result, any frequencies close to the modulation freguncwill lead to low frequency fluctuations in the demodulated
signal. Taking the O1 as an exampfe= | f1 — fo1] corresponds to a period of 14.2 days. If the low pass filtehénsecond
step of complex demodulation is too wide, these low fregiesnare not filtered out. Since all results presented so fag we
obtained by applying a moving average filter of 1 day, thi®édase.

But, this also means that it is possible to remove part ofieparGPP simply by decreasing the filter width (i.e. incregsi
the averaging time). Using a moving average filter of 15 dagsaimost the same effect as applying the correction teroréfig
4, bottom panel). Obviously, this also means that GPP \ditiabn time scales of less than 15 days can not be resolvettHg
correspondence between complex demodulétgdnd the 15d moving average GPP is striking. This is an impofilading.

In real world situations it would be very hard to measure threertion term, as it would require the time resolved obsion

of both theO, gradient and the tidal excursion at the measurement lgtaltocontrast, increasing the averaging time is
straightforward. The difference with the first order coti@g is still present, but small. The major cause of thisati#hce is
the K1, P1 interaction. In contrast to the spurious GPP dugltand@1, which can be filtered out, the effect of the K1, P1
interaction can not be filtered out. Its frequency is so ctose, that it is not possible to distinguish from GPP.

At this point it is relevant to take a look at the results of tteessic Odum method. Applying the Odum method to the tidal
O, time series to estimate daily GPP results in huge fluctuat{igure 5, top panel). Surprisingly, these fluctuationsehav
exactly thel f1— fO1] frequency, as can be seen from the spectrum (figure 5, botoel) On the same spectrum we see that
also the| f1 — fQ| frequency is present. And indeed, 15d averaging the daily &Rimates removes most of the fluctuations.
Still, as expected for tidal systems, the performance ofittiem method is rather poor.

Applying the Fourier method to real world, series shows the same phenomena as shown above. As an exaenahalyse
an O, time series from the Hornum Tief measurement pole near Sigihd in the German Wadden Sea. At this location, the
impact of the O1 component is even larger than in our simarati This is both obvious from the demodulated time serids an
from the spectrum of the difference between the 1d and 15¢kss filtered demodulatédl, series (figure 6). Either the O1
tidal consituent is indeed very large at this station, orttbiezontalO, gradients are large. Here, however, the impact is much
less apparent in winter. This is not surprising as horiZayadients inO, are nearly absent during Winter time, and therefore
tidal O oscillations are very small. The smoothed line on the figsiteé result of a moving average of 15d width.
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4 Discussion

The analysis in this paper again stresses the power of angly» data in de Fourier domain. As demonstrated here, the
technique of complex demodulation can give a robust estimfitlaily GPP in non-tidal systems. The crucial advantage is
that no other process has to be estimated. This is a majontdy@compared to classic diel oxygen methods that reqaires
accurate estimate of air-water exchange and transporthwioften difficult (Tobias et al., 2009; Kemp and Boynto83Q;

Van de Bogert et al., 2012).

It is, however, important to keep in mind that the Fourier moet performs well in many, but not all real-world systems.
In some systems the method exhibits a systematic upwardvemwlard bias. This bias is determined by the light saturation
parameter of photosynthesis, the vertical turbulent ngixiate, light extinction coefficient, the water depth and pirgton
velocity. In most realistic settings, the bias is less th@f. In some typical systems the bias will be much larger: thituides
shallow systems where air-water exchange is large, degpnsgsvhere vertical mixing is not fast enough. When vertical
mixing is low, the measurement depth is of crucial imporeamdien only a single sensor is available. A complete analysis
can be found in Cox et al. (2015). Those results are alsocgipé here: in situations where the Fourier method will work
estimating time varying GPP with complex demodulation ai#lo work.

The biggest advantage of Fourier domain analysis lies il 8gistems. Two major reasons make diel oxygen methods
difficult to apply in estuarine and coastal systems: 1. tteltsignal dominates O2 time series and 2. gas transfer s hig
and difficult to correctly estimate. The Fourier method einvents these problems to a large extent. The M2 component
and other semi-diurnals are effectively filtered out by thalgsis. As demonstrated above by the analysis of the fidsror
correction term, this does not entirely cancel out the ¢fféthe tides. On the contrary, the diurnéld, Q1, K1 and P1 can
induce significant diurnal components in g signal that can not be attributed to GPP. We have shown teaaging over a
sufficient period, resulting in a sufficiently narrow low pd8ter, allows to filter out the effect of th@1 and@1 components.

A minor drawback is that this comes at the expense of theutisnlof the GPP estimate: variability on time scales smalle
than 15 days can not be resolved.

Resolving variability on time scales smaller than 15 dayshe hard, perhaps impossible, in tidal systems with sigaift
diurnals. This boils down to measuring or estimating attlé¢as first order spatial correction term, which consistsvad t
factors: the tidal excursion and tli®, gradient. It might be possible to estimate the tidal examr&iased on hydrodynamic
models. Those models are not typically built to correctiyrogluce the diurnals, so some care has to be taken. But icigdgn
this is feasible. More difficult is th€®, gradient. Indeed, the gradient that appears in equatiorit&ikorizontal gradient in
the reference frame moving with the tides. It is not immealiatlear if and how this can be calculated from obser@ed
time series, but it would require a number@§ sensors along the horizontal. Moreover, we have to resatvemly the long
term trend but also the diurnal fluctuations in this horiabgradient, since these will contribute to the complex dentated
signal. The same difficulty arises when trying to constraimhigher order term in the Taylor series. The second order te
for example is half the product of the second spatial devieaif the oxygen profile (in the moving reference frame) amel t
square of the tidal excursion.
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5 Conclusions

The analysis in the frequency domain not only lead to a nevihatketo estimate GPP. It results also in non-trivial new intsg

In (Cox et al., 2015) we already demonstrated that the thieally calculated effects of observational and stocltastise

on the GPP esatimate, is very well in agreement with sinaratesults that assess their impact on diel oxygen methods
5 (Battand Carpenter, 2012). In our current paper we unrevetsv the diurnalD1 and Q1 affect GPP estimates; the low

frequency fluctuation$f1 — fO1] and|f1 — fQ1| that are the result of the demodulation procedure also shmwn the

GPP estimates with classic Odum method. Our results enftandbeoretical understanding 6f;, dynamics, and how they

influence theD, based estimates of GPP.

6 Code availability

10 Scripts will be made available as an R-package on www.rfense.com

7 Data availability

Data from the Hornum Tief station is publicly available oe thosyna data portal http://codm.hzg.de/codm/
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Figure 1. SimulatedO» concentrations with the open water model (top); Simulated GPP and tegatied GPP by complex demodulation
of the O, time series (bottom)
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Figure 2. SimulatedO, concentrations with the estuary model (top); Simulated GPP and recctesti@PP by complex demodulation of
the O, time series (bottom)

11



Biogeosciences Discuss., doi:10.5194/bg-2017-81, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 13 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

0.010
!

01

0.008
1

K1

0.006
1
o
=

IFCOl

0.004
1

0.002
1

0.000
L

f[cycles per day]

Figure 3. Spectrum of the velocity time series used for estuarine model calcula@bose to diurnal frequencies O1, Q1, P1 and K1 are
marked
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Figure 4. Simulated GPP in the estuarine model and reconstructed GPP by compiexidlating theO- series taking into account the
first order term in the spatial Taylor expansion (top). Spectrum of theciion term: constituents due to P1, K1 interaction, O1 and Q1 are
marked (center). 15 day averages of simulated GPP, complex déatiodwith 15d moving average with and without the first order term
in the spatial Taylor expansion (bottom)
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Figure 5. Result of the bookkeeping method applied to the simulated estu@sirtene series, and simulated GPP (top). The spectrum of
the result of the Odum method shows the same P1, K1 interaction and @Qlacwhstituents as the the first order Taylor expansion term in

figure 4

14



Biogeosciences Discuss., doi:10.5194/bg-2017-81, 2017
Manuscript under review for journal Biogeosciences
Discussion started: 13 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

o — 1 Day filter
© — 15 Day filter
Q _|
o ©
o
O 2 -
o _|
N
o —
| | | |
May Jul Sep Nov
Spectrum of difference
< - o
m —
= »
N N -
L . \
[ ] . [ ]
— — o® be
000.1 ° \o g o
o - \-" K ..'!’/ 7 "".""a.'-%"&.*&m

I I I I I I
0.0 0.1 0.2 0.3 0.4 0.5

f [cycles per day]

Figure 6. Complex demodulation @D, time series recorded in Hoernum Tief (top). The spectrum of the diféeref complex demodulation
applied to theO, series with a 1 day or a 15 day filter shows the Q1 and O1 constituents atliotpdeby theory and by the simulation

results
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