
1.  Introduction
Eddy covariance (EC) and related boundary layer exchange techniques have been used in terrestrial eco-
systems since the early 1950s to measure fluxes of water and heat (Swinbank, 1951) and are widely applied 
today to measure a variety of biogeochemical and energy fluxes in the atmospheric boundary layer (e.g., 
Baldocchi, 2003; Burba & Anderson, 2010; Lee et al., 2004). The physical oceanography community has 
applied this atmospheric boundary layer theory to fluxes of momentum, heat, and salt in marine settings, 
where waves have been identified as a unique source of bias in oceanic turbulence measurements (Scully 
et al., 2016; Trowbridge, 1998; Trowbridge et al., 2018). The application of boundary layer theory to aquatic 
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biogeochemical EC literature revealed that the majority of studies were conducted in shallow waters 
where waves were likely present, and that waves biased sensor and turbulence measurements. This review 
identified that larger measurement heights shifted turbulence to lower frequencies, producing a spectral 
gap between turbulence and wave frequencies. However, some studies sampled too close to the boundary 
to allow for a spectral turbulence-wave gap, and a change in how EC measurements are conducted and 
analyzed is needed to remove wave-bias. EC fluxes have only been derived from the time-averaged product 
of vertical velocity and oxygen, often resulting in wave-bias. Presented is a new analysis framework 
for removing wave-bias by accumulation of cross-power spectral densities below wave frequencies. 
This analysis framework also includes new measurement guidelines based on wave period, currents, 
and measurement heights. This framework is applied to sand, seagrass, and reef environments where 
traditional EC analysis resulted in wave-bias of 7.0% ± 9.2% error in biogeochemical (oxygen and H+) 
fluxes, while more variable and higher error was evident in momentum fluxes (10.5% ± 21.0% error). It is 
anticipated that this framework will lead to significant changes in how EC measurements are conducted 
and evaluated, and help overcome the major limitations caused by wave-sensitive and slow-response 
sensors, potentially expanding new chemical tracer applications and more widespread use of the EC 
technique.

Plain Language Summary  Biogeochemical processes can be estimated by the exchange 
of vital tracers between the seafloor, overlying water, and the atmosphere and are paramount to 
understanding global biogeochemical cycling. Techniques that measure water transport and tracers of 
these processes (here oxygen and pH) have revolutionized how these exchanges are studied, and how 
they impact local water quality, productivity, and nutrient cycling. Through measurements of oxygen 
concentration and pH, and their transport by water movement, their exchange can be determined. 
These techniques were originally developed to examine exchange between the land and atmosphere, but 
applying these techniques to aquatic ecosystems has presented challenges due to surface waves that are 
present in the shallow aquatic ecosystems where these aquatic techniques are commonly applied. Waves 
cause errors in the sensors used to measure water transport and tracer concentrations, and have presented 
significant challenges for applying these atmospheric techniques underwater. This research presents new 
guidelines for these aquatic exchange measurements that will require a change in how measurements are 
conducted and analyzed, to allow for tracer exchange measurements in the presence of waves. These new 
guidelines also allow for new sensors that were previously incompatible, expanding the applications of 
these techniques to new scientific research questions.
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biogeochemical fluxes is comparatively new, and has mainly been used to examine oxygen (O2) fluxes as a 
proxy for carbon exchange.

The aquatic EC technique measures the flux of solutes between the benthic surface and the overlying water 
(Berg et al., 2003; Lorrai et al., 2010; Reimers et al., 2012). EC measurements are widely considered the 
most reliable flux method because they require the fewest physical assumptions (Fairall et al., 2000). The 
aquatic EC technique has been used in challenging environments, where traditional methods are difficult 
to apply, such as benthic macrophytes (Hume et al., 2011; Koopmans et al., 2020), sea-ice (Glud et al., 2014; 
Long et al. 2012a), lakes (Brand et al., 2008; McGinnis et al., 2008), rocky substrates (Attard et al., 2019; 
Glud et al., 2010), oyster beds (Reidenbach et al, 2013; Volaric et al., 2018), the deep sea (Berg et al., 2009; 
Donis et al., 2016), and coral reefs (Long et al., 2013, 2019; Rovelli et al., 2015) and represents a highly ad-
vantageous methodology for examining high-temporal resolution, ecosystem-level fluxes in complex envi-
ronments. The aquatic EC technique has been occasionally applied to other tracers including temperature 
(Crusius et al., 2008; Else et al., 2015; Long et al., 2012a), salinity (Crusius et al., 2008), nitrate (Johnson 
et al., 2011), hydrogen sulfide (McGinnis et al., 2011) and pH (Long et al., 2015a). The aquatic EC tech-
nique has also been applied to the atmosphere-water interface to measure atmospheric O2 exchange (Berg 
& Pace, 2017; Long & Nicholson 2018) and at the oxycline and thermoclines in lakes (Kreling et al., 2014; 
Weck & Lorke, 2017).

The basis for the EC technique is that turbulent mixing, caused by the interaction of current velocity with 
the benthic, atmospheric, sea-ice, or cline interfaces, is the dominant vertical transport process in boundary 
layers. Therefore, vertical fluxes across the ecosystem interfaces can be derived from high temporal resolu-
tion measurements of the vertical velocity and a solute concentration. The time-averaged EC flux across an 
interface are determined by:

  Flux w c� (1)

where the overbar represents a time average, and w  and c  are the fluctuating components of the vertical 
velocity and scalar concentration (c), respectively, that are measured at the same point at a fixed distance 
away from the interface.

Recent work has highlighted the influence of wave and current variability on EC measurements (Berg 
et al., 2015; Donis et al., 2015; Holtappels et al., 2015; Reimers et al., 2016a) when applying the most com-
monly used sensor in aquatic EC measurements, the Clark-type O2 microsensor (Revsbech, 1989). Studies 
demonstrating wave bias have indicated that automated numerical time-lag corrections (for slow or spa-
tially separated sensors) can be biased by wave orbital motion (Berg et al., 2015; Donis et al., 2015), that 
cospectral analysis reveals significant contributions to fluxes at wave frequencies (Kuwae et al., 2006; Long 
et al., 2015b; Reimers et al., 2016a), and that Clark-type oxygen sensors can be biased by zero-crossing wave 
velocities (Holtappels et al., 2015; Reimers et al., 2016a). These Clark-type microsensors have been designed 
to limit “stirring sensitivity” by reducing the tip size and microsensor design, but trade-offs exist between 
maximizing response time and reducing stirring sensitivity (Revsbech, 1989). In comparison, optical O2 
sensors (i.e., optodes) have been applied more frequently since their introduction to aquatic EC (Chipman 
et al., 2012) because they have the advantage of not consuming O2, making them less susceptible to stirring 
sensitivity as there is no net transport of O2 to the sensor (Klimant et al., 1995). However, recent work has 
also suggested that optodes, like commonly used Clark-type sensors, may have a variable response time due 
to changes in the boundary layer thickness caused by wave motions or zero-crossing velocities that tem-
porarily limit transport to the sensor, an effect that peaks at the frequency of the waves (Bittig et al., 2014; 
Reimers et al., 2016a). To prevent sensor bias, microfluidic sensor housings (pumping fluid from the meas-
urement point to negate wave velocities) and rotating instrument designs (preventing biased sensor separa-
tion corrections due to waves or orthogonal currents) have been developed, but also complicate instrument 
engineering (Long et al., 2015a, 2019).

The issue of waves, which is unique to aquatic EC, has largely focused on the biogeochemical sensors, 
but wave bias in the turbulence measurements from acoustic sensors is also of major concern (Ama-
dor et al., 2020; Benilov & Filyushkin, 1970; Bricker & Monismith, 2007; Rosman & Gerbi, 2017; Scully 
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et al.,  2016; Shaw & Trowbridge, 2001; Trowbridge, 1998). Wave-bias in the turbulent velocities used to 
calculate fluxes have been observed due to slight variations in instrument orientation, leading to some of 
the horizontal wave-associated velocities contaminating the vertical velocity (Bricker & Monismith, 2007; 
Long et  al.,  2015b; Reimers et  al.,  2016a; Scully et  al.,  2016; Trowbridge  1998; Trowbridge et  al.,  2018). 
This contamination of vertical velocity by waves is a problem when turbulence and surface waves are ob-
served at similar or overlapping frequencies and requires multiple instruments (Shaw & Trowbridge, 2001; 
Trowbridge  1998) or wave-turbulence decomposition methods (Benilov & Filyushkin,  1970; Bricker & 
Monismith, 2007) to remove wave-bias. However, a careful consideration of site hydrodynamic conditions 
and instrument configurations can enable a process where the wave and turbulence frequencies do not 
significantly overlap, thereby allowing for the spectral separation of turbulence and waves (Long & Nichol-
son 2018; Scully et al., 2016) to remove wave-bias in chemical sensor and turbulence measurements caused 
by high-frequency surface waves.

Scully et al. (2016) describes and applies a procedure for removing wave bias in turbulence measurements 
in coastal settings, based on the frequency differences between turbulence and wave period (Td). The Taylor 
frozen turbulence hypothesis relates wavenumber (k, in rad m−1) to frequency (f, in Hz or cycles s−1) based 
on the mean advection speed (U, in m s−1), as:




2 fk
U

� (2)

Both atmospheric and oceanic measurements of momentum cospectra suggest that under unstratified con-
ditions, the peak of the variance preserving cospectra occurs at k ∼ a/z, where z is the height above the 
bottom where measurements are conducted and the constant a has been estimated to range from about 0.8 
(Gerbi et al., 2008; Wyngaard & Coté, 1972) to 1.2–3.1 (Amador et al., 2020; Kirincich et al., 2010; Stacey 
et al., 1999). Therefore, as long as the frequencies associated with the dominant surface waves (1/Td) are 
high and the mean advection speed is low, the majority of the turbulent fluctuations will be at frequencies 
lower than the surface waves when:




2

d

z a
UT� (3)

For example, at common shallow water conditions where the values of Td do not exceed 4 s and tidal cur-
rents are <0.2 m s−1, this relationship is easily satisfied if measurements are conducted at z = 0.50 m away 
from the benthic surface (i.e., [(2πz)/(UTd) = 3.9]), whereas a measurement height at z = 0.05 m away from 
the benthic surface would not (i.e., [(2πz)/(UTd) = 0.4]). This method has been used to calculate turbulent 
fluxes by filtering out frequencies at and above the wave frequencies and has demonstrated that there is typ-
ically a clear spectral gap between the frequency of the dominant surface waves and the dominant frequen-
cies of the turbulent flux when measurements are conducted at sufficient heights away from the interface 
boundary (Scully et al., 2016). While this process removes the majority of wave bias, it may also remove 
some high-frequency turbulent fluctuations, and some wave bias may still be present at lower frequencies 
due to the advection of turbulence by wave orbital velocities (Rosman & Gerbi, 2017).

This manuscript addresses a major issue that limits the application of boundary layer exchange techniques, 
specifically the aquatic EC technique, in shallow environments where waves are present. A primary objec-
tive of this highly interdisciplinary topic is to produce and communicate results that are easily discernable 
and translatable to the aquatic EC community. A review of existing aquatic EC literature is presented to 
highlight the predominance of EC applications in shallow water where waves are likely to be present, and 
the conditions and configurations of previous EC studies. A new analysis framework for flux calculation 
is presented, where the cross-power spectral density is accumulated from low frequencies, up to the wave 
frequencies, to calculate interface fluxes. This method effectively removes wave bias from both sensor and 
turbulence measurements, and specific guidelines are provided to ensure that this method can be applied, 
based on site hydrodynamics and instrument configurations. Also presented is the potential use of slow-re-
sponse sensors using these same guidelines that will enable a wider range of sensors to be applied to the EC 
technique in the future.
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2.  Methods
2.1.  Literature Review

This research presents a review of the EC literature consisting of 62 field-based manuscripts published since 
the introduction of aquatic oxygen EC for biogeochemical investigations (Berg et al., 2003). These manu-
scripts were separated into different study sites defined by either, having different measurement heights or, 
different water depths. In manuscripts where a range of sites with different depths were analyzed, the small-
est and greatest depths are reported. The depths, measurement heights, solutes, sensors, benthic roughness 
elements, wave parameters, environment, burst length, and Reynolds decomposition method were extract-
ed from the manuscript text when reported. Cospectral frequencies and peak current velocities were taken 
directly from the text or visually estimated from figures. Measurement heights of the sensors were modified 
by subtracting biological canopy heights or physical barrier heights when reported.

2.2.  Field Sites

The field sites were located ∼7 km offshore of Key Largo, Florida, USA at the southern tip of Florida in 
the Florida Keys. The sites were located on or adjacent to Little Grecian Rocks Reef with a site on the reef 
crest (25.119016°N, -80.300504°W, Figure 1c) at 2.9 m mean depth, in a seagrass bed located ∼225 m to the 
northwest of the reef site (25.120328°N, -80.302222°W, Figure 1b) at 4.8 m mean depth, and in a sandy site 
located ∼300 m to the southwest of the reef site (25.117320°N, -80.303069°W, Figure 1a) at 6.3 m mean 
depth. The reef site is described in substantial detail (3-dimensional and species analyses) in Hopkinson 
et al. (2020), where the EC instrument can be seen near the center of the image analyses (in Figure 6 of 
Hopkinson et al., 2020) during its deployment in this study. This reef site is substantially degraded with its 
benthic surface and primary production dominated by octocorals, algae and rubble (Hopkinson et al., 2020; 
Owen et al., 2020). The seagrass site was dominated by dense Thalassia testudinum (turtlegrass) with a can-
opy height of 0.2 m underlain by carbonate sands. The sandy site was composed of carbonate sands with 
microalgal mats (Figure 1a) and migrating bedforms 0.1 m in height. Research was conducted from June 24 
to June 29 in 2018 with the seagrass deployment beginning on the 24th and the sand and reef deployment 
beginning on the 25th of June, 2018.

2.3.  Instrumentation

The EC systems used here, known as Eddy Covariance Hydrogen Ion and Oxygen Exchanged System 
(ECHOES, Long et al., 2015a) consisted of an Acoustic Doppler Velocimeter (ADV, Nortek) that was cou-
pled to a FirestingO2 Mini fiber-optic O2 meter with a fast-response (∼0.3  s) 430  µm diameter optode 
(Pyroscience) (Long et al., 2015a, 2019; Long & Nicholson, 2018) and a fast-response (∼0.6 s, Figure S1) 
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Figure 1.  Eddy Covariance Hydrogen ion and Oxygen Exchange Systems (ECHOES) deployed at sand (a), seagrass (b), and reef (c) sites on or adjacent to Little 
Grecian Rocks Reef in the Florida Keys, Florida, USA. Measurement heights are indicated by white bars and text.
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Honeywell Durafet® III pH sensor with a preamp Cap Adapter and a custom isolation amplifier (based 
on Texas Instruments ISO124P). The ECHOES systems logged the three-dimensional velocity, depth, O2 
optode, pH sensor, and triaxial Inertial Measurement Unit (IMU, MicroStrain model 3DM-GX3) at a fre-
quency of 16 Hz continuously. Using 6 rechargeable lithium ion batteries (50 Watt h, Nortek #220007) the 
system could operate continuously for ∼4.5 days. All instrumentation was mounted to a light-weight, pas-
sively rotating carbon fiber frame (Figure 1). A bubble level affixed to the ADV mount allowed for precise 
leveling during field deployment by SCUBA divers. Stakes (sand and seagrass sites) or lead weights and 
zip ties (reef site) maintained instrument location and orientation. The measurement height, or location 
of the ADV measuring volume and sensors, above the sediment surface was determined by placing it at 
a height that was greater than twice the canopy (0.5 m reef canopy, 0.2 m seagrass canopy) or bedform 
(0.1 m) height (Figure 1) as recommended by terrestrial EC guidelines where twice the canopy height, and 
up to 5 times the canopy height in patchy environments, is recommended (Burba & Anderson, 2010; Long 
et al., 2015b).

The microfluidic flow-through sensor design has a small volume (0.33 cm3) and a KNF Micropump (model 
NF10) with a flow rate (100 mL min−1) that combine to have a quick flush rate (5 Hz) while protecting 
and preventing light interference for both O2 and pH sensors. The microfluidic intake was located 0.025 m 
behind the ADV measuring volume (see Berg et  al.,  2015; Donis et  al.,  2015) to prevent disruption of 
ADV-measured flow rates (Long et al., 2015a). The microfluidic housing mounted tightly over the Durafet 
III sensor tip and has a small chamber for inserting the O2 optode, that is located at the end of a 0.04 m long, 
0.003 m inside diameter copper intake tube and filter, with the outlet of the microfluidic chamber connected 
to the pump intake (Figure S2). A passive flow meter (0–100 ml min−1) connected to the pump outlet was 
used to confirm pumping rates during deployment.

A separate frame at each site contained an Odyssey (Dataflow Systems, New Zealand) photosynthetically 
active radiation (PAR) sensor and a Seabird SeapHOx (measuring salinity, temperature, depth, O2, and pH). 
The SeapHOx was factory calibrated and the Odyssey PAR sensors were calibrated to a HR-4 spectroradiom-
eter system (HOBI Labs HydroRAD-4) using the methods of Long et al. (2012b).

2.4.  EC Analysis Framework

The 16 Hz data were averaged to 8 Hz for analysis. The ECHOES O2 and pH sensors were calibrated to the 
slow-response SeapHOx sensors by least-squares regression. The pH was converted to H+ ion concentration 
for all calculations. The ADV velocity data was removed from analysis when the beam correlation was 
<50%. The means for Reynolds decomposition were determined using a 5 min moving average window. 
The period over which the flux was determined, or burst length, was 15 min, with subsequent averaging to 
hourly rates. Rotations to East, North, and Up coordinates based on the IMU data were conducted (see Long 
& Nicholson 2018) followed by a planar rotation (see Lorke et al., 2013) for each instrument deployment.

Standard EC analysis was conducted to calculate O2   2w O , H+  w H , and momentum     
 

 
   

1/2
2 2

w u w v  

fluxes (e.g., Equation 1) where u and v indicate the horizontal components of the velocity and w represents 

the vertical velocity. Cross Power Spectral Densities were also used to calculate O2, H+ and momentum 
fluxes and were determined with the Matlab function “CPSD” by:

   
2

1
Flux

f

w c
f

P f df� (4)

Where the   w cP f  represents the CPSD as a function of physical frequency in Hz, c represents the fluc-
tuation components of O2, H+, or horizontal velocities, and the summation of the CPSD from the burst 
length ( 1f 15 min) up to the sampling frequency ( 2f  = 8 Hz) or cutoff frequency ( 2f  = Fc) determines the 
flux. The removal of wave frequencies was conducted by accumulating the CPSD at frequencies below the 
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Fc, estimated by 1/(2Td). The Td was determined by finding the maximum of the momentum CPSD at the 
frequencies where the waves were expected for the study sites (e.g., 0.1 > Hz < 1). Power spectral densities 
were determined using the Matlab function “PWELCH." Both the PWELCH and CPSD analyses used the 
default window and overlap. Wave orbital velocities (w) were estimated by:

     
 

       





1/2
2 2 2

w u u v v w w� (5)

where the prime indicates the instantaneous velocity and the overbars indicate averaging over each burst.

The direct EC flux calculation (   Flux w c ) is mathematically equivalent to the CPSD calculation  

(    
2

1
Flux

f

w c
f

P f df ). Therefore, the full-spectrum flux methods (direct covariance and CPSD, where 

2f  = 8 Hz in the latter) were first compared by linear regression to confirm this agreement, followed by re-
gression with the CPSD accumulated only up to the cutoff frequency ( 2f  = Fc). If wave bias was present, this 
second regression would result in reduced correlation coefficients and slopes as this wave bias would be re-
moved when the CPSD was only accumulated up to the wave frequencies. The normalized root square mean 
error (NRSME) between the different computation methods was determined by calculating the square root 
of the square of the difference between flux methods, averaging this value across each deployment and 
scalar, and normalizing this to percent by dividing by the range of the fluxes. This normalization method 
was used as the net, or average of the biogeochemical fluxes, is close to zero and would result in erroneous 
results when dividing by near-zero values (see Table S2).

The CPSD fluxes accumulated up to the wave band [CPSD (<0.125 Hz)] were then further refined by the 
results of Rosman and Gerbi (2017) that found turbulent fluxes above the dominant wave frequencies were 
minimally affected by wave advection by two criteria; (1) a velocity ratio, where w is less than twice the 

current speed by 


 2w

U , and (2) a length-scale ratio, where the wave orbital magnitude is smaller than the 

length scale of turbulent eddies by 



0 0.5w

w

k
, where 0k  is the roll-off wavenumber in rad m−1 determined 

from the inflection point of the cospectra (estimated from the zero point of the second derivative of the 

cospectra) and w is the wave peak in rad s−1. Therefore, periods that did not adhere to 


 2w

U  or 



0 0.5w

w

k
 

were removed in the final CPSD (<0.125 Hz) fluxes.

The cospectra of the direct covariance and CPSD analysis were also compared to the two-parameter 
semi-theoretical Kaimal model (Kaimal et al., 1972) by:

 
 




  
  

 



 0

7/3
0

7 3 1 /sin
3 7 1 /

wc
kCo k w c

k k
� (6)

where k is the wavenumber determined by 



2 fk
U

 and the model cospectrum (  )wcCo  is defined by two 

parameters: the total unbiased theoretical flux (


 w c ) and the roll-off wavenumber ( 0 )k  (Kaimal et al., 1972; 
Kirincich et al, 2010). The model cospectra was fit to the observed cospectra using nonlinear least-square 

fitting at wavenumbers below the surfaces waves (e.g., 



2 fk
U

, where f  <  0.125  Hz) to determine the 

unbiased 


 w c  and 0.k The resulting full-spectrum semi-theoretical flux estimate, unbiased by waves, was 
accumulated across all frequencies to produce a cumulative flux or Ogive curve. The Kaimal estimates were 
then compared to the cumulative CPSD and direct covariance fluxes to determine the potential loss in the 
turbulent flux. To examine all tracers on the same scale, the fluxes were normalized by the total unbiased 
semi-theoretical Kaimal estimates.
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3.  Results
3.1.  Literature Review

A total of 62 aquatic field-based biogeochemical EC manuscripts were identified (see Supplemental Infor-
mation), which, when separated to individual studies based on different water depths and measurement 
heights, resulted in 105 studies for the purposes of this analysis (excluding this study). The use of Clark-
type O2 microsensors dominated (n = 90 studies, starting from Berg et al., 2003) with O2 optodes becoming 
more popular recently (n = 20, starting from Chipman et al., 2012). Other sensors applied to EC included 
temperature (n = 5), galvanic O2 (n = 2), conductivity (n = 1), nitrate (n = 1), hydrogen sulfide (n = 1), and 
pH (n = 1).

Previous studies have deployed the EC technique at water depths ranging from 0.3 to 2,500 m, but the ma-
jority of these studies were conducted at depths of less than 10 m (n = 53, out of 83 studies reporting depth, 
Figure 2a). The mean peak current velocity of previous studies was 0.170 ± 0.216 m s−1, with a median of 
0.12 m s−1, and a range of 0.015–1.8 m s−1 (Figure 2b). The mean measurement height of previous studies 
was 0.25 ± 0.18 m, with a median of 0.20 m, and a range of 0.04–0.80 m (Figure 2c). Measurement heights of 
≤0.15 m above the bottom were used in 42 studies, out of 102 studies reporting measurement heights. Some 
studies reported physical or biological canopy roughness elements (n = 27), which were subtracted from 
the reported measurement heights, resulting in a corrected mean measurement height of 0.190 ± 0.183 m, 
a median of 0.15 m, and a range of −0.365 to 0.8 m.

A total of 33 studies reported the contributing turbulent frequencies of the fluxes, which displayed a de-
crease in frequency with increased measurement height (Figure 2d). Both the highest and lowest contrib-
uting frequencies show a negative slope with increasing measurement height, and a significant difference 
from a zero-slope line. Applying [(2πz)/(UTd) = a] to previous studies conducted at <10 m depth that report 
the presence of waves indicated that the mean of the conditions and instrument configurations may allow 
for the separation of turbulence and wave frequencies when sampling heights are >0.15 m (assuming a ≈ 1, 
Table 1). However, more than half of these <10 m depth studies reporting wave conditions were conducted 
at measurement heights ≤0.15 m and these low measurement heights combined with mean study condi-
tions suggest that a distinct separation between turbulent and wave frequencies may not have been possible 
(assuming a ≈ 1, Table 1). The majority of studies (n = 60, out of 105) did not report wave conditions.

For conducting Reynolds decomposition, 55 manuscripts used linear detrending, 25 used a moving or run-
ning average window, 13 used a combination or other method, and 12 did not report a mean determination 
method. The burst length, or period over which fluxes are calculated, was most commonly 15 min (n = 74 
manuscripts) followed by 10 min (n = 9), <10 min (n = 8), 30 min (n = 4), 20 min (n = 1), variable (n = 1) 
or not reported (n = 12). A range of different data and time-series corrections including; velocity de-spik-
ing (e.g., Goring & Nikora, 2002), various coordinate rotations (Lorke et al., 2013; Reimers et al., 2012), 
sensor time-lag corrections (Berg et  al.,  2015; Donis et  al.,  2015), low-frequency wave corrections (Re-
imers et al., 2016b), storage correction (Long & Nicholson 2018; Lorrai et al., 2010; Rheuban et al., 2014a), 
nonsteady state condition bias (Holtappels et al., 2013), slow sensor response time correction (McGinnis 
et  al.,  2008), flux loss due to photosynthetic bubble production and ebullition to the atmosphere (Long 
et al., 2020), stirring sensitivity correction (Holtappels et al., 2015), and platform motion corrections (Long 
& Nicholson, 2018) have been described and applied, and are discussed elsewhere, as noted.

3.2.  Field Data

The three ECHOES and associated instruments were deployed for 4–4.5 days at each site (sand 96 h, sea-
grass 108 h, and reef 96 h; Figure 3) with a total of 84 h of overlap where all 3 ECHOES were collecting data 
at the same time. In these relatively clear subtropical waters the ADV velocity beam correlation was used to 
remove time periods where the correlation was <50% which resulted in the removal of 35.4% (34 h), 0.1% 
(0.75 h), and 4.4% (4.25 h) of the data from the sand, seagrass, and reef sites, respectively (Table 2). The 
removal of CPSD (<0.125 Hz) fluxes, when waves may impact lower frequency turbulent fluxes as demon-
strated by Rosman and Gerbi (2017), resulted in the removal of 4.4% (4.25 h), 12.5% (13.5 h), and 64.1% 
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(61.5 h) of the data from the sand, seagrass, and reef sites, respectively (Table 2). At the reef site a substantial 
amount of pH data was also lost due to sporadic electrical issues that contaminated 72.4% (69.5 h) of the 
pH data. Fluxes showed expected diel trends with O2 production and H+ consumption during the day and 
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Figure 2.  Histograms of the depth of biogeochemical eddy covariance studies (a) and the peak velocity measured in studies (b). Note the dominance of 
shallow-water studies where waves are likely present. Histograms of measurement heights (uncorrected for canopy or physical barrier heights) used in eddy 
covariance studies (c) and the associated frequencies of flux-carrying eddies which shift to longer scales with increasing measurement heights (d) where 
statistics represent a significant difference from a zero-slope line.

Measurement height (z) Peak velocity (U) Wave period (Td) (2πz/(UTd)

Site m m s−1 s

*Previous studies (≤0.15 m z) 0.07 (−0.05 to 0.15, n = 17) 0.19 (0.02–0.5, n = 15) 2.8 (1–5, n = 6) 0.79

*Previous studies (>0.15 m z) 0.28 (0.0–0.8, n = 14) 0.11 (0.02–0.26, n = 13) 3.8 (3–4, n = 5) 4.26

This study—Sand 0.35 (0.1 m bedforms) 0.18 3.9 3.13

This Study—Grass 0.55 (0.2 m canopy) 0.12 4.1 3.19

This Study—Reef 0.97 (0.5 m canopy) 0.11 3.7 7.25

The * indicates previous studies that reported both the presence of waves and were conducted at <10 m depth are 
included. When biological canopy or physical barrier heights are reported, these have been subtracted from the reported 
measuring heights (see supplemental information). Numbers in parenthesis are the range and n from previous studies, 
or canopy and bedform heights (this study).

Table 1 
Potential for a Spectral Gap Between Turbulence and Wave Frequencies in Different Studies Conducted at <10 m Depth
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O2 consumption and H+ production during the night (Figures 3a–3f). Biogeochemical fluxes were about 
an order of magnitude larger on the reef site compared to the sand site. Current velocities were dominated 
by diurnal tides and wave velocities generally decreased over the deployment period (Figures 3d–3i). Diel 
ranges of O2 (171–237 μmol L−1) and pH (8.06–8.17) were very similar between the adjacent sites.

Applying [(2πz)/(UTd) = a] to the study conditions suggests that there was a spectral gap between wave and 
turbulent frequencies (i.e., [(2πz)/(UTd) > 3.1], Table 1). Before applying this theory, the agreement between 
fluxes calculated using traditional direct covariance analysis (e.g., Equation 1) was compared to that of the 
Matlab CPSD function, accumulated across all frequencies. Across the sites (sand, grass, and reef) and sca-
lars (O2, H+, momentum) the minimum R2 was 0.92 with a maximum of 2.5 % normalized root square mean 
error (NRSME, Table 2, Figure 4). The lowest values were found for the scalar with the least data (n = 141 
bursts, Reef H+, Table 2) and the site with the second least data and smallest fluxes (n = 248 bursts, Sand 
H+, Table 2, Figure 3d), respectively. The remaining majority of results had coefficients of determination 
of ≥ 0.99 and ≤ 1.0 % NRSME (Table 2) indicating the expected agreement between direct covariance and 
CPSD methods (Figure 4).

The wave period (Td) at the sand, grass, and reef sites were 4.0 ± 0.5 (3.1–5.7 range), 3.9 ± 0.5 (2.6–5.2 range) 
and 3.7 ± 0.6 (2.0–5.3 range) s, respectively. By examining the power spectral density of the horizontal ve-
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Figure 3.  Time series data and fluxes at sand, grass, and reef sites beginning at noon (hour 12) on June 24, 2018. Oxygen (left a–c), H+ (left d–f) and 
momentum (left g–i) fluxes determined by eddy covariance (black) and cross-power spectral densities accumulated below wave frequencies (<0.125 Hz, red). 
Time series of photosynthetically active radiation (PAR, orange); (a–c), mean velocities (green); (d–f) and wave velocities (blue); (g–i) are shown on the right 
axes.
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locity (e.g., Figures 5d–5f, S4d–S4f), especially during periods of high wave velocity and long wave periods, 
a cutoff frequency (Fc) of 0.125 Hz (8 s) was chosen as the frequency up to which the CPSD should be accu-
mulated to remove wave bias (Figures 5 and S4). In all cases (scalars and sites) the coefficients of determi-
nation and slopes were reduced and the error increased indicating that the frequencies associated with the 
waves were contributing bias to the flux (Table 2). The maximum decrease in the slopes (50%) and highest 
NRSME (7.0 ± 9.2 %) was modest for the O2 and H+ fluxes compared to the substantial decrease in the slope 
(99%) and increase in NRSME and variance (10.5 ± 21.0) for the momentum fluxes (Table 2, Figure 4).

During periods of low-wave activity, the accumulated CPSD commonly exhibited a diminishing slope be-
fore the Fc under low wave conditions and spectral filtering had little impact on biogeochemical fluxes 
(Figures 5b–5c). This diminishing slope before the Fc was confirmed with the Kaimal semi-theoretical fits 
and suggested that the majority of the flux was being captured with the O2, H+, and momentum CPSD 
(<0.125 Hz) analyses, where only 3.8%, 3.4%, and 4.6 % NRSME, respectively, of the total unbiased semi-the-
oretical estimates were above the Fc (Figures 5a–5c). Deviations from the Kaimal fits were evident at higher 
frequencies, coinciding with wave frequencies, and were most apparent in the momentum fluxes with a 
193.0 % NRSME (Figure 5), and were significant during wave-dominated conditions (Figure S4). Full-spec-
trum accumulation of the O2 and H+ CPSD calculated fluxes produced 4.8% and 9.1% NRSME compared to 
the total unbiased semi-theoretical Kaimal estimates (Figure 5) but had both positive and negative devia-
tions from the semi-theoretical fits at wave frequencies (e.g., Figure 5a). Notably, the NRSME for the Kaimal 
nonlinear least-squares fits were 24.7%, 25.1%, and 32.2% for the O2, H+, and momentum fluxes, respectively.

In the majority of cases, the momentum flux exhibited significant bias at wave frequencies (Figures 4g–4i, 
5a–5c, S4a–S4c). During conditions when the wave velocities were at least twice as high as the mean flow (


 2w

U ) there was substantial contributions to all of the fluxes at wave frequencies (i.e., Figure S4a–S4c), 

but these periods were removed by the criteria of Rosman and Gerbi (2017). Oxygen and H+ power spec-
tra (Figure 5) showed no variability at wave frequencies and only very limited variability due to waves in 
the rejected data (Figures S4e and S4f) while horizontal and vertical velocity spectra indicated significant 
power at wave frequencies (Figure 5). Furthermore, differences between sites and sampling heights (i.e., 
sand, 0.35 m sampling height, Figure 5d) indicated substantial power at wave frequencies predominantly 
in the horizontal spectra, where wave orbitals become compressed vertically when sampling closer to the 
bottom, while the reef (0.97 m sampling height) indicate a balance between power at wave frequencies in 
both the horizontal and vertical (Figure 5f). Across the sites, the absolute differences between the EC and 
CPSD (<0.125 Hz) fluxes (i.e., Figures 3a–3c) were positively correlated to the wave orbital velocity with 
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Covariance vs. CPSD (All Hz) Covariance vs. CPSD (<0.125 Hz)

Flux Site n Slope (±SE) R2 NRSME (%) Slope (±SE) R2 NRSME (%)

Oxygen Sand 247 1.03 ± 0.01 0.990 1.0 ± 1.2 0.93 ± 0.02 0.935 3.0 ± 5.5

Seagrass 430 1.02 ± 0.00 0.995 0.8 ± 0.9 0.89 ± 0.02 0.879 2.9 ± 8.1

Reef 375 1.02 ± 0.01 0.994 0.7 ± 0.6 0.58 ± 0.03 0.539 4.1 ± 10.2

  Total 1,052 1.02 ± 0.00 0.996 0.3 ± 0.7 0.68 ± 0.02 0.666 1.8 ± 10.9

H+ Sand 247 1.03 ± 0.02 0.915 2.5 ± 3.0 0.50 ± 0.04 0.409 7.0 ± 9.2

Seagrass 430 1.02 ± 0.00 0.994 0.6 ± 0.9 0.94 ± 0.01 0.970 1.7 ± 2.1

Reef 141 1.03 ± 0.02 0.963 1.4 ± 7.4 0.98 ± 0.03 0.911 1.7 ± 7.5

  Total 818 1.02 ± 0.01 0.937 0.2 ± 7.1 0.97 ± 0.01 0.914 0.5 ± 7.6

Momentum Sand 247 1.00 ± 0.00 0.997 0.3 ± 1.0 0.03 ± 0.00 0.434 6.0 ± 21.5

Seagrass 430 1.00 ± 0.00 0.999 0.2 ± 0.9 0.01 ± 0.01 0.001 5.7 ± 24.2

Reef 375 1.00 ± 0.00 0.999 0.3 ± 0.7 0.04 ± 0.00 0.550 10.5 ± 21.0

  Total 1,052 1.00 ± 0.00 0.999 0.1 ± 0.7 0.04 ± 0.00 0.529 4.4 ± 23.3%

Table 2 
Comparison of Direct Covariance, CPSD (All Hz), and CPSD (<0.125 Hz) Fluxes
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slopes significantly different from zero and the strongest coefficient of determination for the momentum 
flux (R2 = 0.69) followed by the O2 flux (R2 = 0.22), and H+ flux (R2 = 0.08) (Figure S3).

3.3.  Ecosystem Fluxes

The hourly O2 and H+ CPSD (<0.125 Hz) fluxes across each deployment (Figures 3a–3f) were averaged 
by hour of day (Figures 7a and 7c) to enable the calculation of net daily fluxes averaged over the ∼4 day 
deployments (Figures  7b and 7d). The method of calculation of net ecosystem metabolic (NEM) rates 
(e.g., Rheuban et  al.,  2014a) was chosen due to the significant data gaps in the sand O2 and H+ fluxes 
(Figure 3). Both sand and seagrass sites exhibited net positive O2 fluxes and autotrophy (12.9 ± 4.0 and 
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Figure 4.  Comparison of fluxes determined from the cross-power spectral densities, accumulated across all frequencies, and fluxes determined from eddy 
covariance (gray boxes, gray lines, a–i) for the sand, grass, and reef sites. The comparison of fluxes determined from cross-power spectral densities, accumulated 
up to the wave frequency (<0.125 Hz), and fluxes determined from eddy covariance are shown for O2 (orange circles and red lines, a–c), H+ (cyan circles and 
blue lines, d–f), and momentum (black circles and black lines, g–i) fluxes. Each symbol represents an individual 15 min burst and all lines are linear regressions 
with statistics reported in Table 2.
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23.0 ± 9.6 mmol O2 m−2 d−1, respectively) while the reef site had net negative O2 fluxes and strong hetero-
trophy (−377.5 ± 50.2 mmol O2 m−2 d−1) (Figure 7b). The seagrass site had net negative H+ fluxes indicating 
a consumption of acidity (−0.44 ± 0.28 μmol H+ m-2 d−1) and the sand site had near-balanced H+ fluxes in-
dicating no significant net production or consumption of acidity (0.08 ± 0.06 μmol H+ m−2 d−1) (Figure 7d). 
There was insufficient data to compute net daily fluxes of H+ at the reef site.

4.  Discussion
This research presents a new analysis framework and measurement requirements to enable biogeochem-
ical EC measurements in the presence of waves. Since most studies using the EC technique have been 
conducted in shallow waters where waves are common, this has represented a significant setback for the 
small, but rapidly expanding biogeochemical EC community. Essentially, by measuring higher above the 
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Figure 5.  Spectral data from a low wave-energy period (hour 116, Figure 3). Normalized cumulative cross-power spectral densities show distinct differences 
between momentum fluxes and biogeochemical fluxes at wave frequencies. Kaimal semi-theoretical cumulative fluxes (dashed lines) were determined by 
fitting to the calculated cospectra below the Fc to estimate the full-spectrum unbiased semi-theoretical flux. Oxygen and H+ spectra (lower panels, red and blue, 
respectively) show no variability at wave frequencies while horizontal (Vx, black) and vertical velocity (Vz, green) spectra indicate a significant power at wave 
frequencies. Furthermore, differences between sites and sampling heights (i.e., sand, 35 cm sampling height) indicate substantial power at wave frequencies 
in the horizontal spectra, where wave orbitals become compressed vertically when sampling closer to the bottom, while the reef (lower right, 97 cm sampling 
height) indicate a balance between power at wave frequencies in both the horizontal and vertical. The filtering criteria values of Rosman and Gerbi (2017) are 
shown as text (a–c). The variance of oxygen, vertical velocity, and H+ (text, d–f) over each period indicate an increase in both biogeochemical tracer and vertical 
turbulence variances from the sand to reef sites.
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boundary than has been done traditionally (mostly  <  0.25  m), the turbulent frequencies shift to longer 
scales, above the wave frequencies. The presented spectral analyses framework has been used to calculate 
turbulent fluxes by filtering out wave frequencies and has demonstrated that there is a clear spectral gap 
between the frequency of the dominant surface waves and the dominant frequencies of the turbulent flux 
when measurements are conducted at sufficient distance away from the interface at shallow water sites 
(Scully et al., 2016). Here, spectral analysis reveals conditions and measurement heights that produce gaps 
between turbulence and wave frequencies in both scalar (e.g., O2 and H+) and turbulence measurements. 
Therefore, waves can be spectrally filtered and effectively remove the majority of bias in both chemical 
sensor and turbulence measurements, which also allows for new EC chemical sensors that have slower 
response times to be applied to the EC technique.

4.1.  Literature Review

The review of field-based biogeochemical EC studies revealed that the majority of studies have been con-
ducted in shallow environments where waves are likely to occur. This potential for wave bias is compounded 
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Figure 6.  Accumulated cross power spectral density (<0.125 Hz) O2 (a) and H+ (c) fluxes averaged by hour of day from all data in Figures 3a–3f for sand (red), 
seagrass (green), and reef (gray) sites. The fluxes were accumulated across the hour of day, where shading indicates propagated error, to produce a net daily O2 
(b) and H+ (d) fluxes for each site.
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by the fact that the majority of studies (85%) used Clark-type microsen-
sors, that have known biases created by wave-associated velocities and 
frequencies (Berg et al., 2015; Donis et al., 2015; Holtappels et al., 2015; 
Reimers et al., 2016a). Of the studies that reported the presence of waves 
and were conducted in shallow water, it was apparent that some studies 
sampled too close to the boundary (e.g., ≤ 0.15 m) to exhibit a clear sepa-
ration between wave and turbulence frequencies, as described by (2πz)/
(UTd) and illustrated by the color-mapped surface in Figure 7a. However, 
it is apparent that some previous studies could benefit from the presented 
spectral analysis framework, and that using higher measurement heights 
will benefit future studies, when waves are present (e.g., Figure 7b).

4.2.  CPSD Analyses Framework

The presented CPSD analysis framework begins with a careful consid-
eration of the site conditions, which inform appropriate measurement 
heights to allow for the spectral separation of turbulence and waves. 
When data is collected at appropriate measurement heights, the data 
can then be analyzed in the frequency domain, where the CPSD can be 
used to determine fluxes and wave periods can be evaluated. This spectral 
analyses can then be used to remove wave frequencies, by accumulating 
the CPSD up to the wave frequencies, effectively removing sensor and 
turbulence wave biases. Accumulating the CPSD across all frequencies 
can be used to compare with standard EC analyses, as well as determin-
ing the contribution to fluxes at wave frequencies. While this method is 
mostly applicable to shallow sites with high frequency surface waves and 
moderate current velocities, it is noted that these are the predominant 
conditions for most biogeochemical EC studies to date.

The presented CPSD method, when accumulated across all frequencies, 
produced an expected agreement with direct EC analysis with slopes of 
1.0, R2 ≥ 0.92, and error ≤ 2.5%, where the lowest R2 and highest error 
were found for H+ fluxes with the smallest magnitudes at the sand site. 
These small discrepancies between the full-frequency CPSD and the 
standard EC analyses (Table 2) was likely due to the combination of the 
Hamming windowing function used in the CPSD calculation and the 
CPSD segmentation that by default splits the times series into eight seg-
ments to conduct the fast Fourier transform, while the direct EC analyses 
were conducted on the continuous time series data. When the CPSD was 
accumulated only up to the wave frequencies (i.e., the cutoff frequen-
cy, Fc) there was a decrease in the flux in all cases, with a substantial 
decrease in the momentum flux, followed by less pronounced decreases 
for the biogeochemical tracers of O2 and H+. The large decrease in the 
momentum flux is expected as waves bias both horizontal and vertical 
velocities that are used to calculated the momentum flux, while O2 and 
H+ sensors are not affected at wave frequencies as they are located in 
a microfluidic housing that removes wave velocities by placing the sen-
sors in a constant-flow environment. However, wave bias is still present 
during high-wave periods due to the vertical velocities used to calculate 
the biogeochemical fluxes, albeit much lower than the momentum fluxes 
that includes both horizontal and vertical wave components.

The NRSME for biogeochemical (≤7.0%) and momentum (≤10.5%) fluxes was used to estimate potential 
errors due to waves, as diminishingly small fluxes (e.g., early morning and evening O2 fluxes near zero) 
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Figure 7.  Minimum sampling heights that allow for a distinct gap 
between turbulence and waves frequencies based on (2πz)/(UTd) = 1 
(Equation 3, Scully et al., 2016) (a). Individual points show sampling 
heights over sand, grass, and reef sites (blue, green, and black dots) in 
this study minus the characteristic roughness heights of 0.1 (bedforms), 
0.2 (seagrass canopy), and 0.5 m (reef canopy), respectively (Table 1). The 
Previous Studies represents the average measurement heights, Td, and 
peak current velocities from previous studies conducted at <10 m depth, 
with measurement heights > 0.15 m, and waves; and those conducted at 
<10 m depth, with measurement heights >0.15 m, and waves (red dots, 
Table 1). Rearranging the equation (2πz)/(UTd) = 3.1 (the minimum value 
of a demonstrated in this study and supported by the conservative upper 
estimates of Stacey et al. (1999), Kirincich et al. (2010), and Amador 
et al. (2020) to allow for separation of turbulence and wave frequencies) 
to solve for Td and color shading by the assumption that the minimum 
response time is approximately the Td (or the Nyquist frequency (2x) of 
the cutoff frequency [Fc ≈ 1/(2Td)]), produces a recommended minimum 
response time (t90), (b) based on site conditions.
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can lead to very large RSME estimates (e.g., 315%, Table  S2) when dividing by near-zero fluxes during 
crepuscular periods. These large RSME (37%–315%, Table S2) are comparable to individual maximum flux 
errors reported for sensor separations (67%; Berg et al., 2015), analog to digital resolution (64%; McGinnis 
et al., 2011), coordinate rotations with low-frequency waves (±50%; Reimers et al., 2012), nonsteady state 
conditions (100%; Holtappels et al., 2013), stirring-sensitivity (100%, Holtappels et al., 2015), low-frequency 
waves, stirring sensitivity and sensor separation (150%; Reimers et al., 2016a), and motion corrections for 
moving platforms (200%, Long & Nicholson 2018). In comparison, the NRSME are more consistent with 
studies that report average error estimates for slow response times (5%–10%; Lorrai et al., 2010; McGinn-
is et  al.,  2011; Chipman et  al.,  2012), stirring sensitivity (<15%; Attard et  al.,  2014, 2015, 2018; Volaric 
et al., 2018), spatial variability of footprints (<5%; Attard et al., 2015), and storage corrections (<10%, Plew 
2019). Thus, the NRSME estimates provide better error comparisons between studies as the errors are not 
inflated by diminishingly small values and errors are normalized by the flux range, which has been de-
termined to vary by at least four orders of magnitude from deep sea (Berg et al., 2009) to coral reef (Long 
et al., 2013) ecosystems.

The fluxes generally exhibited a diminishing slope before reaching the Fc, demonstrating the relationship 
described by (2πz)/(UTd), where there is a distinct spectral gap between the turbulence and wave frequen-
cies. This was supported by the Kaimal semi-theoretical model estimates, where only about 4% of the 
semi-theoretical flux was estimated to be above the Fc (Figure 5) which was substantially lower than the 
error of the Kaimal nonlinear least-squares fits themselves (≥25%). In comparison, the full spectrum accu-
mulation of the CPSD fluxes led to errors of about 5%–200%, which was most evident in the momentum 
flux, and biogeochemical fluxes had both positive and negative deviations from the semi-theoretical fits at 
wave frequencies (e.g., Figure 5a)

During extreme wave conditions at the reef site, where current velocity was 10-fold lower than wave veloc-
ities, fits to the Kaimal model often differed between the three tracers, did not clearly exhibit a diminishing 
slope before the Fc, and the calculated flux estimates differed substantially from the Kaimal model estimates 
(e.g., Figure S4). However, these data were rejected by the criteria developed by Rosman and Gerbi (2017) 
that determined that during low flow and high wave orbital velocities the low-frequency part of the cospec-
trum is impacted by wave advection of turbulence. It is important to note that shallow-water, high-rough-
ness environments, such as shallow reefs, are a very challenging location to determine turbulent fluxes 
(Davis et al., 2020). However, the high magnitude of biogeochemical activity in shallow waters (i.e., large 
vertical gradients) makes biogeochemical flux measurements feasible during some hydrodynamic condi-
tions, especially when compared to momentum fluxes.

While the Kaimal semi-theoretical model was useful for examining spectral shape and estimating the total 
unbiased theoretical flux, it should be applied carefully to biogeochemical fluxes because the nonlinear 
least-squares fits did not converge when fluxes were very small or close to zero during crepuscular periods 
(e.g., changes in the sign of the flux at dusk and dawn). Momentum fluxes generally did not suffer from 
this issue as diminishingly small fluxes were removed by the filtering criteria (e.g., Rosman & Gerbi, 2017) 
or were removed due to low beam correlations (e.g., < 50%). In comparison, the analogous near-zero bi-
ogeochemical fluxes were not removed by any filtering criteria, but rather were of significant interest as 
these periods indicate a balance between biogeochemical processes (e.g., production and respiration; acid 
consumption and production) that occurred on a diel cycle. While the Kaimal model was difficult to validate 
across all biogeochemical fluxes, the use of Kaimal model estimates in combination with momentum fluxes 
are very useful for describing processes and theory (e.g., the large wave bias in the momentum cospectra 
and fluxes that were not always apparent in the biogeochemical cospectra and fluxes, Figure 5). Therefore, 
the examination of both physical (e.g., momentum) and biogeochemical (e.g., O2 and H+) cospectra and 
fluxes concurrently is highly advantageous to explain biogeochemical processes and validate the flux deter-
mination methods.

In a previous study by this author, Long et al. (2015c), the presented cumulative cospectrum (Figure 8 in 
Long et al 2015c) illustrate an ideal application of the presented CPSD methodology, as there is a distinct 
separation between the turbulence and wave frequencies. In this example, the measurement height was 
0.175  m (0.35  m measurement height - 0.175  m seagrass canopy height), flow velocities were very low 
(0.011 m s−1) and wave periods were very fast (∼1.4 s) (Long et al., 2015c). Applying these parameters to 
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(2πz)/(UTd) results in a value of 71.4, suggesting a substantial gap between turbulence and wave frequen-
cies, which is apparent in the cumulative cospectrum that indicate a diminishingly small slope from 0.1 Hz 
up to the wave frequencies (∼0.5–1 Hz).

In another EC study, by Kuwae et al. (2006), where current velocities from ∼0.1 to 0.2 m s−1, wave periods of 
1–4 s, and measurement heights of 0.07–0.17 m produced values of (2πz)/(UTd) of 0.6–10.7, suggesting that 
the CPSD method could also be applied to their study site during some periods. Kuwae et al. (2006) shows 
cumulative spectra and cospectra that (1) illustrate wave-biased vertical velocity spectrum with no effect in 
O2 spectrum, (2) a typical turbulence-dominated cumulative cospectrum with frequencies from 0.01 to a di-
minishing slope at 0.2 Hz and a negative contribution at 1–2 Hz, and (3) cumulative cospectra that indicate 
significant contributions at wave frequencies from 0.2 to 1 Hz. These examples from Kuwae et al. (2006) 
are similar to the full-frequency spectra and cospectra presented in this study, notably for (1) Figure 5, (2) 
Figures S4a–S4c, and (3) Figure S4c.

These previous studies (Kuwae et al., 2006; Long et al., 2015c) were both conducted with Clark-type mi-
crosensors which have been shown to be biased by wave orbital velocities (Berg et al., 2015; Donis et al., 2015; 
Holtappels et al., 2015; Reimers et al., 2016a) but these previous studies also suggest that wave velocities 
may cause scalar transport through the advection of porewater (Kuwae et al., 2006) or advection of turbu-
lent motions or scalar variances through a fixed measurement point (Gerbi et al., 2008; Long et al., 2015c; 
Lumley & Terray, 1983; Rosman & Gerbi, 2017). Whether these wave-frequency variations are due to sensor 
biases (e.g., Holtappels et al., 2015; Reimers et al., 2016a), instrument orientation or tilt biases (e.g., Brick-
er & Monismith, 2007; Scully et al., 2016; Trowbridge 1998), or are actual transport or advection at wave 
frequencies (Gerbi et al., 2008; Kuwae et al., 2006; Lumley & Terray, 1983), the presented CPSD method, in 
combination with appropriate measurement heights, provides a specific framework to separate turbulent 
and wave-associated fluxes to overcome these biases, or to quantify fluxes associated with wave frequencies.

4.3.  Sensors and Waves

The spectra for O2 and H+ show very limited variability associated with the wave peaks present in the verti-
cal and horizontal velocity spectra, even during extreme wave conditions at the reef site. This suggests that 
the microfluidic sensor housing effectively removed wave bias from the sensors (Long & Nicholson, 2018) 
and/or that increased measurement heights decreased the vertical gradient to the point that advection by 
waves is not detectable by the resolution of the O2 and H+ sensors. The active pumping past the sensors cre-
ated a constant-flow environment negating zero-crossing velocities and removed any concerns related to the 
sensor boundary layer and associated sensor response times (see Reimers et al., 2016a). These optical O2 and 
H+ ion selective field effect transistors (ISFET) sensors are sensitive to light interference (Long et al., 2015a) 
and therefore benefited from the darkened housing, although light interference for the O2 optode only oc-
curs in very shallow water due to its use of red light that is quickly attenuated with water depth. The rotating 
base allowed the precise correction for the separation between the sensors (Donis et al., 2015; Holtappels 
et al., 2015; Reimers et al., 2016a) using the known sensor separation, flow rate and the fact that that sensors 
were always oriented in line with the flow (Long et al., 2019). The Inertial Measurement Unit (IMU, housing 
a triaxial accelerometer, gyroscope, and magnetometer) measured the exact instrument orientation, move-
ment and acceleration to allow for coordinate matrix transformation to account for platform rotation and 
movement (Long & Nicholson 2018). This new instrument design and motion correction is based on similar 
advancements used in atmospheric ship or buoy-based EC measurements to correct for platform motion 
(e.g., Edson et al., 1998; Flügge et al., 2016; McGillis et al., 2001).

This ECHOES measurement system including microfluidics (Long et al., 2015a) and IMU integration (Long 
& Nicholson 2018) represents a significant advancement of the EC technique that allow it to overcome 
previous challenges related to sensor wave bias and sensor separation corrections (Berg et al., 2015; Donis 
et al., 2015; Holtappels et al., 2015; Reimers et al., 2016b). However, while this ECHOES instrument design 
removed concerns related to sensor wave bias, it also complicated instrument engineering, had additional 
power requirements due to the use of a pump, and may not effectively rotate at very low current velocities. 
Importantly, this instrument configuration cannot remove bias in the vertical velocities used to calculate the 
flux. Thus, the presented combination of methodological improvements and the CPSD analysis framework 
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is preferable to effectively remove wave bias from EC flux measurements. However, future studies applying 
O2 optodes, O2 Clark-type microsensors, or other sensors in a traditional, fixed, open-sensor EC instrument 
(e.g., Berg et al., 2003) will still benefit substantially from the CPSD analysis framework by removing wave 
bias caused by sensor sensitivity to wave velocities as well as removing wave frequencies that can cause bias 
in sensor separations corrections.

This manuscript presents the first use of a Honeywell Durafet® III pH sensor in an EC instrument. The re-
duction of noise in the signal was a major initial challenge with good results produced by using an optically 
coupled power supply and amplifier. However, it was still apparent that there was low density in the power 
spectra across frequencies, especially at the sand site. This was exhibited in the fairly flat power spectal 
density and low variance for the sand site (Figure 5d) and may indicate a lower threshold for resolving the 
H+ flux (sand site, ± 0.03 μmol m−2 h−1), whereas fluxes were about an order of magnitude larger at the sea-
grass and reef sites. This lower resolution for the H+ data was also apparent in the highest error and lowest 
coefficients of determination when comparing the full-spectrum CPSD and EC flux calculation methods. 
The notable roll-off of the H+ spectra at the sand site, and to a lesser extent at the seagrass site, occurs 
at about half of the wave frequency (consistent with the minimum and maximum pressure of a passing 
wave) and may indicate the known pressure sensitivity of Durafet sensors due to mechanical strain (Martz 
et al., 2010), but this requires further investigation. However, the use of H+ ISFET sensors (along with O2 
sensors) is promising as a biogeochemical tracer due to its ability to be used in carbonate chemistry models 
to determine rates of calcification and dissolution (Long et al., 2015a; Takeshita et al., 2016).

4.4.  Ecosystem Fluxes

The determined fluxes across the sites showed expected diel trends with generally positive O2 fluxes during 
the daytime and negative O2 fluxes at night. The H+ fluxes showed the opposite diel trend, consistent with 
CO2 consumption by photosynthesis during the day and CO2 production by respiration at night. Both seagrass 
and sand O2 fluxes exhibited net autotrophy, but the reef site showed strong heterotrophy likely due to the 
predominance of octocorals, algae, and rubble at this heavily degraded reef site (Hopkinson et al., 2020, Owen 
et al., 2020). Both the seagrass and sand O2 fluxes are consistent with previous measurements nearby in a sim-
ilar depth seagrass meadow by Long et al. (2015b) (NEM = 37 ± 31 mmol O2 m−2 d−1) and in a slightly deeper 
sandy site by Berg et al. (2016) (flux range = −2 to 4 mmol O2 m−2 h−1). The study sites were visited frequently 
during the afternoon, when high irradiance and high O2 saturation sometimes cause bubbles to form on 
photosynthetic organisms, but the production of bubbles was not observed at these sites. However, I cannot 
conclusively determine that bubble ebullition of O2 did not bias the presented O2 fluxes (see Long et al., 2020).

Notably, the reef net heterotrophy found here is a shift from the net autotrophy or balanced metabolism 
found nearby at Grecian Rocks Reef in 2009–2010 (Long et al., 2013) and may reflect differences between 
sites, the continuing degradation of the northern Florida Keys Reef tract (Muehllehner et al., 2016), and 
particularly to the proliferation of a bloom of red algae (Galaxaura spp.) following Hurricane Irma in 2017 
that persisted through the time of our measurements in 2018 (Hopkinson et al., 2020, Owen et al., 2020). 
The H+ fluxes observed at our sand site (±0.03 μmol m−2 h−1) are about an order of magnitude lower than 
those found at other biogenic calcium carbonate sandy sites (±0.4 μmol m−2 h−1, Cyronak et al., 2013) but 
these previous data were obtained in an isolated lagoon with large diel pH changes from about 7.8-8.4 
that drove changes in dissolution and calcification (Cyronak et  al.,  2013; Santos et  al.,  2011) compared 
to the much lower diel pH (8.06–8.17) at our sand site. The large H+ fluxes found at this isolated lagoon 
(±0.4 μmol m−2 h−1, Cyronak et al., 2013; −1.1 to 0.3 μmol m−2 h−1, Santos et al., 2011) are more consistent 
with the magnitude of fluxes that were observed at our reef site (−0.5 to 1.1 μmol m−2 h−1). The seagrass site 
was the only site that acted as a net acidity sink, consistent with studies that indicate seagrass meadows act 
as a carbon sink (e.g., Duarte et al., 2010).

4.5.  Guidelines for Measurement Height and Sensor Response Time

In this study, the ADV and sensor measurement height above the sediment surface was determined by 
placing it at a height that was greater than twice the biological canopy or bedform height (Figure 1, Attard 
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et al., 2014; Long et al., 2015c) as recommended by terrestrial EC guidelines where twice the canopy height, 
and up to 5 times the canopy height in patchy environments, is recommended (Burba & Anderson, 2010). 
The resulting values for [(2πz)/(UTd)] ranged from 3.1 to 7.3 based on the site conditions, and it was evident 
that being at the upper range of previous estimates (e.g., (2πz)/(UTd) ≈ 3.0; Amador et al., 2020; Kirincich 
et al., 2010; Stacey et al., 1999) is beneficial to highlight and resolve the diminishing slope of the cospectra 
prior to the wave frequencies (Figure 5; Long et al., 2015c). Further, it is apparent that some studies sam-
pled too close to the bottom to allow for spectral turbulence and wave separation as the mean of studies 
sampling <0.15 m from the boundary (and in < 10 m of water where waves were present) fall below the 
surface defined by (2πz)/(UTd) = 1 (Scully et al., 2016), the minimum recommended measurement height 
(Figure 7a). Biological canopy heights (e.g., reef structures, macrophyte canopies) and physical roughness 
elements (e.g., grain size, and bedforms) should also be considered when choosing measurement heights, 
as measurement heights are commonly reported from the benthic surface, not the surface of biological 
canopies that, in some cases, also vary in height with current velocity when the canopy is flexible (i.e., sea-
grasses, Nepf, 2012).

With the recommended measurement heights, based on current velocities and wave period, it follows that 
if the frequency response of a sensor is ≥ the wave frequency, then the majority of the flux can be captured, 
potentially allowing for the use of lower frequency response sensors. This sensor frequency response is 
typically referred to as the sensor response time (t90), which is defined as the time to reach 90% of the total 
signal change (e.g., 0.5 s or 2 Hz). The Nyquist frequency can be defined as the frequency required to capture 
a signal, and is defined as twice as large as the highest frequency of interest. Here, the highest frequency 
of interest to resolve is the Fc, so, the Nyquist frequency is 2×Fc, which is also the wave frequency and the 
required minimum sensor frequency response (e.g., [2×Fc ≈ Td ≈ t90]). Therefore, rearranging the equation 
(2πz)/(UTd) = 3.1 (or the conservative minimum value demonstrated in this study to allow for separation of 
turbulence and wave frequencies) to solve for Td and color shading the surface defined by this relationship 
in Figure 7b, produces a recommended minimum response time (t90) based on site conditions (Figure 7b). 
For example, at a common shallow-water site where current velocity is ≤ 0.2 m s−1, Td is ≤ 4 s, and meas-
urements are conducted 0.5 m from the top of the bottom roughness elements, a sensor with a t90 of ∼ 5 s 
(0.2 Hz) can record all of the contributions to the CPSD flux accumulated up to the Fc. In cases where a slow 
response sensor is applied, the momentum flux and Kaimal models can be useful for evaluating whether the 
entire flux is being captured. However, if the frequencies above the Fc are of interest due to potential advec-
tion of turbulence or porewater at wave frequencies (e.g., Gerbi et al., 2008; Kuwae et al., 2006; Lumley & 
Terray, 1983), then a sensor that has a response equivalent to twice the wave frequencies would be required. 
This role of physical transport at wave frequencies remains unresolved and requires further study, but is 
largely outside the main objectives of biogeochemical EC studies where chemical and turbulence sensor 
wave-bias is a major impediment.

There are additional factors to consider when sampling higher above the bottom. Sufficient sensor reso-
lution is required as vertical gradients decrease with increasing measurement heights. The magnitude of 
the flux, which is proportional to the vertical gradient, should also be taken into account (e.g., the order 
of magnitude difference between the sand and reef fluxes, along with their different measuring heights). 
Bias in the flux due to storage within the water column increases with height, and storage corrections 
are now commonly included with large measurement heights (Berger et al., 2020; Koopmans et al, 2020; 
Long et al., 2013; Rheuban et al., 2014a). The area of integration, or footprint, increases with height, but 
large footprints are generally considered beneficial as they integrate benthic heterogeneity (Rheuban & 
Berg 2013). Greater heights also increase the time-lag for changes at the benthic surface to reach the meas-
urement point, but this can be corrected when correlating fluxes to environmental driving variables (i.e., 
irradiance, tides, concentrations) (Rheuban & Berg 2013). Further, the effects of these potential biases can 
be reduced by increasing deployment duration, especially over a variety of nonsteady state conditions, to 
better integrate flux estimates through time (Holtappels et al., 2013). Therefore, considering the substantial 
benefit of sampling higher above the bottom to remove wave bias, and the lower risk of other factors above, 
it is recommended to use adequate measurement heights (e.g., Figure 7b) at shallow sites where waves may 
be present.
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4.6.  Application to Similar Flux Techniques

The gradient flux, or profile flux, technique relies on the same boundary layer assumptions as the EC 
technique, but uses measurements of the gradient or profile of current velocity and solute concentrations 
through the boundary layer (McGillis et al., 2009, 2011; Takeshita et al., 2016; Turk et al., 2016). Similar 
to the development of aquatic EC, the scalar transport of gas and water fluxes in the marine atmospheric 
boundary layer steered these developments (Edson et al., 2004; McGillis et al., 2001; Zappa et al., 2003). In 
the gradient flux technique, the flux of a solute is calculated as:


 

z
CFlux K
z

� (7)

where  zK is the eddy diffusivity, and 


C
z

 is the benthic concentration gradient usually measured using a 

pair of chemical sensors or a dual-height pumping system at known heights (z) above the bottom (Takeshita 
et al., 2016). Gradient exchange fluxes are determined by taking the integral of Equation 7 across ∂z and 
using the relationship zK u z (where u  is the friction velocity and   is Von Karman's constant) (McGillis 

et al., 2009). The resulting relationship [       2 12 1 / log /z zFlux u C C z z ] makes use of u  determined 

from logarithmic fits to benthic current profiles, which is an assumption that is often problematic in high 
roughness shallow systems during low flow conditions in the presence of waves (Davis et al., 2020). The 
gradient exchange technique has been primarily applied in shallow coastal seagrass and reef ecosystems 
(McGillis et al., 2009; Takeshita et al., 2016; Turk et al., 2016) and could benefit from the new analysis frame-

work applied here by the direct calculation of zK . Assuming a Prandtl number of 1, the eddy diffusivity can 

be calculated by:

  
  

 /z
UK u w
z

� (8)

where   u w  is the momentum flux (e.g., Equation 1) and 


U
z

 is the shear calculated from a velocity profile 

of mean flow (Holtappels & Lorke, 2011). Using the CPSD accumulation for determining the momentum 
fluxes will yield direct measurements of zK , which is superior to the assumption of a logarithmic boundary 

layer current profile (Holtappels & Lorke, 2011), especially in high-roughness shallow environments such 
as shallow-water coral reefs and seagrass beds where flow profiles often do not follow a logarithmic relation-
ship (Davis et al., 2020; Nepf, 2012). For example, the momentum fluxes calculated from traditional covar-
iance analysis produced substantially larger values (Table 2, Figure 4) and accumulating the CPSD below 
the wave frequencies will enable a more accurate determination of zK  for the gradient exchange technique 

while removing the need to assume a logarithmic boundary layer current profile.

5.  Summary
The review of aquatic biogeochemical EC literature has revealed that biases created by waves have compli-
cated the use of aquatic EC in shallow waters at a time when coastal processes are gaining recognition as 
important factors in nearshore water quality, regional biogeochemical cycles and global modeling efforts. 
However, the conditions and instrument configurations used during previous shallow-water studies where 
waves were present suggests that a change in how EC measurements are conducted and analyzed can over-
come these limitations. The new analysis framework presented here, including using appropriate measure-
ment heights and CPSD accumulation up to wave frequencies, demonstrates and that full-spectrum CPSD 
analysis is consistent with traditional EC analysis, and that wave-bias apparent in traditional EC analysis 
can be removed through exclusion of waves frequencies using spectral CPSD accumulation. By using the 
new approaches presented here (spectral filtering, microfluidics, rotating instrument) turbulent fluxes can 
be determined without contamination from current velocities, surface waves, or bias due to sensor separa-
tion. The spectral analysis framework can also be applied to standard EC and gradient exchange systems to 

LONG

10.1029/2020JC016637

19 of 23



Journal of Geophysical Research: Oceans

reduce the bias created by wave-sensitive sensors and bias in turbulence and velocity measurements. The 
application of the presented spectral analysis framework requires measurements to be conducted at suffi-
cient heights from the interface, and also has the significant benefit of allowing for chemical sensors with 
slower response times, enabling new sensor and tracer applications to the EC technique.

Data Availability Statement
Data for this study are archived at the Biological & Chemical Oceanography Data Management Office per 
NSF policies (https://www.bco-dmo.org/person/560155).
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