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Abstract

The eddy covariance (EC) technique is a powerful tool for measuring atmospheric exchange rates that was recently adapted

by biogeochemists to measure aquatic oxygen fluxes. A review of aquatic biogeochemical EC literature revealed that the

majority of studies were conducted in shallow waters where waves were 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, most studies sampled too close to the boundary to allow for a

spectral turbulence-wave gap, and will require a paradigm shift in how EC measurements are conducted to remove wave-bias.

EC fluxes have only been derived from the time-averaged product of vertical velocity and oxygen, often resulting in wave-biased

fluxes. Presented here 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 7.2 ± 5.8% error in biogeochemical (oxygen and H) fluxes, while more variable and higher error was

evident in momentum fluxes (10.4 ± 20.5% 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.
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Key Points: 10 

 Literature review of eddy covariance studies reveals a majority of studies were conducted 11 
in shallow waters where waves bias measurements 12 

 Sampling higher above the boundary shifts turbulence to longer scales, producing a spectral 13 
gap between wave and turbulent frequencies  14 

 Paradigm shift in how studies are conducted and analyzed will enable the removal of wave 15 
bias and new chemical tracer applications  16 
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Abstract   17 

The eddy covariance (EC) technique is a powerful tool for measuring atmospheric 18 
exchange rates that was recently adapted by biogeochemists to measure aquatic oxygen fluxes. A 19 
review of aquatic biogeochemical EC literature revealed that the majority of studies were 20 

conducted in shallow waters where waves were present, and that waves biased sensor and 21 
turbulence measurements. This review identified that larger measurement heights shifted 22 
turbulence to lower frequencies, producing a spectral gap between turbulence and wave 23 
frequencies. However, most studies sampled too close to the boundary to allow for a spectral 24 
turbulence-wave gap, and will require a paradigm shift in how EC measurements are conducted to 25 

remove wave-bias. EC fluxes have only been derived from the time-averaged product of vertical 26 
velocity and oxygen, often resulting in wave-biased fluxes. Presented here is a new analysis 27 
framework for removing wave-bias by accumulation of cross-power spectral densities below wave 28 

frequencies. This analysis framework also includes new measurement guidelines based on wave 29 
period, currents, and measurement heights. This framework is applied to sand, seagrass, and reef 30 
environments where traditional EC analysis resulted in wave-bias of 7.2 ± 5.8% error in 31 

biogeochemical (oxygen and H+) fluxes, while more variable and higher error was evident in 32 
momentum fluxes (10.4 ± 20.5% error). It is anticipated that this framework will lead to significant 33 

changes in how EC measurements are conducted and evaluated, and help overcome the major 34 
limitations caused by wave-sensitive and slow-response sensors, potentially expanding new 35 
chemical tracer applications and more widespread use of the EC technique.  36 

 37 

Plain Language Summary 38 

 The exchange of vital nutrients between the seafloor, overlying water, and the atmosphere 39 

is paramount to our understanding of the global cycling of these substances. Techniques that 40 

measure water transport and nutrients have revolutionized how these exchanges are studied, and 41 
how they impact local water quality, productivity, and nutrient cycling. Through measurements of 42 

the nutrient content of water, and their transport by water movement, the exchange of nutrients can 43 
be determined. These techniques were originally developed to examine exchange between the land 44 
and atmosphere, but applying these techniques to aquatic ecosystems has presented challenges due 45 

to surface waves that are present in the shallow aquatic ecosystems where these aquatic techniques 46 
are commonly applied. Waves cause errors in the sensors used to measure water transport and 47 

nutrients, and have presented significant challenges for applying these atmospheric techniques 48 
underwater. This research presents new guidelines for these aquatic exchange measurements that 49 

will require a paradigm shift in how measurements are conducted and analyzed, to allow for 50 
nutrient exchange measurements in the presence of waves. These new guidelines also allow for 51 

new sensors that were previously incompatible, expanding the applications of these techniques to 52 
new scientific research questions. 53 

  54 
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1 Introduction  55 

 Eddy covariance and related boundary layer exchange techniques have been used in 56 
terrestrial ecosystems since the early 1950s to measure fluxes of water and heat (Swinbank 1951) 57 
and are widely applied today to measure a variety of biogeochemical and energy fluxes in the 58 

atmospheric boundary layer (e.g. Baldocchi 2003, Lee et al. 2004, Burba and Anderson 2010). The 59 
physical oceanography community has applied this atmospheric boundary layer theory to fluxes 60 
of momentum, heat, and salt in marine settings, where waves have been identified as a unique 61 
source of bias in oceanic turbulence measurements (Trowbridge 1998, Scully et al. 2016, 62 
Trowbridge et al. 2018). The application of boundary layer theory to aquatic biogeochemical 63 

fluxes is comparatively new, and has mainly been used to examine oxygen (O2) fluxes as a proxy 64 
for carbon exchange.  65 

The aquatic eddy covariance (EC) technique measures the flux of solutes between the 66 
benthic surface and the overlying water (Berg et al. 2003, Lorrai et al. 2010, Reimers et al. 2012). 67 
EC measurements are widely considered the most reliable flux method because they require the 68 
fewest physical assumptions (Fairall et al. 2000). The aquatic EC technique has been used in 69 

challenging environments, where traditional methods are difficult to apply, such as benthic 70 
macrophytes (Hume et al. 2011, Koopmans et al. 2020), sea-ice (Long et al. 2012a, Glud et al. 71 

2014), lakes (Brand et al. 2008, McGinnis et al. 2008), rocky substrates (Glud et al. 2010, Attard 72 
et al. 2019), oyster beds (Reidenbach et al 2013, Volaric et al. 2018), the deep sea (Berg et al. 73 
2009, Donis et al. 2016), and coral reefs (Long et al. 2013; 2019, Rovelli et al. 2015) and represents 74 

a highly-advantageous methodology for examining high temporal resolution, ecosystem-level 75 
fluxes in complex environments. The aquatic EC technique has been occasionally applied to other 76 

tracers including temperature (Crusius et al. 2008, Long et al. 2012a, Else et al. 2015), salinity 77 
(Crusius et al. 2008), nitrate (Johnson et al. 2011), hydrogen sulfide (McGinnis et al. 2011) and 78 

pH (Long et al. 2015a). The aquatic EC technique has also been applied to the atmosphere-water 79 
interface to measure atmospheric O2 exchange (Berg and Pace 2017; Long and Nicholson 2018) 80 

and at the oxycline and thermoclines in lakes (Kreling et al. 2014, Weck and Lorke 2017). 81 

The basis for the EC technique is that turbulent mixing, caused by the interaction of current 82 
velocity with the benthic, atmospheric, sea-ice, or cline interfaces, is the dominant vertical 83 

transport process in boundary layers. Therefore, vertical fluxes across the ecosystem interfaces can 84 
be derived from high temporal resolution measurements of the vertical velocity and a solute 85 

concentration. The time-averaged EC flux across an interface are determined by: 86 

𝐹𝑙𝑢𝑥 = 𝑤′𝑐′̅̅ ̅̅ ̅       Eq. 1 87 

where the overbar represents a time average, and 𝑤′ and 𝑐′ are the fluctuating components of the 88 
vertical velocity and scalar concentration (c), respectively, that are measured at the same point at 89 
a fixed distance away from the interface.  90 

Recent work has highlighted the influence of wave and current variability on EC 91 
measurements (Donis et al. 2015, Holtappels et al. 2015, Berg et al. 2015, Reimers et al. 2016a) 92 
when applying the most commonly used sensor in aquatic EC measurements, the Clark-type O2 93 

microsensor (Revsbech 1989). Studies demonstrating wave bias have indicated that automated 94 
numerical time-lag corrections (for slow or spatially separated sensors) can be biased by wave 95 
orbital motion (Berg et al. 2015, Donis et al. 2015), that cospectral analysis reveals significant 96 
contributions to fluxes at wave frequencies (Kuwae et al. 2006, Long et al. 2015b, Reimers et al. 97 
2016a), and that Clark-type oxygen sensors can be biased by zero-crossing wave velocities 98 
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(Holtappels et al. 2015, Reimers et al. 2016a). These Clark-type microsensors have been designed 99 
to limit “stirring sensitivity” by reducing the tip size and microsensor design, but trade-offs exist 100 
between maximizing response time and reducing stirring sensitivity (Revsbech 1989). In 101 
comparison, optical O2 sensors (i.e. optodes) have been applied more frequently since their 102 

introduction to aquatic EC (Chipman et al. 2012) because they have the advantage of not 103 
consuming O2, making them less susceptible to stirring sensitivity as there is no net transport of 104 
O2 to the sensor (Klimant et al. 1995). However, recent work has also suggested that optodes, like 105 
commonly used Clark-type sensors, may have a variable response time due to changes in the 106 
boundary layer thickness caused by wave motions or zero-crossing velocities that temporarily limit 107 

transport to the sensor, an effect that peaks at the frequency of the waves (Berg et al. 2015, Reimers 108 
et al. 2016a). To prevent sensor bias, microfluidic sensor housings (pumping fluid from the 109 
measurement point to negate wave velocities) and rotating instrument designs (preventing biased 110 

sensor separation corrections due to waves or orthogonal currents) have been developed, but also 111 
complicate instrument engineering (Long et al. 2015a, Long et al. 2019).  112 

The issue of waves, which is unique to aquatic EC, has largely focused on the 113 

biogeochemical sensors, but wave bias in the turbulence measurements from acoustic sensors is 114 
also of major concern (Trowbridge 1998, Shaw and Trowbridge 2001, Scully et al. 2016). Wave-115 

bias in the turbulent velocities used to calculate fluxes have been observed due to slight variations 116 
in instrument orientation, leading to some of the horizontal wave-associated velocities 117 
contaminating the vertical velocity (Trowbridge 1998, Long et al. 2015b, Reimers et al. 2016a, 118 

Scully et al. 2016, Trowbridge et al. 2018). This contamination of vertical velocity by waves is a 119 
problem when turbulence and surface waves are observed at similar or overlapping frequencies 120 

(Trowbridge 1998, Scully et al. 2016, Long and Nicholson 2018). However, a careful 121 
consideration of site hydrodynamic conditions and instrument configurations can enable a process 122 

to ensure the wave and turbulence frequencies do not overlap, thereby allowing for the spectral 123 
separation of turbulence and waves (Scully et al. 2016, Long and Nicholson 2018), effectively 124 

removing any effect that high-frequency surface waves have on chemical sensor or turbulence 125 
measurements.  126 

Scully et al. (2016) describes and applies a procedure for removing wave bias in turbulence 127 

measurements in coastal settings, based on the frequency differences between turbulence and wave 128 
period (Td). The Taylor frozen turbulence hypothesis relates wavenumber (k) to frequency (f) based 129 

on the mean advection speed (U), as: 130 

𝑘 =
2𝜋𝑓

𝑈
     Eq. 2 131 

Both atmospheric and oceanic measurements of momentum cospectra suggest that under 132 

unstratified conditions, the peak of the variance preserving cospectra occurs at k ~ 1/z, where z is 133 
the height above the bottom where measurements are conducted (Wyngaard and Cote, 1972; Gerbi 134 
et al., 2008).  Therefore, as long as the frequencies associated with the dominant surface waves 135 
(1/Td) are high and the mean advection speed is low, all of the turbulent fluctuations will be at 136 

frequencies lower than the surface waves when: 137 

2𝜋𝑧

𝑈𝑇𝑑
> 1     Eq 3.   138 

For example, at common shallow water conditions where the values of Td do not exceed 4 seconds 139 
and tidal currents are < 0.2 m s-1, this relationship is easily satisfied if measurements are conducted  140 

at z = 0.4 m away from the benthic surface (i.e. [(2z)/(UTd) = 3.1]), whereas a measurement height 141 
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at z = 0.1 m away from the benthic surface would not (i.e. [(2z)/(UTd) = 0.8]).  This method has 142 
been used to calculate turbulent fluxes by filtering out frequencies at and above the wave 143 
frequencies and has demonstrated that there is typically a clear spectral gap between the frequency 144 
of the dominant surface waves and the dominant frequencies of the turbulent flux when 145 
measurements are conducted at sufficient heights away from the interface boundary (Scully et al. 146 
2016).  147 

This manuscript addresses a major issue that limits the application of boundary layer 148 
exchange techniques, specifically the aquatic eddy covariance technique, in shallow environments 149 
where waves are present. A primary objective of this highly interdisciplinary topic is to produce 150 
and communicate results that are easily discernable and translatable to the aquatic EC community. 151 
A review of existing aquatic EC literature is presented to highlight the predominance of EC 152 

applications in shallow water where waves are likely to be present, and the conditions and 153 

configurations of previous EC studies. A new analysis framework for flux calculation is presented, 154 

where the cross-power spectral density is accumulated from low frequencies, up to the wave 155 
frequencies, to calculate interface fluxes. This method effectively removes wave bias from both 156 
sensor and turbulence measurements, and specific guidelines are provided to ensure that this 157 
method can be applied, based on site hydrodynamics and instrument configurations. Also 158 

presented is the potential use of slow-response sensors using these same guidelines that will enable 159 
a wider range of sensors to be applied to the EC technique in the future. 160 

 161 

2 Methods  162 

2.1 Literature Review – This research presents a review of the EC literature consisting of 62 field-163 

based manuscripts published since the introduction of aquatic oxygen EC for biogeochemical 164 

investigations (Berg et al. 2003). These manuscripts were separated to different study sites defined 165 

by either, having different measurement heights or, different water depths. In manuscripts where 166 
a range of sites with different depths were analyzed, the smallest and greatest depths are reported. 167 

The depths, measurement heights, solutes, sensors, benthic roughness elements, environment, 168 
burst length, and Reynolds decomposition method were extracted form manuscript text when 169 
reported. Cospectral frequencies and peak current velocities were taken directly from the text or 170 

visually estimated from figures. Measurement heights of the sensors were modified by subtracting 171 
biological canopy heights or physical barrier heights when reported. 172 

2.2 Field Sites – The field sites were located ~7 km offshore of Key Largo, Florida, USA at the 173 
southern tip of Florida in the Florida Keys. The sites were located on or adjacent to Little Grecian 174 
Rocks Reef with a site on the reef crest (25.119016°N, -80.300504°W, Figure 1c) at 2.9 m mean 175 

depth, in a seagrass bed located ~225 m to the northwest of the reef site (25.120328°N, -176 
80.302222°W, Figure 1b) at 4.8 m mean depth, and in a sandy site located ~300 m to the southwest 177 
of the reef site (25.117320°N, -80.303069°W, Figure 1a) at 6.3 m mean depth. The reef site is 178 
described in substantial detail (3-dimensional and species analyses) in Hopkinson et al. (2020), 179 

where the EC instrument can be seen near the center of the image analyses (in Figure 6 of 180 
Hopkinson et al. 2020) during its deployment in this study. This reef site is substantially degraded 181 
with its benthic surface and primary production dominated by octocorals, algae and rubble 182 
(Hopkinson et al. 2020, Owen et al. 2020). The seagrass site was dominated by dense Thalassia 183 
testudinum (turtlegrass) with a canopy height of 0.2 m underlain by carbonate sands. The sandy 184 
site was composed of carbonate sands with microalgal mats (Figure 1a) and migrating bedforms 185 
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0.1 m in height. Research was conducted from June 24 to June 29 in 2018 with the seagrass 186 
deployment beginning on the 24th and the sand and reef deployment beginning on the 25th of 187 
June, 2018. 188 

 189 

Figure 1. Eddy Covariance Hydrogen ion and Oxygen Exchange Systems (ECHOES) deployed at 190 
sand (a), seagrass (b) and reef (c) sites on or adjacent to Little Grecian Rocks Reef in the Florida 191 

Keys, Florida, USA. Measurement heights are indicated by white bars and text.  192 

2.3 Instrumentation – The EC systems used here, known as Eddy Covariance Hydrogen Ion and 193 

Oxygen Exchanged System (ECHOES, Long et al. 2015a) consisted of an Acoustic Doppler 194 
Velocimeter (ADV, Nortek) that was coupled to a FirestingO2 Mini fiber-optic O2 meter with a 195 
fast-response (~ 0.3 s) 430 µm diameter optode (Pyroscience) (Long et al. 2015a, Long and 196 

Nicholson 2018, Long et al. 2019) and a fast-response (~0.6 s, Figure S1) Honeywell Durafet® III 197 
pH sensor with a preamp Cap Adapter and a custom isolation amplifier (based on Texas 198 

Instruments ISO124P). The ECHOES systems logged the three-dimensional velocity, depth, O2 199 
optode, pH sensor, and triaxial Inertial Measurement Unit (IMU, MicroStrain model 3DM-GX3) 200 

at a frequency of 16 Hz continuously. Using 6 rechargeable lithium ion batteries (50 Watt h, Nortek 201 
#220007) the system could operate continuously for ~4.5 days. All instrumentation was mounted 202 

to a light-weight, passively rotating carbon fiber frame (Figure 1). A bubble level affixed to the 203 
ADV mount allowed for precise leveling during field deployment by SCUBA divers. Stakes (sand 204 
and seagrass sites) or lead weights and zip ties (reef site) maintained instrument location and 205 

orientation. The measurement height, or location of the ADV measuring volume and sensors, 206 
above the sediment surface was determined by placing it at a height that was greater than twice 207 

the canopy or bedform height (Figure 1) as recommended by terrestrial EC guidelines where twice 208 
the canopy height, and up to 5 times the canopy height in patchy environments, is recommended 209 

(Burba and Anderson 2010, Long et al. 2015b).   210 

The microfluidic flow-through sensor design has a small volume (0.33 cm3) and a KNF 211 

Micropump (model NF10) with a flow rate (100 mL min-1) that combine to have a quick flush rate 212 
(5 Hz) while protecting and preventing light interference for both O2 and pH sensors. The 213 
microfluidic intake was located 0.025 m behind the ADV measuring volume (see Donis et al. 2015, 214 
Berg et al. 2015) to prevent disruption of ADV-measured flow rates (Long et al. 2015a). The 215 
microfluidic housing mounted tightly over the Durafet III sensor tip and has a small chamber for 216 

inserting the O2 optode, that is located at the end of a 0.04 m long, 0.003 m inside diameter copper 217 
intake tube and filter, with the outlet of the microfluidic chamber connected to the pump intake 218 
(Figure S2). A passive flow meter (0-100 ml min-1) connected to the pump outlet was used to 219 
confirm pumping rates during deployment.  220 

A separate frame at each site contained an Odyssey (Dataflow Systems, New Zealand) 221 
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photosynthetically active radiation (PAR) sensor and a Seabird SeapHOx (measuring salinity, 222 
temperature, depth, O2, and pH). The SeapHOx was factory calibrated and the Odyssey PAR 223 
sensors were calibrated to a HR-4 spectroradiometer system (HOBI Labs HydroRAD-4) using the 224 
methods of Long et al. (2012b). 225 

2.4 Eddy Covariance Analysis Framework – The 16 Hz data were averaged to 8 Hz for analysis. 226 
The ECHOES O2 and pH sensors were calibrated to the slow-response SeapHOx sensors by least-227 
squares regression. The pH was converted to H+ ion concentration for all calculations. The ADV 228 
velocity data was removed from analysis when the beam correlation was < 50%. The means for 229 
Reynolds decomposition were determined using a 5 minute moving average window. The period 230 

over which the flux was determined, or burst length, was 15 minutes, with subsequent averaging 231 
to hourly rates. Rotations were conducted automatically by Nortek software (Vector v1.39.09) to 232 
East, North, and Up coordinates based on the IMU data (see Long and Nicholson 2018) followed 233 

by a planar rotation (see Lorke et al. 2013) for each instrument deployment. Standard eddy 234 

covariance analysis was conducted to calculate O2 (𝑤′𝑂2′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , H+ (𝑤′𝐻+′)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅, and momentum 235 

((𝑤′𝑢′)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ +  (𝑤′𝑣′)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )
1/2

 fluxes (e.g. Eq. 1) where 𝑢 and 𝑣 indicate the horizontal components of 236 

the velocity and 𝑤 represents the vertical velocity. Cross Power Spectral Densities were also used 237 
to calculate O2, H

+ and momentum fluxes and were determined with the Matlab function “CPSD”, 238 
with the removal of wave frequencies conducted by accumulating the CPSD at frequencies below 239 

approximately 1/(2Td). A storage correction was applied to all biogeochemical fluxes due to the 240 
presence of biological canopies and the high measurement heights used (Lorrai et al. 2010, 241 

Rheuban et al 2014a, Long and Nicholson 2018). Power spectral densities were determined using 242 
the Matlab function “PWELCH”. The Td was determined by finding the maximum of the 243 
momentum CPSD at the frequencies where the waves were expected for the study sites (e.g. 0.1 > 244 

Hz < 1). Wave velocities were estimated by:  245 

𝑤𝑎𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = ((𝑢′ − 𝑢̅)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (𝑣′ − 𝑣̅)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  + (𝑤′ − 𝑤̅)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)
1/2

   Eq. 4 246 

where the prime indicates the instantaneous velocity and the overbars indicate averaging over each 247 

burst. Flux methods were compared by linear regression. The normalized root square error 248 
(NRSME) was determined by calculating the square root of the square of the difference between 249 
flux methods, averaging this value across each deployment and scalar, and normalizing this to 250 
percent by dividing by the range of the flux. This normalization method was used as the net, or 251 

average of the biogeochemical fluxes, is close to zero and would result in erroneous results. 252 

 253 

3 Results  254 

3.1 Literature Review - A total of 62 aquatic field-based biogeochemical EC manuscripts were 255 
identified (see Supplemental Information), which, when separated to individual studies based on 256 
different water depths and measurement heights, resulted in 102 studies for the purposes of this 257 
analysis (excluding this study). The use of Clark-type O2 microsensors dominated (n = 80 studies, 258 

starting from Berg et al. 2003) with O2 optodes becoming more popular recently (n = 20, starting 259 
from Chipman et al. 2012). Other sensors applied to EC included temperature (n = 5), galvanic O2 260 
(n = 2), conductivity (n = 1), nitrate (n = 1), hydrogen sulfide (n = 1), and pH (n = 1). 261 

Previous studies have deployed the EC technique at water depths ranging from 0.3 to 2500 262 
m, but the majority of these studies were conducted at depths of less than 5 m (n = 44, out of 80 263 
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studies reporting depth, Figure 2a). The mean peak current velocity of previous studies was 0.175 264 
± 0.219 m s-1, with a median of 0.123 m s-1, and a range of 0.015 to 1.8 m s-1 (Figure 2b). The 265 
mean measurement height of previous studies was 0.25 ± 0.17 m, with a median of 0.20 m, and a 266 
range of 0.04 to 0.80 m (Figure 2c). The majority of studies (n = 68, out of 99 studies reporting 267 

measurement heights) used measurement heights of less than 0.25 m above the bottom. Some 268 
studies reported physical or biological canopy roughness elements (n = 22), which were subtracted 269 
from the reported measurement heights, resulting in a corrected mean measurement height of 0.206 270 
± 0.178 m, a median of 0.15 m, and a range of -0.365 to 0.8 m.  271 

 272 

 273 

Figure 2. Histograms of the depth of biogeochemical eddy covariance studies (a) and the peak 274 
velocity measured in studies (b). Note the dominance of shallow-water studies where waves are 275 
likely present. Histograms of measurement heights (uncorrected for canopy or physical barrier 276 

heights) used in eddy covariance studies (c) and the associated frequencies of flux-carrying eddies 277 
which shift to longer scales with increasing measurement heights (d) where statistics represent a 278 

significant difference from a zero-slope line. 279 

A total of 33 studies reported the contributing turbulent frequencies of the fluxes, which 280 
displayed a decrease in frequency with increased measurement height (Figure 2d). Both the highest 281 
and lowest contributing frequencies show a negative slope with increasing measurement height, 282 
and a significant difference from a zero-slope line. Applying Eq. 3 to all previous studies indicated 283 
that the mean of the conditions and instrument configurations may allow for the separation of 284 
turbulence and wave frequencies (Table 1). However, the majority of studies (n = 68) were 285 
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conducted at measurement heights < 0.25 m and these low measurement heights combined with 286 
mean study conditions suggest that a distinct separation between turbulent and wave frequencies 287 
may not have been possible (Table 1). 288 

  289 

For conducting Reynolds decomposition, 33 manuscripts used linear detrending, 15 used a 290 
moving or running average window, 7 used a combination or other method, and 7 did not report a 291 

mean determination method. The burst length, or period over which fluxes are calculated, was 292 
most commonly 15 min (n = 43 manuscripts) followed by < 10 minutes (n = 5), 10 min (n = 4), 30 293 
min (n = 3), 20 min (n = 1), variable (n = 1) or not reported (n = 5). A range of different data and 294 

time-series corrections including; velocity de-spiking (e.g. Goring and Nikora 2002), various 295 
coordinate rotations (Reimers et al. 2012, Lorke et al. 2013), sensor time-lag corrections (Donis et 296 

al. 2015, Berg et al. 2015), low frequency wave corrections (Reimers et al. 2016b), storage 297 
correction (Lorrai et al. 2010, Rheuban et al. 2014a. Long and Nicholson 2018), non-steady state 298 
condition bias (Holtappels et al. 2013), slow sensor response time correction (McGinnis et al. 299 

2008), stirring sensitivity correction (Holtappels et al. 2015), and platform motion corrections 300 
(Long and Nicholson 2018) have been described and applied, and are discussed elsewhere, as 301 

noted.   302 

3.2 Field Data – The three ECHOES and associated instruments were deployed for 4 - 4.5 days at 303 

each site (sand 96 h, seagrass 108 h, and reef 96 h; Figure 3) with a total of 84h of overlap where 304 
all 3 ECHOES were collecting data at the same time. In these relatively clear sub-tropical waters 305 
the ADV velocity beam correlation was used to remove time periods where the correlation was < 306 

50 % which resulted in the removal of 35.4% (34 h), 0.1% (0.75 h), and 2.3% (4.25 h) of the data 307 
from the sand, seagrass, and reef sites, respectively (Table 2). At the reef site a substantial amount 308 
of pH data was lost due to sporadic electrical issues that contaminated 72.4% (69.5 h) of the data. 309 
Fluxes showed expected diel trends with O2 production and H+ consumption during the day and 310 

O2 consumption and H+ production during the night (Figure 3a-f). Biogeochemical fluxes were 311 
about an order of magnitude larger on the reef site compared to the sand site. Current velocities 312 
were dominated by diurnal tides and wave velocities generally decreased over the deployment 313 
period (Figure 3d-i). Diel ranges of O2 (171 to 237 μmol L-1) and pH (8.06 to 8.17) were very 314 
similar between the adjacent sites. 315 

Table 1. Demonstration of the potential for a spectral gap between turbulence and wave frequencies in different studies

Mean Measurement Height (z ) Peak Velocity (U ) Wave Period  (T d ) Eq 3 : (2πz /(UT d )

Site m m s
-1

s

Previous studies (< 0.25m) 0.12 (-0.365 to 0.24 m, n  = 68) 0.172 *4.0 1.08

All previous studies 0.21 (-0.365 to 0.8 m, n  = 99) 0.175 *4.0 1.86

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

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

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

The * indicates assumed values as the majority of studies (n  = 94) did not report wave period. 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 beform heights (this study). 
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 317 

 318 

Figure 3. Time series data and fluxes at sand, grass, and reef sites beginning at noon (hour 12) on 319 

June 24, 2018. Oxygen (left a, b, c), H+ (left d, e, f) and momentum (left g, h, i) fluxes determined 320 

Table 2. Comparison of direct covariance, CPSD(All Hz), and CPSD (<0.125 Hz) fluxes

Flux Site n Slope (±SE) R
2

NRSME Slope (±SE) R
2

NRSME

Oxygen Sand 248 1.02 ± 0.01 0.996 1.0 ± 0.9 % 0.91 ± 0.01 0.946 2.7 ± 5.5 % 

Seagrass 429 1.03 ± 0.00 0.997 0.8 ± 0.6 % 0.89 ± 0.02 0.883 2.9 ± 8.0 %

Reef 375 1.02 ± 0.01 0.993 0.7 ± 0.7 % 0.57 ± 0.03 0.543 4.1 ± 10.2 %

Total 1052 1.02 ± 0.00 0.994  0.3 ± 0.9 % 0.66 ± 0.02 0.644 1.7 ± 10.8 %

H
+

Sand 248 1.03 ±  0.01 0.957 2.5 ± 1.8 % 0.62 ±  0.03 0.590 7.2 ± 5.8 %

Seagrass 429 1.03 ± 0.00 0.998  0.5 ± 0.5 % 0.93 ± 0.01 0.970 1.3 ± 2.1 %

Reef 106 1.03 ± 0.03 0.920 1.4 ± 7.1 % 0.87 ± 0.05 0.738 3.1 ± 9.1 %

Total 783 1.03 ± 0.01 0.945 0.2 ± 5.6 % 0.88 ± 0.02 0.788 0.5 ± 8.2 %

Momentum Sand 248 1.00  ± 0.00 0.999 0.2 ± 0.6 % 0.03 ± 0.00 0.479 5.0 ± 21.5 %

Seagrass 429 1.00 ± 0.00 0.999 0.2 ± 0.6 % 0.00 ± 0.01 0.001 5.7 ± 24.0 %

Reef 375 1.01 ± 0.00 0.999 0.2 ± 0.6 % 0.03 ± 0.00 0.542 10.4 ± 20.5 %

Total 1052 1.01 ± 0.00 0.999 0.1 ± 0.6 % 0.04 ± 0.00 0.523 4.3 ± 22.9 %

Covariance vs. CPSD (All Hz) Covariance vs. CPSD (<0.125 Hz)
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by eddy covariance (black) and cross-power spectral densities accumulated below wave 321 
frequencies (< 0.125 Hz, red). Time series of photosynthetically active radiation (PAR, orange; a, 322 
b, c), mean velocities (green; d, e, f) and wave velocities (blue; g, h, i) are shown on the right axes. 323 

 Applying Eq. 3 to the study conditions suggests that there was a spectral gap between wave 324 

and turbulent frequencies (i.e. Eq. 3 > 3.1, Table 1). Before applying this theory, the agreement 325 
between fluxes calculated using traditional direct covariance analysis (e.g. Eq. 1) was compared 326 
to that of the Matlab CPSD function, accumulated across all frequencies. Across the sites (sand, 327 
grass, and reef) and scalars (O2, H

+, momentum) the minimum R2 was 0.92 with a maximum of 328 
2.5 % normalized root square mean error (NRSME, Table 2, Figure 4). These lowest values were 329 

found for the scalar with the least data (n = 108 bursts, Reef H+, Table 2) and the site with the least 330 
data and smallest fluxes (n = 248 bursts, Sand H+, Table 2, Figure 3d), respectively. The remaining 331 
majority of results had coefficients of determination of ≥ 0.99 and ≤ 1.0 % error (Table 2) 332 

indicating good agreement between direct covariance and CPSD methods (Figure 4).  333 

 334 

Figure 4. Comparison of fluxes determined from the cross-power spectral densities, accumulated 335 
across all frequencies, and fluxes determined from eddy covariance (grey boxes, grey lines, a-i) 336 
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for the sand, grass, and reef sites. The comparison of fluxes determined from cross-power spectral 337 
densities, accumulated up to the wave frequency (< 0.125 Hz), and fluxes determined from eddy 338 
covariance are shown for O2 (orange circles and red lines, a-c), H+ (cyan circles and blue lines, d-339 
f), and momentum (black circles and black lines, g-i) fluxes. Each symbol represents an individual 340 

15 min burst and all lines are linear regressions with statistics reported in Table 2. 341 

 The wave period (Td) at the sand, grass, and reef sites were 4.0 ± 0.5 (3.1 to 5.7 range), 3.9 342 
± 0.5 (2.6-5.2 range) and 3.7 ± 0.6 (2.0-5.3 range) s, respectively. By examining the power spectral 343 
density of the horizontal velocity (e.g. Figure 5d-f, Figure 6 d-f), especially during periods of high 344 
wave velocity and long wave periods, a cutoff frequency (Fc) of 0.125 Hz (8 seconds) was chosen 345 

as the frequency up to which the CPSD should be accumulated to remove wave bias (Figure 5, 6). 346 
In all cases (scalars and sites) the coefficients of determination and slopes were reduced and the 347 
error increased indicating that the frequencies associated with the waves were contributing to the 348 

flux (Table 2). The maximum decrease in the slopes (44%) and error (7.2 ± 5.8 %) was modest for 349 
the O2 and H+ fluxes compared to the substantial decrease in the slope (99%) and increase in error 350 
and variance (10.4 ± 20.5) for the momentum fluxes (Table 2, Figure 4). During periods of low 351 

wave activity, the accumulated CPSD commonly reached a distinct peak or plateau before the Fc 352 
under low wave conditions and had little impact on biogeochemical fluxes (Figure 5a-c). In the 353 

majority of cases, the momentum flux exhibited significant bias at wave frequencies (Figure 4h-j, 354 
Figure 5a-c, Figure 6 a-c). During conditions when the wave velocities were at least twice as high 355 
as the mean flow (occurring 7.3 %, 12.3 % and 66.5 % of the time at the sand, grass and reef sites, 356 

respectively) there was substantial contributions to all of the fluxes at wave frequencies (i.e. Figure 357 
6 a-c). This was most evident during extreme conditions at the reef site, where the wave velocities 358 

were an order of magnitude greater than the current velocity (Figure 6c). The wave velocities were 359 
10-fold greater than the mean velocity 18.1 % of the time at the reef site but were never 10-fold 360 

greater than the mean velocity at the sand and grass sites. Oxygen and H+ power spectra (Figure 361 
5, 6) showed no variability at wave frequencies while horizontal and vertical velocity spectra 362 

indicated a significant power at wave frequencies (Figure 5, 6). Further, differences between sites 363 
and sampling heights (i.e. sand, 0.35 m sampling height, Figure 5d, 6d) indicated substantial power 364 
at wave frequencies predominantly in the horizontal spectra, where wave orbitals become 365 

compressed vertically when sampling closer to the bottom, while the reef (0.97 m sampling height) 366 
indicate a balance between power at wave frequencies in both the horizontal and vertical (Figure 367 

5f, 6f). Across the sites, the absolute differences between the hourly eddy covariance and CPSD 368 
fluxes (i.e. Figure 3a-c) were positively correlated to the wave velocity with slopes significantly 369 

different from zero and the strongest coefficient of determination for the momentum flux (R2 = 370 
0.71) followed by the O2 flux (R2 = 0.32), and H+ flux (R2 = 0.06) (Figure S3). 371 

  372 

 373 
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 374 

Figure 5: Spectral data from a low wave-energy period (hour 116, Figure 3). Normalized 375 
cumulative cross-power spectral densities show distinct differences between momentum fluxes 376 

and biogeochemical fluxes at wave frequencies. Oxygen and H+ spectra (lower panels, red and 377 
blue, respectively) show no variability at wave frequencies while horizontal (Vx, black) and 378 

vertical velocity (Vz, green) spectra indicate a significant power at wave frequencies. Further, 379 
differences between sites and sampling heights (i.e. sand, 35cm sampling height) indicate 380 
substantial power at wave frequencies in the horizontal spectra, where wave orbitals become 381 

compressed vertically when sampling closer to the bottom, while the reef (lower right, 97cm 382 
sampling height) indicate a balance between power at wave frequencies in both the horizontal and 383 

vertical. Mean current velocities, wave velocities, and wave period are shown in text where wave 384 
and current velocities were of the same order of magnitude (a-c). The variance of oxygen, vertical 385 
velocity, and H+ (text, d-f) over each period indicate an increase in both biogeochemical tracer and 386 

vertical turbulence variances from the sand to reef sites. 387 
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 388 

Figure 6: Spectral data from a high wave-energy period (hour 38, Figure 3). Cumulative cospectral 389 

densities show distinct differences between momentum fluxes and biogeochemical fluxes. Oxygen 390 

and H+ spectra (lower panels, red and blue, respectively) show no variability at wave frequencies 391 
while horizontal (Vx, black) and vertical velocity (Vz, green) spectra indicate a significant bias by 392 

waves. Further, differences between sites and sampling heights (i.e. sand, 35cm sampling height) 393 
indicate substantial power at wave frequencies in the horizontal spectra, where wave orbitals 394 
become compressed vertically when sampling closer to the bottom, while the reef (lower right, 395 

97cm sampling height) indicate a balance between power at wave frequencies in both the 396 
horizontal and vertical and potential bias in the cospectra of the biogeochemical fluxes (a-c). Mean 397 
current velocities, wave velocities, and wave period are shown in text where wave velocities were 398 

twice as large as the current velocities at the sand and grass sites (a-b) and an order of magnitude 399 
larger at the reef site (c). The variance of oxygen, vertical velocity, and H+ (text, d-f) over each 400 
period indicate an increase in both biogeochemical tracer and vertical turbulence variances from 401 

the sand to reef sites. 402 

3.3 Ecosystem Fluxes - The hourly O2 and H+ CPSD (<0.125 Hz) fluxes across each deployment 403 
(Figure 3a-f) were averaged by hour of day (Figure 7a, c) to enable the calculation of net daily 404 
fluxes averaged over the ~4 day deployments (Figure 7b, d). The method of calculation of net 405 

ecosystem metabolic (NEM) rates (e.g. Rheuban et al. 2014a) was chosen due to the significant 406 
data gaps in the sand O2 and H+ and reef H+ fluxes (Figure 3). Both sand and seagrass sites 407 
exhibited net positive O2 fluxes and autotrophy (11.8 ± 4.1 and 23.8 ± 9.2 mmol O2 m-2 d-1, 408 
respectively) while the reef site had net negative O2 fluxes and strong heterotrophy (-304.8 ± 40.9 409 
mmol O2 m-2 d-1) (Figure 7b). The seagrass site had net negative H+ fluxes indicating a 410 
consumption of acidity (-0.39 ± 0.26 μmol H+ m-2 d-1), the sand site had near-balanced H+ fluxes 411 
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indicating no significant net production or consumption of acidity (0.07 ± 0.06 μmol H+ m-2 d-1), 412 
and the reef site had net positive H+ fluxes indicating significant net acidity production (4.61 ± 413 
1.30 μmol H+ m-2 d-1) (Figure 7d). 414 

 415 

 416 

Figure 7. Accumulated cross power spectral density (<0.125 Hz) O2 (a) and H+ (c) fluxes averaged 417 
by hour of day from all data in Figure 3a-f for sand (red), seagrass (green) and reef (grey) sites. 418 
The fluxes were accumulated across the hour of day, where shading indicates propagated error, to 419 

produce a net daily O2 (b) and H+ (d) fluxes for each site. 420 

 421 

4 Discussion  422 

This research presents a new analysis framework and measurement requirements to enable 423 

biogeochemical EC measurements in the presence of waves. Since most studies using the EC 424 
technique have been conducted in shallow waters where waves are common, this has represented 425 
a significant setback for the small, but rapidly expanding biogeochemical EC community. 426 
Essentially, by measuring higher above the boundary than has been done traditionally (mostly < 427 
0.25 m), the turbulent frequencies shift to longer scales, above the wave frequencies. The presented 428 
spectral analyses framework has been used to calculate turbulent fluxes by filtering out wave 429 
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frequencies and has demonstrated that there is a clear spectral gap between the frequency of the 430 
dominant surface waves and the dominant frequencies of the turbulent flux when measurements 431 
are conducted at sufficient distance away from the interface (Scully et al. 2016). Here, spectral 432 
analysis reveals conditions and measurement heights that produce gaps between turbulence and 433 

wave frequencies in both scalar (e.g. O2 and H+) and turbulence measurements. Therefore, waves 434 
can be spectrally filtered and effectively remove bias in both chemical sensor and turbulence 435 
measurements, which also allows for new EC chemical sensors that have slower response times to 436 
be applied to the EC technique. 437 

4.1 Literature review – The review of field-based biogeochemical EC studies revealed that the 438 

majority of studies have been conducted in shallow environments where waves are likely to occur. 439 
This potential for wave bias is compounded by the fact that the majority of studies (78%) used 440 
Clark-type microsensors, that have known biases created by wave-associated velocities and 441 

frequencies (Donis et al. 2015, Holtappels et al. 2015, Berg et al. 2015, Reimers et al. 2016a). The 442 
majority of studies sampled < 0.25 m from the bottom boundary (69%, 0.12 m mean when 443 
corrected for roughness elements) and it is likely that many of these studies would not exhibit a 444 

clear separation between wave and turbulence frequencies, as described in Eq. 3, which is 445 
illustrated by the color-mapped surface in Figure 8a. However, it is apparent that some previous 446 

studies could benefit from the presented spectral analysis framework, and that using higher 447 
measurement heights will benefit future studies (e.g. Figure 8b).  448 
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 449 

Figure 8: Minimum sampling heights that allow for a distinct gap between turbulence and waves 450 

frequencies based on (2z)/(UTd) =1 (Eq. 3, Scully et al. 2016) (a). Individual points show 451 
sampling heights over sand, grass, and reef sites in this study minus the characteristic roughness 452 
heights of 0.1 (bedforms), 0.2 (seagrass canopy), and 0.5 m (reef canopy), respectively (red dots, 453 

Table 1). The Mean of Previous Studies represents the average measurement heights and peak 454 
current velocities (and an assumed Td of 4 s) from the all previous studies and those conducted 455 

with a measurement height of < 0.25 m in Figure 1 (orange dots, Table 1). Rearranging the equation 456 

(2z)/(UTd) =3.1 (the minimum value demonstrated in this study to allow for separation of 457 
turbulence and wave frequencies) to solve for Td and color shading by the assumption that the 458 
minimum response time is approximately the Td (or the Nyquist frequency (2x) of the cutoff 459 
frequency [Fc ≈ 1/(2Td)]), produces a recommended minimum response time (t90, b) based on site 460 
conditions. 461 

4.2 CPSD analyses framework – The presented CPSD analysis framework begins with a careful 462 
consideration of the site conditions, which inform appropriate measurement heights to allow for 463 
the spectral separation of turbulence and waves. When data is collected at appropriate 464 
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measurement heights, the data can then be analyzed in the frequency domain, where the CPSD can 465 
be used to determine fluxes and wave periods can be evaluated. This spectral analyses can then be 466 
used to remove wave frequencies, by accumulating the CPSD up to the wave frequencies, 467 
effectively removing sensor and turbulence wave biases. Accumulating the CPSD across all 468 

frequencies can be used to compare with standard eddy covariance analyses, as well as determining 469 
the contribution to fluxes at wave frequencies. While this method is mostly applicable to sites with 470 
high frequency surface waves and moderate current velocities, it is noted that these are the 471 
predominate conditions for most biogeochemical eddy covariance studies to date. 472 

The presented CPSD method, when accumulated across all frequencies, showed a very 473 

good agreement with traditional eddy covariance analysis with slopes of 1.0, R2 ≥ 0.92, and error 474 
≤ 2.5%, where the lowest R2 and highest error were found for H+ fluxes with the least data and 475 
smallest fluxes, respectively. When the CPSD was accumulated only up to the wave frequencies 476 

(i.e. the cutoff frequency, Fc) there was a decrease in the flux in all cases, with a substantial 477 
decrease in the momentum flux, followed by less pronounced decreases for the biogeochemical 478 
tracers of O2 and H+. The large decrease in the momentum flux is expected as waves bias both 479 

horizontal and vertical velocities that are used to calculated the momentum flux, while O2 and H+ 480 
sensors are not affected at wave frequencies as they are located in a microfluidic housing that 481 

removes wave velocities by placing the sensors in a constant-flow environment. However, wave 482 
bias is still present during high-wave periods due to the vertical velocities used to calculate the 483 
biogeochemical fluxes, albeit much lower than the momentum fluxes that includes both horizontal 484 

and vertical wave components. 485 

 The fluxes generally reached a maxima or plateau before reaching the Fc, demonstrating 486 

the relationship in Eq. 3, where there is a distinct spectral gap between the turbulence and wave 487 
frequencies.  During extreme wave conditions at the reef site, where current velocity was 10-fold 488 

lower than wave velocities, this was not always apparent (e.g. Figure 6c), but this is likely due to 489 
the limited cross-power spectral density at these low current velocities (i.e. the relatively flat 490 

velocity spectra at turbulence frequencies, <0.125 Hz), as opposed to wave bias, as the spectra 491 
clearly show the wave frequencies well above the Fc. Further, if wave and turbulent frequencies 492 
overlap during some study periods, for example during periods of low wave frequency (or high 493 

Td) and high current velocity, it is straightforward to exclude these data from analysis based on Eq. 494 
3. 495 

In a previous study by this author, Long et al. (2015c), the presented cumulative 496 
cospectrum (Figure 8f in Long et al 2015c) illustrate an ideal application of the presented CPSD 497 

methodology, as there is a distinct separation between the turbulence and wave frequencies. In this 498 
example the measurement height was 0.175 m (0.35 m measurement height - 0.175 m seagrass 499 

canopy height), flow velocities were very low (0.011 m s-1) and wave periods were very fast (~1.4 500 
s) (Long et al. 2015c). Applying these parameters to Eq. 3 results in a value of 71.4, suggesting a 501 
substantial gap between turbulence and wave frequencies, which is apparent in the cumulative 502 
cospectrum that indicate a flux plateau and stable maximum from 0.1 Hz up to the wave 503 
frequencies (~0.5 to 1 Hz). In another EC study, by Kuwae et al. (2006), where current velocities 504 

from ~ 0.1 to 0.2 m s-1, wave periods of 1-4 seconds, and measurement heights of 0.07 to 0.17 m 505 
produced values of Eq 3. of 0.6 to 10.7, suggesting that the CPSD method could also be applied to 506 
their study site. Kuwae et al. (2006) shows cumulative spectra and cospectra that 1.) illustrate 507 
wave-biased vertical velocity spectrum with no effect in O2 spectrum, 2.) a typical turbulence-508 
dominated cumulative cospectrum with frequencies from 0.01 to a stable maxima at 0.2 Hz and a 509 
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negative contribution at 1-2 Hz, and 3.) cumulative cospectra that indicate significant contributions 510 
at wave frequencies from 0.2 to 1 Hz. These examples from Kuwae et al. (2006) are similar to the 511 
full-frequency spectra and cospectra presented in this study, notably for 1.) Figure 5, 6 e-f, 2.) 512 
Figure 6a-c, and 3.) Figure 6c. These previous studies were conducted with Clark-type 513 

microsensors which have been shown to be biased by wave orbital velocities (Berg et al. 2015, 514 
Donis et al. 2015, Holtappels et al. 2015, Reimers et al. 2016a) but these previous studies also 515 
suggest that wave velocities may cause scalar transport through the advection of porewater (Kuwae 516 
et al. 2006) or advection of tubulent motions or scalar variances through a fixed measurement point 517 
(Lumley and Terray 1983, Gerbi et al. 2008, Long et al. 2015c, Long and Nicholson 2018). 518 

Whether these wave-frequency variations are due to sensor biases (e.g.  Holtappels et al. 2015, 519 
Reimers et al. 2016a), instrument orientation or tilt biases (e.g. Trowbridge 1998, Scully et al. 520 
2016), or are actual transport at wave frequencies (Lumley and Terray 1983, Kuwae et al. 2006, 521 

Gerbi et al. 2008), the presented CPSD method, in combination with appropriate measurement 522 
heights, provides a specific framework to separate turbulent and wave-associated fluxes to 523 
overcome these biases, or to quantify fluxes associated with wave frequencies. 524 

4.3 Sensors and Waves – The spectra for O2 and H+ do not show variability associated with the 525 
wave peaks present in the vertical and horizontal spectra, even during extreme wave conditions at 526 

the reef site. This suggests that the microfluidic sensor housing effectively removed wave bias 527 
from the sensors (Long and Nicholson 2018). The active pumping past the sensors created a 528 
constant-flow environment negating zero-crossing velocities and removed any concerns related to 529 

boundary layer, wave and pressure fluctuations and associated sensor response times (see Reimers 530 
et al. 2016a). These optical O2 and H+ ion selective field effect transistors (ISFET)  sensors are 531 

sensitive to light interferance (Long et al. 2015a) and therefore benefited from the darkened 532 
housing, although light interferance for the O2 optode only occurs in very shallow water due to its 533 

use of red light that is quickly attenuated with water depth. The rotating base allowed the precise 534 
correction for the separation between the sensors (Donis et al. 2015, Holtappels et al. 2015, 535 

Reimers et al. 2016a) using the known sensor separation, flow rate and the fact that that sensors 536 
were always oriented in line with the flow (Long et al. 2019). The Inertial Measurement Unit 537 
(IMU, housing a triaxial accelerometer, gyroscope, and magnetometer) measured the exact 538 

instrument orientation, movement and acceleration to allow for coordinate matrix transformation 539 
to account for platform rotation and movement (Long and Nicholson 2018). This new instrument 540 

design and motion correction is based on similar advancements used in atmospheric ship-based 541 
eddy covariance measurements to correct for ship motion (e.g., Edson et al. 1998, McGillis et al. 542 

2001, Flügge et al. 2016).  543 

This ECHOES measurement system including microfluidics (Long et al. 2015a) and IMU 544 
integration (Long and Nicholson 2018) represents a significant advancement of the EC technique 545 

that allow it to overcome previous challenges related to sensor wave bias and sensor separation 546 
corrections (Donis et al. 2015, Holtappels et al. 2015, Berg et al. 2015, Reimers et al. 2016b). 547 
However, while this ECHOES instrument design removed concerns related to sensor wave bias, it 548 
also complicated instrument engineering, had additional power requirements due to the use of a 549 

pump, and may not effectively rotate at very low current velocities. Importantly, this instrument 550 
configuration cannot remove bias in the vertical velocities used to calculate the flux. Thus, the 551 
presented combination of methodological improvements and the CPSD analysis framework is 552 
preferable to effectively remove wave bias from EC flux measurements. However, future studies 553 
applying O2 optodes, O2 Clark-type microsensors, or other sensors in a traditional, fixed, open-554 
sensor EC instrument (e.g. Berg et al. 2003) will still benefit substantially from the CPSD analysis 555 
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framework by removing wave bias caused by sensor sensitivity to wave velocities as well as 556 
removing wave frequencies that can cause bias in sensor separations corrections. 557 

This manuscript presents the first use of a Honeywell Durafet® III pH sensor in an EC 558 
instrument. The reduction of noise in the signal was a major intial challenge with good results 559 

produced by using an optically coupled power supply and amplifier. However, it was still apparent 560 
that there was low density in the power spectra across frequencies, especially at the sand site. This 561 
is exhibited in the fairly flat power spectal density and low variance  for the sand site (Figure 5d, 562 
6d) and may idicate a lower threshold for resolving the H+ flux (sand site, ± 0.03 μmol m-2 h-1) 563 
whereas fluxes were about an order of magnitude larger at the seagrass and reef sites. This lower 564 

resolution for the H+ data was also apparent in the highest error and lowest coefficients of 565 
determination when comparing the full-spectrum CPSD and EC flux caclulation methods. 566 
However, the use of H+ ISFET sensors (along with O2 sensors) is promising as a biogeochemical 567 

tracer due to its ability to be used in carbonate chemistry models to determine rates of calcification 568 
and dissolution (Long et al. 2015a, Takeshita et al. 2016). 569 

4.4 Ecosystem Fluxes - The determined fluxes across the sites showed expected diel trends with 570 

generally positive O2 fluxes during the daytime and negative O2 fluxes at night. The H+ fluxes 571 
showed the opposite diel trend, consistent with CO2 consumption by photosynthesis during the 572 

day and CO2 production by respiration at night. Both seagrass and sand O2 fluxes exhibited net 573 
autotrophy, but the reef site showed strong heterotrophy likely due to the predominance of 574 
octocorals, algae, and rubble at this heavily degraded reef site (Hopkinson et al. 2020, Owens et 575 

al. 2020). Both the seagrass and sand O2 fluxes are consistent with previous measurements nearby 576 
in a similar depth seagrass meadow by Long et al. (2015b) (NEM = 37 ± 31 mmol O2 m

-2 d-1) and 577 

in a slightly deeper sandy site by Berg et al. (2016) (flux range = -2 to 4 mmol O2 m
-2 h-1). The 578 

study sites were visited frequently during the afternoon and the production of bubbles was not 579 

observed at these sites, but we cannot conclusively determine that bubble ebullition of O2 did not 580 
bias the presented O2 fluxes (see Long et al. 2020). Notably, the reef net heterotrophy found here 581 

is a shift from the net autotrophy or balanced metabolism found nearby at Grecian Rocks Reef in 582 
2009-2010 (Long et al. 2013) and may reflect differences between sites, the continuing degradation 583 
of the northern Florida Keys Reef tract (Muehllehner et al. 2016), and particularly to the 584 

proliferation of a bloom of red algae (Galaxaura spp.) following Hurricane Irma in 2017 that 585 
persisted through the time of our measurements in 2018 (Hopkinson et al. 2020, Owens et al. 586 

2020). The H+ fluxes observed at our sand site (± 0.03 μmol m-2 h-1) are about an order of 587 
magnitude lower that those found at other biogenic calcium carbonate sandy sites (± 0.4 μmol m-588 
2 h-1, Cyronak et al. 2013) but these previous data were obtained in an isolated lagoon with large 589 
diel pH changes from about 7.8-8.4 that drove changes in dissolution and calcification (Santos et 590 
al. 2011, Cyronak et al. 2013) compared to the much lower diel pH (8.06 to 8.17) at our sand site. 591 

The large H+ fluxes found at this isolated lagoon (± 0.4 μmol m-2 h-1, Cyronak et al. 2013; -1.1 to 592 
0.3 μmol m-2 h-1, Santos et al. 2011) are more consistent with the magnitude of fluxes that were 593 
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 594 
a net acidity sink, consistent with studies that indicate seagrass meadows act as a carbon sink (e.g. 595 

Duarte et al. 2010). 596 

4.5 Guidelines for Measurement Height and Sensor Response Time – In this study, the ADV and 597 
sensor measurement height above the sediment surface was determined by placing it at a height 598 
that was greater than twice the biological canopy or bedform height (Figure 1, Attard et al. 2014, 599 
Long et al. 2015c) as recommended by terrestrial EC guidelines where twice the canopy height, 600 
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and up to 5 times the canopy height in patchy environments, is recommended (Burba and Anderson 601 
2010). The resulting values for Eq. 3 ranged from 3.1 to 7.3 based on the site conditions, and it 602 
was evident that being substantially above the relationship suggested by Eq. 3 (e.g. Eq. 3 > 1, 603 
Scully et al. 2016) is beneficial to highlight and resolve the stable maxima produced prior to the 604 

wave frequencies (Figure 5, 6; Long et al. 2015c). Further, it is apparent that some studies sampled 605 
too close to the bottom to allow for spectral turbulence and wave separation as the mean of studies 606 
sampling < 0.25 m from the boundary fall directly on the surface defined by Eq. 3 = 1 (Figure 8a). 607 
Biological canopy heights (e.g. reef structures, macrophyte canopies) and physical roughness 608 
elements (e.g. grain size, bedforms) should also be considered when choosing measurement 609 

heights, as measurement heights are commonly reported from the benthic surface, not the surface 610 
of biological canopies that, in some cases, also vary in height with current velocity when the 611 
canopy is flexible (i.e. seagrasses, Nepf 2012). 612 

 With the recommended measurement heights, based on current velocities and wave period, 613 
it follows that if the reponse time of the sensor (typically represented as to the time to reach 90% 614 
of the total signal change) is twice as large as the determined cutoff frequency (i.e. the Nyquist 615 

frequency of Fc), the majority of the turbulent flux can be captured. Rearranging the equation 616 

(2z)/(UTd) =3.1 (or the conservative minimum value demonstrated in this study to allow for 617 
separation of turbulence and wave frequencies) to solve for Td and color shading by the assumption 618 
that the minimum response time is approximately the Td (or the Nyquist frequency (2x) of the 619 

cutoff frequency [Fc ≈ 1/2Td]), produces a recommended minimum response time (t90) based on 620 
site conditions (Figure 8b). For example, at a common shallow-water site where current velocity 621 
is ≤ 0.2 m s-1, Td is ≤ 4 s, and measurements are conducted 0.5 m from the top of the bottom 622 

roughness elements, a sensor with a t90 of ~ 5 s (0.2 Hz) can record all of the contributions to the 623 
CPSD flux accululated up to the Fc. However, if the frequencies above the Fc are of interest due 624 

to potential advection of tubulence or porewater at wave frequencies (e.g. Lumley and Terray 625 
1983, Kuwae et al. 2006, Gerbi et al. 2008), then a sensor that has a response time equivalent to 626 

the 2x the wave frequencies would be required. This role of physical transport at wave frequencies 627 
remains unresolved and requires further study, but is largely outside the main objectives of 628 
biogeochemical EC studies where chemical and turbulence sensor wave-bias is a major 629 

impediment.  630 

There are additional factors to consider with sampling higher above the bottom including; 631 

increased bias in the fluxes due to storage within the water column, larger areas of integratation, 632 
or footprints, with increased measurement heights (Berg et al., 2003, Attard et al. 2014), increased 633 
time-lag for changes at the benthic surface to reach the measurement point (Rheuban and Berg 634 

2013), and interaction with shear layers or strong concentration gradients during non-steady state 635 
conditions (Holtappels et al. 2013). These factors should be considered when choosing 636 

measurement heights, but can be minimized by sampling over long periods, and are generally small 637 
compared to the potential for wave-bias at shallow sites. For example, changes in storage in the 638 

water column are now commonly included with large measurement heights (Long et al. 2013, 639 
Rheuban et al. 2014a, Berger et al. 2020, Koopmans et al, 2020). Larger footprints are generally 640 
considered benefitial as they integrate benthic heterogeneity (Rheuban and Berg 2013). The time-641 
lag between when the flux is released at the benthic surface and when it is recorded at the 642 
measurement height can be corrected when correlating fluxes to environmental driving variables 643 

(i.e. irradiance, tides, concentrations) (Rheuban and Berg 2013). Further, the effects of all potential 644 
biases can be reduced by increasing deployment duration, especially over a variety of non-steady 645 

state conditions to better integrate flux estimates through time (Holtappels et al. 2013). Therefore, 646 
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considering the substantial benefit of sampling higher above the bottom to remove wave bias, and 647 
the lower risk of other factors above, it is recommended to use adequate measurement heights (e.g. 648 
Figure 8b) at shallow sites where waves may be present. 649 

4.6 Application to Similar Flux Techniques - The gradient flux, or profile flux, technique relies on 650 

the same boundary layer assumptions as the EC technique, but uses measurements of the gradients 651 
or profile of current velocity and solute concentrations through the boundary layer (McGillis et al. 652 
2009, McGillis et al. 2011, Turk et al. 2015, Takeshita et al. 2016). Similar to the development of 653 
aquatic EC, the scalar transport of gas and water fluxes in the marine atmospheric boundary layer 654 
steered these developments (McGillis et al. 2001, Zappa et al. 2003, Edson et al. 2004). In the 655 

gradient flux technique, the flux of a solute is calculated as: 656 

 𝐹𝑙𝑢𝑥 = −𝐾𝑧 
𝜕𝐶

𝜕𝑧
       Eq. 4. 657 

where −𝐾𝑧 is the eddy diffusivity, and 
𝜕𝐶

𝜕𝑧
 is the benthic concentration gradient usually measured 658 

using a pair of chemical sensors or a dual-height pumping system at known heights (z) above the 659 
bottom (Takeshita et al. 2016). Gradient exchange fluxes are determined by taking the integral of 660 

Eq.4 across ∂z and using the relationship 𝐾𝑧 = 𝑢∗𝜅𝑧 (where 𝑢∗ is the friction velocity and 𝜅 is 661 

Von Karman’s constant) (McGillis et al. 2009). The resulting relationship [𝐹𝑙𝑢𝑥 =662 

𝑢∗𝜅((𝐶𝑧2
− 𝐶𝑧1

) log (𝑧2 𝑧1))⁄⁄ ] determines 𝑢∗ from logarithmic fits to benthic current profiles, 663 

which is an assumption that is often problematic in high roughness shallow systems during low 664 
flow conditions in the presence of waves (Holtappels and Lorke 2011, Nepf 2012, Trowbridge and 665 

Lentz 2018). The gradient exchange technique has been primarily applied in shallow coastal 666 
seagrass and reef ecosystems (McGillis et al. 2009, Turk et al. 2015, Takeshita et al. 2016) and 667 

could benefit from the new analysis framework applied here by the direct calculation of 𝐾𝑧 . 668 
Assuming a Prandtl number of 1, the eddy diffusivity can be calculated by: 669 

 𝐾𝑧 = (𝑢′𝑤′̅̅ ̅̅ ̅̅ )/
𝜕𝑈

𝜕𝑧
      Eq. 5. 670 

where (𝑢′𝑤′̅̅ ̅̅ ̅̅ ) is the momentum flux (e.g. Eq. 1) and 
𝜕𝑈

𝜕𝑧
 is the shear calculated from a velocity 671 

profile of mean flow (Holtappels and Lorke 2011). Using the CPSD accumulation for determining 672 

the momentum fluxes will yield direct measurements of 𝐾𝑧 , which is superior to the assumption 673 
of a logarithmic boundary layer current profile, especially in high-roughness shallow environments 674 
(Holtappels and Lorke 2011) such as coral reefs and seagrass beds where flow profiles often do 675 

not follow a logarithmic relationship (Nepf 2012). For example, the momentum fluxes calculated 676 
from traditional covariance analysis produced substantially larger values (Table 2, Figure 4) and 677 
accumulating the CPSD below the wave frequencies will enable a more accurate determination of 678 

𝐾𝑧  for the gradient exchange technique while removing the need to assume a logarithmic boundary 679 
layer current profile. 680 

 681 

5 Summary 682 

The review of aquatic biogeochemical EC literature has revealed that biases created by 683 
waves have complicated the use of aquatic EC in shallow waters at a time when coastal processes 684 
are gaining recognition as important factors in nearshore water quality, regional biogeochemical 685 
cycles and global modeling efforts. However, the conditions and instrument configurations used 686 
during previous studies suggest that a fundamental shift in how EC measurements are conducted 687 
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and analyzed can overcome these limitations. The new analysis framework presented here, 688 
including using appropriate measurement heights and CPSD accumulation up to wave frequencies, 689 
demonstrates and that full-spectrum CPSD analysis in consistent with traditional EC analysis, and 690 
that wave-bias apparent in traditional EC analysis can be removed through exclusion of waves 691 

frequencies using spectral CPSD accumulation. By using the new approaches presented here 692 
(spectral filtering, microfluidics, rotating instrument) turbulent fluxes can be determined without 693 
contamination from current velocities, surface waves, or bias due to sensor separation. The spectral 694 
analysis framework can also be applied to standard eddy covariance and gradient exchange 695 
systems to reduce the bias created by wave-sensitive sensors and bias in turbulence and velocity 696 

measurements. The application of the presented spectral analysis framework requires 697 
measurements to be conducted at sufficient heights from the interface, and also has the significant 698 
benefit of allowing for chemical sensors with slower response times, enabling new sensor and 699 

tracer applications to the EC technique. 700 
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Text S1. 

The attached Supplementary Table 1 (Characteristics of Field Studies using Eddy 
Covariance) shows all aquatic EC field studies that were reviewed for this study, with summary 
data shown in Figure 2. An example of response time tests for the Honeywell Durafet III pH 
sensor is shown in supplementary Figure S1, which was conducted by pumping pH buffer 
solutions through the microfluidic housing (Figure S2), with switching conducted manually 
using a valve. The construction and application of the microfluidic housing is shown in Figure 
S2. The difference between standard EC fluxes and those calculated by the accumulated CPSD 
(< 0.125 Hz) analyses are shown in Figure S3, where the residual differences are plotted versus 
the wave velocity. 
 

 
 



 

 

2 

 

 

Figure S1. Example of repeated response time tests of a Honeywell Durafet pH sensor utilizing 
the microfluidic chamber (Figure S2), two pH buffers (7.0 and 9.0), a KNF10 micropump (100mL 
min-1) and a simple Leur Lock valve to switch between the solutions. The 90% response time 
(t90) is reported as the time needed to reach 90% of the total signal change (dots).   

 

 

Figure S2. Construction (left) and application at the reef site (right) of the microfluidic 
chambers that houses the O2 optode and Honeywell Durafet sensors. 
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Figure S3. Absolute difference between the hourly eddy covariance and CPSD (< 0.125 Hz) 
fluxes compared to wave velocities. Linear fits are performed across all 3 sites. Statistics 
represent a difference compared to a zero-slope line. 

Table S1. Field-based, biogeochemical, aquatic eddy covariance studies and the parameters 
and conditions of previous studies.   

 


