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Abstract. The interpretation of flux measurements in noc-
turnal conditions is typically fraught with challenges. This
paper reports on how the presence of wave-like disturbances
in a time series, can lead to an overestimation of turbulence
statistics, errors when calculating the stability parameter, er-
roneous estimation of the friction velocityu∗ used to screen
flux data, and errors in turbulent flux calculations. Using time
series of the pressure signal from a microbarograph, wave-
like disturbances at an AmeriFlux site are identified. The
wave-like disturbances are removed during the calculation
of turbulence statistics and turbulent fluxes. Our findings
suggest that filtering eddy-covariance data in the presence
of wave-like events prevents both an overestimation of tur-
bulence statistics and errors in turbulent flux calculations.
Results show that large-amplitude wave-like events, events
surpassing three standard deviations, occurred on 18 % of
the nights considered in the present study. Remarkably, on
flux towers located in a very stably stratified boundary-layer
regime, the presence of a gravity wave can enhance turbu-
lence statistics more than 50 %. In addition, the presence of
the disturbance modulates the calculated turbulent fluxes of
CO2 resulting in erroneous turbulent flux calculations of the
order of 10 % depending on averaging time and pressure per-
turbation threshold criteria. Furthermore, the friction veloc-
ity u∗ was affected by the presence of the wave, and in at
least one case, a 10 % increase causedu∗ to exceed the arbi-
trary 0.25 m s−1 threshold used in many studies. This results
in an unintended bias in the data selected for analysis in the
flux calculations. The impact of different averaging periods
was also examined and found to be variable specific. These
early case study results provide an insight into errors intro-

duced when calculating “purely” turbulent fluxes. These re-
sults could contribute to improving modeling efforts by pro-
viding more accurate inputs of both turbulent kinetic energy,
and isolating the turbulent component ofu∗ for flux selection
in the stable nocturnal boundary layer.

1 Introduction

While the eddy-covariance technique measures fluxes of mo-
mentum and scalars accurately in well-mixed convective
boundary layer conditions, challenges in the measurement
of net ecosystem exchange in the stable nocturnal bound-
ary layer have been reported (Aubinet, 2010; Falge et al.,
2001; Goulden et al., 1996; Karipot et al., 2008; Mahrt, 1999,
2010; Mathieu et al., 2005). One challenge that must be en-
countered when conducting eddy-flux measurements in a sta-
ble boundary layer is the presence of wave-like disturbances
(Nappo et al., 2008). Though the properties and propaga-
tion of wave-like disturbances in the boundary layer have
been extensively studied (Chimonas, 1993, 1999; Einaudi
and Finnigan, 1981, 1993; Einaudi et al., 1984; Finnigan and
Einaudi, 1981; Hooke et al., 1973; Nappo, 2002), scant at-
tention has been given to the impact of waves on turbulence
and turbulent fluxes (Nappo et al., 2008; Viana et al., 2009;
Zeri and Sa, 2010).

Waves are ubiquitous in the nocturnal boundary layer
(Gossard and Hooke, 1975; Grivet-Talocia et al., 1999;
Nappo, 2002; Rees et al., 2000) and can be generated
by a number of mechanisms, including thunderstorms
(Gedzelman, 1983), orographic excitation (terrain induced)
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(Chimonas, 1993), and shear instability (Emmanuel, 1973;
Hooke et al., 1973). Ducted waves are bound between the
ground surface and some atmospheric reflecting layer above
or two reflecting critical layers aloft (Cooper et al., 2006;
Fritts et al., 2003; Newsom and Banta, 2003; Rees and
Mobbs, 1988), thus producing a wave guide allowing prop-
agation to occur over long distances and time periods. This
implies a large-amplitude wave-like event could have wide-
ranging impacts.

Gravity waves and turbulence can easily be mistaken in
turbulence statistics and fluxes due to the absence of a well-
defined spectral gap between waves and turbulence (Finni-
gan, 1999; Viana et al., 2009). When no clear spectral gap
is present, the wave signal should be removed to prevent er-
rors in turbulence statistics (Nappo et al., 2008; Viana et al.,
2009). In addition, van Gorsel et al. (2011) found that the
presence of gravity waves introduces large random errors in
the change in storage and advection terms in mass balance
calculations.

This paper reports on a case study examining the impact of
large-amplitude wave-like events on turbulence variables and
turbulent fluxes. A determination of the frequency of large-
amplitude wave-like disturbances in the pressure signal will
be assessed. A triple decomposition of eddy-covariance data
is used to identify waves in the original signal (Hauf et al.,
1996; Nappo et al., 2008). The magnitude of the overestima-
tion (inflation) in turbulence statistics and errors in turbulent
flux calculations due to the presence of wave events is pre-
sented for two nights in contrasting atmospheric conditions.
The variation of the wave signal and subsequent impact on
both turbulence parameters and turbulent fluxes are evaluated
as a function of measurement level and different averaging
times.

2 Measurements

2.1 Site description

Turbulence and eddy-covariance data were obtained from a
tall tower with instrumentation located at 34, 68, and 329 m
at the Aiken AmeriFlux site located near Beech Island, South
Carolina, USA (33◦24′21′′ N, 81◦50′02′′ W). The tower is
positioned on a rural ridge, at an elevation of∼ 116 m, over-
looking a mixture of mixed pine forests and agricultural
fields. Each eddy-flux system consisted of a fast-response
omnidirectional three-dimensional sonic anemometer (Ap-
plied Technologies, Inc., Longmont, CO, model Sx (34 m
level) and model A (68 and 329 m levels)) and a fast-response
open path CO2/H2O gas analyzer (Li-Cor Biosciences, Lin-
coln, NE, model 7500). Measurements were collected at
10 Hz.

To detect wave-like activity, a microbarograph (Setra Sys-
tems, Boxborough, MA, Model 270) with static pressure
disks (Vaisala, Helsinki, Finland, model SPH10) was used to

measure static atmospheric pressure at the surface. The pres-
sure transducer continuously collected data at 20 Hz to a data
logger (Campbell Scientific, Logan, UT, model CR5000) lo-
cated at the base of the tall tower. The data were averaged to
0.1 Hz for the purpose of wavelet analyses.

2.2 Signal processing of microbarograph data

A challenge in analyzing turbulent fluxes in the presence of
wave-like disturbances resides in the recognition and sub-
sequent separation of the wave from the turbulence signal
(Finnigan, 1988). Previous studies used phase averaging to
separate waves from turbulence (Einaudi and Finnigan, 1981,
1984, 1993; Finnigan and Einaudi, 1981). However, phase
averaging requires a monochromatic wave that persists for
more than several cycles, a rare occurrence in the nocturnal
boundary layer (hereafter referred to as “NBL”). Given the
non-monochromatic nature of the disturbances, the method
applied by Hauf et al. (1996) and Nappo et al. (2008) us-
ing band-pass filtering to separate waves from turbulence was
used.

The first step in the analysis consists of identifying pe-
riods of wave-like activity using surface based static atmo-
spheric pressure data. Wave-like perturbations are most read-
ily detectable in the static pressure signal, in comparison the
wave signal is not as strong in the velocity components and
other scalars and can be hard to distinguish from turbulence.
To detect large-amplitude events, the static pressure signal
from 00:00 to 06:00 local time (LT) each night was band-
pass filtered, using a ramped Butterworth filter, so that the
residual signal was composed of frequencies corresponding
to contributions from 3 to 30 min periods. Our analysis fo-
cuses on shorter period disturbances since the timescales are
smaller than the typical timescale used for flux calculations
(30 min). Following Nappo et al. (2008), flux and turbulent
statistical averages calculated shorter than the wave period
did not greatly affect calculations; therefore, this study fo-
cuses on events with a period less than 30 min. The standard
deviation (σp) of the static pressure was calculated from this
residual signal and used to determine a detection threshold
for large-amplitude events. Wavelet analysis of band-pass fil-
tered surface pressure data is used to determine time, dura-
tion, and period/frequency ranges of wave-like activity. The
Morlet wavelet was chosen in our study for its high resolution
in frequency space, the Gaussian-damped sine wave is well
suited for the determination of the period/frequency range of
wave events (Nappo, 2002; Torrence and Compo, 1998).

2.3 Signal processing of eddy-covariance data

Once the frequency range of the wave, its duration, and the
start time of the individual wave episodes are determined,
the eddy-covariance data are then detrended and band-pass
filtered. The data are band-pass filtered using a ramped But-
terworth filter to resolve the wave-like perturbations of wind
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components (u, v, and w), temperature, water vapor, and
carbon dioxide. This process is repeated for each variable
at each of the three levels on the tower. The 10 Hz eddy-
covariance data selected include one hour before and after
the wave event in the band-pass filter to prevent edge effects
from being introduced into the turbulence and flux calcula-
tions. A three-dimensional rotation, forcing the vertical and
lateral wind components to zero, was performed on the en-
tire time series (i.e., a four hour period) before filtering the
three wind components. These wave perturbations are then
removed from the original time series, and the remaining
signal is considered to be the “true” turbulence signal. The
original unfiltered signal is referred to as the “wave inflated”
signal. Therefore, a triple decomposition of a given variable
q(z, t) is performed as follows:

q (z, t) = q̄ (z) + q ′ (z, t) + q̃ (z, t) , (1)

where the terms on the right-hand side represent the mean,
turbulence, and wave components, respectively. If the wave
signals are not removed, then the resulting flux would be

w′q ′
original

= ¯(w − w)(q − q) . (2)

Using this triple decomposition onw andq, the vertical flux
of q is given by

w′q ′
corrected

= (w − w − w̃)(q − q − q̃), (3)

where Eq. (3) is the turbulent flux with the wave signals re-
moved taken to be the true Reynolds flux. The Webb, Pear-
man, and Leuning (1980) correction was applied to flux mea-
surements, for both the original flux signal and the wave cor-
rected signal. This process illustrates the effect of a gravity
wave on fluxes calculated in the customary way, such as with
an automated routine.

3 Results and discussion

3.1 Large-amplitude wave-like events

Only large-amplitude events in the pressure data were inves-
tigated in this study, and the standard deviation of the static
pressure (σp) was calculated to identify these events. Table 1
tabulates the average monthly values forσp using nighttime
data (00:00–06:00 LT). It can clearly be seen that the fre-
quency and intensity of large-amplitude pressure events in-
creased dramatically in the winter months, when stable con-
ditions persist longer.

After calculatingσp the data were assessed to determine
a reasonable threshold for events that would be significantly
large, a 3σp threshold was chosen to include the events that
would have the most impact on turbulence statistics and flux
calculations. However, the number of events surpassing 2σp
was calculated as well. Assuming thatσp is calculated over

a long enough period to provide a normal distribution, using
a 3σp threshold would render only the top 0.3 % of cases as
large-amplitude events. However, the nature of the wave-like
disturbances is such that the peaks of the waves are the ma-
jor contributing factors to the largeσp and the majority of the
body of the wave falls within a single standard deviation. Fur-
thermore, waves of smaller amplitudes are difficult to resolve
in the eddy-covariance data. The wave signal is not as pro-
nounced in the velocity components and scalars as observed
in the pressure signal. Therefore, the larger 3σp threshold was
chosen for this preliminary study.

The number of large-amplitude wave-like events was de-
termined for the period 22 April 2009–30 March 2010. Us-
ing the wavelet transform, events were deemed wave like
by assessing the duration of the event in relation to the pe-
riod of the event to determine if the disturbance exhibited a
cyclic nature, similar to the selection criterion used in Hauf
et al. (1996). The monthly distribution of nights with wave-
like events surpassing 3σp and 2σp thresholds is presented in
Table 1. During this period, 127 days were disregarded due
to rain or erroneous data. Large-amplitude pressure fluctua-
tions often occurred on nights with rain; therefore, the nights
with rain were removed when calculating the standard devi-
ation. At least one large-amplitude wave-like event surpass-
ing a 3σp threshold occurred during 38 of the remaining 216
nights or∼ 18 % of the nights assessed. Using a 2σp thresh-
old would result in 39 % of nights containing at least one
event.

Wave-like motions were observed on most of the 216
nights examined; however, the amplitude of the event was ei-
ther small or the period of the wave event was larger than the
period of interest (30 min). Two nights with large-amplitude
wave-like events, 23 April 2009 and 3 December 2009, were
selected for this study to evaluate wave contributions to tur-
bulence statistics and flux calculations for contrasting nights,
one quiescent and one turbulent night. These two nights were
also selected due to the contrasting atmospheric stabilities,
the rather large amplitude of the events, and wave propaga-
tion occurred up to the highest measurement level on the tall
tower.

3.2 Characterizing the wave events

The morning hours (00:00 to 06:00 LT) of 23 April 2009 and
3 December 2009 exhibited well-defined wave episodes as
shown in Fig. 1. Increases in wavelet energy density dur-
ing periods of wave-like activity are used to identify both
wave period and duration. Between 02:30 and 04:30 LT on 23
April 2009, one wave disturbance occurred with an approxi-
mate period of 7 min and another with an approximate period
of 4 min. On 3 December 2009, a wave disturbance between
03:30 and 05:30 LT occurred with an approximate period of
8 min and another with an approximate period of 12 min.
Both nights consisted of multiple events that persisted only
a few cycles with varying amplitudes. The average wave
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Table 1.Standard deviation of surface static pressureσp and the monthly distribution of nights with 3σp and 2σp wave-like events.

Month Nights of available Standard deviation Nights with 3σp Nights with 2σp
data without rain of pressureσp wave-like events wave-like events

Apr 9 0.0159 1 2
May 23 0.0221 3 8
Jun 9 0.0171 0 2
Jul – – – –
Aug 29 0.0207 2 7
Sep 12 0.0185 0 1
Oct 25 0.0283 3 9
Nov 12 0.0213 0 1
Dec 21 0.0403 12 19
Jan 24 0.0301 7 13
Feb 26 0.0310 4 8
Mar 26 0.0281 4 10

Total 216 0.0265 38 84

Fig. 1.Wavelet analysis of surface static pressure data from the microbarograph sensor for(a) 23 April 2009 and(b) 3 December 2009.

periods and durations of these selected episodes was 5.5 min
from 02:30 to 04:30 LT on 23 April 2009 and 10 min from
03:30 to 05:30 LT on 3 December 2009. The two case study
nights are summarized in Table 2.

Since the wave introduces an error in the analysis of the
time series overestimating turbulence properties, it follows
that an uncorrected signal will lead to errors being introduced
throughout all calculations, including the flux Richardson
number and the friction velocity (u∗). Thus, the nights are
characterized by the Brunt–Väisälä frequency (N ) calculated
as follows:

N =

√
g

Tv

∂θ

∂z
, (4)

and the Richardson number (Ri) derived as

Ri =
N2(

∂U
∂z

)2
+

(
∂V
∂z

)2
, (5)

whereg is gravitational acceleration,Tv is the average abso-
lute virtual temperature, and∂θ/∂z is the vertical gradient of
potential temperature, between the 68 and 329 m levels. The

Brunt–Väisälä frequency can be described as the upper fre-
quency limit that a gravity wave can exceed. It was a calm
quiescent night on 23 April 2009 with an averageRi of 4.31,
a Brunt–Väisälä frequency of 0.0248 s−1 and u∗ less than
0.2 m s−1 during the passage of the wave events. A triple
decomposition Eq. (1) of the eddy-covariance data was ap-
plied to the periods identified in the wavelet analysis using
the wave period range in a band-pass filter to obtain the wave
signal for all variables. The quiescent night was disrupted by
the passage of the wave, which induced large fluctuations in
the time series as seen in Fig. 3 for the vertical velocity (w)
and CO2 concentration (c) signals at the 34 m level. These
fluctuations are observed in both the velocity components
and scalar quantities beginning slightly before 04:00 LT and
persisting until approximately 04:30 LT. This coincides with
the strongest event detected using the wavelet analysis. These
fluctuations create non-stationarity in the signal that can be
resolved by removing the wave (Fig. 2c).

a different set of atmospheric conditions is presented on
3 December 2009. During that night, the averageRi was
0.42 and u∗ exceeded 0.25 m s−1 for all three levels on the
tower throughout the night. The resulting Brunt–Väisälä fre-
quency was 0.0125 s−1 much higher than the approximate
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Table 2.Characterization of wave events and atmospheric conditions for the two case study nights including the duration of the wave event,
the average wave period (min), the Brunt–Väisälä frequency (N ), the gradient Richardson number (Ri), and the friction velocity (u∗). Note
that the friction velocity (u∗) is the ensemble 30 min average calculated over the duration of wave event at the 34 m level without filtering
the wave signal.

Day of event Duration Average N Ri u∗

wave
period

29 Apr 2009 02:30–04:30 5.5 0.0248 4.31 0.11
3 Dec 2009 03:30–05:30 10 0.0125 0.42 0.51

Fig. 2. Triple decomposition of variablesw and CO2 concentrationc are represented as detrended signals(a) w and(d) c, wave signals(b)
w’ and (e)c’, and turbulence signals(c) w and(f) c at the 34 m level on the tall tower on the night of 23 April 2009. Bottom figures represent
the “corrected” turbulence signal.

frequency of the observed wave (0.002 s−1). The impact of
the wave on the atmospheric variables can be seen; never-
theless, the impact observed is modest when compared to 23
April 2009. This is in part due to the larger amount of tur-
bulence present simultaneously with the wave. The degree of
error is inversely proportional to the turbulence levels present
in the signal. The difference in the period of the waves ob-
served on the two nights may also contribute to the differ-
ences observed.

Using the triple decomposition, the phase relationship be-
tweenw̃ and T̃ at 34, 68, and 329 m for the observed pe-
riods is evaluated to identify whether the wave-like distur-
bance is indicative of a gravity wave. Also evident are the
differences in amplitude, timing, and structure of the wave
event with measurement level. Large differences in wave am-
plitudes and structures for each of these observation periods
can be seen in Fig. 3a–f. Waves observed on 23 April have a
higher frequency and amplitude. Figure 3 representsw̃ andT̃

for the three heights of the TV tower (34, 68, and 329 m). The
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Fig. 3. w̃ (solid) andT̃ (dashed) at 34(a, d), 68 (b, e), and 329 m(c, f) for 23 April 2009 and 3 December 2009.

phase relationship betweeñw andT̃ at the beginning of the
wave activity is approximately 90◦ on both 23 April 2009 and
3 December 2009 attesting to the presence of gravity waves
each night. It is also evident that the waves are present at the
329 m level, suggesting that waves propagate throughout the
nocturnal boundary layer.

3.3 Wave-modified turbulence statistics and
turbulent fluxes

Nappo et al. (2008) found turbulence statistics to be con-
sistently larger in the presence of gravity waves. Hence, the
term “turbulence inflation” was ascribed to the phenomenon.
The percent of turbulence inflation is defined as:

% Error =

(
“inflated” turbulent flux-“corrected” turbulent flux

“inflated” turbulent flux

)
. (6)

Turbulent fluxes were calculated using different averaging
blocks. These calculations reveal the potential differences
varying averaging blocks can have when calculating turbu-
lent fluxes in the presence of wave phenomena and pro-
vide a quantitative estimate of the impact the wave event has
throughout the duration of the event.

Turbulence statistics and turbulent fluxes were calculated
using averaging blocks of 5, 10, 15, 30 and 60 min. Values of
“inflated” Turbulent Kinetic Energy (TKE) from the original
signal, “corrected” TKE, and percent error are given for 23
April at 34 m (Fig. 4a–d) and 329 m (Fig. 4e–h). The turbu-
lence statistics calculated in the presence of a wave are con-
sistently inflated if the averaging time is longer than the wave
period for the cases presented (Fig. 4), corroborating the find-
ings of Nappo et al. (2008). However, Nappo et al. (2008)
also found that for averaging times less than the wave pe-
riod, wave perturbations had little impact on turbulence cal-
culations. As shown in Fig. 4, it can be seen that inflation
is present for averaging times longer than the period of wave
event. For shorter averaging times, a modulation of the signal
is observed with inflation observed in the form of localized
bursts during the time of the wave events. It is interesting to
note that the percentage turbulence inflation was consistent
throughout all three levels on the tall tower despite much
larger TKE values at the 329 m level. To further evaluate
the impact of different averaging times, ensemble averages
of turbulence statistics and fluxes for the entire wave event
were calculated for the different averaging periods.
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Fig. 4. Turbulent Kinetic Energy (TKE) calculations using the original signal (solid) and the corrected signal (dashed) after wave removal
from the time series at 34 and 329 m levels on the tall tower using different averaging periods (5(a, e), 10 (b, f), 15 (c, g), and 30 min(d, h))
on 23 April 2009. The percent error (“dot-dashed”) is also presented.

Turbulent fluxes of heat, momentum, water vapor, and
CO2 are not consistently inflated the way turbulence statis-
tics are. Instead, fluxes are often modulated depending on
the phase relationship of the calculated variables. Therefore,
average “original” and “corrected” turbulent fluxes for the
duration of the wave events were calculated, and an average
percent difference was calculated:

Average%Error=

(
"original"turbulentflux− "corrected"turbulentflux

"original"turbulentflux

)
, (7)

where the overbar represents averaging over the duration
of the wave event. The averaged turbulence kinetic energy
(< TKE >), friction velocity (<u∗ >), CO2 flux (< Fc >), and
sensible heat flux (< H >) are presented in Figs. 5a–h and 6a–
h, for the 34 and 329 m levels on the nights of 23 April and 3
December 2009, respectively.

The turbulence kinetic energy is overestimated on both
nights for all averaging periods. However, the percent error
is far greater on 23 April 2009, due to less ambient turbu-
lence during the passage of the wave. u∗ is also overesti-
mated for all averaging times throughout all levels of the tall
tower for each night as well, except for the 60 min average

at the 329 m level on 23 April 2009 and 5 min average on 3
December 2009. The inflation observed at the 329 m level
when shorter averages were used led to u∗ exceeding the
0.25 m s−1 threshold, of significance to the flux community.
This arbitrary threshold is often used in determining the va-
lidity of data in the nocturnal boundary layer (Aubinet, 2008,
2010; Falge et al., 2001; Goulden, 1996). The impact of the
wave onu∗ is present at all heights on the tower producing
differences of up to 30 % for the shorter averaging periods
at the 34 and 68 m levels on 23 April 2009. The difference is
smaller with longer averaging periods, but nonetheless yields
a difference of 10 % for the 30 min average at both the 34 and
329 m levels. In contrast, 3 December is only marginally im-
pacted due to large contributions from high frequencies and
the mildly stable conditions.

On 3 December 2009, the CO2 and sensible heat fluxes are
inflated for all averaging times at all levels on the tower by
relatively small amounts (< 5 %), though the degree of infla-
tion is consistent amongst all variables evaluated (Fig. 6a–h).
A somewhat special case is presented on 23 April 2009 as
the sensible heat flux at the 34 m level is positive and the
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CO2 flux is negative, in contrast with typical nighttime flux
tendencies (Fig. 5c). Zeri and Sa (2010) observed a similar
behavior during the passage of a wave event in their study,
which they attributed partially to the horizontal flux of CO2
induced by the wave. In our study, the magnitude of the neg-
ative CO2 flux is amplified by 15–30 % for the longer aver-
aging times (15, 30, and 60 min). These data suggest that a
“contamination” of the signal by wave events leads to erro-
neous turbulence statistics and turbulent fluxes.

3.4 Discussion

Our preliminary study observed numerous large-amplitude
wave-like events in the stable nocturnal boundary layer, and
delved further into the effect of two large events on eddy-flux
calculations. For the two nights studied, the impact of aver-
aging time on the error observed in the calculations varies
with the choice of the variables. Consistently, it was ob-
served that taking longer averaging periods results in more
robust estimations of TKE. The degree of error in Fc varies
both nights with averaging time. The error is generally small
for averaging periods of 5 min and at its maximum for 10 to
15 min averaging periods. The error decreases for the longer
averaging periods ranging between 30 to 60 min. These re-
sults suggest that the wave frequency/period and its relation
to the averaging period are important in determining the er-
rors produced. The amount of the wave included in the av-
eraging period varies as we typically tend to calculate data
at easily discernible time periods, such as the beginning of
the hour (i.e., 04:00 LT). Hence, these errors are primarily
introduced through our processing methods through includ-
ing partial wave cycles. This suggests that waves of different
periods impact the turbulence statistics and flux calculations
differently.

The impact of the wave on turbulence statistics and fluxes
varies with height in the stable nocturnal boundary layer due
to differences in turbulence and wave propagation properties.
The variability in the amount of overestimation of turbulence
statistics and errors in flux calculations appears to be rela-
tively consistent with height when considering the percent
error. However, when the values are considered, their dif-
ferences become magnified. For instance, the TKE is much
larger at the 329 m level than at the 34 m level. The impact
of averaging time on the overestimation of turbulence statis-
tics and errors in flux calculations varied with the choice of
the examined variable. The variability in the percentage in-
flation of turbulence statistics and errors in turbulent flux cal-
culations varies little with height. However, when the differ-
ence in the values of the turbulence statistics and turbulent
fluxes are considered the amounts changed significantly. For
instance, on 3 December 2009 the TKE values at the 34 m
level were nearly double that measured at the 329 m level.
Yet, the percentage inflation was very similar between the
two levels, within 1 % difference. Similar results were found
on 23 April 2009 with the percentage of overestimation for

the two measurement heights being similar, while the values
of TKE are nearly double at the 329 m level.

Our findings suggest that, without proper filtering, turbu-
lence statistics would be overestimated due to the presence of
wave phenomena as found by Nappo et al. (2008) and Viena
et al. (2009). Our study has also examined the role of filtering
the wave component and has assessed the magnitude of er-
rors introduced in turbulence statistics and turbulent fluxes on
two nights with contrasting atmospheric conditions. On the
relatively quiescent night, large overestimation of TKE and
modulation of turbulent fluxes were found to occur during
the passage of large-amplitude wave activity that introduced
non-stationarity into the signal. The extent of the inflation
and the sensitivity of the turbulence statistics and turbulent
fluxes to various wave periods and amplitudes are unknown,
thus suggesting a more exhaustive analysis. The possibility
of restoring stationarity by removing the wave signal in cases
with larger period waves is also intriguing and worthy of con-
sideration in future studies.

The data used in the present study demonstrate that nights
characterized by large TKE andu∗ (∼ 0.5 m s−1) values are
still impacted by the presence of the wave by a similar mag-
nitude, but the percent error is not as large due to the larger
amount of turbulence. When using au∗ threshold as a filter-
ing parameter in net ecosystem exchange calculations, cases
whereu∗ is approaching the threshold (typically 0.25 m s−1)

may be biased by the presence of wave activity. The results
do not directly translate into errors in long-term flux budgets;
however, these slight impacts may influence the calculations
through affecting stability classifications andu∗ calculations.
Also, the inclusion of partial wave cycles is almost inevitable
when batch processing large amounts of data for seasonal
or yearly budgets creating some errors, the extent of which
should be quantified. A study to assess the impact on all the
budget terms is necessary to separate wave contributions to
flux budgets.

4 Conclusions

Large-amplitude wave-like events are likely to occur fre-
quently at most sites, and should be examined during the
processing of eddy-flux data. The present study showed that
large-amplitude wave-like events (surpassing 3σ threshold)
occurred on 18 % of the 216 nights studied. Both the fre-
quency and intensity of wave-like events exhibit a seasonal
dependence, increasing during the winter months at our site.
Several cases determined to be large-amplitude gravity wave
events impacted the calculation of both turbulence statistics
and turbulent fluxes in the nocturnal boundary layer. With-
out proper filtering, inflated turbulence statistics of up to
50 % and erroneous flux calculations may occur on quies-
cent nights. The presence of the wave also modulates the cal-
culated turbulent fluxes of CO2, resulting in errors on the
order of 10 % over the duration of the wave depending on the
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Fig. 5. Average turbulent kinetic energy < TKE >(a, e), friction velocity <u∗ > (b, f), CO2 flux <Fc > (c, g), and sensible heat flux < H >(d,
h) for the “original” (solid) and “corrected” (dashed) time series during the wave event on 23 April 2009 at the 34 and 329 m levels on the tall
tower are depicted using different averaging periods. The average percent error (dot-dashed) introduced by the absence of such corrections
is also displayed.

averaging time used. These errors persist in varying degrees,
regardless of the selected averaging period.

The amount of the wave cycle included in an averaging
period varies as we typically tend to calculate data at conve-
nient time intervals, such as the beginning of the hour (i.e.,
04:00 LT). These errors are primarily introduced through sig-
nal processing, including partial wave cycles into calcula-
tions. This suggests that waves of different periods impact
the turbulence statistics and flux calculations differently and
more work is needed to quantify the impact of including par-
tial wave cycles in the averaging period. In addition, both
u∗ and the flux Richardson number (Rif) are impacted by
the presence of wave activity making typical classification of
nighttime turbulence conditions inherently more difficult.

These results suggest that it is important to identify wave
activity and remove them when calculating turbulence pa-
rameters and turbulent fluxes. Neglecting to do this is likely
to lead to overestimated turbulence statistics and erroneous
turbulent flux calculations. The implications could prove use-

ful to modeling efforts attempting to calculate fluxes dur-
ing stable nocturnal conditions. Furthermore, a climatolog-
ical study seeking to determine the contributions of the wave
signal to flux budgets is warranted. Interpreting wave-like
events contributions to the various terms of the flux bud-
get equation would provide further insight. With better de-
terminations of wave contributions, model parameterizations
of fluxes may improve. The present study has found a con-
sistent overestimation of turbulence statistics for averaging
times greater than the wave period. Cases where the wave
period is greater than the averaging period exhibited errors
as the results were modulated by the presence of the wave.
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Fig. 6. Average turbulent kinetic energy <TKE>(a, e), friction velocity <u∗ > (b, f), CO2 flux < Fc > (c, g), and sensible heat flux < H >(d,
h) for the “original” (solid) and “corrected” (dashed) time series during the wave event on 3 December 2009 at the 34 and 329 m levels
on the tall tower are depicted using different averaging periods. The average percent error (dot-dashed) introduced by the absence of such
corrections is also displayed.
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