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ARTICLE INFO ABSTRACT

In the widely-used eddy-covariance (EC) technique, it is often assumed that the air storage term, i.e. the change
of below-turbulence-sensor scalar abundance, is negligible or comprises a small part of net surface-atmosphere
exchange (NSAE). Previous studies have demonstrated that this assumption is often violated where non-tur-
bulent processes prevail, and thus it is important to measure and calculate air storage in flux measurements.
However, the implementation of air storage measurement and calculation is not ubiquitous as EC standard
turbulent flux. In most cases, air storage is not a standard data product or even neglected in EC flux tower
measurements. In other cases, air storage term is calculated simply using only the measurements at the tower
top. This gap between the ideal initiative and actual implementation motivates us to derive and release one of
the first community resources to facilitate the consistent measurement and calculation of EC air storage across
sites. These resources include (i) the standardized air storage term measurement setup design at National
Ecological Observatory Network (NEON) sites; (ii) the development and public release of the eddy4R.stor open-
source air storage R-package; (iii) the derivation and public release of storage term data products, measured and
calculated consistently across 47 NEON sites; and (iv) exploration the scientific usefulness of these resources
through example use cases, specifically the exploration of the bias of the air storage term when different
measurement level intensity used and exploration of the air storage term pattern. We expect the consistent air
storage measurement and calculation can better serve the overall purpose of the EC technique to provide more
reliable measurement of NSAE for the community. This can further benefit the community accurate depiction of
the sub-daily to diurnal cycle of surface fluxes in doing carbon cycle flux partitioning, land modeling, and
studying ecosystem response to weather extremes.
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1. Introduction

For decades, the eddy-covariance (EC) technique has been used
extensively to measure net surface-atmosphere exchange (NSAE) at
hundreds of sites across the globe. EC observations, such as those col-
lected by AmeriFlux and the National Ecological Observatory Network
(NEON), have become available at unprecedented temporal duration
and distributed spatial extents (Novick et al., 2018). The longest run-
ning towers are now approaching three decades of observations
(Baldocchi, 2008). This makes EC one of the most important techniques
to sample surface fluxes at regional scale for studying land-atmosphere
interactions, e.g. detection of localized CO, sources (Schwandner et al.,
2017), ecosystem sensitivity to temperature, dryness, and change of

phenology (Wolf et al., 2017; Desai, 2014; Mahecha et al., 2017; Tang
et al., 2014).

One key underlying principle of EC measurements from a tower is
Taylor Hypothesis, which assumes the eddies do not change sub-
stantially during the time period they are passing by the tower (Taylor,
1938). Using numerous assumptions (discussed below), it is possible to
set the tower-measured half-hourly/hourly turbulent flux, i.e. the cov-
ariance of vertical wind speed and the scalar of interest, equal to the net
surface-atmosphere exchange.

Central to this simplification is the steady state assumption, which
by virtue of time-space aggregation requires both, temporal stationarity
and spatial homogeneity. Temporal stationarity that air storage, term I
in Eq. (1), is negligible or comprises a small part of NSAE, provided
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sufficient turbulence (Foken and Wichura, 1996; Massman and Lee,
2002). Spatial homogeneity implies that either all observations re-
present the same, fixed control volume, or different, time-varying
control volumes over a horizontally uniform surface (e.g., Raupach,
1988; Foken and Wichura, 1996). In the following we focus on the
temporal stationarity aspect (term I in Eq. (1)), and address spatial
homogeneity elsewhere (Metzger, 2018; Xu et al., 2017).

dum g dum o
NSAE= [ Sdz + [ “dz
0 0
I I (€H)]

where X is a scalar quantity; w is vertical wind speed; t is time, and d, ,
is the measurement height. The overbars indicate a time average and
primes (’) denote turbulent fluctuations. Term II is the vertical turbulent
flux. Term I in Eq. (1) is the vertically integrated change of below-
sensor scalar abundance, equivalent to the storage term.

Although storage term is often assumed to average to zero on daily
and longer time scales, this assumption is hypothesized to be violated
where non-turbulent processes prevail, such as in the nighttime stable
boundary layer (Aubinet et al., 2005; 2008; 2012; van Gorsel et al.,
2009), over complex terrain (Monson et al., 2005), in tall canopies
(Massman and Lee, 2002), at tall tower sites (Desai et al., 2014), as well
as during transition times (van Gorsel et al., 2007).

In most cases, in order to limit the influence of large air storage
terms, flux observations are often filtered for periods that fulfill these
conditions as a practical workaround in standard EC processing, such as
widely-used steady-state tests and u*-filtering (Foken, 2008; Janssens
et al., 2001; Zhao et al., 2006; Aubinet, 2008). As a result, fewer oc-
currences of large air storage terms remain in the filtered time series.
Most times, the data gaps created by the filtering require imputation
(Falge et al., 2001; Papale and Valentini, 2003; Juang et al., 2006)
introduces a new source of uncertainty. This data filtering and filling
can result in an inaccurate depiction of NSAE and energy, water, and
carbon diurnal patterns. For example, neglection of air storage term has
also been shown to lead flux partitioning methods to overestimate
photosynthesis (Aubinet, 2008). Although Foken (2008) stated that air
storage term is not sufficient to explain observed energy budget im-
balances, recent studies showed that accounting for air storage terms
along with soil and vegetation storage terms improve energy balance
closure especially at short time scales (Lindroth et al., 2010; Leuning
et al., 2012; Burns et al., 2015; Swenson et al., 2019; Reed et al., 2018;
Xu et al., 2017; Eshonkulov et al., 2019).

Although some previous works demonstrated the importance of air
storage term in net ecosystem exchange and gave general guidance
about EC air storage term measurement (e.g. Aubinet et al., 2012), the
implementation of consistent air storage term measurement and cal-
culation is not ubiquitous at all. In most cases, air storage term is not a
standard data product or even neglected in EC flux tower measure-
ments. In other cases, air storage term is calculated using only the
measurements at the tower top (Nicolini et al., 2018). The gap between
the ideal initiative and actual implementation mainly lies in i) the
limited resources of the measurement system; and ii) the lack of the
guidance about the explicit operational set up, algorithmic calculation,
and release of standard calculation software. These situations imply
that more efforts are needed to i) provide explicit measurement and
calculation guidance as well as easily assessible software for the com-
munity to consistently investigate the EC air storage term; and ii) to
show the importance of storage term data products being similarly
measured and derived across sites. Hence, our goal of this manuscript is
to narrow the gap by deriving and releasing one of the first community
air storage term resources. These resources include:

(i) the standardized storage term measurement setup at National
Ecological Observatory Network (NEON) sites (Section 2.1);
(ii) the development and public release of the eddy4R.stor open-source
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storage term R-package (Sections 2.2-2.3);

(iii) the derivation and public release of NEON storage term data pro-
ducts, measured and calculated consistently across 47 NEON sites
(Section 2.4); and

(iv) exploration the scientific usefulness of these resources through
example use cases (Section 3), specifically exploration of the bias
of the air storage term when different measurement level intensity
used and exploration of the air storage term pattern.

We expect these resources can facilitate the consistent measurement
and calculation of EC air storage term across sites and can better serve
the overall purpose of the eddy-covariance technique to provide more
reliable measurement of NSAE for the community. This can further
benefit the community to do better carbon flux partitioning and to
better understand the global carbon cycle and the ecosystem response
to extreme weather.

2. Air storage term measurements, processing, and data products

First, we introduce the instruments for the vertical profile mea-
surements used in this study, followed by the eddy4R.stor package,
including specific algorithmic implementation details, and finally the
NEON EC storage term data products.

2.1. Measurements

At all NEON sites an Infrared Gas Analyzer (IRGA) (LI-840A; LI-COR
Biosciences, Lincoln, NE) is housed in a climate-controlled instrument
hut. The IRGA reports CO, and H,O concentrations at a frequency of
1Hz, while switching between different vertical tower measurement
levels. At each measurement level, the IRGA measures CO5 and H,O for
about 180s, of which only the last 120s are used for calculation to
avoid the memory effects from the previous level (Andrews et al.,
2014). This 180 s sampling time and 120 s processing per measurement
level were set by the WMO recommendation of 0.1 ppm precision for
CO, (WMO, 2014) and Allan variance test results for LI840A sensor
conducted at NEON Headquarters (Andrew et al., 2014). For mea-
surement time shorter than these, the variance is too high to achieve the
required 0.1 ppm precision. Such a strategy implies that the revisit time
for measuring a given vertical level increases with the total number of
vertical levels. As a result, vertical spatial resolution of the gas con-
centration measurements is traded off against their temporal resolution.
At most NEON sites, given that the measurement time at a single ver-
tical level is about 180s, the period of time for a sensor to switch
through a set of total four to six measurement levels is about
720-1080s. In Section 3.2, as an example scientific application case
using three field sites, we found that all levels, i.e. five or six levels at
three sites, are necessary to estimate storage term accurately and pre-
cisely.

The storage of heat is calculated from the temperature profile
measurements using PRT sensors (R032-00000048, Thermometrics
Cooperation, Northridge, CA), which measure air temperature con-
tinuously at each level at 1 Hz. In Section 2.2, we calculate the EC
storage term using the eddy4R.stor package with vertical profile mea-
surement levels.

2.2. The eddy4R.stor package

The eddy4R.stor package is one of a suite of eddy4R family for EC
data processing, and modularly expands on the work presented in
Metzger et al. (2017): the eddy4R family is built upon a development
and systems operation approach (DevOps), which produces re-
producible, open-source, and extensible software, released and iterated
by the Git version control system. Controlled terminology is used as a
configuration tool for sustainable community collaboration and con-
tinued development. Here, we make the eddy4R.stor package publicly
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Fig. 1. Overview maps of BART, UNDERC, and ABBY tower sites and surrounding areas. Source: https://www.neonscience.org/field-sites/field-sites-map.

Table 1
Basic information of BART, UNDE, and ABBY sites.
Site name BART UNDE ABBY
Tower height [m] 36 39 19
Lat, Lon ['N, °E] 44.06388, —71.28731 46.23388, —89.53725 45.76243, —122.33033
Canopy height [m] 20 23 4

Tower Levels

Ecosystem

Climate classification
Surface heterogeneity
Link to comprehensive site description

6 (3 within canopy)
Deciduous Forest: maple and beech

Warm summer, humid continental climate
relatively homogeneous
https://www.neonscience.org/field-sites/
field-sites-map/BART

6 (3 within canopy)

Both deciduous and evergreen forests,
affected by terrain

Warm summer humid continental climate
relatively heterogeneous
https://www.neonscience.org/field-sites/
field-sites-map/UNDE

5 (2 within canopy)

Conifer forest, Reforested forest, roads,
logging, young forest

Temperate Mediterranean climate
relatively heterogeneous
https://www.neonscience.org/field-sites/
field-sites-map/ABBY

Data coverage 49%

89%

35%

available with the source code housed in a version-controlled repository
(The link will be here when the manuscript published). Previous to this
release, eddy4R.base and eddy4R.qaqc have already been published;
some functions and wrappers in the prior two packages are used in
eddy4R.stor, e.g. reading in data, quality assessment and quality con-
trol. NSAE is produced as a standard NEON data product by combining

the products of the eddy4R.stor package with those from the ed-
dy4R.turb package, which calculates turbulent flux.

2.3. Algorithm theory

Described below is the theory of eddy4R.stor algorithms used to
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Fig. 2. Fingerprint plots of EC storage term of H, LE, and CO, (columns) for BART, UNDE, and ABBY sites (rows). Grey areas are missing data.
process the CO,, H,O mixing ratios, and temperature in the atmo- the ECSE assembly level 1 data product (dp01). The computation for
sphere, as well as the mathematical derivation of the storage term. The NEON EC storage term data products of CO,, H,O, and temperature
first step is to apply de-spiking to all time series signals collected for the then follows the steps of temporal interpolation, calculating time rate of
eddy covariance storage exchange (ECSE) assembly (Brock, 1986; change (level 2 data product, dp02), vertical interpolation (level 3 data
Starkenburg et al., 2016). Then the mean, variance and standard error product, dp03), and vertical integration of EC storage term (level 4 data
of atmospheric temperature, CO, and H,O concentrations are calcu- product, dp04).
lated for the effective measurement time, ~120s. These are stored as The ECSE level 2 data products are defined as the time rate of
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Fig. 3. Comparison of EC storage terms of H, LE and CO, (three rows) calculated with all levels and only top level measurements at BART, UNDE, and ABBY, shown

as three columns.

change of scalars. For this purpose, the mean of temperature, CO,, and
H,0 in ECSE level 1 data products are first linearly interpolated at
1 min resolution. Both the interpolation method and resolved temporal
resolution can be adjusted for different locations and in different ap-
plications. The ECSE level 2 data products are then calculated from the
four-minute time average at the end of a half hour, minus the four-
minute time average at the beginning of the same half hour (Eq. (2)).
For example, assuming that air storage term estimates are to be com-
puted for timestamp 07:30:00, then by convention the 07:30:00 time-
stamp represents the storage term corresponding to observations be-
tween 07:30:00 and 08:00:00. dX, where X stands for each scalar, will

then be computed from the time average of measurements from
07:58:00 to 08:02:00 minus the time average of measurements from
07:28:00 to 07:32:00,

dXx XtZte—Z minand t<te+2min — T Xtth—Z min and t<tp+2min

dr 30 min 2

where t;, is the beginning time of the first minute in the 30 min block,
and t, is the last minute of the 30 min block. In terms of integral
window size, we should avoid that EC storage term estimates be in-
fluenced by single eddies penetrating inside the canopy, and we should
use for the EC storage term computation a period long enough to cap-
ture an adequate number (~10) of these eddies to avoid introducing
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bias to the profiles or single observational points. Finnigan (2006) and
Montagnani et al. (2018) suggested the use of time averaged window
size from 180 to 300s depending on the degree of turbulence devel-
opment and site condition, with the longer integration time for less
turbulent conditions as observed in taller canopies. Given the wide
differences in the turbulent characteristics existing at the NEON eco-
system stations, we choose 240 s as default value with flexibility to be
adjusted for different locations and in applications. The temporal re-
solution of ECSE dp02 is set to be 30 min for combination with EC
turbulent exchange (ECTE) data products.

ECSE dp03 is the vertically resolved time rate of change based on
ECSE dp02. The default interpolation method is trapezium interpola-
tion, and the default vertical resolution is 0.1 m. Both the interpolation
method and vertical resolution can be adjusted for different locations
and different applications. 0.1 m vertical resolution is chosen because
NEON measurement levels are accurate to one decimal place by default.
Coarser than 0.1 m interpolated resolution will blur the position where
the time rate of change is measured. The higher than 0.1 m resolution
can be applied, but the ECSE dp4 storage term will not change even
with higher resolution, since ECSE dp04 is the integral of the linear
interpolated dp03 as shown below.

The ECSE dp04 EC storage term is then integrated from dp03, time
rate of change vertical profiles:

max(DistZaxsLviMeasTow) dX

dr 3

where fluxStor is EC storage term, X is a scalar quantity such as H,O or
CO, mixing ratios, and DistZaxsLvIMeasTow represents profile mea-
surement heights. This EC storage term is part of the NEON NSAE dp04
data products.

Integrated Carbon Observation System (ICOS, Montagnani et al.,
2018) and eddyPro (LI-COR, Inc. Lincoln, USA) use similar algorithm to
determine EC storage term as eddy4R.stor, except for some subtle set-
tings, e.g. different sampling time. Similar algorithms make the EC
storage term data products produced by these algorithms interoperable.
Further comparisons can be done to fully explore the difference be-
tween different algorithm implementations.

SfluxStor (X) = ‘/0‘
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2.4. NEON air storage term data products

The NEON Data Portal (http://data.neonscience.org/home) hosts
all NEON-generated data products. All data products are thoroughly
described in the NEON Data Product catalog (http://data.neonscience.
org/data-product-catalog), and during data download users may choose
to include all relevant documentation for the data product, which may
also be explored separately in the NEON Document Library (http://
data.neonscience.org/documents). For programmatic retrieval of NEON
data, users may utilize the NEON application programming interface
(http://data.neonscience.org/data-api) to directly pull data from the
NEON database.

ECSE data are provided in NEON standard Hierarchical Data Format
Version 5 (HDF5) files. The capability of is reliant upon efficient input
or output of data, data compressibility to reduce compute resource
loads, and the ability to easily package and access metadata. Each ECSE
file comprises Level 1-Level 4 data products generated from the algo-
rithm described in Section 2.3. L1 data products include the profile of
temperature, CO, concentration, H,O concentration at each measure-
ment level and corresponding validation data. ECSE L2 data products
are the time rate of change of temperature, CO, concentration, H,O
concentration at each half hour. ECSE L3 data products are the verti-
cally resolved time rate of change at each half hour based on ECSE
dp02. ECSE L4 is the EC storage term, which is integrated from vertical
profiles of time rate of change (L3). ECSE storage HDF 5 data are ready
at the NEON Data Portal for NEON sites in a near-real-time pipeline, i.e.
data product available within 30 days from data acquisition.

3. Example applications

In the following, we present two example applications to test sci-
entific usefulness of the air storage term resources that we developed
and released above (in Section 2). Specifically, we applied the resources
to explore how large the uncertainty of air storage term is when dif-
ferent level intensity are used (Section 3.2) and to explore EC storage
term pattern (Section 3.3) at three sites (Section 3.1), with code de-
velopment, packaging, release, and operation about the NEON air sto-
rage term presented in this paper.

3.1. Sites

We chose NEON EC sites for this study, because NEON provides
standardized observations and data processing designed specifically for
inter-site comparability and analysis (Metzger et al., 2019). NEON data,
software, and services have now become available at the NEON Data
Portal and github public repository (Metzger et al., 2017). From the
Data Portal, we chose three sites, Bartlett Experimental Forest (BART),
University of Notre Dame Environmental Research Center (UNDE), and
Abby Road (ABBY) as shown in Fig. 1. These three sites cover a variety
of different kinds of forests, different tower heights, different kinds of
homogeneity and different canopy heights. BART is a relatively
homogeneous canopy (within the flux footprint) eastern deciduous
forest dominated by maple and beech. The BART tower (36 m) has 6
levels, and canopy height is about 20 m. UNDE consists of hetero-
geneous mixed forests, wetlands, and lakes in the central US, with a
canopy height of about 23 m. The UNDE tower has 6 measurement
levels along its 39 m height. ABBY is a young, heterogeneous, reforested
coniferous forest in the western US, with a canopy height of 4 m. Its
19 m tower has 5 levels. Basic information about these sites is listed in
Table 1. We used 2017 September and October data, when the eco-
system transitions from greenness to senescence with temporally
varying surface and meteorological forcings. The three sites offer spa-
tial and temporal variability and different magnitudes of energy/carbon
budgets and EC storage terms. To give an overview of the data that we
used in this manuscript, finger-print plots are made for storage H, LE,
and CO, flux over all three sites (Fig. 2).
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Fig. 5. Mean diurnal cycle of storage (stor) and turbulent flux (turb), and net surface-atmosphere exchange (nsae) of H, LE, and CO, (columns) for BART, UNDE, and

ABBY sites (rows).

3.2. Test the uncertainty of air storage term when using different vertical
profile levels

This test is to explore how large the bias of air storage term is when
different measurement level intensity is used and to test how many
vertical profile levels are sufficient to accurately estimate EC storage
term. We first compared a special case of only using tower top con-
centration to the EC storage term calculated with all levels at three
sites, ABBY, BART, and UNDE. We then computed the fitted linear re-
gression, R?, and root mean square deviation (RMSE) between the two
methods. Normalized RMSE is calculated as the RMSE normalized by
the standard deviation of the EC storage term computed with all levels:

N
1
RMSE = \/ I Z (fluxStotrop, ; — fIUXSLOTal1 ever, 1)
1 4

RMSE
\/ % S (UXStOT et tevet, i — FIUDCSTOTai evel 1 ) 5)

normalized RMSE =

where N being the number of data couples fluxStor,y,; and
SIUXStOT 4y feye iy FIUXSOT g1 jever,; eing the ith reference EC storage term
and fluxStory,, ; being the ith reference EC storage term computed with
only top measurement. The overbar represents a time average:

N
JxXStO a1t tevel, i = ZﬂuxStOl’au fevel £
1

1
N (6)

The fitted slope indicates how close the mean of the EC storage term
using only the top-level is compared to the reference EC storage term
using all level observations. The R? indicates how scattering the esti-
mates are compared to the fitted line, that is the precision. The nor-
malized RMSE is an indicator of both accuracy and precision.

We found that with low fitted slope and large normalized RMSE,
using only top level CO, measurements underestimate the air storage
terms in all three sites (Fig. 3). The fitted slopes were close to 1 for H
and LE storage terms at three sites, but still with a bias of —21-1%. The
normalized RMSEs for storage H, LE and CO, were 35%-62%,
63%-85%, and 83%-92%, respectively. That the normalized RMSEs are
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Fig. 6. (a) Scatter plots of H, LE, and CO, EC storage term over friction velocity for BART, UNDE and ABBY sites (columns). Gray line is where zero is. (b) the
probability density function of outliers above the purple line in EC storage term of H at UNDE. Purple line is defined in Section 3.3.1.

close to 100% indicates that EC storage terms estimated using only top
level were not precise. Storage H and LE estimated from only top level
exhibit difference across sites, with values closer to the reference EC

storage term at UNDE than ABBY and BART.

We then computed the normalized RMSE and fitted slope for the
estimated storage term using top level measurements along with ran-
domly chosen one to all levels below the top level (Fig. 4). For all three

storage terms, fitted slopes reach 0.98-1.05 when the top level
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measurements as well as another two randomly chosen levels are used.
For storage CO, term, it is interesting to note that storage term tends to
be underestimated when only top measurements used, which is oppo-
site to the 13-18% overestimation from using top measurements and
another one randomly chosen level. Fig. 4b shows that normalized
RMSE gradually decreases when one level is added each time. At the
three sites, the normalized RMSE is still around 20% even with one
level missing, that is, Top + 4 levels for BART and UNDE, and Top + 3
levels for ABBY. This indicates that in order to measure storage term
accurately and precisely, all levels for the three sites are still necessary.
Normalized RMSE is larger at BART than those at ABBY and UNDE sites,
suggesting that a larger intensity of vertical profile measurements is
more important over a more homogeneous surface.

3.3. Test EC air storage term pattern and significance to net surface-
atmosphere exchange

We used the NEON storage term data products, which is released
along with this paper, to explore the pattern and importance of EC air
storage term to net surface-atmosphere exchange (NSAE) across all
three sites. Mean diurnal cycle and monthly averaged EC storage term
(stor), turbulent flux (turb), and NSAE for H, LE, and CO, flux are
calculated across three sites (Fig. 5). To avoid the effect of the different
data coverage between day and night, monthly averaged fluxes were
aggregated from the mean diurnal cycle. We also explored over what
time averaging scale results in zero air storage term, by carrying out a
spectral analysis using fast Fourier transformation.

3.3.1. When, where, and to what extent does air storage term matter to net
surface-atmosphere exchange?
At these three sites (BART, UNDE, ABBY), air storage term had more
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importance for NSAE of H and CO, fluxes than for LE (Fig. 5). For all
three variables at each site, air storage term peaked in the morning
around 8 am local time (positive peak for H and LE, and negative peak
for CO, flux), which is at the beginning of the development of the
convective boundary layer (CBL). As convective boundary layer de-
velops, the temperature gradient brings hot air near surface as well as
the tracers within the air to the volume between the surface and top
measurements, results in large magnitude of air storage terms. After this
peak, the slope of air storage term and turbulent flux were opposite. For
example, for H, air storage term trended back toward 0W m~? after
9 am, at the same time, the magnitude of turbulent flux became even
larger. We hypothesize that this peak occurred because there was a time
delay between the onset of radiative heating and the development of
convective boundary layer (CBL) caused by the large temperature
gradients. The column between the ground surface and the tower top is
more sensitive to the flux changing, especially with the canopy top as a
virtual lid, making the EC storage term respond to the surface flux more
quickly than turbulent flux.

In all, the storage term in air was relevant at three forest sites,
especially below the canopy height. The canopy top can act as a virtual
“lid” trapping the surface flux in the form of the storage term in air for a
while, and preventing the surface flux from being registered as turbu-
lent flux within the averaging time. This process is likely why the sto-
rage term in air peaked between 8 and 9 am and around 4 pm, as the
time between onset of radiative heating/cooling and the full develop-
ment of stronger CBL/initiation of stable boundary layer, and when the
turbulent flux and the storage term in air partially exchange into each
other. EC storage term is also related to friction velocity, u* (Fig. 6). EC
storage term was usually large when u* was small, typically during
stable conditions when turbulence was insufficient to connect above-
and below-canopy air spaces (Aubinet et al., 2000; Janssens et al.,
2001; Suyker et al., 2005; Zhao et al., 2006). But there were outliers,
e.g. above the purple line (y > 48-30x) in the subplot of storage H at
UNDE, when high EC storage term associated with high u* measured at

10

tower top above the canopy. The probability density function of these
outliers in Fig. 6b shows that large EC storage term occurred over
8:00-12:00, from the beginning to the full development of the CBL. This
is likely because of the decoupling of air flow above and within plant
canopies. Furthermore, this indicates potential limitations of univariate
data filtering approaches such as u* thresholding.

Fig. 7 shows box plots for EC storage term of hourly and daily
sensible heat (H), latent heat (LE), and CO, flux at three sites (BART,
UNDE and ABBY). The magnitude of hourly storage H was as large
as + 30Wm ™2 for H and LE, and + 10 umol m ™2 s~ for CO, flux. The
range of daily EC storage term had a smaller magnitude, but still
comparable to monthly NSAE. Although the monthly mean of EC sto-
rage term was near zero, hourly and daily EC storage terms had large
variation at all three forest sites. The magnitude of EC storage term was
usually larger at BART than other two sites probably for two reasons. 1)
The EC storage term comprised a larger part of NSAE at the homo-
geneous sites at hourly temporal scale, as discussed in the above
paragraph. 2) The magnitudes of CO,, LE, and H air storage terms were
larger at this mature deciduous forest site compared to the mixed forest
site UNDE and the shorter tower young conifer forest site, ABBY.

To understand the relative importance of air storage term, we bin all
observations across sites for two conditions according to the contribu-
tion of air storage term to NSAE: 1) air storage term contributed more
than 20% magnitude to NSAE; and 2) air storage term contributed less
than 20% magnitude to NSAE at hourly and daily time scales for the
three sites (Fig. 8). Twenty percent was chosen as it is about the amount
of energy budget non-closure. Very small NSAE values with small air
storage term, e.g. 1W m~ 2 air storage term can be 1000% of 0.1 W m~?
NSAE. The ratio in this case can create the impression of large air
storage term contributions that however are disproportional to their net
contribution e.g. to a daily aggregate. However, very small NSAE with
large air storage term, e.g. 5W m™~? air storage term with 0.1 W m™~?
NSAE indicates that air storage term and turbulent flux exchange to
each other, this is when air storage term is very important. In order to
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consider these two situations, occurrences for which both NSAE and
storage magnitude was below 2W m~? for H and LE, and
0.06 umol m 2 s~ ! for CO, flux were filtered out. The larger the slope
of the line is, the more occurrences in which air storage term con-
tributes >20% magnitude to NSAE. At the hourly timescale, in
49%-73% of all occurrences air storage term contributed >20% to
NSAE, compared to 10%-37% at the daily timescale. This indicates that
air storage term was typically important at all three forest sites at
hourly to daily scales, and in particular at the hourly timescale.

3.3.2. When does air storage term average to zero?

Fig. 9 shows that spectral plots of air storage term of sensible heat
(H), latent heat (LE), and CO, flux for a) BART, b) UNDE, and c¢) ABBY
sites. The spectral energy of EC storage terms consistently peaked at one
day temporal scale, indicating that the pattern of EC storage terms
throughout the day should not be neglected. For storage H, the energy
is 0 at two days frequency, meaning that there is no energy or variance
for time average of storage H over 2 days. That is, EC storage term of H
average to zero over the course of two days at three sites. Latent heat EC
storage terms at all three sites peaked again at the synoptic scale, as-
sociated with rainfall events. BART and UNDE had rainfall events with
at least 1 mm/hour in consecutive 2-7 days, while ABBY had rainfall
events with one hour at least 1 mm/hour in consecutive 24 days (data
source: https://www.neonscience.org/field-sites). At the heterogeneous
UNDE site the energy of storage CO, flux spanned from three hours to
several days. This is possibly the result of foregoing the homogeneity
assumption (Section 1) and corresponding flux modulation resulting
from spatial variations in the surface CO, flux field in combination with
terrain effects. In all, EC storage term of H average to zero over the
course of two days at three sites, EC storage term of CO, average to zero
over two days at BART and ABBY, but over one week at UNDE. EC
storage term of LE average to zero over the course of one week at BART
and UNDE, and over >20 days at ABBY due to the effect of rainfall
events.

4. Summary and conclusions

In this paper, we derive and publish the NEON standardized air
storage term measurement setup, eddy-covariance (EC) storage ex-
change software eddy4R.stor, and EC storage term data product format.
The software eddy4.stor package is developed and released through the
NEON DevOps model, which ensures portable, reproducible and ex-
tensible software. ECSE storage data products, which consistently
measured and calculated across 47 NEON sites, are ready at the NEON
Data Portal in a near-real-time pipeline, i.e. data product available
within 30 days from data acquisition.

The usefulness and capability of these resources were demonstrated
with three field sites example, BART, ABBY, and UNDE. We first used
the three field sites to test how many levels are necessary for ascer-
taining air storage term. We found that using only top level measure-
ments resulted in a bias of —21-1% for storage H and LE at the three
sites. For CO, storage term, using only the top measurements under-
estimated the storage term by 36%-55%, which is opposite with the
13-18% overestimation when two levels were used. Further, missing a
single level can result in a 20% normalized RMSE for all three storage
terms at three sites, reflecting that all levels are necessary to measure
storage terms accurately and precisely. Intensity of vertical profile
measurements is found to be more important over the more homo-
geneous field site. The second test shows that the storage term had
strong diurnal cycles: peaking at early mornings (8:00-10:00), after-
noons around 16:00, and during intermittent turbulence periods. At
forest sites, we noticed evidence that turbulent fluxes were decoupled
with the canopy top, which acts as a lid above the surface where the
majority of ecological functioning occurs. These findings suggest that
air storage term cannot be neglected at diurnal or daily timescale or
over tall canopies.
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Future work will focus on a comprehensive comparison of the al-
gorithm implementation in this study with previously published EC
storage term algorithms, such as eddyPro (LI-COR, Inc. Lincoln, USA)
and Integrated Carbon Observation System (ICOS, Montagnani et al.,
2018). Future work is needed to explore the possibility of relaxing the
steady-state assumption inherent to EC, which can promise more reli-
able, observation-based insight on the diurnal patterns of energy, water,
and carbon fluxes. This can be further progressed by exploring the
impact of different possible algorithmic choices across software on EC
storage term, including the special case of u* filtering. Such progress
would profit our understanding of carbon flux partitioning, ecosystem
function and modeling, and energy balance.

We derive and release one of the first community resources to
consistently investigate the EC storage term in air and thus improve the
overall reliability of flux measurements. After consistent and standar-
dized measuring and processing across NEON 47 sites, EC storage term
data products as well as the algorithm package, eddy4R, are derived
and released to the public through the NEON Data Portal and Github
open-source repository. Resources and results presented in this study
highlight the significance of storage term for the community and should
promote consistent usage of EC storage term as a key component of
high-level EC data products in the climate and carbon cycle research.
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