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2023). In concept, errors in the surface heat balance can be attributed to many additional

factors, including omission of the heat used in photosynthesis and the storage of heat in plant

biomass, in the air below the height of micrometeorological flux measurement and in the soil

layer above the depth of G measurement. If the site in question is not flat, horizontal and

homogeneous for a considerable distance upwind, then gravity flows and advection must be

expected to play a role. Investigation of these various contributing factors requires

measurement of the relevant variables as they change with space and with time; especially

challenging due to temporal (particularly diurnal) changes in air temperature and humidityheat |

(Varmaghani et al., 2016) as well as in concentrations of carbon dioxide (herein represented by

CO,]).
There are several other possible reasons for energy closure errors in EC experimentation, such as+

loss of low- or high-frequency flux components, non-optimal coordinate rotation, and the use of

inappropriate averaging times (Massman and Lee, 2002; Mevyers and Hollinger, 2004; Oetting et
al., 2024). Finnigan (2006) reported that the atmospheric heat storage term is underestimated

when the average sampling time is large. Neglecting canopy storage terms in studies of Net

Ecosystem Exchange (NEE) can also cause substantial errors (Raza et al., 2023). Fewer than 30%

of known experimental locations). applyapply, a profile measurement system to calculate the

temporal variations in storage terms (Papale, 2006). Many studies reportreport that energy

balance closure is an unsolved problem for a variety of vegetation typesithe sum of |

sensiblesensible, and latent_heat flux is found to be 10-30% lower than the available energy

(Wilson et al.,2002; Twine et al.,2000; Leuning et al. 2012; Russell et al. 2015; Raza et al., 2023).

In_the case of agricultural cropping systems, atmospheric storage terms are usually

considered small and are often ignored (Nicolini et al., 2018; Raza et al., 2024). Assessmentsof

storage terms within agricultural ecosystems are few and differ from those well documented by

researchers in the case of forest ecosystems studies (Mayocchi and Bristow, 1995; Wilson et al.,

2002; Hicks et al., 2020).). Most results of heat storage in forest environments focus on the

atmospheric component of the total heat storage,
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CO,/H,0 gas analyzer (IRGA; LI-COR-850, Lincoln, NE).). Figure 1 presents a schematic description

oA e o T A L

of the apparatus. The system is designed to maintain continuous airflow through all intake tubes,

to cycle through all heights of measurement in one minute (7.5 seconds for each height) and to

minimize the switching time between samplings. The system uses two small pumps [Model TD-

3LSA, Brailsford & CO., IncInc, Antrium. NH, USA], one pump (the purge pump) draws in air at a
\

constant rate through all intake tubes to minimize hygroscopic interactions along the tube walls. ‘

Awallsnother anotherpump (the sampling pump) pushes the drawn air to the IRGA. The sampling

pump is mounted close to the IRGA so that air smoothly enters the IRGA at ambient pressure. |

When sampling the airflow through a specific tube the flow rate is maintained at 1000 ml min%,

The flow rates through the other three tubes are then maintained at 700 ml min"*! by flow meters “

[1ZQ-7 flowmeter, 101.3 KPa, Hilitland, China]. The switching between sampling tubestubes is “\\

controlled by four three-way brass and stainless- steel solenoid valves [231Y-6, Ronkonkoma, NY, |

USAL.,

Sampling Tubes Thermocouples
(sm

Anabper |

CAMPBELL
SCIENTIFIC

Data logger

Purging
pump

Voltage.
regulators

Solar charge Solid state

Solenoid
valves controller relays

Blade fuse

Fig. 1. Details of the multi-port sampling system: (a) schematic diagram of the manifold for«
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Each sampling tube is same length (10.5 m), to ensure samples from each_sampling « 7
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An ongoing field study of a maize crop in East Tennessee provided an opportunity to test the <«

new sampling system in experimentally demanding circumstances. The experiment was at a 23

ha plot of agricultural farmland, near Philadelphia, in Loudon County Tennessee (35.673° N,

84.465° W). The site is typical of agricultural land used for mainly maize and soybean

production, in slightly rolling terrain that presents a challenge to EC measurements, with local

slope varying from 1% to 5% depending on location. For the present purpose, it is not necessary

to provide details of the experiment or of the analysis resulting from it. Such detailed

examination of the observations will be presented elsewhere. However, the maize variety was

“Dekalb 66-06". The mean annual temperature and precipitation of the site are 13.5 °C and 140

cm respectively. The soil was classified as an Alcoa Loam (fine, thermic Rhodic Paleudult)

according to the USDA-NRCS (2018). The experiment extended through the entire growth cycle,

from which data for six weeks during the months of May and June 2023 have been extracted

for the present illustrative purpose. Maize planting was on 25 April., so that the illustrations to

follow relate to a period of rapid growth of the canopy, from soon after emergence (in early

May) to tasseling (in June).

In the field test considered here, the system was used to measureFourheights of 0.11 m, }

intake was permanently set at 0.11 m, and the three other heights were adjusted as the maize

grew. Sampling intakes were positionedpositioned on a 3.5 m feef, steel mast.,Thermocouples at

the same height as gas sample intakes were used to measure temperature gradients; these

andwere aspirated withinwithin a white PVC pipe shield of 1.9 cm diameter (Figure 2a) that also

served as a radiation shield. |

The experimental program hosting this field test utilized a tripod tower to support an

eddy covariance system (adjusted as the crop grew to maintain a height about 2 m above the

crown) and supporting micrometeorological measurements — an IRGASON [CO,/H,0] open path

gas analyzer system, [Campbell Scientific, Logan, Utah], a net radiometer [Kipp & Zonen, OTT

HydroMet B.V. Delft, Netherlands], infrared radiometers [IRs-S1-111-SS, Apogee Instruments Inc,

City, State, USA], and type T thermocouples [Omega, City, State, USA], The entire observing

{ Formatted: Left }

Deleted: In the application considered here, the system
was used to measure at four heights within and above a
maize canopy.

'| Philadelphia, in Loudon County Tennessee (35.6729° N,

Deleted: 1
The study area is twenty-three hectares of agricultural
farmland cultivated with a maize cropping system near

84.4651° W). The maize variety was “Dekalb 66-06”. The
mean annual temperature and precipitation of the site are
13.5°C and 54 in respectively. The elevation and slope of

the site are 280 m and 2 — 5% respectively. The soil was
classified as an Alcoa Loam (fine, thermic Rhodic Paleudult)
according to the USDA-NRCS (2018). Sunrise and sunset
varied at the site from 0643 LT to 0621 local time (LT) and[T

Deleted: Field measurement setupf|

Deleted: Following laboratory testing, the system

Deleted: was planted on 25 April and the

Deleted: deployed in a

Deleted: field instrumentation was installed one week

Deleted: study conducted at

Deleted: Four

Deleted: Loudon, Tennessee, in 2023. In this study four

| Deleted: intake sampling tubes were positioned at

Deleted: (m)

| Deleted: and

Deleted: three of these heights were adjusted as the cro

Deleted: height

Deleted: m

Deleted: . Tubes

Deleted: mounted

Deleted: 15 feet

Deleted: 10 m

Deleted: at the respective positions.

Deleted:

Deleted: and

Deleted: within and above the canopy CO, intake tubes

Deleted: through 12 volts fan in

Deleted: 3). There were four replicates of each sampling

Deleted: 1

Deleted: was used

Moved (insertion) [3]




276
277
278
279

280

281

282

283
284
285

286

287

288
289
290
291
292

Deleted: system ...as visually inspected every week for [—j

[ Deleted: . ]

[ Deleted: Figure 3ab Aspiration ]

[ Formatted [_j

systemThe was visually inspected every week for signs of Jeakage, condensation, and [ Moved up [4]: Experimental site 4 }

contamination. The IRGASON gas analyzer used for eddy covariance was independent of the IRGA % ze:e:e::j ” . [ﬂJ

used for concentration gradient measurements. The availability of the EC system and its { D:I:t:d; R:s':‘t’;’;:d":::::::n;s R }

supporting measurements enabled the tests of the new sampling system to extend to [ Deleted: The field study was conducted in Loudon Coum

investigation of such matters as the height of origin of thermal eddies, as will be reported later. % Ee:e:e:: Ezl:u:ﬁo" of storage termsf| [—%

i eleted: iel

[ Deleted: studies of the surface energy budget using EC [—j

[ Deleted: ]

‘  [ Deleted: In practice, natural complexities of surroundinﬂ

| { Deleted: must }

I [ Deleted: interfere to the ]

{ Deleted: an ]

[ Deleted: extent that measurements will be necessarily }

{ Deleted: be ]

[ Deleted: site-specific. ]

f“ [ Deleted: ]

[ Deleted: Moreover, the covariances are }

[ Deleted: that are central in related deliberations are [—j

[ Deleted: statistical quantities, with well-recognized err[Tj

“ { Deleted: J

[ Deleted: During this study, the storage fluxes of scalar [—j

{ Deleted: (Integrated-Carbon-Observations-System) J

T [ Deleted: methodology (Montagnani et al., 2018). For tﬁ

. ) ) . ) . ‘w | { Deleted: ) which are summarized below. }

Fig. 2, (a) Installation components at each heightheight of the new profile system, showing | f { Deleted: 1 [—j

the aspirated CO; intake tubes and thermocouples. (b) Deployment in a maize canopy; the [ Deleted: < }

two lowest heights are shown. { Deleted: p [—j

B [ Deleted: the quantity ]

[ Deleted: CO, within the i, layer over which Ac is [—j

3.1. theare,the minimumResults — CO, [ Deleted: . ]

\( Deleted: 1 [_j

Within a nocturnal strongly stratified roughness layer, previous experiments have revealed the [ Deleted: Results and discussion ]

ubiquity of pooling of CO, emitted by soil biota and root respiration.permitting Fig. 3 presents [ Deleted: Section Break (Continuous)w[j

average diurnal cycles of CO2 concentrations measured over the six weeks from 18 May to 29 L:::::dwnhm e anoey ]
June at four heights, twowithin the canopy and twotwo above. Error bounds correspond to +/- | Deleted: From May 2023 through July 2023 and during

P...evious experiments have revealed the

— the presence

of the

maize canopy and the

development of a strongly

-stable atmospheric surface layer permitting

one standard error of the mean. The variability of CO, was found to be higher at nighttime than Deleted:
| { Deleted:
{Deleted:
8 [ Deleted:
[ Deleted:
[ Deleted:
[Deleted:
(
(
(
(
(

~—

jEEa NSNS




588
589

590
591
592
593
594
595
596
597

598

599

in daytime. The greatest variability was recorded within the canopy, at height 1 (0.11 m) and

height 2 (0.4 —1.4 m).

The observations confirm the generally accepted features of nocturnal accumulation of <«

CO2 effluxes from the soil but with detail sufficient to warrant detailed examination. The close

tracking of the records for the different measurement heights provides confidence in the

performance of the sampling system and indicates that the same causative mechanisms affect

all of the heights similarly. The nighttime results that are plotted

belowexceeded,increasingwithinparalleledsupport the assumptions made elsewhere that

changes in the surface stratified atmosphere are mostly in accord with expectations of CO,CO,

profile linearity (Galmiche and Hunt, 2002; Verma and Rosenberg, 1976), a result that is

supported by close examination of CO, averages over shorter nighttime periods.

_L' -

[ Formatted: Left

Deleted: During the night, the surface atmosphere
stabilized, and wind speeds decreased allowing CO, emitted
from the soil to accumulate. Hicks et al. (2021) also stated
that during stable nighttime conditions, the [CO,] increases
at the surface. The concentrations of CO, observed below

Deleted: low in

Deleted: the canopy exceeded

Deleted: exceed

Deleted: those elsewhere.

Deleted: , confirming that the soil is indeed the source of
the CO; accumulating.

Deleted: Moreover, note that the increasing

Deleted: rates of growth of

Deleted: concentrations within

Deleted: the pool closely paralleled

Deleted: parallel

Deleted: each other, providing

Deleted: for

Deleted: about

Deleted: the

Formatted: Subscript

Deleted: within the pools.

(
{
{
|
{
{
[
{ Deleted: withing
[
[
[
{
(
[
[
[
{

Formatted: Justified

)
)
J
|
J
J
)
)
)
)
)
J
)
J
)
)
}




1622

1623

11624

Carbon dioxide concentration (ppm)

aboutaveragedroppedstartedatmosphereppmefficiencytoConcentrations withinAfterrates

Deleted: 1

Deleted: dawn (as indicated in Fig. 7)

Deleted: the average time of sunrise, the average

Deleted: accumulated

Deleted: concentrations of CO, dropped

4504

Carbon dioxide concentration (ppm)

Sampling_Height
# [0.11 m]
® [0.4-1.4m]
A [1.7-3m]
m [3.1-4.4m]

3504

Hour of day (UTC-4)

500+ W
400
Sampling_Height
¥ [0.41m]
® [0.4-1.4m]
A [1.7-3m]
[3.1-4.4 m]
350+

0 2 4 6 8 10 12 14 16 18 20 22
Hour of day (UTC-4)

24

10

Deleted: drop

Deleted: rapidly as convection started

Deleted: starts

Deleted: to mix surface air with the overlying atmosphere

o JC U

Deleted: that aloft

Deleted: and as photosynthesis commenced. At all heiglf

Deleted: commences. Concentrations decrease to abou

Deleted: was followed by a more rapid loss rate until

jﬂjig

Deleted: decline and reached a relatively constant level

Deleted: in the afternoon (1200 to 1800 LT), much lower

)

Deleted: ). The 350 ppm is 70 ppm less

Deleted: than

Deleted: current

Deleted: ambient

:l\_/;/;/;/

Deleted: CO, due to photosynthetic demand.

Deleted: concentrations thereby reflecting the efficiency

Deleted: increased again,

(N

Deleted: with which the maize crop extracted CO; from [—j

Deleted: a more pronounced

Deleted: increase and continued to build until reaching

1

Deleted: during late night. Soil respiration,

Deleted: the canopy do not differ significantly, although[—j

Deleted: . Moreover, in

Deleted: many climatic regions

Deleted: like our experimental site

:l;/;/;/

Deleted: , nighttime soil temperatures remain high enou

Deleted: As

Deleted: the sun rises, increased light availability increa

Deleted: , leading to

Deleted: higher photosynthesis rates

Deleted: rate and greater carbon sequestration

[
[
[
[
[
[
[
(
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
{
[
[
[
[
[
[
[
[
[

\_/;/\_/;/j,;/

Deleted: . q

600 -

5504

500

450

Carbon dioxide concentration (pmol mol”')

400

3504

Deleted:




1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785

1786

1787

1788

1789

1790

1791

1792
1793
1794
1795
1796
1797
1798

1799

1‘800
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The processes of evaporation from the soil surface and evapotranspiration from leaves are

linked with solar radiation. Overall, the present results highlight changes in the vertical

distribution of water vapor and its temporal variability, indicating near simultaneity of changes

on CO, and H,0 concentrations following dawn (compare Figs. 3 and 4). gradient,

Results — atmospheric storage
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ig. 5. CO, storage (Fig. 5a) exhibited a larger magnitude and more variation at nighttime

compared to daytime, due to the CO, pooling and the intermittency of incursions from air
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208 2.5 percentile (minimum) and 97.5'" percentile (maximum) quartile values observed during the

209  different periods,

| storage used here (as in Eq. (2)) omits warming of the
| biomass. This omission accounts for the differences

|| between the storage terms now computed and those
/| published previously (e.g., Hicks et al., 2020).9

||

Table a Measurement height | Growth | Latent heat Sensible heat
(m) stage Storage storage
Date Hy ‘ ™ ‘ Hs ‘ Ha W m? W m?
May 15-May 21 0.11 0.43 0.60 2.00 V2-V3 -15.19t0 6.13 -5.67 to +2.59
May 22-May 28 0.11 043 0.60 2.00 V3-v4 -19.45t0 +8.16  -5.67 to +3.21
May 29-June 4 0.11 043 1.72 3.07 V5-V6 -19.72to +8.95 -11.65to +3.74
June 5-June 11 0.11 0.75 210 3.12 Ve6-V7 -19.72t0 +9.01  -45.65 to +4.07
June12-june18 0.11 095 250 3.36 V7-V8 -22.72t0+9.36  -45.65to +3.68
June 19-June25 0.11 1.27 3.00 4.36 VT -22.73t0+9.38 -15.33to +4.84
210
211
212
Table b Measurement height Growth | CO, Storage Average Temperature
(m) stage precipitation
Date Hi ‘ Ha ‘ Hs ‘ Ha pumol m? s mm °c
May 15-May 21 0.11 0.43 0.60 2.00 V2-V3 -7.12to +2.78 0.00 14.90 to 25.74
May 22-May 28 0.11 043 0.60 2.00 V3-v4 -7.12to +2.87 0.031 14.59 to 26.63
May 29-June 4 0.11 043 172 3.07 V5-V6 -9.54to +2.59 0.007 14.17 to 28.12
June 5-June 11 0.11 0.75 210 3.12 V6-V7 -9.67to+2.33 0.165 12.87 t0 29.70
June12-June18 0.11 0.95 250 3.36 V7-v8 -9.68to +2.36  0.081 13.41 t0 29.12
June 19-June 25 0.11 1.27 3.00 4.36 VT -6.23to +2.57 0.00 19.22 to0 26.46
213
214 4. Conclusions

215 The field evaluation of the multijs-port profile system demonstrated its effectiveness in |
216  measurement of CO; and H,0 concentrations at different heights within the surface roughness

217  layer, wereThe multiple-height profile system aided substantially toto understanding CO; and

218  H,O concentration variations and theirtheir, vertical profilesprofiles, thereby facilitating precise
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