
1 
 

A simplified system to quantify storage of carbon dioxide, water vapor and heat within a 1 

maize canopy 2 

Taqi Raza1*, Bruce B Hicks1,2, Joel N. Oetting1 and Neal S Eash1 3 

 4 

1Department of Biosystems Engineering and Soil Science, The University of Tennessee, Knoxville 5 

USA 6 

2MetCorps, Norris, USA 7 

 8 

*Corresponding author: Taqi Raza; taqiraza85@gmail.com, traza@vols.utk.edu 9 

Department of Biosystems Engineering and Soil Science, The University of Tennessee, Knoxville 10 

USA 11 

 12 

Highlights  13 

1. A unique multiport system simplifies measuring CO2 and water vapor gradients in a plant 14 

canopy.  15 

2. The system eliminates the effects of sensor calibration differences. 16 

3. Field tests illustrate the ruggedness of the design, suitable for remote and demanding 17 

circumstances. 18 

4. Addition of temperature sensors permits application to surface heat storage and energy 19 

balance applications.  20 

 21 

Abstract  22 

The canopy storage of CO2, latent heat, and sensible heat within agricultural crops has not yet 23 

been fully examined, particularly on small farms situated in complex terrain. Reported canopy 24 

storage terms are consistently smaller than those found in forest ecosystems, such that they 25 

are often neglected. Our multiport profile system has been developed to examine these storage 26 

terms. The system sequentially samples air from four heights to a single non-dispersive Infrared 27 

Gas Analyzer (IRGA). Following laboratory testing, the system has been field proven in an east 28 

Tennessee maize crop in 2023. The new system enables quantifications of CO2, latent and 29 
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sensible heat atmospheric storage terms and, with supporting temperature measurements, 30 

allows improved examination of the surface heat energy budget and the net air-surface 31 

exchange of CO2. It offers a valuable tool for a better understanding of gas-energy fluxes on 32 

small farms on topographically varied landscapes.   33 

 34 

Keywords: Multi-port system, vertical canopy profile, storage terms (CO2 and heat), energy 35 

balance, maize, carbon sequestration  36 

 37 

1 Introduction 38 

In the last few decades, significant work has attempted to improve our understanding of 39 

gaseous exchanges between soils, plants, and the atmosphere. These improvements have been 40 

incorporated in land-surface models and numerically-based weather predictions as well as in 41 

assessment of atmospheric fluxes of carbon dioxide (Lamas Galdo et al., 2021), water vapor 42 

(Wang et al., 2023), and heat over vegetated landscapes (e.g., Hoeltgebaum and Nelson, 2023).  43 

Observations of the surface heat budget over forests have shown that the balance 44 

expressed by the familiar relationship: 45 

 Rn - G = H + LE                                         (1) 46 

Here, Rn is net radiation, G is soil heat flux, H is sensible heat flux and LE is latent heat flux (q.v. 47 

Wilson et al., 2002). Measurements of the turbulent fluxes of H and LE are usually by the eddy 48 

covariance (EC) methodology (Nicolini et al., 2018), which is also used to measure the flux of 49 

carbon dioxide — FCO2. In practice, Rn is measured using well-accepted sensors and ground heat 50 

flux plates are installed in the soil to determine G. Routine EC measurements are now made at 51 

more than 1000 locations globally (c.v. Fluxnet; Pastorello et al., 2020).  52 

An important factor emerging from many experimental studies using eddy covariance is 53 

that storage terms contribute substantially to energy closure of vegetated areas and to the 54 

quantification of evapotranspiration (McCaughy and Saxton, 1988; Hoeltgebaum and Nelson, 55 

2023). In concept, errors in the surface heat balance can be attributed to many additional 56 
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factors, including omission of the heat used in photosynthesis and the storage of heat in plant 57 

biomass, in the air below the height of micrometeorological flux measurement and in the soil 58 

layer below or above or both the depth of G measurement. If the site is not flat, horizontal and 59 

homogeneous for a considerable distance upwind, then gravity flows, and advection must be 60 

expected to play a role. Investigation of these various contributing factors requires 61 

measurement of the relevant variables as they change with space and with time; especially 62 

challenging due to temporal (particularly diurnal) changes in air temperature and humidity 63 

(Varmaghani et al., 2016) as well as in concentrations of carbon dioxide (herein represented by 64 

[CO2]).  65 

There are several other possible reasons for energy closure errors in EC 66 

experimentation, such as loss of low- or high-frequency flux components, non-optimal 67 

coordinate rotation, and the use of inappropriate averaging times (Massman and Lee, 2002; 68 

Meyers and Hollinger, 2004; Oetting et al., 2024).  Finnigan (2006) reported that the 69 

atmospheric heat storage term is underestimated when the average sampling time is large. 70 

Neglecting canopy storage terms in studies of Net Ecosystem Exchange (NEE) can also cause 71 

substantial errors (Raza et al., 2023). Fewer than 30% of known experimental locations apply a 72 

profile measurement system to calculate the temporal variations in storage terms (Papale, 73 

2006). Many studies report that energy balance closure is an unsolved problem for a variety of 74 

vegetation types: the sum of sensible and latent heat flux is found to be 10-30% lower than the 75 

available energy (Wilson et al.,2002; Twine et al.,2000; Leuning et al. 2012; Russell et al. 2015; 76 

Raza et al., 2023).  77 

In the case of agricultural cropping systems, atmospheric storage terms are usually 78 

considered to be small and are often ignored (Nicolini et al., 2018; Raza et al., 2024). 79 

Assessments of storage terms within agricultural ecosystems are few and differ from those well 80 

documented by researchers in the case of forest ecosystems studies (Mayocchi and Bristow, 81 

1995; Wilson et al., 2002; Hicks et al., 2020). Most results of heat storage in forest 82 

environments focus on the atmospheric component of the total heat storage. 83 
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This paper focusses on the need for detailed measurements of water vapor and carbon 84 

dioxide profiles and concentrations in the atmospheric surface roughness layer, as arose in the 85 

decade-long sequence of field studies conducted by the University of Tennessee in Lesotho, 86 

Zimbabwe, Ohio and Tennessee (see Eash et al., 2013; O’Dell et al., 2014, 2015; Hicks et al., 87 

2021, 2022). The surface roughness layer is that layer of air in contact with the surface below 88 

the height at which familiar micrometeorological flux/gradient relationships apply. These 89 

studies have concentrated on aspects of the surface energy balance and crop carbon dioxide 90 

exchange in areas different from conventional agricultural-meteorology experiments, namely in 91 

areas of complex terrain and small plots common in farming communities in Africa and much of 92 

eastern North America. These experiments have increasingly indicated the importance of 93 

detailed temperature and concentration measurements in the surface roughness layer.  94 

A central requirement has been the need to describe water vapor and CO2 95 

concentrations in more detail than conventional micrometeorology normally provides. To this 96 

end, the present paper describes an experimental procedure that builds upon air-sampling 97 

systems of the past but is streamlined to provide the requisite measurements with the desired 98 

time and space detail, in areas often distant from immediate technical support. Some 99 

illustrations of its field utility are provided, using observations from a study of a maize canopy in 100 

eastern Tennessee in 2023. 101 

2. Apparatus design and operation 102 

The measurement system described here is an outgrowth of experience with eight preceding 103 

field studies, conducted at locations in Lesotho, Zimbabwe, Tennessee, and Ohio (Eash et al., 104 

2013; O’Dell et al., 2014, 2015; Hicks et al., 2021, 2022). These demonstrated the need for a 105 

reliable yet technically simple system to measure gas concentrations within and above a 106 

growing crop. To satisfy the basic requirements for time continuity and reliability of the data 107 

record, a new multi-port sampling system was developed.  108 

To avoid consequences of individual sensor offsets when gradients are computed, the 109 

new system is designed to use a single detection system, in this case an infrared CO2/H2O gas 110 
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analyzer (IRGA; LI-COR-850, Lincoln, NE). Figure 1 presents a schematic description of the 111 

apparatus. The system is designed to maintain continuous airflow through all intake tubes, to 112 

cycle through all heights of measurement in one minute (7.5 seconds for each height) and to 113 

minimize the switching time between samplings.  114 

 115 

Fig. 1. Details of the multi-port sampling system: (a) schematic diagram of the manifold for 116 

profile sampling of CO2 and H2O, (b) a photograph of the analyzer, pump, and manifold 117 

system, (c) the data logger for data collection. 118 

The system uses two small pumps [Model TD-3LSA, Brailsford & CO., Inc. Antrium. NH, 119 

USA], one pump (the purge pump) draws in air at a constant rate through all intake tubes to 120 

minimize hygroscopic interactions along the tube walls. Another pump (the sampling pump) 121 

pushes the drawn air to the IRGA. The sampling pump is mounted close to the IRGA so that air 122 

smoothly enters the IRGA at ambient pressure. When sampling the airflow through a specific 123 

tube the flow rate is maintained at 1000 ml min-1. The flow rates through the other three tubes 124 

are then maintained at 700 ml min-1 by flow meters [LZQ-7 flowmeter, 101.3 KPa, Hilitland, 125 

China]. The switching between sampling tubes is controlled by four three-way brass and 126 

stainless-steel solenoid valves [231Y-6, Ronkonkoma, NY, USA]. Each sampling tube is 10.5 m 127 
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long, to ensure samples from each sampling height have the same transit time. The purge pump 128 

manifold and all sampling tubes are constructed of the same kind of urethane [BEV-A-LINE, 129 

Polyethylene material, Cole Parmer, City, State]. Before entering the analyzer, the air is passed 130 

through a 1-µm pore filter [LI-6262, LI-COR, Lincoln NE, USA] to avoid the accumulation of 131 

debris, dirt, particles, etc., that can cause contamination in the analyzer optical cells. The air 132 

outlet of the purge pump and IRGA are open directly to the atmosphere. Digitizing is at 5 Hz 133 

frequency. The data system is arranged to record averages and standard deviations at a pre-134 

arranged periodicity, depending on the research goal but typically 5, 10 or 15 minutes.  135 

The performance of the system for measurement of CO2 and H2O profiles was examined 136 

extensively before its field deployment. The apparatus was first flushed with nitrogen (N2) gas 137 

to create a zero-carbon dioxide environment. Subsequently, a known concentration of CO2 (430 138 

ppm) at ambient pressure was fed through the intake tubes sequentially and system outputs 139 

were measured. This process allowed determination of the time needed to reach stable 140 

measurement readings. 141 

To derive a continuous record of concentrations at each height of interest (in the 142 

preliminary configuration, four of them), switching between heights was set at every 7.5 143 

seconds allowing each of the heights to be sampled twice in every minute. The laboratory tests 144 

showed that after the IRGA received a step change in CO2 concentration, it took approximately 145 

1.8 seconds to achieve a steady output. During the laboratory evaluation period, the recorded 146 

error was less than 0.5% in [CO2] between sampling heights. An accuracy error of less than 1% 147 

is well within the acceptable range for the IRGA now used according to the specifications 148 

provided by the manufacturer and much less than higher errors common in measurements of 149 

this kind (Montagnani et al. 2018)  150 

3. Field evaluation  151 

An ongoing field study of a maize crop in East Tennessee provided an opportunity to test the 152 

new sampling system in experimentally demanding circumstances. The experiment was 153 

conducted at a 23 ha plot of agricultural farmland, near Philadelphia, in Loudon County 154 
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Tennessee (35.673° N, 84.465° W). The site is typical agricultural land used for mainly maize 155 

and soybean production, in slightly rolling terrain that presents a challenge to EC 156 

measurements, with local slope varying from 1% to 5% depending on location. For the present 157 

purpose, it is not necessary to provide details of the experiment or of the analysis resulting 158 

from it. Such detailed examination of the observations will be presented elsewhere.  The mean 159 

annual temperature and precipitation of the site are 13.5 oC and 140 cm respectively. The soil 160 

was classified as an Alcoa Loam (fine, thermic Rhodic Paleudult) according to the USDA-NRCS 161 

(2018). The experiment extended through the entire growth cycle, from which data for six 162 

weeks during the months of May and June 2023 have been extracted for the present illustrative 163 

purpose. Maize planting was on 25 April with Dekalb hybrid 66-06 at a density of approximately 164 

81,000 plants per ha, the illustrations relate to a period of rapid growth of the canopy, from 165 

soon after emergence (in early May) to tasseling (in June). 166 

  In the field test considered here, the system was used to measure at heights of 0.11 m, 167 

0.5h, 1+h, 2+h, where h is maize canopy height (in meters) above the soil surface. Note that one 168 

intake was permanently set at 0.11 m, and the three other heights were adjusted as the maize 169 

grew. Sampling intakes were positioned on a 3.5 m steel mast. Thermocouples at the same 170 

height as gas sample intakes were used to measure temperature gradients; these were 171 

aspirated within a white PVC pipe shield of 1.9 cm diameter (Figure 2a) that also served as a 172 

radiation shield.  173 
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 174 

Fig. 2. (a) Installation components at each height of the new profile system, showing the 175 

aspirated CO2 intake tubes and thermocouples. (b) Deployment in a maize canopy; the two 176 

lowest heights are shown.  177 

 Two tripods and a horizontal bar supported an eddy covariance system (adjusted as the 178 

crop grew to maintain a height about 2 m above the crown) and supporting 179 

micrometeorological measurements — an IRGASON [CO2/H2O] open path gas analyzer system, 180 

[Campbell Scientific, Logan, Utah], a net radiometer [Kipp & Zonen, OTT HydroMet B.V. Delft, 181 

Netherlands], infrared radiometers [IRs-S1-111-SS, Apogee Instruments Inc, City, State, USA], 182 

and type T thermocouples [Omega, City, State, USA]. The entire observation system was visually 183 

inspected every week for signs of leakage, condensation, and contamination. The IRGASON gas 184 

analyzer used for eddy covariance was independent of the IRGA used for concentration 185 

gradient measurements. The availability of the EC system and its supporting measurements 186 

enabled the tests of the new sampling system to extend to investigation of such matters as the 187 

height of origin of thermal eddies, as will be reported later.  188 

3.1. Results — CO2 189 

Within a nocturnal strongly stratified surface roughness layer, previous experiments have 190 

revealed the ubiquity of pooling of CO2 emitted by soil biota and root respiration. Fig. 3 191 
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presents average diurnal cycles of CO2 concentrations measured over the six weeks from 18 192 

May to 29 June at four heights, two within the canopy and two above. Error bounds correspond 193 

to +/- one standard error of the mean.  194 

 195 

    196 

 197 

Fig. 3. Average diurnal cycle of CO2 obtained using the new system described here, for 198 

the six weeks. Symbols correspond to different heights of measurements with error bars 199 

corresponding to +/- one standard error.  200 

The variability of CO2 was found to be higher at nighttime than in daytime. The greatest 201 

variability was recorded within the canopy, at height 1 (0.11 m) and height 2 (0.4 – 1.4 m).  202 

The observations confirm the generally accepted features of nocturnal accumulation of 203 

CO2 effluxes from the soil but with detail sufficient to warrant detailed examination. The close 204 

tracking of the records for the different measurement heights provides confidence in the 205 

performance of the sampling system and indicates that the same causative mechanisms affect 206 

all of the heights similarly. The nighttime results that are plotted support the assumptions 207 
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made elsewhere that changes in the surface impacts the stratified atmosphere above, are 208 

mostly in accord with expectations of CO2 profile linearity (Galmiche and Hunt, 2002; Verma 209 

and Rosenberg, 1976), a result that is supported by close examination of CO2 averages over 210 

shorter nighttime periods. Following 0600 local time (LT), about the average time of sunrise, 211 

the average concentrations of CO2 dropped rapidly as photosynthesis commenced and as 212 

convection started to mix surface air with the overlying atmosphere. At all heights this initial 213 

decrease was followed by a more rapid loss rate until concentrations dropped to about 350 214 

ppm in the afternoon (1200 to 1800 LT), much lower than ambient concentrations thereby 215 

reflecting the efficiency with which the maize crop extracted CO2 from the air. Near sunset, 216 

[CO2] started to increase and continued to build until reaching maximum values immediately 217 

before dawn. Concentrations within the canopy do not differ significantly, although the 0.11 m 218 

height values always exceed those further above the soil surface. In general, [CO2] decreased 219 

with increasing height. All of these observations align well with contemporary views of the 220 

post-sunrise initiation of photosynthesis and its continuation through the following daylight 221 

hours. 222 

The nocturnal accumulation of CO2 observed here is not unusual. In many climatic 223 

regions, nighttime soil temperatures remain high enough to sustain microbial and soil 224 

respiration activities, resulting in CO2 accumulation in the stratified air above the ground. After 225 

the sun rises, increased light availability increases stomatal activity and photosynthesis rates.  226 

3.2. Results — H2O  227 

As in Fig. 3, Fig. 4 shows the average diurnal cycle constructed from 15-minute H2O 228 

concentration observations. At all heights a sharp increase in [H2O] was recorded in the 229 

morning at the same time as the sudden decrease for [CO2] seen in Fig. 3.  230 
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 231 

 232 

Fig. 4. Average diurnal cycle of the vertical profile of water vapor concentration 233 

averaged over six weeks as in Figs. 3. Symbols correspond to different heights of 234 

measurements with error bars corresponding to +/- one standard error. 235 

Subsequently, [H2O] peaked at about 0900 LT and, within the canopy, maintained this 236 

concentration throughout the daylight hours. Above the canopy, average concentration 237 

decreased, and a different concentration constancy was attained. After the period around 238 

sunset had passed, at about 2000 LT, [H2O] started decreasing approximately linearly with time 239 

until sunrise approached. The H2O concentration generally decreased as the measurement 240 

height increased for both day and night because a constant source of water vapor was the soil 241 

surface, with crop evapotranspiration adding H2O in the daytime. Dewfall is expected to be 242 

important, a contribution that can be uniquely addressed using the new sampling system. 243 

Figures 3 and 4 reveal considerably different cycles of CO2 and H2O. At night, Fig. 3 244 

shows a more striking [CO2] gradient than does Fig. 4 for [H2O]. The reason is presumed to be 245 

that CO2 continues to be emitted from the soil at night and accumulates within the stratified 246 

layer of air, whereas there is no parallel process influencing H2O concentrations. In daytime, 247 
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there is little consistent [CO2] gradient information derivable from Fig. 3, but for [H2O] in Fig. 4 248 

there is a clearly visible [H2O] gradient structure. This suggests a slow-down of CO2 exchange in 249 

the afternoons while evaporation continued.  250 

The processes of evaporation from the soil surface and evapotranspiration from leaves are 251 

linked with solar radiation. Overall, the present results highlight changes in the vertical 252 

distribution of water vapor and its temporal variability, indicating near simultaneity of changes 253 

on CO2 and H2O concentrations following dawn (compare Figs. 3 and 4).  254 

3.3. Results — atmospheric storage  255 

Vertical profile data can also be used to explore how various atmospheric storage fluxes 256 

influence the CO2 status and energy budget of the maize crop. In accordance with many 257 

studies of the surface energy budget using EC systems, atmospheric storage terms refer to 258 

depletion or accumulation of scalar quantities (CO2, H2O, etc.) in a hypothetical control volume 259 

beneath the height of turbulent flux measurement by EC. A storage flux is defined as the rate 260 

of change of dry molar concentrations of the same variables within the same control volume. 261 

Both concepts relate most directly to the conditions of “perfect” micrometeorology. In 262 

practice, natural complexities of surroundings and exposures interfere to the extent that 263 

measurements will be site-specific. Moreover, the covariances are statistical quantities, with 264 

well-recognized error margins associated with every quantification of them. During this study, 265 

the storage fluxes of scalar quantities (CO2, water vapor, etc.) were calculated using the ICOS 266 

(Integrated Carbon Observation System) methodology (Montagnani et al., 2018). For the case 267 

of CO2,  268 

                                                       269 

  (2) 270 

 271 

Here, Jc is the storage term of CO2 (for example) within the ith layer over which Δc is measured, 272 

Δzi is the thickness of this layer and Δt is the measurement time step;  𝜌 ̅d is dry air density, and 273 

N is the number of layers (number of measurements points). To calculate the storage terms as 274 
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described by Eq. 2, raw data were averaged into 15-minute periods, yielding the results plotted 275 

in Fig. 5.  276 

 277 

Fig. 5. Diurnal patterns of CO2 atmospheric storage (a), sensible heat storage (b) and 278 

latent heat storage (c) of the maize crop in early stages of growth (see Table 1). The 279 

widths of the traces correspond to +/- one standard error on the means. 280 

CO2 storage (Fig. 5a) exhibited a larger magnitude and more variation at nighttime compared to 281 

daytime, due to the CO2 pooling and the intermittency of incursions from air aloft. 282 

 During the night, photosynthesis did not occur, and CO2 emitted from the soil accumulated in 283 

the overlying stratified atmosphere (Ryan and Law, 2005; Davidson and Janssens, 2006). Soon 284 

after sunrise, the nighttime stratification began to weaken, and photosynthesis commenced. 285 

The trapped CO2 was consumed by photosynthesis and mixed with air above the canopy as 286 

unstable stratification evolved. Minimal CO2 storage during the daytime can be due to the 287 

a 

b 

c 
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instability and strong mixing then prevailing, as well as to the photosynthetic removal of CO2 288 

from the air to which the vegetation was exposed. More efficient exchange between plant and 289 

atmosphere then results in low storage of CO2 in the air space below the uppermost height of 290 

[CO2] measurement. At night, subcanopy ventilation by intermittent gusting results in a large 291 

variation between negative and positive CO2 storage.  292 

Observations such as these are facilitated by the profile sampling system now 293 

advocated. In the future, it is planned to use the new capability to revisit the quality assurance 294 

methodology of EC determinations by comparing atmospheric storage to the statistical 295 

uncertainty of the covariances. In this context, note that Fig. 5b indicates sensible heat 296 

atmospheric storage terms equivalent, on average, to about 2 W m-2 in the late morning, 297 

followed by a downward trend through the afternoon until reaching a minimum a few hours 298 

after sunset. The irregularity seen soon after noon is presently unexplained. Clearly, individual 299 

shorter-term averages could display greater averages and increased scatter, but this remains to 300 

be explored. In comparison, Finkelstein and Sims (2001) derive uncertainties associated with 301 

30-min EC evaluations of the sensible heat covariance in the range 5% to 10% in daytime. 302 

The nocturnal sensible (Fig. 5b) and latent (Fig. 5c) heat energy storage remained low 303 

and slightly negative until sunrise, about 0600 LT. As the air cooled during the night, sensible 304 

heat storage in the air mass remained slightly negative as its temperature decreased. After 305 

sunrise, the air mass warmed and the sensible heat storage rose to a maximum value of about 2 306 

W m-2 between 1200 LT and 1230 LT. Afterwards, the sensible heat storage rate declined, 307 

reaching negative values a few hours before sunset and attaining a minimum value (about -1.5 308 

W m-2) a few hours before midnight. The sensible heat storage subsequently trended to near-309 

zero constancy until being disrupted by sunrise at about 0700 LT. 310 

Latent heat storage (Fig. 5c) fluctuated near zero for most of the daylight hours, after 311 

exhibiting a major positive excursion (> 4 W m-2) during the few hours after sunrise. After about 312 

2100 LT, latent heat storage fluctuations like the variations seen in Fig. 5a occurred until 313 

sunrise, with an average of about -0.5 W m-2. Comparison with Fig. 5a indicates that the post-314 

sunrise increases in latent heat storage coincided with the decrease in CO2 storage.  The 315 
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sensible heat storage appears to have been delayed by a fraction of an hour. Interpretation of 316 

these observations requires consideration of dewfall and its evaporation.  317 

 Table 1 lists some of the plant growth characteristics during the six–weeks considered 318 

here. Also listed are the magnitudes of maximum and minimum storage terms during each of 319 

the sampling periods, shown here to exemplify the ability of the new sampling system to reveal 320 

such extremes. Detailed examination of the plant-atmosphere interaction for the entire 321 

growing season will be presented elsewhere. During the six–week evaluation period, CO2 322 

atmospheric storage increased as the plant grew and as the soil warmed (increasing subsurface 323 

heterotrophic CO2 generation) but not substantially; the highest storage rate was found at the 324 

VT (tasseling) stage and the minimum at the V2 growth stage, five weeks earlier. Similarly, 325 

latent heat storage increased significantly, presumably due to increasing leaf area and 326 

transpiration. Latent and sensible heat storage was found higher in the VT growth stage than in 327 

other growth stages. As the crop grew, different processes became prominent causes of the 328 

storage of energy and CO2. When the maize was in its early growth stage, the canopy was not 329 

fully developed, the soil was cooler, and CO2 storage did not show much change. However, 330 

there were substantial variations in the sensible and latent energy storage terms as the crop 331 

grew (see Table 1). 332 

Height adjustment during the crop growth stage and maximum and minimum storage terms. V1 333 

is the first leaf emergence, Vn is when the nth leaf fully emerged, and VT is the tasseling stage. 334 

Height 1 (H1) was kept constant throughout the experiment while the other three heights (H2, H3, 335 

and H4) changed as the plants grew. Negative and positive signs represent the 2.5th percentile 336 

(minimum) and 97.5th percentile (maximum) quartile values observed during the different 337 

periods.  338 
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4. Conclusions  340 

The field evaluation of the multi-port profile system demonstrated its effectiveness in 341 

measurement of CO2 and H2O concentrations at different heights within the surface roughness 342 

layer. The multiple-height profile system aided substantially to understanding CO2 and H2O 343 

concentration variations and their vertical profiles, thereby facilitating precise assessments of 344 

their exchanges, storage, and overall balance within the growing maize ecosystem. The 345 

observations reveal that different processes became prominent at different growth stages, 346 

which influenced the atmospheric storage of heat energy and gas and the associated fluxes as 347 

the canopy developed. An issue remaining to be addressed is that condensation of water in the 348 

sampling tubes was sometimes observed; this will affect measurement accuracy and steps to 349 

eliminate the problem are presently being reviewed.  350 

The 2023 field experience with the new system indicates that canopy data obtained 351 

from the vertical profile observations offer potential for many applications in future studies 352 

such as evaluation of soil-plant-atmospheric models that rely on the precise estimation of CO2, 353 

heat and water vapor fluxes. Note that the definition of the heat storage used here (as in Eq. 354 

(2)) omits warming of the biomass. This omission accounts for the differences between the 355 

storage terms now computed and those published previously (e.g., Hicks et al., 2022). 356 

The simplicity of the sampling system device contributes to its success — it suffered  few 357 

disruptions during the testing period. This new measurement system will be employed in future 358 

studies of air-surface exchange when moderated by the presence of a crop and especially when 359 

operation in remote locations is required. It requires less power, a single IRGA and has a low 360 

maintenance cost as compared to traditional systems (e.g. EC). These features reduce 361 

operation complexity and maintenance requirement, making it more suited for resource limited 362 

or remote locations, particularly small farms holder.  Measurements made will permit improved 363 

quantification of storage terms — atmospheric, biological, in the soil, and all contributing to a 364 

better understanding of the surface heat energy balance. Sub-canopy measurements will help 365 

track how respiration, evaporation, photosynthesis, etc. vary through the depth of the canopy. 366 

Such studies will also help to evaluate micrometeorological models, such as those describing 367 
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the variation of gases, temperature, and water vapor within a canopy. This new device is now 368 

being used for the assessment of canopy gas emissions, starting with carbon dioxide but  future 369 

studies will  include nitrous oxide. In summary, this new device has the potential to improve our 370 

understanding of soil-plant-atmosphere interactions, particularly within  plant canopies. 371 
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