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Abstract. Vapour pressure deficit (VPD) has gained recognition as a physiologically superior micro-

climate control variable in controlled-environment agriculture, yet no quantitative VPD characterisa-

tion exists for emersed cultivation of variegated Anubias barteri var. nana 'Pinto'. This study charac-

terises the VPD microclimate of an ebb-and-flow cyber-physical incubator equipped with an 

MLX90614 infrared radiometric sensor, two calibrated DHT22 humidity sensors, a DS18B20 nutrient 

solution sensor, and an ESP32-S3 microcontroller. A 5.36-hour passive commissioning session yielded 

1,884 valid data rows at a 10-second logging interval. The mean baseline 𝑉𝑃𝐷𝑟𝑎𝑑  was 0.703 ± 0.022 

kPa, falling within the upper portion of the reference envelope inferred from available literature on 

emersed Anubias acclimatisation. Indoor relative humidity was identified as the dominant VPD driver 

(r = −0.695, R² = 0.483), while air temperature showed negligible association (r = −0.008), supporting 

mist actuation as the appropriate primary control strategy. The MLX90614 recorded a consistent radi-

ometric offset of ΔT_rad = −1.61 ± 0.10 °C relative to indoor air temperature, reflecting the composite 

FOV average of cooler evaporative surfaces; the resulting 𝑉𝑃𝐷𝑟𝑎𝑑  was 0.327 kPa (32%) lower than 

the air-temperature-only estimate, demonstrating that the choice of surface temperature reference has 

a material effect on the computed VPD. A persistent ambient VPD gradient of +0.540 kPa was docu-

mented throughout the session, quantifying the continuous moisture gradient from the incubator inte-

rior to the ambient environment. These results establish a quantitative VPD baseline for emersed Anu-

bias cultivation, define the construct validity boundaries of the sensor suite, and provide the empirical 

foundation for a companion closed-loop Fuzzy-PI VPD controller. 

Keywords: Anubias Barteri; Controlled-Environment Agriculture; Emersed Cultivation; Infrared Ra-

diometric Temperature; Vapour Pressure Deficit. 

 

1. Introduction 

Controlled-environment agriculture (CEA) has emerged as a critical strategy for decou-
pling crop production from climatic variability, enabling year-round cultivation under pre-
cisely managed microclimate conditions (Chen et al., 2025; Shamshiri et al., 2018). Among 
the environmental parameters governing plant growth, vapour pressure deficit (VPD), de-
fined as the difference between the saturation vapour pressure at a reference surface and the 
actual vapour pressure of the surrounding air, has gained recognition as a physiologically su-
perior control variable compared to relative humidity (RH) alone. Unlike RH, VPD integrates 
both temperature and humidity into a single metric that directly quantifies the evaporative 
demand placed on plant tissue (López et al., 2021). Inoue et al. demonstrated that maintaining 
stable, low-VPD conditions in lettuce significantly improved stomatal conductance and pho-
tosynthetic rates compared to high-VPD and fluctuating-VPD environments, highlighting the 
direct link between VPD dynamics and crop performance in CEA settings (Inoue et al., 2021).  

Despite this growing body of knowledge for temperate food crops, the application of 
VPD-based microclimate characterisation to high-value tropical ornamental aquatic plants 
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cultivated under emersed conditions remains largely unexplored. Aquatic macrophytes in the 
family Araceae are physiologically capable of transitioning between submersed and emersed 
life forms, a flexibility mediated by abscisic acid (ABA) signalling and associated with distinct 
morphological and stomatal adaptations (Wanke, 2011). In the emersed state, these plants are 
directly exposed to atmospheric VPD, making their transpiration dynamics fundamentally 
different from their submerged counterparts and potentially sensitive to microclimate condi-
tions in ways not yet characterised. 

Anubias barteri var. nana 'Pinto' is a variegated cultivar of considerable commercial value 
in the ornamental aquatics industry, distinguished by sectors of partially achlorophyllous 
white leaf tissue. As a member of the Araceae, Anubias species are globally traded ornamental 
aquatic plants whose cultivation increasingly favours the emersed form for accelerated growth 
rates and propagation efficiency (Luo et al., 2025). The white tissue sectors of 'Pinto' present 
a biological vulnerability absent in fully chlorophyllous cultivars: lacking the photosynthetic 
capacity to drive active metabolic recovery, these sectors are hypothesised to be dispropor-
tionately susceptible to transpiration-driven calcium deficiency when stomatal conductance is 
suppressed by excessive VPD, a mechanism analogous to tipburn necrosis in lettuce under 
transpiration-limiting conditions of high humidity and inadequate air movement (Frantz et 
al., 2004). This hypothesis remains untested in Anubias 'Pinto' and constitutes a primary bio-
logical motivation for establishing quantitative VPD control in emersed cultivation systems. 
The present study therefore addresses an engineering prerequisite: establishing a quantitative 
microclimate baseline and validating the sensor suite before biological experiments can be 
meaningfully designed. 

The ebb-and-flow subirrigation method has been established as an effective irrigation 
strategy for containerised plant production, offering advantages in water use efficiency, root 
zone control, and minimisation of foliar wetting compared to overhead irrigation methods 
(Jani et al., 2021; Wang et al., 2022). Applied to emersed ornamental aquatic plant cultivation, 
ebb-and-flow systems enable periodic flooding of the root zone while maintaining a well-
defined aerial microclimate, a configuration well-suited to integrating closed-loop VPD con-
trol through mist and ventilation actuators. Hydroponic and subirrigation systems increas-
ingly incorporate Internet-of-Things (IoT) sensor networks and cyber-physical control archi-
tectures to enable autonomous environmental regulation (Ayaz et al., 2019; Zamora-
Izquierdo et al., 2019), and nutrient solution management in such systems is an active area of 
optimisation (Fathidarehnijeh et al., 2023). To our knowledge, published cyber-physical im-
plementations for emersed ornamental aquatic plant cultivation with VPD as the primary 
controlled variable have not been reported in the literature. 

A fundamental prerequisite for designing any closed-loop VPD control system is the 
availability of a reliable, characterised sensor suite and a quantitative baseline characterisation 
of the plant-environment microclimate under passive conditions. Low-cost capacitive humid-
ity sensors such as the DHT22 have been validated for greenhouse humidity monitoring ap-
plications with acceptable accuracy (Wardani et al., 2023), while infrared radiometric sensors 
such as the MLX90614 offer a non-contact proxy for surface temperature. Their field-of-view 
integration characteristic means that in a mixed-surface environment of leaf, water, substrate, 
and chamber floor, the measured radiometric temperature (T_rad) represents a composite 
signal rather than a true single-leaf temperature (González Rivero et al., 2023). This construct 
validity constraint has significant implications for the interpretation of VPD computed from 
T_rad and must be explicitly addressed in any system claiming leaf-level VPD measurement. 
Prior work from this laboratory on cyber-physical environmental control systems (Harahap, 
Drantantiyas, et al., 2025; Harahap, Khoirunisa, et al., 2025) provides methodological context 
for the embedded sensing and control architecture adopted in the present study. 

This study characterises the baseline VPD microclimate of an ebb-and-flow cyber-phys-
ical incubator designed for emersed Anubias barteri var. nana 'Pinto' cultivation and estab-
lishes the valid operating boundaries of the heterogeneous sensor suite, specifically the 
MLX90614 infrared radiometric sensor and DHT22 capacitive humidity sensors, used to 
measure and regulate it. A 5.36-hour passive commissioning session is reported, covering 
VPD baseline characterisation, dominant driver analysis, ambient-to-indoor VPD gradient 
quantification, and an explicit construct-validity assessment of the radiometric temperature 
proxy. 

The main contributions of this study are as follows. To our knowledge, this work pre-
sents the first quantitative VPD baseline for an emersed Anubias cultivation incubator 
(VPD_rad = 0.703 ± 0.022 kPa, 5.36-hour passive session), providing a reference for future 
VPD-controlled cultivation studies in this species group. Indoor relative humidity is estab-
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lished as the primary VPD driver (r = −0.695) over air temperature (r = −0.008), directly 
informing actuator selection for subsequent closed-loop design. A construct-validity analysis 
of T_rad from the MLX90614 in a mixed-surface incubator FOV is provided, with a con-
sistent offset of ΔT_rad = −1.61 ± 0.10 °C relative to ambient air temperature, establishing 
explicit validity boundaries for interpreting VPD_rad as a relative indicator rather than an 
absolute leaf-surface measurement. An ambient VPD gradient characterisation (VPD_amb = 
1.243 kPa; ΔVPD = +0.54 kPa) quantifies the persistent moisture difference between the 
incubator interior and the laboratory environment, a disturbance input relevant to feed-for-
ward control design in companion work. 

2. Materials and Method 

Incubator System Design 
The experimental platform is a single-rack ebb-and-flow cyber-physical incubator pur-

pose-built for emersed ornamental aquatic plant cultivation at an air-conditioned indoor la-
boratory. The physical structure consists of a transparent polycarbonate growth rack contain-
ing a subirrigation tray that is periodically flooded with nutrient solution via a submersible 
pump relay, then allowed to drain by gravity, a configuration that maintains root-zone mois-
ture while exposing the aerial canopy to a controlled atmospheric microclimate (Jani et al., 
2021; Wang et al., 2022). The test specimens were Anubias barteri var. nana 'Pinto' plants 
cultivated on the growth substrate within the rack under the emersed condition, with leaves 
fully exposed to the incubator air volume. The physical arrangement of sensors, actuators, 
and fluid circulation components is illustrated in Figure 1. 

 
Figure 1. Schematic diagram of the ebb-and-flow incubator. (a) Rear view (b) Front view (c) Side view: rack 

dimensions (width 35 cm, shelf height 35 cm, total height 150 cm). 

Sensor Suite and Calibration 
The sensor suite integrates four measurement modalities targeting the variables required 

for VPD computation: surface radiometric temperature, ambient air temperature and humid-
ity inside and outside the chamber, and nutrient solution temperature. Table 1 summarises 
the sensor specifications, calibration status, and firmware interface assignments. 

Table 1. Sensor suite specifications. 

Sensor Measured Parameter Interface 
Nominal Accuracy Calibration Ap-

plied 

MLX90614 
𝑇𝑟𝑎𝑑  (radiometric sur-

face temperature) 

I2C, address 
0x5A 

±0.5 °C (object, black-
body condition) 

None, raw radio-
metric value 

DHT22 (in-
door) 

𝑇𝑖𝑛𝑑𝑜𝑜𝑟 , 𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟  
Single-wire, 
GPIO 16 

±0.5 °C / ±2–5% RH Linear correction: y 
= a + bx 

DHT22 (out-
door) 

𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 , 𝑅𝐻𝑜𝑢𝑡𝑑𝑜𝑜𝑟  
Single-wire, 
GPIO 17 

±0.5 °C / ±2–5% RH Linear correction: y 
= a + bx 

DS18B20 
𝑇𝑤𝑎𝑡𝑒𝑟  (nutrient solu-

tion) 
1-Wire, GPIO 4 

±0.5 °C Linear correction: y 
= a + bx 

 
The MLX90614 infrared radiometric thermometer (Melexis, Belgium) measures the ap-

parent radiometric temperature of all surfaces within its 90° half-angle field of view (FOV) 
via a thermopile detector responding to long-wave infrared emission (8–14 µm). In the incu-
bator geometry, the sensor was positioned above the plant canopy at an approximate height 
of 8 cm above the uppermost leaf surface, yielding an estimated FOV footprint of approxi-
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mately 201 cm² at canopy level such that its FOV encompassed leaf surfaces, wet growth 
substrate, and portions of the ebb-and-flow tray floor. The MLX90614 was operated without 
empirical calibration against a reference in this study. While the manufacturer specifies an 
object temperature accuracy of ±0.5 °C under standardised blackbody conditions, this speci-
fication does not account for the emissivity heterogeneity of the mixed-surface FOV. A cali-
bration against a contact thermocouple on representative leaf tissue is recommended before 
making absolute leaf-surface temperature claims and is deferred to future work. In the present 
characterisation, T_rad is therefore treated as a relative radiometric proxy, and VPD_rad de-
rived from it is interpreted as a relative VPD indicator rather than a calibrated leaf-surface 
VPD. 

The DS18B20 one-wire digital thermistor (Maxim Integrated, USA) was submerged in 
the nutrient solution reservoir to monitor water temperature, which contributes to the radio-
metric average received by the MLX90614 during flood cycles. Both DHT22 capacitive hu-
midity and temperature sensors (AOSONG Electronics, China) are low-cost sensors previ-
ously validated for greenhouse humidity monitoring applications (Wardani et al., 2023); the 
indoor unit was positioned within the incubator air volume at canopy height, and the outdoor 
unit was positioned in the ambient laboratory environment to characterise the external VPD 
boundary condition. 

All sensors except the MLX90614 were calibrated against reference instruments prior to 
data collection using simultaneous side-by-side comparison over a range of naturally occur-
ring temperature and humidity conditions. Correction functions were fitted as first-order lin-
ear equations of the form y = a + bx, where x is the raw sensor output and y is the calibrated 
value. The resulting coefficients are listed in Table 2. 

Table 2. Sensor calibration coefficients (y = a + bx). 

Sensor Parameter Offset a Slope b 𝑅2 

DHT22 indoor Temperature (°C) −0.076 1.002 0.99997 

DHT22 indoor Relative humidity (%) −2.601 0.876 0.99999 

DHT22 outdoor Temperature (°C) −0.046 1.001 0.99118 

DHT22 outdoor Relative humidity (%) +4.418 0.824 0.98246 

DS18B20 Temperature (°C) −0.249 1.010 0.99843 

MLX90614 — Not calibrated Not cali-
brated 

Not cali-
brated 

 
Input signals from the DHT22 sensors were smoothed using a moving-average filter 

prior to VPD computation: a window of N = 5 samples for the indoor unit and N = 3 samples 
for the outdoor unit, implemented in firmware as a circular buffer with NaN-exclusion. The 
DS18B20 was read in non-blocking mode with a 12-bit conversion resolution (conversion 
time ≤ 750 ms) and was not smoothed, as one-wire digital thermistors exhibit an inherently 
lower noise floor than capacitive sensors. Sensor health monitoring was implemented in firm-
ware: consecutive NaN readings from either DHT22 unit reaching a threshold of five cycles 
triggered a warning message prepended with '#' in the serial log, preserving the integrity of 
the CSV data stream. 
VPD Computation 

Two VPD quantities were computed in this study, reflecting the two physically distinct 
reference conditions available from the sensor suite. Both are based on the Tetens approxi-
mation for saturation vapour pressure: 
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𝑒𝑠(𝑇) = 0.6108 𝑒(17.27𝑇/(𝑇+237.3))[kPa]                (1) 

 
where T is temperature in degrees Celsius. This formulation is the standard Magnus-type 
equation widely used in agricultural meteorology and plant physiology (Inoue et al., 2021; 
López et al., 2021). 

The primary computed quantity, designated VPD_rad, uses the radiometric temperature 
T_rad from the MLX90614 as a proxy for the surface temperature of the plant canopy, and 
the indoor air vapour pressure from the calibrated DHT22 indoor sensor as the ambient 
reference: 

 

𝑉𝑃𝐷𝑟𝑎𝑑 = 𝑒𝑠(𝑇𝑟𝑎𝑑) − 𝑒𝑠(𝑇𝑖𝑛𝑑𝑜𝑜𝑟) ∙ (𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟/100)[kPa]                           (2) 

 

This formulation is a modified leaf-level VPD equation in which 𝑇𝑟𝑎𝑑 replaces 𝑇𝑙𝑒𝑎𝑓. As 

noted in Section 2.2, 𝑇𝑟𝑎𝑑 is a composite radiometric average across the sensor FOV and 

not a single-leaf measurement, which introduces a systematic offset between 𝑉𝑃𝐷𝑟𝑎𝑑 and a 

true leaf-surface VPD. The consistent 𝛥𝑇𝑟𝑎𝑑 offset (𝑇𝑟𝑎𝑑 − 𝑇𝑖𝑛𝑑𝑜𝑜𝑟) observed in the com-
missioning data reflects this composite character and is analysed in Section 3.3. 

 
The ambient VPD, designated VPD_amb, characterises the external boundary condition 

and is computed from the calibrated outdoor DHT22 readings: 
 

𝑉𝑃𝐷𝑎𝑚𝑏 = 𝑒𝑠(𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟) ∙ (1 − 𝑅𝐻𝑜𝑢𝑡𝑑𝑜𝑜𝑟/100)[kPa]                                 (3) 

 

𝑉𝑃𝐷𝑎𝑚𝑏 does not involve a surface temperature term because it represents the moisture 
deficit of the free atmospheric air outside the incubator rather than a plant-atmosphere gra-
dient. The difference 𝛥𝑉𝑃𝐷 = 𝑉𝑃𝐷𝑎𝑚𝑏 − 𝑉𝑃𝐷𝑟𝑎𝑑  is reported alongside the primary 
VPD_rad characterisation to quantify the persistent moisture gradient between the incubator 
interior and the ambient laboratory environment. 

All VPD computations were performed in real-time on the ESP32-S3 microcontroller 
at each 10-second logging cycle, with results written directly to the serial data stream in CSV 
format. 
Data Logging and Acquisition 

Data were logged at a fixed interval of 10 seconds throughout the commissioning ses-
sion. At each logging cycle, the firmware assembled a single CSV row containing 18 columns: 
Timestamp (DD/MM/YYYY HH:MM:SS from the DS3231 RTC), T_indoor, RH_indoor, 
T_rad, ΔT_rad, T_outdoor, RH_outdoor, T_water, VPD_rad, VPD_amb, dVPD/dt (first-
order finite difference of VPD_rad), Fan_%, Mist_%, Mode, Pump, Lamp, Zone, and 
t_since_pump_s (elapsed time in seconds since the last pump relay event). Rows beginning 
with '#' are comment lines (warnings, status messages, header re-emissions) and are excluded 
from numerical analysis. 

The serial data stream was captured at 115,200 baud via USB using a PC terminal, then 
exported to a CSV file for offline processing. Post-collection, data were imported into Python 
(version 3.12) using the pandas library (version 2.2) for statistical analysis and visualisation. 
Rows containing NaN values in T_indoor or RH_indoor were excluded from statistical com-
putations but retained in the full dataset with explicit NaN notation, consistent with data 
integrity practices for sensor characterisation studies (González Rivero et al., 2023). 
Commissioning Experimental Protocol 

The commissioning session was conducted in an air-conditioned indoor laboratory at 
ITERA. The session ran from 10:31 to 15:52 local time (UTC+7), totalling 5 hours and 21 
minutes (5.36 hours). The 5.36-hour window was selected to capture a complete midday ther-
mal cycle under stable air-conditioning, consistent with the commissioning objective of char-
acterising passive equilibrium dynamics prior to closed-loop deployment. Logging com-
menced immediately upon firmware initialisation following hardware bring-up; sensor read-
ings were available from the first logging cycle without a dedicated preflight hold. 

The session was designed as a passive characterisation protocol. The fan actuator was 
operated at 100% duty cycle throughout to provide consistent forced convection and prevent 
boundary-layer stagnation at sensor and leaf surfaces. The mist actuator was held at 0% duty 
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cycle. The LED grow lamp SSR was ON continuously to maintain photosynthetically active 
radiation consistent with normal cultivation conditions. The ebb-and-flow pump relay was 
maintained in the OFF state throughout the session to eliminate irrigation-cycle disturbances 
from the thermal and humidity baseline; the column t_since_pump_s confirmed that no 
pump event occurred during the 5.36-hour session. This configuration represents the passive 
dynamic equilibrium of the incubator under forced ventilation and constitutes the baseline 
against which future actuated VPD control performance will be benchmarked. The ambient 

laboratory environment (𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟, 𝑅𝐻𝑜𝑢𝑡𝑑𝑜𝑜𝑟) was monitored simultaneously via the out-
door DHT22 to characterise the external boundary condition throughout the session. 
Statistical Analysis 

All statistical analyses were performed in Python using NumPy (version 1.26) and pandas 
(version 2.2). Descriptive statistics (mean, standard deviation, minimum, maximum) were 
computed for all logged variables over the full valid session duration after exclusion of NaN 

rows. Pearson correlation coefficients between 𝑉𝑃𝐷𝑟𝑎𝑑 and five candidate predictor varia-
bles were computed to identify the dominant sources of VPD variability under passive con-
ditions. Given the high temporal autocorrelation inherent in 10-second interval data, the cor-
relation coefficients and R² values are reported as descriptive measures of association rather 
than as inferential statistics; significance testing is noted where applicable but is not used to 
rank driver importance. Time-series trends were examined by computing 30-minute interval 
means to characterise intra-session variation in VPD_rad across the 5.36-hour session. The 
𝛥𝑇𝑟𝑎𝑑 offset was characterised statistically to quantify the systematic radiometric bias of the 
MLX90614 in the mixed-surface FOV configuration. 

3. Results and Discussion 

Baseline VPD Characterisation 
The commissioning session yielded 1,902 total logged rows over 5.36 hours. Of these, 

18 rows contained NaN values in 𝑇𝑖𝑛𝑑𝑜𝑜𝑟 and 𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟 following a mid-session microcon-
troller reset at approximately 13:05 local time. These 18 rows follow a mid-session microcon-
troller reset detected at approximately 13:05 local time and reflect DHT22 warm-up latency 
after the reset rather than primary sensor failure. The remaining 1,884 rows (99.05%) consti-
tute the valid analytical dataset, spanning the full session from 10:31 to 15:52 local time at a 
10-second logging interval. 

The mean baseline VPD_rad over the valid session was 0.703 ± 0.022 kPa (mean ± SD), 
with a minimum of 0.557 kPa and a maximum of 0.764 kPa. The total range of 0.207 kPa 
across 5.36 hours reflects a microclimate that remained relatively stable without active humid-
ity control, sustained by continuous forced ventilation at fan 100% duty cycle. Air tempera-

ture was notably stable throughout (𝑇𝑖𝑛𝑑𝑜𝑜𝑟 = 27.18 ± 0.11 °C), while indoor relative humid-
ity showed moderate variation (𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟 = 71.4 ± 0.74%), with the majority of VPD fluc-
tuation attributable to humidity dynamics rather than thermal variation, as shown by the cor-
relation analysis in Section 3.2. 

The intra-session evolution of VPD_rad, summarised in 30-minute intervals in Table 3, 
shows a rise from 0.697 kPa in the first interval (10:30) to a peak of 0.728 kPa around 12:00–

12:30, driven by a simultaneous decline in indoor RH from 72.2% to 70.3%. 𝑉𝑃𝐷𝑟𝑎𝑑 then 
declined gradually through the afternoon to around 0.683–0.690 kPa by 15:00, coinciding 

with a partial RH recovery to 71.7–71.8% and a slight drop in 𝑇𝑖𝑛𝑑𝑜𝑜𝑟 from 27.40 °C to 
27.09 °C. The elevated SD in the 13:00 interval (±0.022 kPa versus ±0.012–0.014 kPa in 
adjacent intervals) reflects the gap in valid data caused by the mid-session reset, which pro-
duced a step discontinuity in the time series rather than a genuine VPD excursion. The overall 
pattern, a morning rise and an afternoon gradual decline, is consistent with the thermal and 
humidity dynamics of an air-conditioned indoor laboratory subject to building-level thermal 
load variation over the course of the day. The full intra-session time series is shown in Figure 
2. 

Table 3. Intra-session variation of 𝑽𝑷𝑫𝒓𝒂𝒅 and key environmental parameters in 30-

minute intervals. 

Time 
interval 

 

n  

 

(rows) 

𝑽𝑷𝑫𝒓𝒂𝒅 
mean  

(kPa) 

𝑽𝑷𝑫𝒓𝒂𝒅  

SD 

(kPa) 

𝑹𝑯𝒊𝒏𝒅𝒐𝒐𝒓 
mean  

(%) 

𝑻𝒊𝒏𝒅𝒐𝒐𝒓 
mean  

(°C) 

𝑻𝒓𝒂𝒅  

mean  

(°C) 

𝑽𝑷𝑫𝒂𝒎𝒃 
mean  

(kPa) 

10:30 178 0.697 0.014 72.2 27.40 25.84 1.214 
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11:00 180 0.718 0.012 71.4 27.30 25.73 1.242 

11:30 180 0.724 0.014 70.9 27.24 25.62 1.254 

12:00 180 0.728 0.013 70.5 27.18 25.51 1.259 

12:30 180 0.728 0.012 70.3 27.15 25.46 1.268 

13:00 160 0.701 0.022 71.0 27.14 25.44 1.264 

13:30 180 0.691 0.015 71.6 27.11 25.49 1.246 

14:00 180 0.683 0.012 72.0 27.12 25.53 1.226 

14:30 180 0.686 0.012 71.9 27.14 25.53 1.233 

15:00 180 0.688 0.012 71.7 27.13 25.50 1.238 

15:30 106 0.690 0.012 71.8 27.09 25.49 1.228 

 

 
Figure 2. Intra-session variation of 𝑽𝑷𝑫𝒓𝒂𝒅 and 𝑹𝑯𝒊𝒏𝒅𝒐𝒐𝒓 under passive forced-

ventilation conditions; the shaded band indicates the reference VPD envelope inferred from 

(Rittirat et al., 2021). 

VPD Drivers: Humidity Dominance over Temperature 

 Pearson correlation coefficients between VPD_rad and five candidate predictor varia-
bles were computed over the 1,884 valid data rows. The results are presented in Table 4. 

Indoor relative humidity was the dominant predictor, with r = −0.695 and R² = 0.483, 
meaning RH variation alone accounts for approximately 48% of the observed 𝑉𝑃𝐷𝑟𝑎𝑑 var-

iance under these passive conditions. Air temperature (𝑇𝑖𝑛𝑑𝑜𝑜𝑟) showed no meaningful asso-

ciation with 𝑉𝑃𝐷𝑟𝑎𝑑 (r = −0.008), consistent with the exceptional thermal stability of the 
session (σ = 0.11 °C): across a 0.11 °C standard deviation in temperature, the corresponding 
change in es(T) is approximately 0.008 kPa, which is below the effective noise floor of the 
RH contribution. Under these conditions, VPD dynamics are humidity-governed rather than 
temperature-governed. 

The radiometric temperature T_rad showed a weak positive association (r = +0.114, R² 
= 0.013). This is physically consistent: minor variations in the thermal state of the FOV com-

posite cause small changes in es(𝑇𝑟𝑎𝑑), which propagate into 𝑉𝑃𝐷𝑟𝑎𝑑 independently of RH. 

The 𝛥𝑇𝑟𝑎𝑑 term (r = +0.179) reflects the same physical interaction in difference form. The 
ambient VPD showed a modest positive association (r = +0.208, R² = 0.043), indicating that 
outdoor dryness variations do modestly propagate inward, though the low R² confirms that 
the enclosure provides substantial buffering from ambient fluctuations under forced ventila-
tion. 

Given the high temporal autocorrelation inherent in 10-second interval time-series data, 
the reported r and R² values are treated as descriptive measures of association. The effective 
degrees of freedom are substantially lower than n = 1,884, so the nominal p-values should 
not be used to rank driver importance; the magnitudes of r and R² serve that purpose. 

Table 4. Pearson correlation coefficients between 𝑽𝑷𝑫𝒓𝒂𝒅 and candidate predictor variables 

Variable r R² Note 
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𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟  -0.695 0.483 Primary driver : humidity governs VPD un-
der stable temperature 

𝑇𝑖𝑛𝑑𝑜𝑜𝑟  -0.008 0.000 Negligible : thermal variation (σ = 0.11 °C) 
too small to drive VPD 

𝑇𝑟𝑎𝑑  +0.114 0.013 Weak positive : minor FOV composite ther-
mal variation 

𝛥𝑇𝑟𝑎𝑑 +0.179 0.032 Modest : Reflects FOV composite thermal 
interaction with VPD computation 

 
The dominance of RH over temperature as a VPD driver has a direct implication for 

closed-loop control design: the mist actuator, which directly raises indoor RH, is the appro-
priate primary actuator for VPD reduction. The fan actuator primarily influences boundary-
layer air exchange rather than bulk temperature and is expected to have a secondary, condi-
tion-dependent effect on VPD. This inference from passive commissioning data will be ex-
amined against system identification results in companion work. VPD-based humidity control 
via mist actuation has been demonstrated in analogous CEA applications, including lettuce 
cultivation where RH-driven VPD fluctuations were the primary target of closed-loop inter-
vention (Inoue et al., 2021), supporting the applicability of this driver structure to humidity-
first control architectures more broadly. 
Radiometric Temperature: Construct Validity Analysis 

The MLX90614 recorded T_rad values consistently below T_indoor throughout the ses-

sion, with a mean offset 𝛥𝑇𝑟𝑎𝑑 = 𝑇𝑟𝑎𝑑 − 𝑇𝑖𝑛𝑑𝑜𝑜𝑟= −1.61 ± 0.10 °C (range: −2.20 to −1.38 
°C). The low standard deviation of this offset over 5.36 hours indicates it is a systematic 
property of the measurement configuration rather than a transient physiological or environ-
mental artefact. 

The physical basis of this offset lies in the FOV geometry. The MLX90614 thermopile 
integrates thermal emission from all surfaces within its 90° half-angle FOV, which in the 
incubator encompasses Anubias leaf surfaces, wet growth substrate between petioles, and 
portions of the ebb-and-flow tray floor. All of these surfaces are wet or in evaporative contact 

with moisture and are therefore cooler than the surrounding air. The observed 𝛥𝑇𝑟𝑎𝑑 ≈ 
−1.61 °C represents this composite radiometric average. It includes both genuine surface 
temperature depression due to evaporative cooling and any systematic sensor-level offset; 
these two components cannot be separated without a concurrent thermocouple measurement 
on representative leaf tissue, and this separation is deferred to future work. The intra-session 
variation of both temperatures and the persistent offset between them are shown in Figure 3. 
The choice of surface temperature reference has a material and quantifiable effect on the 

computed VPD, with a controller setpoint based on 𝑉𝑃𝐷𝑟𝑎𝑑 targeting a systematically lower 
moisture deficit than one based on 𝑉𝑃𝐷𝐷𝐻𝑇 by 0.327 kPa at the observed operating condi-
tions. 

This distinction has a quantitative consequence for VPD computation. Using (𝑇𝑖𝑛𝑑𝑜𝑜𝑟) 

as the surface reference instead of (𝑇𝑟𝑎𝑑), the RH-only formulation (𝑉𝑃𝐷𝐷𝐻𝑇) that is appli-

cable when no IR sensor is available, results in (𝑉𝑃𝐷𝐷𝐻𝑇 = 1.031 ± 0.027) kPa, compared 

to (𝑉𝑃𝐷𝑟𝑎𝑑 = 0.703 ± 0.022) kPa. This represents a difference of (0.327) kPa, or approxi-

mately 32% of (𝑉𝑃𝐷𝐷𝐻𝑇).  
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Figure 3. Intra-session variation of 𝑻𝒓𝒂𝒅 (MLX90614) and 𝑻𝒊𝒏𝒅𝒐𝒐𝒓 (DHT22 indoor), showing a 

consistent negative offset of ΔT_rad = −1.61 ± 0.10 °C throughout the session. 

Ambient VPD Gradient 

The mean ambient VPD (VPD_amb) computed from the outdoor DHT22 was 1.243 ± 
0.025 kPa throughout the session, ranging from 1.160 to 1.294 kPa. This is 1.77 times the 
mean indoor VPD_rad (0.703 kPa), reflecting considerably drier air in the ambient laboratory 
environment relative to the incubator interior. 

The difference (ΔVPD = 𝑉𝑃𝐷𝑎𝑚𝑏 − 𝑉𝑃𝐷𝑟𝑎𝑑) was positive throughout the entire ses-
sion, with a mean of +0.540 kPa (SD 0.029 kPa), a minimum of +0.455 kPa, and a maximum 

of +0.695 kPa. At no point during the 5.36-hour session did (Δ𝑉𝑃𝐷) approach zero. This 
persistent positive gradient indicates that the incubator continuously loses moisture to the 
ambient environment even under forced ventilation with mist inactive. The magnitude of this 

gradient, which is comparable to the indoor (𝑉𝑃𝐷𝑟𝑎𝑑) itself, implies that sustained active mist 
intervention will be necessary to maintain any target indoor VPD below ambient over ex-
tended operation. 

The weak coupling between VPD_amb and VPD_rad (r = +0.208, R² = 0.043) shows 
that ambient dryness variations propagate inward only partially, consistent with the polycar-
bonate enclosure and the wet substrate and tray surfaces providing meaningful buffering from 
outdoor fluctuations. 

From a control engineering standpoint, the magnitude and persistence of ΔVPD quan-
tify the steady-state disturbance load that a closed-loop VPD controller must continuously 
reject, providing the empirical basis for including VPD_amb as a feed-forward input in the 
companion controller design. 

 

 
Figure 4. Intra-session variation of indoor 𝑽𝑷𝑫𝒓𝒂𝒅 and ambient 𝑽𝑷𝑫𝒂𝒎𝒃, 10:31–15:52 

local time. The shaded area represents 𝜟𝑽𝑷𝑫 = 𝑽𝑷𝑫𝒂𝒎𝒃 − 𝑽𝑷𝑫𝒓𝒂𝒅, which remained 

persistently positive throughout the session (mean +0.540 kPa, minimum +0.455 kPa). 

Data Quality and Sensor Reliability 
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Of the 1,902 total logged rows, 18 rows (0.95%) contained NaN values in 𝑇𝑖𝑛𝑑𝑜𝑜𝑟 , 

𝑅𝐻𝑖𝑛𝑑𝑜𝑜𝑟, and the derived 𝑉𝑃𝐷𝑟𝑎𝑑. As described in Section 2.5, these rows follow a mid-
session microcontroller reset detected at approximately 13:05 local time and reflect DHT22 
warm-up latency after the reset rather than primary sensor failure. The firmware logged NaN 
values explicitly rather than propagating last-known readings, preserving data stream integrity. 
These 18 rows were excluded from all statistical analyses, yielding a valid dataset of 1,884 
rows (99.05%). 

The MLX90614 produced no indication of a frozen-value condition, defined as an ex-

tended sequence of identical readings, throughout the 5.36-hour session. 𝑇𝑟𝑎𝑑showed grad-
ual thermal variation consistent with the changing thermal state of the FOV composite sur-
faces, rather than the artificial flatness that would indicate I2C bus failure or sensor lock-up. 
The DS18B20 nutrient solution sensor produced stable readings throughout, consistent with 
the high thermal mass of the solution reservoir. No consecutive-failure warnings were gener-
ated by the DHT22 health monitoring beyond the post-reset warm-up period. 

4. Conclusions 

A 5.36-hour passive commissioning characterisation of an ebb-and-flow cyber-physical 
incubator for emersed Anubias barteri var. nana 'Pinto' cultivation yielded 1,884 valid data 
rows at a 10-second logging interval. The mean baseline VPD_rad was 0.703 ± 0.022 kPa 
with a total intra-session range of 0.207 kPa, placing it within the upper portion of the VPD 
range reported for emersed Anubias acclimatisation in the closest available reference, though 
that reference characterised a different species under different conditions and cannot serve 
as a species-specific target. 

Indoor relative humidity was the dominant VPD driver (r = −0.695, R² = 0.483), while 
air temperature showed negligible association (r = −0.008) owing to the exceptional thermal 
stability of the chamber (σ = 0.11 °C). This asymmetric driver structure supports mist actua-
tion as the primary control channel for subsequent closed-loop VPD regulation. 

The MLX90614 recorded a consistent radiometric offset of 𝛥𝑇𝑟𝑎𝑑 = −1.61 ± 0.10 °C 

relative to indoor air temperature throughout the session. The resulting 𝑉𝑃𝐷𝑟𝑎𝑑 was 0.327 

kPa (32%) lower than the air-temperature-only estimate 𝑉𝑃𝐷𝐷𝐻𝑇 (1.031 kPa), demonstrating 
that the choice of surface temperature reference has a material and quantifiable effect on the 
computed VPD, with direct consequences for setpoint interpretation in any closed-loop sys-
tem built on this sensor suite. The fraction attributable to genuine surface cooling versus 
sensor-level bias cannot be resolved without thermocouple validation on representative leaf 
tissue, which is deferred to future work. 

The ambient VPD gradient 𝛥𝑉𝑃𝐷 = 𝑉𝑃𝐷𝑎𝑚𝑏 − 𝑉𝑃𝐷𝑟𝑎𝑑 remained persistently posi-
tive throughout the session (mean +0.540 kPa, minimum +0.455 kPa), indicating continuous 
moisture loss from the incubator interior to the ambient environment and providing the em-
pirical basis for incorporating VPD_amb as a feed-forward input in companion controller 
design. 

The primary limitations of this study are the absence of thermocouple calibration for the 
MLX90614, meaning VPD_rad is a relative indicator rather than a calibrated leaf-surface 
VPD, and the untested status of the biological hypothesis linking VPD conditions to white-
tissue damage in A. barteri var. nana 'Pinto'. Additionally, the characterisation is limited to a 
single 5.36-hour daytime session and does not capture nocturnal, multi-day, or seasonally 
varying VPD dynamics; extended monitoring under both passive and active mist control is 
needed to establish a more complete operational baseline. Future work will address biological 
validation, canopy-level PPFD measurement, and closed-loop controller deployment follow-
ing system identification of the mist and fan actuator channels. 
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