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Abstract

This exploratory study compared early-winter thermal conditions in east–west (E-W)
and north–south (N-S) tomato ridge blocks within one Chinese solar greenhouse from
22 November to 3 December 2025. A thin-film partition separated the blocks. We measured
canopy-air, soil-surface, plastic-film, north-wall, and rear-slope temperatures and used
transient computational fluid dynamics (CFD) to interpret spatial patterns. Mean canopy-
air temperatures were 15.34 ◦C (E-W) and 15.22 ◦C (N-S), whereas mean soil-surface
temperatures were 14.43 and 13.31 ◦C, respectively. On a representative cloudy day, daytime
soil-surface temperature was 2.48 ◦C lower in the N-S block. The CFD model reproduced
broad surface-temperature cycles on both representative days; canopy-air comparison was
restricted to the sunny day from 12:30 to 21:00. Under the tested operating conditions,
layout-related contrasts were more evident at the soil surface than in mean canopy air.
Because the comparison involved two unreplicated blocks within one greenhouse and
did not include crop-response measurements, these findings should be interpreted as
exploratory thermal associations rather than evidence of a general causal or agronomic
advantage of either ridge orientation.

Keywords: Chinese solar greenhouse; tomato; ridge layout; canopy-air temperature; soil-surface
storage; solar geometry; CFD

1. Introduction
Winter vegetable production in northern China depends on protected structures that

can maintain a suitable crop environment through large day–night temperature swings.
Chinese solar greenhouses (CSGs) address this challenge through a south-facing transparent
cover, a massive north wall, and movable night insulation, enabling winter production with
limited active heating [1–4]. Their performance therefore depends on how solar energy
enters the enclosure, how heat is stored in the soil and walls, and how that heat is released
over day and night. Understanding these processes is important for improving greenhouse
operation under cold-season conditions, when small differences in heat storage and surface
exposure can shape the local crop environment [5].
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The greenhouse microclimate is spatially heterogeneous. Short-wave radiation, long-
wave exchange, conduction through the soil and enclosure, ventilation, and crop-canopy
transpiration act together to produce local temperature gradients [6–9]. Air temperature is
widely used as a summary indicator, but it does not fully describe the thermal conditions
experienced by plants. A greenhouse-wide mean can conceal differences between exposed
and shaded locations, while soil surface and enclosure-surface temperatures provide infor-
mation about heat storage and the thermal boundary of the root zone [10]. Evidence from
controlled experiments also shows that sufficiently low root-zone temperatures can affect
tomato photosynthesis, root development, and mineral acquisition [11]. However, whether
these crop-level responses apply to the smaller temperature differences typically found
between ridge-layout comparisons remains uncertain. This uncertainty is one reason why
canopy-air temperature alone is an incomplete description of the crop thermal environment.

Ridge and row orientation is one practical factor that can modify this environment.
N-S ridges change the timing and distribution of inter-row shading as the sun moves
across the greenhouse, whereas E-W ridges produce a different relationship between row
surfaces, the south-facing cover, and the north wall. Orientation also affects the space
available for transport, spraying, harvesting, and automated navigation. Previous studies
have shown that row direction changes the uniformity of light absorption within tomato
canopies [12], while its implications for whole-canopy photosynthesis remain less clear.
Crop-row corridors also influence the operation of greenhouse robots [13,14]. Thus, ridge
orientation has both a microclimatic and an operational dimension. The relevant question
is not simply which orientation is warmer, but where the thermal contrast occurs and how
it changes with solar exposure and weather.

Existing greenhouse studies have used field measurements, energy-balance analysis,
and computational fluid dynamics (CFD) to examine temperature, radiation, airflow, and
heat storage. A recent CFD study examined the influence of tomato crop-row orientation on
the microclimate of a Chinese solar greenhouse [15]. Measurements provide direct evidence
of the thermal response at selected locations, whereas CFD can resolve the spatial pattern
between sensors and test whether a measured contrast is consistent with the underlying
heat-transfer processes [16,17]. CFD is therefore most useful when it is evaluated against
observations and used to interpret spatial mechanisms, rather than treated as a replacement
for field measurements.

Despite this progress, few studies have directly compared E-W and N-S ridge layouts
within the same operating Chinese solar greenhouse under the same outdoor forcing,
using both distributed temperature measurements and a spatially resolved CFD model. In
particular, it remains unclear whether the layout-related contrast is expressed mainly in
canopy air or in the soil surface and enclosure surfaces, and whether the contrast changes
between sunny and cloudy conditions. Addressing this gap requires a comparison that
keeps the greenhouse context and general weather exposure comparable while examining
several components of the thermal environment.

In this study, we conduct an exploratory operational case study of microclimate
organization in a real-world Chinese solar greenhouse by comparing E-W and N-S tomato
ridge-layout blocks during an early-winter observation period. We combine measurements
of canopy-air, soil-surface, plastic-film, north-wall, and rear-slope temperatures with solar-
geometry calculations and transient CFD simulations. The study examines whether layout-
related thermal contrasts are more evident at heat-storage and enclosure surfaces than in
mean canopy air and whether these contrasts change between sunny and cloudy conditions.
The purpose is to characterize the observed thermal organization under actual greenhouse
operating conditions and to use CFD to interpret its spatial patterns, rather than to establish
a universal or greenhouse-wide causal effect of ridge orientation. Because the experiment
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was conducted in one greenhouse without independent layout replication or crop-level
measurements, the findings should be interpreted as exploratory thermal associations that
require confirmation in replicated multi-greenhouse and crop-response studies.

Figure 1 summarizes the analytical framework. The E-W and N-S ridge-layout blocks
were separated by a thin-film partition in both the field experiment and CFD geometry to
limit direct air exchange. The ridge layout was treated as an operational configuration acting
with weather through radiative exposure and shading, airflow, and heat storage in the soil
surface and enclosure. Continuous measurements provided temporal evidence at defined
locations, whereas CFD was used to examine spatial coherence around the measurement
locations. The framework separates observed between-block thermal contrasts from crop
and management effects that remain to be tested.

Figure 1. Conceptual and analytical framework of the study. (a) Operational E-W and N-S ridge
layouts; orange and blue dashed solar paths indicate the seasonal solar positions considered for the
two layouts, and the dimension arrows indicate the 1.65 m ridge centre-to-centre spacing. (b) Thermal
pathways and observation locations; yellow arrows indicate incoming solar radiation, blue arrows
indicate ventilation and air movement, orange/red arrows indicate heat transfer and thermal storage
in the soil and enclosure, and the sun/cloud icons distinguish sunny and cloudy conditions. (c) Evi-
dence integration; teal boxes show measurements, CFD, and spatial–temporal interpretation, orange
boxes show the principal thermal comparisons, the red box states the interpretation boundary, and
the blue box indicates the need for replicated studies. The thin-film partition between layout blocks
limits direct air exchange.

2. Materials and Methods
2.1. Experimental Greenhouse and Ridge-Layout Configurations

We conducted the experiment in greenhouse No. 48 at the Houshan Experimental Base
of Shenyang Agricultural University, Shenyang, Liaoning Province, China. The greenhouse
long axis was approximately east–west, and the light-transmitting plastic cover faced
south. The greenhouse was approximately 8 m wide and 60 m long, with a ridge height
of 4.6 m and a north-wall height of 3.2 m. We grew winter tomato (Solanum lycopersicum
L.) in raised ridges under two operational configurations: E-W ridges parallel to the
greenhouse long axis and N-S ridges across the greenhouse span. Each ridge contained
two crop rows separated by 0.30 m, and ridge center lines were spaced 1.65 m apart in
both layouts. The E-W and N-S ridges were 10.0 and 6.4 m long, respectively, and a 1.50 m
clear passage separated the two layout blocks. A thin-film partition was installed within
this passage throughout the monitoring period to limit direct air exchange between the
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blocks. The plants formed a continuous crop canopy with a measured height of 1.60 m
during the observation period. Figures 2 and 3 show the greenhouse and the two ridge-
layout configurations. We based all analyses and figures on observations collected from 22
November to 3 December 2025.

Figure 2. Experimental Chinese solar greenhouse in Shenyang, China.

Figure 3. Tomato ridge-layout configurations: (a) N-S ridges and (b) E-W ridges.

Each crop row had one drip line, with each emitter corresponding to one substrate
bag and positioned between adjacent plant roots. On sunny days, the reported irrigation
schedule was 100 mL per plant at 08:00, 11:00, and 13:00; no irrigation was applied on
cloudy days. The insulation blanket was opened at 09:00 and closed at 16:00. When indoor
temperature exceeded 30 ◦C on sunny days, the upper vent was opened by approximately
20 cm for about 15 min on average; otherwise, the greenhouse remained closed. These
operating rules were shared by both blocks. Event-level irrigation delivery and vent flow
were not continuously recorded.

2.2. Sensor Layout and Measured Variables

Measured variables comprised outdoor air temperature; canopy-air temperature at
1 m height at film-side, middle, and north-wall-side positions; and soil-surface, plastic-film,
rear-slope, and rear-wall surface temperatures. The soil-surface probes were placed at
the exposed surface between crop rows, not at multiple depths in the active root zone.
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Soil-surface temperature therefore describes the measured surface condition and is not a
depth-resolved root-zone temperature. Film and enclosure temperatures described surface
heating and cooling [18,19]. Table 1 summarizes the measured variables. White testo 174H
temperature–humidity data loggers (Testo SE & Co. KGaA, Titisee-Neustadt, Germany)
recorded outdoor and canopy-air temperatures; black testo 176T4 temperature data loggers
with external probes (Testo SE & Co. KGaA, Titisee-Neustadt, Germany)recorded surface
temperatures. In the E-W block, the three canopy-air loggers were placed on the second
crop row of the first, second, and fourth ridges at 6.20, 4.55, and 1.25 m from the north-wall
datum, respectively. The corresponding soil-surface sensor near the first logger was at
6.10 m from that datum. Corresponding N-S sensors were aligned with the E-W transect at
comparable positions across the greenhouse span. All sensors were placed away from the
thin-film partition, as shown in Figure 4. Examples of the temperature sensor installations
are shown in Figure 5. These were location-specific measurements, not independent
replicated observations.

Table 1. Measured temperature variables and their use in this study.

Variable Category Measurement Object Orientation Use in This Study

Outdoor air temperature Air outside the greenhouse Common boundary
Identifying outdoor

low-temperature variation
and weather processes

Canopy-air temperature
Film-side, middle and
north-wall positions at

1 m height
E-W and N-S

Comparing crop-zone air
temperature and

spatial uniformity

Soil-surface temperature Soil surface between crop rows
near the plastic-film side E-W and N-S

Describing local
soil-surface temperature,

not a depth-resolved
root-zone profile

Plastic-film temperature South plastic-film surface or
nearby position E-W and N-S

Evaluating film-side
radiative heating and

envelope thermal response

Rear-slope/rear-wall
temperature

Rear-slope and rear-wall
surfaces near the north wall E-W and N-S

Interpreting heat
absorption and release by
thermal-storage structures

Figure 4. Experimental layout of the E-W and N-S tomato ridges and temperature sensors. Ridge
spacing was measured center to center; each ridge contained two crop rows separated by 0.30 m.
The thin-film partition limited direct air exchange between the blocks. Circles denote 1 m canopy-air
sensors; triangles denote soil-surface or enclosure-surface sensors.
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Figure 5. Examples of (a) plastic-film, (b) soil-surface, north-wall/rear-slope, and (c) 1 m canopy-air
temperature measurements.

2.3. Data Processing and Evaluation Indices

Raw records were organized as unified time series at 10 min intervals. The daytime
period was defined as 08:00–16:00; all other times were treated as non-daytime. For each
day, we calculated the mean, maximum, minimum, diurnal range, and daytime mean
temperature. At each time point, the canopy-air spatial range was the difference between
the maximum and minimum among the three 1 m·sensors within a layout. The daytime
mean spatial range was the mean of this quantity across all daytime records. The coefficient
of variation (CV), calculated as the standard deviation divided by the mean of the three air-
temperature measurements, described the canopy-air uniformity.

Quality control preceded descriptive analysis. The audit covered 53,808 long-format
records from 46 sensor channels, and the common analysis window was restricted to
overlapping valid channels at 10 min resolution. Duplicate timestamps and missing
intervals were documented without interpolation. Each representative day contained
144 records per valid channel.

The full 12-day record was used for descriptive statistics. We chose 28 November
2025 and 30 November 2025 for detailed time-resolved CFD comparison because they
showed contrasting observed weather and greenhouse thermal responses, as well as clear
between-block differences. On 28 November, the outdoor diurnal temperature range
was 15.50 ◦C, and the soil surface, film, and canopy air warmed strongly. The observed
weather on 30 November was cloudy, with much weaker indoor surface and canopy-air
warming; the daytime between-block soil-surface difference reached 2.48 ◦C. We use the
terms sunny response and cloudy response to describe these observed conditions, not
measured irradiance classes. Global solar radiation and photosynthetically active radiation
were not measured, and selection for a pronounced contrast does not make these days
statistically representative of the entire monitoring period.

2.4. Solar-Geometry Calculation and Potential Inter-Row Shading Interpretation

Because solar radiation was not measured, irradiance was not used as an observed
evaluation variable. Instead, solar elevation and azimuth were calculated from site coordi-
nates, date, and time using established solar-position formulations [20,21]. Declination and
extraterrestrial solar geometry followed standard astronomical and solar-engineering treat-
ments [22–24]. The calculations described potential illumination and shading differences
between E-W and N-S ridges at low solar altitude (Figure 6). The site was located at 41.8◦

N, 123.6◦ E, and all calculations used Beijing time (UTC+8).
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Figure 6. Theoretical solar-elevation angles on sunny and cloudy response days. The two curves
were nearly superimposed.

The solar-elevation angle hs was calculated as follows:

sin(hs) = sin(φ) sin(δ) + cos(φ) cos(δ) cos(ω). (1)

where φ is latitude, δ is solar declination, and ω is solar hour angle. Solar declination was
approximated as δ = 23.45 sin [360(284 + n)/365], where n is the day of year. With the
measured tomato canopy height Hc of 1.6 m, the potential horizontal shadow length was
estimated as:

Ls = Hc/tan(hs) (2)

For each ridge orientation, the component perpendicular to the crop rows was consid-
ered when interpreting potential inter-row shading. This geometric interpretation did not
represent measured radiation.

Both layouts had a ridge center-to-center spacing of 1.65 m; each ridge contained
two crop rows separated by 0.30 m, and the measured tomato canopy height was 1.60 m.
The E-W and N-S ridge lengths were 10.0 and 6.4 m, respectively. These parameters were
used in the solar-geometry and potential-shading interpretation.

2.5. CFD Model and Evaluation Against Measurements

The CFD model was compared with measured temperature series from the sunny-
response day (28 November) and cloudy-response day (30 November). Soil-surface, north-
wall, and rear-slope temperatures were compared on both days. Canopy-air temperature
was compared only on sunny days, from 12:30 to 21:00. Figures 7 and 8 show the model
geometry and comparison workflow.

The model included the plastic cover, north wall, rear slope, side walls, a 1.0 m·soil
layer, simplified tomato canopy solid regions, and a thin-film partition in the 1.50 m
passage separating the E-W and N-S blocks. The E-W and N-S layouts followed the
field arrangement. Each ridge contained two crop rows separated by 0.30 m, and ridge
center lines were spaced 1.65 m apart in both layouts. The canopy was represented as
a continuous 1.60 m-high solid region. Model inputs and thermophysical properties are
listed in Tables 2 and 3.
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Figure 7. CFD geometry of the solar greenhouse and simplified tomato canopy blocks.

Table 2. CFD model inputs and measured comparison variables.

Boundary Model Treatment Primary Basis Role in Comparison

Outdoor
environment External thermal boundary

Measured
representative-day outdoor

temperature
Environmental driver

Plastic cover Conjugate heat transfer and
radiative wall

Material and
structural properties Model input

soil Conjugate solid region Soil properties and initial
thermal state

Compared with measured
soil-surface temperature

North wall Conjugate solid region Wall materials
and geometry

Compared with measured
rear-wall temperature

Rear slope Conjugate solid region Rear-slope materials
and geometry

Compared with measured
rear-slope temperature

Tomato canopy Simplified 1.6 m canopy solid region Measured row orientation,
spacing and canopy height

Compared with measured
canopy air

Solar radiation Solar Calculator and ray tracing 41.8◦ N, 123.6◦ E, UTC+8
and date Calculated input

Crop-zone air Six sampling points at 1 m height Sensor locations under
both orientations Core comparison variable

Table 3. Thermophysical properties used in the CFD model.

Material Density
(kg·m−3)

Specific Heat
(J·kg−1·K−1)

Conductivity
(W·m−1·K−1) Model Role

Air/air-crop fluid 1.225 1006.43 0.0242 Dynamic viscosity = 1.7894 × 10−5 Pa·s
Plastic film 927 2118 0.200 Solid cover material

Soil 1800 1250 1.180 1.0 m thermal-storage layer
Tomato-crop solid 560 2100 0.190 Simplified canopy solid region

Masonry block 2100 840 1.400 North-wall layer
Insulation quilt 50 1000 0.050 Night insulation layer

EPS 50 880 0.027 Insulation layer
Cement 2300 880 1.500 Rear-slope/wall layer
Wood 650 1200 0.140 Rear-slope layer
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https://doi.org/10.3390/agriculture16212336


Agriculture 2026, 16, 2336 9 of 25

Figure 8. Workflow for field monitoring, CFD modeling, and evaluation against measurements.

CFD simulations were performed using ANSYS Fluent 2023 R1 (ANSYS, Inc., Canons-
burg, PA, USA). We used a three-dimensional, double-precision, pressure-based transient
solver with energy, the standard k-ε turbulence model and standard wall functions, solar
ray tracing, and discrete-ordinates radiation. Each simulation used a 1800 s time step, a
maximum of 20 iterations per step, and 48 half-hour outputs (Table 4). The journals did
not specify normalized-residual stopping thresholds. A retrospective check at iteration
20 against reference levels of 10−3 for continuity, momentum, k, and ε and 10−6 for energy
found that 44 of 48 steps on each day met all reference levels; the first four did not. Thus,
convergence cannot be confirmed for every step. Air density was fixed at 1.225 kg·m−3,
so buoyancy-driven natural convection was not explicitly resolved. The formulation was
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informed by agricultural CFD studies [25–27], and numerical implementation followed the
ANSYS Fluent Theory Guide [28]. The thermophysical and optical properties in Table 3
were nominal literature-based inputs rather than measurements of greenhouse No. 48; their
uncertainty limits point-level interpretation.

Table 4. CFD mesh and principal numerical settings.

Item Final Setting

Solver 3D, double precision, pressure-based, transient
Mesh 313,829 polyhedral cells; 9 cell zones; 1,550,085 nodes

Energy Enabled
Turbulence Standard k-ε model

Radiation Discrete Ordinates plus Solar Ray Tracing/
Solar Calculator

Gravity (0, −9.8, 0) m·s−2

Air density Constant, 1.225 kg·m−3

Pressure-velocity coupling Coupled
Pressure interpolation PRESTO!

Momentum, k, ε First-order upwind
Energy Second-order upwind

Physical time step 1800 s
Iterations per time step 20

Simulated duration 86,400 s; 48 half-hour solution levels
Operating pressure 101,325 Pa

Both ridge layouts were simulated for the two representative days. Measured out-
door temperature provided the external thermal driver, while the field geometry, thin-film
partition, material properties, and solar geometry were represented in the model. Ventila-
tion was approximated by a temperature-triggered condition when indoor temperature
exceeded 30.00 ◦C. The exact vent opening and closing times, airflow rate, wind-driven
exchange, irrigation-related soil-moisture changes, and insulation state were not recorded
at the simulation time-step resolution. The model therefore did not resolve every short
ventilation or irrigation event. Simulated temperatures were sampled at the measured
soil-surface, north-wall, rear-slope, and 1 m canopy-air positions. Greenhouse models are
sensitive to ventilation assumptions [29–32].

Agreement was described using root mean square error (RMSE), mean absolute error
(MAE), mean bias, and the coefficient of determination (R2). RMSE and MAE were the
primary absolute-error indicators; R2 was interpreted cautiously when the measured tem-
perature range was narrow. The surface comparison covered six soil-surface, north-wall,
and rear-slope locations on both days, whereas the six-location canopy-air comparison cov-
ered only 12:30–21:00 on the sunny day. These same-period comparisons assess reproduced
temporal patterns but are not independent external validation.

The production mesh contained 313,829 polyhedral cells. A sensitivity assessment at
12:30 on 28 November compared this mesh with meshes of 1,135,080 and 3,454,016 cells
(Table 5; Figure 9). Medium-to-fine differences were small at the six canopy-air points but
larger and non-monotonic at several surface points. This mesh dependence was taken into
account when interpreting the surface results [33–36].

A retrospective Fluent wall Y+ check of saved representative-day states gave area-
weighted means of 0.010 at the crop interface, 0.020 at the plastic cover, 0.0097 at the inner
north-wall surface, and 0.014 at the soil-side interface; the maximum on these selected
boundaries was 1.61. The mesh passed a global grid check, but first-cell heights and a
dedicated near-wall resolution assessment were unavailable. These Y+ values cannot
establish adequate boundary-layer treatment with standard wall functions.
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Table 5. Mesh-sensitivity analysis at 12:30 on 28 November 2025.

Quantity Production Medium Fine Interpretation

Cell count 313,829 1,135,080 3,454,016
Local adaptation around the
representative E-W and N-S

monitoring segment.

Nominal refinement ratio — 1.535 1.449
Computed from cell-count ratios to

describe the local
refinement sequence.

Mean of all 12 monitoring
points (◦C) 22.795 22.096 21.575 Mean absolute fine-minus-medium

difference = 0.592 ◦C.

Mean of six canopy-air
points (◦C) 19.457 19.365 19.433

Mean/max absolute
fine-minus-medium difference =

0.073/0.394 ◦C.

Mean of six surface
points (◦C) 26.133 24.827 23.717

Mean/max absolute
fine-minus-medium difference =

1.111/1.807 ◦C.

Interpretation Production
grid Refined grid Fine local grid

Canopy-air comparison was robust;
surface points were more

mesh-sensitive and did not satisfy
monotonic GCI assumptions.

Figure 9. Mesh-sensitivity comparison at (a) six surface and (b) six canopy-air locations at the
representative time.

During post-processing, each half-hour solution was assigned its physical time. Identi-
cal sampling locations and performance metrics were used for the E-W and N-S cases. The
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Solar Calculator supplied the time-varying solar direction, and the soil surface, enclosure,
and canopy were analyzed as separate thermal regions.

3. Results
3.1. Overall Temperature Variation During the Observation Period

Outdoor and indoor temperatures varied markedly from 22 November to 3 December
2025. Mean canopy-air temperatures were similar between E-W and N-S ridges, whereas
soil-surface, plastic-film, north-wall, and rear-slope temperatures showed clearer layout-
related differences (Figure 10).

Figure 10. Outdoor air temperature and mean canopy-air temperature under E-W and N-S ridges
during the observation period from 22 November to 3 December 2025.

Across the observation period, mean canopy-air temperatures were 15.34 ◦C under
E-W ridges and 15.22 ◦C under N-S ridges, a difference of 0.12 ◦C. Mean soil-surface
temperatures were 14.43 and 13.31 ◦C, respectively, a difference of 1.12 ◦C. The between-
layout difference was therefore greater for soil-surface temperature than for mean canopy-
air temperature (Figure 11).

Figure 11. Daily mean temperature differences between monitored E-W and N-S ridge-layout blocks
during the observation period. Positive values indicate that the E-W block was warmer than the N-S
block. The gray dashed horizontal line indicates zero difference (E-W minus N-S = 0 ◦C).

3.2. Selection of Representative Response Days

Daily patterns were identified on 28 November 2025 as the sunny-response day and
on 30 November as the cloudy-response day. On 28 November, the outdoor maximum and
minimum were 5.60 and −9.90 ◦C, giving a range of 15.50 ◦C, and the soil surface, film,
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and canopy air warmed strongly. On 30 November, the outdoor maximum and minimum
were 1.50 and −9.50 ◦C. Although the outdoor range was 11.00 ◦C, the canopy-air range
was only 3.90–4.30 ◦C and soil-surface and film warming were weak (Table 6). The selected
days illustrate contrasting observed responses rather than the distribution of all 12 days.

Table 6. Representative response days and outdoor temperature characteristics.

Date Response
Class Selection Basis Outdoor

Mean
Outdoor

Max.
Outdoor

Min.
Outdoor
Range

28 November
2025

Sunny
response

Large outdoor diurnal
range and clear warming of

soil surface, film, and
rear‘slope

−2.05 5.60 −9.90 15.50

30 November
2025

Cloudy
response

Small canopy-air diurnal
range and weak
soil-surface and
film warming

−3.42 1.50 −9.50 11.00

3.3. Temperature Response on the Sunny-Response Representative Day

On 28 November, canopy-air temperature under both layouts followed a clear diurnal
cycle. Daily and daytime means were 16.53 and 20.36 ◦C under E-W ridges and 16.44 and
20.20 ◦C under N-S ridges. The maximum among the three air sensors was approximately
24.30 ◦C for both layouts (Figure 12).

Figure 12. Diurnal temperature response on the sunny-response representative day
(28 November 2025).

The main sunny-day contrasts occurred at the soil surface, plastic film, and north wall.
Daytime mean soil-surface temperature was 19.79 ◦C under E-W ridges and 18.61 ◦C under
N-S ridges. Conversely, the N-S film had a daytime mean of 22.79 ◦C and a maximum of
28.60 ◦C, compared with 19.40 and 21.75 ◦C under E-W ridges. The N-S north wall was
also warmer during the day, whereas the E-W rear slope was slightly warmer.

3.4. Temperature Response on the Cloudy Response Day

On 30 November, the amplitude of indoor temperature variation decreased substan-
tially. Daily mean canopy-air temperature was 13.03 ◦C under both layouts, and daytime
means were 12.62 ◦C under E-W ridges and 12.67 ◦C under N-S ridges. Consequently,
mean canopy-air temperature differed little between layouts on this day (Figure 13).
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Figure 13. Diurnal temperature response on the cloudy response day (30 November 2025).

Soil-surface temperature differences remained pronounced under cloudy conditions.
Daytime mean soil-surface temperature was 10.23 ◦C under E-W ridges and 7.75 ◦C under
N-S ridges, a difference of 2.48 ◦C. The N-S soil surface was colder when solar forcing was
weak. Root activity and water or nutrient uptake were not measured, so the crop response
to this soil-surface temperature difference is unknown.

3.5. Spatial Uniformity of Canopy-Air Temperature

Canopy-air spatial range was calculated from the film-side, middle, and north-wall
sensors within each layout. During sunny daytime, mean spatial ranges were 1.76 ◦C
under E-W ridges and 1.73 ◦C under N-S ridges. The corresponding maximum ranges
were 2.80 and 3.40 ◦C. Under cloudy conditions, daytime mean ranges fell to 0.53 ◦C under
E-W ridges and 0.31 ◦C under N-S ridges. Maximum ranges also fell to 0.90 and 0.70 ◦C,
respectively. Spatial variation in canopy-air temperature was therefore smaller on cloudy
days (Table 7; Figure 14).

Table 7. Canopy-air temperature and spatial uniformity under representative response conditions.

Date Response
Class Layout Daily

Mean
Daytime

Mean Maximum Range
Mean

Spatial
Range

Max.
Spatial
Range

Daytime
CV (%)

28 November
2025 Sunny E-W 16.53 20.36 24.30 12.50 1.76 2.80 3.72

28 November
2025 Sunny N-S 16.44 20.20 24.30 12.50 1.73 3.40 3.79

30 November
2025 Cloudy E-W 13.03 12.62 15.30 4.30 0.53 0.90 1.81

30 November
2025 Cloudy N-S 13.03 12.67 15.20 3.90 0.31 0.70 1.09

3.6. Soil-Surface, Plastic-Film, and Thermal-Storage Structure Temperatures

Soil-surface and film temperatures showed contrasting patterns between layouts. On
the sunny day, E-W ridges maintained a warmer soil surface, whereas N-S ridges produced
higher film temperatures. Under cloudy conditions, the E-W soil-surface temperature
advantage increased, and the sunny-day N-S film advantage disappeared. The N-S north
wall was warmer during the sunny daytime, while wall temperatures were similar between
layouts under cloudy conditions (Table 8).
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Figure 14. Daytime spatial range of canopy-air temperature on the representative response days. The
spatial range is the difference between the maximum and minimum values among the three canopy-
air sensors under the same orientation.

Table 8. Soil-surface, plastic-film, and heat-storage-structure temperatures under representative
conditions (◦C).

Date Response
Class Layout Soil-Surface

Daily Mean

Soil-Surface
Daytime

Mean

Soil-Surface
Max.

Film
Daytime

Mean

Film
Max.

Wall Daily
Mean

Rear-Slope
Daily
Mean

28 November
2025 Sunny E-W 15.58 19.79 24.90 19.40 21.75 18.73 18.06

28 November
2025 Sunny N-S 14.64 18.61 24.60 22.79 28.60 19.72 17.86

30 November
2025 Cloudy E-W 11.48 10.23 13.75 14.12 15.60 14.78 13.35

30 November
2025 Cloudy N-S 10.11 7.75 13.05 13.03 16.60 14.90 13.31

3.7. Integrated Interpretation Using Solar Geometry and CFD

Theoretical solar-elevation curves were similar on 28 and 30 November 2025. Maxi-
mum solar elevations near noon were approximately 26.5◦ and 26.2◦, and the corresponding
minimum horizontal shadow lengths were approximately 3.21 and 3.25 m. The small ge-
ometric difference did not match the large difference in thermal response between days.
Radiation was not measured, so the effects of cloud cover and atmospheric transmittance
could not be separated from greenhouse heat storage.

CFD converted the solar direction, greenhouse geometry, and crop-row arrange-
ment into three-dimensional temperature fields. The resulting soil-surface, enclosure, and
canopy-air fields were compared with measurements to assess temporal consistency and
spatial organization. The comparison therefore examined whether the model reproduced
the measured response at the monitored locations and whether the measurement-compared
fields could support spatial interpretation.

3.8. CFD Comparison with Measured Surface Temperatures

CFD and measurements were compared at six soil-surface, north-wall, and rear-slope
positions on both representative days (Table 9; Figures 15 and 16). Sunny-day soil-surface
RMSE was 1.56 ◦C in the E-W block and 2.97 ◦C in the N-S block. The larger N-S error may
reflect rapidly changing inter-row shading that the simplified continuous canopy cannot
resolve. On the cloudy day, surface RMSE values ranged from 0.46 to 0.94 ◦C, but the
E-W soil-surface R2 was −0.33. Because the observed cloudy series varied little, a modest
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absolute error can yield a negative R2; RMSE and MAE are more informative for this case.
The model reproduced broad cycles, but its point-level agreement varied, particularly with
local shading and low temperature variation. It is used here to interpret spatial patterns
rather than provide exact point predictions.

Table 9. CFD-measurement comparison statistics at six surface locations.

Condition Position RMSE (◦C) MAE (◦C) Bias (◦C) R2

Sunny E-W soil surface 1.56 1.18 0.70 0.86
Sunny N-S soil surface 2.97 2.08 1.73 0.51
Sunny E-W wall 1.98 1.70 0.16 0.81
Sunny N-S wall 2.05 1.66 0.87 0.80
Sunny E-W slope 1.23 0.91 −0.73 0.95
Sunny N-S slope 1.17 0.92 −0.27 0.95
Cloudy E-W soil surface 0.94 0.86 −0.86 −0.33
Cloudy N-S soil surface 0.80 0.76 −0.68 0.38
Cloudy E-W wall 0.46 0.38 −0.25 0.78
Cloudy N-S wall 0.59 0.51 −0.37 0.64
Cloudy E-W slope 0.81 0.66 0.23 0.29
Cloudy N-S slope 0.90 0.76 0.13 0.16

Figure 15. Measured and CFD-simulated temperatures at six positions on 28 November 2025.

3.9. CFD Comparison with Canopy-Air Temperature

For the sunny case, CFD was compared with 108 paired measurements at six canopy-
air locations from 12:30 to 21:00. Overall RMSE was 1.52 ◦C, MAE was 1.36 ◦C, mean bias
was +0.69 ◦C, and R2 was 0.564 (Table 10; Figure 17). The E-W middle location had the
largest RMSE (1.83 ◦C). The positive bias indicates modest overprediction during part of
the comparison period.
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Figure 16. Measured and CFD-simulated soil-surface, north-wall, and rear-slope temperatures on a
cloudy-response day (30 November 2025).

Table 10. CFD-measurement comparison metrics for canopy-air temperature under sunny conditions.

Location n MAE (◦C) RMSE (◦C) Bias (◦C) R2

E-W, film side 18 1.25 1.36 +0.80 0.749
E-W, middle 18 1.63 1.83 +1.05 0.463

E-W, north-wall side 18 1.26 1.41 +1.06 0.275
N-S, film side 18 1.26 1.40 −0.20 0.719
N-S, middle 18 1.40 1.57 +1.10 0.371

N-S, north-wall side 18 1.36 1.49 +0.32 0.473
All six locations 108 1.36 1.52 +0.69 0.564

The sunny-day canopy-air comparison showed moderate agreement and a residual
bias. No equivalent cloudy-day canopy-air evaluation was performed. The spatial fields
are therefore interpreted as conditional model outputs rather than exact temperature
predictions or independently validated fields.

3.10. Time-Resolved CFD Temperature Fields

The CFD fields show pre-sunrise cooling, morning warming, midday thermal contrast,
and evening cooling. In each of Figures 18–23, one color scale applies to all six times and
both ridge-layout blocks. Separate scales were used for each variable and weather case
so that the smaller cloudy-day changes remain visible. Sunny fields developed stronger
inter-row and surface gradients after sunrise; cloudy fields showed smaller variations
(Figures 18–23). The simplified canopy-zone surface maps are model outputs, not measure-
ments of leaf temperature or crop physiology.
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Figure 17. Measured and CFD-simulated canopy-air temperatures from 12:30 to 21:00 on 28 Novem-
ber 2025.

Figure 18. Sunny-case rear-wall temperature fields at 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00. Panels
(a–f) correspond to these times, respectively. The shared color bar indicates surface temperature (◦C)
and applies to all six panels. Black lines and boxes denote greenhouse structural boundaries and
simplified ridge/canopy geometry; they do not represent additional temperature data.

Figure 19. Sunny-case soil-surface temperature fields at 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00.
Panels (a–f) correspond to these times, respectively. The shared color bar indicates surface tempera-
ture (◦C) and applies to all six panels. Black lines and boxes denote greenhouse structural boundaries
and the simplified ridge/canopy geometry; they do not represent additional temperature data.
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Figure 20. Sunny-case simplified canopy-zone surface temperature fields at 06:00, 09:00, 12:00, 15:00,
18:00, and 21:00. Panels (a–f) correspond to these times, respectively. The shared color bar indicates
surface temperature (◦C) and applies to all six panels. Black lines and boxes denote greenhouse
structural boundaries and the simplified ridge/canopy geometry; they do not represent additional
temperature data.

Figure 21. Cloudy-case rear-wall temperature fields at 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00. Pan-
els (a–f) correspond to these times, respectively. The shared color bar indicates surface temperature
(◦C) and applies to all six panels. Black lines and boxes denote greenhouse structural boundaries and
simplified ridge/canopy geometry; they do not represent additional temperature data.

Figure 22. Cloudy-case soil-surface temperature fields at 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00.
Panels (a–f) correspond to these times, respectively. The shared color bar indicates surface tempera-
ture (◦C) and applies to all six panels. Black lines and boxes denote greenhouse structural boundaries
and the simplified ridge/canopy geometry; they do not represent additional temperature data.
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Figure 23. Cloudy-case simplified canopy-zone surface temperature fields at 06:00, 09:00, 12:00, 15:00,
18:00, and 21:00. Panels (a–f) correspond to these times, respectively. The shared color bar indicates
surface temperature (◦C) and applies to all six panels. Black lines and boxes denote greenhouse
structural boundaries and the simplified ridge/canopy geometry; they do not represent additional
temperature data.

3.11. CFD Interpretation of Layout-Related Patterns

The CFD results evaluated against measurements help interpret why the monitored
blocks differed more at the soil surface than in mean canopy air. Modeled temperature
differences were larger at the soil, film, and canopy surfaces than in the crop-zone air. These
surface patterns followed the modeled distribution of solar exposure and row shading.
Point-level departures can arise when the assumed optical properties of the plastic film,
soil, masonry, and rear slope do not match their field conditions, including aging, dust,
moisture, and surface texture. In addition, the experiment did not synchronously record
ventilation rate, wind speed, or relative humidity, so the model could not reproduce the
full air-exchange and convective heat-transfer state. Air density was fixed, so the simulated
air movement also excluded buoyancy-driven flow.

4. Discussion
4.1. Layout Contrasts Were Stronger at the Soil Surface than in Canopy Air

Mean canopy-air temperature differed by only 0.12 ◦C between the two layouts over
the observation period, whereas mean soil-surface temperature differed by 1.12 ◦C. The
daytime soil-surface temperature difference increased to 2.48 ◦C on the cloudy day. This
separation between air and soil-surface responses is consistent with the thermal inertia
of the soil and other heat-storage components in CSGs [37]. Heat absorbed at the soil
surface can remain spatially local even when mixing reduces the corresponding difference
in canopy air. A greenhouse-wide air-temperature mean can therefore conceal a layout-
related difference at the soil surface.

The soil-surface temperature contrast is potentially relevant to tomato production, but
its biological meaning should not be overstated. Low root-zone temperature can restrict
photosynthesis, root development, and mineral uptake in tomatoes. The temperatures
controlled in the cited study were lower, and the exposure conditions differed from those
in our greenhouse. We measured the soil surface rather than the full root-zone profile, and
we did not measure root activity, nutrient uptake, growth, or yield. The present results
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identify a thermal difference that warrants crop-level testing; they do not show that the
warmer layout improved plant performance.

4.2. Thermal Contrasts Differed Between Representative Days

The calculated solar-elevation curves for 28 and 30 November were nearly identical,
but the thermal responses were not. On the sunny day, the E-W block was associated with
a warmer soil surface, while the N-S block showed stronger warming at the plastic film
and north wall. On the cloudy response day, the film contrast largely disappeared, and
the soil-surface difference became more pronounced. Solar position describes the direction
of potential irradiance, not the radiation transmitted through a cloudy atmosphere or
the greenhouse cover. Similar elevation curves therefore cannot explain the between-day
contrast by themselves. Direct measurements of global and photosynthetically active
radiation are needed to separate shading geometry from changing solar input.

Our small difference in mean canopy-air temperature should be interpreted alongside
the study by Zhang et al., which investigated the effect of tomato crop-row orientation
on the microclimate of a Chinese solar greenhouse using CFD simulation and numer-
ical analysis. That work provides a numerical basis for treating row orientation as a
greenhouse-microclimate design variable. The present study differs in its measurement-
anchored evaluation and experimental scope. It combines field measurements with a CFD
model evaluated against measurements, compares practical E-W and N-S ridge layouts
during early winter, uses representative sunny-response and cloudy-response days, and
evaluates soil-surface, rear-wall, rear-slope, plastic-film surface, and canopy-air temper-
atures. In the present study, CFD was used to test whether simulated fields reproduced
measured temporal responses and then to support spatial interpretation. The two studies
should therefore be distinguished by scope and evidence chain rather than treated as direct
replications. Differences in ventilation, canopy development, ridge length, weather, and
experimental design may also contribute to differences between their results.

4.3. Management Decisions Require a Thermal and Operational Balance

The experimental management followed common Chinese solar-greenhouse practice:
a south-facing cover, a north heat-storage wall, night insulation, drip irrigation, and
intermittent natural ventilation. Both blocks had the same tomato crop, 1.65 m ridge spacing,
substrate-bag arrangement, and reported operating rules. The side-by-side E-W and N-S
blocks with a 1.50 m passage and thin-film partition were a comparison arrangement,
not a typical whole-greenhouse production layout. Under this shared management, the
mean canopy-air difference was 0.12 ◦C and the mean soil-surface difference was 1.12
◦C. Distributed surface measurements revealed a contrast that canopy-air monitoring
alone would have missed. These observations do not establish a crop or mechanization
advantage.

Ventilation exchanges sensible heat and changes local airflow, whereas irrigation can
alter soil moisture, sensible heat storage, and evaporation. Brief vent events are likely
to affect canopy air faster than the soil surface or north wall. The same operating rules
were applied in both blocks, but differences in local airflow and surface exposure can still
occur. The delivered water volume, vent flow, and event-level opening times were not
continuously recorded, so their thermal effects cannot be separated quantitatively from the
layout comparison.

4.4. CFD Supported Spatial Interpretation but Not Precise Prediction

CFD reproduced broad heating and cooling patterns at the evaluated locations, while
point-level agreement varied. This use of CFD alongside distributed measurements is
consistent with greenhouse modeling studies [38–44]. The largest sunny soil-surface RMSE
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was 2.97 ◦C at the N-S position; the cloudy E-W soil-surface series had R2 = −0.33 despite an
RMSE of 0.94 ◦C. The latter reflects the narrow observed temperature range and illustrates
why absolute errors should accompany R2. Uncertain material properties, changing soil
moisture, approximate ventilation, and simplified canopy shading can contribute to these
differences. The model should not be used as an exact point predictor.

Fixed air density omitted buoyancy-driven airflow and associated temperature strat-
ification. The canopy was treated as a continuous solid region without resolved leaves
or transpiration. Retrospective wall Y+ means in the saved states were 0.010 at the crop
interface, 0.020 at the plastic cover, 0.0097 at the inner north-wall surface, and 0.014 at
the soil-side interface; the maximum sampled value was 1.61. These low values do not
establish that the standard wall-function treatment adequately resolved near-wall airflow
or convective transfer, particularly without a first-cell-height assessment. The first four time
steps on each representative day also exceeded at least one retrospective flow or turbulence
residual reference. These numerical limitations constrain mechanistic interpretation.

4.5. Limitations and Priorities for Further Work

This was a short comparison within one greenhouse. The E-W and N-S blocks were not
independently replicated, and their ridges differed in length; their observed temperature
differences cannot be assigned to orientation alone. The partition and aligned sensors
reduced direct cross-block air exchange and positioning differences, but the film did not
eliminate conductive or radiative heat transfer. Ten-minute records were serial observations,
not independent replicates. Irradiance, wind, humidity, event-level ventilation, soil mois-
ture, root-zone profiles, and crop responses were not monitored comprehensively. Material
properties were not measured in situ, and canopy-air CFD comparison was limited to the
sunny 12:30–21:00 interval. These limitations restrict generalization and the interpretation
of simulated point temperatures. Future trials should use replicated blocks or greenhouses
with matched ridge geometry and direct measurements of radiation, airflow, soil moisture,
root-zone temperature, crop physiology, and yield [45–50].

Predictive modeling would require a broader, multivariable dataset collected across
complete weather events, seasons, and preferably multiple greenhouses. Existing green-
house forecasting work has relied on long winter sequences. Recent CSG studies used
validation across several experiments [51]. Measurements from multiple greenhouse struc-
tures have also supported greenhouse forecasting [52]. The present 12-day record lacks
irradiance, humidity, wind, soil-moisture, and control-state inputs and is therefore insuffi-
cient for a defensible predictive model. Future work should compare process-based and
data-driven models with simple baselines, use event-level holdouts to prevent temporal
leakage, report predictive uncertainty, and target a defined decision, such as cold-risk
warning or heat-storage control.

5. Conclusions
This exploratory operational case study compared the thermal environments of E-W

and N-S tomato ridge-layout blocks in one Chinese solar greenhouse during early winter.
Using distributed field measurements and transient CFD, we examined where the observed
thermal differences occurred and how they varied between representative sunny and
cloudy conditions. The main findings are as follows.

1. During the 12-day observation period (22 November to 3 December 2025), mean
canopy-air temperatures were 15.34 ◦C in the E-W block and 15.22 ◦C in the N-S
block. Mean soil-surface temperatures were 14.43 and 13.31 ◦C, respectively. The
observed thermal differences reflect the specific operational configurations of the E-W
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and N-S blocks within the single greenhouse studied and should not be interpreted as
a generalized or isolated causal effect of ridge orientation alone.

2. The largest observed between-block difference occurred at the soil surface rather
than in canopy air. On the cloudy representative day (30 November), the daytime
soil-surface temperature was 2.48 ◦C lower in the N-S block.

3. The two representative days had nearly identical calculated solar-elevation curves
but different temperature responses. Because solar radiation was not measured, the
contributions of cloud cover, atmospheric transmittance, and stored heat could not
be separated.

4. The CFD model captured broad temporal patterns in soil-surface, rear-wall, and rear-
slope temperatures on both representative days. Canopy-air temperature was evaluated
only for the sunny day, from 12:30 to 21:00; no equivalent cloudy-day canopy-air evalua-
tion was performed. Point-level agreement varied, and the model should not be treated
as independently validated or as providing exact point predictions.

5. The soil surface in the E-W block was warmer during this early-winter observation.
Because crop growth, root activity, physiological responses, and yield were not mea-
sured, the agronomic implications of this thermal difference remain undetermined.

Future studies should test these observed thermal associations in independently
replicated greenhouse blocks across multiple greenhouses or seasons, with comparable
ridge geometry and measurements of solar radiation, airflow, root-zone temperature,
and crop responses. CFD studies should also document near-wall mesh resolution and
residual convergence, and evaluate canopy-air temperatures under both sunny and cloudy
conditions before drawing broader mechanistic or management conclusions.
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