
Thermodynamic, Psychrometric, and 
Physiological Management of 
Subterranean Crop Storage in 
Temperate Climates 
The engineering and operation of earth-sheltered storage facilities—commonly referred to as 
root cellars—demand a rigorous interdisciplinary synthesis of geotechnical engineering, 
atmospheric thermodynamics, and postharvest plant physiology. The ultimate objective of 
such a facility is to decouple the internal storage environment from the extreme diurnal and 
seasonal fluctuations of the surface climate, establishing a strictly regulated microclimate 
capable of preserving harvested biological tissues in a state of suspended senescence. This 
objective is complicated by the highly heterogeneous environmental requirements of different 
agricultural commodities. For instance, subterranean storage must frequently accommodate 
root crops that require near-saturation humidity (90–95% relative humidity) to prevent cellular 
desiccation, alongside allium crops that mandate significantly drier conditions (50–70% relative 
humidity) to arrest aggressive fungal proliferation1. 
Achieving these divergent psychrometric parameters within a single continuous subterranean 
airspace, particularly in a temperate maritime-transitional climate such as Berlin, Germany, 
requires a highly nuanced approach. To successfully operate a multi-zone earth-sheltered crop 
storage facility, designers and agricultural engineers must synthesize architectural zoning, 
passive aerodynamics, boundary layer manipulation, and matric potential management. This 
report exhaustively analyzes the physical, thermal, and biological principles required to 
successfully execute and regulate high-performance subterranean crop storage. 

1. Geothermal Heat Transfer and Subterranean 
Thermodynamics 
To maintain a stable internal temperature of  ( ), a subterranean structure 
must operate as an active thermodynamic system that meticulously balances the geothermal 
heat flux of the surrounding regolith against the convective cooling driven by atmospheric 
ventilation3. The foundational principle is the exploitation of the earth's immense thermal mass, 
which forces high-frequency surface temperature fluctuations to propagate downward as 
heavily damped, phase-shifted thermal waves. 
1.1 The Kasuda Equation and Thermal Wave Attenuation 
Heat transfer through a porous particulate medium, such as the sandy loams native to the 
Berlin-Brandenburg region, is governed by the principles of thermal conduction. The 
mathematical prediction of soil temperature at any specific depth and time of year relies on the 
analytical model formulated by Kasuda and Archenbach, derived from the one-dimensional 



Fourier heat conduction equation3. The subsurface temperature, , is 
mathematically expressed as: 

 

Where  is the mean annual surface temperature,  is the amplitude of the annual 

surface temperature wave,  is the depth below the surface in meters,  is the thermal 

diffusivity of the soil,  is the period of the temperature cycle (typically 365 days),  is the 

current day of the year, and  is the day of the year corresponding to the minimum 
surface temperature3. 
The exponential term in this equation dictates amplitude attenuation. Due to the high thermal 
inertia of the soil, short-period diurnal temperature variations are heavily diminished as depth 
increases, effectively vanishing beyond a depth of 0.5 to 1.0 meters3. The cosine term dictates 
the temporal phase lag. In a temperate climate like Berlin, the deep-earth steady-state 
temperature stabilizes near the regional mean annual air temperature (approximately 

). Because root crops require storage temperatures strictly near  to 
suppress postharvest respiration, the cellar cannot be buried at an infinite depth1. Instead, it 
must be positioned strategically within the shallow active zone (typically 2 to 4 meters deep) to 
capture the extreme phase-shifted cold of the winter exactly as it arrives in mid-summer, while 
relying on heavy artificial surface insulation to truncate the downward propagation of the 
summer heat wave3. 
1.2 Soil Thermal Conductivity and the Johansen Method 
The velocity and penetration depth of the thermal wave are entirely dependent on the thermal 

diffusivity ( ) of the soil matrix, mathematically defined as the ratio of thermal conductivity (

) to volumetric heat capacity ( ): 

 
Soil is a multiphase system consisting of solid mineral particles, liquid water, and interstitial air. 
Because air possesses a thermal conductivity approximately 20 times lower than that of liquid 



water, the volumetric water content ( ) drastically alters the thermodynamic properties of the 
soil matrix3. In the sandy and loamy soils typical of the Berlin area, thermal diffusivity exhibits a 
highly non-monotonic relationship with soil water content6. 
To accurately model this behavior, geotechnical engineers utilize the Johansen method, which 
calculates the thermal conductivity of the soil as a linear interpolation between its completely 

dry ( ) and completely saturated ( ) states, weighted by the dimensionless Kersten 

number ( )3: 

 
As a dry soil begins to wet, conductivity increases much faster than heat capacity, causing 
diffusivity to rise sharply. This parameter typically reaches its absolute maximum at a moderate 
volumetric water content (around 18% to 25%, depending on the specific textural classification 
of the loam or sand)3. Beyond this threshold, as the soil approaches total saturation, the relative 
increase in heat capacity overtakes the increase in conductivity, causing the thermal diffusivity 
to slowly decline3. If a root cellar is constructed in a high-diffusivity medium (e.g., highly 
compacted, saturated sand), it will suffer from rapid thermal bridging to the surface. In such 
environments, deeper excavation and significantly augmented engineered insulation become 

mandatory to preserve the target  microclimate3. 
1.3 Structural Loads, Hydrostatic Uplift, and Hydrological Defenses 
The burial of a rigid structure beneath several meters of earth exposes it to continuous, 
immense gravitational and geotechnical forces. A flat-roofed subterranean structure must 
support the static vertical dead load of the backfilled soil, which for a typical compacted loam 

equates to approximately 120 to 135 pounds per cubic foot (  to )3. The 
lateral forces exerted by the soil against the cellar walls are calculated using the At-Rest Earth 

Pressure coefficient ( ), which treats the soil mass as an equivalent fluid 
pressure forming a triangular load distribution3. 
Compounding these structural loads is the perpetual threat of capillary moisture and 
hydrostatic pressure. The preeminent international framework for addressing external 
hydrological threats is the European DIN 18533 standard: Waterproofing of Components in 
Contact with the Ground3. For a root cellar constructed in well-draining soils with a functional 
perimeter subsurface trench drain, the vertical walls operate under Class W1-E (soil moisture 
and non-accumulating seepage water), while the earth-covered roof operates under W3-E 
(non-pressing water on earth-covered ceilings)3. 
Compliance with DIN 18533 for the W3-E roof mandates a two-layer bituminous or single-layer 
elastomeric membrane3. Materials such as EPDM rubber must be utilized and explicitly certified 



as root-resistant in accordance with DIN EN 13948 to prevent biological degradation and root 
penetration from topsoil flora3. To successfully decouple the cellar from the thermal bridging of 
wet soil, engineers deploy "umbrella insulation" systems using cellular glass (e.g., FOAMGLAS or 
GLAPOR). Cellular glass offers extraordinary compressive strengths (ranging from 0.5 to 2.4 
MPa), is completely vapor-tight, and remains fundamentally impervious to rodent tunneling and 
biological decay over the multi-generational lifespan of the structure3. Furthermore, adherence 
to the BS EN 1997-1 UPL (Uplift) limit state protocol is required to ensure the upward buoyant 
force of the displaced groundwater does not exceed the factored downward dead weight of 
the concrete structure, a failure mode that results in catastrophic foundation fracturing3. 

2. Postharvest Physiology and Aerobic Respiration 
Once isolated from external thermal and hydrological extremes, the internal environment must 
be strictly regulated to meet the physiological demands of the stored organic tissues. Fresh 
fruits and vegetables are living organisms that continue to undergo aerobic respiration 
postharvest. This metabolic process consumes oxygen and energy reserves (primarily sugars 

and starches) while releasing metabolic heat, carbon dioxide ( ), water vapor, and potent 
phytohormones such as ethylene1. 
The primary objective of subterranean storage is to reduce the ambient temperature to the 
lowest safe threshold without inducing chilling injury, thereby suppressing the respiration rate 
to a baseline "idle"1. The relationship between temperature and respiration is characterized by 

the  temperature coefficient, a measure of the rate of reaction change resulting from a 

 temperature shift17. Within the standard  range, the  value for most root 

crops is between 2.0 and 2.5, meaning that for every  decrease in temperature, the 
respiration rate is halved, significantly extending shelf life and preserving nutritional density17. 
The rate of heat generated by this process is measured as the Heat of Respiration, typically 
expressed in British thermal units (Btu) per ton per day. To accurately calculate the necessary 
passive or active cooling loads for a facility, engineers consult reference materials such as the 
United States Department of Agriculture (USDA) Agriculture Handbook 66: The Commercial 
Storage of Fruits, Vegetables, and Florist and Nursery Stocks9. For example, winter squash 

stored at  produces an immense 5,000 to 7,500 Btu/ton/day, whereas topped carrots 

stored at  generate a highly manageable 800 to 1,400 Btu/ton/day18. 
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Table 1: Postharvest physiological parameters, psychrometric requirements, and thermal 
generation data for common temperate storage crops, synthesized from USDA Agriculture 
Handbook 661. 

3. The Humidity Conflict: Psychrometric Requirements 
of Divergent Crops 
While temperature requirements across temperate winter crops are relatively 

uniform—clustering tightly around the  ( ) mark to suppress respiration without 
inducing ice nucleation—their relative humidity (RH) requirements are fundamentally 
incompatible. 
Root vegetables, such as carrots, beets, turnips, and parsnips, possess thin epidermal layers 
that offer negligible boundary layer resistance to moisture diffusion1. If the ambient air is not 
near saturation, a high Vapor Pressure Deficit (VPD) is established between the water-rich 
internal tissue of the root and the surrounding atmospheric air, driving rapid transpiration25. 
Wilting symptoms in carrots become evident with as little as a 3% total weight loss28. To prevent 
this tissue desiccation, the USDA Handbook 66 strictly mandates storage conditions of 
98–100% relative humidity for topped carrots and beets, ensuring tissue turgor and crispness 
are maintained over multi-month storage periods1. 
Conversely, alliums such as onions and garlic require an entirely different psychrometric 

environment. While they share the  temperature optimum to arrest sprouting, they 
demand a much drier atmosphere, strictly maintained between 65% and 70% RH2. Postharvest, 

onions are purposefully cured at elevated temperatures ( ) and moderate humidity 
(70–80% RH) for approximately two weeks prior to cold storage30. This curing process 
accelerates the deposition of suberin—a complex, waxy, highly hydrophobic polymer—and 
lignin within the cell walls of the damaged neck tissue, forming a hardened wound periderm32. 
This suberized tunic seals the bulb against excessive moisture loss and serves as a physical 
barrier against necrotrophic pathogens35. Prolonged exposure to the 90–100% RH 
environment required by root crops destroys this dry tunic, re-hydrating the outer layers and 
providing the necessary moisture for the germination of fungal spores, inevitably inducing 
catastrophic decay30. 

4. Psychrometric Dynamics of Winter Air and Passive 
Ventilation 
A critical requirement of subterranean storage is the continuous exhaustion of metabolic 

gases—namely  and ethylene—and the cyclic replenishment of oxygen. While active 
commercial agricultural facilities employ mechanical fans to achieve 30 to 60 Air Changes per 
Hour (ACH), passive root cellars rely entirely on aerodynamic phenomena: primarily 



buoyancy-driven stack effect ventilation, supplemented by wind-driven cross ventilation3. 
4.1 Buoyancy-Driven Stack Effect Ventilation 
The stack effect is driven by the density differential between the colder, denser outdoor 
ambient air and the relatively warmer, humid air inside the cellar. A low intake pipe introduces 
dense air near the floor, displacing the lighter, stale air, which escapes through a high exhaust 
pipe located at the apex of the vaulted ceiling3. The Neutral Pressure Level (NPL) establishes the 
specific elevation where indoor and outdoor absolute pressures are equal; below this point the 
enclosure is negatively pressurized (drawing air in), while above it, it is positively pressurized 
(forcing air out)3. 

The volumetric airflow rate ( ) driven by thermal buoyancy is calculated using the standard 
ASHRAE thermal force equation, integrating Bernoulli's principle for incompressible flow: 

 

Where  is the discharge coefficient of the duct opening (typically 0.60 to 0.65),  is the 

cross-sectional free area of the ventilation pipe,  is gravitational acceleration ( ), 

 is the vertical stack height (the distance between the intake and exhaust midpoints), and 

 and  are the absolute indoor and outdoor temperatures in Kelvin, respectively3. By 
artificially raising the exterior exhaust stack well above ground level, the height differential (

) is maximized. Because airflow is proportional to the square root of the height 

differential ( ), this exponentially increases the draft, allowing for the necessary 2 to 4 
ACH required to safely flush ethylene gas without mechanical intervention3. 
4.2 The Winter Psychrometric Paradox and the Mollier Diagram 
The management of ventilation in a temperate climate like Berlin introduces a severe, 
counter-intuitive psychrometric challenge during the winter months. To mathematically 

understand this phenomenon, engineers consult the Mollier  diagram, the European 
standard psychrometric chart plotting enthalpy against specific humidity40. 
Relative humidity (RH) is inversely proportional to temperature; warm air is capable of holding 
exponentially more water vapor than cold air43. During a typical Berlin winter, the outdoor air 

may register at  to  with a very high relative humidity (e.g., 85% RH)45. However, the 
absolute moisture content (specific humidity or humidity ratio, expressed in grams of water per 
kilogram of dry air) of this frigid air is extremely low45. 



When this cold outdoor air is drawn into the root cellar via the stack effect, it is warmed by the 

massive geothermal inertia of the earth-sheltered walls to the target  (or higher, 
depending on localized heat of respiration). As the air warms, its capacity to hold moisture 
expands rapidly, but the absolute mass of water vapor remains entirely constant. Consequently, 
the relative humidity of the air drops precipitously43. If unchecked, winter ventilation acts as a 
powerful passive dehumidifier, stripping moisture from the internal environment and 
aggressively driving the Vapor Pressure Deficit higher. The latent heat of evaporation required 
to vaporize water from the stored crops further cools the room, but the primary threat is the 
desiccation of the produce47. 
This physical reality dictates the architectural necessity of isolated microclimates. Because the 
macro-environment of the cellar inevitably dries out during winter ventilation—often naturally 
settling around the 65–70% RH ideal for alliums—the high-humidity root crops must be 
artificially shielded from the ambient air23. 

5. Microclimate Zoning via Damp Sand Matrices 
To reconcile the paradox of requiring a 65% RH atmosphere for onions and a 98% RH 
atmosphere for carrots within the same physical space, the macro-environment of the cellar 
must be operated at the lower humidity threshold (65–70% RH). The high-humidity crops are 
then isolated within localized microclimates by packing them in a damp particulate 
matrix—specifically, washed quartz or river sand50. 
5.1 The Physics of Soil Water Retention and Matric Potential 

The efficacy of damp sand relies on the principles of soil water potential ( ), which dictates 
the thermodynamic energy required for a plant tissue to extract or lose water to its 
surrounding environment. The total water potential is the sum of its constituent physical forces: 

 

Where  is gravitational potential,  is matric potential,  is osmotic potential, and 

 is hydrostatic pressure53. Within the confines of a storage crate, the matric potential (
)—driven by capillary action and adsorptive forces between the water molecules and the solid 
sand particles—dominates the fluid interaction53. 
By burying carrots entirely in damp sand, the roots are shielded from the atmospheric Vapor 
Pressure Deficit (VPD) of the macroscopic cellar space. The damp sand acts as a sacrificial 
moisture buffer; as the dry 65% RH air of the cellar passes over the storage crates, water 
evaporates from the outer layers of the sand matrix rather than from the delicate cellular 
tissues of the carrots23. 
The behavior of water within this matrix is governed by the Soil Water Characteristic Curve 
(SWCC), which illustrates the non-linear relationship between matric suction and volumetric 



water content57. Quartz sand is characterized by large macropores, meaning it possesses a 
very low air-entry value (bubbling pressure) and releases water at relatively low matric suctions 
compared to clays or silts60. This low air-entry value allows the roots to easily absorb trace 
amounts of moisture from the sand to maintain turgidity, preventing the rubbery, shriveled 
texture that inevitably occurs when roots are exposed to dry ambient air52. Furthermore, 
hysteresis in the SWCC—caused by the "ink-bottle" effect and contact angle variations during 
the draining and re-wetting of the pores—ensures that the sand retains varying degrees of 
moisture depending on its wetting history, stabilizing the microclimate against rapid 
fluctuations63. 
5.2 Oxygen Diffusion Rates (ODR) and Aerobic Constraints 
While the sand matrix must be damp, it must absolutely not reach saturation. Stored root 
vegetables are living tissues that continue to respire, taking in ambient oxygen and expelling 
carbon dioxide. If the volumetric water content of the sand is too high, water displaces the air 
within the interstitial pore spaces. Because oxygen diffuses approximately 10,000 times slower 
through liquid water than through air, over-wetting the sand causes a catastrophic drop in the 
Oxygen Diffusion Rate (ODR) surrounding the root epidermis66. 
When the roots are deprived of oxygen (tissue anoxia), they undergo a rapid metabolic shift 
from aerobic oxidative phosphorylation to anaerobic fermentation to survive66. This emergency 
pathway converts pyruvate into acetaldehyde and ultimately ethanol via the enzyme alcohol 
dehydrogenase (ADH), yielding minimal ATP, generating toxic byproducts, and rapidly leading 
to cellular death and tissue maceration66. 
Furthermore, waterlogged, anaerobic conditions in the sand matrix provide the ideal 
proliferation environment for Pectobacterium carotovorum (formerly Erwinia carotovora), the 
primary causal agent of bacterial soft rot70. P. carotovorum relies on excessive moisture and 
low oxygen thresholds to multiply, secreting powerful pectinolytic cell wall-degrading enzymes 
that rapidly liquefy the carrot tissue into a foul-smelling slime70. Therefore, the packing matrix 
must be a highly porous, well-washed quartz sand (e.g., 0.4–2.0 mm grain size complying with 
EN 12904 standards) that drains freely, maintaining a high air-filled porosity while preserving 
only a thin film of capillary moisture around the individual particles74. Organic matrices like peat 
moss or sawdust, while occasionally referenced in lay literature, are highly susceptible to 
compacting, waterlogging, and imparting severe off-flavors to the stored produce23. 

6. Pathological and Physiological Failure Modes 
Failure to rigorously manage the thermodynamic, psychrometric, and spatial parameters of the 
cellar inevitably results in catastrophic loss via physiological disorders or aggressive 
phytopathological infections. The biological interactions between different species of stored 
produce dictate strict atmospheric segregation protocols. 
6.1 Ethylene Cross-Contamination and Isocoumarin Synthesis 

Ethylene ( ) is a highly potent gaseous phytohormone naturally produced by ripening 
climacteric fruits (e.g., apples, pears, tomatoes) and by rotting organic matter3. While it 
accelerates senescence and sprouting in potatoes, its physiological effect on carrots is 



particularly devastating and irreversible. 
When carrots are exposed to ethylene concentrations as low as 0.1 to 0.5 parts per million 
(ppm) at low temperatures, it triggers a severe biochemical defense response78. The presence 
of ethylene induces the condensation of acetyl-CoA and malonyl-CoA molecules, leading to 
the rapid synthesis and accumulation of 
8-hydroxy-3-methyl-6-methoxy-3,4-dihydro-isocoumarin (commonly referred to as 
isocoumarin or 6-methoxymellein) in the peel and phloem tissue of the root79. Isocoumarin is a 
phytoalexin that imparts an intensely bitter, turpentine-like off-flavor, rendering the carrots 
entirely unpalatable and resulting in total commercial or nutritional loss78. Therefore, 
high-ethylene producers like apples must either be rigidly excluded from the cellar entirely or 
isolated in hyper-ventilated, vapor-tight sub-compartments, relying heavily on the continuous 
passive stack effect to scavenge and exhaust ambient ethylene3. 

In apples, the accumulation of ethylene and the subsequent oxidation of -farnesene into 
conjugated trienols (CTs) within the peel is the primary mechanism behind superficial scald, a 
browning disorder that ruins the fruit's marketability83. 
6.2 Botrytis aclada and the Necessity of Allium Suberization 
While onions require the low RH (65-70%) macro-environment created by winter ventilation, 
they remain highly susceptible to Botrytis aclada (syn. B. allii), the causal agent of onion neck 
rot30. Botrytis aclada is an opportunistic necrotrophic fungus that often remains entirely 
asymptomatic in the field but manifests aggressively during storage if the relative humidity 
exceeds the 70–75% threshold, or if free condensation forms on the bulb surface87. 
The primary defense against Botrytis penetration is not chemical, but physical. Postharvest, 

onions must be subjected to a rigorous curing period (typically 2 weeks at  / 

 and 70–80% RH) before being introduced into the cold  cellar environment30. 
As previously established, this curing process accelerates the deposition of a suberin and lignin 
wound periderm32. If uncured onions are stored, or if the macro-humidity of the cellar rises 
above 75%, B. aclada easily colonizes the succulent neck tissue, softening the scales and 
producing a dense grey conidial mass, eventually resulting in the complete liquefaction of the 
bulb from the neck downward39. 
6.3 Sclerotinia sclerotiorum and Condensation Management 
Within the high-humidity microclimate of the damp sand, root crops face the constant threat of 
Sclerotinia sclerotiorum, the fungal pathogen responsible for white mold (sclerotiniosis)90. S. 
sclerotiorum thrives in the 95–100% RH zones, producing a cottony white mycelial mat 
embedded with hard black sclerotia. This fungus rapidly spreads laterally through the sand 
matrix from infected to healthy roots, causing a watery soft rot that can decimate a densely 
packed crate in weeks90. 
The risk of fungal and bacterial proliferation throughout the cellar is exponentially magnified by 
the presence of free liquid water. The thermodynamic relationship governing condensation is 
precisely modeled by the Magnus-Tetens equation, which calculates the dew point 



temperature ( ) based on ambient dry-bulb temperature ( ) in Celsius and relative 

humidity ( )3: 

 

 

For a cellar successfully maintained at a dry-bulb temperature of  with a relative humidity 

of 90%, the dew point is approximately 3. If any interior surface—such as an uninsulated 
flat concrete ceiling exposed to surface frost conduction—drops to this threshold temperature, 
catastrophic condensation will spontaneously form3. Condensation dripping vertically onto 
stored crops provides the exact film of free water required for the germination of fungal 
spores. In apples, this moisture facilitates Penicillium expansum infections, which lead to blue 
mold decay and the subsequent accumulation of patulin, a highly toxic and tightly regulated 
mycotoxin97. 
To geometrically mitigate this severe psychrometric risk, subterranean architecture must avoid 
flat roof spans. Integrating a vaulted or arched ceiling ensures that any inevitable condensation 
adheres to the masonry via capillary action and surface tension. The moisture safely sheds 
down the curvature of the arch to the vertical walls, bypassing the biological cargo entirely and 
draining harmlessly into the gravel sub-floor3. 
6.4 Sprout Suppression in Potatoes 

While potatoes share the  storage requirements of other root crops, storing them 

at the lower end of this spectrum (e.g., ) to indefinitely delay sprouting induces a 
detrimental physiological response known as Cold-Induced Sweetening (CIS)2. During CIS, the 
starch within the tuber is rapidly degraded into reducing sugars (glucose and fructose), 
rendering the potato unpalatable and causing severe browning (Maillard reaction) if processed 
or fried22. 
Therefore, potatoes destined for culinary consumption must be stored at warmer 

temperatures ( ), which inevitably breaks natural dormancy and encourages 
sprouting22. To combat this, facility managers must employ sprout suppressants. While the 
synthetic herbicide chlorpropham (CIPC) has been the historical standard, regulatory bans in 



regions like the European Union due to its toxic degradation products (e.g., 3-chloroaniline) 
have necessitated the transition to safer alternatives101. Modern, compliant sprout suppression 
relies on the application of 1,4-dimethylnaphthalene (1,4-DMN), a naturally occurring potato 
hormone analog, or the use of essential oils such as carvone (derived from caraway or mint), 
which inhibit sprout elongation by downregulating specific hormonal pathways without 
compromising tuber viability or human health101. 

7. Conclusion 
The long-term preservation of agricultural harvests within an earth-sheltered subterranean 
structure requires an exact synthesis of geotechnical engineering, fluid dynamics, and 
postharvest physiology. In temperate maritime-transitional climates such as Berlin, the 
strategic utilization of the Kasuda equation allows engineers to embed the structure at a depth 
that decouples the facility from surface temperature extremes. By capturing a persistent 

 geothermal baseline and defending it with high-compressive cellular glass insulation, 
postharvest aerobic respiration is effectively suppressed. 
However, the biological reality of mixed-crop storage demands conflicting humidity 
parameters. Root crops require near-saturation environments (98% RH) to stave off extreme 
vapor pressure deficits and lethal wilting, while alliums and fruits demand drier atmospheres 
(65% RH) to prevent catastrophic fungal colonization by Botrytis aclada and Penicillium 
expansum. The introduction of passive, buoyancy-driven winter ventilation solves the 
accumulation of toxic metabolic gases like ethylene—which otherwise induces bitter 
isocoumarin synthesis in carrots—but inherently dehumidifies the macro-environment of the 
cellar as cold outdoor air warms and expands. 
The elegant resolution to this thermodynamic conflict is the implementation of decentralized 
microclimate zoning using damp quartz sand matrices. By leveraging the matric potential, 
water retention hysteresis, and high oxygen diffusion rates of a coarse sand medium, root 
crops are sequestered in an optimal, highly localized 98% RH environment. The sand sacrifices 
its moisture to the atmospheric vapor pressure deficit, protecting the root tissue from 
desiccation while allowing the macro-space of the cellar to remain at the 65% RH necessary for 
the preservation of suberized alliums. When combined with arched ceiling geometries to 
manipulate dew point condensation and compliant organic sprout suppression regimes, these 
interdisciplinary methodologies ensure the total postharvest stability and safety of the food 
supply. 
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