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Introduction 

What is the Biosphere 2? 

Biosphere 2 is the World’s largest laboratory experiment in the interdisciplinary Earth 

Sciences. Constructed from 1984 to 1986, Biosphere 2’s initial goal was to research a self-

sustaining ecosystem with inhabitants to study the space colonization technologies. This program 

was mired in controversy, which led to multiple changes in ownership before the University of 

Arizona took partial control of the site in 2007, and then full control in 2011. Now it is a 

University of Arizona funded research site with public educational tours and multiple ongoing 

research projects. [1] One of the current projects at Biosphere 2 is the Landscape Evolution 

Observatory, a long-term, large scale experiment to study a variety of different phenomena. 

LEO? Who’s that? 

The Landscape Evolution Observatory (LEO) consists of three adjacent greenhouse-like 

bays each containing their own artificial landscape. LEO contains over 1800 sensors monitoring 

the water, carbon, and energy cycles, as well as the physical, chemical and biological evolution 

of the landscapes. [2] The landscapes are 30-meters x 11-meters in area, containing 500 metric 

tons of soil per bay. The landscapes are at a slope of 10 degrees with a uniform depth of 1 meter 

consisting of crushed basalt soil from a Northern Arizona crater. [3] Each bay houses pure 

mineral and abiotic substrate, in addition to living microbial communities. The goal of LEO is to 

document how changes in soil, topography and biological communities affect the water, carbon 



and energy cycles within the landscape and atmosphere. See Fig. 1 and 2 for pictorial 

representations of LEO. 

 

Fig. 1 LEO. 

 

 

Fig. 2 One of the Slopes of LEO with Various Sensors. 

 

The Task 

In LEO, temperature of the soil is one of the hardest things to control. Currently, 

temperature of each bay is controlled manually without any systematic methodology. All cooling 

is carried out at the technician’s discretion, based on feel and experience. In order to maintain a 

temperature range, technicians can control up to three air handlers under each bay which vary in 

temperature, airflow, capacity, and orientation. The amount of solar radiation that enters each 

bay has the greatest impact on the soil’s temperature; i.e., cloud coverage has more impact on 

temperature than ambient outdoor temperature. Our main task is to create a model to optimize 



the thermodynamic control system of LEO to provide a stable temperature range for all three 

bays. See Fig. 3 for the thermodynamic illustration of a bay. 

 

Fig. 3 Thermodynamics of a Bay.  The yellow rays represent solar radiation which get 

absorbed by the landscape which is at an average 10-degree slope. The energy is converted to 

heat which dissipates through the air (red arrows). This heat is trapped in the enclosure (green 

arrows) which can be modelled as a greenhouse effect. The only way to control the temperature 

is by moving the hot air with the use of air handlers, which moves throughout the system (light 

blue line). Each air handler is connected to a random configuration of water towers. The water 

towers send water through the air handlers to control the temperature at which air comes out of 

the handlers. There is a cold-water tower (dark blue line), a hot-water tower (red line), and an 

uncontrolled water tower (cyan line). 

 

 



Approach 

Step 1: Simplify the problem into just a blackbody radiation problem on a given area  

  Blackbody radiation refers to an object or system which absorbs all radiation incident 

upon it and re-radiates energy. This energy is characteristic of this radiating system only, not 

dependent upon the type of radiation which is incident upon it. The radiated energy can be 

considered to be produced by standing wave or resonant modes of the cavity which is radiating. 

An approximation could be made based on the following laws that will allow us to explore the 

relationship between radiation and temperature 

Planck’s law of blackbody radiation gives us the spectral radiance density by the following 

equation: [4]  
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Wien’s displacement law shows how the spectrum of blackbody radiation at any temperature is 

related to the spectrum at any other temperature: [5] 
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Finally, Stefan-Boltzmann law gave us the relationship between radiance L (integration of 

spectral radiance density) and surface temperature: [6] 
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Step 2: Import complex relations into the problem (i.e. Greenhouse effect, soil absorption)   

 The actual problem in reality is much more complicated than just blackbody radiation, we 

first needed to take considerations that the solar radiation on earth has a different spectrum which 

at each wavelength associate with a different energy that can be absorbed. [7] 

 Additionally, it is challenging to take account of Greenhouse effect since our soil sample 

are stored in a closed area. The problem here is twofold, first being solar radiation is absorbed 

and emitted by material (i.e. wall, temperature detector); and second, there is energy lost due to 

glass interference (i.e. reflected radiation, absorbed radiation). The temperature of the soil is also 

will be affected by the ambient air temperature. [9] To start, we can just assume the in-door air 

temperature will change uniformly, so there is no gradient of temperature changes based on its 

location of the room. Since the temperature detectors are buried just underneath the surface of 

the soil, hence we can also assume the surface soil temperature is viable to consider for the entire 

bay. We then used the Newton’s law of cooling to model the effects on how temperature of the 

soil changes with the temperature of the ambient air throughout the day. Newton’s law of cooling 

is given by: [10] 
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Step 3: Build the mathematical model to simulate air handler effects  

 

Using Newton’s Law of Cooling as a foundation, we then built a system of ordinary 

differential equations to relate the soil temperature and the air temperature together:  
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Where:  

T = Dirt Temperature  a1 = Absorption factor of the soil 

A = Air Temperature  a2 = Absorption factor of surrounding material 

 

H = Air handler effect  k1 = Air to dirt  k4 = Ambient to inside air 

G = Global solar radiation k2 = Dirt to air  k5 = Greenhouse Effect 

B = Ambient Temperature k3 = Water to air  

  

In this model, the capital letter variables, (T, A, H, G, B) are all time related variables, 

while a1-2 and k1-5 are constant coefficients that represent different elements that impact the 

thermodynamic balance of LEO.  

 

Step 4: Create a simulation solidifying our mathematical model as realistic using Gaussian 

distributions as inputs 

 Once we established the system of differential equations to relate air and soil 

temperature, the next step was to move to MATLAB and create a functioning simulation to 

verify the validity of our model. We used the forward Euler method for analytically solving our 

system: 

𝑦𝑦𝑒𝑒+1 =  𝑦𝑦𝑒𝑒 +  ℎ𝑓𝑓(𝑦𝑦𝑒𝑒𝑑𝑑𝑒𝑒) 

Forward Euler takes the previous value of the function, then step size h, and the time step 

tn, and then uses to solve for the next value. With this approach, we then utilized Gaussian 

distributions as our inputs for global solar radiation and ambient outside temperature and then 

ran that for several ‘days’ in MATLAB. We found the model, after some normalization and unit 

corrections, mirrored what we hoped would happen. We had an increasing air and soil 

temperature during the ‘day’ and a similarly decreasing temperature in the ‘night’ of the virtual 

LEO with no air handler effects. When we turned on the air handler effect, we then found it 

controlled the temperature swings in both directions, increasing and decreasing. This helped 

establish the basics of the simulation and how it could potentially mimic the actual conditions 

within LEO, giving us a single, cohesive picture of how the system behaves over time. 



Step 5: Fit the mathematic model with live data provided by Biosphere 2 

 After establishing the model’s general-purpose success, we then worked on integrating 

live data from Biosphere 2 itself into the simulation. After several months of effort, we obtained 

access to a majority of the sensor data from LEO. Specifically, we found concrete data for global 

solar radiation, air temperature inside LEO, and ambient outdoor temperature. Each of these 

came in 15-minute time steps for each measurement, which we used for our forward Euler 

solver. However, the most important part of the data, when and how Biosphere 2 was turning on 

and off its air handlers, was not made available to us. As such, we were forced to make the 

assumption Biosphere would turn on the air handlers from 11 AM to 1 PM, to mitigate the 

hottest portions of any given day.  

We initially choose a two-week period from the month of March to plug into our 

simulation. We found initial model parameters calibrated by hand could achieve average errors 

of approximately 2 °F for the soil temperature and 5 °F for air temperature. We found this level 

of accuracy surprising, given the relatively small errors for hand calibrated coefficient values. 

This, in conjunction with large temperature swings from the live data itself, leads us to believe 

Biosphere 2 is employing a system where they only turn on the air handlers at the warmest 

periods of the day.  

 

Fig. 4 Graphs of Actual and Simulated Soil Temperature 

On the left is the graphs of live Biosphere 2 Data, including outside air temperature, 

global radiation, soil temperature, and indoor air temperature. On the right is the graph of the 

simulated soil and air temperatures with graphs of how the error changes over time.  

 



Step 6: Optimize parameter values and demonstrate seasonal accuracy 

After our rough approximations, we applied a non-linear least squares optimization 

MATLAB algorithm to return the most accurate possible coefficient values. Our function took in 

a vector consisting of our parameters, and then optimized the values to decrease the error 

between our simulated soil and air temperatures compared to the live values from Biosphere. 

These optimized parameters resulted in errors of 1.3013 and 2.8539 °F respectively for air and 

soil. Then, we tested this on a variety of seasonal conditions to further validate the accuracy of 

the simulation. Finally, we demonstrated how finer control of the air handlers resulted in more 

stable temperature ranges, going from the approximately 10-degree delta of the live data to a 5-

degree delta within our simulation.  

 

 

Fig. 5 

Actual soil temperature, simulated soil temperature, and then an optimized soil temperature after 

finer air handler control  

 

Final Results 
We have created a system of differential equations to describe the thermodynamic 

balance of the greenhouse-like environment of LEO. We have also created a simulation and 

solved the differential equation via forward Euler Method in MATLAB to mirror the behavior of 



live LEO data. After optimizing the parameters of the equations via nonlinear least squares 

optimization algorithm, our results yield to average errors of 1.3013 and 2.8539 °F respectively 

for air and soil in a range of 15 days. We have also tested our optimized model on a variety of 

weather conditions and seasons to ensure generalized accuracy of the LEO simulation throughout 

the year. The optimized coefficients could very within different time periods throughout the year, 

however, our method of matching and then optimizing is effective for any given part of the year. 

 

Limitations and the future goals 
Unfortunately, while the core of the project was successful, creating a functioning model 

and associated simulation, we found ourselves slightly disappointed by the final results of what 

we were able to achieve. Due to COVID-19 and access to particular data sets, we found we could 

not continue to improve the project with the time left in the semester. We did not have the ability 

to fully describe how to best keep the temperature range of the soil optimized via air handler 

control, and we were unable to provide insight into power optimizations for LEO. Our group 

plans to stay working together, with a few notable goals. First, apply a better solver to our ODE 

than the forward Euler method. While easy to implement, forward Euler leads to some end-range 

instability with our parameter values produced via optimization. The large time steps that the 

Biosphere 2 data comes in could potentially lead to long issues instability via decaying 

instability. This means a more rigorous solver like RK45 could lead to more accurate solutions 

over time, which we could then use to further improve our parametric optimization. Second, if 

we can actually find data on how Biosphere 2 uses its air handlers, we could actually provide 

guidance and insight on power consumption and actual physical optimization within LEO. These 

are goals we hope to achieve over the course of the summer to improve the total spectrum of the 

project and continue making progress with it. 
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