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Abstract – This paper describes a novel means to search for bioinspired cooling design features. With the advent of advanced free-form 

manufacturing methods such as DMLS or FDM printing, new and novel design structures can be deployed taking advantage of 

biomimetic and bioinspired structures. While structural and aerodynamic biomimetic structures have been readily leveraged to design 

problems, the acquisition and integration of bioinspired cooling structures has lagged within thermal design. The method developed 

hypothesises that the broadness of a species operative temperature range can be used to highlight species that may have phenotypic 

plasticity allowing for within-species adaptions to local thermal conditions. To demonstrate this hypothesis, the method is executed using 

ERA5 Land climate data to calculate an operative temperature across the continental United States. The operative temperature is based 

on a 1D heat balance of a massless exposed surface which includes effects of radiation and convective heat transfer to the environment. 

The resultant operative temperatures were then mapped onto the North American tree basal distributions and each species operative 

temperature range was evaluated. Results of this mapping showed little correlation between operative temperature variation with spatial 

distribution of species along latitude and longitude gradients and no correlation was observed to the average catalogued leaf width of the 

species in this study. These results indicate other mechanisms may be stronger drivers to tree thermal range capacity and points to 

opportunities in detailed morphological and physiological studies of top ranked species. These structures can then be abstracted and 

included into bioinspiriation databases and thermal design systems. 
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1. Introduction 
The development of systems that allow for efficient execution of engineering design work is an important part of most 

corporate knowledge architectures. With the advent of more ‘free-form’ manufacturing technologies such as additive 

manufacturing, design spaces from older calcified design systems act to limit the variations pursued by design engineers. 

Having design methods that incorporate available new design space is critical during concept design which focusses on the 

development of a basic solution of the problem through the elaboration of a solution principle [1]. A popular subset of 

creative design, biomimetics, leverages biological information for the development of novel solutions. Biomimetics is the 

study of biological mechanisms for the development of similar solutions by artificial means [2]. Differing degrees of 

biomimetic design exist: biomorphism aims to copy biological mechanisms within engineered products to solve a similar 

problem as the biological system. Bioinspiration aims to leverage biological mechanisms for use in solutions adjacent to the 

intent of the adaption [3]. The process of utilizing bioinspiration establishes a correlation of ideas between the problem being 

addressed and observed solutions in nature taking advantage of “nature’s genius” [4]. It has been shown that introduction of 

possible similar biological systems during the ideation phase of concept design can lead to the introduction of more novel 

design solutions [5]. 

A major hurdle in the use of bioinspiration is collecting, assessing, and leveraging biological solutions within the 

design process. A major gap encountered is association between biological systems and their utility to out-of-domain design 

problems [6]. A number of solutions have been implemented to solve this gap through databases or document crawls [7]. For 

these systems to be of use, they need to be pre-populated with translations to in domain solutions. Reviews of additive-

enabled biomimetic design regularly feature bio-optimized designs for structural and aerodynamic applications [4] [8]. 

However, few works exist on leveraging biomimetic features for the design of single-phase cooling structures for heat 

transfer. While a major facet of most biological systems, it is a difficult to systematically isolate organism features evolved 

that have been readily optimized for this activity.  

A means to systematically search for this adaptive behaviour is to investigate morphological changes within species 

structures across environmentally distinct locations. For heat transfer this would be environments with different heat loading. 
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Graduated adaptions of a species within an environmental gradient are defined as clines [9]. This graduated adaption is a 

consequence of the Phenotypic Plasticity response of an organism to biotic or abiotic factors (such as thermal heat load) 

through changes in characteristics or behaviour [10] [11] [12] [13]. Investigating this phenotypic plastic response over a 

thermal cline provides a systematic means to search for structures of useful nature to heat transfer design. 

The work of this paper seeks to develop a framework to systematically investigate species for thermally adaptive 

structures of interest. The goal of this paper is (1) to develop a singular heat load metric of merit to describe the thermal 

range of a species taking into account radiation and environmental loading, (2) identify first-order trends of this metric, 

and (3) identify direction for future work. The study region is framed within the continental United States with leaf 

structures if North American tree species of interest. This builds on similar research by [14] where they investigated 

lobe variation of within-tree leaf variation (between sun and shade leaves of a single tree) to develop passive evaporative 

cooling structures. This research takes a broader view incorporating variation of leaves along a thermal cline developed 

from Toposcale climate data. In this manner, trees with an exposure to a larger range of temperature will provide a 

down-selection of species and structures from which a heat transfer configuration solution could be developed.  

 

2. Methods 
2.1. Development of the Thermal Metric: Operative Temperature 

To investigate morphological variations of tree species leaves along a thermal cline, development of a heat load factor 

that takes into account different modes of heat transfer into a leaf must be developed. This thermal heat load factor is intended 

to serve as a single parameter surrogate to describe the thermal load encountered by species across their basal region. While 

air temperature is the most readily available climatic factor to characterize the temperature environment of an organism it 

does not capture the multiple modes of energy transfer that occurs at the interface between it and the environment. Early 

developments of climatic factors that tried to more holistically capture the heat necessary for vegetation development utilized 

summation of days above a certain critical temperature or the summation of temperatures over a specific time period [15]. 

These climatic factors incorporated a sum of daily average temperatures as a proxy for the amount of heat load incident on 

a plant in lieu of direct measurements of incident radiation which modern climate datasets provide. 

A rationale index of interest, operative temperature (To), was introduced by Winslow [16] incorporating the heat 

balance from reclined subjects within an enclosed space with turbulent air flow. Operative temperature does not define a 

measurable parameter, but is a scale dependent on the thermal demands of the environment on an organism [16]. The 

operative temperature is the resultant temperature of an organism in consideration of the energy transfer between it and the 

environment. The environment transfers energy to and from an organism by convection (by both single phase transfer to the 

air and multiphase transfer through transpiration), radiation (due to solar radiation and emittance), and conduction into 

surfaces it contacts [17]. A diagram of pertinent heat transfer mechanisms impacting the temperature of plants is shown in 

Figure 1. Here three modes of radiation heat transfer are identified showing direct solar insolation (predominantly short-

wave radiation), atmospheric thermal radiation due to emission from aerosols and clouds within the atmosphere (long-wave 

radiation), and radiative emission from the plant itself. 

Convection heat transfer is identified in Figure 1 along with leaf transpiration. Transpiration is the process of water 

loss from a plant through evaporation through stomata pores from aerial parts of the plants such as leaves, stems, and flowers 

[18]. Transpiration rates vary during a diurnal cycle, are impacted by wind effects and humidity, and are passively controlled 

by stomata in response to light, CO2 concentrations, temperature and water availability [19] [20] [21]. Due to the complexity 

of accounting for the transpiration behaviour of leaves, this mechanism was ignored to plainly focus on the heat load 

encountered by leaves. A marginal amount of heat transfer is also caused by conduction between the plant and the soil. With 

the focus of the search being leaf morphologies, this minor conduction away from the leaves can also be ignored [18]. Further, 

the organism is assumed to be at a steady state condition where changes in body temperature can be ignored. 

 

Figure 1: Modes of heat transfer impacting tree leaf temperature 
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Given these mechanisms of heat transfer, a heat balance of a leaf treated as a massless system can be derived as: 

 

0 = �̇�𝑠𝑤 + �̇�𝐿𝑊 + �̇�𝑒𝑚 + �̇�𝑐𝑜𝑛𝑣  (1) 

 

Here �̇�𝑠𝑤 is the incident solar short wave radiation, �̇�𝐿𝑊 the incident thermal long wave radiation, �̇�𝑒𝑚 the radiative 

emission, and �̇�𝑐𝑜𝑛𝑣 the convective heat transfer the surrounding air. Equation (1) can be solved to determine an operative 

temperature of a target organism. Radiation loads QSW and QLW can be calculated from empirical methods, taken from site 

measurements, or from climate models. Using Newton’s law of cooling for �̇�𝑐𝑜𝑛𝑣 and radiation loss �̇�𝑒𝑚 from the Stefan-

Boltamann law of radiation, (1) can be re-written as: 

 

0 = �̇�𝑠𝑤 + �̇�𝐿𝑊 + 𝜎 ∙ 𝜀 ∙ 𝐴 ∙ 𝑇𝑜
4 + ℎ ∙ 𝐴 ∙ (𝑇𝑎 − 𝑇𝑜) (2) 

 

Here h is the convective heat transfer coefficient, A the area exposed to convection, Ta the atmospheric free-stream 

temperature, σ is the Stefan-Boltzmann constant (5.67e-8 J/s*m2*k4), ε is the emissivity of the leaf, and To the surface 

temperature or operative temperature of the leaf. Equation (2) is then solved to approximate the operative temperature of an 

organism at a given location and serve as our thermal heat load factor.  

 
2.2. Climate Data Set 

To calculate the operative temperature, ERA5-Land data is used from 1970 to 2000 on a 0.08° x 0.08° degree grid 

(representing a grid size of roughly 9 km equatorially) on an hourly basis [22]. This provides a thirty year data set consistent 

with typical recommendations for climate calculations [23]. This dataset incorporates ERA5 atmospheric reanalysis (based 

on reanalysis of station and satellite data) to feed the ECMWF land surface model to describe the exchanges of global energy, 

water, and carbon fluxes on the land surface [24]. The land model takes into account atmospheric elevation, open water status 

within the grid, vegetation, and snow cover to assess the transport of energy and water at each grid point utilizing the ERA5 

atmospheric data as inputs into the model balances. The dataset provides parameters of interest to equation (2): 2-meter air 

temperature (t2m), wind speeds (va), surface solar radiation downwards (ssrd), surface solar radiation downwards (strd), and 

surface pressure (sp). Note the radiation values are the total flux incident to a surface parallel with the local surface of the 

earth. The hourly data is given starting from UTC and is shifted to align to local noon of the study location. 
 
2.3. Operative Temperature Calculation 

For the calculation of equation (2), it was assumed that heat transfer was occurring across a uniformly 3 cm wide leaf, 

perpendicular to incoming radiation, and under a cross draft equal to va as illustrated in Figure 2. Solar heat fluxes from the 

ERA5-Land dataset were directly used in the solution of equation (2). 

 

Figure 2: Comparison of a real leaf shape to the idealized shape used for operative temperature calculation. 

An empirical correlation of the average Nusselt number across a flat plate under laminar flow conditions was used. 

Laminar flow was assumed in that a majority of the flow regimes processed were laminar in nature and reflected the worst 

outcomes in terms of cooling efficiency. The correlation assumed was based on a flat plate correlation as described in [25]: 

 

𝑁𝑢 = 0.68 ∙ 𝑅𝑒0.5 ∙ 𝑃𝑟0.33 (5) 

 

A bi-section iterative solution method was developed for equation (2) iterating on the error in attaining zero on 

summing each of the heat flux modes acting on the ideal leaf. Convergence criteria was heat flux error of 0.001 W/m2. The 
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radiation model of equation (2) assumes an emissivity of 0.98 with the range reported for typical leaf values [18] [26] [27] 

under solar wavelength shortwave radiation. 

On each day of the year, the max, min, and average operative temperatures were calculated and then averaged over 

the data range to give an average of these operative temperature metrics for a given day. The maximum operative temperature 

was then aggregated across the year to provide the maximum operative temperature of the species range. Results of this 

monthly aggregation is shown in Figure 3 for the month of June. Here the maximum monthly air, operative temperature, and 

their difference are shown for the study region highlighting the impact of radiation load on operative temperatures of the 

species. This inclusion increases the subject’s surface temperature relative to the ambient air temperature across the entirety 

of the study region with the highest impacts noted in southern latitudes and high elevation regions.  

 

Figure 3: Average daily maximum operative temperatures for June from 1970 to 2000 

For the basal locations of trees of North America, a digital representation of the “Atlas of United States Trees” by 

Elbert L. Little, Jr. was utilized [28]. This atlas represents the natural distribution of different tree species within North 

America ignoring expansions of the regions to where they may have been transplanted. This dataset provides the spatial 

connection between species distribution and the climate range from which it experiences. The dataset was mapped to the 

ERA5-Land grid and the existence of the 679 species of tree were recorded as a logical flag within the map grid. Due to the 

mismatch in grid fidelity between the ERA5 dataset and the basal location dataset, a clustering algorithm was used to isolate 

major contiguous points in operative temperature space. This algorithm was used to eliminate edge-based false positives 

which would attribute significantly different climate data to typical species niches. The operative temperature range of the 

species were then calculated based on the maximum and minimum encountered temperatures spatially. An example for the 

To range determination for a species is shown for Quercus palustris (Spanish oak) in Figure 4. This species has a distribution 

range between 35 to 45 degrees latitude and from -75 to -95 degrees longitude. The maximum To of the range is identified to 

be 49°C and the minimum at the northern latitudes found to be 25°C, the difference of these being approximately 24°C. This 

difference is recorded as the maximum operation temperature range of this species. 

 

 

Figure 4 Maximum operative temperature over the basal range of species Quercus palustris (Spanish Oak).  

 
3. Results 
3.1. Operative Temperature Rankings 

Calculations of operative temperature were carried out for all 679 species contained within the Atlas data.. In the final 

function of the process, the species were ranked by the range of maximum operative temperature across the observed thermal 

cline. These results are shown in Table 1 for the top five species. These results show the maximum and minimum maximal 
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operative temperature across the thermal cline along with the characteristic width of the leaf as cited in [29] and [30]. This 

ranking will be used to isolate species of interest for thermal adaptions in further works. The largest maximum operative 

temperature spread of Salix exigua tops out at nearly 35°C for the basal range of this species while the average and median 

values of the species in Table 1 is 24.2°C and 23°C respectively.   

Table 1: The top four tree species ranked by maximum operative temperature range post cluster screening. 

Tree Species 
Maximum Operative 

Temperature (°C) 

Minimum Operative 

Temperature (°C) 

Operative Temperature 

Range (°C) 

Characteristic Leaf Width 

(mm) 

Salix exigua 58.7 23.0 35.7 9.0 

Prunus pensylvanica 46.2 17.1 29.1 26.0 

Salix lasiandra 51.2 22.8 28.5 20.0 

Prunus virginiana 50.0 23.0 27.0 37.5 

 

Operative temperature distribution maps of the top four species with the highest operative temperature range is 

shown in Figure 5. All four species show spatial continuity from Canada to roughly 30-35° latitude. Outside of Salix 

exigua and to some extent Prunus virgiana, exposure to elevated operative temperatures occurs along narrow extents of the 

species following along mountain ranges. This distribution may indicate that the species is adapted to a climate whose 

over-all average is cooler driving a proclivity to either northern latitudes or a higher altitude regime where the composite 

maximums shown here are only short-lived with adequate hydration to allow cooling during these short bursts.  

 

Figure 5 Spatial and maximum operative temperature distributions of for Salix exigua, Prunus pensylvanica, Salix 

lasiandra, and Prunus virginiana.  

 

3.2. Key Parameter Trends 
From the thermal niche distributions shown in Figure 5, it can be observed that the operative temperatures seen by a 

species is strongly tied to the spatial distribution of the species. Linear regression analysis of the operative temperature over 

the thermal niche of the Atlas species was conducted for variation along both latitudinal and longitudinal gradients. Figure 

6 shows the breakdown of species operative temperature variation with latitude. For both minimum and maximum operative 

temperatures, it shows that a majority of the species (>50%) have low variation of operative temperature to latitude. Those 

with high correlation to latitude (such as Plot C of Figure 6) have an observed gradient as the species moves from higher to 

lower latitudes. Variation of operative temperatures to longitude is shown in Figure 7. Here the correlation is much weaker 

with a large majority (>60%) of species having little variation of operative temperature across longitudes. 
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Figure 6: Regression analysis of the variation of species operative temperature to latitude. Histogram on the left 

shows the breakdown of response of the study species indicating only a small percentage showed strong operative 

temperature trend to latitude. Plots A, B, and C are examples showing three species exhibiting low (plot A), moderate (plot 

B), and high (plot C) To correlation to latitude gradient.  

 

Figure 7: Regression analysis of the variation of species operative temperature to longitude. Histogram on the left 

shows the breakdown of response of the study species indicating only a small percentage showed strong operative 

temperature trend to longitude. Plots A, B, and C are examples showing three species exhibiting low (plot A), moderate 

(plot B), and high (plot C) To correlation to longitude gradient. 

Variation of leaf width to maximum operative temperature range is shown in Figure 8. The linear regression 

assessment shows very little correlation between the maximum operative temperature range and the average leaf width for 

the species. While indicating that a gross width of leaf does not indicate correlation to a large breadth of thermal robustness, 

it does not rule out that this may be a cogent parameter that is varied by phenotypic plasticity based on the region of growth’s 

environmental conditions. This results points out that in-depth investigations on species may be needed to unravel how a 

species may vary along their operative thermal niche. 

 

 

Figure 8: Variation of leaf width (mm) as a function of maximum operative temperature range. Regression shows 

little correlation between operative temperature range and leaf width. 
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3.2. Discussion of Results 
The operative temperature model used for this study represents an idealized estimate of the heat load a leaf may be 

exposed to during the day. Further, the calculation through the diurnal data sets provide heat loss estimates during the night 

time hours. An estimate of the resultant operative temperatures provides insights into the magnitude of heat that a 

characteristic leaf needs to accommodate to reside in a preferred temperature range for photosynthesis. Keeping in mind a 

general average optimum leaf temperature of approximately 33°C [31], the maximum operative temperature results show 

that unmitigated surface heat-up beyond 20°C as observed in Figure 3. This temperature delta is managed by adaptions to 

(1) operate at higher temperature regimes or (2) provide cooling means such as evaporative cooling where local moisture 

content sustains it or augmentation to convection to the atmosphere when moisture is limited. It is the latter mechanism 

which provides interest in biomimetic inspiration for cooling augmentation. 

The results of Table 1 and Figure 5 highlight the operative temperature metric’s ability to highlight species with 

thermal clines across large thermal environment regimes. The method tends to highlight species with large spatial 

distributions dominated through a significant latitudinal distribution. However, the regression analysis shown in 

FiguresFigure 6 andFigure 7 indicates that latitude is not a strong driver to the maximum operative temperatures encountered 

by a species. This would imply that many species tend to follow similar thermal environments along latitudinal and 

longitudinal space. Hallmarks of this behaviour is observed in the species Salix lasiandria and Prunus pensylvanica of Figure 

5. Both species are predominantly cool weather species and have southerly excursions that map along mountain ranges. Their 

high operative temperature range highlights a short-fall in the calculation in that the calculation represents heating in lieu of 

any transpiration cooling that a leaf would use. Incorporation of this parameter would need further calibration to field 

observations to understand the variation in transpiration in relationship to the availability of water in a region. 
 

4. Conclusion 
In this work, a novel method to evaluate the thermal loading tree species may be encounter was developed using a 1-D 

heat flux model based on a 3 cm wide black body flat plate with no temperature mass. This idealized system was used to 

estimate exposed surface temperatures of generic model leaf under the loads of solar radiation, air convection, and radiative 

heat loss. Utilizing ERA5 Land climate data over 24 hour periods, the maximum, minimum, and average yearly operative 

temperature across the continental United States was calculated and mapped onto the basal distribution of North American 

tree species. The maximum operative temperature range of the species were then calculated allowing for a ranking of species 

based on breadth of thermal loading within their habitat. Assessment of this parameter showed that a wide operative 

temperature range does not correlate to average leaf width nor do the majority of species operative temperatures vary 

significantly against latitude and longitude. These results indicate that other factors may be stronger drivers to thermal 

breadth necessitating (1) inclusion of local moisture contribution via transpiration or (2) higher fidelity studies into individual 

species of interest as highlighted in the ranked list. 

In future work, species highlighted by this search mechanism will be investigated for morphological variation along 

these thermal clines. These morphologies will be evaluated for their impact to heat transfer and incorporated into cooling 

designs as a demonstration of the full arch of leveraging this method in a typical design system. 
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