


















Figure 4. Calculated effects of environmental conditions on the difference
between leaf temperature and air temperature under four radiation
scenarios.
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Table 1. Incident radiation, fraction absorbed, and total absorbed radiation
for each source. The absorbed radiation was normalized to a PPF of 1000 µmoles per
m2 per s for each radiation source. This does not result in exactly equal PAR (in watts
per m2) because of spectral differences among radiation sources. The total absorbed
radiation for each source is shown in bold. Leaf temperature was held constant at 25°C.
Net longwave exchange with lower leaves or surfaces was assumed to be zero.

UV (350-
400 nm)

PAR (400-
700 nm)

NIR (700-
2500 nm)

Source
longwave

Sky
longwave

Emitted
longwave

Total

Incident radiation (W/m2)
HPS 0.58 203 128 131 452 -435 480
LED 0.15 195 10 44 452 -435 267

Sun, greenhouse 18 219 252 0 452 -435 508
Sun, clear sky 19 219 288 0 300 -435 392

Fraction absorbed
HPS 0.939 0.870 0.263 0.97 0.97 0.97 0.71
LED 0.934 0.943 0.923 0.97 0.97 0.97 0.90

Sun, greenhouse 0.938 0.894 0.214 0.97 0.97 0.97 0.53
Sun, clear sky 0.937 0.894 0.207 0.97 0.97 0.97 0.33

Total absorbed radiation (W/m2)
HPS 0.54 177 34 127 439 -422 342
LED 0.14 184 9 43 439 -422 240

Sun, greenhouse 17 196 54 0 439 -422 271
Sun, clear sky 18 196 60 0 291 -422 130

The indoor environments (LED, HPS, and greenhouse) had net positive longwave 166

radiation, and the HPS fixture was significantly higher than the other sources. The 167

effect of UV on absorbed radiation was less than 10% of absorbed PAR energy for all 168

source. 169

Effect of environment on leaf to air temperature difference 170

The leaf-to-air temperature difference, in all radiation scenarios, was less than 2°C 171

except where parameters approached their extremes (Fig. 4). The relative order did not 172

change, regardless of environmental conditions, with HPS > greenhouse sun > LED > 173

clear sky sunlight. 174

Near worst-case conditions (water stress, high PPF, and low wind; Fig. 5) increased the 175

differences between lighting sources. The results indicate that leaf temperatures in near 176

worst-case conditions can increase 6°to 12°C above air temperature depending on the 177

radiation scenario. 178

Differences in radiation absorption 179

There were significant differences among sources in the ratio of NIR to PPF, but NIR 180

wavelengths are poorly absorbed by leaves (Table 1), thus the effect of NIR on leaf 181

temperature is relatively small. Blanchard and Runkle [12] found leaf temperature to be 182

0.7°to 1.5°C lower under NIR reflective painted glass as opposed to neutral reflective 183

painted glass with similar PPF conditions (about 1100 µmole/m2s), though much of 184

this difference was likely due to differences in air temperature, which was on average 185
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Figure 5. Calculated effects of PPF on the difference between leaf
temperature and air temperature under four radiation scenarios in near
worst-case conditions of water stress and low wind.

0.8°C higher under neutral reflective paint. This further shows that though NIR is a 186

significant source of energy, it’s impact on individual leaves is small. 187

Longwave radiation varied significantly among radiation sources and had the biggest 188

effect on leaf temperature. Because incoming longwave radiation from clear sky 189

conditions is significantly less than that from the ceiling of controlled environments, 190

plants grown outdoors have lower absorbed net radiation. Even on overcast days, 191

incoming long wave radiation in the field is typically lower than in a controlled 192

environment. 193

Our analysis includes two of the most efficient fixtures available. Increases or decreases 194

in efficiency will likely cause small differences in source longwave radiation, but the 195

effect of changes in fixture efficiency would be relatively small compared to the effect of 196

differences between the two technologies. 197

Effect of light source on transpiration 198

Increased leaf temperature causes increased transpiration. When incoming radiation 199

and radiation capture by the crop are the same, the transpiration rate of crops in 200

protected environments are thus higher than the same crops the field. 201

In the field, however, water loss by evaporation from the soil surface can make the 202

combination of evaporation and transpiration higher than the combination of 203

evaporation and transpiration in a controlled environment. If the effect of surface 204

evaporation is removed and transpiration from only the leaves is considered, crops in a 205
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greenhouse would have a 35% higher transpiration rate than identical crops grown in 206

the field. 207

Based on our presented model and the default parameters (Fig 4), the reduced leaf 208

temperature under LED fixtures would decrease transpiration by 17% compared to HPS 209

fixtures. This is a potentially significant reduction in transpiration, but differences in 210

surface evaporation among cultural systems typically have a greater effect on crop water 211

requirement than lamp type. For example, drip irrigation can decrease evaporation from 212

surfaces and reduce the crop water requirement by 30 to 70%, in both greenhouses and 213

in the field [13]. 214

Effect of elevated CO2 215

Controlled environments often add supplemental CO2, which can decrease stomatal 216

conductance 10-40% [14,15], and increase leaf temperature. The presented model 217

indicates that a decrease in stomatal conductance of 30% in response to elevated CO2 218

would increase leaf temperature by 1°C in all radiation scenarios. 219

Effect of light source on shoot tip temperature 220

Shoot tip temperature is often used to predict time to flower and plant development 221

rates [16]. Our modeling approach is similar to that used by Shimizu et al. [4] and Faust 222

and Heins [17] to predict shoot tip temperature, both of which found greater than 83% 223

of their modeled values to be within 1°C of measured values. Because our models are 224

similar, choice of lighting technology will likely affect shoot tip temperature, time to 225

flower and plant development. 226

Effect of light source on fruit and flower temperature 227

Our near-worst case analysis would likely be representative of flowers, fruits, and thick, 228

dense plant parts that have low transpiration rates, including high value products such 229

as tomatoes, strawberries, and Cannabis flowers. These thicker structures would absorb 230

more radiation than a thin leaf. Our measurements show that while only 63% of HPS 231

shortwave radiation is absorbed by the first leaf, a structure ten times thinker would 232

absorb more than 80%. LED technology has the potential to reduce heating of these 233

thick, low transpiring plant structures. 234

Conclusions 235

The presented model indicates that the use of LED technology reduces leaf temperature 236

by about 1.3°C compared to HPS technology under typical, indoor growing conditions, 237

but a leaf in a controlled environment will be warmer than a leaf in the field under a 238

clear sky, assuming equal PPF and similar environmental conditions. In conditions 239

where leaves benefit from heating, such as a greenhouse in a cool climate, HPS 240

technology more effectively transfers heat to canopies. 241
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Supporting Information 242

S1 243

244

Transmission of radiation through a single pane of tempered glass. PAR was 245

89% transmitted. 246

S2 247

Overview of code used to run the associated model. 248

Acknowledgments 249

We thank Peter Nelson, Saundra Rhoades, and Alec Hay for their 250

dedicated technical work. 251

252

References 253

1. Baille M, Baille A, Delmon D (1994) Microclimate and transpiration of 254

greenhouse rose crops. Agricultural and Forest Meteorology 71: 83–97. 255

(document) 256

2. Kichah A, Bournet PE, Migeon C, Boulard T (2012) Measurement and CFD 257

simulation of microclimate characteristics and transpiration of an Impatiens pot 258

plant crop in a greenhouse. Biosystems Engineering 112: 22–34. (document) 259

PLOS 13/14



3. Seginer I (1984) On the night transpiration of greenhouse roses under glass or 260

plastic cover. Agricultural Meteorology 30: 257–268. (document) 261

4. Shimizu H, Runkle ES, Heins RD (2004) A steady-state model for prediction of 262

poinsettia plant shoot-tip temperature. Journal of the American Society for 263

Horticultural Science 129: 303–312. (document) 264

5. Blonquist J, Norman J, Bugbee B (2009) Automated measurement of canopy 265

stomatal conductance based on infrared temperature. Agricultural and Forest 266

Meteorology 149: 2183–2197. (document) 267

6. Widmoser P (2009) A discussion on and alternative to the Penman–Monteith 268

equation. Agricultural Water Management 96: 711–721. (document) 269

7. Nelson JA, Bugbee B (2014) Economic analysis of greenhouse lighting: light 270

emitting diodes vs. high intensity discharge fixtures. PLoS ONE 9: e99010. 271

(document) 272

8. Jones HG (2013) Plants and microclimate: a quantitative approach to 273

environmental plant physiology. Cambridge University Press. (document) 274

9. McCree K (1972) The action spectrum, absorptance and quantum yield of 275

photosynthesis in crop plants. Agricultural Meteorology 9: 191–216. (document) 276

10. Campbell GS, Norman JM (1998) An introduction to environmental biophysics. 277

Springer. (document) 278

11. Monteith JL, Unsworth MH (1990) Principles of environmental physics. Edward 279

Arnald, second edition. (document) 280

12. Blanchard MG, Runkle ES (2010) Influence of NIR-reflecting shading paint on 281

greenhouse environment, plant temperature, and growth and flowering of bedding 282

plants. Transactions of the ASABE 53: 939–944. (document) 283

13. Camp CR (1998) Subsurface drip irrigation: a review. Transactions of the ASAE 284

41: 1353–1367. (document) 285

14. Ainsworth EA, Rogers A (2007) The response of photosynthesis and stomatal 286

conductance to rising CO2: mechanisms and environmental interactions: 287

Photosynthesis and stomatal conductance responses to rising CO2. Plant, Cell & 288

Environment 30: 258–270. (document) 289

15. Wheeler RM, Mackowiak CL, Yorio NC, Sager JC (1999) Effects of CO2 on 290

stomatal conductance: do stomata open at very high CO2 concentrations? 291

Annals of botany 83: 243–251. (document) 292

16. Faust JE, Heins RD (1993) Modeling leaf development of the African violet 293

(Saintpaulia ionantha Wendl.). Journal of the American Society for Horticultural 294

Science 118: 747–751. (document) 295

17. Faust JE, Heins RD (1998) Modeling shoot-tip temperature in the greenhouse 296

environment. Journal of the American Society for Horticultural Science 123: 297

208–214. (document) 298

PLOS 14/14


