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ABSTRACT 

The presence of vegetation is known to improve outdoor 

thermal comfort perception and mitigate the effects of Urban 

Heat Island in cities. The availability of appropriate amount 

of solar radiation is a critical factor in deciding the selection 

and placement of vegetation in the form of food crops, 

turfgrass and ornamental plants. While the selection of 

vegetation species based on empirically measured radiation 

is common in agricultural practice and research, there have 

been limited efforts to leverage radiation modeling to guide 

urban greening decisions.  

This paper proposes a radiation modeling strategy to inform 

the selection of plants for the purposes of urban greening. 

The authors review the current practices of modeling 

photosynthetic radiation prevalent in agricultural research, 

that are based on the concept of Daily Light Integral (DLI). 

An annual simulation-based approach for mapping DLI on to 

urban spaces is formulated and then discussed in the context 

of an urban neighborhood in Texas, USA. As per the DLI 

map generated, guidelines are provided for the selection of 

specific types of grass for urban greening. The computational 

methodology proposed herein can be applied in context of 

other urban spaces and climates. 
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1 INTRODUCTION 

The role of vegetation as an instrument of modulating 

thermal discomfort in urban spaces is widely acknowledged. 

On a microclimate level, the presence of foliage, in the form 

of trees and grass, is found to be effective in improving 

thermal comfort perception. Some of the common metrics 

that are used to quantify thermal comfort are Predicted Mean 

Vote (PMV), Physiologically Equivalent Temperature (PET) 

and Universal Thermal Climatic Index (UTCI), all of which 

utilize Mean Radiant Temperature (MRT)in their calculation 

[1]. On a macro-level, the presence of vegetation has shown 

to be a mitigating factor for the Urban Heat Island (UHI) 

Effect [2]. An increase in the vegetation profile of an area 

correlates with reduction in its ambient temperatures in 

summers [3]. Vegetation in the form of turfgrass or food 

crops, when applied on pavements and green roofs, reduces 

the temperature of these surfaces as it has a lower sensible 

heat flux.  

2 PROBLEM STATEMENT 

Several approaches - depending on the spatial scope, depth 

of analysis, and level of detailing desired - are employed for 

accommodating vegetation in urban and outdoor thermal 

comfort simulations. Mesoscale simulation tools like Urban 

Weather Generator typically allow for vegetation to be input 

as a fraction of the total surface area. Computational Fluid 

Dynamics-based tools and Urban Thermal Environment 

tools (like Fluent and ENVI-MET respectively) offer a 

greater degree of detailing in the form of shapes and surface 

properties of plants and shrubs [4-8]. Outdoor thermal 

comfort simulation tools predominantly rely on allocating 

vegetation as elements of thermal zones to estimate surface 

temperatures [9].  

Irrespective of the methodology employed for incorporating 

vegetation in the simulation approaches referenced above, 

the level of detailing rarely, if ever, provides definitive 

guidance regarding the feasibility of growing and 

maintaining specific species of plants and turf.  

The type and distribution of plant species chosen for 

greening should be compatible with the geographical and 

weather conditions of a space. Additionally, the amount of 

radiation available for affecting plant growth might vary 

significantly even within a single urban location. This is 

attributable to urban topology, street canyons and shading 

profiles from high-rises. One example of a field-study that 

proposes a species- and region-specific approach for 

incorporating green roofs can be found in [10]. The 

following section  reviews the current practices for selecting 

vegetation types followed in botany and agricultural 

sciences.  

3 METHODOLOGY FOR SELECTING VEGETATION 
FOR URBAN GREENING: STATE OF SCIENCE 

The ability to grow any type of vegetation is predicated on 

the availability of adequate moisture, soil nutrients and light. 

Of these parameters, the first two can be supplemented 

through irrigation and fertilization, irrespective of whether 
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the location is indoors or outdoors. However, for vegetation 

to be grown on a large scale with the intent of improving 

thermal comfort and mitigating UHI, the lighting 

requirements need to be met exclusively through daylight.  

The following sub-sections review the current state of 

science with regards to the factors that influence the selection 

of vegetation. 

3.1 Radiation modeling to estimate Photosynthetically 
Active Radiation (PAR) 

The range of wavelengths, between 300nm to 700nm, of 

solar radiation that is responsible for photosynthesis is 

referred to as photosynthetically active radiation (PAR). 

PAR is expressed as photosynthetic photon flux density 

(PPFD) in micromoles per second per square meter 

(µmol/sec-m2)[11].  

Within the fields of botany and agricultural sciences, there is 

a consensus, that for the purposes of estimating plant growth, 

the quantum of PPFD can be condensed to Daily Light 

Integral (DLI). DLI is a measurement of the total amount of 

PAR delivered over a 24-hour period and is expressed in 

mol/m2 per day [12]. The methodology for measuring and 

maintaining DLI in commercial greenhouses, along with a 

discussion on its relevance in plant growth, development, 

yield and quality can be found in [13]. On a much larger 

scale, studies have provided annual climate-based estimates 

of DLI in mainland United States [14, 15] and China [16]. 

An example of the DLI contour map generated for United 

States is shown in Figure 1.  

Till now, there have been limited attempts to leverage DLI 

estimates to inform the selection of vegetation in urban 

microclimate simulations. One study, conducted in China, 

employed field measurements of DLI to guide the selection 

of plant species in urban spaces [17].  

Most species of vegetation have recommended levels of DLI 

which are required for them to grow optimally in different 

seasons. An extensive list of studies that correlated plant 

growth with DLI measurements can be found in [14]. The 

quantum of DLI affects various aspects of plant growth such 

as height, stem diameter, dry weight, leaf chlorophyll, leaf 

area and flowering. DLI recommendations for various plant 

species, aggregated from several studies over the years, can 

be found in [13, 18].  

3.2 Selection of vegetation species: Suitability for urban 
greening 

In addition to radiation levels, the availability of irrigation 

and the water requirements of the plant, the soil composition 

at the site, degree-day requirement, hardiness zone 

classification and wind conditions are some of other aspects 

to be considered for selection of plant specifies for a specific 

location. Examples of climate-specific considerations for 

selection of food crops and grass types can be found in [10] 

and [19] respectively.  

Figure 1. The annual DLI map for mainland United States. Credit: 

[14] 

Depending on whether the plants are being grown at roof or 

ground level, or both, the depth of the substrate thickness is 

also a critical factor in the selection of vegetation. In the case 

of green roofs, several categorizations have been made to 

classify soil types as intensive, semi-intensive, single-course 

extensive and multi-course extensive. Intensive and semi-

intensive roofs typically feature a substrate thickness of 

above 6 inches while the other two types have a soil thickness 

of 3-6 inches. Soil thickness for growing grass is typically 

six inches or less [20].  

The next section proposes a simulation-based approach for 

the calculation of DLI. The subsequent section describes a 

case-study where the proposed simulation-based approach 

was employed to guide the selection of plant species in a 

commercial neighborhood within a city for the purposes of 

urban greening.  

4 CALCULATION OF DLI IN URBAN SPACES FROM 
TYPICAL METEOROLOGICAL WEATHER DATA: 
THEORETICAL BASIS 

Past studies featuring the mapping of DLI from weather data 

have typically involved mapping radiation values obtained 

from weather stations directly on to the surfaces of a 

particular area by disregarding natural and urban topography. 

This approach appears feasible on a very macro-level, as 

addressed by [14-16] for maps of contiguous United States 

and mainland China respectively. However, at the scale of a 

city neighborhood, the calculation of radiation levels needs 

to be cognizant of both the local climate as well as shadowing 

and reflection effects from buildings and other urban 

structures.  

For providing DLI estimates for urban spaces, the authors 

propose a three-step approach for radiation modeling. These 

steps relate to locating relevant weather datasets for a 

specific urban location, mapping the radiation obtained from 

the weather dataset to urban topology and finally estimating 

DLI values from the mapped radiation. The following sub-

sections discuss these steps. 
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4.1 Selection of climate dataset for a specific location 

In their effort to map nationwide radiation data for the maps 

of United States and China respectively, the studies 

discussed in [14, 15] and [16] aggregated global-horizontal 

radiation data of nearly three decades. This data was 

collected from a database maintained by the National 

Renewable Energy Laboratory (NREL) and was averaged 

into monthly DLI values as shown in Figure 1 for the study 

presented in [14]. A similar approach was followed for 

creating the maps in the Chinese study as well [16].  

For the purposes of mapping radiation data to an urban 

setting that might comprise of a few city blocks, the authors 

relied on, and propose the use of, typical meteorological year 

(TMY) datasets. These datasets contain hourly data for 

physical quantities such as temperature, radiation, wind 

velocity and humidity for an entire year. TMY data is usually 

a composite of typical months from several years. The 

selection of years chosen for creating a TMY dataset is based 

on statistical measures of similarity of daily indices such as 

minimum, mean and maximum dry-bulb temperature, and 

daily total global and direct solar radiation [21].  

TMY data has been employed in building performance 

simulations for several decades. Successive versions of these 

datasets, based on their order of release, have been 

designated as TMY, TMY2 and TMY3 [22]. At present, 

TMY datasets are generally distributed in Energy Plus 

Weather (EPW) file formats and are available for over 2100 

locations across the world [21]. From the various hourly data 

that are available in an EPW file, the authors used direct-

normal radiation and diffuse-horizontal radiation, both 

expressed in Watt-hours/meter2, for the purposes of 

calculating  DLI levels. The rationale for using these data are 

explained below:  

1. Sky modeling: Direct-normal and diffuse horizontal

radiation, when considered along with the

geographical details of a location such as latitude,

longitude and time-zone, can be used to generate a

weather-based Perez sky-model [23].

2. Calculation of radiation from Perez sky model: The

Perez sky model can be used to calculate incident

radiation on surfaces through ray-tracing or

radiosity based methods [24, 25]. The incident

radiation can then be used to calculate DLI levels.

3. Ability to model shadows and reflections: The use

of direct-normal radiation enables the modeling of

direct radiation from the sun. This makes it possible

to incorporate the effects of shadowing and

reflected radiation into the calculation of DLI [24,

26]. 

4.2 Calculating hourly radiation values from climate data 

The Perez sky model discussed in the previous section can 

be used to calculate the incident radiation for a specific point-

in-time through a conventional raytrace simulation. This 

approach is impractical for calculating hourly values of 

radiation for the entire year, as it would necessitate 8760 (24 

hours for 365 days a year) ray trace calculations. The authors 

relied on a finite-element approach for calculating the 

incident radiation that is based on the concept of Daylight 

Coefficients [27]. This approach has been empirically 

validated by several studies for the purposes of calculating 

illuminance from daylight [28, 29]. The two concepts that are 

central to this approach are: 

1. The celestial hemisphere, comprising of the sun and

sky, can be subdivided into discrete radiant patches

as shown in Figure 2.

2. The total radiation at any measurement point can be

calculated by adding up the radiant contribution

from individual sky patches. Figure 3 illustrates this

concept in the context of an indoor space

4.3 Deriving DLI from hourly radiation values. 

The range of wavelengths, between 300 to 700nm, that 

constitutes PAR significantly overlaps with the range that 

constitutes the visible radiation. The range of wavelengths 

responsible for actuating vision is between 380 to 760nm 

[11, 30]. Visible radiation measured on surfaces is expressed 

in terms of illuminance. The unit of illuminance is lux [30]. 

Provided that the spectral power distribution of a light source 

– regardless of whether it is artificial or natural – is known,

it is possible to calculate PAR from illuminance [11]. So, it 

is possible to leverage the results of a climate-based daylight 

simulation to calculate PAR. 

Conversion formulae exist, for both empirical and 

simulation-based measurements, to calculate PPFD from 

illuminance expressed in lux or foot-candles. This 

conversion is facilitated by the availability of kilolux-to-

PPFD conversion factors for different types of light sources 

ranging from daylight to compact fluorescent lights [11, 13, 

31, 32].  The assumptions and methodology to be followed 

for the calculation of illuminance, and by extension PPFD, 

in an urban context are similar to those for an indoor space. 

This is demonstrated through the case study discussed in the 

following section. 

Figure 2. The division of the celestial hemisphere into discrete 

patches. (Credit: [33]) 
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Figure 3. Radiation from a single sky patch measured on a surface 

inside a room. (Credit: [33]) 

5 PROTOTYPICAL CASE STUDY: SETUP AND 
CALCULATION 

5.1 Setup 

The geographical area chosen for the case study is Dallas, 

Texas, USA. Dallas has a humid subtropical climate with hot 

summers. The summer daytime temperatures frequently 

exceed 38°C [34]. The effects of UHI are prevalent in Dallas 

city and the greater Dallas-Fort Worth metropolitan area [35-

37]. The specific location chosen for analysis is a 

neighborhood in downtown Dallas. The neighborhood, as 

pictured in Figure 4, consists of commercial high-rises and 

streets. The possibility of growing any sort of vegetation is 

restricted to the roofs and adjoining ground spaces of the 

commercial high rises. 

Figure 4. The location in Dallas considered for the prototypical 

study. 

Based on the known effects of vegetation on thermal comfort 

perception, it is expected that the addition of vegetation will 

likely have mitigating effect on the daytime air temperatures 

in the area and thereby improve thermal comfort perception 

during the warm summers. 

5.2 Calculation of Daily Light Integral (DLI) 
As discussed previously, conversion factors exist for the 

purposes of deriving DLI from illuminance from different 

types of light sources [32]. The value of illuminance may 

either be measured on field through an illuminance meter or 

calculated through a daylighting simulation.  

In this study, the illuminance was calculated using Radiance, 

a physically based ray-tracing software. The illuminance 

values calculated through Radiance have been validated with 

field measurements by several studies over the past three 

decades [24, 38, 39]. The hourly annual values of 

illuminance calculated through Radiance were based on the 

Daylight Coefficient method [26, 27].  

The standard inputs for calculating illuminance with the 

daylight coefficient method are: 

1. CAD model of the location

2. Reflectivity/transmissivity of materials

3. Placement of illuminance sensors within the CAD

model and

4. Typical Meteorological Year (TMY) weather data

file for the nearest weather station.

The Daylight Coefficient method is applied in this scenario 

by measuring the radiation from individual sky patch on the 

entire urban context as shown in Figure 5. The CAD model 

of the urban context created for the purposes of this study is 

shown in Figure 6. The placement of the illuminance sensors 

at roof and ground levels is also highlighted in Figure 6. The 

TMY data used for the simulations was of Dallas Fort-Worth 

area [40]. The theoretical basis for the conversion of 

illuminance, expressed in lumens/sq. meter (lux), to PPFD, 

expressed in  µmol/sec-m2 , can be found in [32]. Based on 

the conversion formulae provided in [32] and [13] for 

daylight, the value of hourly PPFD was calculated by 

multiplying average daily foot candles per hour values with 

0.20. The multiplication factor derived from the fact the 

sunlight has 0.20 foot-candles per μmol.m-2.s-1. 

Figure 5. Radiation from a single sky patch being measured in an 

urban context. 
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Figure 6. CAD model of the location considered for the analysis. 

The black dots refer to the positions of the illuminance sensors 

considered for the daylighting analysis. 

DLI was then calculated by multiplying with 0.0864, the 

total number of seconds in day divided by 1,000,000. The 

daily values of DLI, obtained for every day of the Typical 

Meteorological Year, were aggregated and grouped into 

monthly averages.  

6 RESULTS 

6.1 DLI values obtained from the simulation 

The monthly average values for DLI across the entire year 

are shown in Figure 7. Key seasonal observations regarding 

the mapped DLI values in Figure 7 are listed below:  

1. Winter (November, December, January, February):

There is a significant difference between DLI levels

on the roofs and on the ground level. This can be

attributed to shading from the buildings and the low

angle solar radiation received. DLI for ground level

varies approximately from 0 to 15, while that on the

roofs varies from 15 to30.

2. Spring/Fall (March, April, September, October):

The difference in DLI levels between the roof and

ground levels is less pronounced. The general range

of DLI is in the range of 15 to 30 and the effect of

shading from buildings is noticeable in the

periphery of the buildings.

3. Summer (May-August): Due to a prevalence of

high angle solar radiation as well as a higher

percentage of days with clear skies, the DLI values

are in the vicinity of 30 and above.

6.2 Choice of vegetation based on DLI and other 
considerations 

Typical urban greening strategies involve the planting of 

trees, food crops or grass. Based on the urban topology of the 

location considered for this study, as well as the commercial 

nature of the buildings in it, the planting of trees and food 

crops are impractical. Therefore, the authors considered 

several varieties of turfgrass for the purposes of vegetating 

the building roofs and ground locations near them. The net 

positive impact of turfgrass on thermal comfort has been 

documented in past studies [41, 42].  

According to their optimum temperature requirements, 

turfgrasses can be classified as cool-season and warm -

season grasses. Cool-season grasses have optimum growth 

temperatures between 15 to 24°C, while warm-season 

grasses grow optimally between 27 to 35 °C [43]. The 

climate of Dallas is more suited to the growth of warm-

season turfgrasses. Further details regarding the suitability of 

different turfgrass types to the climate of Texas can be found 

in [19]. Based on the recommendations provided in [19], 

Bermudagrass and Zoysiagrass were identified as two 

probable options for the site being considered. The relative 

traits of the two grasses are listed in Table 1.  

Bermudagrass Zoysiagrass 

Shade 

Tolerance 

Very low to low Moderate to 

high 

Water 

Requirement 

Moderate to low Moderate 

Drought 

Tolerance 

Very good Very good 

Traffic 

Tolerance 

High Moderate to 

high 

Cold 

Tolerance 

Moderate Moderate to 

high 

Table 1. Relative traits of Bermudagrass and Zoysiagrass 

reproduced from [19]. Traffic tolerance relates to the resilience of 

the grass from wear and tear due to people walking or running. 

A cultivar, derived from “cultivated variety”, refers to plant 

types that are created through selective breeding. Four 

cultivars, two each of Bermudagrass and Zoysiagrass type, 

were evaluated for this study. The seasonal DLI 

requirements of these cultivars are provided in Table 2 [44]. 

The recommended season for planting warm season grasses 

is typically in Spring or Fall [43]. Considering Spring to be 

planting season, a location-specific decision matrix was 

created for the selection of different types of cultivars. The 

decision matrix, shown in Table 3, was generated by cross 

referencing the DLI requirements of the cultivars to the 

calculated DLI levels shown in Figure 7. 
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Bermudagrass Zoysiagrass 

Tifway Celebration Diamond Jamur 

Spring 17 14 10 10 

Summer 21 20 11 11 

Winter 10 8 7 6 

Table 2. DLI values, expressed in in mol/m2 per day, for two 

varieties each of Bermudagrass and Zoysiagrass. The values, 

rounded off to the nearest integer, were aggregated from [44]. 

As indicated by Table 3, the cultivars of Bermudagrass are 

not suitable for planting on the ground level as the radiation 

values in Spring are low on account of shading from the 

buildings. 

Bermudagrass Zoysiagrass 

Tifway Celebration Diamond Jamur 

Roof Yes Yes Yes Yes 

Ground No No Yes Yes 

Table 3. A decision-matrix for the suitability of planting grass on 

roofs and ground level. The matrix was created by cross-

referencing the values of DLI for grass-types (Table 2) with the 

DLI values mapped for the month of March (Figure 7).  

7 DISCUSSION 

The preceding sections presented a methodology for 

selecting the location and the type of plants that can be used 

for urban greening. The potential benefits of urban greening 

can be then evaluated by incorporating the characteristics of 

plants into simulations. 

While these simulations are beyond the scope of this study, 

the following sub-section provides examples of how the 

effect of vegetation can be evaluated. The sub-sections after 

that discuss the limitations of this study and some of the 

challenges encountered in the collection of relevant data. 

7.1 Simulation-based studies for quantifying the impact 
of vegetation on thermal comfort. 

The methodology to factor in, and study the impact of, 

vegetation in urban simulations varies according to the scale 

and intent of the simulation. For outdoor thermal comfort 

simulations at a city-block level, vegetation can be 

incorporated into the simulation model by defining surfaces 

of thermal zones - that represent buildings or ground - as 

vegetation. The theoretical bases for the material definitions 

for including vegetation are discussed in [45, 46]. An urban 

microclimate study that leverages these types of materials 

can be found in [47]. 

The impact of vegetation on thermal comfort at a mesoscale 

was studied in [6] through a sensitivity analysis with Urban 

Weather Generator. That study also considered factors like 

city size, urban morphology and tree coverage. The studies 

described in [48] and [49] employed ENVI-MET to study the 

impact of vegetation on thermal comfort expressed in MRT 

and PET respectively.  

7.2 Limitations of this study  

The methodology used in this study relied on TMY data to 

compute DLI estimates. TMY data is generated statistically 

Figure 7. The monthly average DLI map for the Typical Meteorological Year.  Top row (from left to right): January to April.  Middle 

row (from left to right): May to August. Bottom row (from left to right): September to December. 
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from long term weather patterns of a location. Empirically 

measured DLI levels measured at the site will deviate from 

these estimates based on prevailing weather conditions.  

An arithmetic constant was used to convert visible light to 

PAR. The value of the constant, assumed as 0.2 by the 

author, has been suggested between 0.18 to 0.22 by various 

sources [13, 32]. Additionally, the Daylight Coefficient 

method employed for calculating annual results relies on 

some simplified assumptions regarding the position of the 

sun and sky [26].  

The DLI values employed for the selection of grass types are 

based on studies conducted in greenhouses [44]. PPFD levels 

inside a greenhouse can be fractionally higher or lower than 

the levels measured outside based on whether the glazing is 

diffusing or specular respectively.   

7.3 Challenges in the collection of relevant data 
pertaining to DLI 

Presently, there are no authoritative and comprehensive 

sources of information pertaining to DLI requirements for 

different types of vegetation that may be used for urban 

greening. Consequently, in this study, a significant amount 

of effort was devoted to locating DLI values specific to the 

types of turfgrass applicable to Dallas. The authors expect 

the lack of readily accessible data to be a recurring challenge 

in the adoption of any DLI-based recommendation strategy.  

8 CONCLUSION AND FUTURE INITIATIVES 

This research was an effort to leverage the current state of 

the art in agricultural practice and building simulations to 

inform urban greening decisions. The authors presented a 

review of existing practices in agriculture and botany with 

regards to the calculation of DLI through field measurements 

and its role in selection of vegetation. This was followed by 

a discussion on how a computational approach based on the 

Daylight Coefficient Method can be employed to calculate 

DLI through simulations. This approach was demonstrated 

through a prototypical case study presented in the context of 

an urban location.  

Future initiatives being considered by the authors include 

urban microclimate simulation-based studies that estimate 

the impact of vegetation on thermal comfort metrics like PET 

and UTCI. The authors also intend to perform sensitivity 

analysis on the impact of plant parameters like height, leaf 

reflectivity and emissivity on thermal comfort. 
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