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A B S T R A C T   

This paper quantifies the impacts of the Jacob K. Javits Convention Center (JJCC) green roof and the nearby 
redevelopment of Hudson Yards (Midtown West, Manhattan, New York City, NY) on the local microclimate. The 
analysis was performed using ENVI-met, a grid based, three-dimensional (3D) computational fluid dynamics 
model commonly used to simulate surface-plant-air interactions in urban settings. Using air temperature, relative 
humidity, and wind speed and direction measured onsite on July 22, 2014, a total of six simulations were run, 
comprising three different stages of redevelopment (e.g., in 2014, 2018, and 2021), with and without the JJCC 
green roof in place. Under the simulated climate conditions, the green roof reduced air temperature over the no- 
green roof (NoGR) condition, primarily on the north side of the JJCC. However, because of the nearby rede
velopment, the cooling benefit provided by the roof decreased slightly over time. For example, at 1:00 p.m. the 
air temperature dropped from 0.75 K at roof level in 2014, to 0.65 K and 0.64 K in 2018 and 2021, respectively. 
Similarly, though to a lesser extent, the same trends were evident in the simulations at pedestrian level. The 
redevelopment of Hudson Yards reduced the sky view factor (SVF) and provided shading during the day, 
reducing daytime mean radiant temperature (MRT). However, the same buildings raised nighttime MRT. 
Together, the study provides insights into the growing understanding of how green roofs can impact the 
microclimate of complex urban environments.   

1. Introduction 

It is well known that urban areas can experience higher ambient air 
temperatures than nearby rural areas [1], with measured differences of 
between 0.4 and 11 K [2]. During heat waves [3], urban heat islands 
(UHIs) can be more extreme [4], negatively impacting the health and 
well-being of the urban population [5,6]. As reviewed by Tzavali et al. 
[7], the intensity of the UHI is determined by latitude, elevation, 
climate, land use, surface morphology, proximity to water bodies, urban 
“canyons”, degree of urbanization, vegetative cover, building density, 
energy consumption, road traffic, air pollution, impervious surfaces [8], 
albedo [9], and other emergent characteristics of urban morphology. 
Though UHIs are, and have been, of keen interest to a wide range of 
researchers [10], there is increasing interest in intra-urban and 
intra-neighborhood differences and, in particular, factors that determine 
outdoor thermal exposure and comfort [11]. 

Measurements correlating the intensity of the UHI to specific urban 
forms are generally limited and complicated by site-specific morpho
logical differences [12]. Direct comparison of measurements is also 

complicated by differences in monitoring techniques; the season, dura
tion, and frequency of measurements; the methodology used to select 
the rural reference location; and a lack of specificity regarding the 
subject site and surrounding land cover [2,13,14]. 

Most measurement campaigns highlight spatial differences in surface 
temperature, with less emphasis placed on the spatiotemporal hetero
geneity in air temperature [15], and related factors. With air tempera
ture, metrics such as the sky view factor (SVF) [16], the ratio of free sky 
visible from a single point to the total sky area, and mean radiant tempe 
rature (MRT), a measure of the exchange of radiant heat between a 
human and her/his environment, are now recognized as key de
terminants of urban microclimate and related thermal comfort [17]. 

Modeling tools can also be used to explore the complex interplay of 
site-specific factors in determining UHI, and thermal comfort. ENVI-met 
[18] is a grid based, three-dimensional (3D) computational fluid dy
namics model used widely to predict micro-climatological conditions 
inside an urban canopy [19,20]. The model can be used to isolate spe
cific differences under different morphological scenarios [21] contrib
uting to understanding of how specific urban morphological 
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characteristics interact to generate the UHI. This kind of understanding 
is crucial to efforts to develop urban planning and infrastructure designs 
that can build adaptive capacity and mitigate the impacts of climate 
change. 

As part of a broader effort to study urban interactions between soil, 
water, climate, and vegetation that determine the ability of nature-based 
infrastructure strategies to advance sustainability and resilience in cities 
[22–31], this study simulates the impacts of a green roof on the urban 
microclimate in a redeveloping urban landscape. The research is situ
ated in and around Hudson Yards, on the west side of Manhattan, New 
York City, New York, location of the most expensive real-estate devel
opment in US history [32]. At completion, this $25 billion, 11.31-ha 
redevelopment project will include 1.67 million square meters of real 
estate, including multiple high-rise buildings and 5.7 ha of public space. 
Hudson Yards is an appropriate location to study the dynamic interplay 
between urban development and nature-based adaptation strategies 
because it also includes the Jacob Javits Convention Center (JJCC), host 
to the second largest, extensive green roof in the United States. 

A growing body of work attempts to model the microclimatic impacts 
of green roofs in densely developed urban landscapes. Although green 
roofs can reduce the overlying air temperature, their ability to cool air at 
pedestrian level is less pronounced, and reduced with building height 
[33]. Tsoka et al. [34] reviewed microclimate simulations performed 
using ENVI-met that evaluated the impact of green roofs on urban 
microclimate. They reported maximum simulated cooling potential of 
green roofs at pedestrian-level ranging between 0.1 ◦C and 1.70 ◦C, with 
a median cooling of ~0.30 ◦C. Focusing on an industrial district in Italy, 
Ciacci et al. [35] found that an extensive green roof could reduce air 
temperature by up to 1.5 ◦C. Liu et al. [36] found that the Pedestrian 
Cooling Intensity (PCI) was highest when green roofs were installed on 
low-rise buildings. Focusing on a college campus, Zheng et al. [37] 
found that pedestrian-level cooling benefits of an extensive green roof 
amounted to 0.29 ◦C. Iaria and Susca [38] found that the ability of an 
extensive green roof to mitigate the UHI decreased with increasing 
building height, becoming negligible for green roofs that were 40 m over 
the surface. Focusing on a residential district, Feng et al. [39] found that 
pedestrian-level cooling intensity became insignificant when roof height 
reached 50 m. The only paper focusing on green roofs in an urban 
landscape characterized by high-rise development was Balany et al. [40] 
who found that green roofs provided a small (<0.47 ◦C) temperature 
reduction in the surrounding area, with no noticeable improvement in 
the level of thermal perception. 

The research presented here contributes to this sparse but evolving 
body of work by attempting to isolate the impact of the green roof from 
that of the surrounding buildings in a densely developed, temperate 
climate. Prior to the development of the Hudson Yards construction and 
when only the north portion of the JJCC roof had been greened, Alvizuri 
et al. [41] investigated thermal buffering of the JJCC green roof using 
infrared imaging. Comparing the north green roof to the black bitumen 
roof still located on the south portion of the building, the authors re
ported that the exterior surface temperature of the green roof was on 
average 16.9 ◦C cooler than the black bitumen roof, and was also 
5–10 ◦C cooler than adjacent sidewalk surfaces. Smalls-Mantey and 
Montalto [28] also explored the microclimate and energy fluxes above 
different surfaces on and around the JJCC green roof, before and after 
installation. During construction, the air temperature above the south
ern black bitumen roof was higher than the air temperature above the 
north green roof, with a maximum daytime air temperature difference of 
1.80 ◦C. In August 2013, the measured, monthly median air temperature 
over the black roof was about 0.4 ◦C greater than measured over the 
green roof. After the southern roof was greened, its air temperature 
remained slightly higher than over north green roof, suggesting that 
some of the observed differences may have been due to morphological 
factors beyond the roof boundaries. Smalls-Mantey and Montalto [28] 
did not observe street-level cooling effect of the JJCC green roof. The 
observed temperature differences on and around the JJCC green roof 

were similar to those modeled at other locations. 
This study extends the work of [28,41] at the JJCC green roof using 

ENVI-met. Specifically, this study simulates microclimate conditions for 
six scenarios: a) 2014 environment with no green roof (baseline), b) 
2014 environment with green roof, c) 2018 environment with partial 
development and green roof, d) 2018 environment with partial devel
opment and no green roof, e) 2021 environment with full development 
and green roof, and f) 2021 environment with full development and no 
green roof. The goal is to use the model to investigate the complex in
teractions between the green roof and nearby high-rise buildings in 
determining the local microclimate. 

2. Materials and methods 

2.1. Case study site description 

The JJCC green roof is located between 11th and 12th Avenues, and 
between W 34th and W 40th streets, on the west side of Manhattan, New 
York City, New York (Fig. 1). It is bordered to the south and east by 
Hudson Yards (Fig. 1), the most expensive mixed-use private real estate 
development in history [32,42], which broke ground a few years after 
the installation of the JJCC green roof. 

The JJCC green roof is extensive and 27,316 m2 in total area, with 
the North Green Roof (NGR) and South Green Roof (SGR) separated by a 
taller section of the building. Construction was completed in the spring 
of 2014. In section, the green roof consists of a Xero Flor XF301 + XT 
extensive system, with a pre-vegetated sedum mat installed on top of 
1.5–5 cm of growing medium, a retention fleece layer, a drainage layer, 
and a root barrier, as described in detail in Alvizuri, Cataldo, Smalls- 
Mantey and Montalto [41]. 

2.2. Microclimate simulation process 

2.2.1. ENVI-met model description 
Microclimate simulations of the JJCC green roof were performed 

using ENVI-met [18] V4.4.4, a grid based, three-dimensional (3D), 
computational fluid dynamics model used to simulate surface-plant-air 
interaction in urban settings. ENVI-met performs unsteady computa
tions by solving the Reynolds-averaged Navier-Stokes equations. The 
general workflow using ENVI-met can be found in relevant papers [43, 
44]. The model simulations are initiated using a one-dimensional 
boundary condition that is subsequently subjected to continuous forc
ing. The geographical setting and 3D model domain were developed by 
defining surfaces with soil and vegetation, and identifying buildings, 
and characterizing the topography. The simulation file was used to 
specify the time of day, simulation period, and meteorological condi
tions used in the analysis. 

2.2.2. Model scenarios 
To evaluate the impacts of the JJCC green roof and the Hudson Yards 

development on the local microclimate, simulations of the same 
geographic area under the same simple climatic forcing were under
taken at different stages of simulated Hudson Yards redevelopment. 
These morphological stages roughly coincide with redevelopment 
progress in 2014, 2018, 2021 (Table 1, Fig. 2). For each stage of these 
three stages of redevelopment, one simulation was performed with the 
green roof (GR) in place, and one assuming a more conventional, no- 
green roof (NoGR) condition. Note that when the research was initi
ated, the Hudson Yards project was projected to be complete by 2021. 
However, the project was delayed and not complete in 2021. Nonethe
less, the “2021” model assumes redevelopment was complete (e.g., it 
represents the proposed final construction). We also note that, since 
initiation of this research, the Javits Center has added a building to its 
north, with a rooftop farm, orchard, and food forest. Because designs for 
this project were not available when this research began, it was not 
included in the current modeling. 
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2.2.3. ENVI-met model design and parameter selection 
In each model, the horizonal (x, y) dimensions of each grid cell were 

set to 6 m × 6 m, resulting in a total horizontal modeled area of 894 ×
840 m (Table 2). The standard z-dimension resolution was 2 m. How
ever, as recommended by ENVI-met, the domain height was scaled to at 
least twice as high as the tallest building in each simulation to prevent 
the top boundary from distorting the results around the buildings of 

interest [45]. In the 2014 scenario, JJCC was the tallest building in the 
model domain, resulting in a total model domain height of 82 m. 
Because the buildings introduced in the Hudson Yard redevelopment 
project are much higher, the 2018 and 2021 models used a domain 
height of 740.08 m. However, to reduce the number of vertical cells, the 
model was telescoped [20,46]. That is, the first 82 m of height used the 
standard 2 m grid resolution, while the vertical length of each additional 
grid cell above that threshold was increased by 10 % (Table 2). Tele
scoping allowed the larger models to obtain the desired vertical height 
while minimizing computational complexity in grids outside the area of 
interest. 

2.2.4. 2014 model domain 
The JJCC is incised into a sloping terrain that is higher on the east 

side of the building and lower to the west near the Hudson River. The 
building is also separated from the street by an open space roughly at 
street elevation on the west side of the building. The roof of the building 
contains complex shapes and towers that were represented as accurately 
as possible in the model given its grid resolution. The green roof surface 
is 17 m above the street elevation on its east side, but to account for the 
sloping terrain, the model assumes it to be 21 m above the average 
perimeter surface elevation. In addition, some of the irregularities in the 

Fig. 1. Plan view of Jacob K. Javits Convention Center (JJCC) and Hudson Yards study area in New York City, New York (source: Google maps 2021); orange circles 
show weather station located on North Green Roof (NGR), South Green Roof (SGR), and at pedestrian-level at 11th AVE, red stars show ENVI-met model receptor 
locations on NGR, SGR, and pedestrian-level at 11th Ave. Table 3 provides additional information about the weather stations, including their elevation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Model scenarios description.  

Name Description 

2014 The JJCC green roof is complete, and on-site climatic monitoring initiated. 
The Hudson Yards project had not yet begun. 

2018 The Hudson Yards project was partially complete, consisting of three 
completed buildings, two partially constructed buildings, and three empty 
lots. 

2021 The Hudson Yards project is assumed to be fully complete. All completed 
buildings from the 2018 model are included from the 2018 environment, 
while partially completed buildings are brought to their terminal height and 
3 additional buildings added to the empty lots. 

Note: with the exception of the Hudson Yards development south and east of 
JJCC, all of the elements were kept constant for all models. 

Fig. 2. Simulation models for GR 2014 (left), GR 2018 (middle), and GR 2021(right) scenarios. Note: the only difference between GR and NoGR scenarios are 
placement of JJCC green roof. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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roof top surfaces have not been represented in the model. 
Using Google Earth, other local buildings such as the Port Authority 

Bus Terminal, a City-owned tow pound, the Lincoln Tunnel exhaust 
vents, and a few other smaller buildings were represented in the base, 
No-GR model (Fig. 1). The time-machine function of Google Earth was 
used to approximate their condition at different time periods. Surfaces 
were approximated as concrete, pavement, and soil as appropriate. 
Slightly different concrete, brick, and pavement types were used to 
differentiate roads, sidewalks, and construction areas. For these areas, 
default ENVI-met materials were used. Default ‘loamy soil’ was used in 
ground areas that hosted vegetation and street trees. Default “deep 
water” characteristics were assigned to the Hudson River. The 

characteristics of the soil, pavement, and deep water were kept constant 
throughout all models and simulations. All buildings outside of JJCC 
placed in the 2014 model were built with a default concrete wall with 
moderate insulation for simplification of the model area. The JJCC 
building itself was constructed with more detail, derived from its engi
neering drawings (Supplementary Materials Table S1). Vegetation was 
inserted into areas around JJCC, with street tree types derived from a 
NYC Parks website [48]. 

Once this NoGR base model was completed, a GR base model was 
created by replacing the black roof with a soil/vegetation surface to best 
match the properties of the actual design (e.g., Tables S2 and S3). 

2.2.5. 2018 model domain 
The 2018 models (GR and NoGR) were built by creating a copy of the 

2014 model to keep the base conditions consistent. Historical imagery 
from Google Earth was again used to estimate the actual state of rede
velopment in the Summer of 2018. The heights of these buildings were 
estimated using the elevation indicator in Google Earth, which was 
found to accurately estimate the heights of fully built buildings in 2021 
when compared to engineering plans [49]. The materials used for these 
buildings are listed in Table S4. The 2018 Hudson Yards development 
included street trees in three parts (each approximately 55 × 45 m), 
collectively known as “Hudson Park”. The GR model was created as 
described above. 

2.2.6. 2021 model domain 
The No-GR 2021 model was a replica of the 2018 model with some 

buildings added and/or completed, to reflect project completion per the 
design drawings. The final building heights were determined from open 
access building plans for the buildings, available online [50]. Again, the 
GR model was created from the No-GR model as described above. 

2.2.7. Simulation setup and initialization 
Once all the 3D models were created and detailed, they were added 

to the simulation file, executed in the ENVI-met Core application. A day 
in 2014 with minimum and maximum values of air temperature 
(18.35 ◦C and 32.84 ◦C, respectively) and relative humidity (46.10 % 
and 81.09 %, respectively) was selected for the simulation (Table 2). The 
full hourly time series of this data is included in Table S5. For reference, 
a local weather station (40.76 ◦N, 73.86 ◦W) reports a maximum 
monthly average temperature of 28.27 ◦C and relative humidity of 
85.30 % for July, suggesting this day is close to a monthly high. This 
particular day in 2014 was also selected because it is the study baseline 
year (before Hudson Yards development) and because on-site moni
toring data was available for model calibration, as discussed below. Each 
simulation lasted 24 h, beginning at 3:00 a.m. to allow the model to 
warm up for 10 h. Nesting grids added a significant computational time 
to the simulations. As an alternative approach to ensuring border sta
bility in the models, the first three grid systems were left void of 
buildings. 

2.2.8. Field measurements 
Many sensors were installed on JJCC as part of a broader effort to 

study its energy and water balance. This study utilizes data from the on- 
site weather station (Table 3). Climatic data measured at the NGR 
weather station on July 22, 2014, was used for model initialization. The 
average wind speed and direction from that day was applied to the 
domain boundary to force the model and were kept constant across all 
the models (Table 2). Initially, the air temperature and relative humidity 
(RH) used at the border were derived from the NGR weather station time 
series. These values were later modified as described below to create the 
model boundary condition. 

2.3. ENVI-met simulation calibration, validations, and goodness of fit 

Virtual nodes known as receptors can be placed at various points in 

Table 2 
Properties of model domain, model parameters, and meteorological initial 
conditions.  

Parameter 2014 2018 2021 

Spatial resolution 6 × 6 × 2 m 6 × 6 × 2 m w/10 
% telescoping 
after 82 m 

6 × 6 × 2 m w/10 
% telescoping 
after 82 m 

Domain size 894 × 840 ×
82 m 

894 × 840 ×
740.08 m 

894 × 840 ×
740.08 m 

Model rotation from 
north 

29◦ 29◦ 29◦

Location coordinatesa 40.76◦ N 
74◦ W 

40.76◦ N 
74◦ W 

40.76◦ N 
74◦ W 

Start time 3:00 a.m. 3:00 a.m. 3:00 a.m. 
Simulation duration 24 h 24 h 24 h 
Roughness length [40, 

47] 
2 2 2 

Wind direction (avg) 183.00◦ 183.00◦ 183.00◦

Wind speed (avg) 1.81 (m/s) 1.81 (m/s) 1.81 (m/s) 
Minimum/maximum 

air temperatureb 
18.35 ◦C/ 
32.84 ◦C 

18.35 ◦C/ 
32.84 ◦C 

18.35 ◦C/ 
32.84 ◦C 

Minimum/maximum 
relative humidityb 

46.10 
%/81.09 % 

46.10 %/81.09 % 46.10 %/81.09 % 

Soil upper layer (0–20 
cm)c moisture 
content/initial 
temperature 

70 
%/19.85 ◦C 

70 %/19.85 ◦C 70 %/19.85 ◦C 

Soil middle layer 
(20–50 cm)c 

moisture content/ 
initial temperature 

75 
%/19.85 ◦C 

75 %/19.85 ◦C 75 %/19.85 ◦C 

Soil deep layer (below 
50)c moisture 
content/initial 
temperature 

75 
%/19.85 ◦C 

75 %/19.85 ◦C 75 %/19.85 ◦C 

Metrological boundary 
conditions 

Simple 
forcing 

Simple forcing Simple forcing  

a The location coordinates of the model allow the software to appropriately 
simulate the Sun’s path and location on the sky, depending on the time of year. 

b Table depicts the minimum and maximum values used for simple forcing of 
the model. The full time series data is provided in Table S5. 

c ENVI-met default values. 

Table 3 
Onsite climate station and specifications.  

Measured 
parameter 

Equipment 
manufacture/ 
model 

Specifications Approx. 
height over 
street (m) 

Logger Campbell 
Scientific, Inc. 
CR1000 

Logged at 5 min 
intervals 

– 

Air temperature 
and relative 
humidity 

Campbell 
Scientific, Inc. 
CS215 

Air temperature: 
±0.3 ◦C relative 
humidity: ±4 % 

On roof ~24 
11th Ave ~3 

Wind speed & 
direction 

Young Company 
Model 5103 
Wind Sentry 
Anemometer 

Anemometer: ±0.5 
m/s Vane: ±5◦

On roof ~24 
11th Ave ~3  
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the model for calibration and analysis of the model results. A timeseries 
of simulation data was generated for each receptor node. Receptors were 
placed in the approximate location of the other on-site weather stations 
(see orange circles and red stars in Fig. 1) to validate the model results, 
and in other points of interest to the comparative analysis of the model 
results. 

Calibration of the 2014 GR model involved comparing simulated 
estimates of air temperature and relative humidity at the NGR reactor 
with the measured observations from the NGR weather station. Initially, 
the ENVI-met receptor results were temporally out of phase with the 
observed data. This lag was expected, as the original boundary forcing 
data was derived from the hourly observed data collected on the NGR. 
To remove this lag, the final model forcing data was computed by 
calculating the simulated temporal offset between the model boundary 
and the NGR receptor, which was then used as the model boundary 
condition. With this adjusted boundary condition and rerun of the 2014 
model, the coefficient of determination (R2), the Root Mean Square 
Error (RMSE), and Willmott’s index of agreement (d) [51] were 
computed to evaluate the goodness of the fit in the 2014 base model. For 
reference, a perfect fit of the simulations to the observations would have 
an R2 of ±1, an RMSE of 0, and d = 1, respectively. 

2.4. ENVI-met output and data analysis 

ENVI-met allows users to analyze simulation outputs in various 
ways: a) as a time series at specific receptor locations, and/or b) the 
spatial distribution of climatic condition at a specific elevation and time 
using analysis and visualization software called Leonardo, part of the 
ENVI-met package. 

2.4.1. The green roof’s impacts 
Leonardo creates data-maps that can be used to compare two ver

sions of the same environment. To evaluate the impact of the green roof, 
GR and NoGR versions of the same year were compared, creating a data- 
map displaying the difference in conditions at each grid point. The NoGR 
model was selected as the reference (e.g. the map shows GR – NoGR 
conditions). 

2.4.2. The Hudson Yard’s impact (comparison of 2014 GR, 2018 GR, and 
2021 GR scenarios) 

To evaluate microclimatic differences due to the phases of the 
Hudson Yards development, Leonardo was used to view differences in 
the spatial distribution of specific parameters, as well as their absolute 
values. Further visualization and analysis were performed in R version 

3.6.3 (R Core Team, 2020). 

2.4.3. Metrics for comparison 
To compare scenarios, potential air temperature, SVF, longwave 

radiation (LWR), and MRT were extracted at 1:00 p.m., 9:00 p.m., and 
12:00 a.m. The results were compared at 1 m elevation, hereafter 
referred to as “pedestrian-level,” and at 23 m roughly corresponding to 
the elevation at the weather stations located on the JJCC roof, and thus 
referred to as “roof-level”. 

3. Results and discussion 

3.1. ENVI-met simulation validation 

The results of the 2014 GR simulation suggest good representation of 
the observed data, even during the model warm up period. Simulated air 
temperature and relative humidity values were compared to on-site 
observations at the NGR, SGR, and 11th Ave climate station locations 
(Fig. 3). Table 4 presents the R2, RMSE, and Willmott’s index of agree
ment (d). These values indicate reasonably good model performance and 
are similar to the reported values of ENVI-met validation results 
reviewed by Tsoka, Tsikaloudaki and Theodosiou [34]. 

3.2. The green roof’s impact 

This section documents the GR’s ability to reduce air temperature 
(3.2.1) and LWR and MRT (3.2.2) over both space and time. 

3.2.1. Potential air temperature 
The difference between GR and NoGR (GR – NoGR) scenarios at roof- 

level (Fig. 4) and pedestrian-level (Fig. 5) for the entire area are shown 

Fig. 3. Observed and simulated ENVI-met data for 7/22/2014 for NGR (left), SGR (middle), and pedestrian-level at 11th AVE (right) for: a) air temperature, and b) 
relative humidity (RH). 

Table 4 
Measures of the performance of the ENVI-met model field measured and simu
lated air temperature and relative humidity (RH) values at the height of climate 
station at the NGR, SGR, and Pedestrian-level at 11the Ave; R2: coefficient of 
determination, RMSE: Root Mean Square error, d: Willmott’s index of 
agreement.   

Air temperature (◦C) RH (%) 

R2 RMSE d R2 RMSE d 

NGR 0.95 0.66 0.98 0.89 2.24 0.97 
SGR 0.96 0.71 0.98 0.91 2.13 0.97 
Pedestrian-level at 11th Ave 0.96 1.17 0.96 0.95 1.93 0.98  
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for 2014 (left), 2018 (middle), and 2021 (right) columns, respectively. 
The first row depicts the differences in potential air temperature at 1:00 
p.m., the second row at 9:00 p.m., and the third row at 12:00 a.m. In the 
figures, the arrow shows true north. However, to simplify the discussion, 
the top of the figure is referred to as “north”, the left-hand side as “west”, 
etc. The wind direction used in the simulation was out of the lower right- 
hand corner of the figure (out of the true south). 

At roof level (Fig. 4), the GR reduced air temperature over the NoGR 
condition over a geographic condition that extends to the top of the 
figure, and with the greatest cooling benefit on the roof area and on its 
downwind side (Fig. 4, top row). The cooling benefit decreased over 
time, however. The maximum difference was − 0.75 K, − 0.65 K, and 
− 0.64 K for 2014, 2018, and 2021, respectively (reflected in blue for 
2014, and turquoise for 2018 and 2021). As the air travelled over the 
green roof it was cooled with a “tail” stretching to the north-northeast. 
Because the only physical differences in the model domain between the 
different simulation years were the addition of the Hudson Yards 
buildings and a few additional street trees, the results suggest therefore 
that the Hudson Yards development reduced the green roof’s ability to 
reduce air temperature over the No-GR condition. 

At pedestrian level (Fig. 5), the same trends were found, but to a 
lesser extent. The greatest cooling was on the downwind side of the 
JJCC, and the maximum cooling effect was − 0.52K in 2014, -0.45K in 
2018, and -0.44K in 2021. Presumably due to the higher elevation of the 
green roof and the direction of the forcing wind, the temperature dif
ference (or tail) was less prevalent at street level. The results are 
consistent with other ENVI-met simulation studies [34], which suggest 
that the vertical advection of air cooled by the green roof to pedestrian 
level is minimal, and in fact becomes negligible and less pronounced 
with increased vertical distance between the roof and the ground. 

As depicted in Figs. 4 and 5, the green roof had no discernible effect 

on nighttime air temperature (9:00 p.m. and 12:00 a.m.). 
The time series predictions at the receptor locations reinforce these 

findings. Fig. 6 compares the diurnal air temperature differences at the 
NGR, SGR, and pedestrian-level receptor locations (proximate location 
of on-site weather stations, red stars in Fig. 4) in 2014, 2018, and 2021. 
Though these receptors are not in the cells that displayed the maximum 
air temperature differences, the dampening of the green roof’s cooling 
effect over time can be seen clearly. Comparing just the NGR receptor 
time series (green), 2014 yielded the greatest difference of − 0.49 K, 
while the 2018 and 2021 air temperature differences reached a 
maximum of − 0.43 and − 0.42 K, respectively. Similar trends were 
observed in the SGR receptor location, with no observable effect 
detected at pedestrian-level receptor location. From 6:00 p.m. to 9:00 a. 
m., the green roof’s impacts on air temperature were negligible over all 
three years. 

These finding are consistent with our previous attempts to document 
air temperature differences of the JJCC green roof [28]. In that study, 
the difference in maximum daytime air temperature between black and 
green roof was found to be 1.8 ◦C, and the monthly median air tem
perature difference of the black roof relative to north green roof was 
about 0.4 ◦C in August 2013. The differences reported in the previous 
study were performed during construction of the green roof when one 
section (north) was green, and the other section (south) was black. The 
ENVI-met simulations compared a completely black roof to a completely 
greened roof. Also, the previous study compared multiple simultaneous 
measurements while this study simulated one specific 24-h period. 

The observed and simulated reduction in air temperature over and 
near the green roof was expected due to its higher albedo (ability to 
reflect light) [52] and its ability to partition more incoming energy into 
latent heat flux (e.g. evapotranspiration), which does not involve a 
temperature change, and therefore does not contribute to a gain in 

Fig. 4. Spatial air temperature difference between GR and NoGR (with NoGR as reference) at roof-level (23 m) at 1:00 p.m., 9:00 p.m. and 12:00 a.m. for 2014 (left 
panel), 2018 (middle panel), and 2021 (right panel) for July 22nd. Note: the color change seen elsewhere in Figs. 4 and 5 (light green and yellow) represents small, 
changes around zero, with the yellow being slightly positive, and the light green being slightly negative. Red stars show ENVI-met model receptor locations on NGR, 
SGR, and pedestrian-level at 11th Ave. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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sensible heat [28]. This air temperature reduction is crucial to a green 
roof’s ability to mitigate UHI [53,54]. Since reflection and evapotrans
piration are less significant processes at night, it is expected that 
nighttime differences could be negligible. 

The results suggest that the greatest impact of the green roof on the 
street level microclimate was on its downwind side. This finding carries 
implications for decisions regarding green roof siting which, in places 
with wind directions that are fairly consistent, would be installed up
wind of the regions where cooling benefits are most needed, as also 
suggested by other researchers [55]. 

3.2.2. Long Wave Radiation (LWR) and Mean Radiant Temperature 
(MRT) 

Differences in LWR and MRT due to the GR were modest to negli
gible. The GR reduced LWR by a maximum of 0.21 W/m2 at 9:00 p.m., 
and 0.23 W/m2 at 12:00 a.m. in 2014. The reduction in LWR decreased 
further in 2018, becoming negligible in 2021 (<0.08 W/m2). There were 
no observable MRT changes between GR and NoGR at 1:00 p.m., 9:00 p. 

m. and 12:00 a.m. for any year. Although some studies [33] indicated a 
reduction of MRT at roof-level due to greening, at pedestrian level lesser 
impacts are reported. Tsoka, Tsikaloudaki and Theodosiou [34] re
ported that effect of green roof’s max MRT reduction is minimal if not 
negligible at pedestrian-level. 

3.3. The Hudson Yard’s impact (comparison of 2014 GR, 2018 GR, and 
2021 GR scenarios) 

With the GR in place, this section compares the 2014, 2018 and 2021 
model results to better describe the Hudson Yard’s effect on the local 
microclimate. The analysis focuses on SVF (3.3.1), air temperature 
(3.3.2), LWR (3.3.3), and MRT (3.3.4). Note that the GR was found to 
have no effect on SVF (compared to the no GR scenarios) in any year. 

3.3.1. Urban typology, SVF spatial distribution 
The pedestrian-level SVF distribution for the three models (2014 GR, 

2018 GR, and 2021 GR) is shown spatially in Fig. 7a and as a box plot in 

Fig. 5. Spatial air temperature difference between GR and NoGR outputs (with NoGR as reference) at pedestrian-level (1 m) at 1:00 p.m., 9:00 p.m. and 12:00 a.m. 
for 2014 (left panel), 2018 (middle panel), and 2021 (right panel) for July 22nd. 

Fig. 6. The air temperature difference between GR and NoGR (GR – NoGR) scenarios at receptor locations on NGR, SGR, and pedestrian-level at 11th Ave for 2014 
(left), 2018 (middle), and 2021 (right) for July 22nd. 
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Fig. 7b. The pink and magenta SVF values (0.8–1) indicate open spaces, 
while the blue (0–0.3) represent dense spaces with lower sky view. The 
median SVF value depicted in the images was 22.5 % and 24 % higher in 
2014 compared to that of 2018 and 2021, respectively. A qualitative 
indication of the impact of the new buildings, Fig. 7a shows a clear 
reduction in SVF around the new buildings in 2018 and 2021 (blue, 
green, yellow and orange color). These SVF differences between the 
scenarios are also evident in the box plot (Fig. 7b). As Hudson Yards 
redevelopment proceeded in 2018 and 2021, a higher urban canopy was 
created, decreasing the SVF, particularly to the east and southeast of the 
JJCC. This finding is significant because the SVF determines radiative 
exchanges and air temperatures, (as will be discussed below) implicating 
the redevelopment of Hudson Yards with microclimatic changes asso
ciated with temperature and UHI [56,57]. 

3.3.2. Air temperature spatial distribution 
Spatial patterns in air temperature in 2014, 2018, 2021 and at 1:00 

p.m., 9:00 p.m., and 12:00 a.m. are provided at pedestrian level in Fig. 8 
and roof level in Fig. 9. 

At street level, as the development progresses and the SVF decreases, 
the air temperatures north of the new buildings decreases, while be
tween them and to the south, air temperatures increase slightly. For 
example, at pedestrian-level in the 2014 model at 1:00 p.m. (Fig. 8, first 
row, first column), air temperature in the Hudson Yards construction site 
(southeast quadrant of the figure), was 29 ◦C to 29.5 ◦C (light blue). 
However, when buildings are placed in that region in 2018, the tem
perature increases slightly to 29.5 ◦C to 30 ◦C (green) between the 
buildings, and to 30 ◦C to 30.5 ◦C (olive green) south of them. To the 
north and west sides of the JJCC, regions that were 32 ◦C to 32.5 ◦C 
(magenta) and above 32.5 ◦C (pink) in 2014, the temperature dropped 
further likely due to the shading provided by Hudson Yards buildings 
and a few new street trees, all of which block the incoming solar 
radiation. 

At roof-level (23 m) at 1:00 p.m. (Fig. 9), the addition of Hudson 
Yards buildings increased air temperature over most of the study area. 
For example, to the south and east of the JJCC, regions that were 28.5 ◦C 
to 29 ◦C (dark blue) in 2014, increased to 29 ◦C to 29.5 ◦C (light blue) in 
2018, with other regions 30 ◦C to 30.5 ◦C (green) to the west of the 

convention center. In 2021, some of the light blue is replaced with dark 
(still smaller region compared to that than in 2014), representing slight 
cooling north of the Hudson Yards building. 

At pedestrian level at 9:00 p.m. and 12:00 a.m. (Fig. 8, second and 
third row), the new buildings initially had an overall warming effect. 
Temperatures to the south/southeast of JJCC increased from 2014 to 
2018. For example, at 9:00 p.m., the region of 26.4 ◦C to 26.8 ◦C (or
ange) in 2014 extends further to the southeast into a region that was 
previously 26 ◦C to 26.4 ◦C (yellow) in 2014. However, temperatures 
dropped slightly in 2021 possibly due to higher wind speed (wind vec
tors shown on the maps) and turbulence generated between the new 
buildings. 

At roof-level at 9:00 p.m. (Fig. 9, middle), the buildings had a cooling 
effect, with the temperature falling from 26.4 ◦C to 26.8 ◦C (orange) to 
26 ◦C to 26.4 ◦C (yellow) to the west, and from 26.8 ◦C to 27.2 ◦C (red) to 
26.4 ◦C to 26.8 ◦C (orange) on the north side of the simulation. Similar 
trends were observed at 12:00 a.m., the addition of the Hudson Yards 
buildings in 2018 added orange (23.2 ◦C to 23.9 ◦C) southwest of JJCC 
where red (23.9 ◦C to 24.6 ◦C) was predominant in 2014. 

The impact of the new buildings on diurnal temperatures is further 
demonstrated in Fig. 10 for the three receptor locations. The greatest 
differences are at the peak, and in all three cases, the lowest temperature 
is in 2014, the highest in 2018, with 2021 intermediate. 

3.3.3. Longwave radiation (LWR) spatial distribution 
Fig. 11a depicts spatial patterns in pedestrian-level LWR at 9:00 p.m. 

(first row) and 12:00 a.m. (second row) with Fig. 11b and c depicting the 
same information in box plots. As indicated by light blue, green, and 
white in Fig. 11a, during night-time hours at pedestrian-level (9:00 p.m. 
and 12:00 a.m.), LWR was lower in areas with low SVF in between the 
Hudson Yards buildings compared to other regions with higher SVF. At 
12:00 a.m. (Fig. 11, second row) there is greater variability in LWR in 
between the Hudson Yards buildings evident in both 2018 and 2021. 
Higher building density results in greater emissions of longwave radia
tion due to greater building surface area and higher thermal mass 
relative to the regions with lower building density. The increased in
tensity of LWR is also evident in box plots (Fig. 11b). 

Fig. 7. Sky view factor (SVF) distribution at pedestrian-level: a) simulation image for 2014 (left), 2018 (middle), and 2021 (right) and b) box plot comparing the SVF 
distributions. 

B. Alizadehtazi et al.                                                                                                                                                                                                                           



Building and Environment 250 (2024) 111113

9

Fig. 8. Air temperature: a) distribution at pedestrian-level for 2014 (left), 2018 (middle), and 2021(right) scenarios at 1:00 p.m., 9:00 p.m., and 12:00 a.m., also 
shown are wind vectors, b-d) box plot at 1:00 p.m., 9:00 p.m., and 12:00 a.m. respectively. 

Fig. 9. Air temperature: a) distribution at roof-level for 2014 (left), 2018 (middle), and 2021(right) scenarios at 1:00 p.m., 9:00 p.m., and 12:00 a.m., b-d) box plot at 
1:00 p.m., 9:00 p.m., and 12:00 a.m. respectively. Red and blue stars show ENVI-met model receptor locations on NGR, SGR, and pedestrian-level at 11th Ave. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3.4. Mean radiant temperature (MRT) distribution 
Figs. 12 and 13 display the spatial distribution and box plots of MRT 

at pedestrian-level and roof-level, respectively, for the three models 
(2014 GR, 2018 GR, and 2021 GR). 

At 1:00 p.m., in the 2014 model at pedestrian-level (Fig. 12a, top 
row), MRT was >63 ◦C (black and gray color), throughout the simulated 
environment and extending into the Hudson Yards construction site 
(lower right quadrant). When the buildings were added in 2018, there 
was a decrease in MRT between the buildings, ranging from 45.5 ◦C to 
48 ◦C (light green) and 43 ◦C to 45.5 ◦C (light blue). In 2021, as more 
buildings were added, these regions showed even lower MRT values 
between the buildings and to their north, ranging from 40.5 ◦C to 43 ◦C 
(dark blue), 43 ◦C to 45.5 ◦C (light blue), and 60.5 ◦C to 63 ◦C (pink). 
These differences are also evident in the box plots. The median value of 
MRT at the pedestrian-level in 2018 was 0.14 ◦C lower than 2014, and in 
2021 it was 1.65 ◦C lower than 2014. 

By contrast, the trends at 9:00 p.m. and 12:00 a.m. were opposite to 
those shown at 1:00 p.m., with higher MRT values observed in both 
2018 and 2021 compared to 2014. These differences are also evident in 
the box plots. For example, at 12:00 a.m., the median MRT in 2018 was 

0.65 ◦C higher than 2014, and in 2021 it was 0.74 ◦C higher than 2014. 
Similar trends of MRT were found at the roof-level (Fig. 13). 

At 1:00 p.m., when the sunlight is present, the most obvious decrease 
in MRT occurs in the shadows cast by the buildings. This reduction in 
MRT is considered to play an important role in reducing heat stress 
caused by high direct solar radiation [58]. There is also apparent MRT 
reduction in the area surrounding the JJCC at 1:00 p.m., which is likely 
also linked to shading. Throughout the day, as the sun rises and moves 
across the sky, the movement of shadows cast by the buildings create 
shaded areas on the ground and structures, limiting direct sunlight 
exposure, decreasing the amount of direct solar radiation experienced 
by the surfaces during the day, and reducing the temperature of that 
surface relative to the surfaces that encounter day-long sunlight [59]. 

The shading profile throughout the daylight hours for 2021 at 1:00 m 
height can be seen in Fig. 14. During the day, the movement of shadows 
was observed to pass over the area that experienced a decrease in MRT 
relative to the region not reached by the shadow. At night, however, the 
highest intensity of MRT was observed between the buildings of Hudson 
Yards with lower SVF values. This finding is consistent with the notion 
that higher building density and concentration of built surfaces increase 

Fig. 10. Comparison of air temperature for 2014 GR (green), 2018 GR (yellow) and 2021GR (black), over the course of simulation at receptor locations on NGR 
(left), SGR (middle), and pedestrian-level at 11th Ave (left) for July 22nd. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 11. Long wave radiation (LWR) at pedestrian level: a) spatial distribution for 2014 (left), 2018 (middle) and 2021 (right) at 9:00 p.m. and 12:00 a.m.: b-c) box 
plot at 9:00 p.m., and 12:00 a.m. respectively. 
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the capacity of an area for trapping heat. Conversely, areas with high 
SVF dissipate heat better than those with low SVF. Moreover, the 
amount of surface area radiating heat is also larger with a higher 
building density. 

3.4. Synthesis 

The addition of the Hudson Yards buildings created a lower SVF. 
During the day, the lower SVF offered more shading, reduced solar ra
diation exposure at the pedestrian-level, and generally reduced air 
temperature and MRT in the building’s shadows. The new buildings 
block the shortwave radiation during the day contributes, reducing 
daytime MRT. In addition, the increase in the size and density of the flow 
vectors in Figs. 8 and 9 (with air temperature) indicate higher wind 
speed and turbulent flow at the corners of, and between the buildings. 

These results suggest that the addition of the Hudson Yards buildings in 
2018 and 2021 reduced MRT during the daylight hours (Figs. 11 and 
12), suggesting that during the day, pedestrians on the ground likely 
benefitted from the shade. 

However, by contrast, the addition of the Hudson Yards buildings 
and the reduction in SVF from 2014 to 2018, and from 2018 to 2021 
possibly led to increase LWR, MRT at night. The more pronounced in
crease in MRT was at pedestrian-level, as shown in Fig. 12. Although the 
Hudson Yards buildings provide some areas with reduced access to the 
solar radiation during the day, it is evident that the narrow and tall 
urban canyon traps more radiation and restricts outgoing longwave 
radiation at night due to the addition of more constructed surfaces 
blocking the cool night sky, and an increase of material with a higher 
storage capacity and emittance of LWR. Higher intensities of LWR and 
hence MRT in the areas around the building indicate a worsening of the 

Fig. 12. Mean radiant temperature: distribution at pedestrian-level for 2014 (left), 2018 (middle), and 2021 (right) at 1:00 p.m., 9:00 p.m. and 12:00 a.m. and b-d) at 
1:00 p.m., 9:00 p.m., and 12:00 a.m. respectively. 

Fig. 13. Mean radiant temperature: distribution at roof-level for 2014 (left), 2018 (middle), and 2021 (right) at 1:00 p.m., 9:00 p.m. and 12:00 a.m. and b-d) box 
plots at 1:00 p.m., 9:00 p.m., and 12:00 a.m. respectively. 
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nighttime UHI, compared to 2014, before the Hudson Yards develop
ment was begun. 

4. Conclusions 

This study demonstrated how the JJCC green roof and the Hudson 
Yards redevelopment (not built, partly built, fully built) determined 
their shared neighborhood microclimate. Simulations of these models 
(2014, 2018, and 2021) with the green roof (GR) were compared with 
the simulations of models without the green roof (NoGR). This study 
further extended the work of Alvizuri, Cataldo, Smalls-Mantey and 
Montalto [41] and Smalls-Mantey and Montalto [28] by investigating 
the connection between the JJCC green roof and its surrounding com
plex and dynamic urban landscape. 

The addition of the JJCC green roof in 2014 scenario reduced air 
temperature compared to the NoGR condition that preceded it 
(maximum reduction of 0.75 K, at 1:00 p.m.). However, the green roof’s 
ability to mitigate UHI through reduced air temperature was then 
reduced over time as the Hudson Yards redevelopment proceeded. Since 
there were no observable MRT differences between the GR and NoGR 
scenarios, the remainder of the analysis focuses on the climatological 
impact of the Hudson Yards buildings, comparing the 2014, 2018, and 
2021 green roof scenarios. 

Overall, the ENVI-met simulations demonstrate changes in all 
microclimatic variables (e.g., air temperature, LWR, MRT), over time, as 
the Hudson Yards project proceeded from its conception (2014) to its 
completion (2021). The addition of the Hudson Yards buildings created 
lower SVF, and during the daytime provided shading from direct solar 
radiation and improved MRT. However, in 2018 and 2021 the new 
buildings incrementally trapped radiation at night, resulting in higher 
MRT. 

The analysis has several limitations. The research team had incom
plete access to construction plans and specifications drawings for the 
structures present in the study area. Customized material properties 
were specified where possible, but in some cases (including soil tem
perature, moisture content, and the temperature of the Hudson River) 
the use of default materials was necessary. All material properties, 

(customized and default), were held constant across all simulations. 
Assumptions regarding material properties such as heat capacity and 
thermal conductivity could influence the heat exchange between the 
surface and atmosphere, as could assumptions regarding the roughness 
length, but the research team did not have the resources to conduct a full 
sensitivity analysis to evaluate the scale of impact of these assumptions. 
A preliminary analysis of air temperature gradients relative to the 
location of the Lincoln Tunnel vents was conducted and determined no 
effect, but a more elaborate study could be conducted as a follow up 
study. The research team also lacked the computational resources (and 
associated economic resources) to conduct simulations that exceeded 24 
h, limiting our ability to study longer-term trends and variations, and to 
analyze spatial differences in the results at time slices other than13:00 p. 
m., 21 p.m., and midnight. 

Despite these limitations, the findings provide insights into the 
microclimate of complex urban environments and landscapes. Deeper 
insights into the complex and dynamic relationship between urban 
green spaces and the built environment can better equip urban designers 
to design more sustainable spaces. Understanding the intricate connec
tion between urban nature-based solutions and the built environment 
allows planners and decision-makers to enhance the adaptive capacity of 
cities in the face of climate change and prepare to withstand and recover 
from climate-related disruptions. Ongoing work seeks to characterize, 
through monitoring, the microclimate of new green spaces (e.g., a 
rooftop farm, orchard, and food forest) introduced into this section of 
NYC since completion of the present study. 
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