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Abstract Heatwave intensity and frequency are predicted to
increase in the coming years, and this will bear adverse con-
sequences to the environmental well-being and the socio-
economic fabric in urbanized areas. The hazardous combina-
tion of increased heat storage and reduced water retention
capacities of the land surface make the urban areas warmer
than the surrounding rural areas in what is commonly known
as the urban heat island (UHI) effect. The primary motives of
this study are to quantify the interaction of this city-scale UHI
with synoptic-scale heatwave episodes and to analyze the fac-
tors that mediate this interaction. A modified version of the
Weather Research and Forecasting model (WRF) is utilized to
simulate two heatwave episodes in New York City. The land
surface scheme in the default WRF model is modified to better
represent the surface to atmosphere exchanges over urban
areas. Our results indicate that during the heatwave episodes,
the daily-averaged UHI in NYC increased by 1.5 K.
Furthermore, most of this amplification occurs in the mid-
afternoon period when the temperatures peak. Wind direction
and urban-rural contrasts in available energy and moisture
availability are found to have significant and systematic ef-
fects on the UHI, but wind speed plays a secondary role.
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1 Introduction

Heatwaves in the near future are predicted to be more frequent,
intense, and sustained (Meehl 2004), and they pose a severe
threat to human life and property (Melilo et al. 2014).
Heatwaves can be defined as extended periods of extreme heat
stress, which result in unusually high number of human fatalities
(Robinson 2001). The 1995 heatwave episode in the US
Midwest resulted in 1000 deaths in the states of Missouri and
Mllinois (Palecki et al. 2001), and nearly 40,000 people perished
in the 2-week long mid-summer heatwave event over Central
Europe in 2003 (Martiello and Giacchi 2010). In the last 30 years,
heatwaves have claimed more lives in the USA than all other
natural disasters combined (Altman 2012). Apart from loss of
human life, heatwaves also add severe stress to the infrastructure;
power grids are particularly vulnerable to extreme heatwave ep-
isodes. As power consumption surges, the probability of black-
outs increases. In New York City (NYC) the mortality rate
jumped by 25 % as a result of the August 2003 blackout caused
by an extreme heat event (Anderson and Bell 2012). Moreover,
increased energy consumption during heatwaves leads to higher
emissions of greenhouse gases (Hoffert et al. 2002).
Meteorologically, heatwaves are associated with anticyclonic
circulation patterns that result in clear sky conditions and subsi-
dence of warm air from the upper atmosphere (Black et al. 2004;
Xoplaki et al. 2003). The land-atmosphere coupling is also
known to play a major role in the formation and persistence of
heatwaves. Fischer et al. (2007) observed that negative soil mois-
ture anomalies from the preceding spring season had a devastat-
ing impact on summertime temperatures over Central Europe.
The soil moisture anomaly was a result of precipitation deficit,
increased the top-of-atmosphere (TOA) radiation due to addition-
al clear sky days, and soil drying due to excess early season
evapotranspiration. In urbanized areas, where the natural land
cover is replaced by built surfaces, relatively higher daytime
and nighttime air temperatures have been observed during
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heatwave episodes (Rosenzweig et al. 2005). More worryingly,
recent research points to synergistic interactions between
heatwaves and urban heat islands (UHIs) that result in tempera-
ture anomalies in cities that exceed the sum of the background
UHI spatial anomaly (pre-heatwave) and the regional temporal
heatwave anomaly (Li and Bou-Zeid 2013). The built materials
(asphalt roads, concrete pavements, rooftops, and steel and brick
buildings) that predominate the urban landscape have high ther-
mal effusivity, which alters the surface energy balance signifi-
cantly (Ramamurthy et al. 2014). In addition, the lower albedo of
some of these materials like asphalt and the radiative trapping in
the complex urban canyons increase the absorption of solar ra-
diation in cities. This enables the dense built-surface cover to
efficiently absorb and store heat, resulting in higher surface and
near surface air temperatures. Built surfaces also have low mois-
ture retention capacity, thereby increasing the Bowen ratio (ratio
of sensible heat flux to latent heat flux). The reduced
evapotranspirative cooling makes urban areas in general experi-
ence elevated near surface air temperatures compared to the sur-
rounding rural areas and was postulated as being the main con-
tributor to elevated urban temperatures (Li and Bou-Zeid 2013;
Li et al. 2015). This difference between urban and nearby rural
air temperature is commonly referred to as the Urban Heat Island
(UHI) (Oke 1982).

NYC was chosen for this study since it is one of the largest
metropolitan regions in terms of urbanized land cover and pop-
ulation. It is also the most densely populated city in the USA
(Census Bureau 2011). Moreover, the city and its infrastructure
are highly vulnerable to threats posed by heatwaves
(Rosenzweig and Solecki 2010; Klein Rosenthal et al. 2014),
and it has a long recorded history of UHI observations. As early
as 1978, Ellis and Nelson (1978) reported on the high mortality
rates in the late summer heatwaves of 1972—-1975. Bornstein
(1968), observed the influence of UHI on NYC’s microclimate.
His study found that the intensity of temperature inversion is
weaker over the urban core of NYC. Leahey and Friend
(1971) also observed a strong mixing layer over NYC indicating
stronger surface heat flux. Price (1979) utilized satellite-derived
images to identify a 17 °C anomaly in surface temperature be-
tween NYC and its surrounding rural area. Lately, Gaffin et al.
(2008) used National Weather Service observations to detect a
marginal increase in UHI in NYC between 1900 and 2008. This
modest warming was responsible for approximately one third of
the total warming the city has experienced in the past century.
The study also noted that during this period, the average wind
speed in NYC reduced by half. Gedzelman et al. (2003) also
used weather networks in and around the NYC metropolitan
area to study the mesoscale impact on UHI. His analysis found
that the average UHI increased from 3 °C in the spring and
winter to 4 °C in the summer and autumn. The analysis also
highlighted the role played by sea breezes in delaying and
displacing the UHI during summer months. In addition to
observational analysis, some numerical studies have also been
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conducted to study heat events in NYC. Meir et al. (2013) sim-
ulated two extreme heat events in NYC using the coupled ocean/
atmosphere mesoscale predictive system (COAMPS) and
highlighted the influence of sea breeze on daytime air tempera-
ture in NYC. Rosenzweig et al. (2009) used NCAR’s mesoscale
model (MMY) to explore pertinent mitigation strategies to mod-
erate UHI impacts in NYC. Apart from these NYC-centered
numerical studies, other numerical studies have been conducted
over various cities to study the impact of heatwaves in urban
areas (Salamanca et al. 2012; Giannaros et al. 2013; Zhang et al.
2009). These studies have collectively shown that numerical
tools can be effectively used to improve our understanding of
the urban microclimate during extreme heat conditions, and of
potential approaches for mitigation.

Our study, centered on NYC, will focus on understanding the
interaction between synoptic-scale heatwaves and micro/local-
scale UHI. The study will also highlight the current advances in
urban numerical weather simulations. This analysis will use the
state of the art Weather Research and Forecasting (WRF) model
to simulate two heatwave events in July 2006. For this study, a
version of the WRF model modified in two major ways to better
represent the urban microclimate was used: (1) the basic single-
layer urban canopy model was replaced by the Princeton Urban
Canyon Model (PUCM) (Wang et al. 2013; Wang et al. 2011)
that includes more realistic representation of hydrological pro-
cesses and subfacet level heterogeneity for urban fluxes, and (2)
the dominant approach used to ascertain a single land use cate-
gory in WRF at every grid point will be substituted with a
mosaic approach that solves for the land-atmosphere exchanges
from multiple land use categories at every grid cell, and fraction-
ally averages the resulting fluxes (Li et al. 2013). The combina-
tion of the two advances in WRF was undertaken specifically for
this study, and as such, this is the first evaluation and application
of the model that simultaneously exploits these two improve-
ments, both of which are critical for accurate modeling of the
urban microclimate. Two heatwave episodes from 2006—one in
mid-July (16th—18th) and another in early August (1st-3rd)}—
are examined. The average daily air temperature during this
period increased from 28.8 to 35 °C, and the death rate due to
natural causes increased by 8 % (Klein Rosenthal et al. 2014).
The analyses will then focus on how the synoptic-scale
heatwave episodes interacted with the UHI and also examine
the physical mechanisms and the climatological factors that con-
trol the diurnal variability of UHIL.

2 Modeling framework

The WRF-ARW (ARW stands for advanced research WRF)
model (Skamarock et al. 2005) is used for this study. WRF is a
non-hydrostatic primitive-equation model that has multiple op-
tions for various parameterizations. Figure 1 shows the configu-
ration used for the simulations: three one-way nested domains
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with grid horizontal resolutions of 9, 3, and 1 km and 60 vertical
levels centered on NYC. The simulations are driven by the North
American Regional Reanalysis (NARR) data at 6-h intervals,
and the North American Land Use Category Dataset (NLCD)
2006 is used to determine the land use type and the surface
properties. The following physical parameterization schemes
are used in this study: (i) the rapid radiative transfer model
scheme for longwave radiation (Mlawer et al. 1997), (ii) the
Dudhia scheme (Dudhia 1989) for shortwave radiation, (iii) the
2D Smagorinsky scheme for horizontal diffusion, (iv) the mosaic
Noah land surface model for non-urban surfaces (Li et al. 2013),
(v) the Mellor-Yamada-Janjic PBL scheme (Mellor and Yamada
1974) along with the modified Zilitinkevich relationship for ther-
mal roughness length parameterization (Chen and Zhang 2009),
and (vi) the PUCM (Wang et al. 2013) along with its calibrated
thermal surface properties for urban materials representative of
the US Northeast. Cumulus parameterization schemes are not
used in the simulations since they are not needed with the high
resolutions adopted here. The simulation was started on July 12,
0000 UTC, and a 24-h warm up period was allowed before the
data was collected for analysis.

As indicated above, the simulations utilize an urban parame-
terization scheme. The default single-layer urban canopy model
(SL-UCM) inside WREF is replaced by the PUCM. The PUCM,
akin to the SL-UCM, is based on the energy exchange frame-
work developed by Kusaka et al. (2001). However, each facet
(wall, roof, or road) in the PUCM can be further subdivided into
multiple subfacets. For example, the user can specify fractions of
white/black/green roofs, brick/concrete walls, and concrete/as-
phalt/vegetated grounds. The multiple subfacets can be modeled
with distinct physical and thermal properties. Another important
improvement in PUCM is the adoption of more realistic repre-
sentations for hydrological processes, including in-canyon vege-
tated soils and water storage capacity for impervious materials.
The PUCM coupled to WRF has been previously tested and
produced better results compared to the default UCM (Li et al.
2014; Li and Bou-Zeid 2014) (we should also note that in the
latest releases of WRF many of the PUCM enhancements were
included in the default SL-UCM and are now available for use in
the public release of the code (Yang et al. 2015)).

Apart from replacing the default UCM, the WRF simulations
also use a mosaic approach (Li et al. 2013) to compute the sur-
face fluxes as opposed to the dominant category method used in
default WRF-ARW model. In the mosaic approach, instead of
fixing a single dominant land use category at each grid point as
the only category in that grid cell, the fluxes from the most
common 7z number (7 can be varied from 1 to 15 and added as
an input in the namelist file of WRF) of land use types in that grid
cell are solved for and then fractionally summed to compute the
aggregate flux into the atmosphere. The mosaic approach is per-
tinent for urban modeling as the land use type in most urban
areas, even at 1 km grid spacing, is highly variable and there
might not necessarily be a dominant land type category. In

NLCD 2006, urban areas fall under three categories: low inten-
sity (50 % built cover), medium intensity (90 % built cover) and
high intensity (95 % built cover). For example, the land use type
for a grid cell inside the borough of Manhattan is as follows:
39 % high intensity urban, 22 % medium intensity urban, 20 %
low intensity urban, 10 % green cover and 9 % water. In the
default approach, WRF would assume all the area of the grid cell
consists of high intensity urban. In the mosaic-based approach,
WREF will solve for all five land use categories, maintaining the
homogeneity of the overlying air in that grid cell, and will frac-
tionally add the computed fluxes. While the default approach is
appropriate for regional scale modeling (36 km - 10 km), the
mosaic approach is more suited at much finer resolutions focus-
ing on cities where the variability length scale of the surface is
sharply reduced. The mosaic approach also improves the repre-
sentation of fluxes from various land use categories without the
need to further increase the model resolution since it models
surface parameters such as temperature, fluxes, and soil moisture
at the higher resolution of the land use maps, thereby reducing
the computational cost.

3 Model evaluation

The WRF-PUCM simulations are evaluated against the
Automated Surface Observing System (ASOS) in situ ground
observations and the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite data. Figure 2 compares
the land surface temperature derived from MODIS to the simu-
lated skin temperature for July 24, 1130 EDT. The model per-
forms well in capturing the daytime surface temperature. The hot
spots that occur in regions dominated by commercial and high
intensity urban area (Long Island, lower Manhattan and eastern
New Jersey) are well replicated by the model (the hot spot in the
Bronx seems to be underestimated). The model also captures the
cool spots in the northwestern part of the domain, dominated by
deciduous vegetation. The gradient in surface temperature, as we
transect from the city to the suburban area and in to the rural area,
is reproduced well in the simulations. The surface temperature
drops from 313 K in downtown NYC to 297 K in the rural area.

The model results are also compared to the ASOS weather
station data in NYC. Figures 3 and 4 contrast the simulated and
ASOS-measured 2 m air temperatures and relative humidity at
the Central Park (Manhattan) and the John F. Kennedy (JFK)
airport (Brooklyn) ASOS locations. The model captures the
overall trend in both the air temperature and the relative humidity
very well (see root mean square errors in the figure). Particularly,
during the heatwave episodes, the model follows the observa-
tions very closely. This is partially due to heatwave episodes
occurring during clear sky days without any clouds or frontal
disturbances. The discrepancy between the predicted and ob-
served values increases when the weather system is perturbed
by frontal passages or other non-local influences. The root mean
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Fig.1 WREF simulation domain. The domains horizontal resolutions were 9, 3, and 1 km. Domain 3, centered over NYC, had 159 x 159 horizontal grid
points and 60 vertical levels. Figure to the right zooms in on domain 3, labeling the landcover over which the simulations were conducted

square errors for the 2-m air temperature and relative humid-
ity for the whole period at the central park station are 2 K
and 10 %, respectively, while at the JFK station the root
mean square errors are 2 K and 12 %. Given the numerous
parameterizations and heterogeneity of urban areas and their
complex form, the PUCM-WRF simulations perform very
well in reproducing the urban climate and can be used to
further our understanding of the dynamics of extreme heat in
cities. We would also like to point out that these model

MODIS Terra Satellite Observation
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Fig. 2 Comparing MODIS satellite observation to WRF simulation
(1 km resolution). The black box indicates the rural reference we will
later use to compute the UHI, which is around 70 km from downtown
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July 24, 2006, 1130 EDT

evaluation results are much improved compared to previous
numerical studies conducted in the NYC area (Rosenzweig
et al. 2009; Meir et al. 2013).

4 Results and discussion

Herein we discuss the role played by the 2-heatwave events in
amplifying the thermal environment of NYC and also expand
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elevation of the rural reference is 100—150 m above sea level
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Fig. 3 Evaluating PUCM simulated 2-m air temperature against ASOS observations. Top panel (a) Central Park station, bottom panel (b) JFK Airport

station

on the factors that affect UHI. Subsections 4.1 and 4.2 analyze
the surface conditions during the heatwave episodes. In sub-
section 4.1 the UHI is used as an indicator to quantify the
impact of heatwaves. Subsection 4.3 analyzes how various
factors such as heat storage capacity, secondary circulation,
and soil moisture deficit influence UHI.

100

4.1 The UHI and heatwaves

New York City experienced two major heatwave episodes
during the July—August period in 2006: one between July
17th and July 19th and another between August st and
August 3rd. The definition of a heatwave is ambiguous and
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varies geographically. It is also closely associated with the
human health impacts and heat-related illness. In this article,
a heatwave is defined as an extended period (three or more
days) when the daily maximum temperature exceeds 306 K
(over 90 °F). During the July heatwave, most of the continen-
tal USA was under a massive high-pressure zone, leading to
the formation of a sharp ridge over the NYC area. As a result,
the area also experienced lower than normal wind speeds.
During the August heatwave episode, a dominant surface high
and an upper level ridge resulted in clear skies and warm
weather over the city. In this period, between July 13th and
August 9th, the average (over all days) maximum and mini-
mum temperature in NYC was 304 K (87 °F) and 296 K
(73 °F), respectively. These values were 2 K above normal,
and the temperatures during the two heat wave periods were
even higher as illustrated in Fig. 3. During the second
heatwave episode, the La Guardia airport station recorded
three consecutive days when the maximum temperature
reached above 311 K (100 °F). In this total period, the total
precipitation in NYC was less than 6 mm, while the normal
average is around 80 mm.

To visualize the surface conditions, 2-m temperature con-
tours and 10-m wind vectors for domain 3 are shown in Fig. 5.
The series of snapshots depicts the evolution of surface con-
ditions during the first heatwave episode from July 16th,
2006, 0400 UTC, to July 18th, 2006,1900 UTC. On July 16,
before the heatwave sets in, 0400 UTC (0000 EDT, panel a),
the 2-m temperature in NYC averages around 24 °C and de-
creases as one moves away from the center of the city. The
area immediately surrounding the city averages around 22 °C;
the temperature at the northwestern corner of the domain (ru-
ral reference) averages between 16 and 18 °C. During this
period, the surface wind, particularly within NYC, is less than
5ms !, indicating very calm conditions. In the highly con-
vective mid-afternoon period, 1900 UTC (1500 EDT, panel
b), the 2-m temperature in the city averages around 28-30 °C
and patches of 32 °C are visible at the southern edge of
Manhattan, which is the downtown area with a dense concen-
tration of high rises. The area immediately to the west of
NYC, the very densely built eastern New Jersey, also experi-
ences elevated temperatures. It should be noted that the tem-
perature at the rural reference (northwestern part of the do-
main) is also high at about 28-30 °C. While there is consid-
erable cooling during the night (panel c), parts of NYC still
remain at 28-30 °C. The wind speeds are also much lower
compared to the previous night and show no large-scale pat-
tern. On 1900 UTC (1500 local time, panel d), July 17th, the
heatwave sets in and the entire NYC area experiences high
and uniform temperatures of 32—34 °C. The rural reference is
2-3 °C cooler than the urban core of NYC. The wind speed
averages between 5 and 10 m s ' and the winds are predom-
inantly from the west. On the night of July 18th (panel e), the
temperature in NYC is still in excess of 30 °C. There is nearly
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a 5 °C difference between NYC and the rural reference point.
The temperature contour and the wind vectors on July 18th
1900 UTC (panel f) are similar to those observed on July 17th
1900 UTC. As the heatwave episode comes to an end, the
region cools down and the temperature on the night (panel
g) and mid-afternoon (panel h) of July 19th is considerably
lower compared to the previous day.

The area adjoining the city is highly urbanized, particularly
the area to the west of NYC. Eastern New Jersey is a vast
residential enclave and an important industrial center. During
the heatwave period, this part of the domain experiences high
temperatures and becomes a hotspot that has the potential to
act as a buffer zone that reduces the advective cooling effect
associated with rural-urban circulation (or when the wind is
blowing from the west).

To understand the impact of the urban landcover on the
near surface air temperature, the spatially averaged 2-m tem-
perature from NYC is compared to the spatially averaged 2-m
temperature from the rural reference in Fig. 6. All the grid cells
within the city limit (including the Burroughs of Manhattan,
Brooklyn, Queens, the Bronx, and Staten Island), excluding
the water cover, were averaged to obtain the urban time series.
As mentioned, the rural reference is an area about 60 km to the
northwest of the city (refer to Fig. 2). Due to the extensive
urban sprawl surrounding NYC, this was the nearest rural
reference to NYC. The rural land cover mainly consisted of
deciduous broadleaf vegetation. The rural temperature was
corrected for difference in elevation using the environmental
lapse rate. From the time series, distinct temperature peaks at
both urban and rural areas are visible during the mid-July and
early August heatwave episodes. While the spatially averaged
2-m temperatures peaked close to 28 °C in urban areas on non-
heatwave days, during the heatwave episodes, the average
peaks are close to 34-35 °C. The corresponding spatially av-
eraged rural temperature exceeded 32 °C during the heatwave
episodes. The difference between the urban and rural temper-
atures is severe during the early morning hours just before
sunrise; on average, it was 2—4 °C warmer in the city com-
pared to the surrounding rural area. It should also be noted that
while the slope of urban and rural temperatures are similar
during the early morning and the noon period, the rural area
cools down faster compared to the urban area in the afternoon
hours. This difference in cooling is mainly related to the high
thermal storage in built materials as well as to anthropogenic
heat releases and to urban morphology. Concrete is a particu-
larly effective store for heat compared to the natural land cover
over rural areas (Ramamurthy et al. 2014). Built materials
effectively absorb incoming radiation and store the heat dur-
ing the daytime, subsequently releasing it back into the atmo-
sphere as sensible heat long after sunset.

The urban-rural contrast is illustrated in Fig. 7 more vivid-
ly. The UHI index shown in the figure was calculated as the
difference between the urban and rural spatially averaged 2-m
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Fig. 5 Evolution of surface
conditions during the first
heatwave episode. 10-m wind
bars overlaid on 2-m temperature
colormaps
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temperatures. The index was computed for each time step of
the simulation, and then averaged based on the time of the day
for the heatwave and non-heatwave periods separately, to ob-
tain the average diurnal UHI cycle. On regular days, the UHI
intensity is highest (3.5-3.7 °C) during the nighttime and early
morning hours before sunrise. The difference between urban
and rural temperatures diminishes during periods with strong
solar insolation due to increased atmospheric mixing: a low of
0 °C is observed between 1200 and 1500 EDT. During the
heatwave episodes, while the UHI diurnal cycle pattern is
similar, there exists considerable difference in amplitude.
Particularly during the mid-afternoon period (1300-1800
EDT), the UHI averages around 1-3 °C as opposed to 0—
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1 °C during regular days. This plot clearly illustrates how
heatwaves accentuate UHI intensity in NYC. This hazardous
difference could be attributed to lower wind speeds in urban
areas during heatwaves, to higher heat absorption and storage
capacity, or to lower moisture retention and subsequent evap-
oration in urban areas. The succeeding sections of this article
will investigate the relative contributions of these influences.

4.2 Influence of warm/cool advection
Figure 8 compares the 850-mb height wind vectors overlaid

on the temperature contours at the same level during a
heatwave period and during a regular day; both snapshots

Fig. 6 Spatially averaged 2-m air 35
temperature from NYC and from
the rural reference for the entire o 30
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Fig. 7 Averaged diumnal cycle of 4
the UHI for NYC for regular (21-

day average) and heatwave (6-day 3
average) days

UHI (°C)

00:00 03:00

were taken at 1400 EDT. The figure is from the 9-km resolu-
tion domain 1. On the regular day, strong southwesterly winds
are visible and influence the entire mid-Atlantic and northeast-
ern coastal areas. In the NYC region, sea winds are penetrating
through the Long Island region and sweeping inland, thereby
cooling the urban core of NYC. The 850-mb temperature
around NYC varies between 289 and 292 K. During the
heatwave period, a strong anticyclonic high-pressure region
is centered in Virginia, to the southwest of Washington DC.
The 850-mb temperature averages around 292-295 K over the
NYC area. The wind speeds around the high-pressure area are
extremely weak, averaging less than 3 m s '. Away from the
eye of the anticyclone, the wind speeds increase marginally. In
the NYC area, the coastal winds that normally penetrate (seen
during regular days) the region are completely absent; the
winds are predominantly from the west.

The southwesterly wind pattern visible in Fig. 8a was a
regular feature during the normal days of the simulation period.
This can be viewed in Fig. 9, which compares the 10-m wind
roses for regular (a) and heatwave (b) days in domain 3 over
NYC. During the regular days, winds were mainly from the
south-southwest direction, accounting for nearly 60 % of the
overall winds. During this period, milder winds from the north
are also visible. These northerly winds were present during the
nighttime period. In stark contrast, during the heatwave epi-
sodes, the winds were predominantly from the west. Winds
from all other sectors were negligible. The diurnal pattern seen
during the regular days is also completely absent during the
heatwave. It is also important to note that in the NYC region,
no noticeable change in the wind speeds are seen during the
heatwave period compared to regular days, with winds between
4 and 7 m s ' dominating in both periods, precluding wind
speed as a major factor in the interaction between UHI and
heatwaves for this episode (data from both episodes will be
analyzed more thoroughly in the next section). Therefore, the
change in the wind direction, which precludes cooling of NYC
by southwesterly coastal winds during the heatwave, could be
one of the crucial factors in elevated UHI in the city during the
mid-afternoon periods of heatwave episodes.
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To further investigate the role played by coastal winds, the
near surface air temperature during the daytime period (0900—
0500 EDT) is shown as function of distance from the coast in
Fig. 10. The horizontal distance of each grid cell from the
Atlantic coast was computed, and the difference between the
2-m temperature in that grid cell (7)) and the 2-m temperature
averaged over all grid cells (7,,) was then computed (only
urban grid cells were considered for this plot). The tempera-
ture differences were then averaged for a given distance from
the coast and plotted in Fig. 10. The figure shows that, for
regular days, the daytime 2-m temperature is lower than the
spatial average close to the coast (<5 km). The sea breezes on
average penetrate 3—5 km inland. Between 5 and 12 km, the
temperature remains steady and equal to the regional average,
but then increases rapidly beyond that point, to become almost
0.7 °C above average. This illustrates the efficiency of coastal
wind cooling during regular days. The daytime near surface
air temperature on heatwave days on the other hand shows no
such spatial variations with distance from the coast. 7-T;,
remains close to 0 for the first 20 km from the coast. The
westerly winds that result from the high-pressure system block
the sea breeze and advect hot air into the NYC area, keeping
the air temperature relatively homogeneous over land. The
cooling coastal winds are completely absent. Two other stud-
ies, Meir et al. (22) and Gedzelman et al. (2003), have also
highlighted the influence of coastal wind on UHI in NYC.

4.3 Factors that influence UHI

In this section, we discuss the influence of the primary factors
that modulate the UHI, namely wind speed, heat storage ca-
pacity, and soil moisture.

4.3.1 Wind speed

High wind speeds would result in stronger advective cooling.
As wind speed increases, the volume of relatively cooler air
brought from the surrounding rural areas, or for coastal cities
like NYC from the coastal waters, becomes highly effective in
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Fig. 8 A 850-mb wind and temperature difference between a regular day (a, July 23, 1500 EDT) and a heatwave day (b, July 16, 1500 EDT)

reducing the urban temperature. These winds can be the
results of regional synoptic patterns (like the coastal wind
cooling depicted in Fig. 10) or of smaller scale secondary
circulations. Since urban areas are hotter than the sur-
rounding environment, the thermals generated during the
convective period lift the hot mass of air vertically. Urban
areas also experience stronger convection due to higher
turbulent heat transfer associated with stronger surface heat
flux. These vertical motions create a favorable horizontal
pressure gradient for the cooler air from the neighboring
areas to sweep in. These secondary circulations could po-
tentially play a crucial role in reducing the horizontal tem-
perature gradient between urban and rural areas. However,
when the simulations conducted here were analyzed, the
magnitude of wind speed had very minimal impact on

g

Fig. 9 Surface wind roses (10 m) NORTH
for regular days (a) and heatwave

days (b)

WEST

SOUTH

UHI magnitude. The correlation between wind speed and
UHI (not shown here) was very weak (regression coeffi-
cient = 0.06) throughout our study period. The wind di-
rection on the other hand does have a significant influence
as illustrated in Fig. 10, which revealed the key role
played by coastal winds.

4.3.2 Storage flux

Storage flux is another important factor that determines
the magnitude of the temperature difference between the
urban and the surrounding rural area. The equation be-
low explains the urban surface energy balance for a
volume of outdoor space, extending from the ground
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H>=7
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(including an infinitesimal interfacial layer below the
surface) till the top of buildings.

AE=R,—G=H+LE+4 (2)

R, represents the net sum of all four radiative components
(incoming and outgoing longwave and shortwave radiation).
Over urban areas, all four components of radiation are dis-
turbed from their rural balance. The built surfaces that domi-
nate the urban areas, particularly black roofs, asphalt roads,
and parking lots, decrease the overall albedo, and as a result,
more energy is absorbed and the magnitude of the outgoing
shortwave radiation is reduced while the magnitude of outgo-
ing longwave radiation is increased. G represents the storage
flux and is one of the most crucial terms in the urban areas. In
our simulations, G is computed as the residual. While G over
rural surfaces account for less than 10 % of the total energy, in
urban areas, G is the most dominant term during the convec-
tive period (Ramamurthy et al. 2014). Built surfaces, particu-
larly concrete, due to their high heat capacity, act as thermal
reservoirs. This heat stored during the daytime is released as
sensible heat during the nighttime periods, long after sunset.
This process aids in keeping the urban surfaces as sources of
heat all through the day. H and LE denote the sensible and
latent heat fluxes. Over urban areas due to reduction in mois-
ture availability, the sensible heat flux is higher compared to
latent heat flux (relative to the rural vegetated surfaces).
Finally, 4 represents the anthropogenic heat emissions; output
from heat ventilation and air conditioning system (HVAC),
industrial plants, and vehicle combustion can be large in urban
areas. Values as high as 400 W m 2 have been reported over
highly urbanized cities (Kanda 2007).

The scatter plot in Fig. 11 shows a linear trend between
storage flux and UHI, with a steep negative slope. High UHI
values are associated with high negative urban storage flux.
The negative flux values indicate heat released from urban
areas that occur after sunset when urban surfaces start cooling.
When storage flux values are low, between 0 and —25 W mfz,
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the UHI values range between 2 and 3 K. As storage flux
increases beyond —40 W m 2, UHI increases rapidly. The
average UHI is around 6 K for storage flux greater than
—70 W m2. In general, high UHI values are observed in the
nighttime when the difference in urban and rural storage
fluxes is higher. This difference mainly controls the diurnal
variability in UHI. It should be noted that the simulations do
not account for anthropogenic heat emissions due to
uncertainty/non-availability in their estimates; however, in
NYQC, this term could be significant.

4.3.3 Moisture availability

The other key factor that could potentially influence UHI is
moisture availability. Surface water controls the partitioning
of surface fluxes into latent and sensible heat and directly
influences the temperature in the atmospheric boundary layer.
Previous simplified modeling of UHI development in fact
suggests that this is the most important physical parameter in
determining the strength of the UHI and its interaction with
heatwaves (Li and Bou-Zeid 2013). Built surfaces are nearly
devoid of moisture retention capacity compared to natural
surfaces, and hence, urban areas profusely distribute available
energy to sensible heat. Evaporation from impervious surfaces
is only significant immediately following rain events
(Ramamurthy and Zeid 2014). Unlike available energy and
wind characteristics, moisture availability does not vary diur-
nally and is related to precipitation and surface and soil char-
acteristics. While UHI intensity varies over a diurnal cycle
with the surface energy budget partitioning as illustrated in
the previous section, the long-term trends of daily-averaged
intensity could be controlled by moisture availability.
Moisture availability is also the primary factor that governs
the large-scale climate dynamics in the soil-vegetation-
atmosphere continuum. Previous studies have underlined the
relationship between soil moisture deficit and the triggering of
heatwaves (Fischer et al. 2007).
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Fig. 11 Scatter plot relating
storage flux in urban areas to UHI
in NYC (regression

coefficient = 0.72)
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The area-averaged volumetric top soil moisture time series
is depicted in Fig. 12. The plot shows a significant deficit in
moisture availability between the urban and rural soils. The
rural areas peak at 0.35 and the values never decline below
0.27. In contrast, the averaged urban volumetric top soil mois-
ture content (taken from the mosaic version of WRF over
vegetated lands only) is 0.22 and dips as low as 0.17. The
wilting point for the urban soil is close to 0.12. Compared to
the rural surface, the urban soils also dry and lose their wet-
ness relatively faster. This is evident from the noticeably
higher negative slope of the urban soil moisture time series.
This inability to hold moisture, as seen in Fig. 12, is related to
the low vegetative fraction in urban areas, which leads to an
arid atmosphere that increases soil drying. It should however
be noted that engineered urban soil layers can also suffer from
compaction that decreases infiltration rate and increases runoff
(Gregory et al. 2006), or in other cases, sandy soils with low
moisture retention capacity could be used to enhance infiltra-
tion and mitigate flooding, further reducing soil moisture.
However, these effects are not part of the modeling framework
since urban soils are not been explicitly classified in land
surface models (we simply use the USGS SSURGO data).
Moreover, the unique mosaic approach adapted in our numer-
ical simulation helps us to visualize the drying of urban soil. In
the default WRF model, which classifies the grid cells based
on dominant land use category, the dense urban grid cells will
be mostly impervious.

Note that the volumetric soil moisture time series graph
details the moisture availability of vegetated soils (urban or
rural) as explained earlier and is thus not the actual area-
averaged availability. The engineered built surfaces that dom-
inate urban areas lack porosity and have an almost negligible
moisture retention capacity compared to vegetated surfaces.
Therefore, the net available moisture in urban terrain, per unit
area, will be significantly lower when the dry impervious sur-
faces are accounted for. To illustrate this difference, the actual

-50 -40 -30 -20 -10 0
Storage Flux (W m™)

moisture availability oy 0, here 0, represents the top surface
(4 cm) volumetric soil moisture and the o represents the veg-
etative fraction in the grid cell, averaged over the entire period
is shown in Fig. 13. The moisture availability contours depict
a contrasting picture. The rural background in the northwest
corner averages a little over 0.3, while the urban core of NYC
averages around 0.03 over the entire 28-day period. In gener-
al, there is 10 times less surface moisture available in NYC
compared to the nearby rural areas. The land cover immedi-
ately surrounding NYC also lacks moisture. The eastern end
of New Jersey and the Long Island area average a 0,6 around
0.05 to 0.075. As we move farther from the city, the moisture
availability gradually increases.

The deficit in the moisture availability shown above can
have serious implications on thermal comfort in cities. Over
rural areas, the available moisture is mostly converted to latent
heat flux as opposed to sensible heat. The average mid-day
(1100-1500 EDT) Bowen ratio (ratio of sensible heat to latent
heat) over the rural surface is 0.44. In stark contrast, the
Bowen ratio over the urban core of NYC is 13. Particularly,
the period from the end of July to the first 10 days of August
experienced a severe dry down period, when the urban Bowen
ratio was as high as 15.5. This influence of soil moisture on
surface fluxes translates into an influence on air temperature,
as can be deduced from observing the strong negative spatial
correlation between the soil moisture field in Fig. 13 and the
temperature field in Fig. 2. A temporal correlation is however
more difficult to establish due to the longer time scales over
which soil moisture varies compared to the much shorter tem-
poral variability scales of air temperature.

To assess the influence of soil moisture deficit temporal trends
on the UHI, one can also compute a commonly used indicator of
water availability defined as follows (Brutsaert 2005):

00,

=X

(3)
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Fig. 12 Spatially averaged 0.36 T
volumetric surface soil moisture
(top 4 cm from ground level) for
NYC and the rural reference

0.34 -

0.32

o
w
T

0.28 -

0.22 -

Volumetric Soil Moisture (m3 m

o
)
T

0.16

—Rural
—Urban

1
07/09 07/16

In Eq. 3, 0 represents the volumetric soil moisture and 6y,
and 6, represents the wilting point and saturation point. 3 in
the above equation is actually the reduction factor that distin-
guishes actual evaporation (E) from potential evaporation

(Ep):

| | |
07/23 07/30 08/06 08/13
July - August 2006

Using this 3, the moisture availability deficit Fp between
the urban and rural areas can be calculated as

By = (1 - g—j) (5)

In the above equation, (3, and 3, are the urban and rural

E = BE, (4) reduction factors, respectively. A [p of 0 indicates equal
Fig. 13 Contour showing the
actual moisture availability in the
simulation domain (domain 3),
averaged over the entire 41°20'N
simulation period
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moisture availability in urban and rural areas while a value of
1 denotes a completely dry urban surface. During the simula-
tion period, [p varied considerably; the average Gp was close
to 0.2 and reached a low 0f 0.09 following a rain event on July
23rd. On heatwave days on the other hand, 3 increased to
nearly 0.3. A severe dry down period persisted from July 28th
till the end of the simulation period, during which the fgp
peaked close to 0.4. The UHI values were significantly ampli-
fied in these dry down periods. The average nighttime UHI in
NYC increased from 2.5 to 4.5 °C. These results indicate that
moisture availability could play a vital role in controlling the
long-term trend in UHI in NYC. During the second half of the
simulation period, when NYC experienced a long dry down
period, the UHI kept increasing.

Apart from the citywide influence witnessed in our simu-
lation, the lack of soil moisture has wider implications from a
regional climatology perspective. Several regional climate
studies have postulated a link between extreme events like
heatwaves and soil moisture deficit. In one of the well-
documented and reported recent heatwave episodes (Fischer
et al. 2007), unusual dry conditions, combined with circula-
tion anomalies, lead to a 2-week long heatwave event that
centered on southern France. Strong variability in soil mois-
ture anomalies could also lead to local/mesoscale circulations
that affect precipitation patterns (Seneviratne et al. 2010).
These induced precipitation deficits favor hot extremes. On
a global scale, the occurrence probability of an above average
hot summer day preceding a precipitation deficit is as high as
60 % in North America (Mueller and Seneviratne 2012).

Currently, urban soils are poorly represented in land surface
models. As discussed earlier, urban soils are severely dis-
turbed and highly heterogeneous. But very few studies have
been conducted to understand their physical and thermal char-
acteristics. Also direct observations of urban soil moisture are
rare and satellite products are too coarse and uncertain over
built terrain. In order to improve our understanding of the role
played by urban-rural soil moisture deficit in exacerbating the
urban thermal environment and improve the representation of
urban soils in land surface models, more direct observations
are needed.

5 Conclusion

This study used a modified version of the WRF model to
simulate two heatwave episodes. The UCM in the standard
WRF model was replaced by the PUCM that has sub-facet
level representation for urban fluxes and more realistic hydrol-
ogy. The dominant land use categorization approach used in
WREF was substituted with a mosaic approach that computes
land surface fluxes for every land use type in a particular grid
cell and fractionally averages them. This mosaic scheme
coupled with the PUCM has vastly improved the urban

representation in WRF, resulting in simulations that are con-
sistent with remote sensing data and single-point observations.

Our analysis indicates that the heatwaves amplify the UHI in
NYC, in agreement with our previous studies over smaller cities
(Li and Bou-Zeid 2013). Particularly during the mid-afternoon
period during heatwave episodes, the UHI increases by 1.5—
2 °C. This increase would have very adverse implications on
mortality and morbidity in cities (Anderson & Bell 2011).

Our results also indicate that moisture availability and stor-
age heat flux played a crucial role in controlling the UHI in
NYC, with wind speed playing a lesser role. Storage flux was
shown to have a linear relationship with a 30-min averaged
UHI in NYC. However, the correlation with wind speed is
relatively weak, indicating it was a secondary factor. Wind
direction on the other hand was a major influence on the
microclimate in NYC. During the heatwave episodes, the
southeasterly winds that are frequent in the afternoon periods
during regular summer days were deflected by the strong
westerlies, a result of the anticyclonic depression. These
southwesterly winds are essential to moderating the UHI dur-
ing the summer months in NYC since they result in strong
advective cooling by sea breeze. The lack of coastal winds in
the afternoon periods during heatwave episodes adversely af-
fects the daytime UHL

The results also highlight the crucial role played by mois-
ture availability in controlling the overall strength of UHI in
NYC. The difference in evaporative fraction between the ur-
ban and rural areas was shown to have a significant influence
on the daily-averaged UHI. The built surfaces that dominate
the urban area lack moisture retention capacity. Furthermore,
the arid urban atmosphere accelerates the desiccation during
dry down periods, thereby amplifying the moisture availabil-
ity deficit between the urban and the surrounding rural areas.
While moisture deficit has been found to play a crucial role in
exacerbating extreme heat events on a regional scale, our re-
sults here further indicate that, even at the city scale, the mois-
ture availability deficit tends to play a major role in maintain-
ing elevated temperatures in urban areas.
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