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ABSTRACT

The Weather Research and Forecasting mesoscale model coupled to a multilayer urban canopy parame-

terization was used to evaluate the evolution of a 3-day heat wave in New York City, New York, during the

summer of 2010. Results from three simulations with different degrees of urbanmodeling complexity and one

with an absence of urban surfaces are compared with observations. To improve the city morphology repre-

sentation, building information was assimilated and the land cover land-use classification was modified. The

thermal and drag effects of buildings represented in the multilayer urban canopy model improve simulations

over urban regions, giving better estimates of the surface temperature and wind speed. The accuracy of the

simulation is further assessed against more simplified urban parameterizations models. The nighttime ex-

cessive cooling shown by the Building Energy Parameterization is compensated for when the Building Energy

Model is activated. The turbulent kinetic energy is vertically distributed when using the multilayer scheme with

amaximumat the average building height, whereas turbulence production is confined to a fewmeters above the

surface when using the simplified scheme. Evidence for the existence of horizontal roll vortices is presented, and

the impact that the horizontal resolution and the time step value have on their formation is assessed.

1. Introduction

A heat wave is a prolonged period of temperatures

considered to be abnormally high for a particular area.

They are associated with high pressure circulation pat-

terns that produce subsidence, light winds, clear skies, and

warm air advection. Heat waves vary across regions in

their intensity, duration, and timing. Meehl and Tebaldi

(2004) examined the future behavior of the heat waves

using a global coupled climate model. Assuming a sce-

nario with poor policy intervention to mitigate green-

house gases, the model indicated a heat-wave severity

anomaly greater than 38C in the western and southern

United States while the northeast part of the country

would experience anomalies of 28C.A general increase of

nighttime minima is also expected. These projections re-

flect the need for a better understanding of extreme heat

events in highly populated urban environments.

Urban heat island (UHI) effects could intensify the

magnitude of a heat wave. Vegetation substitution by

pavement and concrete structures has a substantial im-

pact on surface conditions and the vertical configuration
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of the lower atmosphere. Changes in physical charac-

teristics of the surface such as albedo, thermal capacity,

and heat conductivity retard the nocturnal cooling of

urban surfaces between sunset and midnight when rural

areas are cooling more rapidly (Oke and Bornstein

1981). This effect is enhanced by the decrease of surface

moisture availability, changes in radiative fluxes, and

surface flow due to the complex geometry of streets and

tall buildings as well as anthropogenic heat release.

Periods of heat stress could have negative repercussions

for human health. The higher the temperature or the

longer the heat wave, the more work is required by the

cardiovascular system to maintain a normal body tem-

perature; therefore, more intense or longer heat waves

are likely to have greater health effects (Anderson and

Bell 2011). Two well-documented examples in the

Northeast are the 1966 heat wave that produced 1181

deaths (Schuman 1972) and the 1995 Chicago, Illinois,

heat wave that caused more than 700 deaths (Dematte

et al. 1998).

Urban effects in mesoscale models can be represented

using different techniques and parameterizations. The

main goal is to take into account the impact of a city on

momentum–turbulence processes and heat exchange.

The first approach to modify the dynamics in the nu-

merical models was increasing the roughness over urban

areas assuming that turbulent fluxes are constant with

height. In this technique, the vertical structure of the

turbulent field is not reproduced in the urban roughness

sublayer (from street level up to 50–100m) and the effects

of the city are limited to the surface level. The 2D hydro-

static, Boussinesq, vorticity-mode boundary layer model

(UrbanMeteorologyPBLModel,URBMET)ofBornstein

(1972, 1975) was the first to simulate flows over a warm and

rough urban area. Simulations reproduced roughness de-

celeration at the upwind urban edge, UHI-induced maxi-

mum speeds at the downwind edge, and weakened the

near-surface return flow downwind of the city.

The first attempt to account for the impact of urban

environments on the surface energy budget was chang-

ing land-use properties. Best (1998) and Dupont et al.

(2004) introduced more complex physical approaches

where a sublayer representing the canopy is inserted

between the surface and the atmosphere. The shadow-

ing and radiation trapping effects of paved structures

significantly modify the energy budget over cities. Re-

duction of the total albedo and nocturnal radiation loss

caused by buildings is parameterized through the calcu-

lation of the energy budget for walls and streets where

street direction and wind speed in the canopy are impor-

tant factors. In standard versions of mesoscale models,

some changes in soil thermal capacity are adopted over

urban areas, but computation of surface energy balance

does not take into account shadowing and radiation

trapping effects.

The urban surface exchange parameterization de-

veloped by Martilli et al. (2002) incorporates the dif-

ferent techniques mentioned above to represent urban

effects in mesoscale models. The parameterization ac-

counts for impacts from horizontal and vertical building

surfaces in the momentum, heat, and turbulent kinetic

energy (TKE) equations. In these equations, new terms

were included to represent frictional and drag forces’

influence on the mean wind, changes on the potential

temperature from sensible heat fluxes from urban sur-

faces, and the increase of the TKE from the airflow

between buildings.

A comparison between measurements, outputs from

the urbanized model, and results from a traditional

scheme based on the constant flux-layer assumption of

the Monin–Obukhov similarity theory was performed

for momentum, TKE, and temperature fields to de-

termine the accuracy of the new parameterization over

Athens, Greece (Martilli et al. 2003). The urbanized

approach was able to reproduce better the vertical

structure of urban roughness sublayer parameters, dis-

tributing the sink of momentum from the surface up to

the height of the highest building. The scheme properly

simulated net radiation, canyon temperature, turbulent

heat fluxes, and heat storage during the Basel Urban

BoundaryLayerExperiment (BUBBLE) andESCOMPTE

field campaign inMarseille, France (Hamdi and Schayes

2005). Vertical potential temperature profiles showed

similar patterns of behavior to observations because of

the scheme distributing heat sources in the vertical up to

roof height. Atmospheric warming in the early morning

was delayed as a result of heat storage of impervious

surfaces. An evaluation with measurements from the

Dual-UseEuropean Security IRExperiment (DESIREX

2008) field campaign in Madrid, Spain, demonstrated the

capability of the parameterization to accurately simulate

the spatial and temporal distributions of the UHI and the

contribution of anthropogenic heat to its magnitude and

extension (Salamanca et al. 2012).

The aimof this work is to evaluate urbanmodelingwith

theWeatherResearch andForecasting (WRF)Model for

New York City, New York (NYC), during an intense

heat-wave event in summer 2010 when using a multilayer

urban parameterization customized for NYC coupled to

an energy building model. Gridded urban canopy pa-

rameters (UCPs) were assimilated, and the land cover

land-use (LCLU) was modified to improve the repre-

sentation of the city’s urban morphology. The perfor-

mance of the temporal and spatial simulations of surface

temperatures and wind fields of three urban parameter-

izations are tested and validated against observations.

284 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 54



The paper’s organization presents first a description of

the WRF modeling system and initialization process

using UCPs followed by a comparison of the large-scale

forcing from a regional model and weather maps. The

analysis of the results was focused on 6 July, on which

day the maximum temperatures were registered. We

reference the generations of horizontal roll vortices and

the impact of model resolution and time step on their

characteristics. In the final section, we show and discuss

modeled vertical profiles at the location of the highest

buildings within the city.

2. Data and methodology

a. Modeling system

The WRF Model is a nonhydrostatic, compressible

model with a mass coordinate system in which land

surface models (LSMs) use surface boundary layer

scheme variables, radiation scheme variables, and pre-

cipitation from microphysics and convective schemes,

together with input parameters concerning land surface

properties, to provide surface heat and moisture fluxes

(Skamarock et al. 2008). The Noah LSM (Chen and

Dudhia 2001) predicts soil temperature and moisture,

diagnoses skin temperature and forest canopy moisture,

and provides composite sensible and latent heat fluxes to

the planetary boundary layer (PBL) scheme. Urban grid

cells in this scheme are assumed to be flat, impervious

open spaces with small albedos, large surface roughness,

and 5% of vegetation. More complex schemes are

available inWRF to represent the environmental effects

of urban areas.

The Building Energy Parameterization (BEP), avail-

able since version 3.1 of WRF, accounts for impacts

from ground surfaces, as well as from horizontal and

vertical building surfaces, in the PBL prognostic mo-

mentum, heat, and TKE equations (Martilli 2002). This

parameterization simulates building drag effects, trans-

formation of mean-motion kinetic energy into TKE, and

heat flux modification due to radiative shadowing and

radiation effects. Urban grid cells are assumed to be

composed of an array of buildings of the same width

located at the same distance from each other, but with

different heights. BEP does not account for any type of

anthropogenic heat sources.

The Building Energy Model (BEM; Salamanca and

Martilli 2010) calculates the amount of heat that has to

be extracted from or added to each building floor to

maintain the indoor temperature at a target value. BEM

accounts for natural building ventilation, heat diffusion

between indoor and outdoor surfaces, generation of

heat due to occupants and equipment, and the energy

consumption and associated production of waste heat

from air conditioning (A/C) systems. A/Cs are consid-

ered to be through-wall equipment, and anthropogenic

heat is released in each model layer.

b. Urban canopy parameters

The lookup table approach, which is traditionally used

to initialize the multilayer urban schemes, under-

estimates the heterogeneity of the urban morphology by

assigning average UCPs to each urban class. Detailed

building information improves 2-m air temperature

forecast and anthropogenic heat estimations (Salamanca

et al. 2011). In this work, a technique that combines

gridded data and lookup tables was implemented using

UCPs from the National Urban Database and Access

Portal Tool (NUDAPT) to obtain a better representation

of the spatial distribution of building in NYC. NUDAPT

consists of a set of 13 building statistics computed at a

250-m spatial resolution, including mean building height,

height histograms, plan area fraction, height to width

ratio, and sky factor (Burian et al. 2008). For the NYC

area, these data are available only for Manhattan, and

small sections of Queens, Brooklyn, and New Jersey ad-

jacent to Manhattan.

GriddedNUDAPTdatawere assimilated forManhattan,

and they was also used to calculate mean UCPs corre-

sponding to three urban classes (low residential, high

residential, and commercial) to represent building

characteristics in the rest of the domain. The main lim-

itation of the table is that the UCPs are overestimated,

reducing the proper simulation of the UHI effect in

Manhattan. For those parameters that were not avail-

able on NUDAPT, such as heat capacities and thermal

conductivities of roofs, walls, and ground, standard

values employed by Roberts et al. (2006) during their

urban heat storage study in Marseille were adopted.

LCLU is an important component in accurately sim-

ulating urban meteorological impacts. The LCLU clas-

sification available includes three urban classes from the

2001 U.S. Geological Survey National Land Cover

Dataset (NLCD). Their criteria for categorizing a region

as urban are the same for the wholeUnited States, which

leads to an underestimation of the spatial variations in

highly heterogeneous cities. A new LCLU classification

was thus incorporated based on the distribution of the

Building Plan Area Fraction (Lambda P), which is

defined as the plan area of buildings divided by the total

surface area (Fig. 1). The modified classification was

created by categorizing as low residential, high resi-

dential, and commercial those grid cells with Lambda P

between 0.001 and 0.2, between 0.2 and 0.4, and greater

than 0.4, respectively. A correction for Central Park was

also implemented to substitute grid points within the

park erroneously classified as urban. In the corrected
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classification, only highly dense urban areas inside

Manhattan are classified as commercial while the rest of

the domain is classified as low or high residential.

c. Observational data

Surface information from 36 weather stations (Fig. 2)

provided by Earth Networks, Inc., was interpolated

using the kriging method to obtain arrays that matched

the spatial and temporal grids of the 1-kmWRF domain

output. Data from this network have been previously

employed by Hicks et al. (2012, 2013) to analyze urban

turbulence. Although representativeness of the surface

station information deserves a detailed exploration on a

station-by-station basis, for the purpose of this study and

FIG. 1. (a) Building plan area fraction gridded (Lambda P) data distribution, (b) NLCD for NYC, (c) modified LC classification, and

(d) correction for Central Park. Urban classes are land use category: low residential (31), high residential (32), and commercial (33).
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in the spirit of providing high spatial resolution observa-

tions, we will not concern ourselves with bias corrections.

d. Model configuration and numerical simulations

TheAdvancedResearch configuration ofWRF, version

3.2, was used to simulate the 3-day heat-wave event over

NYC from 5 to 8 July 2010. Three two-way nested do-

mainswere constructedwith spatial grid resolutions of 9, 3,

and 1km,which contained 1503 150, 1503 150, and 1003
100 grid boxes, respectively, from west to east and from

north to south (Fig. 3). Fifty-one terrain following sigma

levels were defined with 20 levels in the first kilometer.

The PBL scheme of Bougeault and Lacarrere (1989) was

adopted. This turbulent kinetic energy prediction option

was designed for use with BEP and BEM urban models.

The single-moment three-class (Hong et al. 2004) and

Kain–Fritsch (Kain and Fritsch 1990) schemes were the

microphysics and cumulus options selected. The cumulus

parameterization was only applied to the coarse domain

and the first nest. For longwave and shortwave radiation,

the RRTM (Mlawer et al. 1997) and Dudhia (Dudhia

1989) schemes were used. The initial and boundary con-

ditions forWRF were obtained from the North American

Mesoscale Model (NAM) datasets with 12-km resolution

at 3-h intervals. NCEP Marine Modeling and Analysis

Branch data at 0.58 were employed to update the sea

surface temperatures every 24h.

Four simulations with different configurations were

performed. In the first simulation (No City), the city was

replaced by grassland in the third domain to estimate the

magnitude of the heat wave. In the second run (BEP),

WRF coupled with BEP was used to analyze the in-

teraction between the urban heat island effect caused by

the properties of the city and the heat wave. A third

simulation including BEM was performed to determine

the impacts of energy consumption. This simulation is

referred as BEP/BEM. Last, the importance of the

FIG. 2. Surface weather station network.

FIG. 3. Model domains. The larger rectangle is domain d02 and the

smaller one is d03.
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complexity of the urban parameterization was analyzed

by only using the Noah land surface model.

e. Large-scale forcing

Similar to the synoptic pattern described by Kunkel

et al. (1996) for the 1995 Chicago heat wave, the

weather conditions during the Northeast event were

dictated by a strong subtropical ridge that developed

over the East Coast starting on 5 July (Fig. 4). At

500 hPa, the ridge covered most of the East Coast,

showing intensification on 6 July with the presence of

an upper-level closed anticyclone. The ridge and the

associated closed high weakened and moved westward

during the following day, producing a shift in the wind

direction to the northeast that advected cool air to the

area.

At the surface, strong and persistent anticyclonic

conditions predominated in the development of the heat

wave (Fig. 5). The strong subsidence produced surface

high temperatures that reached values of 311K in

Manhattan and magnitudes over 305K in Queens,

Brooklyn, and the Bronx. The peak of the heat event

was characterized by an intense high pressure system

over the East Coast and part of the ocean that induced

a weak westerly wind that advected warm air into the

area. Following the trajectory of the upper-level sub-

tropical ridge, the surface high showed westward

movement dissipating by the end of 8 July. A surface low

coupled with a trough at 500 hPa formed on 7 July and

moved into the eastern United States, intensifying the

following day. The presence of the low pressure system

produced a shift in the wind direction from northwest to

east-northeast on the early morning of 8 July, bringing

cool air from the ocean to the East Coast and decreasing

the surface temperatures. The heat-wave synoptic pat-

tern was no longer present in the area that marked the

conclusion of the heat event.

NAM was able to represent the key predictors asso-

ciated with the heat wave but showed some differences

with respect to what is seen on the weather maps. The

intensity of the subtropical ridge in the upper air for the

entire period was slightly overestimated by the NAM

model (Fig. 4). However, this difference does not dras-

tically affect the wind speed or direction. The location

and the westward motion of the upper-level high re-

tained a close resemblance to the behavior presented in

the synoptic maps. At this level, temperatures are about

one degree colder than observations for the first day of

the event while for the rest of the period the values re-

mained close to the registered upper-air temperatures.

At the surface, the modeled circulation is similar to the

wind patterns present on 5 and 6 July (Fig. 5). By the

next day (7 July), a low pressure system moving from

the east, changed the wind pattern, and introduced

cooler marine air to the area. The shift in the wind di-

rection to a northeast component in the model occurred

12 h before decreasing temperatures over the region.

The regional model captured the higher temperatures

over highly urbanized areas like NYC, Philadelphia,

Pennsylvania, and the New Jersey coast.

3. Urban parameterization evaluation

a. Surface air temperature

The National Weather Service (NWS) declares heat

watches and warnings in a region when the daytime heat

index, an expression that combines temperature and

relative humidity, is greater than or equal to 1058F
(40.68C), with nighttime lows greater than or equal to

808F (26.78C), for at least two consecutive days (NWS

1994). Mean observed and modeled hourly surface

temperature values for the heat wave in NYC were

calculated. The heat index time series obtained from

observations (Fig. 6) showed maximum values of 428,
488, and 448C and minimum values of 308, 30.58, and
288C for three consecutive days in clear correspon-

dence with the NWS’s heat-wave definition.

The impact of urbanization is analyzed through the

replacement of pavement by vegetation and the differ-

ent techniques used to account for urban canopy in-

teractions. Figure 6 also shows the time series of the

hourly averaged 2-m air temperature for all of the

stations and the nearest-neighbor grid points in each

simulation. In general, BEP/BEM was more accurate

in predicting the temperatures in the area at the peak

of the heat-wave event with and overestimation on the

first day. The similarity of the Noah and No City cases

throughout the simulation revealed a minimal effect

of the land surface urbanization properties within

Noah for this event. BEP’s accelerated nighttime

rate of cooling produced minimal temperatures that

reached magnitudes colder than the case with only

vegetation and a difference of 28–38C relative to

observations.

Gedzelman et al. (2003) found that around NYC, the

urban–rural temperature difference is greatest on clear

nights with low humidity and gentle northwest winds,

but it is strongly reduced by sea breezes and cold air

advection during summer. The advection of cool marine

air—induced on the large-scale forcing by the early

change of wind to a northeast direction as referenced

above—introduced colder air to the city that lowered

the temperature by as much as 38–48C over the region

throughout 7 July. The heat released by A/C systems

was not enough to compensate for the intense cooling

produced by the cold advection.
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b. Surface temperature and wind spatial distribution

Differences in the temperature field between obser-

vations andmodel simulations are examined at 0600 and

1500 LT 6 July. At the time of theminimum temperature

(Fig. 7), the No City and Noah LSM cases showed an

almost similar temperature distribution between each

other with Noah introducing some warming at down-

town Manhattan and Brooklyn. BEP/BEM constitutes

the parameterization that better represents the spatial

FIG. 4. The (left) 500-hPa maps and (right) corresponding NAM outputs at 1200 UTC on (a) 5,

(b) 6, and (c) 7 Jul.
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distribution of the temperature for the region where

detailed building information was available. All other

models underestimate the temperature over NYC, fol-

lowing the tendency that was also found by Holt and

Pullen (2007) for August 2005 using a single (Kusaka

et al. 2001) and a multilayer (Brown andWilliams 1998)

urban scheme in COAMPS. The anthropogenic heat re-

leased by BEP/BEM counteracted the nighttime excessive

FIG. 5. As in Fig. 4, but for surface maps.
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cooling. In some regions of the city, the heating increased

the ambient temperature to magnitudes that surpassed

measured values. BEP cold bias is evenly distributed

across the domain with cooler magnitudes matching the

location of the tallest building areas in Manhattan.

Nighttime negative heat flux is enhanced by the in-

troduction of citymorphology with the greatest values at

the location of the tallest buildings (Fig. 8). BEP’s

building internal temperature is fixed at 258C throughout

the whole simulation, producing a heat flux from the

warmer outside to the cooler inside decreasing the out-

door temperature. BEP/BEM uses an A/C system to cool

down the building’s interior, releasing heat into the at-

mosphere. This heat addition compensated the negative

flux, increasing the outdoor temperature to a magni-

tude closer to the observations. The amount of heat

released is proportional to the building heights with

maximum values that doubled the modeled estimations

obtained by Sailor and Hart (2006) for NYC. Accord-

ing to their empirical model based on electricity,

heating fuel, transportation, and metabolism data,

summertime hourly average anthropogenic heat is

about 69.4Wm22, while our simulations indicate av-

erage values around 100Wm22.

In addition to those areas of Brooklyn, Queens, and

the Bronx where overestimation was expected because

of a lack of proper urban canopy parameters, BEP/BEM

results over commercial zones with high buildings in

Manhattan are warmer than observations by more than

28C in the afternoon (Fig. 9). Salamanca et al. (2011)

using BEP/BEM obtained for the city of Houston an

increase in air temperature of 0.58–28C, which they at-

tributed to the waste heat produced by the energy con-

sumption inside the buildings.

Mean and turbulent wind velocity fields are modified

by the buildings’ barrier effect, as well as rougher urban

surfaces that increase the frictional drag on the flow

(Bornstein 1987). Figure 10 shows the surface winds at

the time of minimum temperature and the difference

from the interpolated observations. A northwesterly

component was dominant at this time of the day with

a divergence zone west of Manhattan in the No City

case, which is attenuated in the urban cases. When ur-

banization was introduced, the wind direction was not

altered regardless of the roughness increase or building

presence, as all simulations maintain the same orienta-

tion of the flow. However, a prominent decrease in the

wind speed was observed. In this region, the wind speed

FIG. 6. Observed and modeled (top) surface temperature and (bottom) heat index time series from 5 to 7 Jul.
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FIG. 7. (left) Temperature distribution and (right) temperature difference between observations

and model output at 0600 LST 6 Jul for (a) No City, (b) Noah, (c) BEP, and (d) BEP/BEM.
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has strongly declined over the century as a result of the

increase in building heights intensifying theUHI (Gaffin

et al. 2008). The blocking effect of the buildings in the

BEP and BEP/BEM cases reduced the magnitude of the

wind flow by 1–2m s21 relative to observations over

Manhattan. The extra heat generated by the A/C sys-

tems originated as a thermal gradient that accelerated

the flow from New Jersey into the city, improving the

FIG. 8. Sensible heat flux at 0600 LST for (a) Noah, (b) BEP, and (c) BEP/BEM.
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FIG. 9. (left) Surface temperature distribution and (right) temperature difference between

observations and model output at 1500 LST 6 Jul for (a) No City, (b) Noah, (c) BEP, and

(d) BEP/BEM.
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FIG. 10. As in Fig. 9, but for surface wind speed.
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representation of this field in the BEP/BEP simulation.

In the afternoon (Fig. 11), the northwesterly flow in-

tensified, reaching values above 5m s21, but slowing

down when it entered Manhattan as a result of the

building effect. The wind speed decrease was more

pronounced where the highest buildings are located.

The largest sources of error were centered on di-

vergence zones in the model results that are absent in

the interpolated data. BEP and BEP/BEM cases, which

share identical building distributions, presented similar

wind patterns. Under calm synoptic flows, the UHI

produces inward-directed country breezes that result in

speed maxima and confluence over the city (Bornstein

and Johnson 1977). The excess of heat in the city and the

associated thermal gradient did not accelerate the flow

toward the city at this time of the day. The un-

derestimation of the thermal gradient could be related

to the misrepresentation of the UCPs in the areas sur-

rounding NYC that prevented the formation of a breeze

from the suburban areas.

The temperature and wind fields showed the forma-

tion of horizontal roll vortices (HRVs) in the afternoon

(Fig. 12). At the time of maximum convection, these

features enhance the vertical transport of momentum,

heat, and moisture in the PBL. A series of sensitivity

tests were performed for the NYC heat-wave case to

determine some of the characteristics of these struc-

tures. A decrease in grid spacing intensified and multi-

plied rolls over the region. A time step reduction

weakened the vortex strength and increased its size,

leading to their dissipation when 1/54 of the recommended

time step value was used. In a simulation for the entire

month of July (figure not shown), HRVs were present

every day at the time of the maximum temperature.

The HRVs’ dependence on resolution and time step

and their frequency could indicate that they may be

related to numerical errors in the model. Changes in roll

size and intensity due to variations in the resolution and

time step are a consequence of modeling flows at reso-

lutions that are too high to justify the PBL schemes used

and yet are too coarse for an explicit calculation of

turbulent transfer (Ching et al. 2014). However, these

structures appear to have been observed through direct

measurements and satellite images. Miao and Chen

(2008) and Miao et al. (2009) reported cloud streets in

visible satellite imagery related to HRV formation in

Beijing, China, generated byWRF simulations. LeMone

at al. (2010) claims to have found an appropriate cor-

respondence between these convective boundary layer

structures and the cloud streets in satellite images in

terms of orientation, spacing, and timing for the IHOP

2002 field campaign in southeast Kansas. This topic

needs further investigation to determine the reliability

of the formation of vortices in WRF simulations. Our

goal was to show that HRVs were present during un-

stable condition throughout the simulation period and

we considered that it to be beyond the scope of this

paper to explore this topic in detail.

c. Vertical profiles at highest building location

The vertical distribution of temperature over NYC is

characterized by an absence of a surface inversion or

relatively weak elevated inversion layers over the city

and an excess in urban temperature that decreases rap-

idly with height (Bornstein 1968). Figure 13a shows

modeled vertical potential temperature profiles at night

(0300 LST) and during the day (1500 LST) at the loca-

tions of the highest buildings in midtown Manhattan.

Unstable conditions dominated during nighttime in the

lower troposphere according to BEP/BEM, which lo-

cated the temperature inversion at a height of 400m.

The enhanced cooling generated by BEP produced

a stable boundary layer while the conditions remained

neutral in the No City case at the first 250m. A slightly

deeper neutral layer was also present in the Noah case,

with an inversion at 350-m height. The anthropogenic

heat released by BEP/BEM substantially increased the

surface temperature, as shown by the spatial plots. The

injected heat deepened the lapse rate in the first 100m

during daytime and nighttime.

The drag force distribution along the vertical generated

a wind profile on the urban canopy that followed the

urban model simulations of Roulet et al. (2005), who

found a deceleration of the flow field resulting from the

presence of obstacles and the log-type profile in nonurban

areas obtained by Rotach (1993) from field measure-

ments. At the building level, the wind speed was strongly

influenced by city morphology on BEP and BEP/BEM

(Fig. 13b). The urban surface roughness length in Noah

reduced themagnitude of thewindby 1.5m s21 compared

to the case with an absence of an urban environment.

Above the urban canopy layer during nighttime, the wind

vertical profiles were similar between the different cases.

However, multilayer cases during daytime produced

a sheared environment with a maximum wind speed of

7.5m s21 at 300m while the calculation by Noah and No

City of the momentum sink only at the ground produced

a log-type profile with a horizontal flow speed that was

almost constant with height just above the surface.

In the multilayer parameterization, the maximum

TKE was located near the average building height

(Fig. 13c) where, as observed by Louka et al. (2000), the

shear production term reaches itsmaximum, implying the

greatest production of turbulence at that level. Surface

drag only increased turbulence near the ground in the

other two cases. During nighttime, the interaction of
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FIG. 11. As in Fig. 10, but for 0600 LST.

FEBRUARY 2015 GUT IÉRREZ ET AL . 297



FIG. 12. Surface temperature at 1300 LST 6 Jul at altitudes of (a) 1 km and (b) 333m. Vertical

velocity at Dt 5 (c) 6, (d) 1, (e) 0.66, and (f) 0.11 s.
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thermal and mechanical factors causes an increase in

TKE in urban regions (Martilli 2002). The presence of

the buildings mechanically induced the generation of

TKE combined with the entrapment of radiation, which

increased the vertical mixing. Anthropogenic heat en-

hanced TKE thermal production at the urban canopy

layer, doubling its magnitude. A strong mechanically in-

duced TKE close to ground level was shown during

FIG. 13. Nighttime (dashes) and daytime (solid) vertical profiles at midtownManhattan for (a) temperature (8C), (b) wind speed (m s21),

and (c) TKE (m2 s22).
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daytime for the Noah and No City cases. On the other

hand, turbulence in the multilayer schemes was inhibited

below rooftop level. Turbulence is to a certain extent

blocked inside the city canyon as a result of shear shel-

tering in the flow acceleration region above the roof level

(Kastner-Klein et al. 2001). Thermal factors played

a more important role above the building tops where

heating from A/C systems contributed to turbulence

magnifying TKE values.

4. Conclusions

Three urban parameterizations were examined over

NYC during the days of a heat-wave event in summer

2010. The multilayer parameterization BEP coupled

with the A/C system scheme BEM showed a more ac-

curate representation of the temperature and wind fields

in the urban canopy. Detailed high-resolution building

information constitutes an important factor to correctly

simulate meteorological parameters close to the surface

over NYC under extreme summer heat conditions. In

those areas where the lookup table was used, surface

temperature was overestimated by several degrees Cel-

sius as the wind speed was underestimated due to an

enhancement of the building blocking effect. BEP’s ac-

celerated nighttime rate of cooling produced a decrease

in nighttime temperature evenmore abrupt than the case

where the city was replaced by vegetation. The heat ex-

change from the outside air toward the building walls and

roofs was compensated by the heat waste generated from

the BEM simulation’s improving temperature estimation

before sunrise.

The anthropogenic heat from AC systems strength-

ened the TKE, mainly above rooftops, where maximum

turbulence was reached. Inversion height varied depend-

ing on the parameterization used. Temperature vertical

profiles in the most complex urban scheme at the location

of the highest building were characterized by steep lapse

rates and the absence of an elevated inversion during

nighttime. Horizontal roll vortices were present in the af-

ternoon hours throughout the event. Sensitivity tests show

a direct dependence on horizontal grid resolution and time

step value. An increase in resolution enhanced the vortex

strength whereas a time step reduction weakened these

convective structures to the point of dissipation.
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