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ABSTRACT: The role of advection of heat and momentum on the evolution of near-surface temperature and wind is

evaluated in urban-aware simulations over Houston, Texas, under dry conditions on a light-wind day. Two sets of exper-

iments, each consisting of four simulations using different planetary boundary layer (PBL) schemes, were conducted over

48 h using the default urban scheme (BULK) and the single-layer urban canopy model (SLUCM) available within the

Weather Research and Forecasting Model. We focus on understanding and quantifying the role played by temperature and

momentum advection, particularly on the windward and leeward sides of the city. Previous studies have largely ignored any

quantitative analysis of impacts from the advection of momentum over an urban area. The horizontal advection of tem-

perature was found to be more important in the BULK because of the larger surface temperature gradient caused by

warmer surface temperatures over urban areas than in the SLUCM. An analysis of the momentum budget shows that

horizontal advection of zonal andmeridional momentum plays a prominent role during the period of peak near-surface winds

and that this effect is more pronounced in the windward side of the city. The local tendency in peak winds in the leeward side

lags that in the windward side by about 1–2 h, similar to the lag found in horizontal momentum advection. The sensitivity of the

results to different urban and PBL schemes was explored. The results imply that representation and influence of land-use

patterns via sophisticated urban parameterizations generate locally driven winds that best resemble observations.

KEYWORDS: Advection; Moisture/moisture budget; Momentum; Atmosphere–land interaction; Urban meteorology

1. Introduction

To understand the near-surfacemeteorological conditions in

the vicinity of cities, sophisticated urban parameterizations

have been developed in recent times (e.g., Kusaka et al. 2001)

for a number of models, including the fifth-generation

Pennsylvania State University–National Center for Atmospheric

Research (NCAR) Mesoscale Model (MM5; Taha 1999; Taha

and Bornstein 1999; Dupont et al. 2004; Otte et al. 2004; Liu et al.

2006; Taha 2008a,b), Met Office operational mesoscale model

(Best 2005), French MesoNH (Lemonsu and Masson 2002)

model, NCAR global climate model (Oleson et al. 2008), and

Weather Research and Forecasting (WRF) Model (Tewari et al.

2004; Liu et al. 2006), among others. The development of such

urban schemes helps to avoid very high-resolution (order of me-

ters) simulations that would be needed to capture the urban ef-

fects in the model adequately. Indeed, near-surface atmospheric

structures in urban areas are dependent on the advection of

momentum and energy (e.g., Haeger-Eugensson and Holmer

1999; Szymanowski 2005; Heaviside et al. 2015; Bassett et al.

2017). The degree to which the simulated advection of heat and

momentum in an urban atmosphere is dependent on the urban

parameterizations, planetary boundary layer (PBL) schemes,

and their interactions is of great interest.

Advection is an essential component of the budgets of en-

ergy and momentum. The effects of temperature advection

from the surroundings on the urban weather, and vice versa,

have been studied previously by many authors. Recently,

Bassett et al. (2017) studied advection of temperature from

urban areas to the surrounding rural areas in the United

Kingdom. Such urban heat advection (UHA; Lowry 1977)

has a profound impact on the PBL as well as surface obser-

vations. Bassett et al. (2017) found that UHA from a small

urbanized area (;1 km2) under fair weather conditions (light

wind and clear skies) can lead to an increase in nighttime near-

surface temperature by 0.68C at a distance of 0.5 km. Bassett

et al. (2016) found an increase in temperature of up to 1.28C in

the downwind areas due to UHA. Belcher et al. (2015), using a

street-network model, showed that thermal effects from an

urban area could extend 10–15 km downwind because of near-

surface temperature advection, in agreement with earlier ob-

servational studies (e.g., Dirks 1974; Wong and Dirks 1978).

Although the advection of temperature has been studied

extensively, there are far fewer studies on the advection of

momentum. Moreover, to the best of our knowledge, no pre-

vious studies have been conducted to understand the role of

momentum advection on the near-surface winds over an urban

area using multiple urban and PBL schemes. Bornstein and

Johnson (1977) showed that the urban heat island (UHI) could

modify the low-level flow, andmore recently, the effect of UHI

on winds (e.g., Chen et al. 2011; Lee et al. 2011) and the PBL
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(e.g., Lee et al. 2011; Zhang et al. 2011) has been demonstrated

in several studies. However, the mechanism of such influence,

and in particular, the influence from momentum advection on

the near-surface winds, has not been quantified. Therefore, in

this study, we focus on the role of temperature and momentum

advection, and we examine that role in the ensemble mean of

simulations performed using different PBL schemes over

Houston, Texas. The rest of the paper is organized as follows:

Section 2 describes the model, data, and methods, followed

by a description of near-surface meteorological conditions in

section 3. The role of temperature andmomentum advection is

explored in section 4. The sensitivity of the results to different

urban and PBL schemes is explored briefly in section 5, and

discussions and conclusions are given in section 6.

2. Model, data, and methods

The configuration of themodel domains using theAdvanced

Research WRF Model (ARW-WRF; Skamarock et al. 2008),

version 3.7, along with the observational stations, is shown in

Fig. 1. The inner domains with 3- and 1-km resolutions do not

use cumulus parameterization since convection is considered

to be resolved at this fine scale. There were 35 vertical sigma

levels, of which 8 were located in the lowest 1 km. The model

top was set at 50 hPa. The outer domain uses the Kain–Fritsch

(KF; Kain 2004) cumulus parameterization since the KF

scheme has been found to perform well over urban and coastal

areas (Brownlee et al. 2017; Ray et al. 2012; Mittal et al. 2019).

The other schemes used in the simulations include the Noah

land surface model (Chen and Dudhia 2001), the WSM3 cloud

microphysics (Hong et al. 2004), the Dudhia (1989) shortwave

scheme, and theRRTM longwave scheme (Mlawer et al. 1997).

All ofthe simulations were integrated from 0000 UTC

24 August to 1800 UTC 26 August 2000 (1800 LST 23 August–

1200 LST 26 August 2000). This period was chosen because it

was characterized by clear to partly clear skies with little to no

organized convection in the vicinity of the Houston area

(Nielsen-Gammon 2002). The dominating feature during this

time was a well-developed sea-breeze boundary, which formed

in the early afternoon of 25 August and moved inland toward

Houston in the late afternoon (Nielsen-Gammon 2002; Cheng

and Byun 2008). The surface was characterized by light

southeasterly winds, which remained until around late evening

[1900 central daylight time (CDT)]. This weather pattern helps

to avoid complexities generally associated with moist convec-

tion. Given the computational expense of each high-resolution

simulation over an urban area, simulation over a short period

has been a common strategy (e.g., Fan and Sailor 2005;

Salamanca et al. 2011; García-Díez et al. 2013; Banks et al.

2016; Huang et al. 2019; Tan et al. 2019). For example, Fan and

Sailor (2005) and Salamanca et al. (2011) used two days of

simulation, García-Díez et al. (2013) used 42 h of simulation,

and Banks et al. (2016) computed for 36 h. The studies that

relied on longer simulation typically employed much coarser

FIG. 1. The configuration of WRF domains with horizontal resolutions of 9 (DO1), 3 (DO2), and 1 (DO3) km.

The shading indicates the land-use category of rural (white), LIR (green), HIR (orange), and COI (red) area.

Water bodies are marked in blue. The observational stations are marked with circles (rural), squares (LIR)

and triangles (COI/HIR). LIR, HIR and COI areas constitute the single urban land category for the BULK

simulation.
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horizontal resolution; for example, Gunwani and Mohan

(2017) ran a 10-km-resolution simulation over 17 days. On the

other hand, results based on short-term simulations like ours

may not be truly representative of the model’s performance

for long-term simulations, and thus need to be treated with

caution (García-Díez et al. 2013).
Model output was saved every 10min to capture the diurnal

evolution of the atmospheric structure adequately. The

near-surface observations were taken from the 18 Texas

Commission on Environmental Quality (TCEQ) stations

that provide hourly data. For model-data comparisons, both

were hourly averaged for consistency. Of 18 stations, 6 are

in a rural category and 12 are in an urban land-use category.

Most TCEQ station observations are taken at 11-m height,

but a few stations take observations at 4–5-m height. The

land-use data were taken from the 2001 National Land

Cover Database (NLCD; 30-m resolution). The model ini-

tial and boundary conditions were taken from the National

Centers for Environmental Prediction (NCEP) final analysis

(NCEP_FNL; 18 3 18 and 6 hourly). The wind and temper-

ature from the ERA-Interim reanalysis (Dee et al. 2011;

;80 km) were also used for comparison with the simula-

tions. Further details about the model configurations can be

found in Brownlee et al. (2017).

Two sets of urban schemes were tested in conjunction with

four different common PBL schemes, leading to a total of eight

simulations (Table 1). This combination of schemes was

needed because the WRF Model, like other models, yields

different near-surface conditions depending on the urban and

PBL schemes (e.g., Jiménez et al. 2013; Huang et al. 2019). The

first set of simulations used the default urban scheme (BULK;

Tewari et al. 2004; Liu et al. 2006), and the second set of sim-

ulations used the original single-layer urban canopy model

(SLUCM; Kusaka et al. 2001; Kusaka and Kimura 2004; Yang

et al. 2014). In the BULK urban scheme, typical urban char-

acteristics (e.g., emissivity, albedo, thermal conductivity) are

provided, and the scheme considers the urban areas to have

100% artificial surfaces. The BULK scheme has been used in

both research and real-time forecasts (Liu et al. 2006). In the

SLUCM urban scheme, a representative urban canopy that

includes a mixture of artificial and natural surfaces is consid-

ered. For example, urban fraction in the SLUCM in light-

intensity residential (LIR), high-intensity residential (HIR), and

commercial–industrial (COI) areas is 50%, 90%, and 95%, re-

spectively. Three different urban surfaces (roof, wall, and roads)

are recognized. We have used the default parameters in the

BULK and the SLUCM schemes since Lee et al. (2011) showed

that near-surface conditions over the Houston area are not very

sensitive to the choice of urban parameters over Houston.

Of the four PBL schemes (Table 1) tested, the YSU scheme

is a first-order nonlocal scheme, and the rest are local schemes

with closures higher than order one. Since our numerical ex-

periments were conducted under dry conditions on a light-wind

day, we chose three local schemes and one nonlocal scheme. In

WRF, PBL schemes mix not only in the PBL, but also handle

vertical mixing in the whole column. Although nonlocal

schemes typically outperform local schemes in a convective

atmosphere (e.g., Hu et al. 2010), local schemes can perform

reasonably well during stable conditions (e.g., Cohen et al.

2015).Moreover, some local schemes have been improvedwith

the addition of more prognostic terms to create a well-mixed

and deep PBL (Nakanishi and Niino 2009), changes that have

allowed them to outperform nonlocal schemes (Coniglio et al.

2013). All four chosen PBL schemes are popular and have been

used extensively in other studies (e.g., Xie et al. 2012; Banks

et al. 2016). For a detailed survey of these PBL schemes,

readers are encouraged to see Cohen et al. (2015).

3. Near-surface conditions

We provide a brief description of the model evaluation for

near-surface conditions including the 2-m temperature and

10-m winds. A detailed model validation can be found in

Brownlee (2016) and Brownlee et al. (2017).

a. Temperature and winds

Figure 2 shows the 2-m temperature (T2) and 10-m hori-

zontal winds (W10) from the model ensemble mean of BULK

and SLUCM simulations and compared with observations. As

mentioned earlier, most observation sites take measurements

of temperature and winds at 11-m height, while a few stations

take measurements at 4–5-m height. We have not applied any

corrections for this difference inmeasurement heights between

the model and observations. For brevity, hereinafter, we refer

to the two ensemble means as BULK and SLUCM. In BULK,

the T2 is warmer than the observation sites in both LIR and

COI/HIR land categories. In the rural areas, the simulated T2

is nearly the same in both the BULK and the SLUCM (Fig. 2a).

This is expected since the urban schemes do not affect the rural

areas directly. The performance of the ensemble mean and the

individual PBL schemes (described later in section 5) con-

cerning mean error and the root-mean-squared error (RMSE)

is given in Tables 2–4.

For the 10-m winds (Fig. 2, bottom), it is interesting that for

all urban configurations, the simulated winds are generally

lower than the observations in the morning, but during the

early evening and overnight periods, they are higher than

the observations. This discrepancy, at least partly, is because

TABLE 1. Summary of PBL schemes used in this study.

PBL schemes Closure type References Simulations

Yonsei University (YSU) 1 nonlocal Hong et al. (2006) A total of eight simulations

were performed: four using

the BULK and four using

the SLUCM urban schemes

Mellor–Yamada–Janjić (MYJ) 1.5 local Janjić (1994)

Mellor–Yamada–Nakanishi–Niño level 2.5 (MYNN2) 1.5 local Nakanishi and Niino (2006, 2009)

Bougeault–Lacarrere (BouLac) 1.5 local Bougeault and Lacarrere (1989)
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the afternoon simulated winds peak later than the observa-

tions. As a result of this, there is a phase lag (;1.5 h) between

the simulations and the observations. The averaged observed

wind speed during the 24-h time-period (1200UTC 25August–

1200 UTC 26 August) over rural areas (1.99m s21) is slightly

higher than that in the urban areas (1.91m s21). This rela-

tionship is not captured by the BULK scheme, where the wind

speed is higher over urban areas (2.35m s21) than in rural areas

(2.10m s21). This is because surface sensible heat flux is much

higher in the BULK over urban areas (see section 3b), leading

to a much vigorous mixing and higher near-surface winds over

urban areas than rural areas (e.g., Lee et al. 2011; Brownlee

et al. 2017). However, the observed relationship between the

rural and urban surface winds is well captured by the SLUCM.

For example, the averaged wind speed over rural and urban

stations in the SLUCM is 2.09 and 1.87m s21, respectively.

Over urban areas, the mean bias and RMSE in T2 and W10

are larger in BULK than in SLUCM (Tables 3 and 4), and both

simulations produced stronger winds than the observations.

This result is consistent with Shimada et al. (2011), who also

FIG. 2. The (a)–(c) 2-m temperature (T2; 8C) and (d)–(f) 10-m wind (W10; m s21) from the BULK (red), SLUCM (blue), and obser-

vations (black) in land categories (left) rural, (center) LIR, and(right) COI/HIRover all observing stations that aremarked as black circles

(rural), squares (LIR), and triangles (COI/HIR) in Fig. 1. The time is in UTC. The Houston local time is UTC minus 6 h.

TABLE 2. The RMSE and mean bias of 2-m temperature (8C) and 10-m wind (m s21) from 1200 UTC (0600 LST) 25 Aug to 1200 UTC

(0600 LST) 26Aug 2000 over rural areas. The best performance in a group (lowest bias and lowest RMSE) is indicated with boldface type.

Daytime was from 0600 LST 25 Aug to 1800 LST 25 Aug, and nighttime was from 1800 LST 25 Aug to 0600 LST 26 Aug.

T2 bias T2 RMSE W10 bias W10 RMSE

PBL Total Day Night Total Day Night Total Day Night Total Day Night

BULK

Ensemble 20.15 20.37 0.06 0.53 0.51 0.59 0.21 0.12 0.31 0.49 0.40 0.59

YSU 20.24 20.36 20.11 0.44 0.56 0.65 0.17 20.02 0.34 0.45 0.42 0.61

MYJ 20.17 20.39 0.06 0.56 0.80 0.62 0.37 0.35 0.38 0.49 0.45 0.78

MYNN 20.29 20.49 20.07 0.55 0.76 0.67 0.17 20.01 0.33 0.58 0.52 0.74

BouLac 0.05 20.25 0.35 0.57 0.73 0.93 0.12 0.18 0.05 0.44 0.41 0.78

SLUCM

Ensemble 20.55 20.52 20.59 0.65 0.46 0.78 0.20 20.04 0.25 0.42 0.39 0.70

YSU 20.55 20.45 20.54 0.62 0.53 0.85 0.28 20.03 0.59 0.44 0.42 0.81

MYJ 20.57 20.60 20.43 0.68 0.76 0.73 0.25 0.01 0.48 0.41 0.29 0.81

MYNN 20.72 20.68 20.76 0.78 0.76 0.99 0.18 20.04 0.39 0.46 0.46 0.67

BouLac 20.34 20.36 20.33 0.53 0.65 0.56 0.12 20.10 0.33 0.35 0.28 0.67
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found a positive mean bias for the near-surface wind speed.

Sarmiento et al. (2017), in their work, presented a compre-

hensive assessment of the WRF-Urban modeling system for

the Indianapolis region and found that the wind speed near the

surface exhibited an overestimation in various model config-

urations. Further discussions on T2 and W10, and their de-

pendence on PBL schemes, are given in section 5.

The horizontal structure of temperature at 2m and 950 hPa

is shown in Fig. 3 (shaded). The warmer near-surface tem-

perature over urban areas in the BULK (Fig. 3b) and SLUCM

schemes (Fig. 3c) is not seen in the reanalysis (Fig. 3a). The

difference in temperature feeds back to the pressure gradient

and thus drives a difference in winds, and these differences in

temperature and winds can be seen at 950 hPa (Fig. 3, bottom).

In the ERA-Interim (Figs. 3a,d), the wind is predominantly

southerly over land and does not show any changes due to the

urban areas, a difference that is likely related to its coarse

resolution. When the BULK and SLUCM urban parameteri-

zations are used together with a horizontal resolution that is

sufficiently fine to resolve urban areas (Figs. 3b,c,e,f), the

modulation of winds by the urban areas can be seen clearly

over the land as an easterly zonal component.

Since the reanalysis does not capture the urban and rural

near-surface temperature differences (Fig. 3a), we analyze the

surface skin temperature from the BULK (Fig. 4a) and the

SLUCM (Fig. 4b) only. The skin temperature is much higher in

the BULK than the SLUCMdue to lessmoisture on the BULK

surface. Salamanca et al. (2018) found that bulk urban pa-

rameterization overestimates nighttime 2-m temperature

compared to the single-layer urban canopy model (UCM)

and multilayer UCM in their study of evaluation of WRF-

Urban modeling system over a semiarid urban environment.

The UHI intensity from the model simulations (Fig. 4c)

shows that the peak intensity is also higher in the BULK

than the SLUCM, but the overall temporal variation is

similar in both simulations with a time-offset of about 3 h.

The UHI intensity has likely been overestimated by the

BULK, given that BULK simulation overestimated tem-

perature over urban areas and not in rural areas (Figs. 2b,c).

b. Surface heat flux

Figure 5 shows the surface latent (QLH) and sensible (QSH)

heat fluxes as well as net shortwave (QSW) and net longwave

(QLW) radiation from the BULK and the SLUCM over all

land-use types. The QLH is very small in the city in the BULK

(,5Wm22, Fig. 4a) and increases significantly when the

SLUCM configuration is implemented (Fig. 5c, Table 5). This

difference, when changing from the BULK to the SLUCM

TABLE 3. As in Table 2, but for LIR.

T2 bias T2 RMSE W10 bias W10 RMSE

PBL Total Day Night Total Day Night Total Day Night Total Day Night

BULK

Ensemble 1.89 1.69 2.04 1.98 1.40 2.21 0.69 1.03 0.33 0.98 1.09 0.48

YSU 1.69 1.42 1.89 1.87 1.47 2.52 0.46 0.52 0.42 0.62 0.57 0.62

MYJ 1.87 1.68 1.98 1.94 1.72 2.96 0.87 1.35 0.29 1.19 1.42 0.83

MYNN 1.83 1.61 1.93 1.90 1.63 2.92 0.73 1.11 0.30 1.06 1.18 0.96

BouLac 2.17 2.06 2.30 2.22 2.08 3.33 0.69 1.14 20.03 1.06 1.25 0.83

SLUCM

Ensemble 20.06 0.13 20.24 0.35 0.29 0.68 0.21 0.25 0.18 0.62 0.58 0.50

YSU 20.21 0.15 20.68 0.49 0.27 0.81 0.47 0.59 0.25 0.72 0.74 0.58

MYJ 20.04 0.06 20.14 0.20 0.25 0.66 0.09 0.03 0.15 0.51 0.54 0.66

MYNN 20.22 20.03 20.42 0.36 0.25 0.99 0.19 0.17 0.22 0.64 0.67 0.90

BouLac 0.23 0.34 0.12 0.34 0.50 0.81 0.09 0.19 20.05 0.62 0.57 0.81

TABLE 4. As in Table 2, but for COI/HIR.

T2 bias T2 RMSE W10 bias W10 RMSE

PBL Total Day Night Total Day Night Total Day Night Total Day Night

BULK

Ensemble 1.16 1.25 1.04 1.24 1.18 1.55 0.42 0.84 20.02 0.77 0.78 0.61

YSU 0.96 1.02 0.90 1.03 1.10 1.50 0.18 0.19 0.17 0.41 0.31 0.58

MYJ 1.12 1.21 1.02 1.21 1.29 1.78 0.63 0.72 0.54 0.97 0.87 0.63

MYNN 1.09 1.20 0.97 1.17 1.25 1.72 0.43 0.58 0.25 0.83 0.69 0.69

BouLac 1.45 1.49 1.41 1.54 1.55 2.04 0.43 0.86 20.08 0.87 0.79 0.77

SLUCM

Ensemble 20.50 0.02 21.02 0.97 0.61 1.85 20.02 0.15 20.19 0.55 0.50 0.41

YSU 20.81 20.3 21.32 1.25 0.51 1.96 0.25 0.66 20.17 0.55 0.59 0.44

MYJ 20.55 20.11 20.90 0.86 0.47 1.45 20.08 0.02 20.20 0.51 0.46 0.62

MYNN 20.68 20.03 21.17 0.97 0.46 1.82 20.09 0.09 20.27 0.57 0.46 0.78

BouLac 20.27 0.21 20.74 0.79 0.59 1.30 0.42 0.28 0.67 0.57 0.52 0.75
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scheme, arises because the BULK scheme assumes the urban

areas to be impervious (Yang et al. 2014), resulting in little to no

moisture at the urban surface. As a result, theQLH is nearly zero

over urban areas. In the SLUCM, where a representative urban

canopy is used,much higherQLH is simulated than that in BULK.

Sharma et al. (2016) discussed the lower latent heat flux for urban

than rural areas in their urban modeling study over the Chicago

area. They found an increase in the latent heat flux using the

mosaic approach in urban areas due to a better representation of

nonurban classes. On the other hand, the QSH is much larger in

BULK (Fig. 5b) compared to the SLUCM(Fig. 5d). For example,

the peak QSH is over 400Wm22 in the BULK (Fig. 5b) but de-

creases to less than 300Wm22 in the SLUCM (Fig. 5d).

For QSW, the slight difference (,1Wm22, Table 5) between

the BULK and the SLUCM (Figs. 5e,g) is due to the changes in

surface albedo under different urban parameterizations. For

BULK,QLW loss over rural areas is smaller than that over urban

areas (Fig. 5f) because of lower surface temperature over rural

areas (Fig. 4). In the SLUCM, warmer surface temperatures over

the urban areas lead to a higher outgoing longwave radiation at

the surface (not shown). However, incoming longwave radiation

at the surface also increases due to warmer atmospheric temper-

atures in the lower troposphere (Fig. 3). As a result,QLW over all

three urban areas is similar in the SLUCM(Fig. 5h). In addition to

the surface heat flux components, the extent to which advection

modulates the near-surface conditions is estimated next.

4. Role of temperature and momentum advection

To understand the role of temperature and momentum ad-

vection over the Houston area, we divide the region into

windward and leeward sides based on the prevailing winds

(Fig. 6) that are predominantly from southeast to northwest.

Thus, we consider the southeastern part of the urban area

as the windward side and the northwestern part of the urban

area as the leeward side.

a. Role of temperature advection

The horizontal temperature advection in the BULK and

SLUCM is shown in Fig. 7. We show the results at the lowest

model level (;50m) because this is the first level up from the

surface where all the variables are available to compute tem-

perature andmomentum advection. Over the rural areas in the

BULK scheme, negative temperature advection peaks around

1900 UTC 25 August 2000 in the windward side of the urban

areas (Fig. 7c) before decreasing to nearly zero around

0200UTC and remaining steady after that. On the leeward side

of the urban areas, the evolution of advection is very similar,

FIG. 3. The temperature (shaded; 8C) and horizontal winds (vectors; m s21) at (top) 2 and 10m, respectively, and (bottom) the 950-hPa

level from the (a),(d) ERA-Interim; (b),(e) BULK; and (c),(f) SLUCM averaged from 1800 UTC 25 Aug to 0600 UTC 26 Aug 2000. All

panels use data that are based on 80-km grid-spacing for a consistent comparison, and a reference wind vector is provided below (f).
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but with a time offset, as expected, of about 3 h (Fig. 7, left).

Over the windward side (Fig. 7d), the peak in negative tem-

perature advection appears around 0000 UTC 26 August. In

the BULK simulations, the slope of the temperature advection

resembles the slope of the local tendency, suggesting that the

horizontal advection of temperature is an important factor in

the local change in temperature. In the SLUCM, however,

temperature advection (Fig. 7, right, blue) is small on both

sides of the urban area compared to BULK and does not seem

to play a significant role in local temperature tendency, indi-

cating that the surface heat flux mostly drives the near-surface

temperature in the SLUCM simulations. Temperature ten-

dency in the SLUCM simulations is determined by the surface

heat flux, whereas in the BULK simulations, temperature ad-

vection plays a vital role along with the surface heat flux. This

result is consistent with Figs. 2 and 4, where the increase in

temperature in the BULKover the urban areas wasmuchmore

than the SLUCM, leading to a stronger temperature gradient

and hence stronger advection of temperature in the presence of

onshore winds (Figs. 3 and 6). What changes the winds in and

around the urban area is analyzed next using a momentum

budget analysis.

b. Role of momentum advection

The momentum budget equations are widely used in large-

scale studies to understand the processes that control winds

(e.g., Carr and Bretherton 2001; Lin et al. 2005; Ray and Zhang

2010). The zonal and the meridional momentum budget

equations in pressure coordinates are given by

›u
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52u

›u

›x
2 y

›u
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2v
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2
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1 f y1R and (1)
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52u

›y

›x
2 y
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2

›f

›y
1 fu1R , (2)

where (u, y, v) is the three-dimensional wind vector, f is the

geopotential, f is the Coriolis parameter, and R is the residual.

The residual here represents friction, other subgrid-scale pro-

cesses, and errors in the data and calculation. The term on the

left-hand side is the local tendency. The first three terms on the

right-hand side are the advective terms by the zonal, meridi-

onal, and vertical winds, respectively, and the fourth and the

fifth terms are the pressure gradient and the Coriolis term.

Here, we present an analysis of the momentum budget at the

lowest model level (;50m) because this is the first level up

from the surface where all the variables are available to com-

pute the momentum budget.

To represent the terms conveniently, we merge the vertical

advection (VADV) and the residual R into one term (labeled

here VADV 1 R) and the pressure gradient and Coriolis into

another term (labeled here P1 C). This merging of terms was

done to isolate any possible influence from the horizontal

FIG. 4. Surface skin temperature (8C) in Houston at 1900UTC (1300 local time) 25 Aug 2000

from the (a) BULK and (b) SLUCM. Also shown is (c) urban heat island intensity (UHII; 8C)
calculated as skin temperature over urban areas (LIR andCOI/HIR)minus rural areas over the

circled areas in (a) and (b).
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advection (HADV), given that large temperature gradients are

found between rural and urban areas (Figs. 3 and 4). For the

zonal momentum budget (Fig. 8), the local tendency has two

peaks over the northwestern rural areas in both BULK

(Fig. 8a) and SLUCM (Fig. 8c), but the peaks are less prom-

inent in southeastern rural areas (Figs. 8c,g). The peak in

forcing from pressure gradient in the northern rural areas

(Figs. 8a,e) lags that in southern rural areas (Figs. 8c,g) by 2–

3 h. The increase in the local tendency of zonal wind from

2100 UTC 25 August to 0300 UTC 26 August 2000 over the

urban areas is similar to the HADV (Fig. 8, right) indicating

the importance of HADV in modulating the peak zonal winds

over the urban areas. The lag in peak zonal winds between the

northwestern and southeastern urban areas is about 1–2 h. The

P 1 C has a smoother variation and seems to have little to no

time lag between the northwestern and southeastern urban

areas (Fig. 8, right, blue). The VADV 1 R seems to be most

important between 1200 and 1800 UTC 25 August.

The terms of the zonal momentum budget during day and

night are shown in Fig. 9. The daytime (2100 UTC 25 August–

0000 UTC 26 August) and nighttime (0000 UTC to 0300 UTC

26 August) periods were chosen based on the timing of peak

winds (Fig. 2, bottom panels), which is at about 0000 UTC

26 August before declining (Fig. 2). As a result, we wanted to

FIG. 5. Surface (a),(c) QLH; (b),(d) QSH; (e),(g) QSW; and (f),(h) QLW (Wm22) for all land categories.
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find the factors that contribute to the simulated peak winds. In

the rural area (Fig. 9, left), local tendency of zonal winds is

dominated by the P 1 C during both late afternoon and

evening. Over rural areas, HADV and VADV1 R seem to be

opposite in sign compared to local tendency of zonal winds for

both the BULK and SLUCM simulations. Over urban areas,

during the late afternoon, HADV in BULK has the same sign

as that of local tendency of zonal winds (Figs. 9b,d). In the

northwestern urban area, during the late afternoon (Figs. 9b,f),

although VADV1 R has similar sign and magnitude to that of

local tendency in zonal winds, fluctuation in VADV1R do not

match the fluctuation in local tendency (Figs. 8b,f). On the

other hand, over all of the urban areas (Fig. 9, right), HADV

seems to be important for zonal winds, and is further evidenced

by its covariation with local tendency of zonal winds (Fig. 8,

right). At evening, over urban areas (Fig. 9, right, green),

HADV and P 1 C control the local tendency of zonal mo-

mentum, with HADV playing a bigger role in the southeastern

urban area (Figs. 8d,h) and P 1 C playing a bigger role in the

northwestern urban area (Figs. 8b,f).

The temporal variation of the terms in the meridional mo-

mentum budget (Fig. 10) and the magnitude of terms during

TABLE 5. The surface heat flux components (Wm22) from 1200UTC (0600 LST) 25Aug to 1200UTC (0600 LST) 26Aug 2000 over rural,

LIR, and COI/HIR areas.

Sensible heat flux QSH Latent heat flux QLH Net longwave QLW Net shortwave QSW

PBL Rural LIR COI/HIR Rural LIR COI/HIR Rural LIR COI/HIR Rural LIR COI/HIR

BULK

Ensemble 68.6 142.3 139.9 108.4 2.7 4.5 68.5 95.8 94.7 248.3 263.2 260.8

YSU 68.3 138.8 138.1 101.5 2.0 3.1 73.1 98.6 98.4 246.0 263.7 263.7

MYJ 68.1 141.7 140.4 111.7 4.6 7.0 68.2 95.4 94.3 250.0 264.1 264.0

MYNN 68.7 147.9 141.6 109.2 0.3 2.8 65.6 94.8 92.5 246.5 263.9 255.3

BouLac 69.4 140.8 139.7 111.1 3.9 5.1 67.0 94.3 93.5 250.8 261.2 260.4

SLUCM

Ensemble 57.0 72.8 89.8 117.5 69.7 19.5 67.8 74.2 78.1 248.0 255.0 252.4

YSU 51.4 75.0 92.0 103.7 67.2 18.8 73.4 81.8 84.7 245.6 255.6 250.8

MYJ 61.3 72.5 89.4 121.1 70.5 19.6 67.5 72.7 76.7 251.4 255.9 253.3

MYNN 58.9 71.2 88.6 122.0 70.7 19.6 65.0 70.1 74.8 245.5 253.0 251.5

BouLac 56.3 72.4 89.5 123.2 70.7 19.8 65.4 72.2 76.3 245.6 255.5 254.1

FIG. 6. Winds (vectors; m s21) at the lowest model level (;50m) over the Houston area

averaged from 1800UTC 25Aug to 0600UTC 26Aug 2000. The shading indicates the land-use

category of rural (white), LIR (green), HIR (orange), and COI (red) areas. Water bodies are

marked in blue. The black dashed line divides this area into windward (southeast) and leeward

(northwest) sides of the city.
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late afternoon and evening (Fig. 11) both show a clear rela-

tionship between the local tendency (black) and HADV (red)

of meridional winds. Over the rural areas, HADV is small in

the morning (before 1800 UTC 25 August) and at night (after

0600 UTC 26 August). However, during late afternoon and

evening (1800 UTC 25 August to 0600 UTC 26 August),

HADV plays a role along with P 1 C in variation of local

tendency of meridional winds. Over the southeastern urban

areas (Figs. 10d,h), the peak local tendency of meridional

winds between 1800 and 2100 UTC 25August 2000 is similar to

the HADV. A similar trend can be seen for the northwestern

urban areas as well, in particular for BULK (Fig. 10b). A

temporal offset of 1–2 h between the southeastern and

northwestern urban areas in local tendency, P 1 C, and

HADV can also be noticed, and is consistent with the large-

scale wind patterns (Figs. 3 and 6). Further quantification of

the relative influence of the terms of the meridional mo-

mentum budget during the peak winds is given in Fig. 11. In

the northwestern rural areas (Figs. 11a,e), HADV along

with P 1 C seem to dominate local tendency and is further

confirmed by their high correlations with local tendency

(Fig. 12a). In the northwestern urban area, similar results

are found where HADV and P1 C are important (Figs. 11b,f)

for meridional momentum budget, and this is further con-

firmed by their higher correlations with local tendency

(Figs. 12a,b, red). In the southeastern urban area, correlation

between HADV and local tendency of meridional winds is

found to be higher in SLUCM than in the northwestern urban

area (Fig. 12, right). Note that, even though P 1 C has a

greater magnitude than HADV for most cases in Fig. 10, the

temporal variation in P1 C is small (see blue lines in Fig. 10)

and forms the baseline upon which variation in HADV may

explain the variation in local tendency. As a result, the

HADV in the meridional momentum equation seems to be

the dominant term in determining the evolution of near-

surface winds at their peak during the simulation period,

particularly in the southeastern urban areas (Figs. 10d,h).

5. Sensitivity to the urban and PBL schemes

In this section, we discuss the sensitivity of the results pre-

sented in earlier sections to different urban and PBL schemes.

A detailed analysis of the reasons behind the differences

among the urban and PBL schemes is beyond the scope of

this paper.

a. Sensitivity to the urban schemes

Here we show how robust the differences between the two

types of urban simulations are regardless of the used PBL

scheme. The T2 is always higher in BULK than that in SLUCM

irrespective of the PBL scheme used (Fig. 13, top). A similar

trend is also found for W10 (Figs. 13e–h), except under the

YSU scheme, where the peakwinds are higher in SLUCM than

in BULK. Huang et al. (2019) in their work on sensitivity of

urban boundary layer simulation to urban canopy models and

PBL schemes found that the simulated 2-m temperature and

10-m winds are more sensitive to UCMs than PBL schemes.

Wang et al. (2019) studied the effects of urban parameteriza-

tion on the passage of cold front during a pollution episode

using the BULK and SLUCM urban schemes. They found

FIG. 7. The local tendency and horizontal advection of temperature (K h21) from the BULK and the SLUCM

averaged over all simulation points in the (left) rural and (right) urban (LIR and COI/HIR) land categories. The

legends in (a) apply to all panels. The (a),(b) northwest and (c),(d) southeast represent the leeward and windward

areas that are separated by the black dashed line in Fig. 6.
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improvement in the temperature and relative humidity using

SLUCM under higher urbanization levels, and wind speed

simulation was better in the rural areas. The simulated latent

heat flux (Figs. 13i–l) is higher, but the simulated sensible heat

flux (Figs. 13m–p) is lower in SLUCM than BULK under all

PBL schemes with varying magnitudes. Over rural areas, the

difference in latent and sensible heat flux between the BULK

and SLUCM is small compared to that in the urban areas and is

consistent under all PBL schemes (Table 5).

For all urban configurations, the simulated winds are

generally lower than the observations in the morning, but

during the early evening and overnight periods, they are

higher than observations. Over the 24-h period, the aver-

aged simulated winds were higher than observations (see

FIG. 8. The terms of the zonal momentum budget (m s21 day21) for the BULK and SLUCM averaged over all

simulation points in (a),(c),(e),(g) rural and (b),(d),(f),(h) urban (LIR and COI/HIR) land categories. The acro-

nyms are defined in the text. Northwest and southeast represent the leeward and windward areas that are separated

by the black dashed line in Fig. 6.
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FIG. 9. The terms in zonal momentum budget (m s21 day21) from BULK and SLUCM av-

eraged during the late afternoon (red; averaged from 2100 UTC 25 Aug to 0000 UTC 26 Aug)

and evening (green; averaged from 0000UTC to 0300UTC 26Aug 2000) and averaged over all

simulation points in (a),(c),(e),(g) rural and (b),(d),(f),(h) urban (LIR and COI/HIR) land

categories. The acronyms are defined in the text. Northwest and southeast represent the lee-

ward and windward areas that are separated by the black dashed line in Fig. 6.
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Tables 2–4). This result is consistent with Shimada et al.

(2011), who found that all of the available PBL schemes (in

WRF 3.3) produced a positive mean bias for the near-

surface wind speed. They attributed this to a systematic

error in the WRF Model. Within the urban land categories,

linear correlations between model and observed wind speed

are primarily between 0.85 and 0.95. The lower correlation

between simulated and observed W10 compared to T2 is

mainly due to a phase difference between the simulated and

observational W10 in the afternoon with model W10 peak-

ing about an hour later than the observed W10.

b. Sensitivity to the PBL schemes

In the BULK simulations, the nonlocal YSU PBL scheme

performs better in capturing the near-surface temperature and

winds than the three local schemes (Table 2–4). In the presence

FIG. 10. As in Fig. 8, but for the meridional momentum budget.
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of strong surface heating, the performance of the nonlocal

YSU scheme is not surprising since the YSU scheme is well

suited to conditions with strong daytime heating (Hu et al.

2010, 2013; Shin and Hong 2011; Kolling et al. 2012; Xie et al.

2012). However, in the SLUCM simulations, the Bougeault–

Lacarrere (BouLac) scheme performs best over rural (RMSE

of 0.538C) and COI/HIR (RMSE 0.798C) areas, but MYJ

performs best over the LIR. For the LIR (Table 3) and

FIG. 11. As in Fig. 9, but for the meridional momentum budget.
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COI/HIR (Table 4) land categories, the YSU scheme has the

largest RMSE. Most of this error is associated with the poor

performance of the YSU scheme during the nighttime when it

overestimates the amount of cooling in the city. Near-surface

temperatures from PBL schemes and observations have

correlation coefficients between 0.95 and 1.00, indicating that

all the PBL schemes and urban configurations reasonably

capture the diurnal pattern of T2.

For near-surface winds in BULK simulations, the YSU

scheme provides the most accurate near-surface winds over

urban areas, whereas all the locally driven PBL schemes

produce winds that are higher than the observations (Tables 3

and 4). Our results are consistent with Shin and Hong (2011),

who showed that the YSU scheme tends to perform best in

unstable atmospheric conditions, and local PBL schemes tend

to perform better in stable conditions. In the SLUCM simu-

lations, this trend reverses: the YSU scheme provides the

least-accurate wind speeds within the urban environment

during the daytime.

For surface latent and sensible heat fluxes, most of the dif-

ferences among the PBL schemes originate during the daytime.

Themagnitudes of these terms have very little variation among

the three local schemes. The only nonlocal scheme (YSU)

overestimates surface sensible heat flux over the COI/HIR

areas compared to the local schemes, due to higher skin tem-

perature in the YSU. The PBL schemes have little to no effect

on the surface radiative fluxes in either the BULK or the

SLUCM simulations (Table 5) because the forecast period did

not have moist convection or clouds. Thus, the cloud-radiation

effect did not change much between the simulations. In all

simulations, the YSU scheme has the maximum amount of

longwave heat loss from the surface, as the skin temperature

was higher in the YSU than other PBL schemes. This differ-

ence is especially noticeable in the SLUCM simulations. There

is a little variation in the local tendency of temperature and

horizontal temperature advection in BULK simulations using

different PBL schemes over urban areas. Over the rural areas

during the daytime, temperature advection was found to be

higher in the local schemes than the YSU scheme due to a

larger urban–rural temperature gradient.

The sensitivity of the zonal momentum budget to the PBL

schemes is shown over the urban areas (Fig. 14) only because

there is much less variability among the PBL schemes over

rural areas. In the BULK and SLUCM parameterizations

(Fig. 14), all PBL schemes show very similar results in the

evening (Fig. 14, green), with larger differences during late

afternoon (Fig. 14, red). The YSU and MYJ results are similar

for all cases except for local tendency term in SLUCM during

FIG. 12. Correlation in meridional momentum budget terms between local tendency term

and HADV, VADV 1 R, and P 1 C for the (a),(c) BULK and (b),(d) SLUCM over rural

(blue) and urban (red, LIR and COI/HIR) areas from 1200 UTC 25 Aug to 1200 UTC 26 Aug;

(top) northwest and (bottom) southeast represent the leeward and windward areas that are

separated by the black dashed line in Fig. 6.
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daytime (Fig. 14b). In the meridional momentum budget using

the BULK parameterization (Fig. 15, left), all the terms are

similar in different PBL schemes, particularly during the late

afternoon. In the evening, local tendencies are small (Fig. 15,

top, green). The HADV in BULK has larger variation in PBL

schemes (Fig. 15c) than in SLUCM (Fig. 15d). In both the

BULK and SLUCM, all PBL schemes show positive HADV

(Figs. 15c,d), negative VADV 1 R (Figs. 15e,f), and positive

P 1 C (Figs. 15g,h) in both the late afternoon and evening.

Overall, note that, on a particular day, a particular scheme

can seem to perform well because of cancellation of errors

(e.g., Sharma et al. 2016). As a result, our analysis based on a

24-h time period should be treated with caution. To avoid the

sensitivity of the results to the PBL schemes, we used the en-

semble mean of the four simulations using four different PBL

schemes. More important, model performance should be

treated as a performance indicator of a set of schemes as has

been done in several previous studies (e.g., Bhattacharya et al.

2018; Lamraoui et al. 2019; Schwitalla et al. 2020), and not as a

performance validation of a particular scheme. Such an anal-

ysis, however, is beyond the scope of this paper.

6. Summary and conclusions

The role of advection of heat and momentum on the near-

surface temperature and winds is evaluated over windward and

leeward sides of Houston during a 24-h period in August 2000

that was marked by dry conditions (Nielsen-Gammon 2002;

Cheng and Byun 2008). Two sets of experiments were con-

ducted, one using the default urban scheme (BULK) and one

FIG. 13. (a)–(d) 2-m temperature (T2; 8C), (e)–(h) 10-mwinds (W10;m s21), (i)–(l) surface latent heat flux (Wm22); and (m)–(p) surface

sensible heat flux (Wm22) over all urban land category from the BULK (red) and the SLUCM (blue) simulations under the four different

PBL schemes: (left) YSU, (left center) MYJ, (right center) MYNN2, and (right) BouLac.
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using the single-layer urban canopy model (SLUCM) available

within the WRF Model. Each experiment consists of four

simulations using four widely used planetary boundary layer

schemes (YSU, MYJ, MYNN, and BouLac; Table 1). Previous

studies have rarely been conducted based on an ensemble of

simulations, likely because of computational expenses. The

main results and implications of this study are as follows:

(i) Our results show that the horizontal advection of 2-m

temperature (Fig. 7) seems to be an important factor in

the BULK scheme because of a larger 2-m temperature

gradient in the presence of warmer temperatures over

urban areas (Figs. 3 and 4). In the SLUCM scheme,

horizontal advection of temperature is small (Fig. 7) in

the presence of a smaller temperature gradient (Fig. 4),

FIG. 14. Zonal momentum budget (m s21 day21) from different PBL schemes in (a),

(c),(e),(g) BULK and (b),(d),(f),(h) SLUCM simulations over all simulation points in the ur-

ban land category. Late afternoon is from 2100 UTC 25 Aug to 0000 UTC 26 Aug, and evening

is from 0000 UTC to 0300 UTC 26 Aug 2000.

FEBRUARY 2021 RAY ET AL . 217

Brought to you by US NAVAL ACADEMY | Unauthenticated | Downloaded 03/02/21 05:42 PM UTC



and the 2-m temperature is determined by the skin

temperature and surface heat flux.

(ii) Previous studies have largely ignored any quantitative

analysis regarding the impacts of momentum advection

within an urban area due to the use of different urban

parameterizations or PBL schemes. An analysis of the

momentum budget shows that even though pressure

gradient and Coriolis are the largest terms, horizontal

advection of meridional momentum plays a prominent

role during the peak near-surface winds, and this effect is

more pronounced on the windward side of the city. The

local tendency in winds in the leeward side lags that in the

windward side by about 1–2 h, but little to no time lag is

found in pressure gradient and Coriolis.

(iii) The peak 10-m winds are influenced by the horizontal

advection of momentum over urban areas (Figs. 8–11),

although the extent of influence varies among the PBL

schemes (Figs. 14 and 15). Also, our simulations using the

FIG. 15. As in Fig. 14, but for the meridional momentum budget.
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BULK (Fig. 3b) and the SLUCM (Fig. 3c) schemes clearly

show the modulation of winds due to the urban areas

and were found to be consistent under all PBL schemes.

Whether this result was less sensitive to the PBL

schemes because of the coarse vertical resolution (35

layers) of the simulations cannot be ruled out. The

near-surface winds in the reanalysis (ERA-Interim)

data were southerly over Houston (Fig. 3). The re-

analysis winds were not modulated by the urban areas

possibly because of the coarse resolution of the re-

analysis grid and the lack of a more sophisticated urban

scheme in the reanalysis model system. Therefore, near-

surface reanalysis products should be treated with cau-

tion in urban areas and their surroundings.

(iv) Our simulation period was marked by light winds and dry

conditions over Houston. Yet, the role of momentum

advection on the variability of winds could not be ignored.

Therefore, in an urban atmosphere withmoist convection,

momentum advection is expected to play a much greater

role in variation in winds. Of course, the results will be

dependent on various other factors, such as the large-scale

winds, orientation of the coastlines, and shape and extent

of the cities.

In summary, our results quantified the influence of advection

on the near-surface temperature and winds over an urban area

under different urban and PBL schemes. The results indicate

that proper representation of land-use patterns with sophisti-

cated urban parameterization is essential to capture the vari-

ation in near-surface temperature and wind that are important

in determining the UHI intensity.
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