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Abstract: Increasingly, Chinese cities are proposing city-scale ventilation corridors (VCs) to strengthen
wind velocities and decrease pollution concentrations, although their influences are ambiguous.
To assess VC impacts, an effort has been made to predict the impact of VC solutions in the high
density and diverse land use of the coastal city of Shanghai, China, in this paper. One base sce-
nario and three VC scenarios, with various VC widths, locations, and densities, were first created.
Then, the combination of the Weather Research and Forecasting/Single-Layer Urban Canopy Model
(WRFv.3.4/UCM) and Community Multiscale Air Quality (CMAQv.5.0.1) numerical simulation
models were employed to comprehensively evaluate the impacts of urban spatial form and VC
plans on PM2.5 concentrations. The modeling results indicated that concentrations increased within
the VCs in both summer and winter, and the upwind concentration decreased in winter. These
counter-intuitive results could be explained by decreased planetary boundary layer (PBL), roughness
height, deposition rate, and wind speeds induced by land use and urban height modifications. PM2.5
deposition flux decreased by 15–20% in the VCs, which was attributed to the roughness height de-
crease for it weakens aerodynamic resistance (Ra). PBL heights within the VCs decreased 15–100 m,
and the entire Shanghai’s PBL heights also decreased in general. The modeling results suggest that
VCs may not be as functional as certain urban planners have presumed.

Keywords: fine particulate; wind corridor; pollution exposure; urban plan; UCM; CMAQ

1. Introduction

Chinese cities have proposed varieties of urban plans, strategies, and management
plans in response to severe intra-urban fine particulate (PM2.5) pollution in past years [1,2].
Among them, city-scale ventilation corridors (VCs) are an aggressive but popular pro-
posal [3]. Certain megacities, such as Shanghai, Beijing, and Nanjing, have started to plan
urban VCs to mitigate air pollution concentrations. The assumption behind the VC plans is
that VCs can alleviate pollution levels by increasing wind velocity and pollution disper-
sions. However, the urban-scale VCs have not been well identified, although there have
been many references studying the street canyon’s effects on air pollution variations [4–6].
The VCs’ influence on urban ventilation and air pollution needs to be adequately evaluated
to support plans and implementations. Therefore, this paper, as one of the earliest attempts,
investigates VC’s effectiveness on air pollution influences at the urban level.

Urban VCs did not have rigorous definitions prior to this work and were defined as
continuous low-rise zones of highways, waterways, parks, and/or vacant lands in urban
areas in this paper. The well-developed term of ‘ecological corridor’ (EC) has similar
definitions to the VC, but EC-related studies have primarily focused on the corridor’s
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ecological services regarding biodiversity, wetlands, and urban heat island effects (UHI) [7].
There exist micro-level (street, neighborhood) and macro-level (city, region) VCs, and
different scales should be employed for the respective approaches. Site campaigns and
computational fluid dynamics (CFD) are common methods in micro-scale studies [8]. Site
campaigns need intensive field measurements, and CFD requires a large amount of compu-
tation. The micro-scale studies performed well because of intensive laboring measurements
and/or computer processing, but it is challenging to apply to macro-scales under cur-
rent computing conditions and labor rates. Hence, statistical analysis using data released
from standard monitor networks (e.g., Land Use Regression, GAMs), remote sensing, or
mid-macro level simulations (WRF, MM5, CMAQ) are widely used in city and regional
studies [9–11]. The statistical methods were usually limited by sparse monitors: there are
only 30 to 50 monitors located in megacities. Thus, the results from statistical methods omit
certain local variations when developing spatial analysis. Remote sensing technology and
middle-macro (city scale to global scale) simulations both overcome the data unavailability
problem and can be used to predict fine-scale pollution variations [12]. Remote sensing
could supply high-quality land-use maps and elevation maps, which are the basis for
VC planning and design. Remote sensing by itself cannot predict meteoritical responses
when there is land-use change, so incorporation with middle-macro meteorological and
air-polluting simulation approaches can investigate the VCs’ effects.

A set of middle-macro models can be used to simulate urban wind field and intra air
pollution emissions and dispersions under different landforms and meteorology [4,13–15].
Two widely used packages to simulate multiscale climate are Weather Research and Fore-
casting (WRF) and Community Multiscale Air Quality (CMAQ). WRF is powerful at
simulating regional to national level meteorological performance, and urban areas are
usually treated the same as rural areas. As the cities’ distinguishing characteristics, such as
high building density, were not considered, an extended urban canopy model (WRF-UCM)
was developed to specify urban area simulation; it received better results compared to the
general WRF approach [16]. The major difference is that the WRF-UCM model has more
categories of land use (low-residential, high residential, and commercial–industrials), with
corresponding surface parameters.

WRF/UCM models have become increasingly used in urban areas to model spatial
meteorology in cities [14–17]. Although there have been very few studies using WRF-UCM
to estimate the ventilation change before and after urban planning, there have been certain
references exploring the heat island effect before/after plans. Papangelis et al. [9] utilized
WRF-UCM to learn about the thermal effects induced by “green plans”. An urban park
(8 km × 4 km) was designed in the City of Athens, Greece, and modeled. The results
indicated that significant cooling effects would exist at night after the green plans are
adopted. WRF-UCM is qualified to model and compare meteorology variances induced
by urban plans [17]. Therefore, we also employed WRF v.3.4-UCM in this paper to model
wind field change due to VCs.

The most used package to simulate air pollution at the city level is the CMAQ package
developed by the EPA of the US [18]. Many studies have proved its strong predicting
capacity both in China and worldwide [19–21]. Therefore, CMAQ v.5.0.1 was chosen to
simulate air pollution concentrations before and after VC plans incorporating the climate
data from WRF.

In conclusion, there have been few studies assessing the effects of urban VC planning
on urban wind fields and PM2.5 concentrations. Without solid evaluation, the ambitious
government VC plans lack evidence and cannot persuade the public and scholars. Based
on the gap, this paper proposes a new framework to estimate the VC impacts on ventilation
and air pollution to support policy-making.

2. Methods

Three VC scenarios were created to investigate the effects of VCs based on Shanghai’s
existing land use, ecological plan, and prevailing wind directions. VC plans differed from
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the status quo on city morphology and land uses. Then, customized morphology of the city,
representing building heights and land use, was used to generate an urban wind field map
in WRFv.3.4-UCM. Based on studies by Briggs et al. [22] and Liu et al. [23], meteorological
data of about 2 weeks can avoid the negative effects of sudden weather changes so that they
are enough for modeling. Thus, ventilation records from two monitors for the dates of 1–15
July 2014 and 1–15 December 2014 were used to calibrate and evaluate the WRF outputs.
Then, PM2.5 pollution maps were created in CMAQv.5.0.1, incorporating the meteorology
map generated with WRFv.3.4-UCM. The results of PM2.5 pollution from CMAQv.5.0.1
were also evaluated against the same monitors’ pollution records. Then, each VC scenario
was assessed by WRFv.3.4-UCM and CMAQv.5.0.1 to simulate PM2.5 values within VCs
and the whole city. Finally, using a comparison between PM2.5 pollution in Shanghai’s
base scenario and VC planning scenarios, the performance of VCs was summarized and
analyzed. The above research flow is shown in Figure 1.

Figure 1. Flow chart of the research on the VCs’ effects on PM2.5 pollution on an urban scale.
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2.1. Case Study Area and Observed Data

The City of Shanghai, China, was chosen to elaborate the research approach. Data
from 12 PM2.5 monitors in the city center and suburban areas were collected by Shanghai
Environmental Monitor Center and used in the analysis. These PM2.5 monitors did not
record meteorology-related data; thus, other data sources needed to be cited for meteorol-
ogy. Meteorological data, including wind speed, temperature, pressure, wind direction,
and humidity, were recorded from two airport stations (Hongqiao and Pudong) (Figure 2a)
in the Automated Surface Observing System (ASOS) network. The data period was in the
summer and winter of 1–15 July 2014 and 1–15 December 2014. Shanghai base land use
data for modeling was drawn in 2011 by the Shanghai government, with resolutions of
about 100 m in the city center and about 1000 m in suburban areas. Figure 2b shows the
10major land-use types in the Shanghai base map.

Figure 2. (a) Shanghai area map and meteorology/PM2.5 monitor locations; (b) 10 base land uses of the city of Shanghai.

2.2. VC Planning Scenarios

Three VC scenarios were planned, surrounding highways, high-density buildings,
and existing or planned ecological areas (Table 1). In all these scenarios, the land within
VCs was assumed to be grass, and the emissions were kept the same as the base scenario,
which means this research only tests the dispersion effects of the VCs, not the removal
effects. Keeping the same emission inventory and population in the base and VC scenarios
may not be realistic because green lands usually do not have emission sources in practice.
However, it makes the urban average concentration comparison more persuasive with the
unchanged emission amount. In the VC scenarios, we set the height of all the VC areas
to 0 m for grasslands and kept other areas the same as the base scenario Global Digital
Elevation Model (GDEM) file. The decrease in height (including building heights) was
20–50 m in built-up areas and 0–10 m in other areas (Figure 3).
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Table 1. VC planning scenarios and explanations.

VC Scenarios Corridor Schemes

ECO_2 km
(VC_grass height = 0 m)

ECO_5 km
(VC_grass height = 0 m)

HW_2 km
(VC_grass height = 0 m)

Figure 3. Base and VC morphology maps of Shanghai, China: (a) base; (b) VC_ECO2KM;
(c) VC_ECO5KM; (d) VC_HW2KM.
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There are four basic rules for creating VC planning scenarios: current land use status,
Shanghai municipal ecological plan, prevailing wind, and highway buffer effect. The VC
planning areas contain both high-density urban lands (e.g., the north-west corridor in
the ECO_2KM scenario) and low-density suburban lands (e.g., the south corridors in the
ECO_2KM scenario). VCs in different locations can test impact differences caused by land
density and use.

The Shanghai Municipal Administration of Planning and Land Resource published
an ecological protective zone plan in 2020. Figure 4 is the planning map in which the green
areas are different ecological zones restricted from urban development. In this plan, the
green corridors are mainly located in suburban areas, along with rivers and major roads.
Following this plan, we extracted several major green corridors and simplified them to the
VCs (Table 1).

Shanghai’s wind fields were also considered in the VC plans. Studies have found
that VCs parallel to wind directions usually have larger horizontal ventilation effects, thus
decreasing pollution concentration, and VCs perpendicular to wind directions usually have
turbulent mixing effects, thus increasing pollution concentration [24]. Wind from the north
is identified as the prevailing wind in winter, while that in summer is from the southeast in
Shanghai. The corridors from northeast and southwest directions, which are parallel to
the dominant winds, should be the best of all directions for increasing ventilation speeds,
according to previous studies [24].

Figure 4. Shanghai Ecological Protective Plan (draft version) in 2020 [25].
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In addition, highway buffers were treated as potential VCs because the buffers could
alleviate human exposure to the transportation-emitted pollutants if residents did not live
in these buffers.

In conclusion, the conceptual VC scenarios were created under considerations of the
status quo of land use, ecological zones planned by the government, and wind conditions.
There are many limitations to implementing these plans even when their concentration
mitigating effects are significant. However, these conceptual VC plans, with various
features of land use, building density, location, and width, are appropriate for estimating
different VC influences.

2.3. The WRF-UCM Modeling System

Meteorological change before (base scenario) and after (VC scenarios) urban VC plans
was modeled by the Weather Research and Forecasting (WRF 3.9) model, incorporating
the Single-Layer Urban Canopy Model (UCM) in this study. WRF was developed by the
National Center for Atmospheric Research (NCAR) for a broad range of applications across
scales. It consists of four major parts: the WRF Preprocessing System (WPS), (optional)
WRF Data Assimilation (WRF-DA), the Advanced Research WRF-ARW solver, and post-
processing and visualization tools. Regional scale is the WRF’s primary study scope, while
urban climate that is influenced by complicated land use and morphology is not primarily
considered its modeling objective. An expanded module, WRF-UCM, was then designed
specifically for simulating meteorology in urban areas [14]. The core differences of the
WRF-UCM to WRF include (1) urban canopy parameterization schemes, (2) urban maps
of land use and building heights, and (3) fine-scale atmospheric and urbanized land DA
systems. In the single-layer UCM model, surface-sensible heat fluxes from each land
cover (road, wall, roof, and urban corridor) are estimated to model the meteorology in
urban areas [16]. This paper chose WRFv.3.4-UCM to model the city of Shanghai’s key
meteorological factors and compared the performances of different models.

The WPS components consist of three steps: geogrid, ungrib, and metgrid. Among
the components, key factors for evaluating the VC plans include proper domain choices,
customized land use vectors, and urban morphology maps before/after VC planning. Four
domains in the geogrid were chosen (Figure 5): the first domain of 27 km and the second
domain of 9 km, the third domain of 3 km, and the fourth domain of 1 km to input the
WPS. The domains were the same in the base and VC models.

The output of WPS was used as inputs of ARW to process the simulation- and output-
modeled meteorology. WRFv.3.4-UCM was differentiated from WRF in the ARW in a
set of parameters. These parameters were designed for low residential, high residential,
and commercial–industrial lands in the WRFv.3.4-UCM model in general and should be
localized according to research area characteristics. The key parameters required by UCM
and the values used in our model are shown in Table 2. The values for each parameter
were identical for the three land uses, as cited by Zhao et al. [26] and Xie et al. [27].
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Figure 5. Research domains in the WPS.

Table 2. Values of key parameters in the UCM models.

UCM Parameters UCM Value (High, Low,
Industrial–Commercial) Interpretation

ALBR 0.12 Roof albedo
ALBB 0.15 Wall albedo
ALBG 0.10 Road albedo
EPSR 0.85 Roof emissivity
EPSB 0.9 Wall emissivity
EPSG 0.95 Road emissivity
AKSR 1.3 Conductivity of roof (W/mK)
AKSB 1.3 Conductivity of wall (W/mK)
AKSG 0.4004 Conductivity of road (W/mK)
CAPR 1.8 Heat capacity of roof (MJ/m3K)
CAPB 1.8 Heat capacity of wall (MJ/m3K)
CAPG 1.0 Heat capacity of road (MJ/m3K)

ZR 20 Roof height (m)
ROOF_WIDTH 20 Roof width (m)
ROAD_WIDTH 20 Road width (m)

SDZR 4 Standard deviation of roof height (m)
AH 90 Anthropogenic heat (W/m2)

ALH 20.0, 25.0, 40.0 Anthropogenic latent heat (W m2)
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2.4. CMAQ Simulations of PM2.5 Pollution

A hindcast simulation was performed using the Community Multiscale Air Quality
(CMAQ) model version 5.0.1. to estimate concentrations of atmospheric fine particulate
matter (PM2.5) in the area surrounding Shanghai, China, during the summer, from 1–15
July 2014, and winter, from 1–15 December 2014. Model inputs included anthropogenic
and biogenic emissions, meteorology, and ocean data. Anthropogenic emission inputs were
prepared using the Emissions Database for Global Atmospheric Research—Hemispheric
Transport of Air Pollution (EDGAR-HTAP) inventory, and biogenic emissions inputs were
produced using the Model for Emissions of Gases and Aerosols from Nature (MEGAN).
The outputs of these two systems were then combined prior to use by CMAQv.5.0.1. Mete-
orology and ocean files were obtained from the WRF models. The emission inventory is the
same in both base scenario and VC scenarios. Following the completion of the simulation,
evaluations were performed on both meteorological inputs and output concentrations of
PM2.5 using observations from Shanghai.

2.5. Model Evaluations

Several statistical measures were calculated to evaluate the outputs of WRFv.3.4-UCM
on the Shanghai base scenario on wind speed and wind direction (Equations (1)–(5)).
Table 3 provides reference values to evaluate meteorology performance [28]. The ‘simple’
and ‘complex’ threshold values refer to the topography of the domain.

Table 3. Results of WRF simulation evaluation and thresholds.

Wind Speed Wind Direction

Evaluation
Methods

Root Mean
Square Error

(RMSE)
Mean Bias (MB) Index of

Agreement (IOA)
Mean Gross Error

(ME) Mean Bias (MB)

Summer 1.44 −0.22 0.85 44.05 −0.26

Winter 1.46 −0.13 0.85 68.49 −0.20

Simple Threshold ≤2 m/s Absolute Value of
≤0.5 m/s ≥0.6 ≤30 degrees Absolute Value of

≤10 degrees

Complex
Threshold ≤2.5 m/s Absolute Value of

≤1.5 m/s N/A ≤55 degrees N/A

Root mean square error (RMSE) was calculated as the square root of the mean-squared
difference in prediction-observation pairings, with valid data within a given analysis region
and for a given time:

RMSE =

[
1
IT

T

∑
t=1

I

∑
i=1

(
Pi

t − Oi
t

)2
]1/2

(1)

where Oi
j and Pi

j are the individual observed and predicted quantity at site i and time j, and
the summations are over all sites (I) and time periods (T).

Mean bias error (MB) was calculated as the mean difference in prediction–observation
pairings, with valid data within a given analysis region and for a given time:

MB =
1
IT

T

∑
t=1

I

∑
i=1

(
Pi

t − Oi
t

)
(2)

Mean gross error (ME) was calculated as the mean absolute difference in prediction–
observation pairings, with valid data within a given analysis region and for a given time:

ME =
1
IT

T

∑
t=1

I

∑
i=1

∣∣∣Pi
t − Oi

t

∣∣∣ (3)

The index of agreement (IOA) metric integrates all the differences between model
estimates and observations within a given analysis region and for a given time period



Atmosphere 2021, 12, 1269 10 of 18

(daily) into one statistical quantity. It is the ratio of the total RMSE to the sum of two
differences—between each prediction and the observed mean, and each observation and
the observed mean:

IOA = 1 −
[

IT · RMSE2

∑T
t=1 ∑I

i=1
∣∣Pi

t − M0
∣∣2 + ∣∣Oi

t − M0
∣∣2
]

(4)

where M0 is mean observation, calculated from all sites with valid data, within a given
analysis region and for a given time:

M0 =
1
IT ∑T

t=1 ∑I
i=1 Oi

t (5)

Two statistical measurements were employed to evaluate the performance of PM2.5
prediction output by CMAQv.5.0.1: mean fractional bias and mean fractional error. Mean frac-
tional bias normalized the difference (model − observed) over the sum (model + observed).
A mean fractional bias of 0 indicates that the over predictions and under predictions offset
each other; a positive value means that the model prediction exceeds the observation
overall; a negative value means that the model prediction is under the observation overall
(Equation (6)). Mean fractional error is similar to the mean fractional bias; it is expected that
the absolute value of the difference is used so that the error is always positive (Equation (7)).
The lower the mean fractional error is, the more accurate the prediction. R2 was also em-
ployed to measure the proportion of the variation in the observed values explained by the
simulated values (Equation (8)). The mathematic expressions are shown as:

FBIAS =
2
IT

T

∑
t=1

I

∑
i=1

Pi
t − Oi

t/(Pi
t + Oi

t)100 (6)

FERR =
2
IT

T

∑
t=1

I

∑
i=1

∣∣∣Pi
t − Oi

t

∣∣∣/(Pi
t + Oi

t)100 (7)

R2 =
IT ∑T

t=1 ∑I
i=1 Pi

t · Oi
t − ∑T

t=1 ∑I
i=1 Pi

t · ∑T
t=1 ∑I

i=1 Oi
t

IT
√[

∑T
t=1 ∑I

i=1 Pi
t
2 − (∑T

t=1 ∑I
i=1 Pi

t )
2
]
·
[
∑T

t=1 ∑I
i=1 Oi

t
2 − (∑T

t=1 ∑I
i=1 Oi

t)
2
] (8)

where Oi
j and Pi

j are the individual observed and predicted quantity at site i and time j, and
the summations are over all sites (I) and time periods (T).

2.6. Assessing VCs’ Impacts on Wind Velocity and PM2.5 Concentrations

Both statistical methods and mapping visualization were employed to assess the
VCs’ impacts on wind speed, wind direction, and PM2.5 concentration. Spatial–temporal
assessments of PM2.5 concentration changes were comprehensively conducted to explain
the VC impacts. Arc_GIS was used to visualize the meteorology map using modeling
results, and Statistical Product and Service Solutions (SPSS) was employed to analyze the
statistical differences among VCs.

3. Results
3.1. Evaluation Results

WRFv.3.4-UCM results showed good fitness with localized parameters in the ARW
(Table 3). Wind speed predictions met the simple thresholds in both summer and winter.
The RMSE was from 1.44 to 1.46 m/s. Wind direction did not meet the evaluation threshold
because the observation data had certain sudden huge changes periodically. These rapid
changes are usually caused by an unsteady micro-environment and could not be captured
by models. Generally, WRFv.3.4-UCM can predict wind fields effectively in summer and
winter in Shanghai.

The modeled PM2.5 values were calculated by summing all the pollutants of I, J, K
modes of PM2.5 pollutants of CMAQv.5.0.1 outputs [21]. Compared to the 10 monitor
observations, the mean fractional bias was −21%; the mean fractional error was 87% using
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hourly data. Considering the emission inventory is based on global emissions (including
China), our CMAQ modeled results could be constrained and may not perfectly reflect the
model performance in estimating PM2.5 concentrations. However, this could be improved
after implementing local emission inventories in China in the future.

3.2. VCs Impacts on Ground Wind Velocity

The summer modeling wind speed of Shanghai is in the range of 3 to 5 m/s. The wind
speed in coastal areas is higher than in the inlands (Figure 6a). Maps of the differences in
wind speed among all the VC scenarios (VCs_WSPD_summer minus base_WSPD_summer)
were developed. The differences in the modeling results, between −0.1 to 0.1 m/s of wind
speed, are regarded as minor differences. These differences in different VC scenarios
were not uniform (Figure 6b–d). The major influence of the ECO VCs exists within the
northwestern corridor, and the wind speed in the ECO02 and ECO05 scenarios is slower
than that in the base scenario. The major influence of the HW02 scenarios occurs in the
northern lands, which are within and near the highway corridors. Lands within HW VCs
have lower wind speeds, while adjacent zones to HW VCs have higher wind speeds.

Figure 6. (a) Modeling wind speed at 10 m high (m/s) in summer 2014; (b) modeling wind speed differences at 10 m high
(m/s) in the ECO02 scenario and base scenario; (c) modeling wind speed differences at 10 m high (m/s) in the ECO05
scenario and base scenario; (d) modeling wind speed differences at 10 m high (m/s) in the HW02 scenario and base scenario.

The winter modeling wind speed of Shanghai is in the range of 3 to 7 m/s at the
height of 10 m to the ground. Similar to the summer performance, coastal wind speed is
higher than in the inlands (Figure 7a). Maps of PM2.5 concentration differences among
all the VC scenarios and the base scenario were also constructed (VCs_windspeed_winter
minus base_windspeed _winter). The differences in the modeling results, between −0.1
to 0.1 m/s of wind speed, is regarded as minor differences. The VC effects in winter are
larger than in summer. The major influence of the VC scenarios is occurring in the northern
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lands, within and near the highway corridors (Figure 7b–d). The inside zones of VCs have
lower wind speeds, while adjacent zones of VCs have higher wind speeds.

Figure 7. (a) Modeling wind speed at 2 m high (m/s) in winter 2014; (b) modeling wind speed differences at 2 m high (m/s)
in the ECO02 scenario and base scenario; (c) modeling wind speed differences at 2 m high (m/s) in the ECO05 scenario and
base scenario; (d) modeling wind speed differences at 2 m high (m/s) in the HW02 scenario and base scenario.

The prevailing wind is from the southeast in the summer and from the west in the
winter (Figure S1). The modeling wind directions among the base scenario and all VC
scenarios were similar, based on Figure S1. It indicates that wind directions are not
influenced much by the VCs in either summer or winter.

3.3. VC Impacts on PM2.5 Concentrations

The summer modeled ground-level PM2.5 of Shanghai is in the range of 2 to 45 µg/m3.
The most heavily polluted areas are the west suburbs and the west city center; the coastal
areas were less polluted (Figure 8a) than the inlands. Maps of the differences in PM2.5
among all the VC scenarios (VCs_PM2.5_summer minus base_PM2.5 _summer) were
developed to analyze the effects of the VCs. The differences in the modeling results between
−1 to +1 µg/m3 of PM2.5 concentrations are regarded as minor differences. Figure 8b–d
shows that the VCs’ summer PM2.5 concentrations are higher than the baseline in the
downwind areas. In the ECO_VC scenarios, certain areas have lower concentrations
compared to the base scenario in the upwind of Shanghai.

The winter modeled PM2.5 of Shanghai is in the range of 1 to 64 µg/m3. The most
heavily polluted areas are the west suburbs and the western city center; the coastal areas
are less polluted (Figure 9a). Maps of the differences in PM2.5 among all the VC scenarios



Atmosphere 2021, 12, 1269 13 of 18

(VCs_PM2.5_winter minus base_PM2.5_winter) were developed to analyze the effects
of the VCs. The differences of the modeling results, between −1 to +1 µg/m3 of PM2.5
pollution concentration, are regarded as minor differences. Figure 9b–d shows that the
VC scenarios’ winter PM2.5 pollution differences depend on the locations. In general,
the VC-influenced areas are the VCs and adjacent areas; the affected buffer is roughly
double the VCs’ width. The upwind areas (west) to the VCs show lower PM2.5 pollution
concentrations, while the downwind areas (east) to the VCs have higher PM2.5 pollution
concentrations than the base scenario. According to Figure 9d, the densest VC network of
the HW02 scenario merely mitigates northwestern Shanghai’s PM2.5 concentrations but
increases the southeastern PM2.5 concentration at the same time. The results suggest that
VCs have local concentration influences in winter. The increased downwind area’s PM2.5
pollution could offset the decreasing effects when considered at the city scale.

Figure 8. (a) Modeling ground-level PM2.5 concentrations (µg/m3) in summer 2014; (b) modeling ground-level PM2.5
concentration differences (µg/m3) in the ECO02 scenario and base scenario; (c) modeling ground-level PM2.5 concentration
differences (µg/m3) in the ECO05 scenario and base scenario; (d) modeling ground-level PM2.5 concentration differences
(µg/m3) in the HW02 scenario and base scenario.
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Figure 9. (a) Modeling ground-level PM2.5 concentrations (µg/m3) in winter 2014; (b) modeling ground-level PM2.5
concentration differences (µg/m3) in the ECO02 scenario and base scenario; (c) modeling ground-level PM2.5 concentration
differences (µg/m3) in the ECO05 scenario and base scenario; (d) modeling ground-level PM2.5 concentration differences
(µg/m3) in the HW02 scenario and base scenario.

4. Discussion and Links to Previous Studies

The VC effects of increasing PM2.5 concentrations in certain places seem counter-
intuitive but can be explained in terms of roughness change, wind field change, and
pollutant transportation and deposition. Certain previous studies have been introduced to
help understand our modeling results.

One of the important reasons causing the increase in PM2.5 concentration is deposition
mitigation. Figure S2a,b compares the modeled base/HW02 PM2.5 dry deposition flux in
summer 2014. It clearly shows that lands within the corridors in HW02 have much lower
deposition flux than the base scenario. Moreover, the HW02 deposition flux decreases very
sharply at night compared to the base scenario, making the original heavily polluted night
period even worse (Figures 8d and 9d, Table 4).

Table 4. Time-dependent change of modeling results between the base scenario and the HW02_scenario at the Xujiahui
Monitor Station and ten monitor stations from 5–15 July 2014.

Factors AVE10_UCM AVE10_HW02 Change % XJH_UCM XJH_HW02 Change % Unit

WindSpeed 3.53 3.46 −1.74 3.50 3.33 −4.80 m/s
PBL 470.81 406.11 −13.74 510.46 414.32 −18.83 m

Deposition 46.99 38.78 −17.47 58.35 38.07 −34.76 µg/m2/h
PM2.5 31.28 46.52 48.71 15.05 56.43 274.91 µg/m3

Note: XJH refers to the Xujiahui Monitor station. Units do not indicate change percentage.
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Deposition flux relates to a set of parameters, such as concentrations, deposition
velocity, roughness height, roughness, and boundary heights. The above factors are all
modified in the VC scenarios. Equations (9) and (10) calculate the deposition flux (F) with
impacting factors [29]:

F = Vd × C × 3600 (9)

Vd = 1/(Ra + Rb + Rc) (10)
where Vd is the deposition velocity, C is the concentration at a specific height, Ra is the
aerodynamic resistance, Rb is the quasi-laminar boundary layer resistance, and Rc is the
surface canopy resistance.

Despite the increase in PM2.5 concentrations, PM2.5 deposition flux still decreases
by 17%, indicating sharper decreasing deposition velocity. It may be attributed to the
roughness height decrease (because it weakens aerodynamic resistance (Ra)) since by
applying UCM, we changed the roughness height in ventilation corridor areas for all three
VC scenarios [30]. On top of it, by replacing previous urban land use surface categories
with a grassland surface, Rb could also be changed since the convective velocity scale, w*,
which is used in CMAQ to calculate Rb, has been changed. A recent study [31] has added
a leaf area index (LAI) in the particle dry deposition scheme in CMAQ version 5.3 to better
estimate the uptake to vegetative surfaces, which could better represent the influence of
changing land use categories with different VCs in this study.

Another important reason causing the increase in the VC scenarios’ PM2.5 concen-
trations is the planetary boundary layer (PBL) height decrease in the VC scenarios. PBL
height usually shows an inverse correlation with PM2.5 concentrations [32]. PBL height
above grasslands tends to be shorter than the height above built-up areas [33]. Taking the
PBL differences between the medium-intensive VC scenario, ECO05, and the base scenario,
for example (Figure S2c,d), the PBL heights within the VCs decrease over 15 m, and the
entire Shanghai’s PBL heights also decrease in general. Further, by comparing the PBL
heights in the base and the most intensive VC scenario HW02, the VC PBL heights were
decreased by about 100 m in the VCs and by about −10% to −20% of the base PBL heights
(Table 4) This pattern is consistent in all the VCs; thus, VCs increase PM2.5 concentrations
via reducing PBL heights.

In addition, the surface ventilation velocity decrease caused by the roughness height
modification also contributes to the increase in VC scenario PM2.5 concentrations. Rough-
ness change can have two inverse effects on surface wind. On one hand, decreased
roughness height weakens downward momentum transport due to less vertical mixing
effects and, hence, reduces surface speeds. Second, decreased surface roughness strength-
ens the surface horizontal wind speeds [34]. By changing the heights of the existing dense
buildings to grasslands in the VC scenarios, the roughness height and surface roughness are
both decreased, indicating concurrent influences in surface wind speeds. According to the
wind speed maps in Figures 6 and 7, the vertical mixing effects seem dominant. Therefore,
the wind speed within the VCs decreases and the surface PM2.5 concentration increases.

Besides the above reasons, there are references supporting the results. Barnes et al. [13]
developed a simpler but similar study to model NO2 concentration change before and
after roughness decrease. Their model results suggest that reducing surface roughness in
a city center can increase ground-level pollutant concentrations locally in both the area
of reduced roughness and the downwind region. This finding is the same as this study’s.
In addition, studies have also found that VCs parallel to wind directions usually have
larger horizontal ventilation effects, thus decreasing pollution concentration, and VCs
perpendicular to wind directions usually perform turbulent mixing effects, thus increasing
pollution concentration [24]. Both perpendicular and parallel VCs exist in our scenarios
due to land limitations, and the effects could be complicated.

5. Conclusions

In conclusion, the most economical green VCs in high-density areas such as Shanghai
are grasslands or parks with sparse shrubs/trees. These VCs change PM2.5 concentra-
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tions primarily through urban-morphology-induced velocity, PBL height, and wind field
modification. Although the VCs could increase ventilation speed in the nearby upwind
areas to strengthen the transport of pollutants, the decrease in roughness height, deposition
flux, and PBL height in or near the VCs increases local PM2.5 concentrations, and this
phenomenon is more obvious in the summer.

There are several limitations to this study. First, pollution emission inventories were
not modified in all the modeled scenarios, and this is not true in practice. In reality, VCs
usually do not have emission sources, and their concentrations are generally lower than
built-up areas. The conflicts between common reality and the modeling results suggest the
VCs reduce pollution concentration by mitigating pollution sources instead of our initial
assumption of strengthening dispersions. Second, the substitution of finer local emission
inventories with a relatively coarse global emission inventory is an obstacle in this study.
Our models need more accurate emission and pollution concentration data to improve
the results in the future. Third, deposition becomes more crucial in this study since it is
necessary to modify land use categories by applying different VCs; however, there still
exists a gap in deposition velocity for both modeling and observation areas, making it
difficult to decide the real influence of deposition velocity on our results in this study. There
are several studies that have pointed out the uncertainties of particle dry deposition in air
quality models [31,35–37]. Thus, the results of this study could be improved in the future
with updated deposition algorithms. Lastly, the monitored meteorology and pollution
data from different locations are also needed to verify the VC results and reasons. The
conclusions do not indicate whether VCs can decrease PM2.5 pollution effectively in small
cities and rural areas, at the community level, or in other materials composing the VCs.
The conclusions that this study has found should be very carefully applied to other areas or
scales. In the future, the model could be strengthened and validated using data from longer
periods. The relationship between land use and air pollution still needs to be examined by
other methods, and then the possible reasons for the differences can be cross-validated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12101269/s1, Figure S1: (a,b) Modeling wind directions at 10m high of base, ECO02,
ECO05 and HW02 scenarios in summer 2014; (c,d) Modeling wind directions at 10m height of
base, ECO02, ECO05 and HW02 scenarios in winter 2014., Figure S2: (a) Modeling base PM2.5 dry
deposition flux (µg/m2/h); (b) Modeling dry deposition flux (µg/m2/h) of HW02 scenario and base
scenario; (c) Modeling PBL height map (meters); (d) Modeling PBL differences (meters) of ECO05
scenario and base scenario in Shanghai summer.
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