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Abstract. Changes in land cover and aerosols resulting from
urbanization may impact convective clouds and precipitation.
Here we investigate how Houston urbanization can modify sea-breeze-induced convective cloud and precipitation
through the urban land effect and anthropogenic aerosol effect. The simulations are carried out with the Chemistry version of the Weather Research and Forecasting model (WRFChem), which is coupled with spectral-bin microphysics
(SBM) and the multilayer urban model with a building energy model (BEM-BEP). We find that Houston urbanization (the joint effect of both urban land and anthropogenic
aerosols) notably enhances storm intensity (by ∼ 75 % in
maximum vertical velocity) and precipitation intensity (up
to 45 %), with the anthropogenic aerosol effect more significant than the urban land effect. Urban land effect modifies
convective evolution: speed up the transition from the warm
cloud to mixed-phase cloud, thus initiating surface rain earlier but slowing down the convective cell dissipation, all of
which result from urban heating-induced stronger sea-breeze
circulation. The anthropogenic aerosol effect becomes evident after the cloud evolves into the mixed-phase cloud, accelerating the development of storm from the mixed-phase
cloud to deep cloud by ∼ 40 min. Through aerosol–cloud interaction (ACI), aerosols boost convective intensity and precipitation mainly by activating numerous ultrafine particles
at the mixed-phase and deep cloud stages. This work shows
the importance of considering both the urban land and an-

thropogenic aerosol effects for understanding urbanization
effects on convective clouds and precipitation.

1

Introduction

Urbanization has been a significant change in the earth’s environment since industrialization and is expected to further
expand during the coming decades (Alig et al., 2004). Many
modeling and observational studies have shown that urbanization can impact weather and climate (e.g., Shepherd et al.,
2010; Ashley et al., 2012).
Urbanization could impact storm properties through two
major pathways. The first major pathway is through the
changes in land cover types. For urban land, the most typical and extensively studied effect is the increase in surface
temperature compared to the surrounding rural area, known
as the urban heat island (UHI) effect (e.g., Bornstein and
Lin, 2000; Shepherd, 2005; Hubbart et al., 2014). Convective storms may be initiated at the UHI convergence zone,
created through a combination of increased temperature and
mechanical turbulence resulting from complex urban surface
geometry and roughness (Bornstein and Lin, 2000; Shepherd, 2005; Hubbart et al., 2014). Urban landscapes impact
sensible and latent heat flux, soil moisture, etc., affecting
thunderstorm initiation (Haberlie et al., 2015) and changing the location and amount of precipitation compared to the
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pre-urbanization period (Shepherd et al., 2002; Niyogi et al.,
2011).
The second major pathway of the urbanization impacts
is through pollutant aerosols associated with industrial and
population growth in cities. Previous studies have shown
that urban aerosols invigorate precipitation in urban downwind regions through aerosol–cloud interaction (ACI; Van
den Heever and Cotton 2007; Carrió et al., 2010; Fan et al.,
2018). A recent study showed aerosol spatial variability in
the Seoul area played an important role in a torrential rain
event (Lee et al., 2018). Many compelling pieces of evidence
have emerged showing the joint influences of aerosols and
urban land on clouds and precipitation, especially in China,
where both effects are strong and complex (Li et al., 2019,
and references therein).
The majority of the past studies focused on one of the
abovementioned pathways. Recently, a few studies examined the combined effects of both pathways on lightning
and precipitation. A new observational study (Kar and Liou,
2019) indicated that both the land and aerosol effects should
be considered to explain the cloud-to-ground lightning enhancements over the urban areas. Kingfield et al. (2017) also
found that cloud-to-ground lightning enhancements can also
be caused by the presence of tall towers. A modeling study
showed urban land cover changes increased precipitation
over the upstream region but decreased precipitation over the
downstream region, while aerosols had the opposite effect
by serving as cloud condensation nuclei (Zhong et al., 2015).
A long-period (5-year) modeling study in the Yangtze River
Delta (YRD) region confirmed the opposite effects on precipitation, but the aerosol radiative effect was the dominant
reason for the reduced convective intensity and precipitation
(Zhong et al., 2017). Sarangi et al. (2018) also showed the
enhanced precipitation over the urban core by the urban land
effect and at the downwind region by the aerosol effect, consistent with Zhong et al. (2015). Schmid and Niyogi (2017)
showed that urban precipitation rate enhancement is due to
a combination of land-heterogeneity-induced dynamical lifting effects and aerosol indirect effects. For coastal cities,
studies indicated that anthropogenic aerosol effects on precipitation may be more important than the urban land effect
(Liu and Niyogi, 2019; Ganeshan et al., 2013; Ochoa et al.,
2015).
Houston is the largest city in the southern United States. It
is one of the most polluted areas in the nation based on the
most recent “State of the Air” report by the American Lung
Association (http://www.stateoftheair.org/about/, last access:
14 November 2020). The Houston urbanization causes both
land cover change and anthropogenic emission enhancement,
which have been a fertile region for air quality studies (i.e.,
high ozone) (e.g., Chen et al., 2011; Fast et al., 2006). The
sea-breeze circulation over the region plays a key role not
only in convection and precipitation, but also in local air
quality (Fan et al., 2007; Banta et al., 2005; Caicedo et al.,
2019). The strength and inland propagation of sea-breeze cirAtmos. Chem. Phys., 20, 14163–14182, 2020
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culation can be influenced by land–sea surface temperature
contrast, land use/land cover, and the synoptic flow (e.g.,
Angevine et al., 2006; Bao et al., 2005; Chen et al., 2011).
Chen et al. (2011) indicated that the existence of Houston
favored stagnation because the inland penetration of the sea
breeze counteracted the synoptic flow in a case study. On the
other hand, Ryu et al. (2016) showed the urban heating of the
Baltimore–Washington metropolitan area strengthened the
bay breeze and thus promoted intense convection and heavy
rainfall. In Shanghai, however, the sea–land breeze has exhibited a weakening trend over the past 21 years, which was
hypothesized to result from the joint influences of aerosol,
UHI, and greenhouse effects (Shen et al., 2019). While sorting out the various factors is a daunting task especially by
means of observation analysis, it is essential to enhance our
understanding of both overall effects by human activity and
individual ones for which far fewer have been done.
In this study, we aim to understand how the changes in
Houston land cover and anthropogenic aerosols as a result
of urbanization modify the sea-breeze-induced convective
storm and precipitation jointly and respectively. To answer
the science question, we employ the Chemistry version of the
Weather Research and Forecast (WRF) model coupled with
the spectral-bin microphysics (WRF-Chem-SBM) scheme, a
model we previously developed and applied to warm stratocumulus clouds (Gao et al., 2016), to simulate a deep convective storm case that occurred over the Houston region and
produced heavy precipitation. Sensitivity tests are performed
to look into the joint and respective effects of urban land and
anthropogenic aerosol on storm development and precipitation.

2
2.1

Case description, model, and analysis method
Case description

The deep convective cloud event we simulate in this study
occurred on 19–20 June 2013 near Houston, Texas. The
case was also selected for the ACPC Model Intercomparison
Project (Rosenfeld et al., 2014; http://www.acpcinitiative.
org, last access: 14 November 2020). In another companion
study (Zhang et al., 2020), this case was simulated to study
the impact of cloud microphysics parameterizations on ACI.
As shown in Fig. 1a and c, along a trailing front extended
zonally across the southeastern United States, the isolated
weak convective clouds formed in the late morning. Deep
convective cells over the Houston and Galveston bay areas
developed in the afternoon with the increased solar heating
and strengthened sea-breeze circulation (Fig. 1b, d). The seabreeze circulation will be shown in detail in the result section, and it was among the typical summer day sea-breeze
conditions (Kocen, 2013). A strong convective cell observed
in Houston that we focused on was initiated at 21:45 UTC
https://doi.org/10.5194/acp-20-14163-2020
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(16:45 local time) and developed to its peak precipitation at
22:17 UTC.
The simulated case was evaluated extensively in aerosol
and cloud properties in the companion paper mentioned
above. The observations of radar reflectivity and precipitation are also used in the evaluation. The radar reflectivity is obtained from the Next-Generation Weather Radar
(NEXRAD) network for the KHGX site at https://www.
ncdc.noaa.gov/data-access/radar-data/nexrad-products (last
access: 14 November 2020), with a temporal frequency of
every ∼ 5 min and a spatial resolution of 1 km. The high temporal and spatial precipitation data retrieved based on radar
reflectivity are used for simulation evaluation.
2.2

Model description and experiment design

The WRF-Chem–SBM model used in this study is based on
Gao et al. (2016), with updates in both WRF-Chem (Grell
et al., 2005; Skamarock et al., 2008) and the SBM (Khain
et al., 2004; Fan et al., 2012). The SBM version coupled
with WRF-Chem is a fast version with only four sets of
33 bins for representing size distribution of cloud condensation nuclei (CCN), drop, ice/snow, and graupel/hail, respectively. It is currently coupled with the four-sector version of
the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) (Fast et al., 2006; Zaveri et al., 2008). Compared with the original WRF-Chem model which uses twomoment bulk microphysics schemes, besides the advancements in cloud microphysical process calculations in SBM,
the aerosol–cloud interaction processes which impact both
cloud and aerosol properties are physically improved. These
processes are aerosol activation, resuspension, and in-cloud
wet removal (Gao et al., 2016). Theoretically, both aerosol
and cloud processes can be more realistically simulated compared with the original WRF-Chem, particularly under the
conditions of complicated aerosol compositions and aerosol
spatial heterogeneity. This would result in improved simulations of both ACI and aerosol–radiation interaction (ARI).
Following on from Gao et al. (2016), where the model was
applied to a warm stratocumulus cloud case, we apply the
model to the deep convective storm case in this study.
The dynamic core of WRF-Chem-SBM is the Advanced
Research WRF model that is fully compressible and nonhydrostatic with a terrain-following hydrostatic pressure vertical coordinate (Skamarock et al., 2008). The grid staggering is the Arakawa C-grid. The model uses the Runge–Kutta
third-order time integration schemes, and the third- and fifthorder advection schemes are selected for the vertical and horizontal directions, respectively. The positive-definite option
is employed for the advection of moist and scalar variables.
The model domains are shown in Fig. 2. Two nested domains have horizontal grid spacings of 2 and 0.5 km and
horizontal grid points of 450 × 350 and 500 × 400, respectively, with 51 vertical levels up to 50 hPa. Domain 1 simulations are run with WRF-Chem using the Morrison doublehttps://doi.org/10.5194/acp-20-14163-2020
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moment scheme (Morrison et al., 2005) to produce realistic aerosol fields for Domain 2 simulations. Two simulations were run over Domain 1 with anthropogenic emissions
turned on and off, respectively, starting from 00:00 UTC
14 June and ending at 12:00 UTC 20 June with about 5 d
for chemical spinup. The chemical lateral boundary and initial conditions for Domain 1 simulations were from a quasiglobal WRF-Chem simulation at 1◦ grid spacing, and meteorological lateral boundary and initial conditions were created from MERRA-2 (Gelaro et al., 2017). Domain 2 simulations use WRF-Chem-SBM, driven with the initial and lateral boundary aerosol and chemical fields from Domain 1
outputs, but the initial and lateral boundary conditions for
meteorological fields are from MERRA-2. The reason for not
using the meteorological fields from Domain 1 simulations is
that the meteorological fields are different between the two
Domain 1 simulations with and without anthropogenic emissions. To use the same meteorological fields to drive all simulations carried out over Domain 2 (including those with and
without anthropogenic emissions), also to avoid using the
forcing that already accounted for small-scale urban land and
aerosol effects, we choose MERRA-2 for the initial and lateral boundary conditions for meteorological fields. Domain 2
simulations are initiated at 06:00 UTC 19 June (∼ 5 d later
from the initial time of Domain 1 simulations) and run for
30 h. The analysis period is ∼ 12 h after the initial time of
Domain 2. The modeled dynamic time step was 6 s for Domain 1 simulations and 3 s for Domain 2 simulations.
For all simulations over both domains, the anthropogenic
emission was from NEI-2011 emissions. The biogenic emission came from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) product (Guenther et al.,
2006). The biomass burning emission was from the Fire
Inventory from NCAR (FINN) model (Wiedinmyer et al.,
2011).
The baseline simulation over Domain 2 uses the initial
and boundary chemical and aerosol conditions from the Domain 1 simulation with anthropogenic emissions turned on.
This simulation uses all available emissions as mentioned
above, including anthropogenic emissions. It is the same simulation as “SBM_anth” in Zhang et al. (2020). Here we renamed it “LandAero”, in which the effects of urban land and
anthropogenic aerosols are considered (Fig. 3a, c). Based
on LandAero, sensitivity tests are conducted to investigate
the combined and individual effects of urban land and anthropogenic aerosols. No_Aero is the simulation based on
LandAero, except that anthropogenic emissions are turned
off and the initial and boundary chemical and aerosol conditions are from the Domain 1 simulation without anthropogenic aerosols considered (Fig. 3b). No_Land is also based
on LandAero, except that the Houston urban land is replaced
by the surrounding cropland and pasture (Fig. 3d). The
aerosols used in No_Land include the anthropogenic sources
(Fig. 3a), which is analogous to the scenario of downwind a
big city (i.e., rural area with pollution particles transported
Atmos. Chem. Phys., 20, 14163–14182, 2020
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Figure 1. (a–b) 2 m temperature (shaded) and 10 m wind (arrows) from the North American Regional Reanalysis (NARR) data (32 km
grid spacing), and the stationary front; (c–d) composite reflectivity observed at KHGX (Houston NEXRAD) at 15:00 UTC (a, c) and
18:00 UTC (b, d) 19 June 2013.

Figure 2. The model domain setup. Domain 1 (d01) and Domain 2
(d02) are marked with black boxes. Terrain heights (meters) are in
color contours. The Houston urban area is denoted by a pink contoured line.

Atmos. Chem. Phys., 20, 14163–14182, 2020

from the city). We also run a simulation with both the urban
land cover replaced by the surrounding cropland and the anthropogenic aerosols excluded (Fig. 3b, d), which is referred
to as “No_LandAero”. That is, both effects of urban land and
anthropogenic aerosol are not considered in this simulation.
By comparing LandAero with No_LandAero, the joint effect
of urban land and anthropogenic aerosols can be obtained.
The individual urban land and anthropogenic aerosol effects
can be obtained by comparing LandAero with No_Land and
LandAero with No_Aero, respectively.
The simulated aerosol and CCN properties are evaluated
with observations in Zhang et al. (2020), which shows that
the model captures aerosol mass and CCN number concentrations reasonably well. Aerosol number concentration is
not evaluated because the measurements are not available at
the Texas Commission for Environmental Quality (TCEQ)
sites. A snapshot of simulated aerosol number concentrations in LandAero and No_Aero at the time of 6 h before the
initiation of the Houston cell is shown in Fig. 3a–b. Houston anthropogenic emissions produce about 10 times more
aerosol concentrations over the Houston area than those in
the Gulf of Mexico and ∼ 5 times than those in the rural area
shown in Fig. 3a. The background aerosol concentrations are
relatively low (around 250 cm−3 ) in this region. Aerosols
https://doi.org/10.5194/acp-20-14163-2020
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Figure 3. Aerosol number concentration (cm−3 ) from (a) LandAero (with anthropogenic emission) and (b) No_Aero (with anthropogenic
emission turned off) at 12:00 UTC 19 June 2013 (6 h before the convection initiation) and land cover types in (c) LandAero and (d) No_Land.

over the Houston urban area are mainly contributed by organic aerosols, which are highly related to the oil refinery
industry and ship channel emissions. The aerosol compositions are mainly sulfate in the rural area and sea salt over the
Gulf of Mexico in our simulations. Therefore, aerosol properties are extremely heterogenous in this region. Fig. 4 shows
the mean aerosol size distributions from the three areas as
marked up in Fig. 3a in LandAero. In the Houston area, the
majority of aerosols (75 %) have a size (diameter) smaller
than 100 nm, and 51 % of the aerosols are ultrafine aerosol
particles (smaller than 60 nm). Those small particles are substantially reduced in the rural area and the Gulf of Mexico
(Fig. 4).

https://doi.org/10.5194/acp-20-14163-2020

To see how the land cover type change affects temperature, Fig. 5 shows the differences in 2 m temperature and surface sensible heat fluxes between LandAero and No_Land
at 16:00 UTC when the sea breeze begins to show differences. The urban land increases near-surface temperature over Houston and its downwind area by about 1–2 ◦ C
(Fig. 5a), corresponding to the increase in surface sensible
heat fluxes (Fig. 5b). More information about the temporal
evolution and vertical distribution of the urban heating will
be discussed in the result section.

Atmos. Chem. Phys., 20, 14163–14182, 2020
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tion of the winds along this line is also analyzed in the result
section.

3
3.1

Figure 4. Aerosol size distribution over “Urban”, “Rural”, and the
Gulf of Mexico as marked by three black boxes in Fig. 3a from
LandAero at 12:00 UTC 19 June 2016.

2.3

Analysis method

To quantify the convective cell properties occurring over
Houston, we employ the Multi-Cell Identification and Tracking (MCIT) algorithm from Hu et al. (2019a) to track the
convective storms. MCIT is a watershed-based algorithm and
shows better tracking capabilities compared with traditional
centroid-based tracking algorithms. MCIT identifies cells by
local maxima of vertically integrated liquid (VIL) based on
watershed principles and performs tracking of multiple cells
based on maximum common VIL between the consecutive
scans. In this way, convective storm life cycles from initiation to dissipation can be better tracked than the traditional
methods as detailed in Hu et al. (2019a). VIL was shown to
be an effective indicator of strong precipitation cells (Greene
and Clark, 1972; Hu et al., 2019a).
To apply the algorithm to both model simulation and
NEXRAD observations consistently in this study, we calculated liquid water path (LWP), a variable of model output
accounting for the column-integrated liquid to replace VIL
in MCIT for model simulation. We track local maxima of
LWP by identifying the two cells in consecutive radar scans
that have a maximum common LWP. A cell is identified and
tracked when the local maxima LWP exceeds 50 g m−2 . This
value is selected because it allows us to start recognizing the
deep convective cell by filtering a lot of shallow clouds surrounding it. The storm area of the tracked cell is defined as
the grid area with LWP > 50 g m−2 .
To examine sea-breeze circulation over the Houston region, the sea-breeze wind intensity at a specific time is calculated by averaging the horizontal wind speeds below 1 km
altitude along the black line UO in Fig. 5a. The cross secAtmos. Chem. Phys., 20, 14163–14182, 2020

Results
Radar reflectivity, precipitation, and convective
intensity

We first discuss the evaluation of the baseline simulation
LandAero. The simulation is comprehensively evaluated in
Zhang et al. (2020). Here the comparisons with observed
radar reflectivity and precipitation are included. The composite radar reflectivity at the time of the peak reflectivity of the
storm in Houston shows that LandAero captures the convective cell in Houston, with the maximal radar reflectivity of
58 dBZ, very close to the observed 57 dBZ (Fig. 6a, b). The
modeled convective cell in LandAero has a larger size compared with the radar observations. The contoured frequencyby-altitude diagram (CFAD) over the major storm period
(18:00 UTC 19 June to 00:00 UTC 20 June) shows that the
model overestimates the frequencies of moderate reflectivity (i.e., 15–35 dBZ) over the entire vertical profile (Fig. 7a–
b) but captures the occurrence frequencies of high reflectivity (larger than 45 dBZ) reasonably well. At the upper levels (> 10 km), the model underestimates the large reflectivities (> 35 dBZ), suggesting the model does not get enough
snow. The magnitude of the surface rain rate averaged over
the study area defined by the red box in Fig. 6 from LandAero
agrees with the retrieved value from the NEXRAD reflectivity, with a peak time about 40 min earlier than the observation (Fig. 8a). The probability density function (PDF) of rain
rates shows that LandAero reproduces the occurrence frequencies of low and mediate rain rates well (left two columns
in Fig. 8b) and overestimates the occurrence frequencies of
high rain rates (> 10 mm h−1 ; right two columns in Fig. 8b).
The accumulated precipitation over the time period shown in
Fig. 8a is about 7.2 mm from LandAero and 5.5 mm from observations, with a model overestimation of ∼ 30 % because
of the overestimation of occurrences of high rain rates and a
longer precipitation period.
Without Houston urbanization (i.e., both effects of urban
land and anthropogenic aerosol are removed), the Houston
convective cell is a lot smaller in the area and has reflectivity values of ∼ 7 dBZ lower in general compared with
LandAero and the NEXRAD observation (Fig. 6c vs. 5a–
b). There is almost no radar reflectivity larger than 50 dBZ
in No_LandAero (Fig. 7c), in contrast with the significant
occurrences of reflectivity larger than 50 dBZ in LandAero
and the NEXRAD observation. Those differences are more
clearly shown in Fig. 7f. The peak surface rain rate in
No_LandAero is reduced by ∼ 45 % compared with LandAero and observations (Fig. 8a; black vs. red line), with
the occurrences of large rain rates (> 15 mm h−1 ) reduced
by nearly an order of magnitude (Fig. 8b). In terms of uphttps://doi.org/10.5194/acp-20-14163-2020
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Figure 5. Differences of (a) 2 m temperature (◦ C) and (b) surface sensible heat flux (W m−2 ) between LandAero and No_Land at 16:00 UTC
19 June 2013. Line UO is where the cross section of sea-breeze circulation is examined.

Figure 6. Composite reflectivity (dBZ) from (a) NEXRAD (22:17 UTC), (b) LandAero (21:40 UTC), (c) No_LandAero (21:20 UTC),
(d) No_Land (21:35 UTC), and (e) No_Aero (21:25 UTC) at the time when the maximal reflectivity of the storm in Houston is reached.
Houston is marked as dark grey solid contour based on the land cover data shown in Fig. 3c. The red box is the study area for the Houston
convective cell.

https://doi.org/10.5194/acp-20-14163-2020
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Figure 7. Contoured frequency-by-altitude diagram (CFAD; %) of reflectivity for values larger than 0 dBZ from (a) NEXRAD, (b) LandAero,
(c) No_LandAero, (d) No_Land, and (e) No_Aero. Panels (f)–(h) present the differences of CFAD (%) of reflectivity for (f) LandAero –
No_LandAero, (g) LandAero – No_Aero, and (h) LandAero – No_Land. Data are from the study area (red box in Fig. 6) over 18:00 UTC
19 June to 00:00 UTC 20 June. The vertical dashed line marks the value for the reflectivity of 48 dBZ.

draft intensity, the CFAD plots in Fig. 9a–b show that there
is extremely low or no occurrence for updraft velocity larger
than 15 m s−1 in No_LandAero, while the occurrences of
30 m s−1 still exist in LandAero. There are fewer occurrences
of weak updraft velocities and more occurrences of relatively
strong updraft velocities over the vertical profile (Fig. 9e).
These results indicate the urbanization (i.e., the joint urban
land and aerosol effects) drastically enhances the convective
intensity and precipitation.
Now let us look at the individual effect from the Houston
urban land and anthropogenic aerosols. Fig. 6 shows that the
urban land effect enlarges the storm area (Fig. 6d vs. 5b), but
the aerosol effect is more significant (Fig. 6e vs. 5b). The
CFAD of radar reflectivity in Fig. 7 also shows that changes
Atmos. Chem. Phys., 20, 14163–14182, 2020

in the PDF by the urban land effect are notably smaller than
the anthropogenic aerosol effect. For the occurrence frequencies of high reflectivity larger than 48 dBZ, the change is
mainly from the anthropogenic aerosol effect (Fig. 7f–h).
For precipitation, we do not see an important effect of
urban land on the magnitudes of precipitation rate and the
PDF of rain rate (Fig. 8a–b; No_Land vs. LandAero). The
accumulated rain is about 6.9 mm, which is also not much
different from 7.2 mm in LandAero. By contrast, the anthropogenic aerosol effect increases the peak rate by ∼ 30 %. The
frequency of large rain rates (> 15 mm h−1 ) is increased by
about 5 times (Fig. 8b; No_Aero vs. LandAero). The joint
effect of both urban land and aerosol increases the accumulated rain by ∼ 26 %, the peak rain rates by 45 %, and the
https://doi.org/10.5194/acp-20-14163-2020
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Fig. 8. With both effects removed (No_LandAero), there is
almost a 100 % reduction for the vertical velocity greater than
∼ 15 m s−1 , showing a quite strong enhancement of convective intensity as a result of urbanization, mainly through the
anthropogenic aerosol effects.
3.2

Figure 8. (a) Time series of surface rain rate (mm h−1 ) averaged
over the values larger than 0.25 mm h−1 for the Houston convective cell (red box in Fig. 6) and (b) PDFs (%) of rain rates
(> 0.25 mm h−1 ) from 18:00 UTC 19 June to 00:00 UTC 20 June
2013, from observations, LandAero, No_LandAero, No_Land, and
No_ Aero. The observation is the NEXRAD retrieved rain rate.
Both observation and model data are in every 5 min frequency.

frequency of large rain rates by an order of magnitude (from
No_LandAero to LandAero), suggesting the interactions between the two factors amplify the effect on precipitation, particularly on the large rain rates. Although the Houston urban
land alone does not much affect the magnitude of precipitation, the initial time of the rain is advanced by ∼ 30 min from
No_Land to LandAero (Fig. 8a), indicating that the urban
land effect speeds up the rain formation. The aerosol effect
delays the initial and peaks rain by ∼ 10 min (from No_Aero
to LandAero). This will be further discussed in Sect. 3.2 on
convective evolution.
On convective intensity, the large increases in occurrence
frequencies of the updraft speed greater than 10 m s−1 in the
upper levels by the joint effect are mainly contributed by the
anthropogenic aerosol effect (Fig. 9e, g). Below 6 km, both
the urban land and aerosol effects play evident roles in increasing the occurrences of relatively large updraft speeds
(Fig. 9e–g). The larger anthropogenic aerosol effect is also
clearly seen from the occurrences of maximal vertical velocity: ∼ 30 m s−1 in LandAero but only ∼ 19 m s−1 in No_Aero
when the anthropogenic aerosol effect is removed, whereas
the value is 27 m s−1 in No_Land when the urban land effect is turned off (Fig. 9a, c–d). The large effect of anthropogenic aerosols on convective intensity supports the significant aerosol effects on large precipitation rates as shown in
https://doi.org/10.5194/acp-20-14163-2020

Convective evolution

The urban land effect initiates surface rain about 30 min earlier as discussed above, suggesting that convective cloud development is affected when the urban land effect is considered. We examine the convective evolution for the cell
over Houston using the cell-tracking method described in
Sect. 2. The time evolution of the tracked cell properties is
shown in Fig. 10a–b. Clearly, the urban land effect enhances
the reflectivity and area for the tracked cell over the lifetime (from the black dashed line to black solid line), and
it also accelerates the development to the peak reflectivity
but slows down the dissipation after the peak radar reflectivity is reached (Fig. 10a–b). The anthropogenic aerosols
also enhance the convective cell reflectivity and area throughout the cell life cycle (from the black dotted line to black
solid line), with a much larger effect compared with the urban land effect. The anthropogenic aerosol effect does not
affect the timing of peak reflectivity (dotted vs. solid black
in Fig. 10a–b). The overall reflectivity and cell area properties are shown in Fig. 10c–d, which present a consistent story
with Fig. 10a–b. The baseline simulation LandAero tends to
overestimate the frequency of big cell sizes (200–300 km2 )
and underpredict the frequency of small cell sizes (Fig. 10d).
Since LandAero predicts a similar rain intensity and rain rate
PDF to observations as discussed above, this means that a
larger storm cell than observations is needed to predict a similar precipitation intensity to observations. For this reason,
No_LandAero which predicts much smaller cell size agrees
better with the observations compared with the other simulations purely based on cell size (Fig. 10b, d). However, as
discussed above, other metrics such as peak precipitation rate
and PDF do not support it. It also should be noted that radar
reflectivity in model calculation has a large uncertainty, and
the model’s overestimation can be partly the result of crude
Rayleigh scattering assumptions applied to the model fields.
The model overestimation of radar reflectivity has been commonly found in previous studies at cloud-resolving scales
(Varble et al., 2011, 2014; Fan et al., 2015, 2017).
Since the small and numerous shallow cumulus clouds are
difficult to track with the cell-tracking algorithm and they
are excluded from the above tracking to examine how the
convective storm evolves from the initial shallow cumulus
period, we chose the red box shown in Fig. 6 which contains the Houston cell as the study area. Since the convective storm does not spatially move much with time in this
study, this is a valid way to look at the temporal evolution.
Figure 11 shows the temporal evolution of the maximal total water content (TWC; color contours) at each level and
Atmos. Chem. Phys., 20, 14163–14182, 2020
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Figure 9. CFAD (%) of updraft velocity for values larger than 2 m s−1 from (a) LandAero, (b) LandAero – No_LandAero, (c) LandAero
– No_Land, and (d) LandAero – No_Aero over the study area as shown in the red box in Fig. 6 during the strong convection periods
(60 min duration with 30 min before and after the strongest convection). Panels (e)–(g) present the differences of CFAD (%) of reflectivity
for (e) LandAero – No_LandAero, (f) LandAero – No_Land, and (g) LandAero – No_Aero.

the maximal vertical velocity in the study area (black line).
The convective storm has three distinct periods: warm cloud,
mixed-phase cloud, and deep cloud. The mixed-phase and
deep clouds are defined with a cloud top temperature (cloud
top is defined with TWC > 0.01 g kg−1 at the topmost level)
between 0 and −40 ◦ C and below −40 ◦ C, respectively. The
purple and black dashed lines in Fig. 11 mark the initiation
of mixed-phase and deep clouds, respectively.
As we can see, there is a relatively long warm cloud period
for this case (Fig. 11a). With both the urban land and an-
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thropogenic aerosol effects removed, the cloud development
from the warm cloud to mixed-phase cloud is delayed by
∼ 30 min (Fig. 11d vs. 10a), and so is the development from
the mixed-phase cloud to deep cloud. Comparing Fig. 11a
with Fig. 10b and c, we see that it is mainly the urban land
effect that enhances the development of warm cloud to the
mixed-phase cloud by nearly 30 min, while the aerosol effect
does not affect it (Fig. 11a vs. 10c). However, it is mainly
the aerosol effect that accelerates the development from the
mixed-phase cloud to deep cloud by about 35 min. In the case

https://doi.org/10.5194/acp-20-14163-2020
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Figure 10. Time series of (a) maximum reflectivity (dBZ) and (b) storm area (km2 ) for the tracked convective cell from NEXRAD, LandAero,
No_LandAero, No_Land, and No_Aero. The time window is from 21:40 to 23:00 UTC for observations and from 21:00 to 22:20 UTC for
model simulations. (c) Box–whisker plots of maximum reflectivity and (d) PDFs of averaged storm areas for the Houston cell from NEXRAD,
LandAero, No_LandAero, No_Land, and No_Aero over the respective 80 min time windows as described above. The center line of the box
indicates the median value, and the lower (upper) edge of the box indicates the 25th (75th) percentiles. The whiskers indicate the minimum
and maximum values. The storm area of the tracked cell is defined as the number of grid points with LWP > 50 g m−2 multiplied by the grid
box area (0.5 km × 0.5 km).

of the urban land effect removed (i.e., No_Land; Fig. 11b),
the anthropogenic aerosol effect makes the duration of the
mixed-phase cloud very short – about 35 min shorter relative
to LandAero in which both effects are considered and 75 min
shorter relative to No_Aero in which the aerosol effect is removed but the urban land effect is considered. This is due to
the aerosol invigoration effect in the mixed-phase cloud stage
which will be elaborated on later.
Accompanying the faster development of warm cloud to
mixed-phase cloud by the urban land effect are the stronger
updraft speeds in the warm cloud stage (shown from the maximal updraft velocity in Fig. 11 and the mean of the top 25th
percentile updraft speeds in Fig. 12a). Similarly, for the simulations with the aerosol effect considered (i.e., LandAero
and No_Land), the convection is stronger in the mixed-phase
cloud stage (Fig. 12b), which accelerates the development
into the deep cloud.
Now the questions are (1) how the urban land effect enhances convective intensity at the warm cloud stage and

https://doi.org/10.5194/acp-20-14163-2020

speeds up the cloud development from the warm to mixedphase cloud but slows down the storm dissipation and
(2) how the anthropogenic aerosols increase convective intensity at the mixed-phase cloud stage and accelerate the development of mixed phase into the deep cloud.
For Question (1), Figs. 11a and 13a show that the development of the warm cloud to mixed-phase cloud occurs when
the sea-breeze circulation reaches its peak. Also, the development corresponds to the fastest and largest increase in seabreeze intensity by the urban land effect (Fig. 13a). Anthropogenic aerosol does not seem to affect sea-breeze circulation. The enhanced sea-breeze circulation in the simulations
with the urban land effect considered (i.e., LandAero and
No_Aero) compared with No_Land and No_LandAero corresponds to the increases in surface sensible heat flux and air
temperature at low levels (Fig. 13b, d), which is the so-called
“urban heat island”. The urban heating effect on temperature
is significant up to 0.8 km altitude at its strongest time that
also corresponds to the strongest sea-breeze time (Fig. 14b).
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Figure 11. Time series of maximal total water content (shaded; water vapor is not included) and maximal updraft velocity (black line,
second y axis) over the study area as shown in the red box in Fig. 6
from LandAero, No_LandAero, No_Land, and No_Aero. Brown
horizontal dashed lines denote the freezing level (0 ◦ C) and homogeneous freezing level (−40 ◦ C). The initiation of the mix-phase
cloud and deep cloud is denoted by the purple and black vertical
dashed lines, respectively.

The urban heating enhances convergence in Houston and
at the same time increases the temperature differences between Houston and the Gulf of Mexico, both of which would
contribute to a stronger sea-breeze circulation. Past studies
showed that urban roughness could also enhance low-level
convergence (e.g., Niyogi et al., 2006). However, the majority of the studies indicated that increased surface sensible
heat flux is the main reason for the enhanced convergence
(Liu and Niyogi, 2019; Shimadera et al., 2015).
The stronger sea-breeze circulation transports more water vapor to Houston (Fig. 15). At the time 19:30 UTC
when the sea breeze is strongest, the enhancement is largest
(Fig. 13a), and the temperature contrast between the Houston urban area and the Gulf of Mexico is largest (Fig. 14b),
the low-level moisture in the urban area is clearly higher
in LandAero compared with No_Land (Fig. 15b, color contour), which would help enhance convection. As a result,
the updraft speed of the Houston convective cell is much
larger in LandAero compared with No_Land (Fig. 15b, contoured line). The stronger convection continues even when
Atmos. Chem. Phys., 20, 14163–14182, 2020
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sea breeze dissipates (Fig. 15c) because the heating effect
in the urban area extends to the nighttime until 23:00 UTC
(18:00 LT; Fig. 13c–d). This explains the slower dissipation
of the tracked Houston cell by the urban land effect as shown
in Fig. 10a–b. In a word, the urban heating along with the
strengthened sea-breeze circulation induced by the urban
heating enhances convection at the warm cloud stage and
speeds up the development from the warm to mixed-phase
cloud, and the temporally extended urban heating effect leads
to a slower dissipation of the convective cell.
For Question (2), which is about how anthropogenic
aerosols increase convective intensity at the mixed-phase
cloud stage and accelerate the development of mixed-phase
cloud into deep cloud, Fig. 12b shows that the anthropogenic
aerosol effect on updraft speeds becomes notable at the
mixed-phase cloud stage, and the effect is doubled compared
with the urban land effect in the mixed-phase regime (6–
9 km altitudes). This corresponds to the increased net buoyancy (Fig. 16a, black lines) at those levels from No_Aero
to LandAero, which is mainly because of the increased thermal buoyancy as a result of enhanced condensational heating since the offset effect of condensate loading is small
(Fig. 16a) (Fig. 16c, blue lines). The condensational heating increase is most significant at the 3–5 and 6–9 km altitudes, corresponding to notably increased secondary droplet
nucleation of small aerosol particles which are not able to be
activated at the cloud base (Fig. 16e). In this case, aerosols
with a diameter smaller than 80 nm but larger than 39 nm (the
smallest size in the four-sectional MOSAIC), which account
for about two-thirds of the total simulated aerosols, are not
activated around cloud bases. All of them can be activated in
the strong updrafts (Fan et al., 2018). This strong secondary
nucleation leads to increased droplet number and mass by
the anthropogenic aerosol effects (from No_Aero to LandAero; Fig. 17a, c). To recap, the anthropogenic aerosols enhance updraft velocity at the mixed-phase cloud stage mainly
through enhanced condensation heating (i.e., “warm-phase
invigoration”) as a result of nucleating small aerosol particles below 60 nm which are transported to higher levels. Enhanced secondary nucleation promotes condensation because
of a larger integrated droplet surface area associated with
a higher number of small droplets (Fan et al., 2007, 2013,
2018; Khain et al., 2012; Sheffield et al., 2015; Lebo, 2018).
Thus, the stronger convection speeds up the development of
mixed-phase cloud into deep cloud from No_Aero to LandAero. For the same reason, a similar acceleration is seen
in No_Land compared with No_Aero and No_LandAero
because the anthropogenic aerosol effect is considered in
No_Land.
Grabowski and Morrison (2020) interpreted this warmphase convective invigoration at low levels by aerosols in
a different way. They argued that supersaturation (S) in updrafts rapidly, within a few seconds, approaches the quasiequilibrium supersaturation (Seq ). With this quasi-steady assumption (S ≈ Seq ), the condensation rate and buoyancy only
https://doi.org/10.5194/acp-20-14163-2020
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Figure 12. Vertical profiles of updraft velocity averaged over the top 25 percentiles (i.e., 75th to 100th) of the updrafts with a value greater
than 2 m s−1 from the simulations LandAero, No_LandAero, No_Land, and No_Aero over the study area at the (a) warm cloud, (b) mixedphase cloud, and (c) deep cloud stages. The dotted line denotes the freezing level (0 ◦ C).

Figure 13. Time series of (a) sea-breeze wind speed (m s−1 ),
(b) surface sensible heat flux (W m−2 ), (c) surface latent heat flux
(W m−2 ), and (d) 2 m temperature (◦ C) from LandAero, No_Land,
No_Aero, and No_LandAero. Sea-breeze winds are averaged over
the horizontal winds along line U O (Fig. 5a) from O to U below
1 km. Heat fluxes and temperature are averaged over the study area.

https://doi.org/10.5194/acp-20-14163-2020

depend on updraft velocity, not droplet number and size.
Thus they concluded that the lower quasi-equilibrium supersaturation in the polluted case than the pristine case is the
reason for enhanced buoyancy and updraft velocity, not the
enhanced condensation. The problem is that the quasi-steady
approximation is invalidated for updrafts where droplet concentrations are low or droplets are growing and their sizes
are changing based on the explicit solution of supersaturation (Korolev and Mazin, 2003). The explicit theoretical solution of supersaturation showed that condensation depends
on droplet number and size besides updraft speeds (Pinsky
et al., 2013). Here in this study the quasi-equilibrium supersaturation in the updrafts is generally 2–3 times higher
than the true supersaturation, and the phase relaxation time is
generally above 10 s above 3 km altitude in the case without
anthropogenic aerosols and about 60 s when droplet number
is 10 cm−3 , which occurs frequently in the convective cores
where autoconversion and rain accretion are strong.
At the deep cloud stage, the anthropogenic aerosol effect becomes more significant compared with that in the
mixed-phase cloud stage (Fig. 12c vs. 11b), particularly at
the low levels. We can still see the enhancement of convective intensity by the urban land effect, although the seabreeze difference is relatively smaller at this stage, as explained above. The larger aerosol effect at the deep cloud
stage compared with the mixed-phase cloud stage is because
the secondary droplet nucleation above the cloud base becomes larger (Fig. 16f). More aerosols getting activated is the
result of higher supersaturation since (a) updrafts are stronger
than the mixed-phase cloud stage and (b) more rain forms
and removes droplet surface area for condensation (Fan et
al., 2018). As a result, the latent heating from condensation
and then the thermal buoyancy is increased in a larger magnitude (Fig. 16b, d), and thus a larger aerosol impact is seen
at the deep cloud stage. The invigorated deep convection has
up to 2 times more ice particle number concentration and
30 % larger ice particle mass mixing ratio (Fig. 17b, d), with
the maximal cloud top height increased by ∼ 1 km. The en-
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Figure 14. Vertical cross sections of temperature (◦ C; shaded) and wind vectors (m s−1 ) along the line UO in Fig. 5a for LandAero (left)
and No_Land (right) at (a) 17:00, (b) 19:30, and (c) 21:30 UTC. The bars with stripes and waves on the x axis represent the urban land and
water body in the Gulf of Mexico, respectively.

hanced ice number and mass concentrations also partially result from the freezing of more droplets that are being transported from low levels (Rosenfeld et al., 2008), as suggested
by the increased latent heating associated with the ice-phase
processes (Fig. 16d), but this is not the major mechanism for
the large aerosol effects on convective intensity in this case.
Note that both ACI and ARI are considered in the aerosol
effects we discussed above, and the results above suggest
ACI plays a key role in invigorating convection. To confirm
that, we conducted two additional sensitivity tests by turning off ARI based on LandAero and No_Aero, referred to as
LandAero_ACI and No_Aero_ACI, respectively. The differences in precipitation and convective intensity between LandAero_ACI and No_Aero_ACI (i.e., the ACI effect) are only
slightly smaller than the differences between LandAero and
No_Aero (i.e., the total aerosol effect). This confirms that
ACI is the major factor responsible for the convective invigoration and precipitation enhancement by aerosols.
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4

Conclusions and discussion

We have investigated the Houston urbanization effects on
convective evolution, convective intensity, and precipitation
of a sea-breeze-induced convective storm using WRF-Chem
coupled with SBM and the BEM-BEP urban canopy model.
The baseline simulation with the urbanization effects considered was extensively evaluated in Zhang et al. (2020) in
aerosol and CCN, surface meteorological measurements, reflectivity and precipitation, and in this study in Houston cell
reflectivity and precipitation. The simulated convective storm
in Houston was shown to be consistent with the observed
maximal radar reflectivity and peak precipitation intensity
and PDF, despite the peak precipitation time being about
∼ 40 min earlier. The accumulated rain is overestimated by
the baseline simulation due to the longer rain period.
Model sensitivity tests were carried out to examine the
joint and respective effects of urban land and anthropogenic
aerosols as a result of Houston urbanization on convective
https://doi.org/10.5194/acp-20-14163-2020
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Figure 15. Vertical cross sections of water vapor mixing ratio (g kg−1 ; shaded), updraft velocity (contour lines are 2, 6, and 11 m s−1 ), and
wind vectors along the line UO in Fig. 5a for LandAero and No_Land at (a) 17:00, (b) 19:30, and (c) 21:30 UTC.

evolution and precipitation. We find that the joint effect of
Houston urban land and anthropogenic aerosols enhances the
storm intensity (by ∼ 60 % in the mean of the top 25 percentiles in the deep cloud stage), radar reflectivity (by up to
10 dBZ), peak precipitation rate (by ∼ 45 %), and the accumulated rain (by ∼ 26 %), with the anthropogenic aerosol
effect more significant than the urban land effect overall.
The anthropogenic aerosol effect increases the peak precipitation rate by ∼ 30 % and the frequency of large rain rates
(> 15 mm h−1 ) by about 5 times. Although the urban land
effect alone (under the condition of the existence of anthropogenic aerosols) does not impact the peak precipitation rate
and the frequency of large rain rates much, its interaction
with aerosol effects leads to an increase in the peak rain rates
by 45 % and the frequency of large rain rates by an order of
magnitude. Therefore, the interactions between the two factors amplify the effect on precipitation, particularly on the
large rain rates, emphasizing the importance of considering
both effects in studying urbanization effects on convective
clouds and precipitation.
https://doi.org/10.5194/acp-20-14163-2020

The Houston urban land effect affects the convective evolution, making the initiation of mixed-phase cloud and surface rain ∼ 30 min earlier because of the strengthened seabreeze circulation as a result of urban heating. It also slows
down the dissipation of convective storms because the urban
heating extends to late afternoon and evening. The aerosol
effect from Houston anthropogenic emissions overall invigorates convection and precipitation, with ACI dominant. The
ACI effect is mainly through enhanced condensation (socalled “warm-phase invigoration”) by activating numerous
small aerosol particles at higher levels above the cloud base.
This invigoration is notable starting from the mixed-phase
cloud stage and becomes more significant at the deep cloud
stage. The enhanced convective intensity in the mixed-phase
cloud stage by aerosols accelerates the development of convective storms into the deep cloud stage by ∼ 40 min, which
is significant for thunderstorms since the storm duration is
only a few hours.
This study improves our understanding of how Houston
urban land and anthropogenic aerosols jointly shape thunderAtmos. Chem. Phys., 20, 14163–14182, 2020
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Figure 17. Vertical profiles of (a–b) number mixing ratio (mg−1 )
and (c–d) mass mixing ratio (g kg−1 ) of cloud droplets (blue), raindrops (red) and ice particles (green) averaged over the top 25 percentiles (i.e., 75th to 100th) of the updrafts with a value greater
than 2 m s−1 from the simulations LandAero and No_Aero in the
study area during the mixed-phase cloud (a, c) and deep cloud (b, d)
stages.

Figure 16. Vertical profiles of (a–b) buoyancy terms (m s−2 ; red
for thermal buoyancy, blue for condensate loading and black for
total buoyancy), (c–d) latent heating (K h−1 ) from condensation
(blue), deposition (red), drop freezing (orange), and riming (green),
and (e–f) droplet nucleation rate (mg−1 s−1 ) averaged over the top
25 percentiles (i.e., 75th to 100th) of the updrafts with a value
greater than 2 m s−1 from the simulations LandAero and No_Aero
in the study area during the mixed-phase cloud (a, c, e) and deep
cloud (b, d, f) stages.

storms in the region. Our findings of the relative importance
of the urban land effect vs. anthropogenic aerosol effects are
consistent with some of the previous studies, which showed
that for coastal cities, the anthropogenic aerosol effect on
precipitation was relatively more important than the urban
land effect (Liu and Niyogi, 2019; Ganeshan et al., 2013;
Ochoa et al., 2015; Hu et al., 2019b). The low background
aerosol concentration in coastal cities is one of the factors
responsible for the significant aerosol effect. In Houston, another factor would be the warm and humid meteorological
conditions, in which aerosols were shown to invigorate conAtmos. Chem. Phys., 20, 14163–14182, 2020

vective clouds in many previous studies as reviewed in Tao
et al. (2012) and Fan et al. (2016).
To simulate aerosol–deep convective cloud interactions,
there are a few key modeling requirements as summarized
in Fan et al. (2016), such as (1) prognostic supersaturation
being needed for secondary aerosol activation, condensation, and evaporation calculations, (2) hydrometeor size distributions needing to be prognostic to physically simulate
the responses of microphysical processes to CCN changes,
and (3) aerosols needing to be prognostic, and fixed aerosol
concentrations gave unrealistic cloud properties and qualitatively changed aerosol impacts on convective intensity (Fan
et al., 2012). With the SBM used in this study, all these
criteria are satisfied. Furthermore, for (3), we are prognosing not only aerosol numbers, but also aerosol composition
and size distribution, by coupling the SBM with the chemistry and aerosol components. With this coupling, the spatial heterogeneity of aerosols is considered. Also, aerosol regeneration and wet removal processes can be more physically accounted for compared with the WRF-Chem with twomoment bulk schemes (Gao et al., 2016). The spatial heterogeneity of aerosols was shown to play an important role in
simulating a torrential rain event observed over Seoul, Korea
(Lee et al., 2018). However, bin schemes also have uncertainhttps://doi.org/10.5194/acp-20-14163-2020
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ties in representing ice-related processes, mainly due to our
poor understanding of convective microphysics such as ice
nucleation and riming processes. In particular, the conversions between different ice categories are also determined by
threshold sizes or masses. However, those uncertainties are
not expected to qualitatively change the warm-phase invigoration mechanism which occurs via enhanced condensation.
In the companion paper, Zhang et al. (2020), we carried out a
small number of ensemble simulations for the anthropogenic
aerosol effects for the same case, and the results are consistent with this study, indicating this mechanism is robust with
the initial thermodynamic and dynamic perturbations. More
sophisticated uncertainty qualifications can be done in future
with a larger number of ensembles when computer power becomes more advanced.
The finding that the urban land effect enhances sea-breeze
circulation, which transports more moisture into the urban
area and enhances convection and precipitation, is consistent with previous studies, such as Ryu et al. (2016) for
the Baltimore–Washington metropolitan area and You et
al. (2019) for the Pearl River Delta (PRD) region.
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