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Abstract. Deep convection initiated under different large-scale environmental conditions exhibits different pre-
cipitation features and interacts with local meteorology and surface properties in distinct ways. Here, we analyze
the characteristics and spatiotemporal patterns of different types of convective systems over southeastern Texas
using 13 years of high-resolution observations and reanalysis data. We find that mesoscale convective systems
(MCSs) contribute significantly to both mean and extreme precipitation in all seasons, while isolated deep con-
vection (IDC) plays a role in intense precipitation during summer and fall. Using self-organizing maps (SOMs),
we found that convection can occur under unfavorable conditions without large-scale lifting or moisture con-
vergence. In spring, fall, and winter, front-related large-scale meteorological patterns (LSMPs) characterized by
low-level moisture convergence act as primary triggers for convection, while the remaining storms are asso-
ciated with an anticyclonic pattern and orographic lifting. In summer, IDC events are mainly associated with
front-related and anticyclonic LSMPs, while MCSs occur more in front-related LSMPs. We further tracked the
life cycle of MCS and IDC events using the Flexible Object Tracker algorithm over southeastern Texas. MCSs
frequently initiate west of Houston, traveling eastward for around 8 h to southeastern Texas, while IDC events
initiate locally. The average duration of MCSs in southeastern Texas is 6.1 h, approximately 4.1 times the dura-
tion of IDC events. Diurnally, the initiation of convection associated with favorable LSMPs peaks at 11:00 UTC,

3 h earlier than that associated with anticyclones.

1 Introduction

Deep convection is a major contributor to annual total precip-
itation and a source of very high intensity rainfall over coastal
Texas (Feng et al., 2021; Li et al., 2021a; Houze, 2004). Deep
convection can form as isolated deep convection (IDC) or
grow into mesoscale convective systems (MCSs) under fa-
vorable thermodynamic and dynamic environmental condi-
tions. IDC events are typical convective storms that can reach
on the order of tens of kilometers in horizontal scale, whereas
MCSs are convective systems with a contiguous precipita-
tion feature area on the order of 100 km or more in horizon-
tal scale (Houze, 2004). Generally, MCSs have a longer du-
ration, broader spatial coverage, and stronger precipitation.
Rowe et al. (2012) reported that MCSs produce, on average,
approximately 3 times the total precipitation amount of IDC

events over northwestern Mexico. The MCS mean precipi-
tation intensity is over 7 times higher than the precipitation
intensity of non-MCS events during the warm season over
the central US (Hu et al., 2021). Moreover, strong seasonal
variations have been found in both the frequency and inten-
sity of convective precipitation due to the varying large-scale
and local environmental conditions (Rowe et al., 2012; Feng
etal., 2019).

Located in southeastern Texas, Houston is the fifth most
populous metropolitan area in the US. The city has been
frequently threatened by severe floods and hail associated
with convective storms (e.g., Brody et al., 2018; Collins
et al., 2018; Nielsen and Schumacher, 2019; Valle-Levinson
et al., 2020; Pryor et al., 2023). The predominant synoptic
processes that affect convection initiation over southeastern
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Texas include the Bermuda High and Great Plains low-level
jet (GPLLJ) (Zhu and Liang, 2013; Wang et al., 2016; White-
man et al., 1997). The Bermuda High is a semipermanent
high-pressure system forming over the Atlantic Ocean, of-
ten in late spring. The GPLLJ refers to the climatological
southerly wind that brings moisture from the Gulf of Mexico
to the Great Plains, featuring a maximum wind speed in the
lowest 1 km of the atmosphere (Whiteman et al., 1997; Berg
et al., 2015; Yang et al., 2020). On the one hand, the GPLLJ
can be enhanced by the strong pressure gradient created by
the west flank of the Bermuda High during its westward ex-
tension (Hodges and Pu, 2019; Wimhurst and Greene, 2019),
which is favorable for convection development; on the other
hand, the westward extension of the Bermuda High can cre-
ate subsidence over southeastern Texas, suppressing convec-
tion (Small and De Szoeke, 2007).

Southeastern Texas is characterized by high annual precip-
itation, attributable to its abundant moisture from the Gulf
of Mexico, with significant seasonal variation (Statkewicz
et al., 2021). This area is prone to intense convective storms
in summer; these events are driven by sea breeze and daytime
surface heating as well as the impacts of tropical cyclones
during the hurricane season (Caicedo et al., 2019; Darby,
2005). The winter season is typically marked by rainfall from
cold fronts, while spring can see severe weather events like
thunderstorms and, occasionally, tornadoes (Prat and Nel-
son, 2014). Nocturnal thunderstorms are common due to the
warm, moist air transported by the GPLLJ from the Gulf of
Mexico (Day et al., 2010). Meanwhile, urban development
in the Houston metropolitan area exacerbates flooding risks
by reducing the natural land absorption capacity (Van Olden-
borgh et al., 2017; Chang et al., 2007; Burian and Shepherd,
2005). Precipitation patterns are influenced by both large-
scale and local factors, such as urbanization and sea breezes.
The primary aim of this study is to isolate the impact of
large-scale circulations on various convective systems, dis-
tinguishing the aforementioned impact from other contribut-
ing factors, and to pinpoint the large-scale conditions that
promote the development of sea-breeze circulations. To un-
derstand the role of large-scale and local factors that impact
convection initiation and development, Wang et al. (2022)
isolated the influence of large-scale meteorology from micro-
physical and mesoscale influences, with a focus on summer
climate over southeastern Texas. They identified four large-
scale meteorological patterns (LSMPs), namely pre-trough,
post-trough, anticyclone, and transitional regimes, character-
ized by the location and strength of the Bermuda High and
GPLLJ. Both the Bermuda High and GPLLJ are seasonally
varying systems that exert different impacts on different type
of convection.

In this study, we extend the analysis from summer to all
four seasons and separate LSMPs associated with MCSs and
IDC. Using a convection dataset (Li et al., 2021a), we in-
vestigate the track trajectories under various LSMPs, as the
track properties are influenced by the land surface and me-
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teorological conditions along their pathways. Moreover, we
apply a cell-tracking method (Feng et al., 2022) to the Next-
Generation Radar (NEXRAD) system to obtain fine-scale
(500 m) track features (e.g., initiation location and timing)
over Houston. We then assess the variation in these fine-scale
features with LSMPs. Specifically, we address the following
questions in this study:

1. How much do various precipitation types contribute to
the seasonal rainfall in southeastern Texas?

2. How do different LSMPs affect various types of convec-
tive precipitation across different seasons?

3. How do LSMPs influence the trajectories and associated
MCS and IDC statistical properties?

The rest of the paper is organized as follows: Sect. 2 de-
scribes the dataset and methodology, including the applica-
tion of a convection dataset; Sect. 3 presents the results on
the features of different types of convection over southeastern
Texas, linking convection to corresponding LSMPs, and the
tracking of convective systems; Sect. 3 also outlines an anal-
ysis that focuses on the Houston metropolitan area to study
fine-scale characteristics; Sect. 4 presents the summaries the
conclusions.

2 Data and methods

This study utilizes a suite of existing datasets to investigate
the nature of convective systems over southeastern Texas,
including a convection dataset and NEXRAD to character-
ize convective systems and a reanalysis dataset to identify
LSMPs.

2.1 Convection dataset over the US

The convection dataset used in this study is a high-resolution
(4 km, hourly) observational product that covers the US east
of the Rocky Mountains from 2004 to 2017. This dataset con-
tains the detailed classification, tracking, and characteristics
of MCS and IDC events (Li et al., 2021a) and is available at
https://doi.org/10.25584/1632005. The dataset is developed
by utilizing the Storm Labeling in Three Dimensions (SL3D)
algorithm (Starzec et al., 2017) and an updated flexible ob-
ject tracker (Feng et al., 2023; Li et al., 2021a) algorithm
based on various datasets, including the National Centers for
Environmental Prediction (NCEP)/Climate Prediction Cen-
ter (CPC) L3 4 km Global Merged IR V1 brightness temper-
ature dataset (Janowiak et al., 2017), the three-dimensional
(3D) Gridded NEXRAD dataset (Bowman and Homeyer,
2017), and the NCEP Stage IV precipitation dataset (Du,
2011). Cold-cloud systems (CCSs) are first identified at each
hour by searching for cold-cloud cores (regions with a cloud-
base temperature 7i, < 225 K). The cold-cloud cores are aug-
mented with contiguous areas satisfying Ty, <241 K. Cloud
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systems with 225K < T, < 241K are also labeled as CCSs
if they form a contiguous area of at least 64 km?. Then,
the CCSs identified in 2 consecutive hours are linked if
their spatial overlaps are greater than 50 %. The resultant
CCSs, precipitation features (PFs), and convective core fea-
tures (CCFs) are used to categorize precipitating systems
into MCS, IDC, and non-convective systems (Feng et al.,
2023; Li et al., 2021a). An MCS event is defined if it sat-
isfies the following criteria: (1) there is at least one pixel
of cold-cloud core during the whole life cycle of the track,
(2) CCS areas associated with the track surpass 60 000 km?
for more than 6 continuous hours, and (3) a PF major axis
length exceeding 100 km and intense convective cell areas of
at least 16km? exist for more than 5 consecutive hours. For
the non-MCS tracks, an IDC event is defined with the follow-
ing two criteria: (1) a CCS with at least 64 km? is detected,
and (2) there is at least 1 h during the life cycle of the track
when PFs and CCFs are present (PF and CCF major axis
lengths >4 km). Li et al. (2021a) discussed the impact of the
chosen threshold in separating MCSs and long-lasting IDC
events, and they concluded that the current criteria capture
the spatial distribution and essential characteristics of MC-
S/IDC precipitation well. This dataset provides 3D informa-
tion on the life cycle of each MCS/IDC event, including its
spatial coverage, radar echo-top heights, precipitation char-
acteristics, convective core area, and propagation speed. Fol-
lowing Li et al. (2021b), this study further separates tropical
cyclones (TCs) and associated precipitation from the convec-
tion dataset using the historical and most recent TCs obtained
from the IBTrACS (International Best Track Archive for Cli-
mate Stewardship) version 4.0 dataset (Knapp et al., 2010)
with the following approach:

a. MCS/IDC tracks with their cold clouds overlapping
with a TC at any time during its life cycle are consid-
ered parts of the TC.

b. Any non-MCS/IDC clouds overlapping with a TC are
included as parts of the TC.

c. All grid cells overlapping with a TC at any given time
are parts of the TC at that specific time. Finally, we can
distinguish the precipitation type of each precipitating
grid cell based on the combined dataset — MCS, IDC,
TC, or non-convective systems.

2.2 NEXRAD data at KHGX

The 4km and hourly convection dataset can potentially
overlook many isolated convective events with a lifetime
and spatial extent smaller than these scales. We track and
characterize fine-scale convection using a radar located in
Houston (KHGX). The original Level-II reflectivity is ob-
tained from Amazon Web Services (https://registry.opendata.
aws/noaa-nexrad, last access: October 2022) from 2004
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to 2017 at approximately 5min intervals and is interpo-
lated from antenna coordinates to Cartesian coordinates
at 500m x 500m x 500m (x x y x z) grid spacing using
Py-ART (https://arm-doe.github.io/pyart, last access: 5 Jan-
uary 2024). Then, we apply the open-source Python Flex-
ible Object Tracker (PyFLEXTRKR, available from https:
//github.com/FlexTRKR/PyFLEXTRKR, last access: 5 Jan-
uary 2024) algorithm (Feng et al., 2023) to identify and track
convective cells from the gridded radar data.

Convective cells are identified in PYFLEXTRKR using a
modified Steiner et al. (1995) algorithm based on horizontal
radar reflectivity texture. We used composite (column max-
imum) radar reflectivity to compute horizontal peakedness
(i.e., the difference between a grid point reflectivity and its
surrounding background reflectivity) and identify convective
cells, similar to the approach described by Feng et al. (2022).
Radar reflectivities less than 500 m above terrain are removed
to reduce clutter contamination. The various thresholds used
to define convective cells for tracking are the same as those
used in Feng et al. (2022). A convective grid point is de-
fined as its difference in composite reflectivity (AZ) from
the background reflectivity (Zpkg, horizontal mean reflectiv-
ity within 11 km radius), which is described below:

oy [10-cos (T ). Zing = 0aBZ
0 Zpkg > 60dBZ.

The main purpose of the adjusted thresholds is to better
identify individual deep convective cell initiation in a variety
of situations (e.g., isolated convection in summer, convec-
tive cells embedded in MCSs) compared with those used in
Steiner et al. (1995). Such adjustments are similar to those
used for the study of convective cell growth observed dur-
ing the CACTI (Cloud, Aerosol, and Complex Terrain In-
teractions) field campaign in central Argentina (Feng et al.,
2022; Varble et al., 2021). The 500 m grid spacing of the
Cartesian NEXRAD radar data is the same as the attenuation-
corrected C-band radar data used in CACTI. The convective
grid points are then expanded outward into surrounding grids
using a Zpkg-dependent radius step function to define con-
vective cells. Lastly, each convective cell is expanded out-
ward by a 5 km radius from the center of the cell to increase
the footprints for the convective cells for tracking. While the
step function influences the area of the convection cell, we
only use KHGX radar to study the location and time of con-
vection initiation. Figure 1 shows an example of cell tracking
based on KHGX radar reflectivity.

2.3 ERAS reanalysis

The European Centre for Medium-Range Weather Forecast-
ing fifth-generation reanalysis (ERAS; Hersbach et al., 2020)
is utilized to perform the large-scale meteorological pat-
tern classification. The hourly variables for the period of
2004-2017 at a horizontal resolution of 0.25° x 0.25° are
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Figure 1. Example of cell tracking. Shadings are radar reflectivity, circles are the areas of CCSs, dots indicate the center of the CCSs, and

numbers are the cell IDs.

obtained from https://www.ecmwf.int/en/forecasts/dataset/
ecmwf-reanalysis-v5 (last access: October 2022). The hori-
zontal wind fields (u, v) and specific humidity (¢) at 925 hPa
are used to classify LSMPs, following Song et al. (2019). We
also tested using the vertically integrated moisture conver-
gence instead of specific humidity, which shows consistent
results. Once the LSMPs have been identified, other fields,
including 2 m temperature, geopotential height, and vertical
velocity, are used to characterize the overall environmental
conditions for the LSMPs.

2.4 Self-organizing maps (SOMs)

An SOM is an artificial neural network employed for cluster
analysis that projects the high-dimensional data to a visu-
ally comprehensible 2D map (Vesanto and Alhoniemi, 2000;
Song et al., 2019). Hourly u, v, and g values are normalized
by removing the long-term mean and standard deviation at
each hour to give each variable equal weights. In the SOM
training phase, the initial nodes for SOM clustering are se-
lected from the leading four empirical orthogonal functions
of the input vector (u, v, and ¢g). Then, input vectors are pre-
sented on the map to find the best-matching unit (BMU),
which is the node with the smallest Euclidean distance to
the input vector. The BMU and its neighboring nodes are ad-
justed toward the input vector to better represent the data dis-
tribution. A neighborhood function is applied to determine
the number of neighborhood nodes to be adjusted and the
strength of adaption, depending on the order number of the
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current iteration and the distance between the neighborhood
node and the BMU.

The SOM analysis is performed over the 15-50°N, 120—
70° W domain using the ERAS data. In contrast to Wang et al.
(2022), who used all hours to train the SOM model, we only
use the first hour of MCS/IDC tracks that produce precipita-
tion in the southeastern Texas area (28—-32° N, 97-93° W) to
focus only on the large-scale environmental conditions that
are associated with convection initiation in that region. The
environment at the initiation is targeted to minimize the ef-
fect of convection feedback to the large-scale environment
(Song et al., 2019). The convection initiation hours are then
grouped into two sets — one only with IDC initiation and
another with MCS initiation — so that the large-scale envi-
ronmental conditions associated with IDC and MCS initia-
tion are separated. We consider the periods of March—-May
(MAM), June—August (JJA), September—November (SON),
and December—February (DJF) to construct a training dataset
for each season. Choosing an appropriate number of SOM
nodes to prescribe requires balancing the trade-off between
distinctiveness and robustness (Liu et al., 2023, 2022; Huang
et al., 2022). Song et al. (2019) found that clustering the
convection-associated weather patterns over the Great Plains
using four nodes resulted in distinct large-scale environments
while minimizing redundant nodes. They also discovered
that the results were not sensitive to the domain size. In this
study, a similar domain to that employed in Song et al. (2019)
is used to conduct SOM analysis in order to capture the inter-
action between the Bermuda High, GPLLJ, and midlatitude

https://doi.org/10.5194/acp-24-8165-2024
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Figure 2. Mean (a—d) and anomalous (e-h) wind vector (m sfl) and specific humidity (g kgfl) at 925 hPa for each season. Wind vectors
and specific humidity below the terrain are masked out. The anomaly is the difference between the hours with MCS- or IDC-associated
precipitation in southeastern Texas and the climatology. The southeastern Texas area is marked by the purple box (28-32° N, 97-93°W).

atmospheric waves. Therefore, we chose four nodes for each
season. Lastly, the KHGX radar data are projected onto the
four LSMPs by matching the hours in each LSMP in sum-
mer to investigate the fine-scale convection. For each SOM
cluster, the meteorological patterns are determined by a com-
posite average of the hours within that cluster. Each cluster is
named according to the characteristics of the large-scale cir-
culation and those from previous studies (e.g., Wang et al.,
2022).

3 Results
3.1 Precipitation features and associated large-scale
environments

To elucidate the role of the large-scale environment on pre-
cipitation over southeastern Texas (indicated by the purple
box in Fig. 2), the climatological mean and anomalies (devi-
ation from the climatology) in wind and moisture at 925 hPa
are shown in Fig. 2. The GPLLJ, transporting a substantial
amount of moisture from the Gulf of Mexico to the southern
Great Plains, is a seasonal feature that varies throughout the
year, affected by factors including pressure and temperature
gradients, upper-level wave patterns, and land surface prop-
erties (Bonner, 1968; Weaver and Nigam, 2008; Yang et al.,
2020). During spring and summer, the gradient between the
high pressure over the Rocky Mountains and the low pres-
sure over the Gulf of Mexico combined with the warm sur-
face temperature enhances the GPLLJ (Fig. 2a, b). In fall,
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the GPLLJ tends to weaken even further as the temperature
difference between the Gulf of Mexico and Great Plains de-
creases (Fig. 2c). In winter, the GPLLJ is typically weak-
est, but it can still affect the weather patterns in southeast-
ern Texas (Fig. 2d) (Weaver and Nigam, 2008). At the upper
levels (200 hPa), southeastern Texas is located southeast of a
large-scale trough during spring, fall, and winter that is favor-
able to upward motion (Fig. 3a, c, d). In contrast, the region is
occupied by a high-pressure ridge in summer that contributes
to convection inhibition (Fig. 3b).

When precipitation occurs, anomalous cyclonic flow
roughly centered over southeastern Texas is observed. The
magnitude of moisture anomaly varies and is found to be
weakest in summer and strongest in fall and winter (Fig. 2),
consistent with previous studies (Feng et al., 2016; Geerts
et al., 2016; Haberlie and Ashley, 2018). Furthermore, south-
eastern Texas is situated between an anomalous upper-level
trough and ridge, suggestive of mid-level upward motion.
The upper-level anomalies are strongest in fall and winter,
followed by spring, but insignificant in summer (Fig. 3). Lo-
cal thermodynamic factors become important in driving sum-
mertime convection because of the absence of large-scale
anomalies (Wang et al., 2022).

We analyze the statistical precipitation features during
four seasons (Fig. 4, Table 1). The largest precipitation rate
(over the entire period) is observed in summer (3.9 mm d—h,
followed by fall (3.4 mmd~"), spring (3.3 mmd~"), and win-
ter (2.8 mmd~!). MCSs are the primary contributor to the
mean precipitation in all seasons, accounting for 66.5 %,

Atmos. Chem. Phys., 24, 8165-8181, 2024
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Figure 3. The same as Fig. 2 but for the wind vector (m s~ 1) and geopotential height (m) at 200 hPa.

Table 1. Statistics of precipitation features including the mean precipitation, precipitation intensity, and the contribution of different precip-
itation types.

Season Precip. Mean Mean precip.  Contribution Contribution to total extreme precip. (%)

type precip. intensity  to total mean  Extreme daily precip. ‘ Extreme hourly precip.

(mmd~1) (mmh~™!)  precip. (%) Topl%  Top5% | Top1% Top 5%

Spring MCS 2.2 4.8 66.5 71.7 75.8 88.3 83.1
IDC 0.5 2.7 13.7 25 54 8.6 10.2
TC 0 0 0 0 0 0 0
NC 0.7 1.2 19.8 19.8 18.8 3.1 6.7
Summer MCS 1.3 44 334 345 39.8 45.4 413
IDC 1.2 4.0 31.7 6.2 155 35.7 37.1
TC 0.4 4.7 11.0 36.9 222 14.0 12.4
NC 0.9 1.5 239 224 22.5 4.9 9.2
Fall MCS 1.4 4.9 41.1 41.9 42.7 54.5 49.3
IDC 0.6 39 18.9 6.5 11.0 26.6 26.2
TC 0.2 5.0 6.9 12.3 10.1 7.1 7.0
NC 1.1 1.6 33.1 39.3 36.2 11.8 17.5
Winter MCS 1.3 4.0 473 49.9 49.6 70.0 64.1
IDC 0.4 2.1 14.8 4.4 8.9 14.6 16.6
TC 0 0 0 0 0 0 0
NC 1.1 1.2 37.9 45.7 41.5 154 19.3

Note: precip. stands for precipitation. MCS, IDC, TC, and NC stand for mesoscale convective system, isolated deep convection, tropical cyclone, and
non-convection, respectively. The top 1 % and 5 % of daily and hourly precipitation are calculated as precipitation greater than 99th and 95th percentiles
on the respective timescales.

33.4%, 41.1 %, and 47.3 % of the precipitation amount, in ing on long-lived MCSs east of the Rocky Mountains (Feng
spring, summer, fall, and winter, respectively. In general, the et al., 2019). In addition to MCSs, IDC events contribute

relative amount of MCS-associated precipitation over south- 31.7 % of summer precipitation, and non-convection (NC)
eastern Texas in each season is consistent with the findings contributes 23.9 %, 33.1 %, and 37.9 % of precipitation in
over the southern Great Plains in a previous study focus- summer, fall, and winter, respectively, especially in the east-
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Figure 4. Mean precipitation amount (mmd™— 1) in each season and for each precipitation type. The purple rectangle indicates the southeastern
Texas area to calculate the statistics. MCS, IDC, TC, and NC stand for mesoscale convective system, isolated deep convection, tropical

cyclone, and non-convection, respectively.

ern part of the coastal region. TCs contribute around 10 % of
total precipitation in summer and fall but are rarely observed
in spring and winter.

The coastal region experiences more intense precipita-
tion than inland areas. Precipitation intensities are similar in
spring, fall, and summer (ranging from 2.8 to 3.0mmh~")
but weaker in winter (2mmh~') (Fig. 5, Table 1). Of the
four precipitation types, MCSs bring intense precipitation in
all seasons (ranging from 4.0 to 4.9 mmh~"!). IDC events
produce intense precipitation in both summer and fall (mean
precipitation intensities of 4.0 and 3.9 mmh™!, respectively).
NC events, with lowest precipitation intensity among the four
precipitation types, have a larger contribution to total precipi-
tation in winter compared with other seasons, resulting in the
weakest mean precipitation during winter. TCs generate the
most intense precipitation in summer and fall, with an aver-
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age precipitation intensity exceeding 4.7 mmh~!, but make a
small contribution to the total precipitation amount.

To identify seasonal extreme precipitation events, we
adopt a definition based on daily or hourly precipitation
greater than the 99th and 95th percentiles of all days or hours
with rainfall using all grid points within the southeastern
Texas region, representing the top 1 % and top 5 %, respec-
tively (Li et al., 2021b). We find consistent statistics using
these definitions (top 1 % and top 5 %; Table 1). MCSs con-
tribute the majority of extreme precipitation, particularly in
spring, accounting for 77.7 % to 88.3 % of both daily and
hourly extremes. In comparison, IDC events have a more
significant impact on hourly extremes than daily extremes,
whereas NC events have greater contributions to the daily
metric. The differences in the lifetime of the three precipi-
tation types could explain the differences found between the
daily and hourly metrics (Table 2). MCSs commonly have a
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Figure 5. The same as Fig. 4 but for precipitation intensity (mm h—1.
Table 2. Statistics of the track features of MCS and IDC events in the four seasons.
MCS \ IDC
MAM JJA SON DIJF  Annual ‘ MAM JJA. SON DJF Annual
Number of events 180 175 103 80 538 2917 9460 4613 2249 19239
Lifetime (h) 26.6  23.1 283 282 26.0 2.2 23 2.1 2.3 2.2
Time for CCS centroid reaching southeastern Texas (h) 9.1 8.1 8.2 4.4 7.9 0.4 0.2 0.3 0.5 0.3
Duration of precipitation over southeastern Texas (h) 5.6 7.5 6.0 4.0 6.1 14 1.6 14 1.2 1.5
CCS area (103 km?) 211.1 1143 153.8 2382 172.7 10.3 43 52 1.6 6.8
PF convective area (10° km?) 102 91 105 69 9.4 06 05 06 07 0.6
PF stratiform area (103 km?) 430 276 467 579 40.9 1.8 0.8 1.2 2.9 1.3
PF convective rain rate (mmh_l) 7.8 8.3 8.7 6.1 7.9 6.7 9.1 9.2 5.8 8.4

lifetime of 20h with heavy precipitation, causing extremes
on both daily and hourly timescales. In contrast, IDC events
produce intense precipitation for an average of 2 h, leading
to a moderate contribution to the daily average. NC events
produce light to moderate precipitation for a few hours to
days; therefore, they have a significant contribution to the
daily metrics. Moreover, TCs in fall and summer can produce
intense precipitation from hours to a day, contributing 7.0 %
to 36.9 % of the daily and hourly extremes, respectively.

Atmos. Chem. Phys., 24, 8165-8181, 2024

3.2 Large-scale environments associated with MCS and
IDC initiation in different seasons

In this section, we dive into the connection between the large-
scale environmental conditions and MCS and IDC events.
Overall, MCSs more frequently occur in spring and summer
than in fall and winter, whereas IDC occurrences are concen-
trated in summer and early fall (Table 2). LSMPs associated
with MCS initiation comprise three frontal system patterns
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and an anticyclone pattern in all seasons. These LSMPs are
similar in spring, fall, and winter, but they are much weaker
in summer. The similar four LSMPs are found to be associ-
ated with IDC initiation, but different patterns are found in
summer. Therefore, we focus on comparisons of LSMPs in
spring and summer and between MCS and IDC events.

In spring, three LSMPs associated with frontal systems,
namely, pre-front, front, and post-front LSMPs, account for
27 %, 23 %, and 22 % of MCS occurrences, respectively,
and 30 %, 20 %, and 27 % of IDC occurrences (Figs. 6a—
¢, 7a—c), respectively. During the pre-front LSMP, anoma-
lous southerly winds dominate the southern Great Plains and
extend inland, while weak anomalous winds dominate east
of the Rocky Mountains (Fig. 6a). This resembles a synop-
tic front (or trough when the front is absent) between the
Rocky Mountains and southeastern Texas, accompanied by
a strong moisture gradient across the front (Figs. 6a, 7a).
The strong moisture gradient is also known as the “dryline”,
which often favors convective storm initiation (e.g., Hoch
and Markowski, 2005). During the front LSMP, wet anoma-
lies shift southeast, with a slightly clockwise tilt, coinciding
with anomalous northwesterly winds and low moisture west
of southeastern Texas (Figs. 6b, 7b). As a result, an intensi-
fied front resides over southeastern Texas, with converging
moisture and enhanced mid-level lifting (Fig. 8b). During
the post-front LSMP, the anomalous frontal system is further
east, positioning the front to the southeastern edge of south-
eastern Texas (Figs. 6¢, 7¢). The three frontal LSMPs depict
different locations of the front and dryline. The baroclinic
forcing near the front lifts moist parcels and favors convec-
tion initiation.

The fourth LSMP, the anticyclone, does not appear in the
anomalous patterns that were selected to include all con-
vective events (Fig. 2e), although it accounts for 28 % and
23 % of all MCS and IDC occurrences, respectively. The
anticyclone LSMP exhibits distinct circulations compared
with front-related LSMPs, with anomalous high pressure
dominating southeastern Texas (not shown). The anomalous
northeasterly winds transport moist air over the eastern slope
of the Rocky Mountains, which could trigger convection
through orographic lifting (Figs. 6d, 7d).

During the summer months, the four LSMPs occur with
almost equal frequency, display similar patterns to those ob-
served during spring, but are smaller in magnitude (Fig. 6e—
h). The frontal lifting mechanism can easily trigger MCS ini-
tiation in a moist and warm summer environment. The anti-
cyclone LSMP is also present in the summer, although with-
out the significant moisture anomalies and air stacking that
are seen in spring. Regarding IDC initiation, two groups of
LSMPs are identified: two front-related and two anticyclone-
related patterns. The pre-front and post-front LSMPs ac-
count for 34 % and 15 % of the IDC events, respectively
(Fig. 7e, g). The remaining 34 % and 17 % of IDC initia-
tions are associated with anticyclonic or weakly anticyclonic
conditions, respectively.

https://doi.org/10.5194/acp-24-8165-2024
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The frontal system and orographic forcing mainly pro-
vide the lifting force in spring, which can be observed
from the middle-atmosphere large-scale upward motion. The
anomalies in the 500 hPa vertical velocity are greater than
—0.2Pas™!, suggesting a strong upward motion (Fig. 8).
The upward motion area also shifts eastward and rotates
clockwise from pre-front to post-front LSMPs, whereas the
upward motion area is confined over the eastern slope of
the Rocky Mountains to the west of southeastern Texas
under anticyclonic conditions. In contrast, significant mid-
tropospheric upward motion is only found during front-
related LSMPs in summer. No large-scale lifting mechanism
is observed during anticyclone LSMPs, when mesoscale and
local factors, such as sea-breeze forcing, may trigger convec-
tion.

The composite analysis of the four LSMPs in fall and win-
ter is generally similar to those in spring, except there are
less-significant anomalies for winter MCSs. It is worth not-
ing that the mid-tropospheric ascent anomalies are strongest
in winter, which is possibly needed to support deep convec-
tion in an environment with the lowest moisture and instabil-

ity.

3.3 Tracking the convective systems

In this section, we examine the characteristics of convec-
tion affecting southeastern Texas, including initiation loca-
tion, travel path, lifetime, precipitation duration, cold-cloud-
system area, and rain rate. This analysis includes 180, 175,
103, and 80 MCS events and 2917, 9460, 4613, and 2249
IDC events in spring, summer, fall, and winter, respectively.
All of these track features are included in the convection
dataset developed by Li et al. (2021a). In spring, a signif-
icant proportion of MCSs, ranging from 59 % to 82 % de-
pending on the LSMP, initiate outside of southeastern Texas
and propagate into the region, whereas the remaining sys-
tems initiate locally (Fig. 9a—d). With spring front-related
LSMPs, the preferred location for MCS initiation shifts from
central and western Texas to the southeastern coast as the
frontal system progresses. We observe a shift in the MCS
travel direction from southeastward under pre-frontal con-
ditions to northeastward or eastward under frontal or post-
frontal conditions, consistent with the clockwise tilting of
the steering-level winds associated with the frontal systems.
Consequently, MCSs tend to decay in an area close to south-
eastern Texas in the west—east direction during the pre-
frontal LSMP, whereas they decay farther eastward during
the frontal and post-frontal LSMPs. Over 90 % of the spring
MCSs travel eastward, even under anticyclone conditions,
aligning with the mean background wind direction. In sum-
mer, MCSs initiate in a narrow longitude band (100-90° W)
on both the western and eastern sides of southeastern Texas.
Depending on the season, 50 %—85 % of MCSs initiate out-
side of southeastern Texas and propagate westwards or east-
wards to the region. Over 70 % of the front-related MCSs and

Atmos. Chem. Phys., 24, 8165-8181, 2024
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Figure 7. The same as Fig. 6 but for IDC events.

55 % of anticyclone-related MCSs travel eastward. In fall and
winter, MCSs initiate close to southeastern Texas and travel
further east, especially under front-related conditions, resem-
bling the characteristics of both spring and summer except
with lower occurrence.

The travel time for MCSs to reach southeastern Texas
varies across seasons, with approximately 9h in spring, 8h
in summer and fall, and 4 h in winter (Table 2). Apart from

Atmos. Chem. Phys., 24, 8165-8181, 2024

the initiation location, the travel time can also be influenced
by the faster background wind speeds during cold seasons
compared with warm seasons. The difference in movement
speed also contributes to the longest duration of precipitation
over southeastern Texas in summer, while the shortest du-
ration is in winter. Comparing LSMPs within each season,
MCSs associated with pre-frontal and front LSMPs move
more quickly through southeastern Texas than post-frontal
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Y. Liu et al.: Tracking precipitation features and associated large-scale environments 8175

(a) MAM-Anomaly Pre-front (b) MAM-Anomaly Front
el i DRE. - 3
45°N [F i - - S = -
o Ll P
35°N o 2R

PN I -
§ T WY
%\
25°N | X :

(c) MAM-Anomaly Post-front (d) MAM-Anomaly Anticyclone
T - e
SIGY e
N ',/-_‘:'{.' I8 e T {
’ '\\.g} & g -
AR (
N 3
PNl
P SR gy 5

SN B
110°W 100°W 90°W  80°W 110°W 100°W 90°W  80°W

(e) JJA-Anomaly Pre-front (f) JJA-Anomaly ~ Weak-Anticyclone

110°W 100°W 90°W  80°W

(g9) JJA-Anomaly Post-front (h) JJA-Anomaly Anticyclone
~ 2 ra T = : T, T

: 7 X, ; - p X
45N | B 7 : o y,) = == s A LN
(AR S S t ol . i e el B3 P Nl A
% 1 »‘.,_ - i = EEa K z il » N B T gl ol Y o ¥
N 4 I By | o e ‘rv”"' 4 NN el ) I NGBS
35°N $ 7 1 P § I 3 o 4 d DS NI L s §i
B » ] 73 < T\t g"? Ry : < N ! . ing? v g > B
0 o b 0 Ry 3 o Vg
b B RN Na’ : .
a5 t”\\\ 4 12 %\ ~~EI My, %\ e Y ‘
Yy [ J L RN 3 ,, [y § )
B A TR eS| L T T
110°W 100°W 90°W 110°W 100°W 90°W 80°W 110°W 100°W 90°W  80°W
-20 -16 -12 -8 -4 0 4 8 12 16 20
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a Student ¢ test are shown.

and anticyclone LSMPs. This behavior can be attributed to
the fact that the former LSMPs are associated with southerly
anomalies that are superposed on prevailing southerly winds,
whereas the latter LSMPs involve northerly anomalies that
decrease the speed of storm advection.

Strong seasonal variations are observed in the size of CCSs
and precipitation features (PFs) associated with MCSs. Sum-
mer and fall have the smallest CCSs, which are nearly twice
as large, on average, in the spring and winter. The PFs of
MCSs, predominantly the stratiform area, are smallest in
summer, comparably larger in spring and fall, and largest in
winter (Table 2). In summer, local factors play a more im-
portant role in MCS initiation and, consequently, creating
relatively larger convective area (7400107 000 km? across
LSMPs) and smaller stratiform area (243 000-309 000 kmz)
as well as smaller differences in CCS area across the LSMPs.
Conversely, in winter, the large-scale environment becomes
the predominant driver with respect to triggering MCSs,
resulting in relatively small convective area (ranging in
51 000-84 000 km? across LSMPs) and large stratiform area
(489 000-863 000 kmz). Under winter anticyclonic condi-
tions, the stratiform area is approximately twice as large as
other LSMPs. In spring and fall, both the convective and
stratiform precipitation areas are generally larger during pre-
front and front LSMPs compared with during post-front and
anticyclone LSMPs.

Over 94 % of IDC events initiate and end locally within
southeastern Texas (Fig. 10). Although the red and black dots
are paired in Fig. 10, the red dots are plotted last, making
the box look more red. Across all seasons, the average travel
time to southeastern Texas ranges from 0.21 to 0.45 h, while
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the duration of precipitation over southeastern Texas spans
from 1.23 to 1.57h. IDC events have a much smaller spa-
tial extent than MCSs, in terms of convective and stratiform
precipitation area, but produce a comparable mean convec-
tive rain rate compared to MCSs (Table 2). Across LSMPs,
post-front-associated IDC events have the largest CCS area
in spring, fall, and winter as well as the largest stratiform
cloud area in all seasons.

3.4 Houston metropolitan area

Many of the isolated convective systems have short life-
time and small spatial extent, the scale of which is not fully
resolved by the 4km and hourly convection dataset. The
~ 5min and 500 m resolution convective-cell-tracking data
at the KHGX site are used to study the fine-scale features of
IDC events near Houston. We project the radar-based track-
ing data onto the four LSMPs by matching the hours be-
longing to each LSMP. Almost all MCSs initiate outside of
the small area covered by radar. Therefore, the hours with
MCS initiation are excluded to avoid cells that advected into
this area. Among different seasons, summer stands out due
to the highest frequency of IDC events, primarily driven by
local factors. Therefore, we select summer as an example
to explore the initiation location and hour of IDC events
near Houston. The percentage of IDC event initiation asso-
ciated with each LSMP slightly differs from values based
on the hourly dataset, as the KHGX data include convection
that persists for less than 1h and within a smaller area. We
find that 40 % of IDC events occurred during a pre-frontal
LSMP, 15 % during weak-anticyclone LSMP, 21 % during
post-frontal LSMP, and 24 % during anticyclone LSMP.

Atmos. Chem. Phys., 24, 8165-8181, 2024
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During pre-frontal and post-frontal LSMPs, the combina-
tion of warm surface temperatures, abundant low-level mois-
ture, and large-scale lifting creates favorable conditions to
trigger convection both offshore and onshore (Fig. 11a, c).
The anomalous southerly winds during a pre-front LSMP
bring the moist flow further inland, whereas the northerly
anomalies during a post-front LSMP restrict convection to
the coastline (Fig. 6e, g). In contrast, when an anticyclone
dominates the area, convection is primarily triggered by the
sea-breeze circulation, during which the onshore branch of
the circulation initiates convection. Consequently, we find
higher occurrences of IDC events initiating onshore, rather
than offshore (Fig. 11b, d). A significant number of IDC
events also occur in fall. The spatial distribution of IDC ini-
tiation locations in fall generally aligns with that in sum-
mer (Fig. 11e-h); however, fall is characterized by a front
LSMP rather than the weak-anticyclone LSMP identified in
the summer. The front LSMP favors IDC initiation over land,
although this LSMP contributes minimally to the total num-
ber of IDC events. Under anticyclonic conditions, the occur-
rence of IDC initiation over the ocean slightly increases in
fall compared with summer, due to the relatively weaker sea-
breeze circulation in fall.

The frontal systems move eastward along with the baro-
clinic wave passing over southeastern Texas, which can oc-
cur at any time of day (Feng et al., 2019). However, the
local thermodynamic factors show a strong diurnal cycle.
Consequently, IDC events more frequently initiate between
10:00 and 15:00LT (local time; Fig. 12), which is likely
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Figure 12. Convection initiation (as a percentage) at each hour of
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for each LSMP.

due to increased surface heating during the early after-
noon. When a baroclinic frontal zone dominates southeast-
ern Texas, even small amounts of convective available po-
tential energy (CAPE) can trigger convection, resulting in a
peak IDC initiation near noon. In contrast, when an anticy-
clone dominates southeastern Texas, IDC initiation requires a
higher CAPE to overcome convective inhibition (CIN), lead-
ing to a peak occurrence in the afternoon. As a result, IDC
events associated with more favorable large-scale environ-
mental conditions occur approximately 3 h earlier than those
associated with anticyclones.
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The diurnal variation in IDC initiation in spring, fall, and
winter shows a lower amplitude than summer (not shown).
While IDC events also frequently initiate in the afternoon
during spring and winter, more IDC events occur at night and
in the early morning compared with summer. The large-scale
environment has a more important role in triggering IDC
events by providing favorable lifting and low-level moisture
convergence that can trigger convection outside of local af-
ternoon hours. The diurnally varying thermodynamic forcing
slightly increases convection occurrence in the early after-
noon.

4 Conclusion

In this study, the characteristics of convection that pro-
duce precipitation over southeastern Texas are analyzed us-
ing 13 years of high-resolution observations and reanalysis.
The results reveal that MCSs make significant contributions
to both mean and extreme precipitation, with IDC and TC
events also playing a role in generating intense precipita-
tion during the summer and fall seasons. The contribution of
MCSs to seasonal precipitation over the southeastern Texas
area is consistent with statistics reported in previous stud-
ies focusing on the southern Great Plains (Feng et al., 2019;
Song et al., 2019; Li et al., 2021a). Our findings also high-
light that IDC events contribute 33 % of the summer precipi-
tation and over 35 % of the hourly extreme precipitation over
the coastal Houston metropolitan area.

The analysis linking convection initiation to weather pat-
tern reveals that the initiation of both MCS and IDC is pre-
dominantly influenced by large-scale lifting and low-level
moisture convergence during spring, fall, and winter. In con-
trast, summer convection can even be triggered under weak
large-scale circulation anomalies, as the strong surface in-
stability and abundant moisture provide favorable convective
conditions.

Through a breakdown of the convection-associated large-
scale environment using SOM analysis, we find that the ini-
tiation of convection is associated with front-related weather
patterns and an anticyclone pattern. The front-related pat-
terns are more profound in spring, fall, and winter than in
summer, and they are further differentiated by the stage of
frontal passages. The circulation patterns of the front-related
LSMPs are consistent with those based on all forms of con-
vection (Feng et al., 2019). These patterns are characterized
by low-level moisture convergence, which serves as a pri-
mary trigger for convection. Additionally, we find that deep
convection can even occur under unfavorable large-scale me-
teorological conditions. The northeasterly anomalies associ-
ated with the anticyclone push moist air towards the eastern
slope of the Rocky Mountains, creating an orographic lift-
ing mechanism. In summer, the SOM analysis reveals two
groups of weather patterns associated with either favorable
or unfavorable circulations for convection initiation. The op-
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posite circulation anomalies in these groups offset each other,
resulting in a weak overall anomaly when considering all
convections.

The large-scale environment impacts the distinct spa-
tial distribution of MCS initiation. In spring, MCSs af-
fecting southeastern Texas frequently originate between the
Rocky Mountain and southeastern Texas and travel east-
wards, whereas MCS initiation concentrates close to Houston
in summer. During front-related conditions, the MCS initia-
tion location shifts from central and western Texas to south-
eastern Texas. Even under anticyclone conditions, MCSs ini-
tiate in the west and decay after moving eastward, align-
ing with the mean background wind direction. Fall and win-
ter exhibit reduced MCS occurrence but share similar path
features with spring and summer. On average, MCSs initi-
ated remotely require approximately 8 h of travel time before
reaching southeastern Texas, whereas IDC events predomi-
nantly initiate locally and have a significantly shorter travel
time of around 15 min.

By analyzing the NEXRAD radar data near Houston, we
find that IDC events show a higher frequency of occurrence
along the Texas coast, with the highest level of occurrence
under pre-frontal conditions. Furthermore, IDC events ex-
hibit a distinct diurnal pattern, with a peak frequency during
the early afternoon. IDC events associated with more favor-
able front-related LSMPs occur approximately 3 h earlier in
the diurnal cycle, peaking at local noon, compared with those
associated with anticyclones.

This study provides insights into the characteristics and
spatiotemporal patterns of convective systems under differ-
ent large-scale environmental conditions over southeastern
Texas. Understanding the role of the large-scale environment
helps tease out the impact of local factors. Our results also
offer guidance for selecting cases in which local factors play
a dominate role in the initiation of different types of convec-
tion.
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