
1. Introduction
Coastal regions with mountains along or near the land-sea boundary are often impacted by offshore-propagating 
organized deep convective systems such as squall lines (Futyan & Del Genio, 2007; Ichikawa & Yasunari, 2007; 
Kömüşçü et  al.,  1998; H. Li et  al.,  2021; Lombardo & Colle,  2012,  2013; Meng et  al.,  2013; Morel & 
Senesi, 2002). The interaction between a storm's cold pool and the ambient marine atmospheric boundary layer 
(MABL), which usually propagates inland as a density current (i.e., sea breeze), can initiate convection (CI) and/
or enhance precipitation over coastal regions (e.g., a real case shown in Movie S1; Garstang et al., 1994; Huang, 
Liu, Liu, & Knievel, 2019; Huang, Liu, Liu, Li, & Knievel, 2019; Y. Li & Carbone, 2015; Lombardo, 2020; 
Wu & Lombardo, 2021). Previous studies found that the characteristics of the moving MABL (e.g., depth, ther-
mal deficit) and its relationship to the coastal relief played a crucial role in the reintensification or decay of 
an offshore-moving squall line (Lombardo, 2020; Lombardo & Colle, 2013; Lombardo & Kading, 2018; Wu 
& Lombardo, 2021). However, the question remains, “How do mesoscale features associated with squall lines 
impact the ambient flow ahead of the storm over mountainous coastal regions, specifically in the presence of a 
sea breeze located in the mountain lee?,” a pertinent question given that any modifications to the downstream 
flow can in turn impact the storm itself.

Observations of sea-breeze-mountain circulations, that is, the complex local circulations resulting from the inter-
actions between sea-breeze and mountain-valley circulations, have been documented since the mid-twentieth 
century (Fosberg & Schroeder, 1966; Olsson et al., 1973). Much of the literature has explored this problem through 
the lens of a mountain modifying the sea breeze. For example, Doppler observations of coastal circulations over 
Monterey Bay, California, highlighted the horizontal variability of the sea breeze air during its development due 
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Plain Language Summary This study uses numerical simulations to investigate the physical 
processes driving sea breezes over mountainous coastal regions, the sensitivity of the sea breeze evolution to its 
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lines). Deeper and cooler marine atmospheric boundary layers move farther inland and have stronger wind 
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sea breeze front. An offshore-moving squall line influences this flow in two ways; Squall line outflow initially 
weakens the sea breeze but then enhances the sea breeze by decreasing the surface pressure ahead of the sea 
breeze front through storm-induced gravity waves.
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to asymmetries induced by the coastal mountains (Banta, 1995; Banta et al., 1993). Mountains also influence 
the onshore progression of sea breeze flow. Upslope mountain flows augment the onshore sea breeze during  the 
day, while drainage flows increase the offshore land breeze overnight (Bastin & Drobinski,  2006; Darby 
et al., 2002; Lu & Turco, 1994; Mahrer & Pielke, 1977; Ramis & Romero, 1995; Savijärvi & Matthews, 2004). 
These constructive additions of sea breeze and mountain flows are sensitive to the location of the mountains 
relative to the coastline, with a stronger coupling of the two circulations for mountains closer to coastlines (Lu 
& Turco, 1994). Mountain and sea-breeze circulations may also work in opposition during certain times in the 
diurnal cycle. In the late afternoon and early evening, for example, the developing mountain drainage flow may 
oppose the onshore sea breeze (Darby et al., 2002).

Squall lines are often initiated over coastal mountains and then move toward the coastline (Lombardo & 
Colle, 2011, 2012; Pucillo et al., 2019). The influence of an offshore-moving squall line on mountain-coastal 
circulations has not been investigated, though squall lines are known to modify the kinematics and thermodynam-
ics of their surrounding environments (e.g., Fovell et al., 2006; Parker & Johnson, 2004). Over inland regions, 
mesoscale low surface pressures have been observed to form downwind of mesoscale convective systems (MCS; 
e.g., Fritsch & Chappell, 1980; Hoxit et al., 1976; Johnson & Hamilton, 1988), which can modify the near-surface 
flow field. Case study analyses of strong MCSs over the central United States illustrated a reduction in surface 
pressure due to compensating subsidence warming adjacent to the main convective line, which induced low-level 
convergence ahead of the existing storm (Hoxit et al., 1976). Downstream pressure lows and flow modifications 
can also be induced by high-frequency gravity waves excited by latent heat fluctuations within the convective line 
(Du et al., 2019; Fovell et al., 2006; Jiang, 2012); in the vicinity of mountains, gravity waves can also form as flow 
passes over the barrier (Houze, 2012). During the Boundary Layer Late Afternoon and Sunset Turbulence field 
campaign located in the lee of the Pyrenees Mountains (France), convectively-generated gravity waves associated 
with a MCS induced near-surface pressure and wind field oscillations as the waves propagated downstream of the 
MCS into the mountain lee (Román-Cascón et al., 2015). Despite the availability of fine spatiotemporal observa-
tions, the authors note that questions remain regarding the role of topography in the development of gravity waves 
and atmospheric variable signals. In contrast, role of MCS-generated gravity waves were minimal during an event 
in the lee of the Qinghai-Tibetan Plateau (China; Liang, 2022). The coupling of easterly upslope mountain flows 
and westerly mid-level winds were observed to excite terrain-locked gravity waves. As an MCS originating in the 
mountains moved down the mountain slope, it dissipated as it passed through the stationary descending branch 
of the gravity wave located in the mountain lee.

Based on observations, the impact of squall lines on mountain flows remains unclear. Further, fine spatiotem-
poral observations of squall lines moving over mountainous coastal regions are absent, and thus the impact of 
squall lines on stable sea breeze air masses in the mountain lee is unknown. Thus, we use idealized simulations 
to quantify the role of squall lines on coastal-mountain flows for sea breezes with a range of depth and thermal 
perturbation characteristics. The following section describes the numerical simulations designed to explore these 
physical processes, as well as the upslope momentum budget for quantitative analysis. In Section 3, simulations 
without and with an offshore-moving squall line are compared to highlight the impact of the storm on the physical 
processes driving the upslope coastal-mountain flows, including the role of convectively-generated gravity waves 
A summary is provided in Section 4.

2. Methods
2.1. Model Configuration

Numerical experiments are conducted using large-eddy idealized simulations with the Cloud Model 1 (CM1; 
Bryan & Fritsch, 2002). Simulations are performed in 3D with an 800-km (x direction) × 60-km (y direction) 
horizontal domain with 200-m grid spacing, and a 20-km vertical domain with grid spacing stretched from 50 m 
below 3 km to 250 m above 10 km. Open-radiative (Periodic) lateral conditions are applied to x (y) boundaries, 
with free slip conditions at the top and bottom boundaries. Morrison double-moment microphysical scheme is 
used to predict cloud droplets, cloud ice, rain, snow, and graupel (Morrison et al., 2009), and a TKE scheme is 
used to parameterize sub-grid turbulence (Deardorff, 1980). Radiation and surface fluxes are excluded to elimi-
nate the time-varying impacts on MABL and squall line characteristics and to isolate the response of the moving 
MABL to the storm. Other configurations follow Wu and Lombardo (2021). Simulations are initialized with an 
analytic sounding based on observed profiles over mid-latitude coastal regions during sea-breeze-active seasons. 
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This sounding has been used in prior numerical studies quantifying the impact of moving MABLs on squall line 
evolution (Lombardo, 2020).

2.2. Experimental Design

A plateau-shaped mountain (x = 0–360 km) with a plateau height of 1.5 km and a 60-km slope (x = 300–360 km) 
is included as a simplified representation of observed coastal mountains, informed by observations of coastal 
orography (Wu & Lombardo, 2021). Initially, simulations are run for 6 hr with no MABL or squall line to allow 
the base-state winds to reach a quasi-steady state in the presence of terrain. After this spin-up period, the moving 
MABL is initialized as a stably stratified rectangular region of negative potential temperature perturbation (θ′) 
over the plateau base (x = 360–800 km) and allowed to evolve over a 3-hr period. Sensitivity experiments use 
MABL depths of 500, 1,000, and 1,500 m and θ′ of –3 and –5 K, with values constrained by coastal station 
observations during the warm season and informed by prior experiments (Lombardo & Kading, 2018; Wu & 
Lombardo, 2021). Finally, a squall line is initiated over the plateau top (x = 200 km) using a momentum forcing 
scheme (Morrison et al., 2015) as configured in Wu and Lombardo (2021), which matures and moves toward the 
coastline. Analyses are performed starting from the MABL initialization (i.e., t = 0) and divided into two stages: 
(T1) moving MABL evolution and (T2) MABL response to the squall line.

2.3. Momentum Budget Equation for Slope Winds

A mountain-oriented coordinate system (s, n) is used to analyze slope winds, with components along (s) and 
perpendicular (n) to the slope (Haiden, 2003; Mahrt, 1982). The transformed velocity components are

𝑢𝑢𝑠𝑠 = −𝑢𝑢 cos 𝛼𝛼 +𝑤𝑤 sin 𝛼𝛼𝛼 (1)

and

𝑤𝑤𝑛𝑛 = 𝑢𝑢 sin 𝛼𝛼 +𝑤𝑤 cos 𝛼𝛼𝛼 (2)

where us is the along-slope wind with positive defined as upslope, wn is the slope-normal wind with positive 
defined as perpendicularly away from the slope, and α is the slope angle.

The anelastic momentum equation (Wu & Lombardo, 2021) can be written as

𝑑𝑑V

𝑑𝑑𝑑𝑑
= −

1

𝜌𝜌

∇𝑝𝑝
′
+ 𝐵𝐵𝐤𝐤, (3)

where 𝐴𝐴 V = (𝑢𝑢𝑢 𝑢𝑢𝑢𝑢𝑢) is the wind field, p′ (𝐴𝐴 𝑝𝑝 ) is perturbation (base-state) pressure, 𝐴𝐴 𝐴𝐴 ≡ −𝜌𝜌′𝑔𝑔∕𝜌𝜌 is buoyancy, ρ′ (𝐴𝐴 𝜌𝜌 ) 
is the perturbation (base-state) total density, g is the gravitational acceleration, and k is the vertical unit vector. 
The horizontal (e.g., x direction) and vertical components can be expressed, respectively, as

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −

1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
 (4)

and

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= −

1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
+ 𝐵𝐵𝐵 (5)

Since the rotated, terrain-following coordinate system is orthogonal, Equations  4 and  5 can be rewritten as 
“mixed” formulations of the momentum equation

𝑑𝑑𝑑𝑑𝑠𝑠

𝑑𝑑𝑑𝑑
=

1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕
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(

−
1

𝜌𝜌
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′
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)

sin 𝛼𝛼𝛼 (6)

and

𝑑𝑑𝑑𝑑𝑛𝑛

𝑑𝑑𝑑𝑑
= −

1
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′
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(

−
1
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)

cos 𝛼𝛼𝛼 (7)
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with accelerations in the (s, n) system but expressed in terms of derivatives in the (x, z) system (Haiden, 2003). Apply-
ing the derivative relationships in the rotated coordinate, Equations 6 and 7 can be converted to a purely (s, n) system

𝑑𝑑𝑑𝑑𝑠𝑠

𝑑𝑑𝑑𝑑
= −

1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝑠𝑠
+ 𝐵𝐵 sin 𝛼𝛼𝛼 (8)

and

𝑑𝑑𝑑𝑑𝑛𝑛

𝑑𝑑𝑑𝑑
= −

1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝑛𝑛
+ 𝐵𝐵 cos 𝛼𝛼𝛼 (9)

Thus, along-slope acceleration can be regarded as the sum of along-slope perturbation pressure gradient force 
(PGF) and along-slope component of buoyancy (Equation  8). Under quasi-hydrostatic equilibrium for small 
slope angles (α < 10°), the RHS of Equation 9 is ∼0 (Haiden, 2003; Mahrt, 1982). Expanding Equation 8 gives

𝜕𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝜕𝜕
⏟⏟⏟

local
change

= −𝜕𝜕𝑠𝑠
𝜕𝜕𝜕𝜕𝑠𝑠

𝜕𝜕𝑠𝑠
−𝑤𝑤𝑛𝑛
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𝜕𝜕𝑛𝑛
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

advection

−
1

𝜌𝜌

𝜕𝜕𝜕𝜕
′

𝜕𝜕𝑠𝑠

⏟⏟⏟

PGF

+ 𝐵𝐵 sin 𝛼𝛼
⏟⏟⏟

buoyancy

.

 (10)

The LHS of Equation 10 is the local change for upslope wind speed us, and the RHS terms are the accelerations 
contributing to the local change (from left to right): along-slope advection, slope-normal advection, along-slope 
PGF, and along-slope buoyancy.

3. Results
The evolutions of the moving MABLs' wind speeds, particularly wind speed sensitivity to MABL depth and 
thermal deficit, are evaluated through time series of us (i.e., upslope wind speed; Figure 1). All moving MABLs 
reach their peaks in onshore upslope wind speed within 90 min, with earlier peak times for deeper and cooler 
MABLs. The magnitudes of us are sensitive to the MABLs' characteristics, exhibiting greater enhancements of 
upslope flows for primarily deeper, and secondarily cooler, MABLs (Figure 1). Following, the upslope wind 
speeds slowly decline and reach quasi-steady flow speeds at the end of T1 (180 min). With no squall line, this 
quasi-steady flow continues through period T2 (Figure 1a). However, the inclusion of a squall line dramatically 
alters the flows (Figure 1b). Between 180 and 230 min, flows transition to downslope flow, with values as large 
as –5 m s −1 for the CTRL (no MABL) and 500-m deep MABLs. From 235 to 275 min, the upslope flows recover, 
with winds 0.78–2.88 m s −1 larger than seen in the absence of the storm. After 275 min, upslope wind speeds 
rapidly decline caused by the squall line's descending cold pool outflow. The following subsections analyze the 
related dynamic physical processes governing these flows and flow transitions during T1 and T2. The whole 
evolution of upslope flows from 0 to 360 min can be found in Movies S2 and S3, and the associated variations in 
magnitude and structure of upslope winds can be found in Movie S4.

3.1. Physical Processes Associated With Upslope Moving MABLs

The upslope flows in these simulations are composed of a mountain circulation formed because of the westerly 
ambient winds and an inland moving MABL (Bastin & Drobinski, 2006; Poulos et al., 2000, 2007). Weak upslope 
mountain flow forms during the 6-hr spin-up period because the downsloping ambient winds produce a positive 
buoyancy anomaly through adiabatic warming over the middle of the mountain slope (black dashed contours in 
Figure 2) and thus generate an upslope PPGF. Within 1 hr after the insertion of the MABL, the onshore movement 
of the negatively buoyant marine air intensifies the upslope flow over the lower slope (x = 330–360 km), with 
larger local accelerations (i.e., positive local tendency) associated with deeper and colder MABLs (Figure 2), 
consistent with the wind speed magnitudes in Figure 1. Additionally, these more robust MABLs advance farther 
inland, with onshore advancements progressively increasing from 15 to 17  km for the 500-m deep MABL, 
20–25 km for the 1,000-m deep MABL, to 22–28 km for the 1500-m deep MABL. Marine atmospheric boundary 
layer thermal deficits primarily influence the magnitude of upslope accelerations rather than the inland advance-
ment, with 0.26–4.20 × 10 −4 m s −2 larger accelerations for −5-K-θ′ MABLs than −3-K-θ′ MABLs (Figure 2).

The contributions to these differences in upslope acceleration over the lower portion of the mountain slope (i.e., 
location of the onshore moving MABL air) are analyzed through a momentum budget. For the shallow MABLs 
(500-m deep), their upslope accelerations are the lowest because of the competing forces between the positive 
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PGF and the negative advection and buoyancy forces (Figures 2a and 2b). The PGF forms due to the pressure 
gradient between a relative surface high pressure associated with the dense MABL air and a pressure low that 
develops over the middle slope (x = 320–330 km) associated with the adiabatic warming of downsloping ambient 
air (Figures 2a and 2b). Given that the pressure low magnitude and location are constant among simulations due to 
its formation mechanism, the upslope PGF magnitude is determined by the MABL thermal deficit, with a larger 
pressure and thus a 1.81 × 10 −4 m s −2 greater PGF for −5-K-θ′ MABL than –3-K-θ′ MABL. However, the cooler 
MABL air is more negatively buoyant and creates a larger negative buoyancy acceleration (–0.42 × 10 −3 m s −2; 
Figure 2b), muting the influence of the PGF. Advection is negative due to the presence of downsloping ambient 
winds over the lower slope during the earlier part of the temporal averaging period.

For the 1000-m deep MABLs, the deeper marine layers augment the upslope pressure gradients and result in 
3.67 × 10 −4 m s −2 greater PGF in the –5-K-θ′ MABL, though this simultaneously creates a –5.16 × 10 −4 m s −2 
larger negative buoyancy force (Figures 2c and 2d). Given that the upslope flow associated with the sea breeze 
arrives over the lower slope sooner than in the 500-m deep MABL simulations, the impact of the ambient 
downslope winds on the advection term is smaller, transitioning to a positive upslope contribution for the –5-K-
θ′ MABL (0.13 × 10 −3 m s −2; Figure 2d) associated with the advection of the marine air toward the slope after 
initialization. The trend toward a positive advection contribution helps support the larger upslope accelerations 
(0.70 × 10 −3 m s −2) regardless of the enhanced negative buoyancy force (–1.06 × 10 −3 m s −2). As a result, local 
accelerations increase in the 1000-m deep MABLs, consistent with the larger magnitude (1.75–2.67 m s −1) in 
upslope flow (Figure 1a). For the deepest (1,500-m deep) MABLs, these trends continue in the PGF, buoyancy, 
advection, and local acceleration (Figures 2e and 2f). After 60 min in all experiments, upslope flow magni-
tude (Figure 1) and acceleration (not shown) begin to decline due to a continued enhancement in the negative 

Figure 1. Time series of upslope wind speed (m s −1) averaged from the ground to 500 m AGL over the lower slope 
(330–360 km) for the CTRL experiment (black) and experiments with a marine atmospheric boundary layer (MABL) (θ′ of 
–3 K and –5 K are represented by solid lines and dashed lines, respectively, and depths of 500 m, 1,000 m, and 1,500 m are 
represented by magenta, orange, and blue lines, respectively) (a) in the absence of and (b) in the presence of a squall line. 
The evolutions of the moving MABL from 0 to 180 min (T1) are the same in (a, b). The periods of decreasing upslope flow 
(180–230 min) and increasing upslope flow (235–275 min, shaded) in (b) are analyzed in Section 3.2.
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buoyancy acceleration as the MABL air accumulates over the lower slope. Once the negative buoyancy force is 
balanced by the advective and pressure gradient forces, the upslope flow reaches a quasi-steady state (not shown).

3.2. Response of the Moving MABLs to an Approaching Squall Line

The mechanisms controlling the disruption to this quasi-steady flow by the offshore-moving squall line are 
presented for experiments with the weakest MABL (500-m deep, –3-K θ′) and the most intense MABL (1,500-m 
deep, –5-K θ′) for contrast. At 210 min, a mature squall line is located at 240 km (Figures 3a and 3b), and the 
upslope flow over the lower slope transitions to downslope (Figure 1b) in both simulations (Movie S5). Local 
accelerations are more negative in the shallow-MABL simulation (–0.89 × 10 −3 m s −2) than the deep MABL 
simulation (–0.38 × 10 −3 m s −2; Figures 3c and 3d), consistent with the strong downslope and near zero wind 
speeds, respectively (Figure 1b). Compared with the simulations with no squall line (Movie S6), both experi-
ments show increased downslope winds due to the squall line outflow, contributing to more negative advection 
terms. Therefore, the outflow of the approaching squall line modifies the downstream wind fields, decelerating 
the upslope flows associated with the moving MABLs.

When the squall line reaches the plateau top edge by 260 min (Figures 3e–3h), the upslope flows redevelop and 
thereafter become more intense than in the no-squall-line simulations, with an increases of 0.78–2.88 m s −1 in 

Figure 2. Cross-sections of 0–60 km y-averaged upslope (us > 0) wind speed (m s −1, shaded and bounded by magenta 
contours), buoyancy of –0.15 m s −2 (deep blue contour), –0.10 m s −2 (blue contour), –0.05 m s −2 (light blue contour) and 
0.05 m s −2 (black dashed contour), and u-w wind vectors (m s −1, reference vector 6 m s −1) at 60 min for experiments with a 
–3-K-θ′ (a) 500-m deep, (c) 1,000-m deep, (e) 1,500-m deep marine atmospheric boundary layer (MABL), and a –5-K-θ′ (b) 
500-m deep, (d) 1000-m deep, (f) 1500-m deep MABL. Terrain is shaded in dark green. Bar charts of the local change of us 
(LCL, 10 −3 m s −2, gray), and the budget terms including advection (ADV, 10 −3 m s −2, orange), perturbation pressure gradient 
force (PGF, 10 −3 m s −2, pink), and buoyancy (BUO, 10 −3 m s −2, blue) accelerations averaged from the ground to 500 m AGL 
over 330–360 km during 0–60 min are displayed in the inset.
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upslope wind speed (Figure  1). The local acceleration shows enhancements in the 500-m and 1,500-m deep 
MABL experiments, partly due to a rise in the PGF (Figures 3g and 3h). To address this transition, we present 
pressure perturbations (p′) associated with the squall line for the experiment with a 500-m-deep, –3-K-θ′ MABL 
as an example (other MABL experiments with similar results are not shown). While the mature squall line is 

Figure 3. Cross-sections of 0–60 km y-averaged precipitation mixing ratio (shaded, g kg −1), u-w wind vectors (m s −1, 
reference vector 12 m s −1), and upslope (us > 0) wind speed (m s −1 bounded by magenta contours) at 210 min for experiment 
with a (a) 500-m-deep, –3-K-θ′ marine atmospheric boundary layer (MABL) and (b) 1,500-m-deep, –5-K-θ′ MABL in the 
presence of a squall line. (c, d) Zoomed-in cross sections of upslope flow bounded by magenta (gray) contours in the presence 
(absence) of a squall line, upslope wind speed difference (shaded, m s −1) between simulations with a squall line and with no 
squall line, and difference of u-w wind vectors (m s −1, reference vector 6 m s −1). Panels (e–h) are the same as (a, b) but at 
260 min. Terrain is shaded dark green. Bar charts in the inset are the same as Figure 2 but the experiments with a squall line 
averaged from (c, d) 180–230 min and (g, h) 235–275 min.
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located over the plateau top, a low p′ forms near the surface in front of its cold pool by 210 min (Figure 4a), 
which propagates eastward away from the storm at a ground-relative phase speed of ∼35 m s −1 between 215 
and 230 min (Figures 4b–4e). This low p′ forms underneath and in response to a region of enhanced warming, 
displayed as a maximum in potential temperature perturbation (θ′) centered at ∼4 km in altitude (indicated by “A” 
in Figures 4b–4e). The low-level warming and associated low p′ reflect the propagation of a high-frequency grav-
ity wave, specifically the thermal response to the descending branch of the wave (e.g., Koch & O'Handley, 1997; 
Ralph et al., 1993), that develops in response to fluctuations in convective storm latent heating (e.g., Halliday 
et al., 2018; Liu & Moncrieff, 2004; Yanai et al., 1973). These features are independent of the downslope adiaba-
tic warming (indicated by “B” in Figure 4e) discussed in Section 3.1.

Comparison of time series of the near-surface pressure perturbation (p′) over the slope (320–340 km in x) and 
near the mountain base (340–360 km in x) illustrate the impact of the convectively-generated surface low on 
the coastal-mountain flow (Figure 4i). Between 210 and 230 min, the gravity wave is located over the plateau 
top imparting no influence on the p′ distribution over the slope at this time. Consequently, the difference in 
p′ over the slope versus the mountain base is minimal (0.22–0.32  hPa) and the resultant PPGF contribution 
(0.88–2.00 × 10 −3 m s −2) is small (Figure 4i). As the gravity wave propagates eastward, its low p′ reaches the 
upper slope at 235 min (Figure 4f), which decreases the over-slope p′, creating a 0.71 hPa p′ difference along the 
slope and a positive (upslope) PPGF (Figure 4i). The along-slope p′ difference and PPGF continue to increase, 
maximizing at 245 min (1.40 hPa and 7.13 × 10 −3 m s −2, respectively). At this time, the gravity-wave induced 
surface low is p′ collocated with the terrain-induced low p′ caused by downslope adiabatic warming. Due to 
this localized reduction in surface p′ associated with the addition of the two low p′ centers, upslope flow rede-
velops with a dramatic surge in speed beginning at 235 min (Figure 1b). As the gravity wave moves over the 
mountain base, its surface low p′ merges with the high p′ associated with the dense sea breeze air (Figure 4h), 
resulting in a reduction in the along-slope p′ difference (0.38 hPa) and PPGF (2.14 × 10 −3 m s −2) at 250 min 
(Figure 4i). However, a new convectively-generated gravity wave (indicated by “C”) begins to descend the slope 
after 250 min (Figure 4h). The associated surface low p′ enhances the along-slope p′ difference (0.67 hPa) and 
PPGF (3.82 × 10 −3 m s −2) once again at 255 min (Figure 4i), supporting a persistent upslope flow (Figure 1b). 
By 275 min, this second gravity moves over the mountain base and the pressure signals are dominated by the 
passage of the squall line cold pool outflow; the associated surface high p′ now located over the slope reverses the 
along-slope PPGF and drives a downslope flow (Figures 1b and 4i).

4. Conclusions
This study utilized idealized simulations to investigate the response of upslope moving MABLs (i.e., sea breezes) 
to an approaching squall line in a mountainous coastal environment. The work built on our prior research that 
highlighted the important role played by a moving MABL in a squall line's evolution (Lombardo, 2020; Lombardo 
& Kading, 2018; Wu & Lombardo, 2021). Here, we quantified the sensitivity of upslope flow to characteristics 
of the onshore moving MABL air as well as the impact of a near proximity squall line on the upslope marine 
flow characteristics, which in turn can influence squall line evolution. The upslope flow characteristics were 
dominated by the depth and density of the marine air. The inland advancement and intensity of the upslope 
winds depended on the depth and thermal deficit θ′ of the marine air. Generally, deeper and cooler MABLs 
advanced farther inland and had greater upslope wind speeds, with flow magnitudes primarily sensitive to MABL 
depth. The local upslope flow was accelerated by a PGF that arose due to the pressure gradient between a high 
perturbation pressure from the dense marine air over the lower slope and a low perturbation pressure from adia-
batic warming of ambient downslope winds over the upper slope. An opposing negative buoyancy acceleration 
developed over time as the dense marine air accumulated over the lower slope. Consequently, the upslope flows 
decelerated and eventually reached a quasi-steady state.

An offshore-moving squall line disrupted the quasi-steady marine flow in two distinct ways. Initially, squall line 
outflow diminished the marine flow and resulted in either no flow or downslope flow over the lower mountain 
slope, sensitive to MABL characteristics. Subsequently, storm-generated high-frequency gravity waves created 
surface low perturbation pressure. As the low pressure propagated away from the squall line and approached the 
low perturbation pressure over the upper slope due to adiabatic warming of downslope ambient winds, the PGF 
rapidly increased, and winds surged up the slope. Such a change in wind speed has the potential to influence a 
squall line's behavior and the associated precipitation over the mountainous coastal regions.
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Figure 4. Cross-sections of 0–60 km y-averaged potential temperature perturbation (θ′, shaded, K), normalized pressure 
perturbation (black contours of –0.25, –0.20, –0.15, –0.10, –0.05), vertical velocity of –1.0 m s −1 (1.0 m s −1) indicated by 
purple dashed (solid) contours, and u-w wind vectors (m s −1, reference vector 10 m s −1) from (a–h) 210–260 min for the 
simulation with a 500-m-deep, –3-K-θ′ marine atmospheric boundary layer, and (i) time series of pressure perturbations (hPa) 
averaged from the ground to 500 m AGL over 320–340 km in x (red line) and 340–360 km in x (blue line), their difference 
(hPa; gray line), and the perturbation pressure gradient force (PPGF) budget term as in Equation 10 (10 −3 m s −2; Gy bars) 
contributing to the local change of us averaged from the ground to 500 m AGL over 340–360 km in x. Cold pool leading edge 
is indicated by black dashed line. Temperature anomalies associated with gravity waves are marked with “A” and “C,” and 
with downslope winds is indicated by “B.” In panels g–h, the perturbation pressure magnitude associated with A is smaller 
than that associated with C, and thus feature C dominates the normalized perturbation pressure field.
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Future work should verify the proposed mechanisms in observations, though such observations are required at 
high spatiotemporal frequencies. In lieu of this, additional simulations with more realistic topography and a wider 
range of environmental soundings could help to bridge further the gap between idealized studies such as this one 
and observed storms. Additionally, the inclusion of radiation, surface fluxes, and a diurnal cycle will influence 
the magnitude of both the storm and marine air, potentially illustrating the sensitivity of these processes to the 
time of day. Finally, the results presented herein provide a benchmark for future studies using more complex 
mountain configurations with time-varying factors.

Data Availability Statement
The CM1 (version 20.3) numerical code used in this work is available at https://www2.mmm.ucar.edu/people/
bryan/cm1/. The analytic sounding used to initialize the simulations is openly available at https://doi.org/10.5281/
zenodo.5576899.
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