
1. Introduction
In the tropics, the organization of deep convection at mesoscales (i.e., hundreds of kilometers) is ubiquitous, 
and these mesoscale convective systems (MCSs) plays a major role in producing heavy precipitation (Mathon 
et al., 2002; Nesbitt et al., 2006; Semie & Bony, 2020). In particular, long-lived MCSs, such as squall lines, 
contribute disproportionally to extreme tropical precipitation (Roca & Fiolleau, 2020). Understanding the phys-
ical mechanisms behind the formation of these systems, as well as those that lead to rainfall extremes, is an 
important step toward improving prediction models for extreme events.

The key ingredient in squall line formation is the presence of cold pools under precipitating clouds. These are 
areas of cold air with a negative buoyancy anomaly, driven by partial evaporation of rain and concomitant latent 
cooling, and have been described to extend from 10 to 200 km in diameter (Romps & Jeevanjee, 2016; Zuidema 
et al., 2017). Cold pools propagate at the surface as gravity currents, and thus can promote upward motion and 
the development of new deep convective cells at their edge, as described in Tompkins (2001), and can impact 
convective aggregation (C. Muller & Bony, 2015; Jensen et al., 2022).

Most of the time, squall lines arise when cold pools interact with a background vertical wind shear. Using ideal-
ized cloud-resolving simulations, Robe and Emanuel (2001) show that depending on the intensity of the imposed 
shear, squall lines tend to orient themselves with respect to the direction of the wind shear. For weak to medium 
intensity of shear, squall lines are perpendicular to the wind shear direction. For larger shear, squall lines are 
oriented at an angle with respect to the shear. The orientation aims at restoring a vorticity balance between 

Abstract Squall lines are substantially influenced by the interaction of low-level shear with cold pools 
associated with convective downdrafts. Beyond an optimal shear amplitude, squall lines tend to orient 
themselves at an angle with respect to the low-level shear. While the mechanisms behind squall line orientation 
seem to be increasingly well understood, uncertainties remain on the implications of this orientation. Roca 
and Fiolleau (2020, https://doi.org/10.1038/s43247-020-00015-4) show that long lived mesoscale convective 
systems, including squall lines, are disproportionately involved in rainfall extremes in the tropics. This 
article investigates the influence of the interaction between low-level shear and squall line outflow on squall 
line generated precipitation extrema in the tropics. Using a cloud resolving model, simulated squall lines in 
radiative  convective equilibrium amid a shear-dominated regime (super optimal), a balanced regime (optimal), 
and an outflow dominated regime (suboptimal). Our results show that precipitation extremes in squall lines are 
40% more intense in the case of optimal shear and remain 30% superior in the superoptimal regime relative 
to a disorganized case. With a theoretical scaling of precipitation extremes (C. Muller & Takayabu, 2020, 
https://doi.org/10.1088/1748-9326/ab7130), we show that the condensation rates control the amplification 
of precipitation extremes in tropical squall lines, mainly due to its change in vertical mass flux (dynamic 
component). The reduction of dilution by entrainment explains half of this change, consistent with Mulholland 
et al. (2021, https://doi.org/10.1175/jas-d-20-0299.1). The other half is explained by increased cloud-base 
velocity intensity in optimal and superoptimal squall lines.

Plain Language Summary Squall lines are bands of clouds and thunderstorms spanning hundreds 
of kilometers, also called quasi-linear mesoscale convective systems. These systems are associated with extreme 
weather conditions, including extreme rainfall rates. To better understand and therefore predict this high impact 
phenomenon, this study investigates the physical processes leading to enhanced precipitation rates when clouds 
are organized into squall lines, using idealized high-resolution simulations. Interestingly, the dynamics of squall 
lines, notably their wind structures, are found to play a key role in setting the intensity of extreme rainfall rates.
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the environmental shear and the cold pool propagation, as predicted by Robe and Emanuel  (2001), Rotunno 
et al. (1988), Bryan and Rotunno (2014), and verified in Abramian et al. (2022). The existence of an optimal 
balance between shear and cold pools thus makes it possible to define three regimes of squall line development: 
the suboptimal regime, where the environmental shear is weaker than the shear induced by cold pool spread-
ing; the optimal regime, where equilibrium between environmental shear and cold pools is reached; and the 
superop timal regime, where the shear wins, and where the squall lines orient themselves at an angle to the shear, 
so that the shear projected perpendicular to the squall line is at equilibrium with cold pools (see Figure 1 adapted 
from Abramian et al. (2022)). A recent study (Mulholland et al., 2021) has also shown that entrainment is reduced 
in the optimal shear regime, leading to more buoyant and intense updrafts. However, the implication of these 
regimes for extreme precipitation rates remains poorly documented. A natural question that we address here is 
then: Are precipitation extremes intensified in suboptimal, optimal or superoptimal squall lines, and if so, why?

More precisely, to answer these questions, a theoretical scaling for precipitation extremes is used, first intro-
duced in Betts (1987) and O’Gorman and Schneider (2009), and refined to link it to microphysics in C. Muller 
and Takayabu (2020) and C. J. Muller et al.  (2011). We draw the attention of the reader on that we focus on 
small-scale local extreme precipitation that depends on local processes, rather than mean precipitation which 
generally depends on larger scale and energy budgets (O’Gorman & Muller, 2010). We expect organization to 
impact both short-time hourly and long-time daily precipitation extremes (Bao & Sherwood, 2019; Da Silva 
et al., 2021), but these can come from different physical processes. This study focuses on hourly precipitation. 
The aforementioned scaling allows one to decompose changes in precipitation extremes into three contributions: 
a thermodynamic contribution related to water vapor, a dynamic contribution related to vertical mass flux in 
updrafts, and a microphysical contribution related to precipitation efficiency.

With warming, idealized simulations often predict an increase of precipitation extremes following the ther-
modynamic component in disorganized convection (C. Muller & Takayabu,  2020; C. J. Muller et  al.,  2011; 
Romps, 2011). But the thermodynamic contribution is not always the dominant term when ice and mixed-phase 
processes are important (Singh & O’Gorman, 2014) or when comparing disorganized and organized convection 
at a given temperature. Recent works (Bao & Sherwood, 2019; Da Silva et al., 2021) show that the microphys-
ical contribution may contribute significantly to the increase of extreme precipitation rates in self-aggregated 
convection relative to non-aggregated convection (C. Muller et al., 2022). The objective here is to apply this 
methodology on a set of simulations of squall lines in a cloud-resolving model (CRM), and attempt to answer 
three questions:

•  How do the precipitation extremes evolve with the suboptimal, optimal and superoptimal organization of 
squall lines? Notably, in the superoptimal regime, how does the orientation of squall lines impact extreme 
rainfall rates?

•  Which contribution mainly explains the response of extreme rainfall rates to squall line organization? Is it the 
thermodynamic, the dynamic, or the microphysical contribution?

•  What physical mechanisms control the behavior of these contributions?

The next section (Section 2) describes the CRM and introduce the theoretical scaling. Extreme precipitation rates, 
as well as the thermodynamic, dynamic and microphysical contributions, in the suboptimal, optimal and super-
optimal squall lines are analyzed in Section 3. We then provide a physical interpretation for all these contribution 
changes with increasing shear in Section 4. Conclusions, as well as key implications of our results, are discussed 
in Section 5.

2. Methodology
In this section, we describe the model and simulations (Section 2.1), introduce the theoretical scaling used to 
analyze contributions to precipitation extremes (Section 2.2), and describe in detail how extremes and contribu-
tions are computed from the simulations outputs (Section 2.3).

2.1. Model and Simulations

The simulations use the CRM SAM (Khairoutdinov & Randall,  2003). The setup is the same as Abramian 
et al. (2022), namely the resolution is 1 km in both horizontal directions (Although 1 km may not be sufficient to 
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resolve details of cold pools, it is sufficient to capture the interaction of cold pools with shear, and the generation 
of squall lines (Abramian et al., 2022; C. J. Muller, 2013). A recent study Weisman et al. (2022) shows that 1 km 
resolution well captures reflectivity characteristics and the smaller leading-line mesoscale vortices compared to 
3 km), and gradually increases in the vertical direction from 80 m near the surface to 400 m above 6 km. The 
3D domain is doubly periodic in x and y with 128 km side, and the upper third of the domain (18–27 km) has a 
sponge layer to absorb gravity waves. Therefore, only the troposphere is simulated in our experiments. We neglect 
the Earth rotation (a reasonable approximation for mesoscales in the tropics), and there is no diurnal cycle; we 
use an imposed radiative profile constant in space and time, obtained as the mean equilibrium profile of a shear-
free simulation (which used the radiation code from the National Center for Atmospheric Research Community 
Atmosphere Model). The sea surface temperature is fixed and equal to a value of 300 K. The advection scheme 
used is MPDATA (following Abramian et al. (2022)). All simulations are run to radiative-convective equilibrium 
(reached in about 30 days), after which we start our analysis, from day 30 to day 35, with hourly outputs (all 
variables used in this paper are hourly mean outputs).

Following C. J. Muller (2013) and Abramian et al. (2022), the convection is organized into squall lines by impos-
ing a background vertical wind shear profile in the x-direction, with a background wind decreasing linearly from 
Usfc at the surface to 0 m/s at z = 1 km. It is imposed by relaxing the domain-mean wind to the target profile with 
a time scale of 2 hr. We perform nine simulations, with different shear strengths, that is, with different surface 
wind Usfc from 0 (no shear) to 20 m/s, with 2.5 m/s increments. The range of shear strength allows three regimes 
of development for squall lines (again following C. J. Muller (2013) and Abramian et al. (2022)) and is supported 
by the estimation of the optimal shear in Rotunno et al. (1988) (see Section 4; Equation 9). The case without shear 
Usfc = 0 m/s is very similar to Usfc = 2.5 m/s, so we do not discuss it further and define 2.5 m/s as our control case. 
To avoid an impact of this imposed surface wind on surface fluxes, the domain-mean surface wind is removed 
before computing surface fluxes (see Section S1 in Supporting Information S1 for more details on the simulations 
and settings).

Figure 1 shows three of our simulations (Usfc = 2.5 m/s, Usfc = 10 m/s and Usfc = 20 m/s). On the top, we can see 
3D graphs representing buoyancy fields on the ground and clouds in white. On the bottom, the 2D graphs also 
display the buoyancy fields, with the vertical velocity at 500 hPa exceeding 2 m/s in white. In Usfc = 2.5 m/s, no 
organization is observed; as mentioned above, this constitutes our control case. For U = 10 m/s we observe strong 
squall lines, with a typical horizontal scale of 100 km. Consistent with Abramian et al. (2022), the squall lines 
are typically perpendicular to the wind direction for Usfc = 10 m/s (angle a = 0 with respect to the y-axis), while 
squall lines are oriented at an angle a > 0 for Usfc = 20 m/s. This angle preserves the normal shear (orange arrow 
Figure 1f) near optimal value, that is, such that Usfc cos(a) = Usfc,opt.

2.2. Theoretical Scaling for Precipitation

As mentioned in the introduction, our study of extreme precipitation in squall lines is based on a theoretical 
scaling that allows to decompose extreme precipitation into three contributions: a thermodynamic contribution 
related to water vapor, a dynamic contribution related to the vertical mass flux in extreme updrafts and a micro-
physical contribution related to the precipitation efficiency. The latter is defined as the fraction of condensation 
in a convective updraft that finally reaches the surface as precipitation. It is generally less than one because some 
of the condensates are either advected away as clouds, or evaporate as they fall into the unsaturated air below the 
cloud before reaching the surface. Each of these three contributions is subject to different theoretical constraints, 
and may respond differently to the imposed shear cases of squall lines. An overview of the origin of this theoret-
ical scale is provided in C. Muller and Takayabu (2020). Although it was first derived using an energy budget, 
this scaling can be interpreted in terms of the water budget. This allows, under certain approximations (notably 
the weak horizontal temperature gradient), to relate the precipitation to the condensation rate, with a precipita tion 
efficiency factor, which as mentioned above represents the fraction of condensates that reach the ground as 
surface precipitation. This scaling can be written as follows

𝑃𝑃 ∼ 𝜖𝜖 𝜖𝜖 ∼ 𝜖𝜖 ∫
𝐻𝐻𝑡𝑡

0

𝜌𝜌𝜌𝜌
−𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕 (1)

where P is the precipitation, C is the condensation rate, ϵ the precipitation efficiency, Ht the top of the troposphere 
(because the vertical domains only extends up to 18 km), ρ the density, w the vertical velocity, qsat the saturated 
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specific humidity and z the altitude. Following Da Silva et al. (2021), the precipitation efficiency is estimated 
as a residual, and is thus computed as the quotient of the condensation rates over the precipitation rates. More 
generally, the detailed computation of each term in the simulations will be described in Section  2.3. But before, 
we describe how this theoretical scaling is used to compare precipitation extremes between different simulations 
with different shears.

Indeed, in our study, we are more specifically addressing the variations of precipitation extremes P in squall 
lines compared to an unorganized case 𝐴𝐴 𝑃𝑃  (Usfc = 2.5 m/s). We therefore apply the scaling to the relative change 
in precipitation

Δ𝑃𝑃

𝑃𝑃
=

𝑃𝑃 − 𝑃𝑃

𝑃𝑃
, 

and similarly, 𝐴𝐴 Δ𝜖𝜖∕𝜖𝜖 and 𝐴𝐴 Δ𝐶𝐶∕𝐶𝐶  denote relative changes with respect to the unorganized case Usfc = 2.5 m/s. Based 
on Equation 1, similarly to a logarithmic derivative, we can express 𝐴𝐴 Δ𝑃𝑃∕𝑃𝑃  as a function of 𝐴𝐴 Δ𝜖𝜖∕𝜖𝜖 and 𝐴𝐴 Δ𝐶𝐶∕𝐶𝐶  
which leads to:

Δ𝑃𝑃

𝑃𝑃
=

Δ𝜖𝜖

𝜖𝜖
+

Δ𝐶𝐶

𝐶𝐶
+

Δ𝜖𝜖

𝜖𝜖

Δ𝐶𝐶

𝐶𝐶
. (2)

Neglecting the second order terms finally gives

Δ𝑃𝑃

𝑃𝑃
∼

Δ𝜖𝜖

𝜖𝜖
+

Δ𝐶𝐶

𝐶𝐶
. (3)

At this stage, the condensation rate can be split into two contributions. Indeed, a variation of the condensation 
rate can be explained either by a stronger vertical advection leading to more condensation for a given saturation 
profile, this is the dynamic contribution; or by saturation decreasing faster also producing more condensation for 
a given advection. This further decomposition can be written as

Figure 1. (top) 3D graphs for three simulation cases (Usfc = 2.5 m/s, Usfc = 10 m/s and Usfc = 20 m/s), the buoyancy field is displayed on the ground (integrated to the 
first atmospheric level) and clouds are in white. The imposed wind is represented by red arrows. As the vertical shear of this horizontal wind increases, the simulations 
move from a disorganized case to an optimal and then superoptimal squall line. (bottom) Buoyancy field surrounded by high value of mid-tropospheric vertical 
velocity in white, zoomed near a convective zone to highlight the interaction between wind shear and cold pool spreading at the edge of cold pools in the optimal and 
superoptimal regimes.
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Δ𝐶𝐶

𝐶𝐶
∼

1

𝐶𝐶 ∫
𝐻𝐻𝑡𝑡

0

Δ𝜌𝜌𝜌𝜌
−𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑

+
1

𝐶𝐶 ∫
𝐻𝐻𝑡𝑡

0

𝜌𝜌𝜌𝜌Δ
−𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑

 (4)

where overbars denote values of the unorganized case and Δ is the difference compared to the control case. We 
check that second order terms can be neglected (see Supporting Information S1 for more details).

Finally,

Δ𝑃𝑃

𝑃𝑃
∼

Δ𝜖𝜖

𝜖𝜖
+

1

𝐶𝐶 ∫
𝐻𝐻𝑡𝑡

0

Δ𝜌𝜌𝜌𝜌
−𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Δ𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶

+
1

𝐶𝐶 ∫
𝐻𝐻𝑡𝑡

0

𝜌𝜌𝜌𝜌Δ
−𝜕𝜕𝑞𝑞𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Δ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐶𝐶

.

 (5)

Hereafter, the relative dynamic and thermodynamic contributions will be respectively called 𝐴𝐴
Δ𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶
 and 𝐴𝐴

Δ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐶𝐶
 .

2.3. Evaluation of Extremes of Precipitation, Condensation, and Other Contributions in Simulations

In our study, we define extreme precipitation as the tails of the distribution of hourly mean precipitation (includ-
ing zeros). More precisely we investigate the response of high precipitation percentiles to the increasing shear. 
We investigate various percentiles around the 99.9th precipitation percentile (extreme of hourly precipitation 
occurring 0.1% of the time), and whether this extreme rain rate increases with the squall line organization, and 
if so why.

One difficulty in evaluating the various terms of Equation 5 is that different extremes occur at different times and 
locations during the cloud life cycle. Indeed, one expects maximum condensation early in the life cycle of a cloud, 
and maximum precipitation at the end of the life cycle, as condensation leads to precipitation. To avoid this prob-
lem, we follow Singh and O’Gorman (2014) and Da Silva et al. (2021) and compute the terms not at a given point 
in space and time, but at a fixed percentile rank. In other words, we compute precipitation extremes at a given 
precipitation percentile, and condensation extremes at a given condensation percentile, without regard to space 
and time. The precipitation efficiency is deduced from these two extremes and is thus interpreted as an effective 
efficiency defined as the fraction of extreme condensation that become extreme precipitation on the ground,

(

Δ𝑃𝑃

𝑃𝑃

)99.9

∼

(

Δ𝜖𝜖

𝜖𝜖

)99.9

+

(

Δ𝐶𝐶

𝐶𝐶

)99.9

. (6)

The underlying assumption is that an extreme in condensation leads to an extreme in precipitation of similar 
percentile rank, which is equivalent to an ergodicity hypothesis. To motivate this hypothesis, Figure 2 shows 
the precipitable water field of the simulation case Usfc = 10 m/s for three successive time steps. We observe a 
squall line developing perpendicular to the wind. The red crosses represent the condensation extremes, that is, 
the points for which condensation is greater than 99.9th percentile, and the green crosses represent the precip-
itation extremes. We notice (a) the extremes of precipitation and condensation do not coincide in space at each 
time step, and (b) the extremes of condensation anticipate the extremes of rainfall, and thus account for the same 
convective event. This figure shows that if we consider the locations of condensation and precipitation extremes, 
everything happens as if we were following a cell through its life cycle. The theoretical scaling therefore remains 
consistent at each percentile rank. A more detailed statistical analysis (Section S2 and Figure S1 in Supporting 
Information S1) confirms that for high percentiles, precipitation and condensation are strongly correlated in space 
and time.

Extremes of condensation are decomposed according to Equation 4 into a dynamic and a thermodynamic contri-
bution, both evaluated at extremes of condensation following Da Silva et al. (2021); in other words, the vertical 
mass flux and saturation specific humidity profiles are computed at condensation extremes. Similarly the precip-
itation efficiency will be decomposed into a term involving the conversion of non precipitating cloud condensate 
into precipitating condensate and a term involving the fraction of the precipitating condensate that arrives at 
the surface as precipitation (α and β respectively in Equation 9, the physical interpretation of these terms will 
be discussed in more detail in Section  4.2) following Lutsko and Cronin  (2018). This computation involves 
the microphysical flux Qp of non precipitating condensates into precipitating ones (unit of kg m −2  s −1). This 
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variable is directly output from the model at the same frequency as precipitation and other variables (hourly mean 
outputs). Each term is evaluated at its own extreme that is, P, C, and Qp are evaluated at the 99.9th percentile of P, 
C, and Qp respectively. Here again we use the hypothesis that consequential events in the life cycle of a convective 
cell are linked together in their own extreme rank of percentile (an extreme of condensation C leads to an extreme 
of precipitating condensate production Qp, which itself leads to an extreme of surface precipitation P).

3. Results: How do Precipitation Extremes Evolve With the Shear in Tropical Squall 
Lines? Which Contributions of the Scaling Explain This Change?
3.1. Evolution of Precipitation Extremes

Figure 3 shows results from our different simulations with increasing wind shear. As noted in the introduction and in 
Section 2.1, the orientation of the squall lines aims at restoring the balance between cold pool and the imposed shear 
perpendicular to the squall lines (see Figure 1). Consistently, we recover the three regimes of Abramian et al. (2022).

In the suboptimal regime (green background), the vorticity of the imposed shear is weaker than that of cold pools. 
The squall line is perpendicular to the imposed shear (angle a = 0 between the squall line and the y axis), which 
optimizes the projected shear. The projected shear thus increases linearly until the optimal case. The optimal 
regime (blue background) is found around Usfc,opt ≈ 11 m/s in our simulations; we note in passing that the projected 
shear is slightly weaker than the target shear to which we relax the mean wind profile. Indeed, the domain-mean 
wind is slightly weaker than the imposed target wind profile due to drag and subgrid-scale momentum flux, 
which oppose the relaxation toward the target profile. In this regime, the incoming shear balances cold pools. In 
the superoptimal regime (yellow), the shear is higher than the optimal value, and the lines orient themselves at 
an angle a > 0 in order to reduce the projected incoming shear Usfc cos(a). This angle conserves the projected 
shear near optimal value, so that the projected shear remains approximately constant above Usfc cos(a) = Usfc,opt.

If we superimpose the extreme precipitation—99.9th percentile of precipitation - for each case, we obtain the 
green curve. In the disorganized case, Usfc = 2.5 m/s, the extreme is 450 mm/day and increases almost linearly as 
the shear increases, reaching 650 mm/day in the optimal regime. In the superoptimal regime, the rainfall extreme 
is observed to be constant around 575 mm/day, slightly below the rate at optimal shear.

Panel b shows the change of precipitation extremes relative to the control case for different percentiles (indicated 
by the colorbar) as a function of the shear. Quantitatively, there is an increase in extreme precipitation of about 
30%–40% in the optimal regime relative to the control case, and it declines in the superoptimal regime but is 

Figure 2. Precipitable Water field of an optimal squall line (Usfc = 10 m/s) displayed for three consecutive time steps (hourly). The red crosses are the extremes 
of condensation extremes (taken at 99.9th) and green ones are the precipitation extremes (at 99.9th too). This figure underlines (1) extremes of condensation and 
precipitation are shifted in time and space; (2) condensation extremes anticipate precipitation extremes.
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maintained around 20%–30%, again relative to the control case. The signal is robust to the chosen definition of 
extreme; from now on, we will only show results at the 99.9th percentile.

The focus of the present study shall be to understand what controls this evolution of precipitation extremes with 
squall lines organization, and what physical mechanisms are involved.

3.2. Results of the Scaling

Figure 4 shows the various contributions from the scaling (Equations 4 and 5) in each simulation. We have displayed 
the value of the extremes (99.9%) of precipitation for each simulation in green, the extremes of condensation 

Figure 3. (a) Superposition of the incoming wind shear on squall lines for all simulation cases (orange, near-surface wind 
projected in the direction perpendicular to the squall line) and the respective extreme precipitation rate taken at 99.9th 
percentile (green). The black line represents the theoretical value of the projected wind (described in Rotunno et al. (1988), 
and described in more detailed in Abramian et al. (2022) Section 3.2) and we observe a very good agreement with the 
measured one, consistent with Abramian et al. (2022). In dashed green the optimal case is highlighted, around 11 m/s, and 
allows to identify the three regimes of development: sub-optimal (light green), the optimal (light blue) and the superoptimal 
(light yellow). This figure demonstrates the sensitivity of extreme precipitation to the regime of squall lines. (b) Changes 
in precipitation per percentile rank, from 99th to 99.99th. Values of extremes are calculated relative to the control case 
(Usfc = 2.5 m/s). Extremes increase by 30%–40% in the optimal case, and remain 20%–30% higher in the superoptimal case. 
The trend of extremes with squall lines regime is robust to the percentile.
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in red and the efficiency of precipitation in blue. The thermodynamic and 
dynamic contributions are shown in light and dark orange respectively (both 
taken at extreme condensation columns as described in Section  2.3).

This decomposition indicates for instance that for the case Usfc = 10 m/s, the 
increase in precipitation extremes of 40% is due to an increase in conden-
sation of 60% and a decrease in precipitation efficiency of about 15% (the 
residual difference is due to higher order terms neglected in Equation  2). 
Overall, in all the simulations, the variations in the condensation rate explain 
the variations in precipitation. Focusing on the two contributions, dynamic 
and thermodynamic, we notice, still for the case Usfc = 10 m/s, that when 
condensation increases by 60%, this is due to an increase of 50% in dynam-
ics, and 10% in thermodynamics. More generally, in all the simulations, the 
dominant contribution to changes in extreme precipitation is the dynamic 
contribution. In Section 4, we investigate the physical processes at play.

4. What Physical Mechanisms Control the Behavior of 
These Contributions?
4.1. Dynamics Driven by Cloud-Base Updraft Velocity

Figure  5a shows the mass flux profiles at condensation extremes. In this 
figure, we note that as the shear increases, the profile changes from a para-
bolic shape, for Usfc = 2.5 m/s, to a so-called “bottom heavy” profile. Quanti-
tatively, the value of w in the low troposphere, for instance at 2 km, increases 
until the 10 m/s case, and then decreases. This trend is maintained throughout 
the lower layer, and in particular at the top of the boundary layer (around 
1 km).

In order to further investigate vertical velocities, we look at the change of 
atmospheric instability as measured by CAPE. Figure 5b shows the tempera-
ture profiles of a parcel in an adiabatic lift (solid lines), as well as the temper-
ature of the environment (dashed line) on a SkewT diagram. These profiles 

are calculated at the extremes of the pointwise, vertically-integrated CAPE, because we assume that extremes 
of condensation rates follow extremes of CAPE (see Section  S3 in Supporting Information S1 for details of the 
CAPE computation). In this diagram, the CAPE is read as the area between the parcel and the environmental 
profile, since we neglect virtual effect.

CAPE seems to be insensitive to shear, since both the domain and parcel warm at a similar rate as the shear 
is increased, keeping the CAPE constant between cases (see Figure 5b). We note in passing that organization 
is accompanied by warming, consistent with C. J. Muller and Held (2012) and Bretherton et al.  (2005). This 
suggests that the increased dynamic contribution with shear is not related to atmospheric instability as measured 
by CAPE (acceleration of the parcel as it moves upward). However, what can indeed play a non negligible role 
is the fraction of conversion of CAPE into kinetic energy, which can vary with imposed shear, and depends on 
entrainment processes. This quantity can be estimated as a residual of the acceleration of an undiluted parcel 
ascent and the vertical velocity profiles from our simulation outputs (captured by the conversion factor λ in Equa-
tion 7 below). Qualitatively, we expect the conversion fraction to increase with organization, since the entrained 
air in organized convection is moister and has a lower dilution effect, as has been described in the literature 
(Becker et al., 2018; Feng et al., 2015; Mulholland et al., 2021). On the basis of these studies, entrainment is 
expected to play a dominant role in modifying the conversion rate, but other processes may also contribute, such 
as condensate loading. Further work is needed to fully assess these effects.

We argue that the change in the dynamics are not only due to the change in CAPE conversion, but may also be 
related to the cloud-base velocity (initial velocity of the upward moving parcel at the top of the boundary layer). 
Intuitively, this is also consistent with the bottom heavy profiles of mass flux in Figure 5. We further investigate 
this assumption with a conservation of energy, written as

𝑤𝑤2(𝑧𝑧) = 𝑤𝑤2

𝑐𝑐𝑐𝑐
+ 2𝜆𝜆(𝑧𝑧)CAPE(𝑧𝑧) (7)

Figure 4. Relative sensitivity to shear of precipitation extremes 𝐴𝐴

(

Δ𝑃𝑃

𝑃𝑃

)

 

and its decomposition into dynamic 𝐴𝐴

(

Δ𝑑𝑑𝑑𝑑𝑑𝑑

𝐶𝐶

)

 , thermodynamic 𝐴𝐴

(

Δ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝐶𝐶

)

 and 

microphysical 𝐴𝐴

(

Δ𝜖𝜖

𝜖𝜖

)

 components using the scaling for all simulations (see 
Equation 5). The 99.9th percentile of precipitation is in dashed green, the 
99.9th percentile of condensation rate is in dashed red, itself decomposed 
into the dynamic (orange) and thermodynamic (yellow) contributions; the 
microphysics contribution is in dashed blue. The values of extremes are 
displayed relative to the control case (Usfc = 2.5 m/s). For example, in the 
optimal case, Usfc = 10 m/s, the increase of 40% of precipitation is due to 
an increase in 60% in condensation, of which 55% of dynamics and 5% of 
thermodynamics, and by a decrease of 15% in microphysics. Over all cases, 
the change in precipitation are due first to dynamics, then to microphysics and 
eventually to thermodynamics.
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where w(z) denotes the vertical velocity at altitude z, wcb is the cloud-base (∼1 km) updraft velocity, CAPE(z) 
the convective available potential energy between the first level of the atmosphere and the level z and λ(z) the 
conversion fraction, computed as a residual. (This budget implicitly neglects the contributions to vertical velocity 
from viscosity and from pressure perturbations.) This equation can be interpreted as the decomposition into a 
cloud-base initial updraft velocity, and a term that reflects the acceleration above cloud-base due to the instability 
of the atmosphere. Taking differential with respect to the control case yields

Δ𝑤𝑤 =
𝑤𝑤𝑐𝑐𝑐𝑐Δ𝑤𝑤𝑐𝑐𝑐𝑐

𝑤𝑤
⏟⏞⏞⏟⏞⏞⏟

Δ𝑐𝑐𝑐𝑐∕𝑤𝑤

+
𝜆𝜆ΔCAPE

𝑤𝑤
⏟⏞⏞⏟⏞⏞⏟

Δ𝑝𝑝𝑝𝑝∕𝑤𝑤

+
CAPEΔ𝜆𝜆

𝑤𝑤
⏟⏞⏞⏟⏞⏞⏟

Δ𝑝𝑝𝑒𝑒𝑒𝑒∕𝑤𝑤

,
 (8)

where Δ refers to a difference to the control case (2.5 m/s), overlined quantities are taken at the control case, w, 
λ are defined above, and cb, pe, ent correspond to cloud-base, potential energy and entrainment respectively. We 
calculate this decomposition to quantify the role of cloud-base updraft vertical velocity, CAPE and dilution in 
changing the dynamics (using Equation 8 in the integral of the dynamical term in Equation 5). The cloud-base 
updraft velocity wcb is computed as the vertical velocity at 1 km at locations of extreme condensation (Figure 5a). 
Δw is calculated at each level, and is then weighted by the saturation specific humidity profiles to be consistent 
with the dynamical contribution. Its increase, as well as the other terms in Equation 8, are quantified in Figure 6. 
The evolution of the dynamic contribution is in dashed dark orange (repeated from Figure 4 to ease comparison), 
and the three dynamic sub-contributions, the convective cloud-base updraft velocity, the atmospheric instability 
and the conversion fraction, are represented respectively in solid orange, brown and yellow. This figure shows 
the dominant roles of the cloud-base velocity that initiates convective updraft and the conversion fraction in the 

Figure 5. (a) Mass flux profiles (ρw) for all cases, computed for high condensate columns (beyond 99.9th). The control case (Usfc = 2.5 m/s), in blue, is a near 
parabolic profil, and as the shear increases we observe profiles becoming more “bottom heavy,” consistant with Abbott et al. (2020). The mass flux at the boundary 
layer increase until the optimal regime and slowly decrease in the superoptimal regime. (b) Environment temperature profile, averaged near an extreme of CAPE 
(beyond 99.9th) in dashed lines, and adiabatic parcel ascent in solid lines are displayed in Skew-T diagrams. The CAPE for each case is read as the area between two 
profiles of same color. This graph highlights the low sensitivity of the CAPE to shear changes accross simulation experiments.
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dynamic variation with shear. As mentioned above, we expect the conversion 
fraction to follow the degree of organization of squall lines, and consistently 
it increases in the suboptimal and optimal regime, and then reaches a plateau.

What is more unexpected is that the cloud-base velocity is also found to satu-
rate in the superoptimal regime (Figure  6). The cloud-base updraft veloc-
ity may then only depend on the balance of the projected horizontal shear 
and the cold pool spreading. This is apparently what suggests Figure 7. The 
panels on the left show the surface winds at extreme condensation rate, where 
we see that the horizontal wind is perturbed as it crosses the cold pool, and in 
the superoptimal case, we observe that the excess momentum in the incom-
ing shear is removed in the direction tangential to the squall line. In both 
cases, we find that the circulation is more complex than the simple picture 
of the cold pool spreading at equilibrium with the incoming shear; indeed, 
part of the horizontal wind is found to make it through the cold pool, and 
only the converging fraction into the black rectangle is expected to contrib-
ute to the vertical cloud base initial velocity. When we look at anomaly of 
horizontal wind instead, shown in the right panels, we find the expected 
low-level convergence. In these cross sections, horizontal wind anomalies are 
displayed on top of the buoyancy field, both composited at extreme conden-
sation rate. The cloud-base updraft velocity results from the convergence in 
the horizontal plane below 1  km and probably encapsulates the effects of 
the pressure perturbation that deflects the incoming horizontal flow into the 
vertical direction.

To quantify this further, we compute a mass balance at the edge of the cold pool, in the reference frame of the 
squall line (black rectangles Figure 7). The reference frame is aligned with the squall line and since the lines are 
oriented at an angle a as the shear increases, the frame of reference is also rotated. We consider a volume centered 
at maximum condensation, with angle a = 0 to the y-axis in the suboptimal and optimal squall lines, and angle 

Figure 7. Vertical velocity maps at 1 km height and buoyancy cross section fields for two cases, 12.5 and 20 m/s are displayed. These fields are composited near the 
extreme of condensation (99.9th). Horizontal velocity anomaly, at 1 km too, are displayed in quiver in the top view. We observe stronger updraft in organized cases 
(12.5 and 20 m/s), with a subsidence zone. This figure also highlights the orientation of the line in the superoptimal regime. For the cross section, the quiver represent 
the incoming flow both from the shear and the cold pool. We compute the mass balance in a volume represented by the black rectangle, in order to deduce the strength 
of the convective cloud-base updraft velocity at 1 km.

Figure 6. Decomposition of the dynamic contribution (dashed dark orange 
𝐴𝐴 Δ𝐷𝐷∕𝐶𝐶  ) into a cloud-base velocity term (solid orange 𝐴𝐴 Δ𝑐𝑐𝑐𝑐∕𝐶𝐶  ), an atmospheric 

instability term (solid brown 𝐴𝐴 Δ𝑝𝑝𝑝𝑝∕𝐶𝐶  ) and the conversion rate (solid yellow, 
𝐴𝐴 Δ𝑒𝑒𝑒𝑒𝑒𝑒∕𝐶𝐶  ) for all simulation cases. The cloud-base velocity and the conversion 

term dominate the change in dynamic contribution.
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a > 0 increasing in the superoptimal squall lines consistent with its orientation (i.e., such that Usfc cos(a) = Usfc,opt, 
see Figure 1). The rectangular volume has length L = 6 km parallel to the squall line, width l = 1.5 km across the 
line, and height H = 1 km.

Mass balance decomposition in the rectangle of Figure 7 is displayed in Figure 8a. In blue, the incoming and outgo-
ing horizontal winds perpendicular to the squall line are displayed (<uin> and <uout>, where <.> denotes aver-
aging over the rectangle sides). We observe that as the shear increases, the net incoming wind Δu = <uin − uout> 
increases, until the optimal shear is reached, and then the difference remains constant. In green, the increase of the 
tangential components (<vin> and <vout>) in the superoptimal regime is clear. This supports that the exceeding 
momentum in the incoming shear in the superoptimal squall lines is removed in the direction tangential to the 
squall line. However the net incoming (Δv = <vin − vout>) slightly increases until the optimal shear is reached, and 
then remains approximately constant in the superoptimal regime. As a consequence, the convergence Δu + Δv 
increases until the optimal case, and then saturates (dashed red), consistent with the mean velocity at the top of 
the volume at 1 km <w1km> (solid red) as expected from mass balance (the small difference is due to interpolation 
approximation near the rectangle). We notice that the value of the vertical velocity is almost 10 times smaller 
than the horizontal velocities, and this is explained by the mean flow passing through the cold pool. Investigating 
what controls the mean flow intensity and how it is related to the imposed wind shear would provide a theoretical 
scaling for the mean cloud-base velocity. We can hypothesize a dependence to the projected shear, but more work 
is needed to answer this question.

Figure 8b compares the evolution of the difference with the control case of the cloud-base updraft velocity (wcb 
from Equation 7), and the mean cloud-base velocity at the top of the rectangular volume (same as in Figure 8a). 
Both evolutions are similar, except that the mean velocity is lower, due to the effect of averaging. This suggests 
that the cloud-base updraft velocity variation results from those of the convergence in the horizontal plane, itself 
controlled by the orientation of the squall line, which removes exceeding momentum of the incoming shear into 
the tangential direction.

Thus, to leading order, precipitation extremes follow the dynamical contribution, itself dictated by the change of 
conversion fraction and the cloud-base updraft velocity at the top of the boundary layer, which follow the degree 

Figure 8. (a) The inflow (solid line) and outflow (dashed) in the perpendicular (blue) and parallel (green) direction of the squall line, as well as the outflow at 
the top of the volume (red) are shown for each experiments (the inset shows the rectangle repeated from Figure 7 with notations). We observe the saturation of the 
perpendicular component from the optimal case, as well as the increase of the tangential component, which supports our initial hypothesis. (b) Relative evolution of 
the mean cloud base velocity (red) compared to the one of the cloud base updraft velocity at extremes of condensation (purple). The variations of these two quantities 
are coherent and support our approach of modeling the cloud base velocity at extremes of condensation with the mean value of vertical velocity obtained from a mass 
balance. (The case U = 15 m/s has a changing propagation from increasing y to decreasing y which distorts the composites and has thus been removed in parallel and 
perpendicular estimates).
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of organization, and consequently the regime of development of squall lines. 
The change of conversion of CAPE with organization is consistent with the 
literature (Becker et al., 2018; Feng et al., 2015; Mulholland et al., 2021), and 
is in our opinion an interesting impact of organization which would deserve 
further investigation. The change in initial cloud-base velocity of updrafts 
is also an important aspect in our squall lines. We explain this phenomenon 
with the increased winds perpendicular to the squall line in the suboptimal 
and optimal regimes. The saturation in the superoptimal regime is due to the 
squall line orientation, which maintains the projected wind perpendicular to 
the squall line close to its optimal value. The rest of the paper is now devoted 
to the other, smaller thermodynamic and microphysical contributions.

4.2. Microphysical Component Driven by Conversion Rate

The change of precipitation efficiency reaches about −15% in the optimal 
and −5% in the superoptimal simulations (Figure  4). In order to further 
investigate this change in precipitation efficiency, we follow Lutsko and 
Cronin  (2018) and split the precipitation efficiency ϵ into two terms. The 
first term α is the rate of conversion from cloud to precipitating condensates 
Qp (in kg m −2 s −1), normalized by the rate of conversion from water vapor 
to cloud condensate C. It captures how efficiently cloud condensates are 
converted into precipitating condensates. Therefore, α is called conversion 

efficiency (Lutsko & Cronin, 2018). The second term, (1 − β), referred to as sedimentation efficiency (Lutsko 
& Cronin, 2018), represents the fraction of source of precipitating condensate (Qp) from microphysics which 
reaches the ground as surface precipitation (P). This fraction is typically less than unity because a fraction β of 
rain evaporates as precipitating condensates fall through subsaturated air. The microphysical variable Qp is diag-
nosed directly from the model, and those two terms are computed using the following:

𝜖𝜖 ∼
𝑃𝑃

𝐶𝐶
∼

𝑄𝑄𝑝𝑝

𝐶𝐶
⏟⏟⏟

𝛼𝛼

×
𝑃𝑃

𝑄𝑄𝑝𝑝

⏟⏟⏟
1−𝛽𝛽

.
 (9)

Figure 9 represents the relative variations of the precipitation efficiency, the conversion and the sedimentation 
in the different simulations. We observe that changes in precipitation efficiency are mainly driven by changes in 
conversion. Further investigation (see Section S4; Figures S2 and S3 in Supporting Information S1), decompos-
ing α into contributions from accretion and auto-conversion, shows that the decrease of conversion is mainly due 
to a decrease of accretion. Intuitively, this suggests that the stronger updraft causes more cloud condensate due to 
not enough time for the auto-conversion process in the optimal and super-optimal balance experiments.

4.3. Thermodynamical Component Driven by Change in Surface Humidity

The objective of this sub-section is to understand the origin of the small increase of the thermodynamic contri-
bution, which increases by 10% in the U = 20 m/s case compared to the control case. The thermodynamic contri-
bution is written

1

𝐶𝐶 ∫
𝐻𝐻𝑡𝑡

0

𝜌𝜌𝜌𝜌Δ

(

−𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠𝑡𝑡

𝜕𝜕𝜕𝜕

)

𝑑𝑑𝜕𝜕𝑑 (10)

We can approximate this contribution as

1

𝐶𝐶 ∫ 𝜌𝜌𝜌𝜌Δ

(

−𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕

)

𝑑𝑑𝜕𝜕 ∼
1

𝐶𝐶
𝜌𝜌𝜌𝜌500ℎ𝑃𝑃𝑠𝑠Δ∫

−𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠𝑠𝑠

𝜕𝜕𝜕𝜕
𝑑𝑑𝜕𝜕 =

1

𝐶𝐶
𝜌𝜌𝜌𝜌500ℎ𝑃𝑃𝑠𝑠Δ

(

𝜕𝜕
𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠

)

. (11)

This equation yields an approximate relationship between the thermodynamic component and surface saturation 
humidity. As the temperature increases when a stronger shear wind is imposed (Figure 5b), this leads to an increase 
in the saturation humidity at the surface. This increase can therefore explain the changes in thermodynamic 

Figure 9. Decomposition of the precipitation efficiency (dashed blue) 
into a sedimentation term (green) and a conversion (blue) for all cases. The 
decrease in microphysics contribution is mainly explained by the decrease in 
conversion.
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contribution. We have plotted in Figure  10 the variation of the saturation 
humidity at the surface (solid red line), as well as over the whole height of 
the boundary layer (solid orange) to compare them to the total thermody-
namic contribution (dashed orange). This figure shows that out of 10% of 
thermodynamic increase, almost half is due to surface changes. As noted 
above, Equation 11 is an approximate relation between the thermodynamic 
component and near-surface saturation humidity. So quantitatively, we do not 
expect a perfect agreement, but qualitatively, the thermodynamic contribu-
tion increase is consistent with the humidity increase.

5. Conclusion
Squall lines, and more generally organized convection, are associated with 
extreme weather conditions, notably extreme rainfall rates. Here, we inves-
tigate in idealized cloud-resolving simulations, the physical origin of the 
amplification of precipitation extremes in squall lines. We also clarify how 
this amplification varies in the suboptimal, optimal and superoptimal squall 
line regimes. These regimes are obtained in the simulations by increasing 
low-level shear following Abramian et al. (2022). We find that precipitation 
extremes are sensitive to the squall line regime and most notably to their 
orientation with respect to the shear. We observe a gradual increase of precip-
itation extremes in the suboptimal regime, up to a 30%–40% increase in the 
optimal regime. This increase saturates at 20%–30% in the superoptimal 
regime.

To understand these changes, we use a theoretical scaling, described in C. Muller and Takayabu (2020), which 
estimates the precipitation as the amount of water that condenses through vertical advection in updrafts, multi-
plied by a precipitation efficiency. This efficiency takes into account the part of the water that remains in the 
clouds, and the droplets that re-evaporate into the subsaturated air. The particularity of our method is to consider 
this scaling statistically true at each percentile rank rather than at a specific point in space (following Da Silva 
et al. (2021)), to account for the cloud life cycle (an extreme of condensation in the early stage of a cloud leads to 
an extreme in precipitation at a later stage). Using this method, we are able to identify that the increase in precip-
itation extremes is due to an increase in condensation rates with imposed shear. More precisely, we show that the 
dynamic component is mainly responsible for the condensation increase. The microphysical contribution plays a 
secondary, but not negligible, damping role. The thermodynamic contribution is the weakest.

We also focus on the physical mechanisms at the origin of these variations. For the dynamical contribution, we 
show that it is the effect of dilution by entrainment and the cloud-base updraft velocity of the convective cells 
between cases that are most important. The former is consistent with reduced effective entrainment with organ-
ization, as updrafts in organized convection are surrounded by moister air. The latter is explained by the fact 
that the orientation, by re-establishing the equilibrium between cold pools and incoming shear, acts to maintain 
constant the cloud-base velocity that initiates convective updrafts. This is what differentiates the suboptimal 
regime where precipitation extremes increase with shear, from the optimal and superoptimal regimes preventing 
further increase of extremes in superoptimal squall lines. For the microphysical component, conversion rates 
are lower in the optimal regime presumably because the conversion of non-precipitating hydrometeors to rain is 
slower than the condensation of water vapor into non-precipitating hydrometeors. Finally, the thermodynamic 
component seems to increase with near-surface humidity which is sensitive to the increase in temperature with 
shear.

These results should draw our attention to the consequences of the organization of convection, and in particular 
its sensitivity to temperature increase. The 40% increase in optimal squall lines are larger than the thermody-
namic increase in extremes associated with a 3  K warming expected from the Clausius-Clapeyron equation 
(7%/K increase). These results highlight the need to understand changes in the organization of convection, espe-
cially in the context of global warming. Changes in organization have a potentially more severe effect on rainfall 
extremes than warming. Over Sahel, where observations indicate the leading role of large MCSs in explaining the 
trends in extreme precipitation, recent convection-permitting climate model simulations highlight tropospheric 

Figure 10. Comparison between the thermodynamic contribution (dashed 
yellow) and a simplified scaling, taking into account the change of humidity 
at saturation at the surface (solid orange), and the change integrated in 
the boundary layer (solid yellow). This figure shows that out of 10% of 
thermodynamic increase, almost half is due to near surface changes.
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wind shear changes as the primary reason for intensifying squall lines under warming conditions (Fitzpatrick 
et al., 2020). Extending our idealized simulation results to more realistic data would be desirable, to better under-
stand changing organization and implications for precipitation extremes. The global cloud-resolving simulations 
of the Dyamond/Next-GEMS project (Stevens et al., 2019) could be useful tools to address this important scien-
tific question. Observations of surface properties at fine-scale resolution (kilometers, notably within cold pools), 
such as those proposed in the ESA Harmony mission (Earth Explorer 10 mission), will be crucial to perfect our 
understanding of the interaction between cold pools, shear and precipitation extremes (Harmony, 2020).

Data Availability Statement
The simulation data that support the findings are available from the Irene server of the TGCC (Very Large 
Computing Center) of the CEA (Atomic Energy Center), and can be found in Figshare (https://doi.org/10.6084/
m9.figshare.21360396.v1). The different algorithms and the main script developed in this article are freely avail-
able on the Zenodo SAM project repository (https://doi.org/10.5281/zenodo.7225550), including the pySAM 
Python package with a new release (see also Section S5 in Supporting Information S1).
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