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Abstract. Environmental conditions significantly influence the intensity of organised convective systems. However, variations
in factors such as temperature, humidity, and vertical shear suggest that non-linear relationships may exist between these
systems and their environments. To address gaps in these variations, it is crucial to understand the cloud microphysical pro-
cesses inherent to convective systems. In this study, we conducted numerical experiments using the Weather Research and
Forecasting model in idealised setups with a spectral-bin microphysical scheme that explicitly handles drop-size distributions.
The initial conditions included variations in humidity, temperature lapse rates, and vertical wind shear that reflect observed
relationships. The results showed that larger temperature lapse rates produced larger raindrops, resulting in stronger rainfall in-
tensity. Increased moisture in the lower troposphere led to stronger rainfall intensity, driven by a larger concentration of smaller
raindrops and increased liquid water content. The magnitude of vertical shear generally causes fluctuations in the drop size dis-
tribution within convective clouds. Particularly, weaker vertical shear tends to inhibit the propagation of convective clouds,
reduce vertical variations in the drop-size distribution within them, and may reduce the raindrop evaporation rate, thereby
increasing rainfall amounts. These findings provide valuable insights that could enhance operational quantitative precipitation

estimation and improve the microphysical schemes used in numerical weather models.

1 Introduction

The intensity of organised precipitating systems, including mesoscale convective systems, has been diagnosed using indicators
such as updraughts and rainfall intensity. Differences in updraughts have investigated to show distinct variations over between
the tropics and mid-latitudes, resulting from differences in buoyancy fields (e.g., Lucas et al., 1994). This point has also
examined in numerical experiments simulating squall lines (e.g., James et al., 2006; Houston and Niyogi, 2007; Takemi,
2007). Much previous research has focused on phenomena associated with strong updraught regions, such as supercells and
squall lines, primarily occurring over the United States Great Plains (e.g., Morrison et al., 2012; Xue et al., 2017; Kumjian et al.,
2014), where processes involving the ice phase can be significant (Morrison et al., 2015). Conversely, for extreme heavy rainfall
associated with weaker updraughts, processes involving warm rain below the melting layer have been highlighted as crucial
(e.g., Ding et al., 2023; Wang et al., 2023; Gupta et al., 2023). Particularly in Japan, the importance of a moist environmental
field for convective clouds producing heavy rainfall has been highlighted (e.g., Unuma and Takemi, 2016a; Kato, 2020).
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Convective systems in humid environments have been found to exhibit varying development altitudes for convective clouds,
primarily depending on the surrounding atmosphere’s humidity (e.g., Johnson et al., 1999; Kikuchi and Takayabu, 2004).
In Japan, it has been noted that such moist lower-level conditions can be favourable for the development of slow-moving
convective systems (Unuma and Takemi, 20164, b). Takemi (2015) demonstrated that in moist environments, numerous vertical
flow cores with little dilution from the surrounding air can exist. Li et al. (2017) demonstrated that lower-level moisture leads
to a monotonically increasing total rainfall, followed by the formation of a cold air mass near the surface that restricts the
development of subsequently emerging convective clouds. Schumacher (2015) showed that even slight variations in near-
surface water vapour content can significantly influence surface rainfall. Schumacher and Peters (2017) further conducted
experiments in which they applied a slight increase in water vapour content to the initial conditions. The results showed that
the rainfall amount generated by the convective system increased as the water vapour perturbation grew larger; however, the
change in precipitation did not vary proportionally with the magnitude of the water vapour perturbation. The fact that both
the amount and location of convective system’s precipitation are highly sensitive to slight changes in low-level water vapour
indicates that even minor water vapour errors in numerical weather prediction models can lead to significant errors in predicting
convective system location and behaviour. From a forecasting perspective, Kato et al. (2003) conducted numerical simulations
of heavy rainfall events that were forecast incorrectly during a specific observation period, indicating the importance of water
vapour accumulation in the lower troposphere. These effects should be discussed, including cloud microphysical properties.

Rainfall intensity, as an integral value from the perspective of drop size distribution (DSD), is expected to show apparent
differences between the tropics and mid-latitudes in both drop size and number concentration (e.g., Bringi et al., 2003; Dolan
et al., 2018; Unuma et al., 2025). Regarding DSDs, Kumjian et al. (2014) examined that parameterisations commonly used
in cloud microphysical schemes may yield distributions sensitive to rainfall intensity and biased towards tropical conditions
compared to mid-latitude conditions. Seifert et al. (2005) demonstrated that including collisional breakup characteristics re-
duces surface rainfall intensity but enhances the convection that is subsequently generated. Morrison et al. (2012) showed
that domain-averaged precipitation increases when collisional breakup process is efficient. Diehl et al. (2025) proposed a re-
parameterisation of collisional breakup characteristics based on laboratory experiments and evaluated its impact using cloud
models. They showed that including collisional breakup reduces the number of maximum raindrops, delays precipitation on-
set, decreases total rainfall, and locally alters precipitation distribution. Such nonlinear relationships may be inherent within
convective systems; however, few studies have examined these effects whilst accounting for environmental conditions in the
surrounding atmosphere.

From the perspective of Quantitative Precipitation Estimation (QPE), when translating observed values at specific altitudes
into areal distributions of surface rainfall, it is essential to capture variations in the vertical distribution of DSDs accurately
as much as possible. In QPE, adjustments are made by applying appropriate precipitation-observation relationships, correct-
ing for horizontal advection and vertical effects, and applying adjustments based on rain gauge data. Among these, the Japan
Meteorological Agency’s QPE system, due to its high density of rain gauges, incorporates not only appropriate precipitation-
observation relationships but also horizontal and vertical corrections through rain gauge adjustments (Nagata, 2011). On the

other hand, since it is necessary to wait for rain gauge data to be received during product generation, timeliness is often com-
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promised. Furthermore, actual physical processes can occur at scales smaller than the observational resolution. Fortunately, the
deployment of polarimetric radar is progressing in many countries, making high-temporal and spatial resolution observational
data increasingly available. Especially in Japan, it has become clear that vertical variations of DSDs are significant as investi-
gated in (Unuma et al., 2023; Unuma, 2024, 2025), suggesting that vertical corrections are important for QPE. In this regard,
researches on vertical variations related to cloud microphysical processes has been conducted from various perspectives.

Hu and Srivastava (1995) demonstrated that incorporating raindrop evaporation effects into the rain shaft model narrows
the spectral width of the drop-size distribution. Li and Srivastava (2001) found that whilst evaporation has a negligible effect
on the large-diameter end of the drop-size distribution, allowing it to approximately maintain an exponential distribution, its
impact on the number concentration at the small-diameter end is significant. Consequently, the mean diameter of the drop size
distribution may increase. Seifert (2008) found that evaporation fundamentally reduces both the spectral width and the mass-
weighted mean diameter on the size distribution. However, when the raindrop size distribution contains a large proportion of
drizzle-sized droplets, the removal of droplets and their conversion to raindrops cancel each other out, keeping the spectral
width and mass-weighted mean drop size nearly constant. For example, Xie et al. (2016) shows raindrops smaller than 1 mm
in diameter tend to evaporate as they fall toward the ground when the relative humidity near the ground is relatively low (< 60
%). The estimated rainfall intensity at an altitude of 2 km tends to decrease near the ground as the differential reflectivity (Zpg)
value decreases. Paukert et al. (2019) demonstrated that the shape of the raindrop size distribution is primarily determined by
sedimentation and evaporation. However, in heavy rain, it is significantly influenced by collisional coalescence and collisional
fragmentation of raindrops rather than evaporation. These results suggest that, whilst raindrop size distributions are generally
susceptible to evaporation, this is not necessarily the case during heavy rain.

At present, the correlations between environmental conditions and the DSD parameters were known to exist as an obser-
vational fact (Unuma, 2025); however, the physics linking the environmental conditions of the surrounding atmosphere to
cloud microphysical processes in a convective cloud is not yet fully understood. With the use of polarimetric weather radar,
whilst it is an observational fact, only a snapshot at a specific time can be captured. Conversely, numerical simulations can
detail these characteristics three-dimensionally, including temporal evolution, thereby significantly advancing meteorological
and physical interpretation. From this perspective, it becomes possible to elucidate not only the correlation itself but also the
underlying physical processes driving it. Unlike bulk methods constrained by drop-size distributions, this approach allows pure
characterisation of cloud microphysical responses to environmental conditions across diverse scenarios.

The aim of this study is to investigate relationships between cloud microphysical processes and their response to the en-
vironmental conditions of the surrounding atmosphere, as provided by the initial profile, including the underlying physical
processes. Section 2 describes experimental design used in this study. The main results are described in Sect. 3, divided into
four subsections: Section 3.1 gives horizontal structures of the simulated convective clouds obtained in this study, Section 3.2
shows the rainfall statistics, as well as in-cloud properties of the systems in Sect. 3.3, and the vertical profiles of drop-size dis-
tribution within the systems in Sect. 3.4, respectively. In Sect. 4, responses from environmental condition to in-cloud properties

and implication for QPE are discussed. Finally, Section 5 describes summary of the main results in this study.
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Figure 1. Skew T-logp diagrams of the initial condition for CONTROL (CNTL) experiment on this study.

2 Experimental design
95 2.1 Numerical setup

The cloud-resolving numerical model used was version 4.5.2 of the Advanced Research for Weather Research and Forecasting
model (Skamarock et al., 2019). The computational domain was set to 80 km x 80 km horizontally and 20 km vertically. The
horizontal grid spacing was set to 250 m, and the vertical grid spacing was set to achieve an average of 140 m. As boundary
conditions, a Rayleigh damping layer was set at 7 km from the top to suppress the reflection of gravity waves by convection.
100 The lower boundary was set to no friction. Side boundaries were treated as radiative. To focus on the dynamics of individual
convection cells, the physical processes were simplified to include only cloud microphysical processes and boundary-layer
turbulence. For cloud microphysics, the Spectrum bin scheme developed at the Hebrew University (hereafter WRF-SBM) was
used (Shpund et al., 2019). For the boundary-layer turbulence process, (Deardorff, 1980) scheme, which solves the turbulence
energy at 1.5th order, was used. The Coriolis force was neglected. Initial conditions were based on a heavy-rain-produced
105 convective cloud case investigated by (Unuma et al., 2023). An initial sounding data near Kumagaya was created from Japan

Meteorological Agency’s Mesoscale Model and applied uniformly horizontally (Fig. 1).
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Figure 2. As is Fig. 1, but for RH and TLR experiments.

2.2 Sensitivity experiments

Based on observational relationships obtained in Unuma (2025). Specifically, these experiments included: increasing or de-
creasing the relative humidity in the layer below the lifting condensation level by up to 2 % (RH experiment); changing the
temperature lapse rate in the layer above the lifting condensation level by up to 2 K km~* (TLR experiment); and varying
the wind speed throughout the troposphere to 0.5 or 1.5 times its original value (SH experiment). The TLR experiment was
conducted primarily because there is a positive correlation between the height of the temperature lapse rate and the drop size
within convective clouds. Numerical experiments (e.g., Houston and Niyogi, 2007; Takemi, 2007; Sueki, 2024) have been
conducted with similar assumptions. The RH experiment was conducted primarily because there is a positive correlation be-
tween water vapor content near the surface and rainfall. Numerical experiments (e.g., Kato et al., 2003; Schumacher, 2015)
have been performed under similar assumptions. The SH experiment was conducted primarily because there is a positive (neg-
ative) correlation between the magnitude of the vertical shear of the horizontal wind within the troposphere and the drop size
(number concentration). Here, to vary the magnitude of vertical shear, both east-west and north-south winds were changed
simultaneously. Since altering the hodograph shape was found to affect the temporal evolution of the original convective cloud

significantly, we decided not to change the hodograph shape this time and varied only the magnitude of the shear.
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Figure 3. Hodographs for CNTL, weaker vertical wind shear (SH-W), and stronger vertical wind shear (SH-S) experiments.

2.3 DSD parameters for raindrops

In WRF-SBM, number concentration (# kg kg~!) in each bin can be archived with the output variables of ££1inn (nn is
ranging from 01 to 33), where 01-16 bins represent cloud category and 17-33 bins represent rain category, respectively. To

obtain drop-size distribution (n(D)) from the ££1inn variables, n(D) is calculated as

ffl l(D) Pcloud,rain (D)
Mcloud,rain(D) AD

where ££11(D) is equivalent to ££1inn but bin diameter D (mm) oriented expression, Mcioud rain (D) is the mass of liquid
drops (Kg), peloud,rain (D) is the density of liquid drops for dry air (kg m~?), and AD is the drop-size spread (mm) in di-
ameters, respectively. For the retrieval of DSD parameters on raindrops, i.e., the mass-weighted volume diameter (D,,; mm),
the generalised intercept parameter (N,,; mm~! m™3), the liquid water content (LWC; g m~—3), were calculated assuming
the normalised gamma distribution based on a momentum technique (Hardin and Guy, 2017) as following procedures. The

normalised gamma distribution (e.g., Testud et al., 2001) is expressed as follows;

m
D D

N(D)=Nuf(u) | 5= | exp | —(d+p) 5|, (2)

where Ny, and f (1) are defined as
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44 TWC
and
T(4) (4 4 p)4H)
fp) = T “)

Here, 41 is a shape parameter, p,, is the density of water (g m~2), and I is the Gamma function. LWC and D, are obtained

from the following equations;

Tpe 33
LWC=—= > n(Dy)D}, )
=17
and
33
> n(Dy)D}
Dpy="2"—— (6)
> n(D:)Df
=17

The bin ranges from 17 to 33 were selected for retrieving the parameters because the parameters were envisaged to raindrops.

Rainfall intensity R (mm h~!) is calculated from the simulated DSD data with the following equation:

33
R=6x10"n Z n(D;)V (D;)D3. 7
1=17

When the R calculation, the data within 4= 50 % of the raindrop-fall velocity formula of Atlas et al. (1973) are used.
2.4 Identification and tracking of simulated convective clouds

Individual convective clouds were detected and tracked using tobac algorithm version 1.5.5 (Sokolowsky et al., 2024) as in
Unuma (2025). fobac algorithm identifies peak positions in the region above or below a specified threshold value at each time
step, referred to as a ‘feature’. The area occupied by this feature is determined through a process called ‘segmentation’, which
utilises a water shedding algorithm (Carpenter et al., 2006; van der Walt et al., 2014) to establish boundaries both horizontally
and vertically. A set of features is tracked over time using the method described by Crocker and Grier (1996). Each feature
or group of features is defined as a ‘cell’, with the path it follows referred to as a ‘track’, assessed in three dimensions. In
this study, cells were used for the analysis the distinct characteristics of convective clouds that resulted in heavy rainfall at the

model surface.
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Figure 4. Horizontal distribution of 2-hour accumulated rainfall for CNTL, TLR-N, TLR-U, TLR-N & SH-W, TLR-U & SH-W, TLR-N &
SH-S, and TLR-U & SH-S experiments. White crosses displayed in each panel are the point where the maximum value of the accumulated

rainfall simulated.

3 Results
3.1 Horizontal structures of simulated convective clouds with the environmental sensitivities

Figure 4 shows the horizontal distribution of the accumulated rainfall for the calculation period. The maximum value of the
accumulated rainfall increases by 38 % when the temperature lapse rate is high (TLR-U), whilst it decreases by 79 % when the
temperature lapse rate is low (TLR-N). The rainfall area expands slightly northward with higher temperature lapse rates (TLR-
U), but shrinks significantly at lower temperature lapse rates (TLR-N). The effect of vertical shear under high-temperature
lapse-rate conditions were also examined. The rainfall area was larger when the vertical shear was strong (Fig. 4d). When
vertical shear was weak (Fig. 4f), the maximum rainfall tended to occur farther southwest than in CNTL experiment. Notably,
when the temperature lapse rate was high and vertical wind shear was weak, the accumulated rainfall shows highest value
among the TLR experiments, and the rainfall area was narrower than the stronger shear case.

When the relative humidity in the lower troposphere is low (RH-D), the maximum value of the accumulated rainfall decreases
by 23 % (Fig. 5e). In comparison, it increases by 62 % (Fig. 5b) when the relative humidity is high (RH-M). The rainfall area
remains largely unchanged, though it shows a slight tendency to decrease when the lower-troposphere relative humidity (RH-
M) is high. The effect of vertical shear was confirmed when lower-troposphere relative humidity was low. In both cases, the
maximum value of the accumulated rainfall was lower compared to CNTL experiment; however, the rate of decrease is higher

when vertical wind shear is strong (SH-S) and lower when it is weak (SH-W). The location where the peak value occurs



180

185

190

195

https://doi.org/10.5194/egusphere-2026-1725
Preprint. Discussion started: 27 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

20 (a) CNTL (115.1) 0 (b) RH-D (88.4) 20 (c) RH-D & SH-W (110.9) 0 (d) RH-D & SH-S (79.9)

241 ‘ 24 , 241 a 24
e s & | -
w

Distance from domain centre [km]
[oe]

8 8 8 8
40
24 24 24 24
24 -8 8 24 40 24 -8 8 24 40 24 -8 8 24 40 24 -8 8 24 40
Distance from domain centre [km]
= (e) RH-M (186.1) (f) RH-M & SH-W (222.0) (g) RH-M & SH-S (136.9)
§ 40 40 40 20
o -
j=]
g 24 \ o 24+ 24 P
f=4
E ‘b ﬂ " 10
5 8 - 8- i 8 &
° vi
5
2
E 8 -8 8 1
o
f=
8
w
824 24 24
24 -8 8 24 40 24 -8 8 24 40 24 -8 8 24 40
Distance from domain centre [km] Distance from domain centre [km] Distance from domain centre [km]

Figure 5. As in 4, but for RH experiments.

was also slightly biased southwestward compared to when the vertical wind shear is weak (SH-W), and the rainfall area is

significantly narrow. This trend is quiet similar to TLR experiments.
3.2 Rainfall statistics

Figure 6 shows the time series of the maximum rainfall intensity within the domain. The temperature lapse rate of the surround-
ing atmosphere directly influenced rainfall intensity. Specifically, when the temperature lapse rate was low (TLR-U), rainfall
intensity tended to reach higher maximum values compared to CNTL. The strength of vertical shear acts in a direction that
increases rainfall intensity. On the other hand, when the temperature lapse rate is high and close to neutral (TLR-N), the onset
of rainfall intensity is generally delayed, and the intensity itself is smaller. Notably, the maximum rainfall intensity decreases
with increasing vertical shear strength, unlike other trends.

Similarly, the cases of low-level moisture are shown (Fig. 7). Overall, the maximum rainfall intensity increases sharply
around 30 min after the start of the calculation, whilst no extreme fluctuations occur after 50 min. In cases of strong shear
(RH-D & SH-S and RH-M & SH-S), the rise in rainfall intensity was faster, and the maximum rainfall intensity was larger
compared to the CNTL experiment. However, these intensities tended to be stronger when the lower troposphere was moist.
When vertical shear was weak, the onset of rainfall intensity was delayed, and the maximum rainfall intensity was lower
than in the CNTL experiment. In this scenario, the maximum rainfall intensity decreased as the moisture content in the lower
troposphere decreased.

To gain a more quantitative understanding of the horizontal distribution trends shown in the previous section, the maximum

rainfall intensity and the domain statistics of accumulated rainfall were examined. Figure 8a shows a box plot of the maximum
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120

rainfall intensity within the computational domain. The maximum rainfall intensity tends to increase with higher relative

humidity in the lower troposphere and stronger vertical shear, as well as with a higher temperature lapse rate and stronger

vertical shear. Conversely, when relative humidity is low and vertical shear is weak, the maximum rainfall intensity tends to

decrease. However, this trend does not hold when the temperature lapse rate is low. In fact, the maximum rainfall intensity

200
observed in CNTL experiment.

tends to be higher when the vertical shear is weak than when it is strong. Nevertheless, these values are smaller than those

Figure 8b shows the box-and-whisker plot of the total rainfall within the computational domain. In contrast to the maximum

rainfall intensity mentioned above, accumulated rainfall maximum tends to be higher when vertical shear is weak, except when

the temperature lapse rate is high. When the temperature lapse rate is high, accumulated rainfall maximum tends to be higher

10
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Figure 8. Box-whisker plots of the maximum value of rainfall intensity (Rmax; mm h™', upper panel) and the maximum accumulated
rainfall (Rot; mm, lower panel) in logio scale among the experiments. The box extends 25th and 75th percentile values with orange and

green lines at the median and mean values, respectively.

with strong vertical shear. However, as confirmed in the horizontal distribution, the maximum value is larger when the vertical
shear is weak. In the horizontal distribution, the spread of total rainfall increases with stronger vertical shear, suggesting that
the statistical value tends to be higher. The response to vertical flow is not particularly large for humidity, but it is sensitive to
temperature lapse rates and vertical wind shear. How do these differences manifest within convective clouds? Cases with the
rainfall intensity maxima (i.e., TLR-U & SH-S) to those with the accumulated rainfall maxima (i.e., RH-M & SH-W) were

compared in the following subsection.
3.3 In-cloud properties: DSD parameters

Figure 9 detects and tracks the most developed convective cloud within the computational domain, showing a time-altitude
profile near its centre limited to the period around the peak time. In the TLR-U & SH-S experiment, which produced the
maximum rainfall intensity, drop sizes with a mass-weighted mean diameter of 3.0 mm or larger were dominant (Fig. 9a),
and areas with high number concentrations corresponded to regions with a mass-weighted mean diameter around 3.0 mm
(Fig. 9¢). In contrast, in the RH-M & SH-W experiment, which produced the maximum accumulated rainfall, raindrops with

a mass-weighted mean diameter of 2.0-3.0 mm were dominant (Fig. 9b), with a particularly high number concentration for

11
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Figure 9. Time-height sections of the DSD parameters near the convective cloud centre. The left column shows the right column shows the
TLR-U & SH-S experiment, and the RH-W & SH-W experiment, the centre column shows the CNTL experiment. The top row shows the
mass-weighted mean diameter (Dy,,; mm), the middle row shows the generalised intercept parameter (Ny; mm ™" m™2) in log;o scale, and

the bottom row shows liquid water content (LWC; g m ™). These DSD parameters were calculated using a moment-based method.

mass-weighted mean diameter of 2.0 mm (Fig. 9d). Areas with high rainfall amounts similarly corresponded primarily to
these high number concentrations. These results indicate that, when rainfall intensity is maximised, the mass-weighted mean
diameter directly contributes to the rainfall amount within the convective cloud (e.g., Fig. 9¢). Conversely, when total rainfall
is maximised, although the mass-weighted mean diameter is 2.0 mm, the high number concentration contributes to rainfall

within the convective cloud (e.g., Fig. 9f).
3.4 Vertical profiles of drop-size distribution

The calculation of drop-size distribution parameters is fundamentally based on raindrops (c.f., Sect. 2.3) and thus does not
include information on cloud droplets. The conversion process of cloud droplets to raindrops and the interactions between cloud
and raindrops are important; however, direct observation is difficult due to instrument limitations (e.g., Unuma, 2025). Here,
we aim to understand the drop-size distribution, including cloud droplets, in situations where spectral-bin cloud microphysical

processes may occur within the resolvable range. Figure 10 shows the vertical profile of the drop size-distribution at the
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Figure 10. Two-dimensional histograms of the vertical profile of drop-size distribution (mm ™" m~3) on cloud and rain categories obtained

from WRF-SBM simulations using Eq. (1) in the experiment of TLR-U & SH-S (left) and RH-M & SH-W (right).

peak time for the convective clouds detected and tracked as shown in Fig. 9, presented as a two-dimensional histogram. For
cases with maximum accumulated rainfall, within the size range of 0.2-1 mm and below an altitude of 4 km, the vertical
variation in number concentration is small, indicating high vertical uniformity. In contrast, when rainfall intensity is maximum,
within the 0.2-1 mm drop size range and at altitudes below 4 km, the vertical variation in number concentration is large.
Between 4 and 1 km altitude, the number concentration increases toward the surface, whereas below 1 km altitude, it is low.
In summary, within the range of raindrop size distribution, when an accumulated rainfall is maximised, vertical variation in
raindrop size distribution is small at its peak. However, when a rainfall intensity is maximised, vertical variation in the raindrop
size distribution is large, and particularly near the surface, its shape differs significantly from that at higher altitudes. What
about cloud droplets? When an accumulated rainfall is maximised, droplet number concentration is very high above 4 km
altitude, but below that level it decreases gradually toward the ground within the 0.01-0.1 mm size range. When a rainfall
intensity is at its maximum, cloud droplet number concentration is very high above 3 km altitude. Below this level, however,
the number concentration decreases sharply toward the surface. This rate of decrease is particularly pronounced below 1 km

altitude compared to when the accumulated rainfall is at its maximum.

4 Discussion

4.1 Responses from environments to in-cloud properties

Unuma (2025) showed that drop size tends to increase under conditions of higher temperature lapse rate and stronger vertical
shear, whilst number concentration tends to increase under conditions of higher moisture content in the lower troposphere and
weaker vertical shear. Whilst these results were based on observational data, they did not delve into the underlying physical

processes. The results of this study indicate that the temperature lapse rate fundamentally controls the peak rainfall intensity.
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At the same time, vertical shear is sensitive to the time required for rainfall intensity to reach its peak and to its maximum
intensity. Conversely, when the lower troposphere is highly moist, sensitivity to the speed of convective clouds is observed.
Furthermore, the strength of vertical shear can control both the speed of convective cloud motion and its maximum intensity.
Specifically, as shown in the rainfall intensity time series for temperature lapse rate (Fig. 6) and maximum intensity (Fig. 8a),
the maximum rainfall intensity tends to be greater when the lapse rate value is larger (i.e., more unstable) and when vertical
shear is stronger. This result is also reflected in the drop-size distribution parameters, where it fundamentally increases the
D,, value (Fig. 9), thereby contributing to the rainfall intensity, as reflected in its integral value. Additionally, regarding the
vertical profile of the drop-size distribution, its variation becomes larger, characterised particularly by a greater proportion
of evaporative cooling of raindrops near the ground. On the other hand, the maximum intensity is not as strongly affected
by lower-tropospheric humidity as by the temperature lapse rate (Fig. 7). Rather, the maximum rainfall intensity tends to be
controlled by the strength of the vertical shear (Fig. 8a). This feature is resembled to the previous study (e.g., Li and Xue,
2026). Regarding the characteristics of drop size distribution parameters, the height of Ny, generally increases with rainfall
intensity (Fig. 9). Notably, the vertical profile of the drop-size distribution shows little significant change (Fig. 10). This result
suggests that collisional coalescence and collisional breakup between raindrops may dominate over evaporative cooling (e.g.,
Paukert et al., 2019), potentially forming a stationary distribution (e.g., Low and List, 1982; McFarquhar, 2004; Unuma et al.,
2025).

4.2 Implications for quantitative precipitation estimation

When the drop size distribution does not change vertically, the impact of evaporation may not warrant much weight. Con-
versely, when vertical shear or temperature lapse rates increase, vertical variability must be factored in, generally requiring
downward adjustments. For radar QPE at least in Japan, adjustments are sometimes made through rain gauge data, but vertical
variability itself is rarely considered for now, which could provide valuable insights. How much adjustment is needed depend-
ing on environmental conditions? For example, in the absence of interaction with the surrounding atmosphere, in a vertically
one-dimensional context, the model depends heavily on the given humidity profile, and the spread of the drop-size distribution
toward larger sizes—i.e., the spectral width—is readily constrained. Extending this to three dimensions, as in this study, in-
corporates horizontal advection in addition to vertical advection and evaporation. The effect of horizontal advection is thought
to depend on the magnitude of the vertical shear of the horizontal wind and is expected to promote collisional coalescence
between raindrops. Consequently, it is expected to broaden the spectral width whilst reducing the number concentration of
small droplets. This results in an increase in Dy, and a decrease in N, as parameters of the drop-size distribution. Conversely,
in environments with high relative humidity and weak vertical wind shear, evaporation is less likely, but the rate of collisional
coalescence between raindrops is expected to decrease. Consequently, whilst the spectral width remains narrow, the number
concentration on the small-diameter side is expected to increase. These results lead to the opposite effect from the previous

case: Dy, decreases, whilst Ny, increases.
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5 Conclusions

Environmental conditions play a significant role in the intensity of organised convective systems. However, variations in factors
such as temperature, humidity, and vertical wind shear indicate that non-linear relationships may exist between these systems
and their environments. To address the gaps in understanding these variations, it is essential to examine the microphysical
processes within convective systems. In this study, we conducted numerical experiments using the Weather Research and Fore-
casting model with idealised setups that included a spectral-bin microphysical scheme to treat drop-size distributions explicitly.
The initial conditions varied in humidity, temperature lapse rates, and vertical wind shear, reflecting observed relationships be-
tween environmental conditions and drop-size distribution parameters based on (Unuma, 2025).

Our results indicated that larger temperature lapse rates led to larger raindrops, resulting in more intense rainfall. Addi-
tionally, increased moisture in the lower troposphere generated stronger rainfall intensity, driven by a higher concentration of
smaller raindrops and greater liquid water content. The magnitude of vertical wind shear generally causes fluctuations in the
drop size distribution within convective clouds. Specifically, weaker vertical shear tends to inhibit the propagation of convec-
tive clouds, reduce vertical variations in the drop size distribution within them, and decrease the raindrop evaporation rate,
ultimately increasing rainfall amounts.

In particular, we found differences in the vertical profiles of particle size distributions within convective clouds between
cases with maximum rainfall intensity and those with maximum accumulated rainfall. We found that when rainfall intensity is
maximum, the vertical variation in the drop-size distribution is large (particularly near the ground surface). In contrast, when
accumulated rainfall is maximum, the vertical variation in the drop-size distribution is smaller, at least below the melting layer.
The former is probably due to the ease with which cloud droplets and small raindrops evaporate, which is consistent with
previous studies (e.g., Xie et al., 2016). In contrast, the latter is likely to occur when the evaporation rates of cloud droplets
and small raindrops are lower than in the former case. It has been pointed out that in convective systems producing heavy
rain, processes such as collisional coalescence and collisional breakup between raindrops become dominant over evaporative
cooling (e.g., Paukert et al., 2019), and in such cases, the drop-size distribution is interpreted as being an equilibrium shape
(e.g., Low and List, 1982).

However, whilst convective clouds that produce heavy rain are expected to interact with the surrounding atmosphere, few
studies have investigated the dominant cloud microphysical processes by extending these interactions to the drop-size distribu-
tion within the convective clouds. This fact is simply because observational data, even when available, are merely snapshots,
making it difficult to establish causal relationships. In this regard, this study succeeded in deciphering signals derived from
limited observational data and, by analysing these relationships, obtained results that shed light on the underlying physical
processes—albeit under idealised conditions. It has the potential to serve as a pioneering study that bridges mesoscale and
microscale processes in meteorology. In this context, it significantly improves QPE and refines the physical processes handled

in microphysics schemes within numerical modelling.
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