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Abstract 13 

The cold pool dynamics generated by the evaporation of raindrops in the planetary 14 

boundary layer leads to the excitation and organization of convection in the atmosphere. 15 

In this study, assuming non-adiabatic cooling due to the evaporation of raindrops, we use 16 

numerical simulations to investigate the convection response when a cooling source is 17 

forced into the planetary boundary layer. The numerical model SCALE is used to drive a 18 

radiative-convective equilibrium state with a horizontal grid spacing of 1 km in a 96 km 19 

× 96 km double-period domain. The forcing provides a constant cooling source of 1 K h-20 

1 in the region below a height of 1 km. We show that for a forcing width of 2 km or more, 21 

convection is localized at both ends of the region in the x-direction, indicating that the 22 

effect of the forcing extends over the entire region. The case of a circular forcing also 23 
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showed a wider response compared to the forcing radius. A simple model showed that the 1 

heat balance between the strength of the mass flux and the heat supply from the sea 2 

surface determines the area of expansion of the cold pool. 3 

 4 
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1. Introduction 7 

Convective cold pools generated by the evaporation of raindrops in deep convection 8 

play a key role in the excitation and organization of convection. In nature, the intensity 9 

of cold pools is influenced by the rainfall intensity in the areas of deep convection and by 10 

environmental variables, including wind fields and moisture distributions (Weisman & 11 

Rotunno, 2004). The convection sequence via the suppression and excitation of cold pools 12 

is complex and involve a variety of processes.  13 

Recently, a number of observational, numerical, and theoretical studies have been 14 

conducted on cold pools and their roles in deep convection (e.g., Schlemmer and 15 

Hohenegger (2024) and references therein). The global nature of the cold pools is 16 

illustrated by a global kilometer-scale model that explicitly resolves the convective 17 

system (Sato et al. 2009). Using even higher-resolution numerical simulations, 18 

Khairoutdinov and Randall (2006) conducted large eddy simulations (LES) of the diurnal 19 

evolution of deep convection with a mesh size of 100 m and compared the time evolution 20 

of cloud condensate and precipitation with and without the effect of cold pools. They 21 

found that the total amount of cloud condensates and convection frequency decrease when 22 

cold pools are artificially suppressed. Fiévet et al. (2023) used LES with an even finer 23 
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mesh (less than 100 m) to resolve the gust front structure.  1 

Despite the complexity of various processes involved in convective sequence due 2 

to cold pools, a simple formula for the cold pool characteristics is useful to understand 3 

the underlying mechanisms. One aspect of a cold pool is its role in the suppression and 4 

excitation of subsequent convection. A simple formula for  estimating the horizontal scale 5 

has been derived by Romps and Jeevanjee (2016). We focus on the role of the surface 6 

heat flux, which is known to characterize cold pools (Gentine et al. 2016). 7 

To understand the mechanism of a cold pool in suppressing convection, here we 8 

isolate the effect of the cold pool forcing in the total evolution of convective systems. We 9 

aim to understand the relationship between the forcing intensity and the area of the 10 

convective suppression, both of which vary widely in the evolution of realistic convective 11 

systems. Thus, we use an idealized framework for the radiative-convective equilibrium 12 

in which an artificial forcing is applied. We investigate the results of the convective 13 

suppression using a simple formula based on that of Romps and Jeevanjee (2016), with 14 

some modifications. 15 

Another aim of this study is to determine whether human forces can alter convective 16 

motion in nature. Studies along this line have been conducted (e.g., Horinouchi and 17 

Mitsuyuki, 2023) as part of Typhoonshot project (https://typhoonshot.ynu.ac.jp/). We 18 

explore various kinds of human intervention to gauge their potential effects on severe 19 

storms, focusing mainly on convective systems, to deepenour understanding of the 20 

physical mechanisms involved in the excitation of deep convection. The cold pool 21 

dynamics is one of the key mechanisms involved in triggering and suppressing deep 22 

convection. As a preliminary study of one such intervention in more realistic cases, we 23 

examine the effect of cooling in the planetary boundary layer  (PBL) on the suppression 24 
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of convection. In this regard, the strength of the cold pool forcing should be of a 1 

magnitude that can be achievable with the limited resources available by human 2 

engagement.  3 

In this study, we isolate the effects of cold pools by artificially fixing their strength. 4 

Section 2 describes the methodology, including the experimental design and the forcing. 5 

Section 3 shows the numerical results. The evaluation of cold pools and their effects are 6 

discussed in Section 4. Finally, in Section 5, the summary and the conclusion, together 7 

with future directions of research, are described. 8 

2. Methods 9 

We investigated the effect of cold pooling on convection using a radiative-convective 10 

equilibrium (RCE) experiment in a limited domain of the regional model. We used   11 

SCALE (Scalable Computing for Advanced Library and Environment), which was 12 

developed by RIKEN (Nishizawa et al. 2015; Sato et al. 2015). We performed simulations 13 

in the double periodic square domain over an xy-field of 96 km × 96 km with the top of 14 

the domain at an altitude of 33 km. The horizontal grid interval is 1 km, and the number 15 

of vertical layers is 74, with a variable vertical level difference of 50-500 m. The lowest 16 

level is located at altitude z = 37 m. The Coriolis parameter is set to f = 0, and no diurnal 17 

cycle of the solar condition is assumed. The surface temperature is fixed at 300 K. We 18 

integrated the simulation for 10 days. 19 

To create a stationary cold pool, we applied a fixed value of cooling in PBL. The 20 

cooling intensity is fixed at Q = 1 K h-1, and the top of the forcing is set at an altitude of 21 

H = 1 km. This type of direct cooling mimics evaporative cooling by raindrops. As a 22 

human intervention, we imagined an engineered method (such as a fountain) that would 23 
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pump seawater from the sea surface and spray it to a certain height, thereby promoting its 1 

evaporation of seawater. Quantitative evaluation using this method is discussed in Section 2 

4.   3 

We tested two types of shape forthe forcing. First, we set up a rectangular region of 4 

constant width L km in the x-direction and spanning the entire 96 km in the y-direction 5 

(type-I forcing). The lateral width is L = 1, 2, 4, 6 km. These experiments are referred to 6 

as L1, L2, L4, and L6, respectively. 7 

For the second type of forcing (type-II forcing), we applied the cooling to a 8 

cylindrical domain. The radius of the cooling domain is R = 1, 2, 3, 4, 5, and 6 km, and 9 

the forcing center is at x = y = 48 km of the square domain. These experiments are referred 10 

to as R1, R2, R3, R4, R5, and R6, respectively. 11 

 12 

3. Results 13 

For the control experiment without the forcing (CTL), convection is randomly 14 

distributed in the simulation domain. When the type-I force is applied at a sufficiently 15 

large intensity to the center of the x-direction of the domain, convection is suppressed 16 

near the forcing region and generated mainly  near the lateral boundary of the domain, 17 

which is farthest from the forcing in the periodic boundary condition. Figure 1 shows a 18 

snapshot of the outgoing longwave radiation (OLR) of the CTL experiment and the 19 

experiment with L = 6 km (L6) (snapshot at t = 10 days). Animations of OLR for CTL 20 

and L6 are shown in Figures S1a and S1b, respectively. Figure 2 shows the horizontal 21 

distribution of temperature on the the lowest level at t = 10 days (at an altitude of z = 37 22 

m). In the central region near the forcing, the temperature is a few degrees colder than in 23 



 

the outer region. In the x-region near the lateral boundaries smaller than about 25 km or 1 

more than about 80 km, a clusterof colder temperature also exists. These regions reflect 2 

active cold pools that are associated with convection generated near the lateral boundaries 3 

of the domain. Convection is suppressed in the inner region of the domain between 25 4 

and 80 km. 5 

Figure 3a shows the distribution of precipitation in the x-direction averaged against 6 

the y-direction and time for the last 90 hours of the 10-day simulation. In CTL, 7 

precipitation is present at every location, although it is not yet uniformly distributed 8 

because the 90-hour average is too short to be statistically equilibrated. For all forcing 9 

experiments L1, L2, L4, and L6, the suppressed precipitation region dominates in the 30–10 

70 km domain. The suppressed region is smaller for the narrowest experiment L1, while 11 

the precipitation distribution is almost similar for the rest of the experiments. This result 12 

indicates that the suppression of precipitation in L2 is strong enough to push convection 13 

to the domain boundary. 14 

Figure 3b is the same as Figure 3a but shows the convective available potential 15 

energy (CAPE); CAPE is calculated for an air parcel rising from an alititude of 500 m. 16 

CTL shows an almost uniform value for CAPE irrespective of its location. In the forcing 17 

experiments, the value of CAPE approaches zero near the center of the domain where the 18 

forcing is applied. Toward the convective region at larger or smaller values of x, CAPE 19 

becomes larger. L2, L4, and L6 have an almost identical and converging distribution. The 20 

distribution in L1 is intermediate between those in CTL and L2–L6, with a relatively 21 

higher value of CAPE in the convective region. Convection is suppressed in the area 22 

where CAPE is smaller than the boundary domain value. 23 

To illustrate the circulation, Figure shows lateral wind speed U in the lateral (x) and 24 
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vertical cross-sections in the lower troposphere for L1. Because the height of the cooling 1 

is between the surface and the height H = 1 km, the forcing-induced overturning 2 

circulation is confined almost to the layer below H. U is divergent near the surface and 3 

convergent above the convergence layer. This result suggests that raindrop evaporative 4 

cooling in the PBL may induce a shallow overturning circulation in reality. 5 

Figures 5 and 6 show the response to type-II forcing, where the cooling is applied to 6 

a cylindrical domain. Figure 5 shows the horizontal distribution of the surface 7 

temperature for R6. Near the forcing center at x = y = 48 km, a temperature drop of a few 8 

degrees is seen in the circle, whose radius is about 10 km. Within a circle of a radius of 9 

~30 km, temperatures are almost uniform, indicating suppressed convection. By contrast, 10 

the outer part of this circle shows noisy patterns associated with cold pools of sporadic 11 

convection. Figure 6 shows the precipitation distribution for R1, R2, R3, R4, R5, and R6 12 

averaged over the last 90 hours of the 10-day simulation. All the forcing experiments 13 

show a convection-suppressed circular region near the center of the domain. The radius 14 

of the suppressed region is about 5 km for R1 and about 15, 25, 30, 30, 35, and 40 km for 15 

R2, R3, R4, R5, and R6, respectively. That is, the suppressed region is about 5–10 times 16 

the radius of the cooling. 17 

 18 

4. Estimation of the affected domain 19 

The above results show that the region of suppressed convection is wider than the 20 

radius of the forcing. Forcing with constant cooling suppresses convection in an area 21 

approximately 5–10 times the radius of the forcing. Cold pools induced by forcing are 22 

effective in suppressing convection.  23 



 

We introduced the forcing intensity of the cooling Q. A typical value of precipitation 1 

of convection is about Pr = 1 kg m-2 h-1 for CTL (Fig. 6). If a similar mass of raindrops is 2 

evaporated in the PBL whose height is H = 1 km, the corresponding cooling rate is  3 

𝑄𝑄 =  𝐿𝐿𝑓𝑓𝑃𝑃𝑟𝑟
𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝

~2.5 [K h−1] , 4 

where 𝜌𝜌~1 kg m-3 is the air density, 𝐶𝐶𝑝𝑝~ 1000 J kg-1 K-1 is the specific heat of air at 5 

constant pressure and 𝐿𝐿ℎ~ 2.5 × 106  J kg-1 is latent heat. In the present numerical 6 

simulations shown in Section 3, we used the cooling magnitude Q = 1 K h-1. This cooling 7 

is within the range of realistic values of evaporation cooling of raindrops.  8 

Next, we investigated artificial forcing given by human intervention. We imagine a 9 

large fountain that pumps seawater from the sea surface to a height of H and sprays it to 10 

the volume V. The distance that a powerful fountain could spray water is assumed to be 11 

around 1 km in both height H and horizontal direction L: V = H L2 = 1 km3. The mass of 12 

seawater M required to cool the air in a volume of V by Q  = 1 K h-1 is 13 

 𝑀𝑀 = 𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑄𝑄
𝐿𝐿ℎ

≈ 400 [t h−1]. 14 

This water mass corresponds to the total rainfall in the area L2 with the precipitation rate 15 

Pr = 0.25 mm h-1. This value is relatively weak and does not produce a large water vapor 16 

supply compared to the existing evaporation associated with convective rainfall. 17 

       The power P required to lift the seawater M from the surface to H is  18 

 𝑃𝑃 =  𝑀𝑀𝑀𝑀𝜌𝜌
3600[s]

 ≈  1.1 [MW], 19 

where 𝑔𝑔 ~  10 m s-2 is the acceleration due to gravity. This power would be achievable 20 

by renewable energy, such as wind turbines. If we increase the size of the forcing volume 21 

V, we would need a number of fountains that is proportinal to V. 22 

We estimate the cold pool intensity and the horizontal scale of the suppressed 23 
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convection. We use the energy budget near the surface in the x-direction with a stationary 1 

assumption. A similar and more comprehensive estimation was derived by Romps and 2 

Jeevanjee (2016). Here, we focus on a key process that gives a rough estimation of the 3 

cold pool and the horizontal scale of the suppression region for the stationary forcing. We 4 

assume that the cold pool forcing is – L <  x < 0, and the surface temperature change is 5 

given according to the equation described below (2) in the region x >  0.  6 

The temperature decrease at the bottom of the forcing is estimated as ΔTB = QH/W, 7 

where W is the magnitude of the vertical velocity. If we roughly estimate W from the 8 

buoyancy W = (gH ΔTB/T)1/2, where g is the acceleration due to gravity, we have  9 

Δ𝑇𝑇𝐵𝐵 = �𝑄𝑄
2𝜌𝜌𝐻𝐻
𝑀𝑀
�
1
3

, 𝑊𝑊 = �𝑄𝑄𝜌𝜌
2𝑀𝑀
𝐻𝐻
�
1
3

. 10 

This estimate gives W = 2.1 m s-1 and ΔTB = 0.13 K for Q = 1 K h-1, H = 1 km, T = 300 11 

K, and g = 9.8 m s-2. This derivation of W is based on free fall without any frictional loss 12 

or effects of disturbances. In our numerical results, we actually found W = 0.3 m s-1 so 13 

the estimated temperature decrease was ΔTB = 0.9 K.  14 

The heat balance in the cold pool at the bottom of the forcing region, whose width is 15 

L, is given by 16 

𝑀𝑀𝑏𝑏𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇0) = 𝜌𝜌𝐶𝐶𝜌𝜌𝑢𝑢𝐶𝐶𝑝𝑝(𝑇𝑇𝑠𝑠 − 𝑇𝑇0) × 𝐿𝐿.  (1) 17 

where u is the surface wind in the x-direction, CH is the exchange coefficient of heat, and 18 

Ts is the surface temperature (assumed to be uniform). 𝑀𝑀𝑏𝑏 is the mass flux due to the 19 

subsidence by the cooling in the PBL and is equal to the lateral mass flux at the lateral 20 

boundary of the forcing region x = 0: 𝑀𝑀𝑏𝑏 =  𝜌𝜌ℎ𝑢𝑢, where h is the depth of the cold pool. 21 

We assume the wind speed u near the surface on the right-hand side (1) is approximately 22 

equal to the lateral wind speed through the depth in the cold pool at x = 0. Next, we define 23 



 

∆𝑇𝑇𝐵𝐵 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇𝐵𝐵, ∆𝑇𝑇0 = 𝑇𝑇𝑠𝑠 − 𝑇𝑇0, then 1 

∆𝑇𝑇0 =
1

1 + 𝐶𝐶𝜌𝜌
𝐿𝐿
ℎ
∆𝑇𝑇𝐵𝐵. 2 

If we use a typical value 𝐶𝐶𝜌𝜌 =  0.001 and assume from Figure 4 that L = 1 km and h = 3 

100 m, the temperature difference is ∆𝑇𝑇0 = 0.99 ∆𝑇𝑇𝐵𝐵. That is, the sensible heat supply 4 

from the surface does not significantly affect the temperature in the cold pool within the 5 

forcing region.  6 

For x >  0, the heat budget near the surface with a depth of the cold pool h is written 7 

as 8 

𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌ℎ𝐶𝐶𝑝𝑝𝑇𝑇 + 𝜕𝜕

𝜕𝜕𝜕𝜕
𝜌𝜌𝑢𝑢ℎ𝐶𝐶𝑝𝑝𝑇𝑇 = 𝜌𝜌𝐶𝐶𝜌𝜌𝑢𝑢𝐶𝐶𝑝𝑝(𝑇𝑇𝑠𝑠 − 𝑇𝑇).  (2) 9 

 Here, we can assume T = T0 at x = 0. We denote ΔT = Ts – T and 𝑀𝑀𝑏𝑏 =  𝜌𝜌ℎ𝑢𝑢, and assume 10 

time independence. The above equation becomes 11 

𝜕𝜕
𝜕𝜕𝜕𝜕
𝑀𝑀𝑏𝑏∆𝑇𝑇 = −𝜌𝜌𝐻𝐻

ℎ
𝑀𝑀𝑏𝑏∆𝑇𝑇. 12 

The solution is given by 13 

∆𝑇𝑇 =  ∆𝑇𝑇0 exp �− 𝜌𝜌𝐻𝐻
ℎ
𝑥𝑥�. 14 

Then, the scale of the affected domain is given by 15 

𝐴𝐴 = ℎ
𝜌𝜌𝐻𝐻

~ 100 [𝑚𝑚]
0.001

= 100 km. 16 

This estimate implies that the horizontal scale of the effective suppression area due to a 17 

cold pool by steady-state forcing is about 100 km. In reality, where a cold pool is induced 18 

by rainfall from deep convection, the assumption of stationary forcing does not hold. 19 

However, if we consider artificial stationary forcing, excitation of deep convection is 20 

suppressed in a sufficiently large area with a width of 100 km. This estimation is 21 
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consistent with the above results of the numerical experiments with type-I forcing. The 1 

observed size is in a similar range to this estimation for a specific type of convection over 2 

the ocean (Terai and Wood 2013; Zuidema et al. 2017), even though the cold pool is not 3 

stationary. In reality, however, the observed horizontal scale is variable because it is 4 

sensitive to the type of convection and the environmental conditions (Kirch et al. 2024).  5 

 6 

5. Conclusions 7 

We consider the characteristic scale of the cold pool due to cooling in the planetary 8 

boundary layer  (PBL) by using idealized numerical experiments of radiative-convective 9 

equilibrium. This study was also motivated by a hypothetical research question regarding 10 

the possibility of deep convection being suppressed by artificial forcing. To this end, we 11 

used a stationary forcing in numerical simulations, particularly with cooling in PBL 12 

whose depth is about 1 km. The horizontal size of the forcing was assumed to be O(km) 13 

and the dependency of the horizontal size is investigated. 14 

We conducted radiative-convective equilibrium experiments in a square domain with 15 

96 km × 96 km. We first assumed an elongated region of the cooling with a width of L 16 

km in the x-direction and spanning the entire area in the y-direction. In this case, the deep 17 

convection was suppressed throughout almost the entire domain except for the lateral 18 

boundaries in the x-direction when L ≥ 2 km. When we assumed a column region for the 19 

cooling with a radius of R km, the deep convection was suppressed in an area of radius 20 

about 5–10 times R. 21 

Using the surface energy budget with stationary forcing due to a cold pool, we 22 

obtained a characteristic size for the horizontal scale given by h/CH, where h is the depth 23 



 

of the cold pool, and CH is the exchange coefficient of heat. 1 

Our results demonstrate that a stationary cold pool generated by the evaporation of 2 

raindrops can suppress a sufficiently large domain. Suppose a similar mass of water is 3 

lifted to the top of PBL at a height of about 1 km. In that case, we might expect 4 

suppression of convection in an area wider than the area of the applied forcing. The 5 

method presented here is promising and will be considered for applications in numerical 6 

simulations of more realistic convection systems such as typhoons. 7 
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Supplements 9 

Animation of the horizontal distribution of OLR [W m-2] for (left) CTL and (right) L6 10 

from t = 0 to 10 days. 11 

 12 
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List of Figure Captions 3 

 4 
Figure 1. The horizontal distribution of OLR [W m-2] for (left) CTL and (right) L6 at t = 5 

10 days. 6 

 7 

Figure 2. The horizontal distribution of bottom level (z = 37 m) temperature [K] for L6 at 8 

t = 10 days. 9 

 10 

Figure 3. The x-distribution of precipitation [kg m-2 h-1] (left) and CAPE [J kg-1] (right) 11 

averaged over the y-direction and time for the last 90 hours of the 10-day simulation. 12 

 13 

Figure 4. The lateral-vertical cross-section distribution (the xz-plane) of the lateral (x) 14 

velocity [m s-1] averaged over the y-direction and time for the last 90 hours of the 15 

10-day simulation. 16 

 17 
Figure 5. The horizontal distribution of bottom-level  (z = 37 m) temperature [K] for R6 18 

at t = 10 days. 19 

 20 

Figure 6. The horizontal distribution of precipitation [kg m-2 h-1] for R1, R2, and R3 (top, 21 

left to right) and R4, R5, and R6 (bottom, left to right). 22 
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Figure 1. The horizontal distribution of OLR [W m-2] for (left) CTL and (right) L6 at t = 8 

10 days. 9 
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Figure 2. The horizontal distribution of bottom level (z = 37 m) temperature [K] for L6 at 4 

t = 10 days. 5 
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Figure 3. The x-distribution of precipitation [kg m-2 h-1] (left) and CAPE [J kg-1] (right) 3 

averaged over the y-direction and time for the last 90 hours of the 10-day simulation. 4 
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Figure 4. The lateral-vertical cross-section distribution (the xz-plane) of the lateral (x) 2 

velocity [m s-1] averaged over the y-direction and time for the last 90 hours of the 3 

10-day simulation. 4 
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Figure 5. The horizontal distribution of bottom-level  (z = 37 m) temperature [K] for R6 4 

at t = 10 days. 5 
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Figure 6. The horizontal distribution of precipitation [kg m-2 h-1] for R1, R2, and R3 (top, 9 

left to right) and R4, R5, and R6 (bottom, left to right). 10 
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Figure S1 (please see the supplementary file for animations) 1 

Animation of the horizontal distribution of OLR [W m-2] for (left) CTL and (right) L6 2 

from t = 0 to 10 days. 3 
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