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1cle

This paper presents a new set of numerical simulations of two colliding density currents
in a idealized framework, integrating the Boussinesq vorticity equation in a rectangular
bounded domain. These simulations are used to examine the dynamical features of the
collision, in the light of recent laboratory experiments. The collision dynamics present
various interesting features. Here we have focused on the interface slope at the front
of the two unequal density currents and on the maximum height reached by the fluid
after the collision. For the secondary triggering of atmospheric convection by colliding
cold pools from previous convective events, these may affect the positioning and the
momentum of the collision uplift, respectively.

The interface slope has been shown to be dependent on the currents’ buoyancy ratio
(i.e. the ratio between the density differences of the two fluids with the ambient
fluid), whereas the maximum height has no strong dependence, for a given initial
current depth. A theoretical model, based on an analogy with a vortex pair, has been
proposed for the interface-slope dependence, taking as input the buoyancy ratio or the
propagating speeds. This model agrees reasonably well with the observed numerical

values.
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1. Introduction

Density currents are primarily horizontal flows generated by a horizontal density gradient. Since they are of practical application to
several atmospheric and industrial problems there has been extensive experimental, observational, theoretical and numerical research

on density currents, following the early works of [von Kdrman| (1940) and [Benjamin| (1968). Much of this has been summarised and

reviewed by |Simpson|(1997) and [Linden| (2012)). Thunderstorm outflows and sea breezes have been shown to resemble density currents,
by laboratory experiments (Simpson||1969), field observations (Mueller and Carbone||1987) and numerical models (Droegemeier and

‘ any theoretical models, based on energy conservation theory, have considered only irrotational flows. However it is well-known

t horizontal density gradients lead to baroclinic vorticity generation (Simpson and Linden|1989)), and density currents may also be

l

delled using a vorticity formulation (e.g. [Kay|[1992} [Ciu et al]2003). Rotunno et al.| (1988) used the vorticity formulation to model

e phenomenon of cold pools in shear flows. [Xu and Moncrieff| (1994)) also recognized the “importance of vorticity dynamics for the

16

lo¢al flow in the vicinity of a density current”. Furthermore [Nasr-Azadani and Meiburg| (2016) have developed a vorticity-based model

{

quasi-steady and supercritical (Fr > 1) gravity currents.

I

he interaction between density currents has also received some interest because, for instance, in the atmosphere the collision

ween mesoscale fronts can be an important trigger for atmospheric convection (Findlater|[1964). Intrieri et al.| (1990) used lidar

field observations to examine aspects of three different colliding thunderstorm outflows. These revealed large vortex rolls and smaller
nstabilities in the leading edge of the outflows. In addition, in all cases the colder, more dense outflow passed under the warmer
outflow, making the warmer air mass the primary source of the updraft. All these collisions initiated new convection. The collision

ea breezes has been observed by (2003)) among others, and convective initiation due to colliding land breezes has been

modelled by |Wapler and Lane| (2012).
ore recently, [van der Wiel et al.| (2017)) have performed laboratory experiments on colliding density currents with different densities

depths. These parameters have an important influence on the characteristics of the collision (see also[Shin et al[2004; [Warren|2014).

e

As discussed by [van der Wiel et al.|(2017)), even the simple case of (quasi) two-dimensional collision in a uniform environment has

difficult to parametrise with an analytical model. Hence, we concentrate on this basic case here. In the lower atmosphere, wind

uar (Xul[1992} [Parker]1996}; [Liu and Moncrieff[ 1996} Xue et al[1997; [Lee and Wilhelmson|1997} [Bryan and Rotunno[2014), ambient
atification (Liu_and Moncrieff] 2000; [Seigel and van den Heever|[2012) and three-dimensional front structure (Droegemeier and

Thelmson|[1985} [Orf et al|[1996] [Vermeire et al|2011)) may all modify the cold-pool collision process and effects. These additional

jrocesses may begin to be included once the basic collision dynamics are described.

e show herein that the dynamics of two colliding density currents can be reproduced with an idealized two-dimensional, vorticity-

ed model. In §|lee replicate numerically similar situations to those of the laboratory experiments of van der Wiel et al.| (2017). In

particular we focus on the pre-collision and collision stages. In §[3] we discuss some theoretical approaches to predict and explain the

pe and orientation of the frontal interface, and compare the predictions with the numerical simulations.

2. Numerical simulations

The laboratory experiments have been reproduced numerically using the numerical software package Hydra (http://
www-vortex.mcs.st-and.ac.uk/software. htmlE[) Hydra solves the Boussinesq-Euler equations for the flow of an
incompressible fluid in two dimensions, vertical and horizontal. Buoyancy (also known as reduced gravity) is approximately conserved

following the flow, up to the action of numerical diffusion. The distribution of buoyancy governs the creation of baroclinic vorticity, and

“coesel BRERCEI 8 PERGGUpy Fopyright. Allrights reserved
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the vorticity redistributes the buoyancy. Numerical solution is by the combined Lagrangian advection method, (CLAM, see
for more details), which preserves the small-scale flow structures at high accuracy. This allows the problem of
density-current collision to be recreated in an idealized framework, with minimal diffusion and no possibility of along-front variation.
Hence, the basic processes may be isolated and quantified.

The dynamics produce entrainment and mixing as would be expected, so that fluid elements of different densities can mix quite
thoroughly. There is no parametrised diffusion to homogenize the densities at the grid scale following this mixing, although numerical
diffusion will act in this manner to some extent. Despite these simplifications, over the relatively short timescales of these simulations,

the resultant dynamics are expected to still represent the significant features of the flow, and the numerical results closely resemble

C

the flows in the laboratory experiments of |van der Wiel et al.| (2017), as shown in the following and in the animations presented

|

as supplementary material. Results from the numerical model have also been compared previously with experiments on billows in

tified flow by [Carr et al| 2017).

2 Model description and initial configuration

rtic

dra solves the following dimensionless equation set on a two-dimensional (vertical and horizontal) rectangular domain, where

rbars denote dimensionless variables,

D b 0

Db

5, =0 2)
V-a=0, 3)

ed A

{

where u = (u,0,w) is the velocity field in two dimensions. 7 is the vorticity component normal to the plane of the flow, all other

ponents being zero. The dimensionless time, horizontal coordinate and vertical coordinate are denoted 7,  and z respectively.

1)

eir telationships to the equivalent dimensional variables ¢, x and z, and the non-dimensionalization of the flow variables, will be set

below. There is a free-slip boundary condition at all the boundaries of the rectangular domain. The domain is of height H and

C

gth L. Initially, the two patches of fluid denser than the background occupy regions in the lower corners at either side of the domain,

C

length [ and depth D (i.e. the same for each current), see for example figure|[T]

The current on the Lh.s. is denoted current 1 and the other is denoted current 2. The buoyancy is given by b = gAp/pg, where

C

= po — p, p is the density and py is the uniform ambient fluid density away from the denser patches. The initial density scales are
niproportion pg < p1 < po. That is, current 2 is the more dense.

uniform ambient density reduces the complexity of the system, since there is no influence of ambient stratification to consider. Its

A

counterpart in the real atmosphere is the deep, well-mixed atmospheric boundary layer, such as occurs in the afternoon on days prone
to convective activity. It is therefore also a suitable background state for idealisations of convective cold-pool collisions.

The precise initial distribution of the buoyancy (see figure[T)) is specified as follows:

(=l

(#,2) = [f%bl erfe{(z — 1) /e} — % by erf{(z — L+1)/c} — %bg} - 6(2), )

where

This article is protected by copyright. All rights reserv&ct.z) _ % erfc{(z — D)/e}, 5)
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Figure 1. Initial (= = 0) distribution of the absolute value of the buoyancy, |b(Z, Z)|, for simulation 6 as in tableﬂ

cribes the variation in height of the buoyancy (to perform partial-depth simulations) and £ = 0.02{ describes the thickness of a

ticle

transition zone between the current and the background flow. Moreover

1 x

= 7= e ds, erfe(z) = 1 — erf(x), (6)

erf(z)

Arx

are the error function and its complementary, respectively.

he variables are non-dimensionalized relative to the denser current,

d

G) T=z/l, z=z/l @)
| ) T =t/\/1/|b2] ®)
1 =mn/v/1b2|/1 )
Q b=b/|ba| (10)
a=u/\|bl (11)

he numerical solution will depend on the dimensionless parameters D/H, /L, H/L and r4 = by /ba. Here, simulations for different

CC

H, H/L and rg are conducted, varying D and H while we keep [ = 1 and L = 8 fixed, see tablem As will be seen, variation in 74

C

s achieved by keeping b2 fixed and varying b;.
Simulations 25-27 on the square domain had a horizontal resolution of 256 points, and all others had a horizontal resolution of 512

points. The vertical resolution was in proportion, according to the domain aspect ratio H/L, so as to obtain square grid cells; thus

A

256 points for simulations 25-27, 64 points for simulations 1-5, etc. The numerical Reynolds number may be estimated from the grid

resolution to be Reyum = 10° (Carr et al.[2017, § 4.2.2), bearing in mind that these simulations are two-dimensional.

~

2.2.  Results

In this section we present the numerical simulation results for the pre-collision (see figure 2) and collision phases. Animations of some
of the simulations are available as supplementary material. For quantitative analysis, we concentrate on the partial-depth simulations,

since thElis i'Bé RISt teh pesamiant ¥ ihipSSItsle flows in the lower atmospheric boundary layer.
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099 075 049 033 025 020 0.15 0.05

1 1 1 2 3 4 5
172 1 6* T* 8* 9 10%  11*  12%
1 2 13 14 15 16 17 18 19 20
1 4 21 22 23 24
1 8 25 26 27

Table I. The numerical simulations and their dimensionless parameters. The domain is of height [ and length L, and each current has initial depth D and length
1. The buoyancy ratio of the currents is given by r4. The simulations are numbered as shown in the table body. Simulations marked with an asterisk (¥) were
repeated with the Lh.s. current only to generate the single-current data.

= 8.0 r,=0.33

0.00 0.15 0.30 0.45 0.60 0.75 0.90 1.05

Figure 2. Snapshot of buoyancy distribution before the collision for simulation 9 at time 7 = 8.

d Article
}
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.1.  Pre-collision propagation speed

e investigate the pre-collision phase by considering the horizontal propagation speed of current 1 for different r4. One way to describe

e

this is via the dimensionless horizontal propagation speed given by the Froude number (Fr):

Fr = 12)

U
VoD’

CP

ere U is the current propagation speed.

C

veral theoretical versions of Fr based on the initial fractional depth of the current have been developed (Benjamin|1968), (Rottman|

impson|[1983), (Shin et al[2004). In particular in [Shin et al.| (2004), for Boussinesq currents, Fr is expressed as follows:

]

Fre pg = V2~ D/H

==, (13)

A

where D and H represent the fluid depth and the tank height respectively. Equation[I3]has been compared by [van der Wiel et al| (2017)

with values given by laboratory experiments.

Fr was calculated from the numerical simulations using (T2). For this, b and D are given a priori. The speed U was calculated by
tracking the leading edge of the density-current front for several timesteps, using the buoyancy field as a tracer, and then taking the
mean value.

The results of the comparison between (I2) and (T3) are shown in figure 3] Equation [T3]is shown to be a good predictor for the
magnitude of the propagation speed in the constant-velocity phase, especially for r4 > 0.49 although the agreement for D/H = 1/2 is

better tHdvis@sicRows pygterted by gopyright. All rights reserved.
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l Fi!ure 3. Froude numbers versus 7. Error bars show one standard deviation with respect to the mean of density current speeds for different time steps. Continuous lines

| ibtheoretical values based on @) The simulations are a subset of those listed in tablem

¢

ent simulations are initialised as the two-current simulations but omitting the dense fluid on the r.h.s. In the single-current case the

e have calculated also for the single density current case, for H =1 and D = 1/2, as also shown in figure [3| The single-

current propagates faster than if there is a current on the other side, as is shown by the Froude number being greater by up to approx.

% in these experiments. This means that in the two-current case, the presence of the second current exerts a small influence on the

pagation of the first current, even before collision. It is expected that this effect is greater here, in a purely two-dimensional domain
@imited extent, than it would be in the atmospheric boundary layer.

Given that the single-current speeds appear to be more uniform with rg, the slight fall-off of the speed of current 1 at lower rg

‘ values seems to be an effect of having an oncoming density current of significantly greater momentum, therefore presumably driving a

atively stronger opposing flow in the ambient.

@.Z. Collision characteristics

this section we present the numerical results for the collision of two density currents. The numerical simulations presented here are

e to reproduce the main features of the collisions observed in the laboratory experiments of van der Wiel et al.|(2017). For direct

cOimparison between the numerical simulations and laboratory experiments, see the supplementary videos S1 and S3, to be compared

with with videos S1 and S2 of van der Wiel et al.|(2017).
<Figure [ shows Hovméller diagrams based on the lowest level of the gridded model output for simulations 13 and 16. Before

collision the two currents propagate at certain speed (which we have found different from the single current case, as shown in
the previous section). After the collision the denser current propagates at slightly slower rate than before the collision, for the non

symmetric case (rg = 0.33). Also, there is mixing occurring in the collision zone. This is in agreement with[van der Wiel et al| (2017)),

fig. 8.

For comparison with the Hovmoller plots, and with the experiments of [van der Wiel et al.| (2017), examples of the buoyancy and

vorticity fields during symmetric and asymmetric collisions are shown in figure 5} The vorticity distributions in these cases show a
significant difference at the interface. Namely, in the symmetric case (ﬁgure@) the frontal vortex sheets combine into a vortex pair

that propagates vertically upward, whereas in the asymmetric case (figure [5d) the stronger vortex sheet at the front of the more dense

(th.s.) AP RI bR conydell st BEMT S8 ice while the weaker vortex sheet is deflected upward along it.
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Figure 4. Hovmoller diagrams for simulation 13 (left) and simulation 16 (right) at height z = 0.

1C

3. Interface shape

t

The interface shape may be characterized to some extent by its angle -y to the horizontal. Figure[5|indicates that the angle is not constant
with respect to time, and figure[6]shows that the interface shape becomes more complex at later times. Nonetheless, the measured angle
at'a particular dimensionless time post collision indicates how the interface varies from one simulation to another.

The angle between the two fluids, with respect to the horizontal line is given by:

v = arctan (%) (14)

xT

e algorithm to calculate the angle is based on finding the coordinates of discontinuities at two different vertical levels in the buoyancy

ed

ofiles (i.e. where the two fluids meet).The vertical levels were taken from the interface, identified by the buoyancy discontinuity, in

I

height range between 0 < z < D/2. Three points in the upper part of this range were considered along with two points in the lower

to generate six values of the interface angle. From these, a mean and standard deviation were calculated. We calculated the angle

P

7 = 0.5 after the collision. The results are shown in ﬁgurem for different r4 and for different 4 and D. It can be seen that the

angle does not have a clear dependence on D/ H, although generally increases with increasing rg.

¢

212.4. Collision maximum height

other important feature of the collision is the maximum height reached by the two fluids. In an atmospheric context, this may be a

CC

significant factor in whether colliding cold-pool fronts are able to initiate new convective cells.
n the symmetric case r4 = 0.99, the front is almost vertical (figures m), while in the asymmetric cases (ry < 0.99) the front is
ilted. For later time steps in the non-symmetric case the denser fluid propagates underneath the less dense fluid, compare figures 53]

and Recall that this type overlapping was also observed by Intrieri et al.[(1990)), and while it means that the perturbation height may

be insensitive to g, it has a possible bearing on the properties at the source of the updraft. To illustrate this interaction, ﬁgure|§| shows
the simulation evolution after the collision. It can be seen that the maximum height reached by the fluid in the symmetric case (figure
is comparable to the maximum height in the asymmetric case (figure [6b).

This figure also shows the spatio-temporal domain over which the maximum height has been calculated. This is done by counting
the number of gridboxes G at each level where the the absolute value of the buoyancy is above a threshold of 0.8r4, which takes into

account that different buoyancies may be present. In general G decreases with height. Then the maximum height is defined as the

height A\DHIESEHE RERIPRSH RerePyahy oY lcigit paserved:
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Figure 5. Time sequence of buoyancy and vorticity profiles for two different r, from the moment of collision. The simulations shown are the same of ﬁgureﬂ

The results of this calculation are shown in ﬁgure Since we vary both D/H and H/L in these simulations, the results are plotted

A

in two ways. Figureshows the height normalized by the domain height H when D/H < 1 is fixed but H/L varies. Figure shows
the height normalized by the initial current height D when D/H < 1 varies. Figure [8c| shows the height normalized by the domain
height when D/H = 1. This last case represents the only direct correspondence in parameter space between the numerical simulations

and the laboratory experiments of [van der Wiel et al.| (2017)), whose results are also plotted for comparison.

As previously found by van der Wiel et al.|(2017), it is not possible to infer any strong relationship between the maximum collision

height and r4. Figures @ and |§_5| show that, for these data, the collision height seems to scale primarily with D. Figure |§_5| shows

that, for D/H < 1/2, increasing the relative height of the domain does not greatly affect the collision height, relative to the initial
current SRSAAR P LFRT RS W ighiee VARIMAT SRR of the domain would therefore seem to be quite small, and these simulations all
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Figure 6. Evolution of buoyancy profile and of the height after the collision for the same simulations shown in ﬁgure@
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lines represent (T8) for different values of the coefficient k.

G

duce maximum heights approximately in the range 1.2D-1.4D, i.e. higher than the initial height of the dense fluid. This contrasts

Ac

with the D/H = 1 simulations and experiments, in which the maximum height is of necessity restricted to be less than or equal to
D, and the results shown in figure [Bc]indicate typical values of 0.87D-0.98D. The domain would therefore seem to be restricting the

collision effects in this configuration.

Finally figure [8| shows that the full-depth simulations generally produce a slightly higher collision height than the laboratory
experiments. This could be due to dissipation in laboratory experiments, different boundary conditions (on 3 sides, and interface

movement on the 4th), and also 3-dimensional effects in the experiments, which might assist in lowering the height if there is a

possibil T GF SRS RERSH Bh oyt Allrighs resrved
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(¢) Full-depth numerical simulations compared with the full-depth laboratory

experiments of [van der Wiel et al.| (2017).

d

gure 8. Comparison of maximum collision heights: (a) numerical simulations with D/H = 1/2 for two values of H, (b) numerical simulations with the same D but
erent H, and (c) comparison of full-depth (H = D = 1) maximum collision heights between numerical simulations and laboratory experiments.

te

» Theoretical considerations

P

the previous sections we have looked at the output of the numerical model solving (TH3), in particular in figure (7) the variation of

C

collision angle with the density ratio r4 of the two density currents. In this section we present a model of the collision anglelﬂbased

the properties of the two incoming density currents. This will aid the future parametrization of these processes in large-scale models

*

ich are unable to resolve the details of such flows.

he similarity between the numerical results presented here and the experiments of [van der Wiel et al.| (2017) indicates that the

¢

idéalized equations capture the essential features of the flow. Since the numerical model has buoyancy and vorticity as its dynamic
prognostic variables, this indicates that the baroclinic vorticity plays a crucial role in the front and collision dynamics. Thus the flow

been modelled in terms of the vortex dynamics.

For a steadily translating density current, the vorticity generation is balanced to first order by the horizontal current motion. We
conjecture that during a density-current collision, this balance is lost, and takes some time to be recovered. This implies that the

dynamics during the collision are controlled by the motion of the current-head vortices which are already established.

Note that in the rest of this section we are concerned with the collision and its aftermath, hence time is taken as relative to the
moment of collision. That is, 7 = 0 is re-defined as the collision moment, identified as the first contact of the density currents at the

lowest level.

fAn alternag\szcaaﬁgr%e%g \r»?lifgteegrgg/eﬁ? £§%}&%&H£§?ﬁ§&?ﬁg ioeh(%'



3.1.  Vortex-pair model

It is well-known (e.g. 1945, Article 155) that two isolated line vortices rotate around the centre of their system with angular

velocity
r

Q= 9752 (15)

where T is the sum of the vortex circulations and § is the distance between them. For vortices with different-signed circulations, the
ntre of the system is on the far side of the stronger vortex compared to the position of the weaker vortex. Here, if the heads of

density currents are likened to regions of two-dimensional vorticity, considering the shear across the current indicates that the

C

|

gnitude of the circulation is proportional to the product of the current speed and head height, I'; < U;h. When equal-height currents

1fiteract in a collision, therefore, the net angular velocity of fluid in the collision zone may be approximated by

1G

Uz — Uy

0 x W

(16)

uming that the separation of the centres of circulation is also proportional to the head height, i.e. § ~ h. For two vortices, the net

It

ulation sets the direction of rotation of the pair. Likewise, the direction of the circulation here will be in the same sense as the
circulation in the faster i.e. denser current. This implies that the relatively less-dense current will move over the top of the denser

ent, as is observed.

A

The currents have very similar front shapes and heights prior to collision so we assume that the collision interface starts from the

tical, and that the angle will evolve simply as the product of 2 and time. This gives the front angle § to the vertical at time ¢ after

d

collision as

il
= koFr/bs (1= v/hi/ba ) o= (17)

pte

= koFr (1 — r;/Q) T (%) v

where Fr is the Froude number defined in and kg is an unknown proportionality constant which absorbs the ratio /D = 0.5 in the

C

definition. We have assumed that, with the Boussinesq approximation, the Froude numbers of the two currents are approximately

ual, which is a common assumption, see for example (T3). (Here they have small differences in the range 0-0.1.)

CC

This model is approximate, and is only expected to apply for a short interval during the collision. Nonetheless, it has two implications.
e first, from @, is that, at a given dimensionless time after collision, the angle is proportional to the net circulation in the collision

zone. This follows fairly immediately from the application of this type of model. The second, from (T7)), is a parabolic dependence of

A

the measured angle on the density ratio, with a vertical interface in the case rg = 1.

The first of these relationships may be tested by considering the total, or net, vorticity in a region of the simulation domain (always
of the same area) at a particular time after the collision, and covering the point of collision. An example of the vorticity evolution in

such a region is shown in figure[9]

Figure |10| shows how this net vorticity, taken to be equivalent to the circulation per unit (constant) area of the box over which the
vorticity is summed, varies with the mean interface angle measured at the same time. In this plot the net vorticity is multiplied by the

time interval since the collision to correspond more closely to (T7). It can be seen that the data appear to follow a general linear trend

with indrUSATSR S RISHEATA LY R i AbHglER EEWSth the model prediction.



For the second, the angle to the vertical at any particular time 7 is given by (I7). Taking 7 = 0.5 the angle to the horizontal is then

»y:g_ﬂz(g—k)-i-krém. (18)
The coefficient
k l 1/2
k= ?OFI” (ﬁ) . (19)

ay be determined from the numerical results at 7 = 0.5.
igureshows the comparison of the theory with the numerical values. The relatively small range of 3/2 < k < 5/2 covers most of

spread of angles calculated numerically, hence a value of £ = 2 may be taken as representative. Hence

icl

1\ /2
ko ~ 4Fr ! (7> . (20)
h
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C

ure 9. Snapshot of the vorticity field 2 output time steps after the collision for different r, (simulations 13-20 in order from right to left), in the two dimensional domain
here we have integrated 7 as in ﬁgure The width of the domain is the same for all 7, and equal to 0.2L.
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Figure 10. Relationship between the integral of the vorticity in the 2D box as described in ﬁgureEl at 7* = 0.5 post-collision and the collision angle measured for
simulations 13-20 as in table[l| with a colorbar representing .
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This simple model of the angle dependence obtained from approximating the vorticity dynamics would not seem to be derivable
from considerations of conservation of energy or momentum alone, but despite its simplicity and approximate nature it fits the data
reasonably well. Also, as has been shown, the present results from a numerical model in which the main variables are vorticity and

buoyancy reproduce many of the features of the experiments of jvan der Wiel et al.|(2017) (see also the supplementary flow animations).

This demonstrates that the consideration of vorticity is crucial in fully understanding the dynamics of colliding density currents.

4. Conclusions and future work

have performed numerical simulations of two colliding density currents in a limited rectangular domain for different buoyancy ratios

¢

rg These have been based around the recent laboratory experiments performed by [van der Wiel et al.[(2017). Beside the buoyancy

|

atios, we have also varied the height of the domain and the relative current depth, to investigate the effect of the rigid top lid and

C

o to make the simulation closer to a realistic atmospheric situation. We have considered only currents of equal initial depth, and of

initial length relative to the domain length, to keep the parameter space to manageable proportions, and to simplify the modelling

1

uirement. Investigating the other parameters could be the subject of future work.

{

We have looked at the slope of the collision front that forms since the denser current deflects the other fluid upward, and also at the

I

maximum height reached by the fluid raised after the collision. While we have found a large variation in the initial angle of collision
with rg, this is not the case for the maximum collision height. This is consistent with an interpretation of the front collision being

erned by the interaction of the vortex sheets at the current heads, which leads to unequal currents tending to circulate around one

A

another rather than to “splash” upward. We remark that this has possible relevance in determining which current interacts with the

rce of any resulting convective updraft.

d

As noted in the introduction however, while the collision height is insensitive to 74 in the basic case, other factors may produce

s@eondary effects. For instance, the position or maximum of collision height may vary if the fronts have appreciable curvature

C

roegemeier and Wilhelmson|[1985)), and the height perturbation may be transmitted vertically and horizontally by gravity waves

{

1n a stratified environment (Liu and Moncrieff|2000). Further work in this area could involve the investigation of stratification effects

so possible with Hydra), or wind-shear and front-curvature effects (perhaps with a large-eddy model).

]

A theoretical model, based on a vortex-pair argument, has been proposed to predict the interface slope at the front, taking as input

er the buoyancy ratio or the relative propagation speeds of the currents. This has been shown to agree well with the results of the

¢

ulations.

G

n the wider context of convection parametrization, increasing model resolution (in time and space) produces a requirement for better

uliderstanding of the dynamics, rather than merely the thermodynamics, of atmospheric convection. Hence, triggering by convective

old pools has become an area of current interest (e.g.|Grandpeix and Lafore|2010; |Rio et al.[|2013), since it represents one means by

which a dynamical “memory” prolongs the convective state. One proposed mechanism for cold pools overcoming convective inhibition

-

inematic uplift, either at the front of an advancing cold pool or where cold pools collide. It has been suggested recently (Torri et al.|

2015, see also references therein) that this is the most important process for initiating parcel ascent from the surface layer, with
thermodynamic processes reinforcing the convective motion at higher levels. The insights into collision dynamics obtained here will

be useful in designing the future parametrization of the distribution, in position and strength, of collision-induced convective triggering.
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eo S7. Movie of the time evolution of buoyancy for simulation 16.
Video S8. Movie of the time evolution of vorticity for simulation 16.
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