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Project background: Clouds, convection and moist processes generally pose serious challenges for modelling
the Earth’s climate and weather (e.g. Bony et al 2015). Such processes involve small-scale interactions which are
well beyond the resolution of current global circulation models (GCMs). Instead, GCMs need to parametrise such
processes, usually by crude single-column convection-adjustment schemes. Convection-Permitting Models (CPMs)
go further by attempting to explicitly resolve these processes. These models are increasingly used for Numerical
Weather Prediction and climate applications. Nevertheless, even these models are only crudely resolving convective
clouds, which leads to biases such as too intense deep convection.
There is hence a pressing need to improve the numerical modelling and representation of moist processes in
general. In this project, we sought to try a radical approach, namely to represent dynamical and thermodynamical
processes by freely-moving parcels. Such parcels carry a number of attributes, such as vorticity, mass, specific
humidity, and liquid-water potential temperature. Mass, specific humidity and liquid-water potential temperature
are all conserved following the motion of each parcel, and importantly a parcel-based model guarantees this without
the need to follow additional equations of motion as in a conventional numerical method. Moreover, the parcels
provide an explicit sub-grid parametrisation, or indeed replace such a parametrisation, thereby alleviating the need
for ad hoc parametrisations and artificial ‘eddy’ viscosities. A priori, a parcel-based model has much less numerical
dissipation than conventional numerical models presently in widespread use. Hence, a parcel-based model can be
expected to achieve a much higher effective resolution.
Parcel-based models are not new: they have been used in vortex dynamics for decades to study basic properties
of fluid flows at very high Reynolds numbers (see e.g. Christiansen & Zabusky 1973 for two-dimensional flows
and Cottet & Koumoutsakos 2000 for three-dimensional flows). Such models have even been used to model moist
convection as early as Gadian 1991, who modelled clouds in a two-dimensional plane using smoothed particle
hydrodynamics (SPH). Particle-based methods have also been used to model cloud and rain water in combination
with a dynamical core that is otherwise Eulerian (cf. Riechelmann et al 2012 and Wyszogrodzki et al 2013).
Nevertheless, to our knowledge, a parcel-based model has never been seriously considered to be a viable approach
in numerical weather prediction, and even three-dimensional simulations of single clouds have not been performed
with fully parcel-based methods.
Parcel-based models may also vary considerably in their formulation, and can require the tuning of many numerical parameters. We believe that this has detracted from the uptake of such models by the atmospheric modelling
community. Here, we sought to go back to basics and use arguably the simplest ‘vortex-in-cell’ (VIC) approach of
Christiansen & Zabusky 1973, with a parameter-free refinement due to Cottet & Koumoutsakos 2000 to ensure conservation. This minimises the number of tunable numerical parameters. We also sought to include moist processes
and the effects of condensation and evaporation in a simplified way. Finally, we sought to compare the resulting
model — for a demanding test case — with a commonly-used three-dimensional model for atmospheric flows, the
Met-Office/NERC cloud model (MONC). This model is entirely grid-based, and is used here at a resolution that
resolves the cloud dynamics, though only the largest turbulent structures.
Project objectives: We stated a single objective, namely:
• Develop a proof-of-concept algorithm demonstrating the advantages of a partially-Lagrangian approach for
modelling small-scale moisture processes in the atmosphere.
In more detail, the first step was to couple a vortex-in-cell (VIC) algorithm developed before the start of the
project with a conventional numerical model in idealised geometry, here a horizontally-periodic domain bounded

above and below by flat rigid surfaces. The next step was to add physical processes, such as a representation of the
discontinuous transition from unsaturated to saturated air parcels. The ultimate aim was to produce an algorithm
of sufficient promise to apply for resources in further developments in collaboration with the Met Office.
Key project outcomes: The project achieved much more than anticipated. At first we tried to use an impulse
formulation of the fluid dynamical equations suggested by Ohkitani 2009. This formulation regards parcels as small
compact vortex rings. However, we discovered that the impulse formulation incorrectly models the effect of pressure,
and furthermore has no straightforward generalisation to stratified (variable density) flows. We thus returned to
the ‘vortex particle’ formulation of Anderson & Greengard 1985. Here, each particle is in fact a small parcel of
finite volume (which remains fixed in an incompressible flow). Large numbers of parcels must be superposed to
accurately represent any evolving flow, though in the original applications to a uniform density fluid, parcels can
be restricted to a small volume of the entire space, as in that case no new vorticity is produced outside of its initial
domain of support.
Here, we extended the method to stratified flow, as found generally in the atmosphere (and oceans). Now vorticity
does not remain localised if initially so. In general, variable density is associated with ‘baroclinic’ generation of
vorticity (due to sloping density surfaces). Hence, we had to fill the entire domain with parcels. We originally
thought this would be computationally prohibitive but it turns out to be affordable, especially when compared
to conventional numerical methods. Essentially, we have found that the higher effective resolution afforded by the
parcels — and the strict conservation of certain parcel properties (mass, specific humidity and liquid-water potential
temperature) — strongly offsets the costs of carrying a large number of space-filling parcels.
In the parcel-based model constructed, the only dynamical equations which must be solved are for the positions
and vorticities of each parcel. Other properties (mass, etc...) are simply preserved on each parcel — these are the
parcel ‘attributes’, properties which never change. We followed the alternative formulation for the parcel vorticity
evolution proposed by Cottet & Koumoutsakos 2000, to more accurately enforce the ‘solenoidal’ (divergence-free)
property of the three-dimensional vorticity field associated with the entire set of parcels. This property is not
well enforced when discretising the standard formulation of the vorticity equation. We also included here the
generation of vorticity by buoyancy effects (variable density). To include condensation and evaporation, the effects
of latent heating were included in a simplified way by increasing the effective buoyancy whenever the parcel specific
humidity exceeded a height-dependent background profile. Thus, a moist parcel can gain buoyancy (accelerate
upwards) when it condenses. Likewise, it can lose buoyancy when it evaporates. For simplicity, we have ignored
precipitation, though we plan to include it in a more sophisticated model.
Here, we briefly summarise a few of the main numerical features of the new model. We use perhaps the simplest
of all interpolations — tri-linear interpolation — to transfer parcel properties to and from an underlying grid.
This interpolation is needed in order to build the vorticity field on a grid and to use efficient, accurate grid-based
methods for calculating the velocity field from the vorticity field. The gridded velocity field is then interpolated at
the parcel positions, enabling one to move the parcels forward to the next instant of time. Other interpolations (e.g.
those involving a search over nearby parcels) may be more accurate but are not nearly as simple, and may not lend
themselves to efficient calculation on massively-parallel computers. Notably, the interpolation used ensures that
the total parcel mass, and indeed all parcel attributes, are not only conserved but are identical to the grid-based
calculation of the same quantities after interpolation (Cottet & Koumoutsakos 2000).
To model realistic effects of fine-scale mixing, we keep track of each parcel’s ‘stretch’, the time integral of the
magnitude of the vortex stretching. When the stretch exceeds a certain threshold (around 3 in practice, though
the results are insensitive to this), we split the parcel into two adjacent pieces, each with half the volume of the
original parcel but identical attributes and vorticity. This splitting is designed to be fully conservative: total mass
etc. do not change. Splitting cannot be allowed to carry on indefinitely, as it would lead to an explosive build up
in the total number of parcels. Hence, we limit the volume of the smallest parcel to 1/63 or 1/216 of the grid-box
volume. Again, the accuracy of the model is not sensitive to this parameter as long as it is substantially smaller
than the original parcel volume. The idea behind this is that there is a trade-off between representing subgrid-scale
effects and ignoring subgrid-scale velocity fluctuations (i.e. interpolating parcel advection velocities from gridded
values). Parcel motions are generally dominated by the larger-scale velocity field, but this cannot be expected to
hold for too great a separation between the parcel size and the grid size. Nonetheless, a subgrid representation may
be highly beneficial, as previous work in two-dimensional flows has demonstrated (Dritschel & Ambaum 1997).
As in parcel splitting, we ensure parcel removal is exactly conservative. Each parcel transfers its vorticity and
attributes to the corners of the grid box containing it before it is removed. These residuals are then re-interpolated
to the remaining parcels to ensure conservation. Notably, this acts as a weak diffusion: a localised parcel disperses
its properties to all other parcels in its grid box as well as in the grid boxes adjacent to this grid box.

zm (moist neutral buoyancy)

height

zd (dry neutral buoyancy)
zc (condensation)
zb (mixed layer height)

q (environment)
q,b (thermal)

b (environment)

Figure 1: Initial distributions of liquid water potential temperature b (left), and specific humidity fraction q̃ (middle)
in a vertical cross section cutting through the initial thermal. The basic-state stratification profile is shown on the
right.
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Figure 2: Comparison of b and q̃ in the MPIC method and MONC in a vertical cross section at time t = 2 (upper
atmospheric buoyancy periods), with the resolution doubled for MONC. In the top row, a 643 grid is used for MPIC
and a 1283 grid is used for MONC. In the bottom row, a 1283 grid is used for MPIC and a 2563 grid is used for
MONC.
To illustrate the new ‘Moist Parcel In Cell’ (MPIC) method, and to show how it compares to the grid-based
Met-Office/NERC cloud model (MONC), we examine a rising initially-spherical moist thermal in a neutrally-stable
boundary layer overlaid with a stably-stratified atmosphere — see figure 1. The thermal is initially buoyant and will
rise until it encounters its level of dry neutral buoyancy z = zd , but not before encountering the lifting condensation
level z = zc . At this level, additional buoyancy is released by latent heating, causing cloud formation and enabling
parcels to rise further to the level of moist neutral buoyancy z = zm (the nominal cloud top).
The early stage of this process is illustrated in figure 2, comparing the MPIC method with the MONC method
using double the number of grid points in each direction. The main finding is that the new MPIC method can
model convection, purely in terms of parcels. This is significant. The results of MPIC compare favourably with
MONC, a model which is widely used by the convection community. Notably, the effective grid resolution of MPIC
appears to be at least double that of MONC. At these resolutions, both models capture the same intermediate
and large-scale features. However, the small-scale features differ, and vary with resolution. This is expected since
vorticity is generated by gradients in buoyancy, and so the finer the resolution used, the higher the gradients become
and the more intense and localised the vorticity generation becomes. When attempting to model an inviscid flow,
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Figure 3: Comparison of the condensed portion of q̃ in the MPIC method and MONC in a vertical cross section at
times t = 2, 4, 6 and 8 buoyancy periods. Both methods here use a 1283 grid.
this leads to crinkling of the tracer fields of b and q̃ on ever finer scales with increasing resolution.
The advantage of the MPIC method is more readily apparent at later times, when diffusive effects accumulate in
MONC. This is shown in figure 3, for the condensed portion of the specific humidity, nominally the cloud amount.
The MPIC method exhibits many more fine-scale features reminiscent of actual cumulus clouds than does MONC.
Turbulent motions are much better represented in the MPIC method, and are sustained in time. The cloud spreads
laterally at late times and gradually evaporates as it loses buoyancy.
Notably, the resolution of the MPIC method is far higher than these images reveal: here we have interpolated
the parcel properties to the basic underlying grid, hiding many subgrid-scale features. If instead we interpolate the
MPIC results to a grid 6 times finer in each direction, a wealth of detail is revealed as shown in figure 4 for the
fractional specific humidity field q̃ after 6 buoyancy periods (this simulation used a grid with 3843 points). The turbulent motions seen here are much more representative of convection than those captured by conventional numerical
methods even at much higher grid resolutions. This is the result of using a conservative sub-grid representation in
the MPIC method, thereby greatly reducing the effects of numerical diffusion.
Potential for initiating or developing future multidisciplinary collaborations: Toward the end of the
project, Dritschel and Boeing visited the Met Office to speak with Dr Alison Stirling’s convection group. We gave
a presentation of our main findings, and gained the enthusiastic support of her group for the further development
of the MPIC method. They agreed with us that a promising way forward would be to integrate the MPIC method
within MONC, so that its user community would be able to gauge the benefits of a parcel-based formulation. To
this end, in January 2017 we met with Drs Michele Weiland and Nick Brown at the Edinburgh Parallel Computer
Centre to discuss how to do this practically. Both have been strongly involved in the development and funding of
MONC, and we have decided to apply for Embedded CSE support. This project (eCSE12-10: A fully Lagrangian
dynamical core for the Met Office NERC Cloud Model ) was recently awarded funding for a total of 9 months of staff
effort. Dr Brown and Dr Gordon Gibb (EPCC) in particular will see through the integration of the MPIC method
into MONC, and work with us on aspects of parallelisation and model testing. This is an exciting development
which we believe will pave the way for uptake by the modelling community.
In the near future, this could lead to implementation in the Met Office forecast model and in climate models.
We are keen to remain involved in this, but also to explore the many fascinating scientific questions that this opens
up. Some of the most important of these concern the effects of entrainment, mixing and cloud microphysics, as well
as the fractal structure of clouds.
Moreover, the relative advantage in computational cost of MPIC increases significantly for research problems
which demand the model carries further properties on the air parcels. For instance, we can carry a spectrum of
aerosol particle sizes, or a number of chemical species, without any additional burden on the advection scheme, and
with relatively little cost in terms of the additional operations needed for mixing.

Figure 4: Specific humidity fraction q̃ in a vertical cross section at time t = 6 buoyancy periods. Here, a grid 6
times finer in each direction is used to render the field of a simulation with 3843 grid points.
We have applied to EPSRC for follow-on support in the form of a standard research grant, joint between St
Andrews and Leeds (proposal submitted 30 November 2017), to explore these exciting scientific and technological
issues.
Use in Post-Graduate Research projects: A Post-Graduate Researcher at St Andrews, Sam Wallace, will
use MPIC to study moist convection in sheared environments. This project has started in the autumn of 2017, and
work with MPIC will start in the course of 2018. This project has been supported by the Met Office. Dr Alison
Stirling, the Head of the Convection Division at the Met Office, is acting as Sam’s second supervisor.
A second PGR project is currently advertised at the University of Leeds. This project will involve the implementation of microphysics in MPIC. A bin-microphysics approach, where the size distribution of cloud droplets is
explicitly prognosed, will be used. The amount of water corresponding to each droplet size bin is usually advected
separately in such an approach. In MPIC, however, this advection will simply be done by moving parcels that carry
the droplet size distribution. Eventually, this approach can be coupled to a Lagrangian approach to precipitation
(e.g. a superdroplets scheme). Onno Bokhove and Paul Field (Met Office) are collaborators on this project.
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