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On the horizontal resolution of fronts
in numerical weather prediction models
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The ability of current numerical weather prediction models to capture frontogenesis
and to determine frontal motion is explored using a two-dimensional numerical
model. The model was developed recently by the authors specifically to study the
dynamics of the Australian summertime ‘cool change’, but it is not restricted to such
fronts. Attention is focused here on the ability of a simulation with a very coarse grid
(150 km horizontal resolution) to represent the dynamics of a frontogenetically-
active model cold front in a simulation with a relatively fine grid (15 km horizontal
resolution). Two intermediate resolution simulations are discussed also, one with a
horizontal grid spacing of 50 km, the other with 100 km spacing.

We conclude that a resolution between 50 km and 100 km is adequate for capturing
frontal scale motions and for predicting frontal movement whereas a model with a
150 km horizontal grid is generally inadequate.

Our calculations show also that the surface location of the maximum relative
vorticity component in the vertical provides a more robust indicator of frontal
position than that of the maximum horizontal temperature gradient; it is less
dependent on the horizontal resolution and less sensitive to the presence of
geographically-fixed frontogenesis such as differential heating across a

coastline.

Introduction

Much of the significant weather of southern
Australia is associated with the passage of cold
fronts and the prediction of these poses an
important forecasting problem. The prediction
difficulty increases during the late spring and
summer when there is a large thermal contrast
between continental and maritime air masses in
the region. At these times of the year, incorrect
forecasts of the arrival time of a front may lead to
substantial (10-15 K) errors in maximum tem-
perature forecasts at a given location.

In a recent paper, Wilson et al. (1987) have
sought to establish forecast verification pro-
cedures for line-type phenomena using cold fronts
in southeastern Australia as the principal appli-
cation. They showed, inter alia, that on average
the movement of such fronts is underestimated in
prognoses. Since a major source of forecast
guidance in the region is provided by numerical
prognoses using the Australian Regional Primi-
tive Equation (ARPE) model (Leslie et al. 1985),
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the question arises as to what extent the resolution
provided by the model (currently 150 km in the
horizontal and 12 levels in the vertical) is
adequate for forecasting frontal movement and
development. In this paper we seek to address this
resolution question more widely using a two-
dimensional numerical model that we developed
specifically to study the dynamics of summertime
cold fronts (or ‘cool-changes’) that occur in
southeastern Australia (Reeder and Smith 1986,
1987; Reeder 1986).

The model

The model is anelastic and hydrostatic with a
stretched vertical grid and uses the stream-
function-vorticity form of the equations as the
basis for numerical solution. The computational
domain is 15 km high and 4500 km long and has
open boundaries at both ends. Initial conditions
are prescribed in the form of wind and tempera-
ture fields representing idealised vertical cross-
sections through a typical pre-existing disturb-
ance, prior to its amplification to an intense
front-trough system. In essence, these cross-
sections correspond with a warm pre-frontal
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northerly airstream embedded in a zonal shear
flow in thermal wind balance with a meridional
temperature gradient. An initial ageostrophic
vertical circulation is imposed also, being that
required to ensure that the frontal development
continues in a quasi-balanced state. Further
details of the model and the initialisation pro-
cedure are given by Reeder and Smith (1987) and
the initial fields are shown in Figs 4(a), 5(a) and
6(a) in that paper.

The results to be presented below are based
primarily on four 24-hour model integrations
with different grid resolutions: a fine resolution
simulation with a horizontal grid spacing Ax of 15
km and 51 vertical levels, corresponding with a
mean* vertical grid spacing Az of 300 m;
two coarser resolution simulations, one with Ax =
100 km and 21 levels (Az = 750 m), the other with
Ax = 150 km and 16 levels; and an intermediate
resolution simulation with Ax = 50 km and 26
levels (Az = 600 m). We shall regard the fine
resolution calculation as the control simulation.
The coarser resolution integrations are broadly
typical of current numerical weather prediction
models including the ARPE model in particular,
while the intermediate resolution simulation is
typical of some fine-mesh mesoscale models now
in use. The number of levels chosen for each
integration roughly represents the finest vertical
resolution reported in published modelling
studies of comparable horizontal resolution.

Four analogous calculations in which the front
approaches a heated land mass will be referred to
also. These are based on an extended version of
the model described by Reeder (1986). In these,
the initial position of the surface front is 360 km
offshore and heating of the land mass commences
after 6 hours of integration when, in the fine
resolution simulation, the front is 224 km off-
shore. Differential heating continues for a further
12 hours, after which no further heat is added.

The horizontal diffusivity in the fine resolution
simulation is 3 x 104 m? s!, while in the
intermediate, coarse and very coarse simulations
it is increased by the factors (50/15)2, (100/15)2
and (150/15)2, respectively, to take account of the
reduced horizontal resolution. In each integration
vertical diffusion is neglected for simplicity.

Results

Figure 1 shows vertical cross-sections of the
isotachs of along-front wind component v, and

*On account of the vertically-stretched grid, the actual grid
spacing in the fine resolution calculation varies from 120 m
near the surface t0 0.8 km at 15 km. The model grid is stretched
in a similar manner in the intermediate, coarse and Very coarse
simulations, wherein the grid spacing varies between 258 m
and 1.84 km, 337 m and 2.2 km, and 500 m and 2.7 km,
respectively.

z (km)

Fig. 1 (a) Isotachs of along-front velocity v and (b)
streamlines of the ageostrophic cross-front cir-
culation y,,, each superimposed on the
isentropes 6, for the fine mesh calculation (Ax =
15 km) at t = 18 hours. The corresponding
isopleths for the very coarse mesh calculation
(Ax = 150 km) are shown in (c) and (d),
respectively. Contour intervals are: Sms -1 for v,
3 x 103 kg m s for y,,, and 5 K for 6.
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the streamlines of the ageostrophic cross-front
circulation y,, each superimposed on the
isentropes 6, for the fine mesh (Ax = 15 km) and
very coarse mesh (Ax = 150 km) simulations,
without diurnal heating, after 18 hours of inte-
gration. Comparison shows that whereas the very
coarse mesh calculation captures the overall scale
and sense of the cross-front circulation it fails to
adequately represent much of the detail; in fact it
predicts the cell in the warm air to slope in the
wrong direction (cf. Figs 1(b) and 1(d)). Further-
more, the very coarse mesh calculation consider-
ably underestimates the intensity of the circu-
lation and hence its associated convergence. The
effect of resolution on the ageostrophic circu-
lation neatly exposes the dynamical effect it has
on the surface frontogenesis processes. A
reduction in surface convergence is accompanied,
inter alia, by a reduction in the rate at which
cyclonic vorticity is produced through the
stretching of absolute vorticity, as well as a
reduction in the rate at which the surface
temperature gradient changes due to convergence
itself. Moreover, a weaker ageostrophic circu-
lation implies weaker Coriolis torques in the
along-front direction and thereby a reduction in
the acceleration of the along-front wind
component (cf. Figs 1(a) and 1(c)). In turn, this is
associated with a reduction in the along-front
temperature advection by the pre and post-frontal
low-level jets, and hence to a reduced rate of
frontogenesis itself.

The effects of degraded resolution are so severe
in the very coarse mesh integration that during
the first 12 hours the strength of the surface front,
as defined by the maximum surface (potential)
temperature gradient (6,)..x, Weakens slightly
before attaining a steady value of 1.5 K/km as
evidenced by the time-series of (6,).x shown in
Fig. 2. In this case the frontolytic effects of
horizontal diffusion exceed combined effects of
the frontogenetic processes during the first half of
the integration. In contrast, in the fine mesh
calculation the surface front increases in strength
by almost an order of magnitude during the first
12 hours, reaching a quasi-steady value of about
17 K/100 km. Shown also in Fig. 2 are times-series
of (6)max for both the coarse (Ax = 100 km) and
intermediate resolution (Ax = 50 km) runs. As in
the fine mesh simulation, (6,),.x increases during
the first 12 hours for these two calculations,
thereafter maintaining nearly steady values of
3 K/km and 6 K/km respectively. The ratio of the
steady-state values of (8,).,, of any two cases is
roughly equal to the ratio of the respective values
of Ax for the same two cases; therefore, the
intensity of the simulated fronts are directly
proportional to their horizontal resolution.

Using the nomenclature of Orlanski (1975), the
associated frontal circulation is meso-a in scale

Fig. 2 Time-series of maximum surface potential
temperature gradient (6,) ., for the four differ-
ent resolution calculations: (a) without diabatic
heating effects; and (b) with diabatic heating
included. Units in K/100 km.
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(200-2000 km), whereas the scale of the front
itself is meso-p (20-200 km). The very coarse
resolution calculation resolves the meso-a scale,
albeit rather poorly, whereas the meso-f effects
remain subgrid scale; consequently the very
coarse resolution simulation fails to produce a
surface front (see Fig. 2).

Similar results were obtained in a comparison
of the fine, intermediate, coarse and very coarse
mesh runs* when diurnal heating was included,
but in this case the maximum surface gradient
increased in all four simulations in response to the
heating of the land; time-series of (6, )., for these
simulations are shown in Fig. 3.

The limitations of the very coarse mesh are
even more severe when diurnal heating is present.
Figure 3 shows the vertical velocity w, after 18
hours of integration, both with and without
diurnal heating, for the fine mesh and very coarse
mesh runs. In the fine-mesh case the inclusion of
diurnal heating leads to an intense updraft
(~ 18 cm s'!) in a narrow region in the vicinity of
the surface front (cf. Figs 3(a) and 3(b)), the
development of which has been discussed in
detail by Reeder (1986) (see Fig. 6 of Reeder 1986
for details of the updraft structure). While this

*There is a small difference in the implementation of the diurnal
heating in the fine mesh run. As outlined in Reeder (1986), the
spatial gradient of sensible heat flux, representing the coastline,
is spread over a distance 2Ax (i.e. 30 km). In the coarse and
intermediate resolution calculations the heating gradient is
confined to a distance Ax. Doubling the width of the transition
zone in the fine mesh run reduces the relative impact of
differential heating in this calculation.
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Fig. 3 Isotachs of vertical velocity w superimposed on the
isentropes 6 at t = 18 hours for the fine resolution
calculations: (a) without diurnal heating; and (b) with
diurnal heating included. The corresponding isopleths
for the very coarse resolution calculation are shown in (c)
and (d), respectively. Contour intervals are: 2.5 cm s-1 for
win (a) and (b) and 1 cm s-1 in (c) and (d); and 5 K for 6.
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feature is highly localised it may play an import-
ant dynamical role, particularly in the initiation
and organisation of pre-frontal convection
(Reeder 1986). The pre-frontal updraft is below
the resolution of the very coarse mesh model (cf.
Figs 3(b) and 3(d)). In fact, the vertical velocity
fields in the coarse mesh runs, with and without
diurnal heating, are virtually identical (cf. Figs
3(c) and 3(d)). The same is true of the coarse mesh
simulation (not shown). However, the intermedi-
ate mesh calculation (also not shown) exhibits a
very weak intensification of the frontal circu-
lation associated with diurnal heating, and
appears to have about the maximum grid spacing
capable of resolving this feature.

The effect of resolution on the frontal move-
ment is of key interest to the forecaster. The effect
is illustrated in Fig. 4 which shows time-series of
Xg, the position* of (6,)m.x in the eight model
simulations. Comparing first the runs without
diurnal heating we note that resolution has a
significant impact on the frontal position, and
hence on the frontal speed. After 18 hours of
integration the very coarse resolution forecast
places the front nearly 290 km upstream of the
fine resolution forecast, equivalent to a timing
error of -7.4 hours, based on the mean translation
speed of the front during the last 6 hours of the
simulation. In contrast, the intermediate resol-
ution simulation underestimates the front’s pro-
gress by only 62 km (2 hours), while the coarse
resolution calculation is in error by 172 km (4.7
hours). We note that the relative error in x, is
approximately proportional to the grid spacing.

Figure 4 depicts also the analogous calculations
with diurnal heating included. An outstanding
feature of these time-series is a pronounced
frontal acceleration as the front approaches the
coastline, followed by a more gradual deceler-
ation after crossing it, with the temporal scale of
the acceleration and deceleration decreasing with
increasing resolution. Differential diurnal heating
acts to produce a local temperature gradient
maximum at the coastline. The apparent frontal
acceleration is due to the formation of a new
“front’, as defined by (8,)may, at the coastline. This
process has been discussed by Reeder (1986) and,
more recently, by Physick (1988). The precise
details of the apparent onshore acceleration
depend intimately on the relative magnitudes of
the coastal and frontal gradients; the initial
distance of the front from the coast; and the
horizontal resolution. Consider the coarse resol-
ution calculation. As the front approaches the
coastline, (non-linear) superposition of the frontal
and coastal gradients produces a relative maxi-
mum in the gradient between the front and the

*The position of the surface maxima are calculated by fitting a
cubic equation through the model grid-point data.
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Fig. 4 Time-series of xg, the position of (6 )max, in the
four different resolution calculations: (a) without
diabatic heating; and (b) with diabatic heating
included. Units in 102 km.
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coast, which in turn is interpreted as a frontal
acceleration*. Conversely, after the - (original)
front crosses the coastline, a similar superposition
would lead to an apparent deceleration. As Ax is
decreased, so too are the horizontal scales of the
frontal and coastal gradients. Thus, the interac-
tion of the frontal and coastal gradients occur
over proportionately smaller time and space
scales, which in turn explains why the apparent
onshore surge occurs over progressively shorter
time intervals as the model resolution decreases.

An alternative measure of the evolution of
frontal strength is provided by time-series of
(©)max, the maximum relative vorticity at the
surface. For the simulations we have described,
such time-series show a similar behaviour to those
for (6)max; compare Fig. 5 with Fig. 2. Likewise,
x¢, the position of (C)max provides an alternative
definition for the location of the surface front. In
the foregoing model simulations, x; and xy move
at comparable speeds, with x; leading xo The
distance separating these maxima decreases with
both increasing resolution and increasing frontal
intensity. For the models discussed herein the
distance separating x; and x, is typically about
1 —2Ax. Time-series of x for each simulation are
shown in Fig. 6. The most prominent feature is
the relative robustness of x; to changes in
resolution. Moreover, X, is quite insensitive to the
addition of diurnal heating. Although the eight
simulations exhibit substantial differences, rather

*In a calculation where the heating across the coastline was
relatively intense, the front appeared to jump to the coastline.

Fig.5 As in Fig. 2, except for the vertical component of
relative vorticity, {max. Units are 10-4s-1,
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remarkably, after 18 hours, X, are essentially
identical in each forecast. At this time it is the
coarse mesh forecast of x, that shows least
agreement with the fine mesh prediction. Never-
theless, the difference is only 27 km (0.7 hours)
when diurnal heating is excluded and 61 km (1.7
hours) when it is included. These results suggest
that the relative vorticity field, rather than the
horizontal temperature gradient field, provides a
more reliable and less ambiguous way of defining
a front, a result that has been found also when
applying the ARPE model to summertime cold
fronts in southeastern Australia (K. McInnes,
personal communication).

Conclusions

We have examined the limitations of horizontal
resolution on the ability of numerical models to
capture the dynamics of cold fronts. Qur results
suggest that current numerical weather prediction
models with a horizontal grid typically of the
order of 150 km are able to resolve the cross-
frontal circulation, albeit poorly, but not the scale
of the front, which is comparable with the grid
spacing. Decreasing the horizontal grid size from
150 km to 50 km gives a significant improvement
in the representation of a front and, in particular,
in the determination of frontal speed. In contrast,
a further threefold reduction in the grid size gives
a relatively small additional imiprovement. We
conclude that a horizontal grid size of between 50
km and 100 km is adequate for resolving frontal
scale motions and for predicting frontal move-
ment, which is in accord with the findings of
Miyakoda and Rosati (1977).

We have shown that the speed of the surface
front, as defined by (6,),., decreases with

decreasing horizontal resolution, the implication
being that numerical weather prediction models
using coarse horizontal grids may significantly

_ underestimate the arrival time of the front. Our

calculations show also that the location of (), at
the surface is a more robust indicator of frontal
position than the location of (8,),,,,; in particular,
it is less sensitive to the horizontal resolution and
to the presence of differential heating across a
coastline, itself a geographically-fixed fronto-
genetic effect.
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