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Abstract

An important question which needs to be addressed when developing high resolution
(1-10km) models is what resolution (both horizontal and vertical) is required in order
to correctly represent various atmospheric phenomena. In this report a systematic
study of some of the effects of using different horizontal gridlengths and different
vertical resolutions in the New Dynamics model is presented. Simulations have been
carried out of the FASTEX IOP16 rapidly developing cyclone case with 60,24,12.4
and 2km gridlengths. Extra features which appear on reducing the gridlength are
discussed and the effect on larger scale features is also considered. An analysis of the
effect of different gridlengths in terms of energy spectra is also presented as are
comparisons of the models with observations. In addition work is presented on
increasing the vertical resolution in 4 and 2km models. It is found that in the 2km
model increasing the vertical resolution leads to realistic spllttmg of the cross frontal
slantwise circulations.



1. Introduction

An important question which needs to be addressed when developing high resolution
(1-10km) models is what resolution (both horizontal and vertical) is required in order
to correctly represent various atmospheric phenomena. In this report a systematic
comparison of some of the effects of using different horizontal gridlengths between
60 and 2km in New Dynamics simulations of FASTEX IOP16 are presented. In
addition work is presented on increasing the vertical resolution in 4 and 2km models.
The two main themes are what is gained in each increase in resolution in terms of new
structures resolved and the effect on the large scale fields — i.e. comparison of the
fields averaged up to lower resolutions. Section 2 briefly introduces the case and
model runs and Section 3 looks at the effects of horizontal resolution on the dynamic
fields. Section 4 presents similar results on the microphysics and precipitation fields.
Section 5 discusses the comparison of the various horizontal resolutions with
observations. Section 6 presents comparisons of the models with different vertical
resolutions and Section 7 compares the different vertical resolution with observations.

2. The case and models

Both the case and the model configurations used in this study have been extensively
reported elsewhere so only the essential and relevant information is given here and the
reader is referred to references for further details. The FASTEX Intensive
Observations Period (IOP) 16 was a rapidly developing, rapidly moving secondary
cyclone case. More details of the case are given in Forbes et al (2000). The system
develops rapidly from 0Z on 17™ Feb 1997 (at which point there is virtually no
surface system) until 12Z on the same day. The main times of interest are 6-127Z since
those are the times during which the UK C-130 dropped sondes into the system during
a systematic survey flight. The main point of scientific interest in the system is the
multiple slantwise cross frontal circulations driving multiple cloud heads.

2.1 Model Configurations used for the Horizontal Resolution Study

The configurations of the New Dynamics model used in this case (and the reasoning
behind them) are discussed by Lean (2000). The model runs discussed in the first
sections of this report dealing with horizontal resolution were carried out with 45
vertical levels which correspond to a separation of approx. 300m in the mid
troposphere. . It might be expected that this is not sufficient for the 4 and 2km runs
(and this is confirmed when the work varying the vertical resolution was carried out)
but it was considered important to not produce a consistent set of runs with varying
horizontal resolution but with a fixed vertical level separation.

The 60km run discussed here was a global run which was initialised from a UM
operational global analysis at 0Z. In order to ensure consistency (although it may not
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have been strictly necessary) the 12km UM analysis was transplanted into the global
one over the domains of the higher resolution models. The 24 and 12km runs were
both run over the same area using the 12km UM analysis as the starting data and
boundary conditions generated from the 60km global run. The 4 and 2km runs also
used the same 12km starting data but used boundary conditions derived from the
12km and 4km runs respectively. The 4km and 2km runs were repeated with the
effect of the convection scheme suppressed by setting the CAPE closure timescale to
a very long value (10%). These runs are discussed in more detail in Lean (2000).

An important feature of the high resolution (4 and 2km) runs is that not only were
they run from 12km analyses at 0Z but there was also no assimilation of observations
and also no orography (or other land based information) since the case took place over
the Atlantic Ocean. This means that no high resolution information is being put into
the model runs so all the structure generated with 4 and 2km gridlengths is being
generated by the model. This case is therefore an important test of the internally
generated structures before we move on to work on cases involving orography or
assimilation in which additional high resolution information is being put in.

2.2 Model Configurations used in vertical resolution study

In order to carry out a systematic investigation of the effect of increasing the vertical
resolution it was decided to approximately double the resolution of the 45 level model
to 90 levels. The set of levels chosen is shown in figure 2.1 compared to the 45 levels.
The levels were generated using a quadratic dependence for eta with stretching at the
top to avoid too many levels being put near the top of the model. This gives a
resolution in the mid troposphere of about 150m. In addition a few 2km runs have
been carried out with the vertical resolution enhanced by another factor of 1.5 giving
135 levels with approx. 100m spacing in the mid troposphere.

New Dynomics 45 levels New Dynomics 90 levels 2 New Dynomics 135 levels
12

12

height/km
height/km

Figure 2.1 Comparison of 45, 90 and 135 level sets (theta levels shown).



The models run with increased vertical resolution had a horizontal resolution of 4 or
2km. The 4km model was nested within the 12km, 45 level model described in the
previous section. In order to nest the 4km model within the 12km one the boundary
conditions needed to be interpolated in the vertical from 45 levels to the new 90. Once
the 4km, 90 level model was running the 2km 90 level one was simply nested within
that. The 2km 135 level run used the same boundary data as the 2km, 90 level run
interpolated in the vertical from 90 to 135 levels. The 4km model was usually run
with the convection scheme switched on and a CAPE closure timescale of 1200s. The
2km model was usually run with the convection scheme switched off.
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Figure 3.1 pmsl at 9Z (T+9 forecast) for 60,24,12 and 4km runs.
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Figure 3.3 800hPa vertical velocity for the various horizontal gridlengths. Note that i
the scale is different on the 60km model plot. The area shown is roughly the whole
area of the 2km model domain. -




3. Dynamic Fields at Varying Horizontal Resolution

Figure 3.1 shows a comparison of pmsl for the system at the various horizontal
gridlengths. The 60km model fields shown in this report have been interpolated onto a
60km rotated grid with the same pole as that used in the mesoscale runs in order to
allow clean comparisons. In all cases checks were made that this process did not
degrade the data. The biggest change in the pmsl for the system is seen going from the
60km to the 24km model with the system elongating and the trough extending to the
SW becoming sharper. Decreasing the gridlength to 12 and 4km doesn’t change the
overall structure but introduces more short range structure which appears as waves in
the isobars. Although this may appear to be just noise it is noticeable that these waves
do not appear to the SE of the system and are associated with the convective like cells
behind it. The field for the 2km model is not shown since it is very similar to that for
the 4km one. This picture is reinforced if the higher resolution fields are area
averaged onto the 60km grid as shown in figure 3.2. The averaging was carried out by
interpolating the high resolution fields onto a somewhat denser grid than the one they
were on originally. This intermediate grid was chosen so that when it was area
averaged up to 60km gridlength the resulting grid coincided with the rotated one used
to display the 60km data.

Figure 3.3 shows the 800hPa vertical velocity fields for the various gridlength models.
One of the features of interest in this case was the double frontal structure which
originates from a double trough in the 50km operational analysis. This double
structure can just about be seen in the 60km model (particularly if a larger area is
viewed than in the figure). This becomes much clearer in the 24km run. Going from
24 to 12km the fronts sharpen up. At 12km the first signs are seen that the northern
front is splitting into two with a weaker one appearing to the north. This becomes
more obvious at 4km at which point the front begins to break into segments in the
along front direction also. These segments may be related to the banding seen across
the cloud head in the IR image (see for example fig 5.1). The 2km run shows these
more clearly although there is a worry in this case that the breaking up of the fronts
may be due to boundary updating. It is also the case that these features are sensitive to
changes in timestep and vertical resolution as discussed in section 6. However there is
an approximate one to one correspondence between the front segments seen in the 4
and 2km runs (which have different domains). This implies that they might be
attempts to reproduce valid features rather than artefacts of the grids/domains being
used.

It is also of interest to look at the same fields averaged up to the 60km grid. This is
shown in figure 3.4. Once again there is a big change going from 60km to 24km, the
double frontal structure becomes much clearer and the overall magnitudes of the
vertical velocities increase. However when the gridlength is decreased beyond that to
12, 4 and 2km the averaged vertical velocities do not appear to change very much.
This is shown in figure 3.5 which shows a curve of the average upgoing vertical
velocities from the data averaged up to 60km as a function of model horizontal
gridlength (i.e. an area average with negative values on the 60km grid squares set to
zero). Since we are mostly interested in the representation of the system this
calculation was done over the area of the system only (i.e. roughly the right hand half




of the domain shown in fig 3.3). Although the values change by 50% going from
60km to the highest resolutions, most of this change is going from 60 to 24km. At
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Figure 3.4 800hPa vertical velocity from T+9 forecast averaged to 60km grid.
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gridlengths of 12km and below the values change by only a few per cent. This is
encouraging in that although the high resolution models produce extra structure at
small scales, these structures are consistent with the subgrid parameterisations in the
low resolution models.
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Fig3.5 Average upward vertical velocity for system for different gridlengths averaged
to 60km grid
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Fig 3.6 Average upward vertical velocity for different gridlengths



In contrast figure 3.6 shows a similar plot of averaged upward vertical velocity but
using the data at the model resolution rather than averaged to 60km (i.e. the data on
the original model grid was taken and averaged after gridpoints with negative values
were set to zero). In this case there is a steady upward trend. This is interpreted as
being due to vertical velocity features on scales of less than 60km, i.e. mesoscale
structure which cancels out when the averaging to a 60km grid is carried out.
Although the detailed curve changes the overall upwards trend is insensitive to the
area of the model chosen (i.e. including the system or not) and also to the inclusion of
the runs with the convection scheme suppressed. It is shown in Annex A that the
curves shown in figs 3.5 and 3.6 are consistent with the models having some
knowledge of the subgridscale structure rather than simply aliasing all the
subgridscale vertical motion to the gridscale. The work presented below on the energy
spectra of the fields shows there is still some aliasing onto the gridscale and a more
detailed discussion can be found there.

Figure 3.7 shows an attempt to compare the vertical velocities on one of the fronts at
different resolutions. At high resolutions the fronts will be narrower but have a higher
peak vertical velocity associated with them. Figure 3.7 shows the total area times
800mb vertical velocities for a 150km length of the northernmost front at 9Z — i.e. a
measure of the total upward motion. All values below 0.2 of the peak value at a given
resolution are excluded in an attempt to include only motion associated with the front.
(This is essentially the same information as figure 3.5 except focussed on the front).
The figure shows that the total upward motion varies by almost a factor of two but
this variation is somewhat smaller if the 60km run is excluded. Contrary to what
might be expected the total upward motion falls off as the gridlength is reduced below
12km. This appears to be a result of the models convection'scheme: the dotted points
in the figure which represent runs in which the convection scheme was suppressed by
using a very long CAPE closure timescale (1000000s) and show the upward motion
staying constant as the resolution is increased. The details of this need further work
but it would appear likely that the convection scheme becomes more active when
more extreme vertical velocities are generated.
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Fig 3.7 Total upwards flux in Northern front for different gridlengths. Solid Lines:
Runs with std convection scheme. Dotted line: Runs with convection scheme
suppressed.

As mentioned above the 60km model appears to be more different from the 24km
than the 24 from the 12 etc. One obvious point of difference is that 60km is the
gridlength to which the other models are being averaged. Whereas when the higher
resolution modes are averaged to 60km structures would be expected to be observed
on this scale, the 60km model itself might be expected to only resolve structures on a
scale of 2 gridpoints, i.e. 120km. For this reason a comparison was made between the
60km model and the 24km model averaged to a 120km grid — this is shown in figure
3.8 (along with the 24km averaged to 60km as before for comparison). This figure
shows that over most of the domain the 24km averaged to 120km is very similar to
the 60km model, much more similar than the 24km averaged to the 60km. This
vindicates the view above. However it is also clear that the biggest difference between
the 60km model and the 24km averaged to 120km is in the area of the system, it
appears as though the system is more strongly developed in the 24km model. In order
to clarify the situation further the high resolution fields were also averaged onto the
24km grid and compared to the 24km model as shown in figure 3.9. The argument
given above about models only being expected to have an effective resolution of two
gridpoints still holds so one would expect the 24km model to look somewhat different
(smoother) than the 12km one averaged to 24km. Nevertheless the 12km averaged to
24km looks much more like the 24km model than the 60km model does to 24km
averaged to 60. This reinforces the view that the 60km model is more different which
is expected from the totals shown in figure 3.5.

Another way to analyse the vertical velocity fields from the models at various
horizontal resolutions is to calculate the spectral energy density for the different
resolutions. This is shown in figure 3.10. The curves shown in the figure 3.10 were
calculated assuming an isotropic distribution i.e. the values have been binned in terms
of distance in any direction from the origin in k-space. In order to get a consistent set
of curves the fourier transform was carried out on a subset of each grid which
corresponded approximately to the area of the 2km grid.

There are two features of these curves worth commenting on. Firstly the cut off at
high wavenumbers corresponds to 2Ax waves (e.g. for the 2km data the cut off at
2.5x10*m corresponds to a wavelength of 4km). It is immediately noticeable that in
all except the 60 and 2km curves there is a turn up as this cut off value is approached.
If the curves are regenerated using data over a halved domain not including the fronts
(figure 3.11) this turn up is absent implying that the effect is related to the fronts. One
might conclude that in the models where the turn up is present the smallest scales due
to the line convection at the fronts are being aliased onto the smallest scales in the
model. The turn up is presumably not present in the 60km model since it doesn't
really capture the fronts at all. More interesting is the lack of the turn up in the 2km
model which implies that the model is resolving the scales of the front. Figure 3.12
shows a close up of the northern front in the 800hPa vertical velocity field at 12,4 and
2km gridlength plotted with blocks of shading for each pixel. The figure clearly gives
the impression that in the 12 and 4km model the front is collapsing to 1 gridlength
wide. This is probably unphysical since the model should not be able to represent
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features on scales of less than 2Ax so it is not surprising that the spectra show signs
of aliasing. However when we look at the 2km model the front appears somewhat
wider being approximately 2 gridlengths wide. The implication is that, rightly or
wrongly, the 2km model is resolving the width of the front. The mechanism which
causes this broadening of the front in the model would require further investigation.
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Figure 3.8 800hPa vertical velocity from the 60km model and the 24km model data
averaged to 60 and 120km grids.
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Figure 3.9 800hPa vertical velocity from 24km model and 12,4 and 2km models
averaged to 24km.
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Figure 3.12. Block plot of 800hPa vertical velocity on portic;n of northern front at 12,
4 and 2km gridlengths.



The conclusion, therefore, is that there is significant aliasing onto the smallest scales
in all but the 2km model. It is worth mentioning how this fits in with the conclusions
from the discussion on averaging above and in Annex A. The conclusion there was
that there is evidence that features on smaller scales than the gridlength are not just
aliased onto the gridscale in the sense that the upward mass flux appears to correctly
take into account the amount of background subsidence in the gridbox. Clearly
although this is the case much of the frontal structure at higher resolution is appearing
at the gridlength scale in the models.

The second feature of interest in the spectra in figure 3.10 is the way that the curves
approach a common value at lower wavenumbers (the cut off at the bottom is clearly
due to the size of the 2km domain to which all the datasets were windowed). This is
what one would hope for since it implies that any resolution model gives the same
results provided that one is interested in scales sufficiently larger than the gridlength.
As the gridlength is approached, however, the response falls off. In order to further
investigate this the effective filter functions of the models are compared in figure
3.13. In this figure each curve has been divided by the 2km data (which is regarded as
“truth” for these purposes). In addition the wavenumber has been normalised
according to gridlength so that the x axis is (gridlength/wavelength) and the 2Ax cut
off appears at 0.5 for every model. The resulting curves broadly lay on top of each
other implying that there is a universal filter function regardless of model resolution.
(For clarity the drop off in the power at the long wavelength end due to the domain
size has been cut off several of the curves). In this figure the curves approach a value
of 1.0 at an x axis value of about 0.1 which corresponds to a 10Ax wavelength wave.
The conclusion is therefore that any features seen in the model which are smaller than
5Ax are likely to be affected by the model gridlength.

1000 E v T ———r—TT T E
[~ . 12km s ]
O - % e V% R
53 7 \\ 179N
O # o sakmieatang N e ‘\
ek e 0 oy N E
P i S R R g e AR S T R i
r 24km o AT T ]
9 = Vi \\"\ N N
© - oy e \ "\ R
e N J L% R . 60km 4 -
()] ) \
(Y 5 ]
s i Vil \ ! ]
8 \ﬂ_“ el
6 O 1 O - "“_ ,\,\, O
O C ,1 hals AN ]
Q. E '.\\
] - e ]
N i
oA gt
\// \/‘\\ ]
0.01 e i e
0.01 0.10 1.00

Wavenumber (gridlength/wavelength)

Figure 3.13 Filter functions calculated as described in the text
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Fig 3.14. Cross frontal velocity cross sections for the various gridlengths. The lighter
shadings correspond to velocity towards the cold air (i.e. to the left in the sections).

Turning now to the cross frontal slantwise circulations the cross frontal velocity
component is plotted in figure 3.14. As would be expected from the vertical velocity
fields all models of 24km resolution and below clearly show a double cross frontal
circulation. The circulations do not sharpen up a great deal as the resolution is
increased below 12km but this is likely to be related to the fact that the vertical
resolution is unchanged across these runs. At resolutions below 12km there are signs
that a weaker second circulation is appearing corresponding to the splitting of the
northern front mentioned above. This is not clear in figure 3.14 but is shown better in
figure 3.15 which is a shorter cross section across just the most northerly surface front
at 6Z (when the effect is more pronounced in the part of the model in the domain).



The two slantwise circulations are clearly visible in the 2km run, are somewhat less
well defined at 4km and are not present at 12km. As discussed in later sections it is
found that the splitting of the circulations becomes much clearer if the vertical
resolution of the model is increased.

e

Figure 3.15 Cross Frontal velocity cross sections at 6Z.
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4. Microphysical Fields at Varying Horizontal Resolution

This section looks at the resolution dependence of the microphysical fields. The cloud
ice fields are shown in plan view in figure 4.1 and in cross section (again across the
fronts) in figure 4.2.

2km
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Figure 4.1. 400mb Cloud ice for the various gridlengths.
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Figure 4.2 Cross sections of cloud ice at positions indicated by line in fig. 4.1

Figure 4.1 shows that again the overall structure is consistent between the models
with the cloud shield and part of the cloud head visible. As with the fields discussed
in section 3 the biggest change in the 400mb cloud ice field appears to be observed
going from 60 to 24km. Consistent with the vertical velocity there are clear signs of
the cloud head being split with gridlengths below 24km. At 4km and 2km there are
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signs of cross frontal streaks in the cloud heads (see the NW of the domains) which
may correspond to the streaks in the cloud head seen in the real system (although
again these features are sensitive to timestep and vertical resolution). Figure 4.2
shows vertical cross sections of the same fields — it is clear that many of the same
conclusions may be drawn.
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Figure 4.3. 400hPa cloud ice fields averaged to 60km grid for the various gridlengths.
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It is instructive to look more quantitatively at the amount of ice in the different
models. Figure 4.3 shows the 400mb ice field averaged up to 60km resolution in each
case. This figure gives the strong impression that the overall quantity of cloud ice at
this level is increasing as the gridlength is reduced. This is confirmed in figure 4.4
which shows the average (taken from the 60k averaged data) cloud ice over a
subdomain which covers the system. (approximately the eastern 60% of the 2km
domain as shown e.g. in figure 3.3) for both the 400mb and 800mb levels.
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QR 601001 B i SR T e e AL A 2 o fegieangso s 0
650km 24km 12km 4km 2km

Figure 4.4 Average cloud ice content (g/g) over area of system at 9Z (T+9) at 800mb
(sold line, left axis) and 400mb (dotted line, right axis) for various model resolutions.

This confirms that the ice content at both levels increases as the gridlength is reduced.
This is more pronounced at 400mb but at 800mb also there is some increase going
from 24 to 2km. The increase in ice concentration with reducing gridlength appears to
be what would be expected from the trend in mesoscale vertical velocity (see figure
3.6). (The fact that the data averaged to 60km has been used is irrelevant in this case
since in contrast to vertical velocity there is no negative ice).

Next the cloud liquid water is considered. Figure 4.5 shows cross sections of the
liquid water contents along the same section as shown in figures 4.1 and 4.2. As
would be expected there are concentrations of liquid water around the level of the 0°C
isotherm. Most of the liquid water above this level is in the regions of slantwise
ascent. Figure 4.6 shows a graph of average values of liquid water contents for the
different resolutions. The cloud water at 800hPa increases significantly between 24
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Figure 4.6 Average cloud water content (g/g) over area of system at 9Z (T+9) at
800mb (sold line, left axis) and 400mb (dotted line, right axis) for various model
gridlengths.



Figure 4.7 Large Scale rain rates for various gridlengths over (approx.) 2km domain
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4.8 Convective Rain rates
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Figure 4.9 Total Rain Rates
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and 12km but is roughly unchanged as the gridlength is reduced below this. The water
at 400hPa is more constant below 24km gridlength but the absolute water
concentrations at this level are very small in any case.

We now consider the rain rates at the various resolutions. Figure 4.7 shows the large
scale rain rates for the various resolutions over the domain of the 2km model. Similar
features can be seen as in the velocity fields shown earlier, most noticeably the double
frontal structure is clearly visible and it is clear that the fronts become sharper as the
gridlength is reduced. However it is also immediately clear that the general area and
overall intensity of the rainfall does not change much — this is discussed later. Figure
4.8 similarly shows the convective rain rates for the various resolutions. In all cases
the models were run with a CAPE closure timescale of 20 'minutes (it might well be
that, in practice, it is desirable to change the CAPE closure timescale with resolution
but it was held constant in this study for clean comparisons). It is apparent that there
are many differences between the different resolutions. In all cases (except the 60km)
the fronts are marked out as regions of high convective rain rate. Again the scales of
features reduce as the gridlength reduces. This is particularly noticeable in the
convective region behind the system. The total rain rate resulting from these two
contributions is shown in figure 4.9.

Figures 4.10,4.11 and 4.12 show the corresponding rain rate fields averaged to the
60km grid and the average rain rates over the area of the system are graphed as a
function of gridlength in figure 4.13. As would be expected the general trend is that as
the gridlength is reduced the convective rain rate reduces and the large scale
contribution increases. The total rain rate stays constant to within a few per cent as
the gridlength is reduced from 24 to 2km which could be taken as a sign that the
convection scheme is parametersing the subgridscale processes well. This conclusion
should not be expected to be generally true, however, since a more severe test would
be a case where the precipitation was dominated by convection. The distribution of
the 60km averaged total rainfall (figure 4.12) is also relatively unchanged as the
gridlength is reduced from 24 to 2km. This is encouraging since, obviously, the
distributions of the large scale and convective rain which make up the total (figs 4.10
and 4.11) individually change more with resolution. Also included in figure 4.13 is
the average rain rate for 4km and 2km runs in which the convection has been
suppressed by drastically increasing the CAPE closure time. In these runs the large
scale rainfall rate is encouragingly close to the total from the runs with the convection
scheme operating normally.
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Figure 4.10 Large scale rainfall rates averaged to 60km grid
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Figure 4.11 Convective rainfall rates averaged to 60km grid
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Figure 4.12 Total rainfall rates averaged to 60km grid

30



6.0)(10_ F | PR MRS oo o e e e T | [FAPEL e e o e C b 2on | PRSI e Te (R Das res :
s.0x10 4 E A 8 e RSO
E e E
% E NO CONV E
4.0x10 "B TOTAL i
30x10 4 F g
igF 1S :
2.0x10 " =
R~ == o o £ e E
- CONV i E
1.0x10"4F omiits 5
: e
g :
¢ § R Rt e O SN [T A S Y s e | i A TS TP L e GRS
60km 24km 12km 4km 2km

Figure 4.13 Average Rainfall Rates for different gridlengths.
5. Comparison of Various Horizontal Resolutions to Observations

Having presented various effects of varying the horizontal resolution of the model it is
natural to ask how well the models verify against observations and if there is any
evidence that increasing the resolution leads to a better representation. It is
surprisingly difficult to answer this. As discussed by Lean (2000) the FASTEX
dropsonde data turns out not to be much help due to poor spatial resolution. The only
types of observation discussed here are satellite imagery and radar.

5.1 Satellite Imagery

Figure 5.1 shows the cloud top temperatures for the models of varying horizontal
resolution and the IR image. These cloud top temperatures were calculated simply by
searching down the model for the first occurrence of a threshold ice concentration.
There are obviously gross errors in all the model when compared to observations, for
example the-cloud heads are overdeveloped. The increasing horizontal resolution,
however, does lead to a better representation in the sense that the overall variability of
the cloud top temperature looks more realistic. Also as the resolution is increased
there is more sign of the uncloudy strip in the cloud shield (towards the bottom right
corner of the domain).

5.2 P-3 Radar

As discussed in Lean (2000) we can attempt to compare the models to data obtained
by the radar data obtained by the P-3 aircraft. This is shown in figure 5.2 Once again
the models are more different from the observations than from each other. All the
models appear to be producing too much ice. As with the satellite imagery the main
source of encouragement is that the scales of variability look more realistic in the
higher resolution models. In this case it is even less clear that there is any benefit in
going from 4km to 2km.
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Figure 5.1. Cloud top temperatures for the various horizontal gridlengths and IR
image.
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Figure 5.2 Model simulated reflectivities for various gridlengths compared to radar
cross section (bottom right).
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6. Overview of comparison of models with different vertical resolution.
6.1 4km Model

In this section we look at the effect of vertical resolution in the 4km model. We start
with an overview of the effect of using 90 levels as opposed to 45. Figure 6.1 shows a
comparison of pmsl between the 45 level and 90 level models.
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Figure 6.1 Comparison of pmsl in 4km 45 level and 90 level models
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Figure 6.2 Comparison of 800mb vertical velocity fields in 4km models with 45 and
90 levels and 1 and 2 minute timesteps.
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The 90 level model is clearly broadly similar to the 45 level one. Since the system is
rapidly developing and develops from being just a trough in the model run this is
implies that the two models are very similar. A more sensitive guide to the model
performance is the 800mb vertical velocity fields which clearly show the double
frontal structure of the system. A comparison of the two models is shown in figure
6.2. The figure also includes comparison of 1 and 2 minute timesteps since this has a
bearing on the comparison. For a 1 minute timestep the 90 level and 45 level models
are again broadly similar but the northern front becomes much more continuous at the
rear of the system. It is not clear if this is a good thing from the observations — the
breaking up of the front might well be what is expected in the real system.
Furthermore in other parts of the system (e.g. the southern front and the forward part
of the northern one) there are more breaks in the front in the 90 level run. The figure
also shows that for the 2 minute timestep the model appears to be significantly
degraded by going to 90 levels. It would be expected that the slantwise circulations
seen in this system might be more sensitive to the increase in vertical resolution. This
is shown in figure 6.3

4km 45 levels
MO031 Atmos u compnt of wind after timeste
AL09Z on 17/ 2/1997. from 00Z on 177 2/1

Pressure (hPa)

Pressure (hPa)

50 100 150 200
Distance (km)

Figure 6.3 Cross section of cross frontal velocity along section which crosses the
northern front. Light colours indicate motion towards left of figure.

The figure shows a cross section which crosses the northern front and in both cases a
strong slantwise ascent and corresponding descent below can be seen associated with
this front. (It is also possible to see the circulation from the southern front at the top
right hand side of the section). The circulations become somewhat narrower (in the
vertical) and more intense in the 90 level model as would be expected. In addition
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there is a hint of a secondary circulations visible as additional layering below the
primary one from the front. However, in contrast to what is seen with 2km horizontal
gridlength (described in the next section) the overall difference between the 45 and 90
level is not great.

6.2 2km Model

We now consider the effect of vertical resolution in the 2km model. In this case we do
not show the two pmsl fields since the 2km domain is quite small compared to the
system and, as in the 4km model, the fields are very similar anyway. Figure 3.4 shows
a comparison of the 800hPa vertical velocity fields. When looking at these charts it
should be remembered that the scale is very cut down to show the detail — the
magnitude of the vertical velocity along the line convection at the front is about 5m/s
at its peak. The spin up of convection at the western boundary is a very obvious
feature in these charts — it is a result of this model running without a convection
scheme whereas the model providing the boundary conditions was run with (and at
lower resolution). The explicit convection therefore spins up after the air enters at the
western boundary. The main difference which is apparent between the 45 and 90 level
models is that the northern front is more continuous and less fragmented in the along
front direction. Although it is not apparent with the scales chosen in this figure it is
also true that there is more banding in the across front direction in the 90 level model.
This can be seen somewhat more clearly in the top right hand corner of figure 6.5
which shows the large scale precipitation rate in the two models.

This banding is consistent with the cross frontal velocity cross section along the line
shown in figure 6.4 which is shown in figure 6.6. The cross section shows clearly that
in the 90 level model the slantwise ascent at the front is better defined, more steeply
sloping and breaking up into a number of separate circulations. On the right hand side
of the cross sections it is also evident that the flow from the southern front (not
included in the cross sections) has also split into two separate circulations. The cross
section has deliberately been taken where the splitting of these flows is most evident.
It is not surprising that this is right at top right hand corner of the domain since this is
the area where the air surrounding the front has been in the domain of the high
resolution model for the longest. Further back in the system similar features can be
seen but less well defined (this is shown in section 4.2 where the comparisons of these
features with observations are discussed). The 90 level model cross section was
obtained from a model running with a 15s timestep. A timestep this short was found
to be necessary to obtain the observed coherent slantwise features although runs with
longer timesteps still had the same degree of layering.

Figure 6.6 also includes an equivalent cross section taken from the 135 level model.
This model was run in order to ascertain whether the layers/circulations would split
even further if the vertical resolution was increased. It can be seen that the factor of
1.5 increase in resolution changes some of the details of the slantwise structures but
their number and number of vertical layers remains unchanged. There is therefore an
encouraging implication of convergence with regard to the vertical resolution. In
order to get coherent slantwise structures it was found necessary to run with a 10s
timestep in the 135 level model.
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Figure 6.4. Comparison of 90 level and 45 level 2km runs.
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Figure 6.5 Large Scale rainrate in part of domain for 2km 90 and 45 level models.
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Figure 6.6 Cross sections along line in fig 3.4 of cross frontal velocity (shading,
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level models.
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Figure 6.7 Cross sections along line in fig3.4 of cross frontal velocity (shading, white
towards left) and vertical velocity (white contours) for 4 and 2km 45 level models (for
comparison with fig6.8)
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Figure 6.8 As figure 3.7 but for 90 level models.
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6.3 General Comparisons

It is noticeable from the above that there is a much more dramatic change (certainly as
regards the slantwise circulations) going from 45 to 90 levels at 2km horizontal
gridlength than at 4km. A related observation is that going from 4km to 2km only
produces significant benefit in this particular case if 90 levels are used rather than 45.
This is illustrated by figures 6.7 and 6.8 which shows a comparison of the same cross
section in 4 and 2km models with 45 and 90 levels respectively. In the 45 level
models a single slantwise ascent can be seen from the northern front with no sign of
the splitting seen with 90 levels. It would appear that it is worthwhile going to 90
levels for a 2km model but probably not for a 4km one, at least as far as features seen
in this case are concerned. As seen in the last section increasing the number of levels
at 4km gridlength may even be detrimental if a long timestep is being used.

6.4 Discussion of 2km results

It is reasonable to ask if the observed dramatic difference in the representation of the
slantwise features in the 2km model between the 45 and 90 level model is
understandable. This question is addressed in this section.

The first consideration is simply to compare the vertical spacing of the layers which
appear when the circulations split to spacing of the levels in the model. In figure 6.6
the vertical separation between adjacent maxima of the upwards slantwise flows is
approximately 100hPa (about 1100m) which corresponds to around 3-4 levels in the
45 level model. Clearly between the two upwards maxima the model has to represent
the intervening downwards maxima so the 45 level model would have difficulty
resolving these phenomena. In contrast the 90 level model would have 7-8 levels in
the same vertical space which would appear much more likely to resolve the
structures.

A second consideration is the horizontal/vertical grid aspect ratio as compared to the
slope of the features under consideration. Persson and Warner (1991) define a
dimensionless quantity AS which is the ratio of the grid aspect ratio to the slope of the
feature of interest ie AS=(Ap/As)/s where Ap is the vertical grid spacing, As is the
horizontal and s is the slope of the feature of interest. In this case the slope of the
slantwise ascents is approximately 3.1 hPa/km which give values of the AS for the
2km models shown in table 6.1. Intuitively one would expect the best representation
for the case AS=1 in which case the grid is matched to the slope of the feature. This is
borne out by the analysis of Persson and Warner who conclude that the vertical
resolution of the model should ideally be sufficient to give AS=1. For AS>I1 the
mismatch between the grid and the sloping feature will generate spurious gravity
waves although these will be very small and may normally be ignored if AS <2.

MODEL Res (700hPa)/Pa Grid Aspect Ratio | AS
HPa/km

45 level 28.2 14.1 4.5

90 level 14.1 73 2.3

135 level 8.6 4.3 1.4

Table 6.1. Grid aspect ratios for the 2km models for slantwise ascent with a gradient
of 3.1hPa/Km. AS is as defined in text.
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Although we have not carried out detailed analysis of this aspect it is noticeable that
according to this analysis we would expect the 90 and 135 level models to be suffer
significantly less from spurious gravity waves than the 45 level one. One could
speculate that the extra breaking up of the fronts observed in the 45 level model
(figure 6.4) could be in part due to the extra gravity wave generation by the mismatch
of the grid aspect ratio to the slope of the slantwise ascent.

7. Comparisons to Observations

This section presents comparisons of the model to observations. Since the most
dramatic changes to the model with vertical resolution were seen with the 2km model
the comparisons are limited to this model.

2km 45 levels 2km 90 levels

222 228 34 240 246 252 258 264 270 222

2km 135 levels IR Image

222 228 240 246 252 258 264 270

Figure 7.1 Cloud top temperatures for 2km 45, 90 and 135 level models and IR image.

7.1 Satellite Imagery

Figure 7.1 Shows a comparison between the cloud top temperatures in the 45 and 90
level 2km models with the corresponding IR image. The figure is included because it
is the easiest comparison with observations. However it again implies that there is
little to choose between the models. Unsurprisingly the errors in the models make the
model simulations much more like each other than like the IR image. The model
cloud heads are all overdeveloped compared to the imagery (the obvious cloud heads
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in the model actually correspond to the small secondary one on the extreme left of the
satellite image). Despite this it is still noticeable that increasing the vertical resolution
increases the variability of the cloud which makes it appear more like the
observations.

7.2 FASTEX Dropsondes

The UK C-130 aircraft dropped sondes into the system in a systematic scan of the
system between 6 and 12Z consisting of six runs in the across front direction. An
objective analysis technique has been used with this dropsonde data in order to
produce cross sections (Forbes et al 2000ii). These cross sections are, however, not
discussed here since due to the spacing of the sondes the full structures in the vertical
are not apparent. In order to see full structures in the vertical it is necessary to look at
data from individual sondes.

Figure 7.2 shows a hodograph from a sonde at 6:40Z in a position just to the north of
the northern front. The hodograph shows the two main flows from the two fronts
(marked A and B on the figure) and in addition the flow from the northern most front
shows one or two secondary flows (depending on whether the flow at low levels
counts as one). Similar structures were seen in a number of dropsondes which were
similarly placed relative to the fronts. We now compare this data with that from the 90
level model which shows the splitting of the flow from the northern front in the cross
sections (the 45 level model is not compared in this way since we know from the
cross sections that the flow is not split).

Figure 7.3 shows a model hodograph which is the best estimate for the model at the
same time (correcting for the system position). The model hodograph shows similar
features to the dropsonde one (i.e. an upper flow and several ones at lower levels)
only more weakly and not at the correct levels. The weakness of the features is
explained by the fact that in order to find the position most likely to correspond to the
dropsonde a position was chosen about half way along the model domain. As
mentioned in section 6.2 the slantwise features became more evident as the air moves
across the 2km model presumably corresponding to the time the model takes to spin
them up. In order to emphasise this point figure 7.4 shows a hodograph taken from a
point to the north of the northern front on the cross section position shown in fig 6.4.
The cross frontal flows (in particular the splitting of the flows from the northern front)
now show up much more clearly as would be expected from the cross sections.

We conclude that the splitting of the cross frontal slantwise flow from the northern
front in the 90 level model appears very similar to that seen in the observations from
several dropsondes. From the comparisons shown in section 6.2 we can safely assume
that the very similar results obtained in the 135 level model would also be in
agreement with observations.
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Figure 7.2 Dropsonde Hodograph showing multiple circulations.
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Figure 7.3 Model hodograph for 6:30Z at best estimate of position corresponding to
that in figure 7.2
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Figure 7.4 Model hodograph for 9Z at position on cross section in figure 6.4

8. Conclusions

The New Dynamics model has been run at various horizontal and vertical resolutions
on the FASTEX IOP16. Two systematic studies have been carried out on varying
horizontal and vertical resolution.

8.1 Horizontal Resolution

The model has been run with gridlengths of 60,24,12,4 and 2km. As the gridlength is
reduced many more realistic features are produced by the model. Examples of this are
that the fronts split in the across front direction and also into cells in the along front
direction.

If the vertical velocity and pmsl fields from the various resolution models are area
averaged to 60km gridlength the results look very similar to the eye. More
quantitatively, the average upward vertical velocity on 60km scales is approximately
constant as the gridlength is changed. This implies that, despite all the extra structure
in the high resolution models these are still consistent with the subgrid
parameterisations in the lower resolutions ones. In contrast if the average upward
vertical velocity is calculated without first averaging to 60km scales there is a strong
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upward trend as the resolution is increased which implies the model has some
knowledge of subgridscale structure (ie it appears to take into account the varying
amount of background subsidence in the different sized gridboxes). The upwards flux
on part of the northern front was calculated and tends to a constant as the resolution is
increased as long as the models convection scheme is suppressed. Energy spectra of
the same vertical velocity fields show a turn up at the shortest wavelengths for all but
the 2km and 60km runs which implies that the other models are suffering some
aliasing of subgridscale structure onto the gridscale. (Comparison of spectra of a
domain not including the fronts shows that this aliasing is taking place at the line
convection on the fronts). If the power spectra are divided by the 2km one and
renormalised according to the gridlength then it is found that there is a consistent filter
function as scales reduce towards the gridlength. The implication is that the
representation of any feature smaller than about 5 gridlengths is attenuated.

Comparisons were also made of the cloud ice, cloud liquid water and the various
precipitation fields. The cloud ice increases significantly decreasing gridlength below
24km which corresponds to the larger average upward vertical velocities in the higher
resolution models. The cloud water also changes significantly. More work needs to be
carried out on both the cloud ice and cloud water from this point of view.
Comparisons of the precipitation rates show that, as expected the convective
component decreases and the large scale component increases as the gridlength is
reduced. The sum of the two, however, stays relatively constant and, at 4 and 2km, is
close to the value of the large scale precipitation rate in runs with the convection
scheme suppressed by having a long cape closure timescale.

8.2 Vertical Resolution

A comparison has been made between models with 45, 90 and 135 vertical levels. In
general it is observed that there is not much change in the model in increasing the
vertical resolution (particularly at 4km gridlength). However at 2km gridlength it is
found that the cross frontal slantwise circulations split into a number of separate
circulations when going from 45 to 90 levels. Increasing the vertical resolution further
to 135 levels does not produce a further significant change. The splitting of the
slantwise structures is in agreement with data from dropsondes.

A corollary to this is that it is not worth decreasing the horizontal gridlength from
4km to 2km without increasing the vertical resolution from 45 levels. This conclusion,
however, is likely to be specific to the representation of slantwise structures on these
scales — the slantwise circulations were the feature which changed most with vertical
resolution. For other purposes 45 levels may well be adequate.
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ANNEX A
Deductions from the Curves of Average Upward Vertical Velocity

In this annex we investigate what would be expected to be seen in models of varying
resolution when attempting to represent an assumed distribution of vertical velocity in
the atmosphere.

We start with the assumption that the atmosphere that the models are trying to
represent consists of (in 1 dimension) an array of delta functions with uniform
subsidence in-between such that the total upward velocity flux is zero. We assume
that the delta functions are randomly distributed but with an average spacing A which
is assumed to be greater than the model gridlength, dx. Assume the upwards flux due
to the delta function vertical velocity is I so that the subsidence between the delta
functions is I/A.The relevance of these assumptions to the real situation is discussed
later.

Firstly we consider what we would expect to see if we carry out the procedure used to
obtain the graph shown in figure 3.6. This was to average the values at all the
gridpoints having set any with negative values to zero. The central issue is how the
model with a gridlength dx would be expected to represent a “real” distribution which
is a delta function of upwards motion with subsidence elsewhere. There are two
extreme cases. In the best case the model would correctly average over the
distribution within the gridbox ie the total upward flux in the gridbox would consist of
the upward flux from delta function minus a contribution from the subsidence
between. This clearly implies that the model has a knowledge of the subgridscale
structure either from the large scale or from parameterisations. A second possible
response of the model would be to alias the upwards vertical velocity onto the whole
gridpoint — ie the gridpoint will have upwards velocity with the total upwards flux
over the gridpoint equal to that from the delta function. In this case the effect of the
subsidence within the gridbox would be lost and it is this which leads to the difference
between the two types of model on averaging up. In both cases only gridpoints
containing the delta function upward vertical velocity spikes need be considered since
the others will have negative overall vertical velocity and hence be set to zero before
averaging. The gridpoints containing the upward vertical velocity spikes will have an
increasing upward flux as the gridlength is reduced in the model which takes into
account subgrid fluxes because the smaller the gridbox the less of the negative flux
between delta functions is included. The upwards vertical flux in the gridbox is
therefore I(1-dx/A). In order to obtain the average vertical velocity we multiply this by
dx/A, the fraction of boxes which contain the upwards vertical velocity spikes, and
divide by dx to convert from flux to vertical velocity and obtain wa=(I/A)(1-dx/A)
which increases as dx decreases. Conversely in the case where the upwards vertical
velocity is simply aliased onto the whole gridpoint the upward flux will be unchanged
with resolution since the upwards vertical flux in the gridboxes containing the spikes
will then be I regardless of resolution leading to the corresponding expression for the
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average wa=(I/A) which is unchanged with resolution. If dx>A it is clear that for the
model which correctly deals with the subgrid structure the average will continue to
decrease as the gridlength increases due to increased cancellation between the positive
spikes and the negative background. It is not so clear in this case what a model which
tends to alias vertical velocity would do. However the upward trend in the curve in fig
3.6 is consistent with the conclusion that the model does, to some degree, take into
account subgrid effects.

A similar conclusion can also be obtained if we consider the averaging of the type
shown in figure 3.5 where the vertical velocity data was averaged onto a coarser grid,
spacing DX (60km), before setting any negative values to zero and then averaging. In
this case it is clear that the model which takes into account subgrid structure will give
the same average whatever the resolution since the total flux in the large gridbox,
DX, will be unchanged whatever the size of the model gridboxes. In the case where
the model aliases the upward vertical velocity spike onto the gridbox scale the
average actually decreases as the model gridboxes shrink since the DX sized gridbox
includes a slightly larger area of subsidence. This is true if DX is greater or smaller
than A. The curve in figure 3.5, then, also provides evidence that the model doesn’t
simply alias vertical velocity onto the gridlength since it gently increases and tends to
become constant as the gridlength is reduced rather than falling.

It is important to consider how relevant this model is to the case under consideration
and whether there are any other effects which could dominate over the one considered
to influence the shapes of the curves. The model of delta function areas of updraft and
uniform subsidence may not appear to be that relevant to the real situation. In practice
a look at the fields from the high resolution models shows that there are some regions
of concentrated downdraft as well as those of concentrated updraft. There are regions
of downdraft associated with the line convection at the fronts and downdrafts
associated with the convection behind the system (which are more obvious given that
we are considering the vertical velocity at a relatively low level). If we modify our
model of the real situation to include negative delta functions as well as positive the
main effect this has on the argument is the resulting reduction in the uniform
subsidence which has been assumed (since the negative delta functions themselves
will be set to zero before averaging). In the most extreme case where the negative
delta functions contain the same downward flux as the upward ones the background
value would become zero. This would mean that the differences between the subgrid
model and the aliasing one would disappear since they depended on including
different amounts of the negative subsidence.

We have attempted to test the validity of this simple model by looking at the 2km data
and calculating the effect of averaging it up to 4km. If we take the 2km model over
the area used for the averaging in fig 3.6 we can get an idea of the magnitude of the
background (ie the value of vertical velocity NOT in the positive or negative peaks)
by averaging all the values which are above —0.2ms™' but below 0.2ms™". This gives an
average value of -0.0021ms™ . Similarly we can calculate the average value for the
vertical velocity in the positive peaks by averaging over all values greater than
0.2ms™ — this gives a value of 0.65ms. We can form an area average equivalent to
that in fig 3.6 by considering the points with values above 0.2ms™ and assuming that
all other points have value zero. This ignores any non-zero points in the background
values (between 0.2ms” and zero) and the effect that this has is discussed later. The
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result of this is that the average upward vertical velocity for the 2km model is
0.078ms™' We now consider a 4km model which we assume correctly takes account of
the subgrid structure. In order to calculate the value for this we thcrefore need to
assume that each 2km gridpoint with vertical velocity above 0. 2ms” is grouped with
three with the average (negative) background value. This assumes the delta function
model — ie the points with values above 0.2ms™ are not grouped together which is
certainly not the case — One might hope, however, that where there are coherent
structures such as fronts the whole feature might broaden in the lower resolution
model thus including more of the background and, to some degree, reducing this
error. When the average is so calculated for the assumed 4km model the result is
0.072ms™ ie 0.006ms™ below the value from the 2km model. This shows reasonable
agreement with fig3.6 where the average increases by about 0.01ms™ between the
4km and 2km models. We now address the problem mentioned earlier that this
argument has neglected the contribution to the average from the background values
between zero and 0.2ms™ (the points below zero are irrelevant since they are set to
zero). In the 2km model the points in this range average to a value of 0. 074ms™ and in
the 4km one (the real 4km model as opposed to the assumed one) they average to
0.071ms™. Only about a third of the model gridpoints have these values so when
averaged over the who]e area these represent contributions to the overall average of
0.0246 and 0.0230ms™ respectively. The difference between these is only of order
0.001 which is a tenth of the difference observed.

In conclusion, the arguments presented in this appendix have shown that the curves
shown in figs 3.5 and 3.6 appear to be consistent with the models correctly accounting
for subgridscale effects. This assumes a simplistic model of the atmosphere consisting
of delta function regions of ascent with uniform subsidence in-between. Analysis of
data from the 2km model and comparison to the 4km model implies that this may not
be an unreasonable assumption.
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